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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 allb, integrin B3, talinl, fibrinogen o and B chains, Raplb 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
RaplA 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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supervisor JK.
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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 plagues 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



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



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.
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Figure 1.1 Activation of platelets and interaction between platelets and monocytes are crucial for the
development of atherosclerotic plagues.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 um in diameter and 0.5 um in thickness [25]. Platelets lack genomic DNA [26], but



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-1p), 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 A, (TXA2) and in the case of
atherosclerosis, LPA. Activated platelets release pro-coagulant molecules that are stored in -
granules and dense bodies (6 granules), recruit circulating platelets and further activate them to
form aggregates. Platelet aggregation is achieved by the activation of glycoprotein Ilb/I1la
(integrin allbB3), 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



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 (cCAMP) level, which prevents platelet activation [36]. Ecto-ADPase
lowers the level of plasma ADP and ATP, and abrogates secondary activation of platelets by
ADRP [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-1X (GPIb-1X) and collagen-glycoprotein VI (GPVI) interactions. The VWF-GPIb-1X
interaction is strong enough to withstand high shear stress [38], and initiates signals for platelet
activation [39]. This interaction is required for subsequent collagen-GPVI1 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 allbB3 and a2f1 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, TXA:
and LPA. In general, agonist-stimulated platelet activation is achieved through G-protein
coupled receptors (GPCRs) [41]. Downstream of these GPCRs, three types of Ga subunits, i.¢.
Gq, Gi2 and G113, are involved in distinct pathways (Figure 1.2). 1) Gq leads to the activation of
B isoforms of phospholipase C (PLC) [42], which results in the formation of inositol
trisphosphate (IP3) and diacyl glycerol (DAG). IPs-induced increase in cytosolic Ca?*, and DAG-

induced activation of protein kinase C (PKC) are required for activation of integrins, e.g.
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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; IPs, Inositol triphosphate; MLC-p, myosin light chain
phosphorylation; P2Y 1, purinergic receptor P2Y1; P2Y 12, 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, Rapl-interacting adaptor molecule; ROCK, Rho-
associated protein kinase; TP, thromboxane receptor; TXA;, thromboxane A,. This illustration does not exclude
additional receptors or pathways involved in platelet functions.

integrin alIbp3 [43]. Both Ca?* and PKC determine secretion level of 5-hydroxytryptamine from
platelets [44]. 2) Giz activation causes the release of By complexes [45], which regulates two
main effectors in platelets: one being inhibition of adenylyl cyclase that in turn reduces cCAMP
level, the other being activation of phosphatidylinositol 3-kinases (P13Ks), which subsequently
activates protein kinase B (PKB/Akt) [46]. Finally, 3) Gi2/13 has been found to activate Rho/Rho-

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



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 alIbB3. These integrins bind to fibrinogen and VWF to bridge activated platelets and
form a platelet plug. Platelet aggregation is regulated by Rapl 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 P2Y 12, 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 P2Y by binding to ADP signals through the Gq o subunit, which leads to the
increase of cytosolic Ca?* and activation of PKC as previously mentioned. In addition, the P2Y -
Gq signaling is also responsible for platelet shape change mediated by small GTPase Rac [56]. In
contrast, activation of P2Y1 leads to formation of lipid raft- associated P2Y 1. oligomers [57],
which couple to downstream Giz a subunits [58]. This coupling is critical for activation of PI3K
isoforms [51, 59]. Among the four PI3K isoforms, PI3Ka-6, PI3Kf and PI3Ky were found to be

required for ADP-induced platelet aggregation [60, 61], which is achieved by the activation of



the small GTPase Rapl and integrin allbp3 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. PARL, 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 Gi2/13 and Ggq signaling. Activation of Gi2/13
leads to Rho/Rho-kinase-mediated platelet shape change [74]. Activation of Ggq results in strong
activation of PLCP, which in turn increases cytosolic Ca?* concentration, activates PKC, and
triggers integrin allbB3 activation and platelet degranulation. Although PAR1 and PAR4 do not

couple to G; directly, they activate the Gi pathway by releasing the secondary mediator ADP



from platelet dense granules (Figure 1.2) [51, 73]. The ADP-induced P2Y 12/PI3K pathway is
critical for PAR1-mediated irreversible platelet aggregation [75]. Interestingly, activation of
PAR1 leads to a transient influx of Ca?*, while a prolonged Ca?* 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-LPAs, 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 PPARYy
[89]. The mRNA for all six LPA receptors can be found in human platelets, with LPA4 and
LPAS5 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-



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 Gi2/13-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 LPAs 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 Ca?*/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, Ca?*/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 Racl
inhibitor, NSC23766, showed diminished relocation of P-selectin to the platelet membrane and
decreased secretion of ATP [107]. These effects of Racl 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: a-granules, dense granules
and lysosomes. More than 300 proteins that are released by a-granules have been identified [112,
113]. These a-granule proteins include: 1) membrane proteins, e.g. integrin allbp3, 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 3. Most of the membrane proteins in the a-granules
can be found on resting platelets [114]; however, P-selectin translocates from a-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 alIbf3 and the small GTPase Rapl

Platelet aggregation is achieved primarily by activation of integrin allbf3, which in turn binds
to fibrinogen or VWEF that bridges platelets to form platelet aggregates [120]. Blockade of
integrin alIbB3 using antibody or peptide inhibits platelet aggregation [121], and inhibitors
targeting integrin allbp3 have been developed into antiplatelet agents to prevent cardiovascular
events [18, 122, 123]. Integrin allbB3 is one of the major platelet membrane receptors,
approximately 80,000 copies per platelet [124, 125]. A substantial amount of the allbp3 is stored
in the platelet a-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 alIbB3 are referred to as “inside out
signaling”, which mainly consist of the G4-PLC and Gi-PI13K-Rap1 pathways (Figure 1.2).
Downstream of the G4-PLC pathway, formation of DAG and elevation of cytosolic Ca?* results
in the activation of CaIDAG-GEFI, a guanine nucleotide exchange factor for the small GTPase
Rapl [128-130]. CalIDAG-GEFI- or Raplb-deficient mice lead to compromised allbf3
activation [130, 131]. In addition, Rapl-mediated allbB3 activation can also be achieved through
the G;i-PI3K pathway [132, 133]. Rap1 plays a vital role in mediating integrin alIbB3 activation.
Activated Rapl binds to Rapl-GTP-interacting adaptor molecule (RIAM), which recruits the
cytoskeletal protein talin to the plasma membrane, and in turn activates integrin allbp3 [134].
However, evidence suggests that talin itself might not be sufficient to activate integrin allbp3
[135, 136]. Kindlin-3 has been found as a co-activator with talin for integrin alIbB3 activation
[136-138]. Apart from talin and kindlin-3, additional interacting partners might also be involved

integrin alIbp3 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

allbB3 and aMP2 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 allbB3 (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 B1 and B2 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 CVVDs 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 TXA:> [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 (IP1). 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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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 ¥Cg-arginine and/or *Cs-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, 13Cs-arginine and *3Ce-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.
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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 (pl). 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
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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,
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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

25



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 B-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
Sé&aphin 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 1gG 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 [de]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
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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 Fe®* 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]. TiOz 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 Jergensen 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
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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
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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 a-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 plague-released factors such as LPA. In response
to both, platelet aggregation occurs via integrin allbf3. 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

34



essentially an estimation of proteins contained in a sample, based on the MS/MS information
provided, using the XITandem 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(l) 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 21%, 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

A collection of datasets in the GPMDB that
identified the protein of interest

Step 1. Remove repetitive datasets

Step 2. Remove datasets with low confidence
for the protein of interest
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=
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Result of in silico
protein interaction analysis

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. ¥’ RRLARR*), 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 (*’ISGLIYEETR® and **VFLENVIR®®) 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)
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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)
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Figure 2.3 The correlation of protein rank vs confidence log(e) value.

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
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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).

PrODiS:eXp(\/Zi"l(ln l: i ﬂg)) (equation 1)

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

108
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ProDis:  3.38 2.68 1.88 1.26

Figure 2.4 Gel display feature in the GPMDB showing protein distribution (ProDis).

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 uniqgue 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.
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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 (m) 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 (m) in the in silico HIST4H4 interaction analysis using different dataset sizes.

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
42



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 HDACY7, 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 ACTGl1 Actin, gamma 1

62.1 KRT1 Keratin 1

549 KRT9 Keratin 9

544  KRT2 Keratin 2

53.3 KRTI10 Keratin 10

46.7 H2AFJ H2A histone family, member J

359 H3F3B H3 histone, family 3B (H3.3B)

33.3  sp]JALBU 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 HIST1HIC 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
241 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 Ighgl Immunoglobulin heavy constant gamma 1

21.0 HIST1H1IB 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 H3F3 HIST4H4

(%) f(%) f(%) f(%) Accession Description

61.6 488 444 662 ACTG1 Actin, gamma 1

100.0 34.9 778 46.7 H2AF) Histone H2A.J

24.7 279 444 25,6 H2AFV Histone H2A.V

329 326 1000 359 H3F3B H3 histone, family 3B

23.3 20.9 333 21.0 HIST1H1B Histone cluster 1, H1b

329 25.6 22.2 29.7 HIST1H1C Histone H1.2

35.6 100.0 66.7 27.2 HIST1H2BB Histone cluster 1,

68.5 72.1 88.9 100.0 HIST4H4 Histone cluster 4, H4

30.1 37.2 333 241 VIM Vimentin

71.2 76.7 77.8 621 KRT1 Keratin 1

53.4 69.8 778 533 KRTI10 Keratin 10

20.5 58.1 444 313 KRT14 Keratin 14

50.7 65.1 66.7 544 KRT2 Keratin 2

26.0 51.2 22.2 303 KRT5 Keratin 5

50.7 69.8 778 549 KRT9 Keratin 9

27.4 39.5 33.3  33.3 sp|ALBU_BOVI Serum albumin;BSA

74.0 88.4 88.9 69.7 sp[TRYP_PIG| Trypsin precursor
HIST1H2BB H3F3B

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 a subunits, and each of the inner two rings composed of seven
distinct B subunits. The a 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 al
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 a 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 o subunits
and investigated the frequencies of occurrence for each of the 26S proteasome subunits (Table
2.3). All of the seven a subunits were identified with frequency of occurrence >20% in all seven
analyses, while all of the seven  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, PSMAS,
PSMA4, PSMAS5, PSMA6 and PSMAY analyses.

PSMA1 PSMA2 PSMA3 PSMA4 PSMA5 PSMAG6 PSMA7

f(%) (%) (%) (%) (%) (%) f(%) AccessionDescription

1000 600 714 376 632 26.7 37.0 PSMAL Proteasome 20S subunit, alpha type, 1

454 1000 714 564 526 333 51.8 PSMA2 Proteasome 20S subunit, alpha type, 2

227 60.0 1000 31.3 579 333 40.7 PSMA3 Proteasome 20S subunit, alpha type, 3

27.3 533 500 100.0 36.8 234 333 PSMA4 Proteasome 20S subunit, alpha type, 4

364 467 786 313 100.0 40.0 66.7 PSMA5 Proteasome 20S subunit, alpha type, 5

455 467 643 375 632 100.0 63.0 PSMAG6 Proteasome 20S subunit, alpha type, 6

272 60.0 857 501 685 26.7 100.0 PSMA7 Proteasome 20S subunit, alpha type, 7

227 600 714 375 421 30.0 333 PSMBL1 Proteasome 20S subunit, beta type, 1

27.3 667 357 376 316 167 222 PSMB2 Proteasome 20S subunit, beta type, 2

31.8 733 571 625 474 267 556 PSMB3 Proteasome 20S subunit, beta type, 3

27.3 400 571 313 368 20.0 40.7 PSMB4 Proteasome 20S subunit, beta type, 4

27.3 333 429 501 316 20.0 222 PSMB5 Proteasome 20S subunit, beta type, 5

27.3 467 500 250 421 26.7 259 PSMBG6 Proteasome 20S subunit, beta type, 6

182 200 429 313 263 167 29.6 PSMB7 Proteasome 20S subunit, beta type, 7

136 267 286 188 211 167 148 PSMC1 Proteasome 19S regulatory subunit, ATPase, 1
181 267 286 313 211 100 148 PSMC2 Proteasome 19S regulatory subunit, ATPase, 2
182 133 143 188 158 16.7 11.1 PSMC3 Proteasome 19S regulatory subunit, ATPase, 3
136 200 214 188 158 10.0 14.8 PSMC4 Proteasome 19S regulatory subunit, ATPase, 4
136 267 286 250 21.1 10.0 185 PSMCS5 Proteasome 19S regulatory subunit, ATPase, 5
136 334 286 251 21.1 10.0 185 PSMC6 Proteasome 19S regulatory subunit, ATPase, 6
136 267 286 188 21.1 200 148 PSMD1 Proteasome 19S regulatory subunit, non-ATPase,
182 467 286 313 316 233 185 PSMD2 Proteasome 19S regulatory subunit, non-ATPase,

9.1 133 143 125 105 3.3 - PSMD3 Proteasome 19S regulatory subunit, non-ATPase,
45 - - 6.3 53 3.3 - PSMD4 Proteasome 19S regulatory subunit, non-ATPase,
182 200 214 188 15.8 6.7 11.1 PSMD5 Proteasome 19S regulatory subunit, non-ATPase,

- 6.7 - - - 6.7 - PSMD6 Proteasome 19S regulatory subunit, non-ATPase,
45 6.7 - - - - - PSMD7 Proteasome 19S regulatory subunit, non-ATPase,

13.6 133 143 125 105 6.7 7.4 PSMD8 Proteasome 19S regulatory subunit, non-ATPase,
45 6.7 7.1 6.3 5.3 13.3 37 PSMD9 Proteasome 19S regulatory subunit, non-ATPase,
9.1 133 143 125 105 3.3 7.4 PSMD10 Proteasome 19S regulatory subunit, non-ATPase,
9.0 200 285 188 158 300 11.1 PSMD11 Proteasome 19S regulatory subunit, non-ATPase,

136 200 143 125 158 166 7.4 PSMD12 Proteasome 19S regulatory subunit, non-ATPase,
45 - - 6.3 5.3 3.3 - PSMD13 Proteasome 19S regulatory subunit, non-ATPase,

45 6.7 71 6.3 5.3 3.3 3.7 PSMD14 Proteasome 19S regulatory subunit, non-ATPase,
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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 a
and seven 3 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 o and 3 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.
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Figure 2.7 Protein interaction network for the shared proteins by PSMAL, PSMA2, PSMA3,
PSMA4, PSMA5, PSMAG6 and PSMAY 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.
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2.3.2 Integrin allbp3 receptor

The in silico protein interaction analysis was further applied to the human integrin allbp3
receptor, key signaling molecules in mediating platelet activation and aggregation [343]. The
distribution of dataset size for both integrin allb (Figure 2.8A) and integrin 3 (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 allb and integrin B3,
respectively. 37 and 41 proteins were identified in the integrin allb and integrin 3 interaction

analyses respectively, using frequency of occurrence >20% (Table 2.4, column 1&2). These
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Figure 2.8 Distribution of number of (A) integrin aIlb and (B) integrin B3 at different dataset size ranges.
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protein lists presented considerable similarity, and interestingly, talinl, kindlin-3 (FERMT3) and
Raplb were identified in both analyses. The direct binding of talinl to the integrin 3 tail was
shown to be a crucial step that triggers integrin allbp3 activation [344-346]. The loss of talinl
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 talinl [347]. This suggests
that both talinl 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 XIlII, vinculin and other

abundant cytoskeletal proteins (Table 2.4, column 1&2).

Due to their known interaction with integrin allbp3 complex, additional in silico protein
interaction analysis were performed targeting talinl, kindlin-3 and Rap1b, using the same
threshold at each cutoff as was used for integrin allb and integrin B3 analyses. Thirty three, 50
and 72 proteins were identified for talinl, kindlin-3 and Raplb, respectively (Appendix G-1).
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 oIlb and integrin B3 in silico protein
interaction analyses (column 1&2), respectively; the 28 proteins shared by talinl, kindlin-3, integrin
allb, integrin B3 and Rap1b in silico protein interaction analyses (column 3).

Integrin 02b

Integrin B3

Five proteins

f(%) Accession (%) Accession  |Accession Description

36.7 ACTB 40.5 ACTB IACTB IActin, cytoplasmic 1

54.7 ACTG1 56.8 ACTG1 ACTG1 IActin, cytoplasmic 2

50.0 ACTN1 50.4 ACTN1 IACTN1 IAlpha-actinin-1

24.7 CFL1 26.1 CFL1 CFL1 Cofilin-1

52.0 F13A1 47.7 F13A1 F13A1 Coaqulation 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-11b 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
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 Pl [62.2 sp[TRYP_PI sp|TRYP_PI [Trypsin precursor

20.0 TAGLN2 30.6 TAGLN2 TAGLN2 Transgelin-2

79.3 THBS1 775 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)

226 ZYX 20.7 ZYX ZY X 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 MYLI12A - Myosin, light chain 12A, regulatory, non-sarcomeric
- - 26.1 MYL6 - Myosin, light chain 6, alkali, smooth muscle and non-
- - 20.7 RSU1 - Ras suppressor protein 1

- - 22.5 TUBAI1B - 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 allb, integrin B3, talinl, FGA, FGG and Rap1b. However, the functional link of kindlin-
3 to integrin allbp3 was not shown, which may be due to the fact that the recent finding of the
binding of kindlin-3 to integrin B3 has yet to be archived in the STRING database. Other proteins

identified in the analysis were mainly abundant cytoskeletal proteins.

CCDC19

)

Figure 2.9 Protein interaction network for the 26 proteins shared by talinl, kindlin-3, Rap1lb, integrin
ollb and B3 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
allb is expressed specifically in platelets which lack a nucleus, and thus HIST4H4 and integrin
allb 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 allb 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
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2.4 VValidation

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 1 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 B1 complexes were precipitated from
activated human platelets and 11 proteins, other than integrin 1, were identified consistently
(Appendix J). An in silico protein interaction analysis was then performed targeting integrin g1
(sequence coverage>18AA and log(e)<-10 for integrin B1, 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 1 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 f1 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 o
subunits known to interact with integrin $1 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 a6,

integrin a2, talinl and filamin. Integrin 04 and integrin a5 were identified using all approaches

except the co-IP method. In addition, myosin, actin and kindlin-3, which are known interaction

partners of integrin B1, were identified using the in silico protein interaction analysis, but not the

STRING database. BioGRID was also used to identify integrin 1 interaction partners. With

three key interaction partners, integrin a2, integrin a4 and integrin a5, missing in this database,

this dataset was not used for the comparison (Appendix M).

In sifico protein Known interacting adaptor
interaction analysis  proteins and integrin a subunits

Formaldehyde-supported

co-immunoprecipitation STRING Database

Figure 2.10 Venn diagram showing the overlap between the proteins interacting with integrin p1 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 a subunits, integrin allb and integrin 3.
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 a subunits indicate that the
a subunits associate with each other with high affinity, while the interactions become
increasingly weak from the § subunits to the base subunits, and to the regulatory subunits.
Interestingly, the proteasome activator subunits 1 and 2, PA28 a and 3, 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 allbB3 receptor identified known
interaction partners, talinl, 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 allbP3 to facilitate platelet aggregation [360, 361]; coagulation
factor X111, 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 allb, integrin B3 talinl,
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-1P 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 1. 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 a 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 B1 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 $1, while the full-length Melusin did not [366]. Moreover, 22 known
interaction partners of integrin f1 were not found in the STRING database, while key interaction
partners of integrin B1 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-cqgi/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
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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

67



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 a-granules. Upon platelet activation, P-selectins are
translocated to the surface membrane on platelets by fusion of the a-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 KCI, 107 mM NaCl, 20 mM NaHCOs3, 2 mM

NaxSO0s4, 19 mM tri-sodium citrate, 0.5% (wt/vol) glucose in H>O, pH 6.1). Platelet counts were
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determined by hemocytometer and adjusted to physiological concentration (300 x 10%L) using
HEPES buffer (10 mM HEPES, 137 mM NacCl, 2.9 mM KCI, 12mM NaHCOs3, pH 7.4), and
supplemented with CaCl; 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 M ADP
(Sigma, Oakville, ON, Canada), 0.19 mg / ml collagen (Bio/Data Corporation, Horsham, PA,
USA) or 20 M LPA (alkyl-LPA 16:0, Avanti Polar Lipids, Alabaster, AL, USA) was added to
0.5 ml of platelets at physiological concentration at 37 °C for different time points. After
stimulation, platelets were immediately lysed by adding 2X lysis buffer (2% NP-40, 100 mM
TrissHCI, pH 7.4, 400 mM NaCl, 5 mM MgCl», 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 GTPys at 30 °C for 15 min. For inhibitor
studies, 2 unit / ml apyrase was added to platelets and incubated for 1 min before stimulation.
Incubation with 25 pM LY 294002 (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 pg / ml ampicillin. After overnight
incubation and shaking at 37 °C, the bacteria culture was diluted into 1 L LB plus ampicillin.
Incubation and shaking at 37 °C was continued until ODeoo 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 °C for 4 hrs. For GST-Rhotekin-RBD, due to the low binding activity when
expression is performed at 26 °C, IPTG was added to a final concentration at 0.5 mM, incubation
and shaking at 37 °C for 2 hrs. After IPTG-induced binding domain expression, the bacteria were
collected by centrifugation at 4,000 rcf at 4 °C 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 HCI,
pH 7.4, 150 mM NaCl, 5 mM MgClz, 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 °C for 45 min. The supernatant was
supplemented with 10% glycerol and stored at -80 °C 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 °C. The resin was washed three times with 1X lysis buffer (1% NP-40, 50 mM Tris HCI,
200 mM NacCl, 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 °C in aliquots.
To ensure that sufficient amount of purified binding domains was used for each pull down, the
amount of binding domain from 20 pl of resin suspension was quantified by comparing with

BSA standards (2.5, 5, 10 and 20 pg) 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 pg) was added to 20 pl glutathione resin
and incubated for 45 min at 4 °C. 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*HCI, 200 mM NacCl,
2.5 mM MgClz, 10% glycerol, with protease inhibitor cocktail (1 tablet / 10 mL, Roche, Basel,
Switzerland)). The resin was incubated with platelet lysates at 4 °C 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 °C 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 °C 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 dH-0, pH 8.3). The gel was
equilibrated in transfer buffer (39 mM glycine, 48 mM Trizma base, 0.037% SDS, 20%
methanol in dH20, 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 KClI, 144 g NazHPOg4, 0.24 g KH2PO4, 2 ml of

Tween-20 dissolved in 800 ml of dH20) 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 1gG (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 °C for 30 min, followed by alkylation with 55 mM iodoacetamide at room
temperature for 45 min. Trypsin digestion was performed in 50 mM NH4sHCO3 at 37 °C 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 (*3Cs; °N4) and lysine (*3Ce;
5N) 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 pm 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 |l / min was applied. Resolution of both MS1 and
MS?2 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 (o0.d. = 360, I.d. = 75, tip = 15 %1 pm) from New Objective

(Woburn, MA, USA) packed with reverse-phase C18 material (15 cm, C18 magic, 100 A, 3 pm,
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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 | / 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 ul 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.
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Figure 3.1 General workflow for quantitative multiplexed profiling of small GTPase isoforms using
targeted proteomics.

76



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, Rapl and RhoA
was precipitated from platelets treated with GTPys as positive control using GST-Rafl1-RBD,
GST-PAKI1-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 Racl, Rac2 and

A GST-RalGDS-RBD test (human) ' B GST-Raf1-RBD test (human)
Anti-Rap1 Anti-Ras

35 kDa 35 kDa——

15 kDa 15 kDa—— we— .
Platelet ~GDP  GTPys Platelet ~GDP  GTPys
lysate lysate

C GST-PAK1-RBD test (human) « D GST-Rhotekin-RBD test (mouse)
Anti-Cdc42 Anti-RhoA
35 kDa 35 kDa s
- e

15 kDa 15 kDa— g S S
Platelet GDP  GTPys Platelet GDP  GTPys
lysate lysate

Figure 3.2 Validation of activity of effector binding domains using Western blotting. (A) Active Rapl pull
down by GST-RalGDS-RBD, (B) active Ras pull down by GST-Rafl-RBD, (C) active Cdc42 pull down by
GST-PAK1-PBD, and (D) active Rho pull down by GST-Rhotekin-RBD. Roughly 10 ug lysate was used as the
control. For the GTPys and GDP were used as positive and negative controls, respectively.
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Cdc42 (by GST-PAKI1-PBD), RaplA, 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 (500ug) was treated with GTPys 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 GPMDB model
Small GTPase
Domain number
RaplB
GST-RalGDS-RBD GPM32100040475 RaplA
Rap2B
Cdc42
GST-PAK1-PBD GPM32100041580 Rac2
Racl
RhoA
GST-Rhotekin-RBD GPM32100041662
RhoC
GPM32100041659 NRas/HRas
GST-Rafl-RBD
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 Rapl1 A, Rap1B and Racl, 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 RaplA
RaplB

RaplA
RaplB

RaplA
Ra]_:ll B

RaplA
RaplB

B 1ras
NERas
KRas

HRas
NRas
KRas

HRas
NEas
KRas

HRas
NRas
KRas

MREYKLVVLGSGGVGEKSALTVOEVOGIFVEKYDPTIEDSYREKOVEVDCOQCMLEILDTAG
MREYKLVVLGSGGVGKSALTVOFVOGTIFVEKYDPTIEDSYRKQVEVDAQQCMLETLDTAG

R I I e b b T
-

TEQFTAMEDLYMEKNGOGFALVYSITAQSTFNDLODLREQ ILRVEDTEDVPMITVGNKCDL
TEQFTAMEDLYMENGQGFALVYSTTAQSTFNDLOQDLREQTILRVEDTDDVEMI LVGNECDTL,

kAR FH A A E AR AT T A A A AR AT T ook A R R A F o ook kR R R Rk ok ok R R e ok ok R R R R o
.

EDERVVGKEQGONLARQWCNCAELESSAKSKINVNELIFYDLVROINRKT PVEKKKPKKKS
EDERVVGKEQGONLARDWNNCAFLESSAKSKINVNEIFYDLVROINRKT PVPGKARKESS

B HEFF R A A A A AT T A A A A dd ddhk kbt d &k ok d ok * * ok Kk
.

CLLL
COLL

* E

MTEYKLVVVGAGGVGKSALTIQLIONHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAG
MTEYELVVVGAGGVGKSALTIQLIQNHEFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAG
MTEYELVVVGAGGVGESALTIQLIQNHFVDEYDPTIEDSYREKQVVIDGETCLLDILDTAG

B R R R R R SRR R R EEEREEREEEREEEEEEEEEEEREEREREESESERESEEEEEEEE R R RS

QEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHQYREQIKRVKDSDDVEMVLVGNKCDL
QEEYSAMRDOYMRTGEGELCVEFATINNSKSFADINLYREQTKRVEDSDDVFMVLVGNECDL
QEEYSAMRDOQYMRTGEGEFLCVEFAINNTKSFEDIHEYRREQ T KRVEDSEDVPMVLVGNKCDL

dhhdhkhhhhbhhddhdbhddbhbdbdbbrdhr, ddhd dd  dhddkbhddhbdrd bbddhbddbdhdd

AARTVESRQAQDLARSYGIPYTETSAKTROGVEDAFYTLVREIRQHKLREKLNPPDESGFPG
PTRTVDTEKQAHELAKSYGIPFIETSAKTROGVEDAFYTLVEEIRQYRMKKLNSSDDGETOQG
PSRTVDTEQAQDLARSYGIPFIETSAKTRORVEDAFYTLVEEIRQYRLKKISKEE-KTPG

sk k ke s s khE e sk h ek kb d bk s kb b Ak A bk dd kd kb kbbb d b r b dbdk s o s sk . *

CMSCK-CVLS
CMGLP-CVVM

CVKIKECIIM
* *i

79



C Racl
Rac3
Rac?

Facl
Rac3
Rac?

Facl
Rac3
Rac?

Racl
Rac3
Rac?

D RhohA
RhotC
RhoB

Rhoh
RhoC
FhoB

RhohA
RhoC
RhoB

Rhoa
RhoC
RhoB

MOATKCVVVGDGAVGKTCLLISYTTNAFPGEYIPTVEDNY SANVMVDGEPVNLGLWDTAG
MOATKCVVVGDGAVGKTCLLISYTTNAFPGEYTPTVEDNY SANVMVDGEPVNLGLWDTAG
MOATKCVVVGDGAVGKTCLLISYTTNAFPGEYIPTVEDNY SANVMVDSKPVNLGLWDTAG

LR R R R R R R ok ok ok ok ok ok ok ok ok ok ok

CEDYDRLRPLSYPOTDVELICESLVSPASFENVRAKWYPEVRHHCPNTEPITILVGTELDLR
QEDYDRLRPLSYPOTDVFLICFSIVSPASFENVRAKWY FPEVRHHCPHTPTLLYVGTKLDLR
CEDYDRLRPLSYPOTDVELICESLVSPASYENVRAKWEPEVRHHCPSTPIILVGTELDLR

R R R R R R k ok ok ek ok ko k kA ko

DDEKDTIEKLKEKELTPITYPOGLAMAKEIGAVEYLECSALTOQRGLETVFDEATEAVLCED
DOKEOTTERLRDEELAPT'TY PQGLAMARE | GSVKY LECSALTQRGLETVEDEA TRAVLCPP
DDKDTIEKLKEKELAPITYPOGLALAKEIDSVEYLECSALTOQRGLETVFDEATEAVLCPQ

dhdkhkEhhk oKk oo hhkdoehbrdhbdbdrrd o dodkFd FkFAFAEF A A b EEA A E R A I b L kA A hEE Sk

PVEKRKRKCLLL 192
PVKKPGKECTVE 192
PTROOQKRACSLL 192
* e . &

MAATRKKLVIVGDGACGKTCLLIVESKDQFPEVYVPTVEENY VADIEVDGKQVELALWDT
MAATRKKLVIVGDGACGKTCLLIVESKDQEFFPEVYVPTVEENY IADIEVDGKQVELALWDT
MAATRKKLVVVGDGACGKTCLLIVESKDEFFEVYVPTVEFENY VADIEVDGKQVELALWDT

whdkdbhth kb hbddbdbhbhhddddbdhohdrdhhhbhdhdhoddkdbrddddddbdriid

AGOEDYDRLRPLSYPDTDVILMCFSTDSPRSLENTPEEWTPEVEHFCPNVPT TLVGNKED
AGOEDYDRLRPLSYPDTDVITMCFSTDSPRSTENTPEEKWTPEVEKHFCPNVPT TTL.VGNKED
AGOEDYDRLRPLSYPDTDVITMCFSVDSPRSTENT PEEKWVPEVKHECPNVPT TLVANKED

R R R R EEEEEEEEEEEEEEEEREEEEIEEESEESEEEEEEES ok ok dk ok ok k ok ko k ok ok kK EE

LENDEHTERELAKMEKQEPVKPEEGRDMANRTIGAFGYMECSAKTKDGVREEVEFEMATRAALQ
LEODEHTERELAKMEQEPVRSEEGRDMANRISAFGY LECSAKTKEGVREVEFEMATRAGLO
LESDERVETELARMEQEPVRTDDGRAMAVRIQAYDYLECSAKTKEGVREVFETATRAALQ

E E L ok ok e ko R ok R ok . - ok A * E *oe ok Rk R ok ok W e ok ok ok ke ok E e

ARRGEKK-—-3GCLVL 193
VRKNERE-—-RGCPIL 193

KEYGCSQNGCINCCEKVL 196
* . * ok

60
60
60

120
120
120

180
180
180

60
60
60

120
120
120

180
180
180

Figure 3.3 Sequence alignment for (A) Rapl, (B) Ras, (C) Rac and (D) Rho small GTPase isoforms reveals
high similarity. Candidate proteotypic peptides are highlighted in purple.
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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

Modifi-

Miss

GPMDB observations

GTPase Candidate proteotypic peptides Length cation cleavage | 2=1 — p— ESS
NRas SFADINLYR* 9 — No — 226 — [ 0.47
TGEGFLCVFAINNSK* 15 Cys No — 84 — 10.39

HRas SFEDIHQYR* 9 — No 106 5444 45 10.39
SYGIPYIETSAK* 12 — No 343 1286 — [0.38

SFEDIHHYR* 9 — No 41 223 3 0.45

KRas DSEDVPMVLVGNK* 13 Met No — 75 — 10.35
VKDSEDVPMVLVGNK* 15 Met Yes — 193 122 | 0.28
TRQGVDDAFYTLVR 14 — Yes — 6 11 ]0.23
DQFPEVYVPTVFENYVADIEVDGK* 24 — No — 3000 1867 | 0.65

RhOA 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
IQAYDYLECSAK* 12 Cys No — 144 — 10.69
HFCPNVPIILVANK* 14 Cys No — 23 75 |(0.44

RhoB LVVVGDGACGK 11 Cys No 1 35 — 1 0.36
HFCPNVPIILVANKK 15 Cys Yes — 23 75 [0.25
KLVVVGDGACGK 12 Cys Yes — 1 1 0.23
DQFPEVYVPTVFENYIADIEVDGK* 24 — No — 1714 962 |0.50

RhoC ISAFGYLECSAK* 12 Cys No 7 2776 24 0.46
EGVREVFEMATR 12 Met Yes — 24 236 |0.23

RaplA DTEDVPMILVGNK* 13 Met No — 546 40 0.38
VKDTEDVPMILVGNK* 15 Met Yes — 677 727 10.30

Rap1B DTDDVPMILVGNK* 13 Met No — 1701 131 | 0.46
VKDTDDVPMILVGNK* 15 Met Yes 47 3140 3363 | 0.38
HHCPNTPIILVGTK* 14 Cys No 231 1141 1447 | 0.67

Racl LTPITYPQGLAMAK>* 14 Met No 86 2713 257 10.61
KLTPITYPQGLAMAK* 15 Met Yes 62 1567 1289 | 0.40
EIGAVKYLECSALTQR 16 Cys Yes — 26 1 0.23
LAPITYPQGLALAK* 14 — No 16 2004 316 | 0.76
HHCPSTPIILVGTK* 14 Cys No 38 383 539 |0.55

Rac2 AVLCPQPTR 9 Cys No 22 302 — 1051
KLAPITYPQGLALAK 15 — Yes 6 592 559 10.38
EIDSVKYLECSALTQR 16 Cys Yes — 17 43 10.22

Rap2B ASVDELFAEIVR* 12 — No 15 793 42 0.81
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Small

Modifi-

Miss

GPMDB observations

GTPase Candidate proteotypic peptides Length cation cleavage | 7=1 — p— ESS
SALTVQFVTGSFIEK* 15 — No — 145 15 ]0.52
ALAEEWSCPFMETSAK 16 Cys, Met No — 136 — [0.52
VDLEGEREVSYGEGK 15 — Yes — 15 33 10.30
NKASVDELFAEIVR 14 — Yes — 45 38 0.25
VPMILVGNKVDLEGER 16 Met Yes — 3 13 10.23
TPFLLVGTQIDLR* 13 — No 12 11505 255 |[0.64

Cdcd? WVPEITHHCPK* 11 Cys No 122 1578 253 | 0.46
TCLLISYTTNK* 11 Cys No 30 1287 — 1043

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, Rapl A 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 Proteotypic peptide Pgi%urrseor Q1 miz Q3 miz Fragmentor Collision Product
GTPase sequence stat% voltage (V) energy (V) ion type
549.783 565.309 200 18 y4+
NRas SFADINLYR +2 549.783 793.420 200 15 y6+
549.783 864.457 200 13 y7+
664.840 454.740 220 18 y8++
HRas SYGIPYIETSAK +2 664.840 908.472 220 19 y8+
664.840 1078.578 220 15 y10+
543.955 417.246 120 12 y4+
KRas VKDSEDVPMVLVGNK +3 543.955 429.249 120 9 y8++
543.955 857.491 120 12 y8+
549.287 417.246 120 14 y4+
KRas VKDSEDVPM*VLVGNK +3 549.287 437.251 120 12 y8++
549.287 873.496 120 15 y8+
667.299 725.296 200 18 y6+
RhoA IGAFGYMEC*SAK +2 667.299 888.359 200 19 y7+
667.299 945.380 200 18 y8+
667.299 554.725 200 19 y9++
RhoA IGAFGYM*EC*SAK +2 667.299 741.291 200 23 y6+
667.299 961.375 200 20 y8+
675.296 993.444 220 21 y8+
RhoB IQAYDYLEC*SAK +2 675.296 1156.507 220 20 y9+
675.296 1227.544 220 18 y10+
673.326 707.339 180 18 y6+
RhoC ISAFGYLEC*SAK +2 673.326 927.424 180 18 y8+
673.326 1074.492 180 18 y9+
553.299 417.246 165 10 y4+
RaplA VKDTEDVPMILVGNK +3 553.299 436.257 165 10 y8++
553.299 871.507 165 11 y8+
558.631 417.246 165 14 y4+
RaplA VKDTEDVPM*ILVGNK +3 558.631 444.255 165 10 y8++
558.631 887.502 165 14 y8+
548.627 417.246 140 11 y4+
RaplB VKDTDDVPMILVGNK +3 548.627 436.257 140 9 y8++
548.627 530.330 140 10 y5+
553.959 417.246 140 11 y4+
RaplB VKDTDDVPM*ILVGNK +3 553.959 444,255 140 10 y8++
553.959 895.516 140 10 y8+
674.859 587.351 240 10 y5+
Rap2B ASVDELFAEIVR +2 674.859 734.420 240 19 y6+
674.859 847.504 240 19 y7+
752.416 645.350 220 10 y12++
Racl LTPITYPQGLAMAK +2 752.416 815.444 220 26 y8+
752.416 1079.555 220 23 y10+
760.413 653.347 220 10 y12++
Racl LTPITYPQGLAM*AK +2 760.413 831.439 220 23 y8+
760.413 1095.550 220 24 y10+
728.432 636.372 220 14 y12++
Rac2 LAPITYPQGLALAK +2 728.432 797.488 220 23 y8+
728.432 1061.599 220 23 y10+
657.342 713.346 240 18 y6+
Cdc42 TC*LLISYTTNK +2 657.342 826.431 240 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
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Figure 3.4 Top transition selection and peptide optimization using triple quadrupole mass spectrometry.
NRas proteotypic peptide SFADINLYR with heavy labeled arginine (*3Cs; 1°N4) 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, RaplA, Rap1B and Racl. 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, showinga 1 :
54.9 :22.6 :22.2 : 1.5 ratio for unstimulated: positive control (GTPys): 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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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 (GTPys), 1 U/ml thrombin,
0.19 mg/ml collagen or 20 M 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%.

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 GTPys-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 Rapl1b in platelets was observed at

all dilutions using the MRM assay.

86



A 35|<Daf,- v

t t t t

125 times 25 times 5 times 1 time

Dilution times

1_pit 140330 1 vx Stimes_pit 140330 1h »X

I— VKDTDDVPMILVGNK - 548 6273+++ I —— VKDTDDVPMILVGNK - 548 6273+~ I
—— VKDTDDVPMILVGNK - 5512987 +++ (heavy) —— VKDTDDVPMILVGNK - 55129372+ (heavy)

- 10 + >
30 +
o 1 time A 5 times
> >
o 21i s
= =z 6 4
z z
215 £
e £
E E 4
10 83
2
5
0 + * + * 0 T i 7 i
6 8 10 12 14 6 8 10 12 14
Retention Time Retention Time
25times_plt 140330 40 X | 125times plt 140330 10 vX

= VKDTDOVPMILVGNK - 548 6273 +++

== VKDTDDVPMILVGNK - 548 6273+++
—— VKDTDOVPMILVGNK - 5512987 +++ (heavy)

= VKDTDDVPMILVGNK - 551.2887+++ (heavy)

=
2000 | 2500 §
: s
25 times 125 times
2000 +
1500 +
z z
g E 1500
£ 1000 £
1000 4
500 +
500 +
9
bl
0 Loy e e 0 ; { ; : !
5 6 7 8 9 10 1" 12 13 14 15 6 8 10 12 14
Retention Time Retention Time

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 Rapl peptide was shown in blue.

3.3.4.3 Validation of reproducibility of multiplexed MRM assays

The multiplexed MRM assay was applied to platelet lysates treated with GTPys. 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
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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 GTPys. Platelet
lysates were treated with GTPys 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).

Small Proteotypic peptide Light/Heavy peak area ratio
GTPase sequence 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
RaplA VKDTEDVPMILVGNK 1.686 0.214 12.7
RaplA VKDTEDVPM*ILVGNK 0.772 0.084 10.8
RaplB VKDTDDVPMILVGNK 76.483 6.186 8.1
RaplB VKDTDDVPM*ILVGNK 21.102 3.279 155
Rap2B ASVDELFAEIVR 0.501 0.028 55
Racl LTPITYPQGLAMAK 0.046 0.006 13.3
Racl LTPITYPQGLAM*AK - - -
Rac2 LAPITYPQGLALAK 0.142 0.012 8.7
Cdc42 TC*LLISYTTNK 1.094 0.075 6.8

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 ¢
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).
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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).

Small GTPase Control (%) Thrombin (%) Std CV%
NRas 100.0 167.2 12.4 7.4
KRas 100.0 169.1 18.0 10.6
RhoA 100.0 170.6 12.3 7.2
RhoC 100.0 192.9 13.2 6.8
RaplA 100.0 1110.0 163.0 14.7
Rap1B 100.0 1481.6 231.6 15.6
Rap2B 100.0 289.1 5.5 1.9
Racl 100.0 239.5 8.0 3.4
Rac2 100.0 228.9 7.7 34
Cdc42 100.0 143.6 16.5 11.5
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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 pg 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 pg 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.

Small GTPase Proteotypic peptide Relative expression level (%)
sequence Platelet THP-1 HUVEC
NRas SFADINLYR 100.0 253.7 214.0
HRas SYGIPYIETSAK - - 100.0
KRas VKDSEDVPMVLVGNK 100.0 85.6 142.3
KRas VKDSEDVPIM*VLVGNK - - -
RhoA IGAFGYMEC*SAK 100.0 147.8 103.0
RhoA IGAFGYM*EC*SAK 100.0 90.0 101.8
RhoB |QAYDYLEC*SAK - - 100.0
RhoC ISAFGYLEC*SAK 100.0 38.1 228.1
RaplA VKDTEDVEMILVGNK 100.0 129.4 64.0
RaplA VKDTEDVPM*ILVGNK 100.0 - -
RaplB VKDTDDVPMILYGNK 100.0 5.6 6.1
RaplB VKDTDDVPM*ILVGNK 100.0 - -
Rap2B ASVDELFAEIVR 100.0 22.3 57.3
Racl LTPITYPOGLAMAK 100.0 49.6 94.9
Racl LTPITYPOGLAM*AK 100.0 41.7 104.7
Rac2 LAPITYPOQGLALAK 100.0 157.3 25.6
Cdc42 TCLLISYTTNK 100.0 69.8 70.5
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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 GTPys-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 Rapl1B
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 M ADP, or 20 UM 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 GTPys)

which was normalized to 100% (n=3).
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Figure 3.9 Time-resolved activation profiles of (A) RaplA and (B) RaplB (proteotypic peptides with
methionine oxidation) in platelets stimulated with different agonists. Platelets were stimulated with 0.2 U/mL
thrombin (Thr), 100 M ADP, or 20 UM 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 GTPys) which was normalized to 100%. (n=3).

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).
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Figure 3.10 Treatment with ADP scavenger apyrase, or PI3K inhibitor LY294002 and wortmannin
significantly reduced activation of RaplA and RaplB in LPA treated platelets. Platelets were stimulated
with (A) 0.2 U/ml thrombin or (B) 20 uM LPA in the presence or absence of inhibitors for 1 min (2 U/ml apyrase),
or 15min (25 pM 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,
***n<0.001; n = 3).
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3.3.6 P-selectin levels in platelet activation

In order to further understand the role of PI3K-Rapl, 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).
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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 uM LPA in the presence or absence of
inhibitors for 1 min (2 U/ml apyrase), or 15min (25 uM 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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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 uM LPA in the presence or
absence of 150 uM NSC23766, 20 uM Y27632 or 50 uM 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).

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
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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 Racl 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 Rapl A and Rap1B showed significant
decrease in LPA- but not thrombin-induced platelet activation. This indicates that only Rapl
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 Rapl 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-Rap1l 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 Gi2/13-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-1[3, 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 ?Ds-L-lysine and 0.044 mg / ml 2Ce-L-arginine or heavy labeled 0.077 mg / ml
13C6,1Na-L-lysine and 0.045 mg / ml 3Cg,*N4-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 KCI, 107 mM NaCl, 20 mM NaHCOs3, 2 mM NaSO4, 19 mM tri-sodium citrate, 0.5%
(wt/vol) glucose in H20, pH 6.1). Platelet counts were determined by using a hemocytometer
and adjusted to physiological concentration (300 x 10%L) using HEPES buffer (10 mM HEPES,
137 mM NacCl, 2.9 mM KCI, 12mM NaHCOg, 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 B-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.

104



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
MgCl, 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 CaCl; 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

105



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 KH2POg4, 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 x 150 mm (5
um), Agilent, Santa Clara, CA, USA). Peptides were separated based on a linear gradient from
0% to 13% buffer B (30% ACN, 5mM KH2PO4, 350mM KClI, pH 2.7) for 20 min and 100%
buffer B for 5 min. Twenty-six 300 pL 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 pul 50%
C18 beads (J.T. Baker, Phillipsburg, NJ, USA). The C18 beads in methanol was loaded onto a
200 pl pipet tip, methanol was removed by centrifugation at 400 g, and conditioned with 250-
300uL 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 L sample buffer at 400 g, and

eluted twice with 50 pL TiO: 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 L pipet tip packed with C8 membrane (3M
Empore, St. Paul, MN, USA). TiO: tips were washed with 20 pL TiO2 buffer B at 200 rcf for 2
min and then with 20 L 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 pL TiO>
buffer B were diluted with 100 L TiO2 buffer D (41.5% ACN, 0.1% TFA, 58.4% lactic acid) to
reach TiO 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 TiOz tip at 100 rcf over 30 min. Non-
phosphopeptides were washed away with 20 L TiO» Buffer C at 250 rcf for 5 min and then with
20 P TiO2 Buffer B at 250 rcf for 5 min. The phosphopeptides were eluted stepwise with 20 uL
5% NH4OH, 20 pul 0.5% pyrrolidine and 3ul TiO2 buffer B at 50 rcf for 10 min into 10 pl 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 L pipet tip packed with C8 membrane, and washed with 20 L IMAC loading buffer twice.
The phosphopeptides were eluted with 50 pLL 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 (o0.d. = 360, I.d. = 75, tip = 15 %1 pm) from New Objective
(Woburn, MA, USA) packed with reverse-phase C18 material (15 cm, C18 magic, 100 A, 3 pm,
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 I / 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 pm) from New Objective (Woburn, MA, USA) packed with reverse-
phase C18 material (15 cm, C18 magic, 100 A, 3 pm, 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, ?D4-L-lysine, **Cs-L-

arginine, $3Cg,">N2-L-lysine and *3Cg,*°N4-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 | (p > 0.75), class 11 (0.75 > p > 0.5), or class Il

(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 ul of 1 X
108/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 pug / 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 ul 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 ul 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 (1xPBS, 0.5% BSA) was added
to each sample, and samples were analyzed on LSR 1l 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 (LI1-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 HCI (pH 6.8), 2% SDS (wt / vol), and 100 mM f3-
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-f-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 TiO>

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.

Table 4.1 Comparison of different relative centrifugal force (rcf) during sample loading for
phosphopeptide enrichment.

Sample loading GPM# #Phosphopeptides #Peptides Enrlchment #Phosphosites
rcf ratio
500 GPM32100034548 340 382 89.0% 597
100 GPM32100034549 494 609 81.1% 913

4.3.1.2 Strong cation exchange coupled with TiO2

The effect of using strong cation exchange fractionation (SCX) in addition to TiO>
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.
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Figure 4.1 Distribution of phosphopeptides and non-phosphopeptides using strong cation exchange
followed by TiO, phosphopeptide enrichment. Adjacent fractions were combined to obtain a total of 13
samples.

Table 4.2 Comparison of TiO; phosphopeptide enrichment with or without strong cation exchange
fractionation.

Sample GPM# #Phosphopeptides #Peptides Enrlr(:;irzent #Phosphosites
TiO, GPM32100034823 565 766 73.8% 637
SCX-TiO,  GPM32100034837 1305 3063 42.6% 1616

4.3.1.3 Sequential elution from IMAC and TiO2
In order to test the difference of IMAC and TiO: in phosphopeptide enrichment performance

and to determine whether the two approaches are complementary, sequential elution from IMAC

SIMAC GPM# #Phosphopeptides #Peptides Enrig:irzent #Phosphosites
IMAC GPMO00300008794 872 1010 86.3% 1372
TiO, GPMO00300008797 1644 2244 73.3% 1727
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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 TiO> phosphopeptide enrichment. Phosphopeptides
from IMAC and TiOz 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 TiO». 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 TiO-

beads were used for subsequent quantitative phosphoproteomics studies.
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Figure 4.2 Phosphopeptide enrichment by IMAC and TiO; 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.

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.

Instrument GPM# #Phosphopeptides #Peptides Enrig:irzent #Phosphosites
FT-ICR GPM32100049185 631 967 65.3% 674
Orbitrap Velos GPM32100049430 2030 2716 74.7% 2171
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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.
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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 99T 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-CDA41a antibody (integrin allb, 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).
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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%.
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Figure 4.5 Platelet-monocyte aggregate formation induced by thrombin or LPA. Platelets were stimulated
with 1 U / ml thrombin (Thr) or 20 uM 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).

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.
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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 cellsat 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.

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.
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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 TiO, phosphopeptide enrichment and analvzed by the Orbitrap.
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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.
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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 | (p > 0.75)
localization probability based on the PTM scoring reported by MaxQuant (Table 4.5).
Phosphorylation sites with Class Il (0.75 > p > 0.5) or Class Il (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, Fcy 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 | (p > 0.75), class Il (0.75 > p > 0.5), class Il (p < 0.5).

Ser Thr Tyr Class|l Classll Classll

Thrombin-induced PMA formation 2576 330 39 1912 505 529
a7.5% 11.2% 1.3%

LPA-induced PMA formation 1908 288 3 1530 345 352

85.7% 12.9% 1.4%
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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, Fcy receptor-mediated phagocytosis, nitric oxide signaling and leukocyte

extravasation signaling, Rac signaling and PI3K/Akt signaling (p<0.01) (Table 4.7).

A # quantified phosphoproteins B # quantified phosphopeptides
Thrombin-induced LPA-induced Thrombin-induced LPA-induced
PMA formation PMA formation PMA formation PMA formation

Figure 4.9 Number of quantified (A) phosphopeptides and (B) phosphoproteins shared in thrombin- and
LPA-induced platelet-monocyte aggregate (PMA) formation.
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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.

. ) p value

Ingenuity Canonical Pathways ro—— TEA
ERK/MAFK Signaling 4 8978E-06  0.0002
Insulin Receptor Signaling 0.0003 0.0004
Fcy Receptor-mediated Phagocytosis in Macrophages and Monocytes 0.0009 9 1201E-05
Mitric Oxide Signaling in the Cardiovascular System 00012 0.0024
FLT3 Signaling in Hematopoietic Progenitor Cells 00022 00011
GMRH Signaling 0.0026 0.0004
Melatenin Signaling 00028 00016
Leukocyte Extravasation Signaling 00035 0.0005
Raole of NFAT in Cardiac Hy pertrophy 00037 0.0044
FPRARoRXRa Activation 0.0051 0.0023
B Cell Receptor Signaling 00058 0.0025
Fc Epsilon Rl Signaling 0.0059 0.0095
Corticotropin Releasing Hormone Signaling 00063 0.0009
Synaptic Long Term Potentiation 00063 00033
Fhospholipase C Signaling 0.0085 0.0014
AMPFE Signaling 0.oo0o9s -
Renin- Angiotensin Signaling 0.0050 -
RhoA Signaling 0.0020 -
Signaling by Rho Family GTFPases 0.0081 -
Biotin-carboxyl Carrier Frotein Assembly - 00091
Cholecystokinin/Gastrin-mediated Signaling - o.o0za
DA Methylation and Transcriptional Repression Signaling - 0.0060
Estrogen Receptor Signaling - 0.0054
FAK Signaling - 00083
GDPF-glucose Biosynthesis - 00091
Glioma Signaling - 0.0062
Glucose and Glucose- 1-phosphate Degradation - 00091
Ga12/M13 Signaling - 0.0095
HGF Signaling - 0.0011
Molecular Mechanisms of Cancer - 0.0074
Matural Killer Cell Signaling - 00023
Meuregulin Signaling - 0.0034
FI3KIAKT Signaling - 0.0041
FFAR Signaling - 0.0024
Prostate Cancer Signaling - 00091
Protein Kinase A Signaling - 0.0093
FTEN Signaling - 0.0085
RAR Activation - 0.0068
Role of IL-17F in Allergic Inflammatory Airway Diseases - 0.0083
Sertoli Cell-Sertoli Cell Junction Signaling - 0.0060
Thrombopoietin Signaling - 0.0039
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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.

Ingenuity Canonical Pathways p value
ERK/IMAPK Signaling 4 3652E-05
Foy Receptor-mediated Phagocytosis in Macrophages and Monocytes 0.0001
Insulin Receptor Signaling 0.0001
Leukocyte Extravasation Signaling 0.0002
FLT3 Signaling in Hematopoietic Progenitor Cells 0.0010
Fac Signaling 0.0010
MNeuregulin Signaling 0.0022
PI3KIAKT Signaling 0.0029
Hypaoxia Signaling in the Cardiovascular System 0.0038
Fc Epsilon Rl Signaling 0.0043
Synaptic Long Tem Potentiation 0.0050
Nitric Oxide Signaling in the Cardicvascular System 0.0087
PPAR Signaling 0.0087
Prostate Cancer Signaling 0.0091

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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Figure 4.10 Histograms of log.-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.

A # regulated phosphopeptides B # regulated phosphoproteins
Thrombin-induced LPA-induced  Thrombin-induced LPA-induced
PMA formation PMA formation PMA formation PMA formation

Figure 4.11 Number of regulated (A) phosphopeptides and (B) phosphoproteins shared in thrombin- and
LPA-induced platelet-monocyte aggregate (PMA) formation.

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
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(Table 4.9). These included regulators for different small GTPases, i.e. guanine nucleotide
exchange factor for Racl (ARHGEFG6 [420]), Rab35 (DENND1A [421]), Rho and Rac (DOCKS5
[422]), as well as GTPase-activating protein for Rab (TBC1D5 [423]), Rapl and Rap2 (SIPAl
[424]), Rho (MYQO9B [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 Rapl-integrin-mediated adhesion (RIAM [431]),
migration (STK10 [432]), cytokine production (MAP3K?7 / 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.

Throembin—induced FM4 formation p value
regulation of leukocyte activation 0. 007a6
regulation of cell activation 0. 00873
regulation of leukocyvte mediated immunity 0. 009R5
LPA-induced FM4 formation p walue
micleic acid transpeort 0. 00073
establishment of EN4 localization 0. 00073
Ell4 transport 0. 00073
ENA localization 0. 00oan
miclechase, rucleoside, macleotide and macleic acid transpert  0.00114
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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 11 or 11 localization probability.
Phosphorylation sites were not considered regulated, i.e. changes less than 1.5 fold, were shown in grey.

Thrombin-induced PMA

LPA-induced PMA

Uniprot _ . ) _
D Gene name Protein name Function formation formation
Phosphosite Ratio Phosphosite Ratio
Leukocyte activation
Q96QH2 PRAM1 PML-RARA-regulated adapter molecule 1 May be involved in integrin signaling in neutrophils Ser48 23320.28
Serdd4 1.75+0.14
014617  AP3D1 AP-3 complex subunit delta-1 Facilitate budding of vesicles from the Golgi membrane Ser58 223+056 Ser6h8 1.85+0.48
QOVD83 APOBR Apolipoprotein B receptor Macrophage receptor, could be involved in foam cell formation Ser175 184 £0.29 Serl7b 1.65 +0.42
094804  STKI10 Serine/threonine-protein kinase 10 Regulate lymphocyte migration Serd54 1.61+0.59
043318 MAP3KT Mitogen-activated protein kinase kinase kinase 7 Mediate various cytokines including interleukin-1 Ser3d9 1.51+£0.34
P41162 ETV3 ETS translocation variant 3 Contribute to growth arrest during terminal macrophage differentiation Ser245, Ser2b0 1.78 £ 0.05
P13796 LCP1 Plastin-2 Actin-binding protein. Plays a role in the activation of T-cells Serb 1.85+£0.43
Q7Z5R6 RIAM Rap1-GTP-interacting adapter molecule Mediate Rap1-induced adhesion. Serb26 1.66 + 0.02
075995  SASH3 SAM and SH3 domain-containing protein 3 May function as a signaling adapter protein in lymphocytes Ser38 1.54 £ 0.20
Q16539 MAPK14 Mitogen-activated protein kinase 14 Essential component of the MAPK pathway Tyria2 1.46 £ 0.09
P33z LSP1 Lymphocyte-specific protein 1 May mediate neutrophil activation and chemotaxis Ser204 0.42 £ 0.00
Cytoskeleton organization
P16949  STMNI1 Stathmin Regulation of the microtubule filament system Ser25 2422081 Ser2s 211+098
Serl6 1.70+£ 043
Q13884 SNTBI1 Beta-1-syntrophin May link various receptors to the actin cytoskeleton Ser225 2532027 Ser225 206 +0.70
Ser87 1.67 £0.08
085466  FMNL1 Formin-like protein 1 Regulate cell morphology and cytoskeletal arganization Ser184 0.67£0.09 Serid4 0.67 £ 0.38
Q6JBY3 RCSD1 CapZ-interacting protein Remodel actin filament assembly Ser83 0.51+0.11
Q13459 MYQOB Unconventional myosin-IXb Remodel actin cytoskeleton and Rho activity Ser1406 0.66 + 0.09
QO6RU3  FNBP1 Formin-binding protein 1 Coordinate membrane tubulation Serdd7 1.75 + 0.06
QINXR1 NDE1 Nuclear distribution protein nudE homolog 1 Centrosome duplication and formation Ser306 1.58+0.18
Small GTPase activity
Q15042 RAB3GAP1 Rab3 GTPase-activating protein catalytic subunit Regulate Rab3 activity Serb37 1.88+0.29 Serb37 1.81 £ 0.56
QOHTDO DOCKS5 Dedicator of cytokinesis protein 5 Regulate Rho and Rac activity Ser1789 1.99+0.02 Ser1789 246 +1.22
Q13370 PDE3B cGMP-inhibited 3',5"-cyclic phosphodiesterase B Regulate cAMP binding of RAPGEF3 Serd4? 1.72+0.04 Ser442 1.57 £ 0.42
QB8TEH3 DENND1A  DENN domain-containing protein 1A Requlate Rab35 activity Ser520 1.63 £ 0.30
Q92608 TBCIDS TBC1 domain family member 5 Requlate Rab activity Serd4 1.57+£0.15
Q96FS4  SIPA1 Signal-induced proliferation-associated protein 1 Regulate Rap1 and Rap2 activity Serde 1.71£0.00
Ser837* 1.81+£0.17
Q15052 ARHGEF6  Rho guanine nucleotide exchange factor 6 Requlate Rac’ activity Ser684 1.94 £ 0.11
Q7Z6P3 RAB44 Ras-related protein Rab-44 Small GTPase involves is protein transport Ser263 1.51 £ 0.07

127



Uniprot

Thrombin-induced PMA

LPA-induced PMA

D Gene name Protein name Function formation formation
Phosphosite Ratio Phosphosite Ratio
RNA processing
Q09161  NCBP1 Nuclear cap-binding protein subunit 1 Invalve in translation regulation Ser22 150+ 0.16  Ser22 1.63 + 0.52
QIUKV3  ACIN1T Apaptotic chromatin condensation inducer in the nucleus Regulate RNA transcription Ser710 1.81 + 0.04
Q13263 TRIM28 Transcription intermediary factor 1-beta Regulate RNA transcription Thr541 1.82 +0.18
084913  PCF11 Pre-mRNA cleavage complex 2 protein Pcf11 Involve in mRNA processing Ser494 151+ 0.07
QOUKL3 CASP8AP2 CASP8-associated protein 2 Regulate Transcription Ser875 1.64 + 0.23
QoUQ35 SRRM2 Serine/arginine repetitive matrix protein 2 Involve in MRNA processing Ser2102 1.5940.14
Thr2104 1.51+0.15

P51003  PAPOLA Poly{A) polymerase alpha Involve in mRNA processing Ser24 1.61+0.21
Q77519 IRF2BP2 Interferon regulatory factor 2-binding protein 2 Regulate Transcription Ser240 1.65 + 0.29
QO6T58 SPEN Msx2-interacting protein Regulate Transcription Ser1222 1.561+0.09
QINVRZ INTS10 Integrator complex subunit 10 Regulate RNA transcription Ser231 1.48 + 0.10
Q04637 EIF4G1 Eukaryotic translation initiation factor 4 gamma 1 Recognition of the mRNA cap Ser1231 1.51 + 0.00
Others
P12270 TPR Nucleoprotein TPR Trafficking across the nuclear envelope Ser2155 1.80 £+ 0.48  Ser2156 1.51 + 0.46
Q53ELE PDCD4 Programmed cell death protein 4 Inhibit translation initiation Serd57 1.39+0.18  Serd57 1.63+0.10
Q4GOF5  VPS26B Vacuolar protein sorting-associated protein 268 Protein transport Sera02 1592031

Ser304* 1.57 +0.35
QO6BO7  SH3KBP1 SH3 domain-containing kinase-binding protein 1 Regulate of endocytosis and lysosomal degradation Serb87 0.65+0.13
QOUBC2 EPSI15L1 Epidermal growth factor receptor substrate 15-like 1 Regulate endocytosis Ser229 1.51 £ 0.07
QINWWSE CLNB Ceroid-lipofuscinosis neuronal protein 6 Regulate proteolysis Ser31 1.63+0.26
QBENXT4 SLC30A8 Zinc transporter 6 Zinc-efflux transporter Ser3g2® 1.54 + 0.28
085249 GOSR1 Golgi SNAP receptor complex member 1 Protein transport Ser230 1.50 + 0.02
Q8TEMT NUP210 Nuclear pore membrane glycoprotein 210 Nuclear pore assembly and fusion Ser1874 1.66 + 0.51
Q99700  ATXN2 Atraxin-2 Invalve in EGFR trafficking Thri71 1.54 + 0.27
075592 MYCBP2 E3 ubiguitin-protein ligase MYCBFP2 Mediate ubiquitination Ser3467 1.63 + 0.21
Q5UIPO  RIF1 Telomere-associated protein RIF1 Mediate cell cycle progression Ser1421 1.98 + 0.30
QIHAWS CLSPN Claspin Mediate cell cycle progression Ser1289 1.66 + 0.28
Q15413 RPSBKAT Ribosomal protein S6 kinase alpha-1 Daownstream of ERK (MAPK1/ERK2 and MAPK3/ERKT) signaling Ser380 225+ 1.11
Q9YBG9 DYNCILIT  Cytoplasmic dynein 1 light intermediate chain 1 Involve in mitosis Sers18 1492028

Thr515* 1.48 + 0.24
075410 TACC1 Transforming acidic coiled-coil-containing protein 1 Likely promote cell division Ser276 290+ 1.22
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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).

70kDa [ S— : -
S5kDa — wmmmp R S S —
55kDa -

0r . D W e

o P o B

THP-1 THP-1+ Thrombin- LPA-

resting  induced induced
platelets PMA PMA

Anti-
phospho-Akt

Anti-Actin
Loading control

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).
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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 allb, integrin (3, talinl, fibrinogen alpha and gamma
chain, Rap1lb 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 P13 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 P2Y 12, which results in activation

of the PI3K — Raplb pathways. Activation of these pathways then leads to platelet aggregation.

active
Integrin allbB3

Integrin allb3

| Platelet-monocyte aggregates | ‘ 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 P2Y 12, which
resulted in activation of NRas - MAPK as well as PI3K — Raplb pathways. Both of these pathways contribute
to platelet aggregation. ADP, Adenosine diphosphate; DAG, diacylglycerol; GDP, guanosine diphosphate; GTP,
guanosine triphosphate; IPs, Inositol triphosphate; P2Y1, purinergic receptor P2Y1; P2Y 12, purinergic receptor
P2Y12; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; RIAM, Rapl-
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
allbB3. However, lack of integrin 33 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%).

fl%) Accession Description

100.0 H2ZAF] H2AFI, H2A histone family, member J

74.0 splTRYP_PIGI Trypsin precursor

71.2 KRTI KRT1, Keratin, type Il cytoskeletal 1

68.5 HIST4H4 HIST4H4, histone cluster 4, H4

61.6 ACTGI ACTGI, actin, gamma 1

534 KRT10 KRT10, keratin 10

50.7 KRT9 KRT9, keratin 9

50.7 KRT2 KRT?2, keratin 2

35.6 HISTIH2ZBE HIST1H2ZBB, Histone H2B type 1-B

32.9 HISTIH1C HIST1HIC, histone cluster 1, Hle

32.9 H3F3B H3F3B, H3 histone, family 3B

300 VIM VIM, Vimentin

274 splALBU_BOVINI  Serum albumin; BSA; Bos d 6; Flags: Precursor;
26.0 ENSPO0O0O00354403 H2BFS

26.0 KRT5 KRTS, keratin 5

247 HNENPAZBI HNENPAZ2BI1, Heterogeneous nuclear ribonucleoproteins AZ/B1
247 splCAS1_BOVINI  Alpha-51-casein; Contains: Antioxidant peptide; Flags: Precursor;
24.7 H2AFV H2AFV, Histone HZAV

23.3 EEF1A2 EEF1A2, Elongation factor 1-alpha 2

23.3 HISTIH1E HIST1HI1B, histone cluster 1, H1b

23.3 HIST1H2ZBC HIST1HZEC, histone cluster 1, H2be

21.9 RPS13Ps RPS13P8, 408 ribosomal protein 513

21.9 HZAFX H2ZAFX, Histone HZA x

21.9 NPMI1P21 NPMI1P21, nucleophosmin

20,5 GAPDH GAPDH, glyceraldehyde-3-phosphate dehydrogenase
20.5 KRT14 KRT14, keratin 14

20.5 TUBAIB TUBAI1B, tubulin, alpha 1b
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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%).

fi%) Accession Description

100.0 HISTIH2EB HIST1H2ZEB, histone cluster 1, H2bb
88.4 splTRYP_PIGI Trypsin precursor

76.7 KRTI KRT1, keratin 1

72.1 HIST4H4 HIST4H4, histone cluster 4, H4

69.8 KRTI10 KRT10, keratin 10

69.8 KRT9 KRT9, keratin 9

65.1 KRT2 KRT2, keratin 2

58.1 KRT14 KRT14, keratin 14

53.5 splCAS1_BOVINI (PO2662) Alpha-51-casein precursor
51.2 KRT5 KRTS, keratin 5

51.2 GAPDH GAPDH, glyceraldehyde-3-phosphate dehydrogenase
48.8 ACTGI ACTGI, actin, gamma 1

44.2 splCASK_BOVINI (PO2668) Kappa-casein precursor
39.5 splIALBU_BOVINI (P0O2769) Serum albumin precursor

37.3 ANXAZ ANXAZ, annexin A2 pseudogene 1

372 VIM VIM, vimentin

349 KRTia KRT16, keratin 16

349 DCD DCD, dermcidin

349 HIAF] H2AFI, H2A histone family, member J

32.6 H3F3B H3F3B, H3 histone, family 3B

30.2 splCASB_BOVINI (P02666) Beta-casein precursor

28.0 EEF1A2 EEF1 A2, eukaryotic translation elongation factor 1 alpha 2
27.9 HIAFV H2ZAFV, H2A histone family, member V

27.9 HRNR HRENR, hornerin

27.9 splCAS2_BOVINI  (PO2663) Alpha-S2-casein precursor

27.9 BRD3 BRD3, bromodomain containing 3

25.6 HISTIHIC HISTIHIC, histone cluster 1, Hlc

233 KRToeC KRT6C, keratin 6C

23.3 ENSPOOO0O0374990 1GHGI, immunoglobulin heavy constant gamma 1
23.3 FLG2 FLG2, filaggrin family member 2

233 ALB ALB, albumin

21.0 KRTeA KRToA, keratin 6 A

20.9 HIST1H4A HIST1H4A, histone cluster 1, Hda

20.9 HISTIHIB HIST1HI1B, histone cluster 1, H1b

209 splK22ZE_HUMANI (P35908) Keratin, type II cytoskeletal 2 epidermal
20,9 S100A7 S100A7, S100 calcium binding protein A7

209 ACTB ACTRB, actin, beta
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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%).
%)  HGNC Description
100.0  H3F3B H3F3B, H3 histone, family 3B
8§8.9  HIST4H4 HIST4H4, histone cluster 4, H4
88.9  splTRYP_PIGI (POO761) Trypsin precursor (EC 3.4.21.4)
778 KRTI KRTI, keratin 1
778  KRTI10 KRT10, keratin 10
778  KRT9 KRT9, keratin 9
77.8  HIAF] H2AFJ, H2A histone family, member J
66,7  KRT2 KRT2, keratin 2
66.7  HISTIHZEBEBE HIST1H2ZBR, histone cluster 1, H2bb
666  RPSléa EPS16, ribosomal protein 516
55.6  HIST1H2ZBC HIST1H2ZBC, histone cluster 1, H2be
444 ACTGI ACTGI, actin, gamma 1
444 HIAFV H2ZAFV, H2A histone family, member V
444  KRT14 KRT14, keratin 14
333 VIM WVIM, vimentin
333 HISTIHI1D HIST1H1D, histone cluster 1, Hld
333  HIST1HZAB HIST1H2AR, histone cluster 1, H2ab
33.3  HISTIHIB HIST1HI1B, histone cluster 1, H1b
333 RPS13 RPS13, ribosomal protein 513
333 RPL22 RPL22, ribosomal protein 1.22
333 H2AFX H2AFX, H2A histone family, member X
333 splCAST_BOVINI (PO2662) Alpha-S1-casein precursor
333 H1FD H1F0, H1 histone family, member O
333 MYL6 MYL6, myosin, light chain 6, alkali, smooth muscle and non-muscle
333 RPS14 RPS14, ribosomal protein 514
333 RPS20 RP520, ribosomal protein S20
333 UBAS2 UBAS2, ubiquitin A-52 residue ribosomal protein fusion product 1
333 DCD DCD, dermcidin
333 HIST1H3A HIST1H3A, histone cluster 1, H3a
333 splALBU_BOVINI (PO2769) Serum albumin precursor (Allergen Bos d 6) (BSA)
22.2  KRTS KRTE, keratin 8
222 KRTT7 KRT77, keratin 77
222 KRTI9 KRT19, keratin 19
222  HNRNPC HNRNPC, heterogeneous nuclear ribonucleoprotein C (C1/C2)
22,2 ENSPOO0DO416110 408 ribosomal protein 518
222 TUBAIB TUBAI1B, tubulin, alpha 1b
22.2  ENSPO0O00D0202773 608 ribosomal protein L6
222 HNENPU HNRNPU, heterogeneous nuclear ribonucleoprotein U
222  HNRENPHI HNRNPHI1, heterogeneous nuclear ribonucleoprotein H1
2227  DDX41 DDXA41, DEAD (Asp-Glu-Ala-Asp) box polypeptide 41
22.2 FAU FAU, Finkel-Biskis-Reilly murine sarcoma virus
222  RPS25 RPS25, ribosomal protein 525
222  RPL23A RPL23A, small nucleclar RNA, /D box 4A
22.2 RP523 RPS23, ribosomal protein S23
22.2  SLCI5A5 SLC25A5, solute carrier family 25
222  RP519 RPS519, ribosomal protein S19
222 RPL1N RPLI11, ribosomal protein 111
222 RPL2TA RPL27A, ribosomal protein L27a
22.2 RPL12 RPL12, ribosomal protein 112
222 BRD3 BRD3, bromodomain containing 3
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2212
222
222
222
222
212
2212
2212
222
222
222
2212
222
222
222
222
212
2212
222
222
222
222
222

KRTeC
HISTZH2ZAAZ
HIST2ZH2ZAR
MECP2

HIFX

CSEIL
spICASE_BOVINI
ENSPOO000374990
SEL1L
ENSPOO000374794
RPLF2

ENO1

C19orf10

SNRPD3
ENSPOO0O0D0378021
TUBAS

RPL31

KRT3

HRNE

HIST1HIC
HIAFY

UHEF1
splPP1A_HUMANI

KRTeC, keratin 6C

HIST2H2A A3, histone cluster 2, H2aa3
HIST2H2AB, histone cluster 2, H2ab

MECP2, methyl CpG binding protein 2

HI1EX, H1 histone family, member X

CSEI1L, C5E1 chromosome segregation 1-like
(PO2668) Kappa-casein precursor

IGHG!1, immunoglobulin heavy constant gamma 1
SELIL, sel-1 suppressor of lin-12-like
Immunoglobulin Kappa light chain V gene segment
EPLP2, ribosomal protein, large, P2

ENO1, enolase 1

C190rf10, UPFO556 protein C19orf10 Precursor
SNRPD3, small nuclear ribonucleoprotein D3 polypeptide 18kDa
Peroxiredoxin-5, mitochondrial Precursor

TUBAGS, tubulin, alpha &

EPL31, ribosomal protein L.31

KRTS, keratin 5

HRENER, hornerin

HIST1HI1C, histone cluster 1, Hlc

H2ZAFY, H2A histone family, member Y

UHREF1, ubiquitin-like with PHD and ring finger domains 1
(P62937) Peptidyl-prolyl cis-trans isomerase A
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Appendix E:
The 72 proteins identified for PSMAL 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%).
%) HGNC Description
100.1 PSMAI PSMA 1, proteasome {prosome, macropain) subunit, alpha type, 1
66.7 HSPAS HSPAS, heat shock 70kDa protein 8§
66.7 TUBRE3 TUBB3, melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor)
50.0 FLNA FLNA, filamin A, alpha
50.0 splALBU_BOVINI (PO2769) Serum albumin precursor (Allergen Bos d 6) (BSA)
50.0 FLNB FLNB, filamin B, beta
50.0 PLECI PLECI, plectin 1, intermediate filament binding protein 500kDa
50.0 DSP DSP, desmoplakin
50.0 FASN FASN, fatty acid synthase
50.0 VCL VCL, vinculin
50.0 IQGAPI IQGAP1, 1Q) motif containing GTPase activating protein 1
50.0 HARS HARS, histidy-tRNA synthetase
50.0 CDH13 CDH13, cadherin 13, H-cadherin (heart)
50.0 AHNAK AHNAK, AHNAK nucleoprotein
50.0 SAEI] SAEIL, SUMO1 activating enzyme subunit 1
50.0 CAD CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase
50.0 XRCCS5 XRCCS5, X-ray repair complementing defective repair in Chinese hamster cells 5
50.0 PRPF3 PRPFE, PRPS pre-mRNA processing factor 8 homolog (S. cerevisiae)
50.0 SH3BGRL SH3BGRL, SH3 domain binding glutamic acid-rich protein like
500 TUBB& TUBES®, tubulin, beta &
0.0 PGD PGD, phosphogluconate dehydrogenase
50.0 NAPIL1 NAPILI, nucleosome assembly protein 1-like 1
50.0 ANXAZ ANXAZ, annexin A2 pseudogene 1
50.0 DDX18 DDX18, DEAD (Asp-Glu-Ala-Asp) box polypeptide 18
50.0 TRIM25 TRIM25, tripartite motif-containing 25
50.0 TAGLN2 TAGLN2, transgelin 2
50.0 DDT DDT, D-dopachrome tautomerase
50.0 PPP2CB PPP2CB, protein phosphatase 2 (formerly 2A), catalytic subunit, beta isoform
50.0 S100A4 S100A4, 5100 calcium binding protein A4
50.0 HDGF HDGF. hepatoma-derived growth factor (high-mobility group protein 1-like)
50.0 Clorf37 C3orf37, UPF0361 protein DC12
50.0 SEN SEN, stratifin
50.0 KRTS5 KRTS3, keratin 5
50.0 ENO1 ENO1, enolase 1, (alpha)
50.0 GCNIL1 GCNILIL, GCNI general control of amino-acid synthesis 1-like 1 (yeast)
50.0 SET SET, SET nuclear oncogene
50.0 ENSPOO0D00379748  PDCDe6IP, Programmed cell death é-interacting protein (PDCDé6-interacting protein)
50.0 TBCA TBCA, tubulin folding cofactor A
50.0 PAICS PAICS, phosphoribosylaminoimidazole carboxylase, phosphoribosylaminoimidazole
succinocarboxamide synthetase
50.0 MATR3 MATR3, matrin 3
50.0 ACOTT ACOT7, acyl-CoA thicesterase 7
50.0 EHD2 EHD2, EH-domain containing 2
50.0 SAPS3 SAPS3, SAPS domain family, member 3
50.0 TPMI TPMI1, tropomyosin 1 (alpha)
50.0 ENSPO0000351238  Peptidyl-prolyl cis-trans isomerase A (EC 5.2.1.8) (PPlase A)
333 P4HB PAHE, prolyl 4-hydroxylase, beta polypeptide
333 MYH9 MYH9, myosin, heavy chain 9, non-muscle
333 RPLP2 RPLP2, ribosomal protein, large, P2
333 ANXAS ANXAS, annexin A5
333 PLS3 PLS3, plastin 3 (T isoform)
33.3 ATP5A1

ATPS5A1, ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1,
cardiac muscle
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333

333
333

333

333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333

ENSP00000221801

DNAIJBI
RPS8

ENSPO0O0D0020277 3

NME1
ACTN4
DYNC1I2
PGKI1
PLIN3
SPTANI
S100A11
AHCY
ENSPO00D00368515
SKIV2L2
PYGB
RPL13A
TXN
GSTO1
TKT
PA2G4

rRNA  2-O-methyltransferase fibrillarin (EC 2.1.1.-) (34 kDa nucleclar scleroderma

antigen)

DNAJB1, Dnal (Hsp40) homolog, subfamily B, member 1
RPS8, small nucleolar RNA, C/D box 55

608  ribosomal protein L6 (TAX-responsive enhancer
107 TAXREB107)(Neoplasm-related protein C140)

NMEI, non-metastatic cells 1, protein (NM23A) expressed in
ACTNA4, actinin, alpha 4

DYNCI112, dynein, cytoplasmic 1, intermediate chain 2
PGK]1, phosphoglycerate kinase 1

PLIN3, perilipin 3

SPTANI, spectrin, alpha, non-erythrocytic 1 {alpha-fodrin)
S100A11, 5100 calcium binding protein A11

AHCY, adenosylhomocy steinase

RPLAFT, 605 ribosomal protein L9.

SKIV2L2, superkiller viralicidic activity 2-like 2 (5. cerevisiae)
PYGR, phosphorylase, glycogen: brain

RPL13A, small nucleclar RNA, C/D box 32A

TXN, thioredoxin

GSTO1, glutathione S-transferase omega 1

TKT., transketolase

PA2G4, proliferation-associated 2G4, 38kDa

element-binding

protein
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Appendix F:

The 88 proteins identified for all PSMA1, PSMA2, PSMA3, PSMA4, PSMAS5, PSMAG and
PSMAZ7 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%).

HGNC Description

ACLY ACLY, ATP citrate lyase

ACTB ACTB, actin, beta

ACTGI ACTG1, actin, gamma 1

ACTN4 ACTN4, actinin, alpha 4

ALDHI1AI ALDHI1A1, aldehyde dehydrogenase 1 family, member Al
ALDOA ALDOA, aldolase A, fructose-bisphosphate

ANXAZ ANXAZ, annexin A2 pseudogene 1

APEH APEH, N-acylaminoacyl-peptide hydrolase

ATP3A1 ATP5A1, ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac muscle
ATP5B ATP5B. ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide
CA2 CA2, carbonic anhydrase 11

CALM3 CALMS3, calmodulin 3 (phosphorylase kinase, delta)

CAP1 CAPI1, CAP, adenylate cyclase-associated protein 1 (yeast)
CCT2 CCT2, chaperonin containing TCP1, subunit 2 (beta)
CCT3 (CCT3, chaperonin containing TCP1, subunit 3 {gamma)
CCT4 (CCT4, chaperonin containing TCP1, subunit 4 (delta)
CCT5 CCTS5, chaperonin containing TCP1, subunit 5 (epsilon)
CCTeA CCT6A, chaperonin containing TCP1, subunit 6A (zeta 1)
CCT7 CCT7, chaperonin containing TCP1, subunit 7 (eta)

CCTR CCTS8, chaperonin containing TCP1, subunit 8 (theta)
CFL1 CFL1, cofilin 1 (non-muscle)

CLTC CLTC, clathrin, heavy chain (Hc)

EEF2 EEF2, eukaryotic translation elongation factor 2

EIF4A1 EIF4A1, eukaryotic translation initiation factor 4A, isoform 1
EIF5A EIF5A, eukaryotic translation initiation factor 5A-like 1
ENO1 ENO1, enolase 1, (alpha)

FASN FASN, fatty acid synthase

FLMNA FLNA, filamin A, alpha

GAPDH GAPDH, glyceraldehyde-3-phosphate dehydrogenase
HBAZ2 HBAZ2, hemoglobin, alpha 2

HRB HBB, hemoglobin, beta

HSPOOAAL HSP90AAT1, heat shock protein 90kDa alpha (cytosolic), class A member 1
HSPY90ABI HSPY0AR1, heat shock protein 90kDa alpha (cytosolic), class B member 1

HSPAS HSPAS, heat shock 70kDa protein 5 {glucose-regulated protein, 78kDa)
HSPAR HSPAS, heat shock 70kDa protein §

HSPDI1 HSPD1, heat shock 60kDa protein 1 (chaperonin)

KPNB1 KPNBI1, karyopherin (importin) beta 1

LDHA LDHA, lactate dehydrogenase A

MYH9 MYH9, myosin, heavy chain 9, non-muscle

NACA NACA, nascent polypeptide-associated complex alpha subunit 2
NAPILI NAPILI, nucleosome assembly protein 1-like 1

NCL MNCL, nucleolin

PDIA3Z PDIA3, protein disulfide isomerase family A, member 3

PENI1 PENI1, profilin 1

PEM2 PEM?2, pyruvate kinase, muscle

PRDX1 PRDX1, peroxiredoxin 1

PEDX2 PRDX?2, peroxiredoxin 2

PSMA1 PSMA1, proteasome (prosome, macropain) subunit, alpha type, 1
PSMA2 PSMAZ2, proteasome (prosome, macropain) subunit, alpha type, 2
PSMAZ PSMA3, proteasome (prosome, macropain) subunit, alpha type, 3
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PSMA4
PSMAS
PSMA6
PSMAT
PSMB1
PSMB2
PSMB3
PSMB4
PSMB5
PSMB&
PSMB7
PSMD2
PSMEI1
PSME2
PTGES3
RABIB
RAN
RPLP2
RP517
RUVBL1
5T13
TCP1
TPI1
TPM3
TPM4
TUBB2C
TUT1
TXN
UBA1
UBAS2
USP5
VCP
XRCC5

YWHAB
YWHAE
YWHAG
YWHAQ
YWHAZ

PSMAA4, proteasome (prosome, macropain) subunit, alpha type, 4

PSMAS, proteasome (prosome, macropain) subunit, alpha type, 5

PSMAG®, proteasome (prosome, macropain) subunit, alpha type, 6

PSMAT, proteasome (prosome, macropain) subunit, alpha type, 7

PSME1, proteasome (prosome, macropain) subunit, beta type, 1

PSMRB2, proteasome (prosome, macropain) subunit, beta type, 2

PSME3, proteasome (prosome, macropain) subunit, beta type, 3

PSMB4, proteasome (prosome, macropain) subunit, beta type, 4

PSMBS5, proteasome (prosome, macropain) subunit, beta type, 5

PSMB6, proteasome (prosome, macropain) subunit, beta type, 6

PSMRB7, proteasome (prosome, macropain) subunit, beta type, 7

PSMD2, proteasome (prosome, macropain) 265 subunit, non-ATPase, 2

PSMEI, proteasome (prosome, macropain) activator subunit 1 (PA28 alpha)

PSME2, proteasome (prosome, macropain) activator subunit 2 (PA28 beta)

PTGES3, prostaglandin E synthase 3 (cytosolic)

RAB1B, RAB1B, member RAS oncogene family

RAN, RAN, member RAS oncogene family

RPLP2, ribosomal protein, large, P2

RPS17, ribosomal protein S17

RUVBLI, RuvB-like 1 (E. coli)

ST13, suppression of tumorigenicity 13 (colon carcinoma) (Hsp70 interacting protein)

TCP1, small nucleolar RNA, H/ACA box 29

TPI1, triosephosphate isomerase 1

TPM3, tropomyosin 3

TPM4, tropomyosin 4

TUBB2C, tubulin, beta 2C

TUT1, terminal uridylyl transferase 1, Ub snRNA-specific

TXN, thioredoxin

UBAI, ubiquitin-like modifier activating enzyme 1

UBAS2, ubiquitin A-52 residue ribosomal protein fusion product 1

USP3, ubiquitin specific peptidase 5 (isopeptidase T)

VCP, valosin-containing protein

XRCCS5, X-ray repair complementing defective repair in Chinese hamster cells 5 (double-strand-break
rejoining)

YWHAR, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta polypeptide
YWHAE, tyrosine 3-monooxygenase/tryptophan S-monooxygenase activation protein, epsilon polypeptide
YWHAG, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide
YWHAQ, tyrosine 3-monooxy genase/tryptophan 5-monooxygenase activation protein, theta polype ptide
YWHAZ, tyrosine 3-monooxyge nase/tryptophan 5-monooxygenase activation protein, zeta polypeptide
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Appendix G:

The 33 proteins identified for talinl using in silico protein interaction analysis (sequence

coverage>18AA and log(e)<-10 for talinl, dataset size<110 proteins, ProDis>2 and frequency of

occurrence>20%).
fi%) Accession Description
100.0 TLN1 TLMN1, talin 1
81.6 FLNA FLNA, filamin A, alpha
77.3 MYH9 MYH9, myosin, heavy chain 9, non-muscle
698 THBSI THES1, thrombospondin 1
52.8 ACTNI ACTMNI, actinin, alpha 1
46.3 ACTGI ACTGI, actin, gamma 1
45.4 FERMT3 FERMT3, fermitin family homolog 3
423 GAPDH GAPDH, glyceraldehyde-3-phosphate dehydrogenase
40.6 ITGAZB ITGA2RB, integrin, alpha 2b
397 splTRYP_PIGI Trypsin precursor
36.7 F13A1 F13A1, coagulation factor X111, A1 polypeptide
35.8 GSN GSN, gelsolin
35.4 PPBFP PPBP, pro-platelet basic protein
33.6 PKM2 PKM?2, pyruvate kinase, muscle
33.2 PLEK PLEK, pleckstrin
31.9 ENSPOOOD0ZT7829 Vinculin
30.5 MMEN] MMEN1, multimerin 1
30.1 ACTB ACTRB, actin, beta
20.7 ITGB3 ITGRB3, integrin, beta 3
207 TUBBI1 TUEB1, tubulin, beta 1
25.8 KRTI KRT1, keratin 1
258.4 ENSPOOO00309775 TAGLN2, Transgelin-2
258.4 PENI PEN1, profilin 1
279 TPM4 TPM4, tropomyosin 4
25.3 LIMS1 LIMSI, LIM and senescent cell antigen-like domains 1
249 CFL1 CFL1, cofilin 1
245 ZYX ZYX, zyxin
236 TUBA4A TUBA4A, tubulin, alpha 4a
23.6 FGA FGA, fibrinogen alpha chain
23.2 GP1BA GP1BA, glycoprotein Ib (platelet), alpha polypeptide
23.2 FGG FGQG, fibrinogen gamma chain
22.3 RAP1B RAPIB, RAP1B, member of RAS oncogene family
2001 ALDOA ALDOA, aldolase A, fructose-bisphosphate
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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%).

%) Accession

Description

100.0FERMT?3
92.5 THBSI
00.3 FLNA
78.3 MYH9
63.4 F13A1
39.7 ACTNI1
58.2 ITGAZB
57.5 TLN1
5345 TUBBE1
54.5 spITRYP_PIGI
33.7 GAPDH
52.2 ACTB
48.5 ACTGI
45.5 ITGB3
44,8 MMRN]1
44.0 PKM2
43.2 LIMS1
41.1 GSN
36.6 FGA
35.1 TUBA4A
35.1 RAPIB
35.1 PLEK
32.8 TPM4
314 7YX
30.6 CFLI1
30.6 PPBP
30.6 PEN1
29.8 FGG
29.1 GP1BA
28.4 SDPR
284 KRT1
26.9 VCL
26.9 RS
26.2 MYLe
26.1 TUBA1B
26.1 MYL12A
25.3 WDR1
247 PARVEB

24.6 YWHAE

24.6 ENSPOOOOO277829

23.9 LDHB

23.9 ENSPO0O0O00309775

224 PF4

224 ALDOA
22.3 TAGLN2
21.6 ACTN4

21.6 ENSPOO000322781

20.9 TPM3
20.8 STOM
20.1 VWF

FEEMTS3, termitin family homolog 3

THESI, thrombospondin 1

FLNA, filamin A, alpha

MYHO9, myosin, heavy chain 9, non-muscle

F13A1, coagulation factor XIII, A1 polypeptide
ACTNI, actinin, alpha 1

ITGAZ2E, integrin, alpha 2b

TLNI1, talin 1

TUBEB1, tubulin, beta 1

Trypsin precursor

GAPDH, glyceraldehyde-3-phosphate dehydrogenase
ACTR, actin, beta

ACTGI, actin, gamma 1

ITGB3, integrin, beta 3

MMENI1, multimerin 1

PEM2, pyruvate kinase, muscle

LIMS1, LIM and senescent cell antigen-like domains 1
GSN, gelsolin

FGA, fibrinogen alpha chain

TUBA4A, tubulin, alpha 4a

RAPIB, RAP1B, member of RAS oncogene family
PLEK, pleckstrin

TPM4, ropomyosin 4

ZYX, zyxin

CFL1, cofilin 1

PPBP, pro-platelet basic protein

PEN1, profilin 1

FGG, fibrinogen gamma chain

GP1BA, glycoprotein Ib (platelet), alpha polypeptide
SDPR, serum deprivation response

KRTI, keratin 1

VCL, vinculin

RSU1, Ras suppressor protein 1

MYL6, myosin, light chain 6, alkali, smooth muscle and non-muscle
TUBAI1B, tubulin, alpha 1b

MYLI12A, myosin, light chain 12A, regulatory, non-sarcomeric
WDR1, WD repeat domain 1

PARVB, parvin, beta

YWHAE, tyrosine 3-monooxy genase/tryptophan 3-monooxygenase
activation protein, epsilon polypeptide

Vinculin

LDHE, lactate dehydrogenase B

TAGLN2, Transgelin-2

PF4, platelet factor 4

ALDOA, aldolase A, fructose-bisphosphate
TAGLN2, transgelin 2

ACTN4, actinin, alpha 4

No Description

TPM3, tropomyosin 3

S5TOM. stomatin

VWE, von Willebrand factor

178



Appendix I:

The 72 proteins identified for Raplb using in silico protein interaction analysis (sequence

coverage>18AA and log(e)<-10 for Raplb, dataset size<110 proteins, ProDis>2 and frequency

of occurrence>20%).
fi%)  Accession Description
100.0 RAP1B RAP1B, RAP1B, member of RAS oncogene family
84.0 FLNA FLNA, filamin A, alpha
81.1  TLNI TLN1, talin 1
79.7  THBS1 THBS1, thrombospondin 1
797  FERMT3 FERMT?3, fermitin family homolog 3
68.1 GAPDH GAPDH, glyceraldehyde-3-phosphate dehydrogenase
667  MYH9 MYHY, myosin, heavy chain 9, non-muscle
652 TUBEI1 TUBET1, tubulin, beta 1
623 F13A1 F13A1, coagulation factor X111, A1 polypeptide
623 ITGBE3 ITGBE3, integrin, beta 3
609  ACTGI ACTGI, actin, gamma 1
608 PKM2 PEM2, pyruvate kinase, muscle
579 ITGA2ZB ITGAZ2B, integrin, alpha 2b
351 TAGLN2 TAGLN2, transgelin 2
551 LIMSI LIMS1, LIM and senescent cell antigen-like domains 1
33e CFL1 CFL1, cofilin 1
535 FGG FGG, fibrinogen gamma chain
322  ACTB ACTER, actin, beta
507  GSN GSN, gelsolin
0.7  PFEN1 PEN]1, profilin 1
493 splTRYP_PIGI Trypsin precursor
493 ACTNI ACTN1, actinin, alpha 1
478 FGA FGA, fibrinogen alpha chain
464  MYLI2A MYLI12A, myosin, light chain 12A, regulatory, non-sarcomeric
46.4 PPBP PPEP, pro-platelet basic protein
464 PLEK PLEK. pleckstrin
449 LDHB LDHBR, lactate dehydrogenase B
434 TUBA4A TUBA4A, tubulin, alpha 4a
420 TUBAIR TUBAIR, tubulin, alpha 1b
301 PF4 PF4, platelet factor 4
376 MYLe MYLe6, myosin, light chain 6, alkali, smooth muscle and non-muscle
362 ALDOA ALDOA, aldolase A, fructose-bisphosphate
36.2 HEB HBB, hemoglobin, beta
348 TPM4 TPM4, tropomyosin 4
333 MMENI MMENI1, multimerin 1
04 GPY GP9, glycoprotein IX
304 SDPR SDPR, serum deprivation response
30.4  ENSPO00OD309775  TAGLN2, Transgelin-2
200 MYL9 MYL9, myosin, light chain 9, regulatory
200  YWHAZ YWHAY, tyrosine 3-monooxygenase/tryptophan 5-monooxy genase
activation protein, zeta polypeptide
200 GP1BA GP1BA, glycoprotein Ib
289 (CSRPI1 CSRP1, cysteine and glycine-rich protein 1
275 IYX ZYX, zyxin
215  FGB FGB, fibrinogen beta chain
275 WDERI WDR1, WD repeat domain 1
275  PDIA3 PDIAS3, protein disulfide isomerase family A, member 3
274 CAPl CAP1, CAP, adenylate cyclase-associated protein 1
26.1 RAC2 RAC?2, ras-related C3 botulinum toxin substrate 2
26,1 KRTI KRT1. keratin 1
26.1 YWHAE YWHAE, tyrosine 3-monooxy genase/tryptophan 5-monooxy genase

activation protein, epsilon polypeptide
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26.1
246
246
246
246
246
23.2
23.2
23.2
23.1
231
217
217
213
213
213
213
213
213
20.3
20.3
20.3

RSU1

PPIB

HBA2

GPI1EB
ENSPOOOD02TT 529
FARVE

KRTY
ENSPOOO00259925
TPM3

CNN2

STOM

ARPC3

RABTA

ARHGDIB

CcDhC42

ACTN4

RABI11B

VCL
ENSPOOO00265995
DUSP3
ENSPOOO00322781
MTPN

R5UI, Ras suppressor protein 1

PPIB, peptidylprolyl isomerase B

HBAZ2, hemoglobin, alpha 2

GP1BB, glycoprotein Ib (platelet), beta polypeptide
Winculin

PARVB, parvin, beta

KRTY, keratin 9

Tubulin beta chain

TPM3, tropomyosin 3

CNN2, calponin 2

STOM, stomatin

ARPC3, actin related protein 2/3 complex, subunit 3, 21kDa
RABTA, FABTA, member RAS oncogene family
ARHGDIB, Rho GDP dissociation inhibitor (GDI) beta
CDC42, cell division cycle 42

ACTN4, actinin, alpha 4

RABI1B, RABI1B, member EAS oncogeng family
WCL, vinculin

PDLIMI1, PD¥ and LIM domain protein 1

DUSP3, dual specificity phosphatase 3

No Description

MTPN, leucine zipper protein 6
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Appendix J:

a. The 12 proteins identified in the integrin 8 1 complexes in activated and formaldehyde
treated platelets by LC-MS/MS (Experiment 1). Proteins were identified by the GPM and
confirmed by MASCOT.

Protein information GPM information Mascot
Accession  Description log(e) log(I) % (measured) % (corrected)  unique  total Score
ITGBI1 integrin, beta 1 -162 3.16 18 36 17 32 582
ITGA2 integrin, alpha 2 -114.7 4.85 14 30 13 17 329
ITGA® integrin, alpha 6 -364.4 3.45 35 49 32 51 1518
ITGA2B  integrin, alpha 2b -43.5 4.35 3.5 10 5 8 284
ITGB3 integrin, beta 3 -6.6 3.9 1.4 2 1 2 104
ACTGI actin, gamma 1 -2.9 in 24 3 1 2 35
TLN1 talin 1 -243.8 5.18 13 17 25 39 1215
FERMT3  fermitin family homolog 3 -11 3.6l 1.8 2 1 2 76
FLNA filamin A, alpha -79.9 4.63 4.2 6 10 12 247
VCL vinculin -4 3.53 0.9 1 1 1 35
DCD dermcidin -3.5 3.54 9.1 16 1 1 47
TUEM tu translation elongation -2.1 3.58 1.3 2 1 1 30

factor, mitochondrial

b. The 12 proteins identified in the integrin B 1 complexes in activated and formaldehyde
treated platelets by LC-MS/MS (Experiment 2). Proteins were identified by the GPM and
confirmed by MASCOT.

Protein information GPM information Mascot
Accession  Description logie) log(I) % (measured) % (corrected) unique  total Score
ITGB1 integrin, beta 1 -261.7 574 30 59 27 65 1237
ITGAZ integrin, alpha 2 316.7 548 26 55 20 61 1603
ITGA® integrin, alpha 6 580.2 6.1 48 68 47 111 3377
ITGA2ZB  integrin, alpha 2b -01.3 476 11 19 9 15 551
ITGB3 integrin, beta 3 -62.6 471 11 17 7 11 319
ACTGI actin, gamma 1 -23.8 4.51 9.1 10 4 6 147
TLNI1 talin 1 -243 8 518 13 17 25 39 1215
FERMT3  fermitin family homolog 3 -415.2 5.38 22 30 39 57 1758
FLNA filamin A, alpha 242 5.12 11 16 24 33 975
VCL vinculin -34.1 4.28 4.9 6 5 5 131
DCD dermcidin 2.9 35 9.1 16 1 1 56
TUEM tu translation elongation 5 3 4727 13 2 1 3 39

factor, mitochondrial
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Appendix K:

The seven and 18 proteins for integrin B1 using in silico protein interaction analysis with
frequency of occurrence of >20% and >10% respectively (sequence coverage>18AA and

log(e)<-10 for integrin B1, dataset size<50 proteins and ProDis>2).

fi%) Accession

Description

100.0 ITGB1

45.2
27.5
27.5
274
258
21.0
21.0
19.3
16.2
14.5
14.5
12.9
12.9
12.9
12.9
11.3
11.3
11.3

ITGAS
ITGAG
ITGA2B
FLNA
ACTGI
ITGA2
ITGB3
THES1
ITGA4
GP1EA
MMEN]
DCD
TLN1
FERMT3
MYH?
VIM
EEF1A2
AHNAK

ITGB1, integrin, beta 1

ITGAS, integrin, alpha 5

ITGA®, integrin, alpha 6

ITGA2R, integrin, alpha 2b

FLNA, filamin A, alpha

ACTGI, actin, gamma 1

ITGA2Z, inteerin, alpha 2

ITGB3, integrin, beta 3

THBS1, thrombospondin 1

ITGAA4, integrin, alpha 4

GP1BA, glycoprotein Ib

MMRENI1, multimerin 1

DCD, dermcidin

TLNI, Talin-1

FERMT3, fermitin family homolog 3
MYH9, myosin, heavy chain 9, non-muscle
VIM, vimentin

EEF1AZ2, eukaryotic translation elongation factor 1 alpha 2
AHNAK, AHNAK nucleoprotein
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Appendix L:

The 28 human integrin B1 interaction partners obtained using the STRING database with the
confidence score cutoff>0.950, based on the active prediction methods of “Experiments” and

“Databases”.

Confidence score

Accession Description

0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.998
0.996
0.994
0.983
0.966
0.961
0.961
0.961
0.961
0.961
0.9a1
0.961
0.961
0.959
0.957
0.957
0.957

ITGA3
ITGA®
ITGA1
ITGA2
ITGA9
ITGA11
ITGAS
ITGASR
ITGAV
ITGA4
ITGA10
ITGAT
cD9
FLNA
ILK
PRKCA
CREKL
ENI1
TLNI
VCAMI
FLT4
ACTN4
PXN
ACTNI
PTK2
LAMAI
SPP1
COL1A1

Inteerin alpha-3 precursor

Integrin alpha-6 precursor

Integrin alpha-1 precursor

Integrin alpha-2 precursor

Integrin alpha-9 precursor

Integrin alpha-11 precursor
Integrin alpha-5 precursor

Integrin alpha-8 precursor

Integrin alpha-¥ precursor

Integrin alpha-4 precursor

Integrin alpha- 10 precursor

Integrin alpha-7 precursor

CDY antigen

Filamin-A

Inteerin-linked protein kinase
Protein kinase C alpha type
Crk-like protein

Fibronectin precursor

Talin-1

Wascular cell adhesion protein 1 precursor
Wascular endothelial growth factor receptor 3 precursor
Alpha-actinin-4

Paxillin

Alpha-actinin-1

Focal adhesion kinase 1

Laminin subunit alpha-1 precursor
Osteopontin precursor

Collagen alpha-1(I) chain precursor
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Appendix M:

The 57 human integrin B 1 interaction partners obtained using BioGRID.

Interactor Experimental System Author Pubmed 1D
ACTNI1 Reconstituted Complex Otey CA (1990) 2116421
CANX Affinity Capture-Western  Lenter M (1994) 8163531
CD151 Affinity Capture-Western — Mazzocca A (2002) 12175627
CD36 Affinity Capture-Western — Miao WM (2001) 11238109
CD4a Affinity Capture-Western — Lozahic S (2000) 10741407
CD4s Affinity Capture-Western  Lozahic S (2000) 10741407
CD47 Affinity Capture-Western — Chung J (1999) 10397731
CDha3 Affinity Capture-Western — Mazzocca A (2002) 12175627
CD&1 Affinity Capture-Western — Serru V (1999) 10220664
CD&1 Affinity Capture-Western — Mazzocca A (2002) 12175627
CcDho Affinity Capture-Western — Radford KIJ (1996) 8630057
CcDho Affinity Capture-Western — Mazzocca A (2002) 12175627
COL1A1 Co-purification Staatz WD (1990) 2156854
FBXO2 Affinity Capture-Western  Yoshida Y (2002) 12140560
FHL2 Two-hybrid Wixler V (2000) 10906324
FHL2 Affinity Capture-Western  Wixler V (2000) 10906324
FLNA Two-hybrid van der Flier A (2002) 11807098
FLNA Reconstituted Complex van der Flier A (2002) 11807098
FLNA Two-hybrid Loo DT (1998) 9722563
FLNA Reconstituted Complex Loo DT (1998) 0722563
FLNA Affinity Capture-Western  Loo DT (1998) 9722563
FLNB Two-hybrid van der Flier A (2002) 11807098
FLNB Reconstituted Complex van der Flier A (2002) 11807098
FLT4 Affinity Capture-Western ~ Wang JF (2001) 11553610
GNB2ZL1 Affinity Capture-Western  Liliental J (1998) 9442085
GNB2LI1 Affinity Capture-Western — Lee HS (2002) 12435334
ILK Affinity Capture-Western  Hannigan GE (1996) 8538749
ITGA1D Affinity Capture-Western — Camper L (1998) 0685391
ITGA3 Reconstituted Complex Dorfleutner A {2004) 15254262
ITGA6B Affinity Capture-Western — Schaapveld RQ (1998) 0660880
ITGAS Affinity Capture-Western — Schnapp LM (1995) 7168999
ITGAD Affinity Capture-Western ~ Palmer EL {1993) 8245132
ITGB1BP1  Reconstituted Complex Chang DD (1997) 0281591
ITGBIBP1  Affinity Capture-Western ~ Chang DD (1997) 0281591
ITGB1BP1  Reconstituted Complex Chang DD (2002) 11741908
LAMAI Reconstituted Complex Ettner N (1998) 0n88542
LGALSSE Affinity Capture-Western  Hadari YR (2000) 10852818
LGALSSE Reconstituted Complex Hadari YR (2000) 10852818
MAP4K4 Two-hybrid Poinat P (2002) 11967148
MAP4K4 Reconstituted Complex Poinat P (2002) 11967148
MAP4K4 Affinity Capture-Western  Poinat P (2002) 11967148
NMEI1 Affinity Capture-Western  Fournier HN (2002) 11919189
NME1 Two-hybrid Fournier HN (2002) 11919189
PRECA Affinity Capture-Western — Lee HS (2002) 12435334
PRECA Affinity Capture-Western ~ Parsons M (2002) 12138200
PTK2 Reconstituted Complex Schaller MD (1995) Ta57702
PXMN Reconstituted Complex Schaller MD (1995) Ta57702
PXN Affinity Capture-Western ~ Chen LM (2000) 10804218
RABEB Affinity Capture-Western — Lau AS (2003) 12639940
SLC3A2 Affinity Capture-Western — Rintoul RC (2002) 12181350
TGOLN2 Affinity Capture-Western ~ Wang J {2000) 11208159
TLNI Protein-peptide Martel V (2001) 11279249
TSPAN4 Affinity Capture-Western  Tachibana I (1997) 9360996
TSPAN4 Affinity Capture-Western ~ Tachibana I {1997} 9360996
YWHAB Affinity Capture-Western ~ Han DC (2001) 11313964
YWHAR Two-hybrid Han DC (2001) 11313964
YWHAB Reconstituted Complex Han DC (2001) 11313964
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