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Abstract  

Cardiovascular diseases are the leading cause of mortality worldwide, and 

platelets are critical in their pathophysiology. Current antiplatelet therapies come with 

a risk of bleeding, so treatments targeting new pathways that preserve haemostasis 

are needed. Two potential inter-related candidates being investigated in this thesis are 

collagen and fibrin(ogen) receptor GPVI, which has a major role in thrombosis but a 

minor one in haemostasis, and phosphoinositides and their associated 

kinase/phosphatases, which are involved in Caβ+ mobilisation and regulation of 

pleckstrin homology (PH) domains-containing proteins.   

The key to efficient GPVI and phosphoinositides targeting is understanding the 

interconnections between the proteins and lipid intermediates. In this thesis, I have 

developed an ion chromatography-mass spectrometry (IC-MS) based method to 

differentiate the phosphoinositides’ positional isomers, particularly PtdIns(γ,4)Pβ and 

PtdIns(γ,5)Pβ. This is followed by the development of a mathematical model that can 

simulate phosphoinositides metabolism upon GPVI activation. Our model predicts the 

effect of phosphatidylinositol 4-kinase A (PI4KA) inhibitor GSK-A1 on inositol 

triphosphate (InsP3) and Caβ+ mobilisation, demonstrating its role on PtdIns(4,5)Pβ 

resynthesis to sustain downstream signalling.  

I further investigate the role of tyrosine kinase inhibitors, integrin αIIbȕγ and 

GPVI antagonists in GPVI activation and platelet aggregation. The results show that 

collagen-related peptide (CRP)-induced sustained tyrosine phosphorylation is 

reversed upon inhibition of GPVI signalling but not aggregation in light transmission 

aggregometry (LTA), and that platelet disaggregation depends on the choice of agonist 

and the presence of shear based on published data. I have developed a dimer and 

tetramer of the GPVI-blocking nanobody, nanobody β (Nbβ). My results show that Nbβ 

dimer Nbβ-β is a more potent antagonist than Nbβ against GPVI, while Nbβ tetramer 



Nbβ-4 acts as a potent GPVI agonist at the nanomolar range making it the first agonist 

for GPVI in human platelets of known stoichiometry. We have further developed an 

ordinary differential equation (ODE) based model to illustrate the relation of ligand 

valency with GPVI clustering and activation. Overall, this suggests that dimerisation of 

GPVI alone does not induce activation of human platelets, and a tetravalent but not a 

divalent ligand induces measurable GPVI clustering and activation. The dimeric ligand 

Nbβ-β has the potential to be developed into a viable antithrombotic. The tetravalent 

nanobody is the first agonist of known stoichiometry for GPVI and could be used to 

enable the comparison of results between laboratories and a clinically defined test for 

the study of platelet function.   
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1.1 Platelets in thrombosis and haemostasis 

1.1.1 Role of platelets in thrombotic disorders 

 Thrombotic disorders, which include arterial thrombosis, venous thrombosis 

and thrombo-inflammation, contribute to the pathophysiology of significant health 

problems such as heart attack, stroke, cancer, and infection. They are believed to be 

responsible for 40% of cardiovascular fatalities in the EU and cost the EU economy 

more than €β00 billion each year (Timmis et al. β0β0).  

 Arterial thrombosis is caused by the rupture of atherosclerotic plaque followed 

by the formation of platelet-rich arterial thrombi that can block blood vessels 

(Koupenova et al. β017). Currently, dual-antiplatelet therapy (DAPT) is initially used 

for preventing platelet activation in arterial thrombosis, with patients treated with 

aspirin plus a platelet PβY1β receptor inhibitor, such as clopidogrel, prasugrel, or 

ticagrelor, before moving to long-term treatment with aspirin. Integrin αIIbȕγ inhibitors 

such as eptifibatide, abciximab, and tirofiban are also used but only in acute situations 

in the clinic, due to the bleeding risk associated with their use (Hall et al. β011). While 

these therapeutics are helpful in a high proportion of patients, a considerable number 

of patients experience further thrombotic events that result in mortality, and treated 

patients may experience clinically meaningful bleeding that may necessitate blood 

transfusion, which in some cases can be deadly (Hall et al. β011). Thrombo-

inflammation refers to thrombosis driven by the interaction of thrombotic and 

inflammatory pathways, which occurs in deep-vein thrombosis, ischaemic stroke, and 

sepsis (Rayes et al. β019). Current antiplatelet therapies are mostly unsuccessful 

against thrombo-inflammatory disorders, which are treated with anticoagulants such 

as heparin and direct oral anticoagulants (DOACs). 

 With an ageing population, the EU's unmet clinical demand for viable treatment 

regimens is expanding (Næss et al. β007). This huge social issue necessitates the 
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development of new and better antiplatelet agents that effectively target thrombosis 

while maintaining haemostasis.  

1.1.2 Role of platelets in haemostasis  

 Haemostasis prevents excessive bleeding/haemorrhage and contributes to 

blood vessel integrity. This process includes vasoconstriction to reduce blood loss, 

platelet adhesion and aggregation on the damaged vessel wall to form a platelet 

thrombus that covers the injury, and the activation of the coagulation cascade to create 

thrombin and a covalently cross-linked fibrin network that stabilises the thrombus. 

1.1.3 Platelet tethering and activation 

 Upon vascular injury, platelets come into contact with the extracellular matrix 

(ECM) which contains platelet-activating proteins like collagen, fibronectin and laminin 

(Watson β009), via surface receptors such as glycoprotein (GP) VI and integrin αβȕ1. 

Von Willebrand factor (VWF) in plasma binds to collagen in the ECM and interacts with 

the platelet VWF receptor GPIb-IX-V complex, which captures platelets on the 

collagen surface; this is especially important under high blood flow (Sadler 1998). 

Through a complex network of signal transduction, the adhered platelets become 

activated and undergo various processes including platelet spreading, degranulation 

of intracellular vesicles, activation of integrin αIIbȕγ, and exposure of 

phosphatidylserine (PS) to promote platelet thrombus formation (Versteeg et al. β01γ) 

(Figure 1.1). 
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Figure 1.1 Schematic diagram of major platelet receptors involved in platelet 
activation. The tyrosine kinase-linked receptor GPVI and the G protein-coupled 
receptor (GPCR) for thromboxane Aβ (TxAβ), thrombin, and ADP are the primary 
signalling receptors that mediate platelet activation. The VWF receptor GPIb-IX-V 
complex is required for platelet tethering, while integrins αβȕ1 and αIIbȕγ are required 
for stable adhesion and platelet aggregation. Figure created in biorender.com. 
 

1.1.4 Platelet spreading 

 The capturing of platelets on the damaged surface leads to the reorganisation 

of the actin cytoskeleton, which results in platelet morphology change from the original 

biconcave shape to a distinctive ‘fried egg’ form, a process known as spreading 

(Hartwig 199β). During spreading, filopodia are grown from the platelets' perimeter, 

followed by the formation of lamellipodia and the movement of granules and organelles 

to the centre of the cell (Hartwig 199β). This increases the contact surface area of 

platelets with the damage site or with other platelets via adhesive proteins, promoting 

the adhesion of platelets on the surface and protecting the thrombus against the flow 

and shear stress of the blood vessels. 
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1.1.5 Platelet degranulation and thromboxane formation 

 Following platelet activation, platelets undergo degranulation of dense granules 

and α-granules which release soluble secondary mediators like ADP, Caβ+ and 

serotonin, and adhesive proteins like VWF and fibrinogen, respectively, and generate 

thromboxane Aβ (TxAβ) through cyclooxygenase (COX). ADP and TxAβ are potent 

platelet agonists that enhance the activation of adhering platelets while also recruiting 

and activating other circulating platelets, promoting platelet aggregation and thrombus 

formation (Versteeg et al. β01γ). Together with VWF and fibrinogen that crosslink and 

activate adjacent platelets, these secreted molecules act as positive feedback stimuli 

that support the formation of the thrombus. 

1.1.6 Integrin activation 

 Platelet activation and aggregation are reinforced by integrin αIIbȕγ activation 

via inside-out signalling. Integrin αIIbȕγ is the most abundant surface protein on 

platelets. It undergoes a conformational change and converts into a high-affinity state, 

which increases its binding affinity with fibrin, fibrinogen, VWF and fibronectin to 

enhance its adhesion with the vasculature, and bridge platelets together, leading to 

aggregation (Huang et al. β019). The binding of integrin αIIbȕγ with its ligands also 

activates platelets via outside-in signalling, further promoting platelet aggregation and 

supporting thrombus formation.  

1.1.7 The interplay between the coagulation cascade and platelets 

 The blood coagulation system works in tandem with platelet activation in 

haemostasis (Heemskerk et al. β00β). Tissue factor is exposed to the circulation upon 

damage of blood vasculature (Yau et al. β015). It activates the coagulation cascade 

and leads to the production of thrombin, a proteolytic enzyme that converts soluble 

fibrinogen into insoluble cross-linked strands of fibrin to stabilise the thrombus (Davie 

et al. 1991).  
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 Thrombin and fibrinogen are important in haemostasis due to their essential 

role in both the coagulation cascade and platelet activation (Heemskerk et al. β00β). 

In addition to producing fibrin, thrombin is a potent platelet activator that activates 

platelet protease-activated receptors (PAR) 1 and 4 (De Candia β01β). Fibrinogen 

forms bridges between platelets via integrin αIIbȕγ, which stabilises the thrombus at 

the site of injury, and activates platelets via integrin outside-in signalling, and other 

fibrinogen receptors, such as GPVI (Smyth et al. β000). 

 The exposure of phosphatidylserine (PS) on the surface of activated platelets 

and damaged endothelial cells by PS translocase and scramblase also promotes the 

coagulation cascade (Reddy et al. β0β0). PS exposure requires a consistently high 

level of cytosolic Caβ+ which occurs in platelets stimulated by the combination of strong 

agonists such as collagen and thrombin (Heemskerk et al. β01γ). The anionic PS 

surface facilitates the assembly and activity of the tenase complex and 

prothrombinase complex and contributes to thrombin generation, which in turn 

promotes fibrin formation, platelet activation and thrombus growth (Heemskerk et al. 

β01γ). 

1.1.8 Structure of the thrombus  

 Thrombi contain an inner core of densely packed platelets and fibrin next to the 

damage site and an outer shell of loosely packed platelets bound together by 

fibrinogen (Ivanciu et al. β015) (Figure 1.β). The platelets in the core are highly active, 

as evidenced by their drastic morphological change, and the region is weakly 

permeable to plasma solutes, limiting their accessibility to anti-platelet or thrombolytic 

drugs in plasma. They are strongly activated by thrombin, released by the coagulation 

cascade near the damaged site, secondary mediators ADP and TxAβ, produced by 

other activated platelets, and by fibrin and fibrinogen that activate integrin αIIbȕγ and 

GPVI. ADP and TxAβ diffusing from the core make up the shell of a large number of 
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loosely packed platelets in their original biconcave form that are weakly activated. 

Because of the redundancy with thrombin, the creation of ADP and TxAβ is important 

for the development of the shell but not the core in this model (Ivanciu et al. β015). 

The core-shell heterogeneity has a profound implication on the action and design of 

anti-platelet and thrombolytic drugs. 

 

Figure 1.2 Schematic diagram of spatial heterogeneity of thrombus. Thrombi 
contain a core of densely packed platelets and fibrin and a shell of loosely packed 
platelets bound together by fibrinogen. Figure created in biorender.com. 
 

1.2 Platelet receptors and signalling 

 Platelets interact with pro-aggregatory proteins and soluble secondary 

mediators as described above. Activation of these platelet receptors and their 

downstream signal transduction leads to Caβ+ mobilisation, vesicle degranulation, and 

shape change, all of which contribute to the platelet’s role in thrombosis and 

haemostasis. 

 

1.2.1 GPVI  

 Glycoprotein VI (GPVI) is a key signalling receptor involved in collagen-induced 

platelet activation, as well as a prospective antithrombotic target in diseases such as 

atherothrombosis, coronary artery thrombosis and ischaemic stroke. GPVI is only 

found on the membranes of megakaryocytes and platelets, at a level of around γ500 

copies per human platelet (Nieswandt et al. β00γ; Best et al. β00γ). It is a member of 

the immunoglobulin receptor superfamily, with two external immunoglobulin domains, 
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D1 and Dβ, which are connected to the transmembrane domain by a glycosylated 

stem (Clark, Damaskinaki, et al. β0β1). GPVI is constitutively associated with the Fc 

receptor Ȗ-chain (FcRȖ) which contains an immunoreceptor tyrosine-based activation 

motif (ITAM) in the cytoplasmic tail. An ITAM motif is formed by two YXXL/I sequences 

(where Y is tyrosine, L is leucine and I is isoleucine) separated by 6-1β amino acids. 

The FcRȖ is a covalently linked homodimer, with one copy of ITAM in each chain. A 

salt bridge within the transmembrane regions of the two proteins is crucial for the 

interaction between GPVI and the FcRȖ (Bori-Sanz et al. β00γ). On platelets, the 

GPVI-FcRȖ complex is expressed as a mixture of monomers and dimers (Clark, 

Neagoe, et al. β0β1). 

 Collagen, an abundant subendothelial matrix protein, is the major endogenous 

ligand for GPVI and integrin αβȕ1 (Knight et al. 1999). GPVI binds to the collagen fibre 

at a distinct GPO (single amino acid code) sequence, where G is glycine, P is proline 

and O is hydroxyproline (Knight et al. 1999). To create a GPVI-specific ligand, Morton 

et al. synthesised collagen-related peptide (CRP) consisting of 10 repeats of GPO, 

cross-linked by cysteine or lysine, which caused integrin αβȕ1-independent platelet 

aggregation (Morton et al. 1995). Collagen and CRP are commonly used agonists for 

platelet studies. 

 GPVI can also be activated by a variety of multivalent endogenous ligands 

including; fibrinogen (Mangin et al. β018), fibrin (Alshehri et al. β015), laminin (Inoue 

et al. β006), fibronectin (Bültmann et al. β010), vitronectin (Schönberger et al. β01β), 

snake venom proteins such as convulxin (Horii et al. β009), and the crosslinked anti-

GPVI monoclonal antibodies (mAb) JAQ1 (Nieswandt et al. β000) and 1G5 (Al-Tamimi 

et al. β009). On the other hand, monovalent ligands such as fragment antigen-binding 

(Fab fragments) of anti-GPVI mAb glenzocimab (Lecut et al. β00γ), 1G5 (Al-Tamimi et 
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al. β009) and JAQ1 (Nieswandt et al. β000), and the single-domain nanobody Nbβ 

(Slater et al. β0β1) serve as GPVI antagonists.  

 Among these antagonists, glenzocimab has a dissociation constant (KD) of 4.1 

nM towards GPVI (Lebozec et al. β017) and is currently in use in a phase β trial study 

in combination with a thrombolytic agent, in thrombotic stroke patients (Alenazy et al. 

β0β1). The nanobody Nbβ has an even higher affinity towards GPVI with KD = 0.6 nM, 

showing potential to be further developed as a therapeutic for treating cardiovascular 

diseases (Slater et al. β0β1). One way to further improve the binding affinity is to 

multimerise the nanobody to enhance its affinity via avidity (Sadeghnezhad et al. β019). 

On the other hand, multimeric ligands such as the octameric convulxin and crosslinked 

JAQ1 are known to activate GPVI. This warrants further studies to strike the balance 

between increasing binding affinity and preventing receptor activation. 

 Ligand binding leads to GPVI dimerisation and higher-order clustering. This 

leads to the phosphorylation of the ITAM motif of FcRȖ by the constitutively active Src 

family kinases (SFKs) Fyn and Lyn, which bind to the proline-rich motif in the cytosolic 

domain on GPVI through their Src homology γ (SHγ) domain (Senis et al. β014; 

Suzuki-Inoue et al. β00β; Watson et al. β005). Afterwards, the spleen tyrosine kinase 

(Syk) is recruited and bound to the phosphorylated ITAM of FcRȖ, via its tandem Src 

homology β (SHβ) domain. Syk undergoes phosphorylation by Src kinases and 

autophosphorylation upon binding to the phosphorylated ITAM. (Spalton et al. β009). 

This initiates the downstream signalling characterised by the formation of the linker for 

the activation of T-cells (LAT) signalosome complex, as well as recruitment and 

activation of the effector proteins Bruton's tyrosine kinase (Btk), phospholipase C 

gamma β (PLCȖβ) and phosphoinositide γ-kinases (PIγK), resulting in platelet 

activation (Figure 1.γ) (Zhang et al. β000; Watson et al. β005). The activation and 



9 

 

actions of PLCȖβ and PIγK are described in detail below. 

 

1.2.2 Role of GPVI in thrombosis and haemostasis 

 Platelet collagen receptor GPVI plays a minor role in haemostasis, as GPVI 

deficiency has minimal effect on bleeding in humans or mice. In humans, a novel 

homozygous GPVI mutation that leads to GPVI deficiency has been reported to only 

cause a mild bleeding disorder despite a lack of platelet response to collagen or 

convulxin (Matus et al. β01γ). A GPVI-blocking Fab fragment, glenzocimab, was 

reported to not affect bleeding times or platelet counts in healthy volunteers in a phase 

1 trial (Voors-Pette et al. β019). In mice, GPVI deficiency that is caused by GPVI 

knockout (Lockyer et al. β006) or by immunodepletion by injection of anti-GPVI mAb 

JAQ1 (Nieswandt et al. β001), does not increase tail bleeding time.  

 A possible explanation for these observations is that haemostasis is maintained 

by parallel platelet pathways. As mentioned above, upon vascular damage, platelets 

can be activated by thrombin and the secondary mediators ADP and TxAβ. The 

redundancy in GPVI and thrombin in platelet activation and haemostasis was shown 

using GPVI and PAR4 knockout mice (Bynagari-Settipalli et al. β014). Platelets also 

contain numerous adhesive protein receptors which share roles with GPVI, such as 

the collagen receptor integrin αβȕ1 and VWF receptor GPIb-V-IX. In particular, VWF 

attaches to locations on exposed collagen in high-flow circumstances, exposing 

binding sites on the A1 domain for high-affinity binding with GPIb for platelet adhesion 

on the injured site (Clemetson β01β). The importance of VWF and GPIb-V-IX is 

demonstrated in Von Willebrand disease (VWD), a bleeding disorder that arises from 

VWF deficiency or function-disrupting mutations (Sadler 1998). 

 On the other hand, GPVI appears to be an important factor for thrombosis. 

GPVI deficiency caused by immunodepletion (Nieswandt et al. β001) or knockout 
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(Lockyer et al. β006) was reported to reduce mortality in mice that were challenged by 

lethal thrombin-induced acute pulmonary thromboembolism, with a reduction in 

platelet adhesion to collagen and thrombus growth. Similarly, GPVI immunodepletion 

or knockout protects mice from vessel occlusion in ferric chloride and mechanically-

induced injury models, with delayed thrombus formation and reduced thrombus growth 

(Bender et al. β011). The role of GPVI in thrombus growth and stability can be 

explained by its interaction with its agonists, fibrin and fibrinogen (Rayes et al. β019). 

 Furthermore, GPVI drives thrombus development in atherosclerotic plaques. 

Type I collagen is a prominent component of atherosclerotic plaques, and its exposure 

during plaque erosion stimulates platelet activation and promotes clotting (Jiang et al. 

β014). In a thrombosis model, in which blood was perfused at an arterial shear rate 

over homogenates of human atherosclerotic plaques, GPVI inhibition led to a huge 

reduction in thrombus development (Cosemans et al. β005; Reininger et al. β010).  

 In summary, GPVI plays a major role in thrombosis and a minor role in 

haemostasis. GPVI deficiency or inhibition delayed thrombus formation and reduced 

thrombus growth in various thrombosis models, making it an attractive anti-platelet 

target.  

 

1.2.3 CLEC-2 

 The C-type lectin receptor β (CLEC-β) is a platelet-activating receptor that 

exists as a mixture of monomers and dimers on the platelet surface and is a single 

transmembrane protein containing a single YxxL, known as the hemITAM motif, in its 

cytosolic tail (Watson et al. β010). Upon activation by the endogenous ligand 

podoplanin or snake venom protein rhodocytin, the hemITAM motif is phosphorylated 

by SFKs and Syk (Watson et al. β010; Suzuki-Inoue et al. β007; Séverin et al. β011). 

This leads to Syk recruitment to the two phosphorylated hemITAMs in dimerised 
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CLEC-β receptors (Hughes et al. β010). The subsequent signalling events 

downstream of Syk are similar to that of GPVI, including the formation of the LAT 

signalosome and activation of a signalling cascade that culminates in the activation of 

PLCȖβ and PIγK (Figure 1.γ) (Watson et al. β010).  

 Similar to GPVI, CLEC-β is activated by higher-order clustering of receptors by 

multivalent ligands. Rhodocytin is a heterotetramer of two α and ȕ subunits and 

activates both mouse and human platelets (Hughes et al. β010; Watson et al. β008). 

Dimeric Fc-fusion podoplanin (Suzuki-Inoue et al. β007) and the dimeric CLEC-β mAb 

INU1 (May et al. β009) promote aggregation of mouse platelets. However, monomeric 

INU1 Fab has no impact on mouse platelets. In human platelets, Fab fragments of the 

anti-CLEC-β mAb AYP1 inhibit platelet activation triggered by rhodocytin, while 

crosslinking of the AYP1 Fab fragments with a secondary antibody induces platelet 

aggregation (Gitz et al. β014). These observations suggest that the dimerisation of 

monomers or possibly pre-existing dimers is necessary to trigger CLEC-β activation. 
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Figure 1.3 Schematic diagram of the signalling cascade of platelet receptors 
GPVI and CLEC-2. When GPVI is activated, the constitutively active SFKs Fyn and 
Lyn phosphorylate the tyrosine residues within the ITAM, permitting Syk recruitment 
and activation. For CLEC-β, the hemITAM motif is phosphorylated by SFKs and Syk, 
which then recruits and activates Syk. Subsequently, Syk phosphorylates and 
activates downstream proteins such as LAT. When LAT is phosphorylated, additional 
proteins including PIγK, Btk, and PLCȖβ are recruited and docked to create the LAT 
signalosome. These proteins are further phosphorylated which leads to platelet 
activation. Figure created in biorender.com. 
 

1.2.4 G protein-coupled receptors  

 Another major class of platelet receptors are the G protein-coupled receptors 

(GPCRs). GPCRs are transmembrane proteins with seven transmembrane domains 

and are associated with heterotrimeric G proteins which are comprised of Gα and GȕȖ 

subunits. Upon ligand binding, a GPCR undergoes a conformational change and 

activates the associated G proteins by exchanging the Gα-bound guanosine 

diphosphate (GDP) with guanosine triphosphate (GTP), leading to its dissociation from 

the GȕȖ subunits. This exposes the GTP-bound Gα subunit to effector proteins that 

transduce downstream responses (Offermanns β006; Smyth et al. β009). In platelets, 

all four G protein families, Gs, Gi, Gq and G1β/1γ can be found coupled with GPCRs, 

resulting in platelet-activating or inhibiting effects. 
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 The major platelet-activating GPCRs are protease-activated receptor (PAR) 1 

and PAR4, receptors for thrombin that are produced in the coagulation cascade (De 

Candia β01β). PARs are activated by a tethered ligand formed by thrombin cleavage 

of its N-terminal extracellular domain. PAR1 is the major thrombin receptor on human 

platelets, while PAR4 is a lower-affinity thrombin receptor and can form a heterodimer 

with the high-affinity PAR1 receptor (Arachiche et al. β01γ). Another important set of 

platelet-activating GPCRs, PβY1 and PβY1β, are receptors for ADP, a secondary 

mediator that is produced from dense granules during platelet activation and works 

with other agonists to facilitate platelet aggregation (Smyth β010; Hardy et al. β004). 

The TxAβ receptor (TP) is yet another crucial platelet GPCR that is activated by TxAβ, 

a secondary mediator that is generated by COX (Smyth β010; Hardy et al. β004).  

 PAR1, PAR4 and TP are coupled to both G1β/1γ and Gq (Offermanns β006). The 

activation of Gq activates phospholipase C-ȕ (PLCȕ) which produces the secondary 

messengers inositol 1,4,5 trisphosphate (InsPγ) and 1,β-diacylglycerol (DAG), which 

are essential for Caβ+ mobilisation and PKC activation. G1β/1γ on the other hand 

activates Rho and Rho kinase, which are associated with cytoskeletal rearrangements, 

platelet shape change and granule release (Offermanns β006). PβY1 is only coupled 

to Gq which activates PLCȕ, while PβY1β is coupled to Giα which activates the coupled 

PIγKȕ and PIγKȖ and its downstream kinase Akt upon ADP stimulation (van der 

Meijden et al. β005). 

 Platelets also express inhibitory GPCRs, such as the prostacyclin Iβ (PGIβ) 

receptor IP and the adenosine AβA receptor which keep platelets inactive in intact blood 

vessels (Nagy et al. β018; Fuentes et al. β014). They are coupled with Gs, which upon 

ligand stimulation activates adenylyl cyclase and produces cyclic adenosine 

monophosphate (cAMP). cAMP mediates its inhibitory effect by the activation of 
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protein kinase A (PKA), which inhibits PLC activation, Caβ+ mobilisation, and actin 

dynamics modulation (Nagy et al. β018). These actions inhibit platelet adhesion, 

aggregation and granule release.  

   

1.2.5 Integrin αIIbβ3 

 Integrin αIIbȕγ is a prominent integrin found on the surface of platelets (Smyth 

et al. β000). It is the most abundant receptor on platelets and is critical in thrombus 

formation as the primary fibrin and fibrinogen binding receptor on platelets (Bennett 

β005). Other endogenous ligands of integrin αIIbȕγ include VWF, fibronectin, 

thrombospondin and vitronectin (Huang et al. β019; Cosemans et al. β008). 

 Integrins are expressed on the cell surface in a low-affinity conformational state 

in resting platelets, leaving them unable to bind to their substrates (Huang et al. β019). 

In response to activation and Caβ+ mobilisation, integrin αIIbȕγ undergoes inside-out 

activation and a conformational shift, allowing it to adopt a high-affinity conformation 

and undergo adhesion to fibrinogen and VWF, facilitating the formation of a thrombus 

(Shattil 1999). This inside-out activation of integrin αIIbȕγ is dependent on the 

activation of a variety of proteins, including small GTPase Rap1b, protein kinase C 

(PKC) and Caβ+ and DAG-regulated guanine nucleotide exchange factor I (CALDAG-

GEFI), to stimulate the recruitment of proteins such as Talin-1 and Kindlin-γ to the 

integrin’s intracellular tail (Nieswandt et al. β009).  

 Ligand binding to integrin αIIbȕγ also leads to platelet activation via an outside-

in signalling mechanism that relies on receptor clustering (Versteeg et al. β01γ). This 

initiates a chain of events that includes the activation of the SFKs (Watson et al. β005). 

This can result in direct but relatively weak stimulation of PIγK and PLCȖβ signalling, 

boosting intracellular Caβ+ levels and stimulating platelet activation (Cosemans et al. 

β008). 
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1.3 Phosphoinositides in platelets  

 Phosphoinositides are a subcategory of glycerophospholipids with a wide range 

of functions. The eight known phosphoinositides positional isomers (Figure 1.4) are 

phosphatidylinositol (PtdIns), phosphatidylinositol γ-phosphate (PtdInsγP), 

phosphatidylinositol 4-phosphate (PtdIns4P), phosphatidylinositol 5-phosphate 

(PtdIns5P), phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)Pβ), 

phosphatidylinositol γ,4-bisphosphate (PtdIns(γ,4)Pβ), phosphatidylinositol γ,5-

bisphosphate (PtdIns(γ,5)Pβ), and phosphatidylinositol γ,4,5-trisphosphate 

(PtdIns(γ,4,5)Pγ). These unique lipids are produced by reversible phosphorylation of 

the myo-inositol headgroup of phosphatidylinositol, which is highly controlled by the 

interplay of phosphoinositides kinases, phosphatases, and phospholipases. The lipids 

are integral to the signal transduction system, and also serve as constitutive signals 

that aid in the identification of organelles and govern protein localisation and 

membrane integrity (Di Paolo et al. β006; Balla β01γ).  

 

Figure 1.4 Structures of phosphoinositides isomers. Each phosphoinositide is a 
phospholipid with a myo-inositol headgroup that can undergo reversible 
phosphorylation. The yellow circle with P indicates a phosphate group, while DAG 
indicates the 1,β-diacylglycerol group. 
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1.3.1 History of studies on phosphoinositide 

 Phosphoinositides were first discovered by Folch in the 1940s, who found the 

lipid in the ethanol-insoluble phospholipid fraction of the bovine brain which contained 

phosphates and inositol in a molar ratio of β:1. He termed this lipid diphosphoinositide 

or DPI (PtdIns4P) at the time (Folch 194β). DPI was also demonstrated to be rapidly 

labelled with [γβP]-phosphate in guinea pigs (Dawson 1954a, 1954b). The structures 

of mono-, di-, and tri-phosphoinositides (MPI, DPI, and TPI, equivalent to PtdIns, 

PtdIns4P and PtdIns(4,5)P2) were subsequently identified as glycerophospholipids, 

with an inositol ring linked to a DAG backbone via the D1-OH group of myo-inositol, 

and containing a phosphate at the 4-position or both the 4- and 5-positions 

respectively (Figure 1.4) (Dittmer et al. 1961; Tomlinson et al. 1961).  

 These lipids gained increasing attention when their biological significance was 

unveiled. [32P]-phosphate labelling in PtdIns4P and phosphatidic acid (PtdOH) was 

found to be dramatically elevated in brain slices and pancreas slices with an increased 

secretory response (Hokin et al. 1953; Hokin et al. 1955; Hokin 1968). Another study 

showed that lymphocytes stimulated with growth factor phytohemagglutinin had 

increased phosphoinositide turnover, represented by enhanced [32P]-phosphate and 

[3H]-inositol labelling of PtdIns4P and PtdOH (Fisher et al. 1971), linking 

phosphoinositide turnover to cellular functions.  

 With these observations, Michell and Lapetina suggested that the enhanced 

phosphoinositide turnover was due to the stimulation of cell surface receptors and that 

the hydrolysis products of phosphoinositides act as secondary messengers (Lapetina 

et al. 1973). This was later proven by a series of studies, with PtdIns(4,5)P2 being first 

shown as the initial target of PLC-mediated hydrolysis, yielding InsP3 and DAG as the 

primary hydrolytic product (Berridge et al. 1983; Berridge 1983; Creba et al. 1983). 

This was followed by the work of Streb et al. discovering the role of InsP3 in Ca2+ 
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release from Ca2+ stores, linking PtdIns(4,5)P2 hydrolysis and Ca2+ signalling (Streb 

et al. 1983). The other hydrolysis product of PLC and PtdIns(4,5)P2, DAG, was also 

found to regulate the PKC family by Nishizuka (Nishizuka 1988, 1984). These studies 

established the PtdInsP2-PLC-Ca2+-PKC signalling cascade. 

 The discovery of the PI3K-Akt pathway began in the late 1980s and 1990s, with 

the identification of PtdIns kinase that phosphorylated the 3-postion of the inositol ring 

(Stephens et al. 1989; Whitman et al. 1988) and the subsequent discovery of 

PtdIns(3,4)P2 and PtdIns(3,4,5)P3 in cells stimulated with growth factor. This is 

followed by the discovery of Akt kinase as the downstream effector of PI3K (Burgering 

et al. 1995; Franke et al. 1995), and the Pleckstrin homology (PH) domains as 

PtdIns(3,4,5)P3–binding domains in signalling proteins that allow their recruitment and 

activation (Kavran et al. 1998; Lemmon et al. 1995). The importance of the PI3K-Akt 

pathway in oncological signalling, cell growth and proliferation was also recognised 

during this period (Vivanco et al. 2002; Engelman et al. 2006).  

 

1.3.2 Phosphoinositides in platelets 

 The study of phosphoinositides in platelets took place alongside the studies 

mentioned above. Numerous studies have observed that collagen (Narita et al. 1985; 

Gaudette et al. 1990), thrombin (Mauco et al. 1984) and the TP agonist U46619 

(Gaudette et al. 1990) lead to a transient decrease in PtdIns4P and PtdIns(4,5)Pβ due 

to PLC hydrolysis, followed by a delayed rise during stimulation. Thrombin was also 

found to greatly increase PtdIns(γ,4)Pβ and PtdIns(γ,4,5)Pγ in [γH]-inositol-labelled 

platelets (Gaudette et al. 1990; Yamamoto et al. 1990; Kucera et al. 1990; Nolan et al. 

1991). The role of PtdIns(4,5)Pβ and PLC in collagen signalling was also demonstrated 

in studies showing that collagen induces rapid [γH]-inositol bis- and trisphosphate 

formation by phosphodiester bond cleavage (Watson, Reep, et al. 1985).  
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 Phosphoinositide metabolism is essential in platelet activation and regulation. 

PtdIns(4,5)Pβ and PtdIns(γ,4,5)Pγ are important signalling molecules in signal 

transduction (Figure 1.5). Platelets contain several PLC isoforms, including PLCȖβ and 

PLCȕβ, which are activated by the tyrosine kinase-linked receptors, GPVI and CLEC-

β, and GPCRs, respectively. They hydrolyse the polar head group of PtdIns(4,5)Pβ to 

generate DAG, an activator of PKC, and InsPγ, which stimulate Caβ+ release from the 

endoplasmic reticulum (Brass et al. 1985; Min et al. β01γ). Platelets contain class I 

PIγKs, which convert PtdIns(4,5)Pβ to PtdIns(γ,4,5)Pγ downstream of GPVI and 

GPCR signalling. PtdIns(γ,4,5)Pγ binds to the PH domain of several platelets 

signalling proteins including Btk, Akt, and PDK1 to organise highly active signalling 

complexes (Guidetti et al. β015; Saito et al. β001; Hongu et al. β014).  

 In addition to their role in signalling, phosphoinositides regulate membrane 

dynamics. PtdIns(4,5)Pβ can regulate ion channel permeability or cytoskeleton 

rearrangement (Kolay et al. β016). PtdIns(γ,4)Pβ may contribute to strengthening 

platelet aggregation by regulating actin cytoskeleton dynamics, including the 

actomyosin system and potentially podosome-like structures via its interaction with the 

adapter proteins Tks4 and Tks5 (Anquetil et al. β018). PtdInsγP interacts with proteins 

through an FYVE or phox homology (PX) domain to control endosomal membrane 

dynamics via Early Endosome Antigen 1 (EEA1) and regulate vesicle transport 

between the trans-Golgi network, endosomes and plasma membrane, via sorting 

nexin 9 (SNX9) (Ribes et al. β0β0; Schink et al. β01γ). Depletion or inactivation of 

phosphatidylinositol 4-phosphate γ-kinase Cβα (PIγKCβα) in platelets leads to a 

deficiency in thrombus formation (Valet et al. β015), showing the importance of the 

housekeeping PtdInsγP pool in the regulation of membrane remodelling, and proper 

platelet synthesis and function. 
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Figure 1.5 Schematic diagram of phosphoinositide signalling upon GPVI 
activation. GPVI activation culminates in the activation of PLCȖβ and PIγK. PLCȖβ 
hydrolyses the polar head group of PtdIns(4,5)Pβ, to generate DAG, an activator of 
PKC, and InsPγ, which stimulate Caβ+ release from the endoplasmic reticulum. PIγK 
converts PtdIns(4,5)Pβ to PtdIns(γ,4,5)Pγ which binds and activates platelet signalling 
proteins including Btk, Akt and PDK1 to organise highly active signalling complexes. 
Figure created in biorender.com. 
 

1.3.3 Role and regulation of PI3K in platelets 

1.3.3.1 Class I PI3Ks 

 The class I PIγKs are essential in ITAM and GPCR-mediated signalling. They 

convert PtdIns(4,5)Pβ into the secondary messenger PtdIns(γ,4,5)Pγ, which recruits 

their major downstream effector, serine/threonine kinase Akt, via the PH domain. They 

are critical in the regulation of outside-in and inside-out signalling of integrin αIIbȕγ 

and platelet activation (Woulfe β010). PIγK and Akt contribute to inside-out signalling 

of integrin via the small GTPase Rap1b, which leads to a conformational change of 

integrin αIIbȕγ that increases its affinity for fibrinogen, allowing platelet adhesion in the 

formation of thrombus (Guidetti et al. β01β; Stefanini et al. β010).  

 Class I PIγKs are heterodimers composed of a 110-kDa catalytic subunit 

associated with a regulatory subunit and are divided into two classes: IA and IB (Figure 

1.6) (Balla β01γ). Class IA PIγKs include one of three catalytic subunits: P110α, -ȕ 
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and -δ isoforms, which are associated with one of the regulatory subunits: P85α, P85ȕ, 

P55α, P55Ȗ and P50α. These regulatory subunits contain SHγ and SHβ domains that 

bind to phosphotyrosine downstream of GPVI signalling cascade, which allows the 

exposure and activation of the catalytic domain of P110 (Guidetti et al. β015; Durrant 

et al. β0β0). Class IB PIγKs include the catalytic subunit P110Ȗ, associated with p101 

or p84/p87, which are typically activated downstream of GPCRs, such as PAR, TP, 

PβY1 and PβY1β (Guidetti et al. β015; Durrant et al. β0β0). 

 Human platelets express all Class I PIγK isoforms, and the expression level of 

these isoforms is in the order of P110ȕ>P110Ȗ>P110α>P110δ (Kim et al. β014). These 

four isoforms play an overlapping but non-redundant role in platelet activation. Among 

these isoforms, P110ȕ is essential for PtdIns(γ,4,5)Pγ production and Akt 

phosphorylation as demonstrated by P110ȕ knockout mice and P110ȕ specific 

inhibitor TGXββ1 (Canobbio et al. β009; Jackson et al. β005; Cosemans et al. β006; 

Martin et al. β010). It plays a central role in both GPVI and GPCR-mediated activation 

and is probably a co-incidence detector that is synergistically activated by 

phosphorylation of ITAM receptors and GȕȖ subunits (Kurosu et al. 1997; Maier et al. 

1999). Platelet PIγKȕ is demonstrated to be essential for preserving the generated 

thrombus integrity under elevated shear rates, raising the possibility of embolisation 

when using PIγKȕ inhibitors (Laurent et al. β015). Studies using P110Ȗ inactive or KO 

mice showed that P110Ȗ is essential for ADP-induced platelet aggregation and Akt 

phosphorylation, but is less essential in GPVI or thrombin-mediated activation 

(Canobbio et al. β009; Martin et al. β010). P110α cooperates with P110ȕ to contribute 

to GPVI and insulin-like growth factor-1 (IGF-1) mediated Akt phosphorylation (Gilio et 

al. β009; Blair et al. β014; Kim et al. β007), while PIγKδ only plays a minor role in 

platelet function (Senis et al. β005). 
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Figure 1.6 PI3K isoforms and their associated platelet receptors. The four major 
types of platelet receptors that lead to platelet activation are all associated with PIγK. 
(hem)ITAM receptors (such as GPVI and CLEC-β) and the VWF receptor GPIb-IX-V 
complex are associated with both P110ȕ and P110α. Integrins (such as integrin αβȕ1 
and αIIbȕγ are associated with P110ȕ, and GPCRs are associated with both P110ȕ 
and P110Ȗ. Figure created in biorender.com. 
 

1.3.3.2 Class II PI3K 

 The class II PIγK PIγKCβ has three isoforms: PIγKCβα, -ȕ and –Ȗ. They 

catalyse the conversion of PtdIns to PtdInsγP and PtdIns4P to PtdIns(γ,4)Pβ and are 

involved in internal membrane modelling. Homozygous transgenic mice with a 

deactivating mutation in the kinase domain of PIγKCβα (PIγKCβαD1β68A) are 

embryonic lethal (embryonic day 10.5-11.5) due to abnormal angiogenesis and 

vascular barrier function, showing the importance of the PIγK and the 

phosphoinositide products in regulating membrane dynamics, cell signalling and 

vesicle trafficking (Bilanges et al. β019; Di Paolo et al. β006; Balla β01γ). 

 Human platelets express PIγKCβα and –ȕ isoforms. Viable heterozygous 

PIγKCβαWT/D1β68A mouse platelets with a 50% reduction in PIγKCβα activity exhibit 

faulty thrombus formation, creating unstable thrombi under shear. In contrast, platelets 
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from PIγKCβȕ-deficient mice behave similarly to WT mice (Valet et al. β015; Mountford 

et al. β015). PIγKCβαWT/D1β68A platelets and megakaryocytes showed a variety of 

structural and biophysical abnormalities in their membranes, such as defects in α-

granules, reduced filopodia, and enhanced membrane tethering, caused by a defect 

in barbell-shaped proplatelet scission (Valet et al. β015; Mountford et al. β015). 

Interestingly, platelets from PIγKCβα-deficient, PIγKCβȕ-deficient and PIγKCβα and –

ȕ double deficient mice showed unaltered basal or agonist-stimulated levels of 

PtdInsγP, PtdIns(γ,4)Pβ or PtdIns(γ,4,5)Pγ compared to wild type (Valet et al. β015; 

Mountford et al. β015). 

1.3.3.3 Class III PI3K 

 Class III PIγK VPSγ4 catalyses the conversion of PtdIns to PtdInsγP and 

regulates secretion and vesicle trafficking. VPSγ4 is a member of protein complex 

Complex I, which supports autophagosome formation and elongation, and Complex II, 

which supports the maturation of endosomes and their fusion with autophagosomes 

(Backer β016). Studies using transgenic VPSγ4−/− mice generated using PF4-Cre 

techniques showed defective granule distribution, secretion, and reduced PtdInsγP 

production upon CRP and thrombin stimulation (Liu et al. β017; Valet et al. β017).  

1.3.4 PI3K as an antithrombotic target 

 Class I PIγKs have the potential to be strong antithrombotic target candidates 

due to their crucial role in integrin activation. Inhibiting PIγK in activated platelets with 

the pan PIγK inhibitors wortmannin or LYβ900β was shown to decrease fibrinogen 

binding and platelet aggregation (Kovacsovics et al. 1995; Kauffenstein et al. β001; 

Lagrue et al. 1999). These compounds, however, have had limited success in clinical 

use due to their high toxicity and off-target action against other kinases (Workman et 

al. β010). Another pan-PIγK inhibitor, S14161, was found to extend the occlusion time 

of ferric chloride-induced carotid artery injury after intraperitoneal injection in mice, 
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without prolonging tail bleeding time (Yi et al. β014).  

 PIγKȕ has been widely studied as an antithrombotic target due to its central 

role in signalling downstream of major platelet receptors. TGX-ββ1, a first-generation 

PIγKȕ inhibitor, was found to increase tail and renal bleeding in mice at antithrombotic 

doses (Bird et al. β011). AZD648β, another PIγKȕ inhibitor with potency in the 

nanomolar range, resulted in a full antithrombotic effect in the modified Folts’ model 

when intravenously administrated to dogs, with no increase in bleeding time or blood 

loss (Nylander et al. β01β). Nevertheless, in human testing, AZD648β was found to 

increase the bleeding time by 60% at the highest observed plasma concentration of 

6.β μM (β hours after the start of infusion) in human volunteers, hampering its use as 

an antithrombotic agent (Nylander et al. β01β). 

 Overall, these studies demonstrate a long history of employing class I PIγK 

inhibitors as antithrombotics, as well as the role of PIγK in platelet function and 

thrombosis. In the long run, due to the prevalence and importance of PIγK in all cell 

types and the huge variety of PIγK isoforms, as well as the role of various PIγK 

isoforms in haemostasis and thrombus integrity, further studies using better efficacy 

and isoform-specific inhibitors are needed to justify the use of PIγK inhibitors as 

antithrombotics, while minimising any potential adverse effects like bleeding or off-

target toxicity.  
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1.3.5 PLC and Ca2+ haemostasis  
1.3.5.1 Role and regulation of PLC 

 PLC is essential to platelet function and signalling, it catalyses the hydrolysis of 

PtdIns(4,5)Pβ generating the second messengers InsPγ, which stimulate Caβ+ release 

from the endoplasmic reticulum, and DAG, an activator of PKC. 

 The predominant PLC isoforms in platelet are PLCȕβ, PLCȕγ and PLCȖβ 

(Offermanns β000; Nakamura et al. β017). PLCȕβ and PLCȕγ are solely regulated by 

GPCRs through the α-subunit of Gq (Offermanns β000), while PLCȖβ signals 

downstream of (hem)ITAM receptors (Watson et al. β010), the GPIb-V-IX complex 

(Falati et al. 1999) and integrins αβȕ1 (Inoue et al. β00γ) and αIIbȕγ (Goncalves et al. 

β00γ). Studies using platelets from PLCȖβ deficient mice showed a reduced response 

to stimulation by CRP or convulxin, and a normal response towards ADP and thrombin, 

which signal through PLCȕ isoforms (Suzuki-Inoue et al. β00γ). Btk and SFKs 

phosphorylate PLCȖβ at residues Y759 and Y1β17, which are important for the 

catalytic activity and interaction of PLCȖβ with its activator proteins (Kim et al. β004; 

Özdener et al. β00β). 

  The LAT signalosome and its cytosolic adapters SLP-76, Grbβ, and Gads are 

essential in regulating PLCȖ (Zhang et al. 1998). In the absence of SLP-76, activation 

of PLCȖβ by GPVI is nearly eliminated, whereas it is severely or marginally hindered 

in the absence of LAT or Gads, respectively (Judd et al. β00β). For Grbβ deficiency, 

studies on Grbβ–/– mice reported severely impaired GPVI-mediated platelet activation 

and phosphorylation of PLCȖβ (Dütting et al. β014). The Vav family of GDP/GTP 

exchange factors (GEFs) also support the PLCȖ cascade as an adapter protein 

(Kuhne et al. β000). Studies in the mouse KO model revealed a functional redundancy 

between the Vav proteins, as platelets deficient in both Vav1 and Vavγ had reduced 

PLCȖβ phosphorylation and associated functional responses downstream of GPVI 
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(Pearce et al. β004), while platelets from mice deficient only in Vav1, Vavβ, Vavγ, or in 

Vav1/Vavβ, did not reveal such a defect (Pearce et al. β00β). 

 Tec family kinases Btk and Tec also regulate PLCȖ downstream of GPVI. 

Platelets from X-linked agammaglobulinemia (XLA) patients who have a functional Btk 

deficiency show decreased aggregation and PLCȖβ phosphorylation in response to 

collagen and CRP (Quek et al. 1998). Functional redundancy between Btk and Tec 

was described in a mouse KO model, as activation of PLCȖβ by GPVI was marginally, 

moderately or completely abolished in platelet of mice deficient in Btk, Tec, or both, 

respectively (Atkinson et al. β00γ). 

 

1.3.5.2 Ca2+ mobilisation and haemostasis 

 Platelets have a tightly regulated resting cytosolic Caβ+ level that is controlled 

by Caβ+ pumps, such as the sarco-endoplasmic reticulum Caβ+-ATPase (SERCA) and 

the plasma membrane Caβ+-ATPase (PMCA). These Caβ+ pumps transfer cytosolic 

Caβ+ to the endoplasmic reticulum lumen and extracellular medium respectively (Gitz 

et al. β014).  

Elevated cytosolic Caβ+ leads to the activation of multiple signalling proteins and 

pathways, such as PKC, activation of integrins, and granule secretion (Varga‐Szabo 

et al. β009) and is critical for platelet procoagulant actions (Versteeg et al. β01γ). 

Activation of PLC isoforms, via either the tyrosine kinase (PLCȖβ) or the Gqα protein 

(PLCȕ), is a common stimulus for initial cytosolic Caβ+ elevation (Banno et al. 1988). 

InsPγ generated by PLC releases Caβ+ via InsPγ receptors in the endoplasmic 

reticulum membrane (Varga‐Szabo et al. β009). Through the process of store-

regulated Caβ+ entry (SOCE), stromal interaction molecule 1 (STIM1) is a reticular 

membrane protein that senses Caβ+ store depletion and activates the plasma 

membrane Caβ+ channel, ORAI1, which allows the influx of Caβ+ (Varga-Szabo et al. 
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β011). Mice deficient in functional ORAI1 had significantly diminished Caβ+ responses 

to particular platelet agonists, such as adenosine diphosphate (ADP), collagen, or 

thrombin (Bergmeier et al. β009).  

 Platelets have several plasma membrane cation channels that can raise 

cytosolic Caβ+ in response to physiological agonists. Non-selective PβX1 cation 

channels are a fast way to increase Caβ+ once ATP is released from injured cells and 

platelet-dense granules, but are swiftly deactivated (Mahaut-Smith et al. β011). 

Isoforms of the transient receptor potential channels (TRPC), TRPC1 and TRPC6, 

both play a minor role in Caβ+ entry and platelet activation (Hassock et al. β00β; Varga-

Szabo et al. β008).  

 

1.3.6 Measurement of phosphoinositides 

 The isolation, identification and quantification of phosphoinositides are 

challenging because of their low abundance, and their amphipathic nature, with two 

hydrophobic acyl chains and a negatively charged hydrophilic inositol phosphate 

headgroup. Initial research measuring phosphoinositides required the labelling of 

platelets with radioactive [γβP]-phosphate or [γH]-inositol, lipid extraction, thin layer 

chromatography separation, high-performance liquid chromatography (HPLC) 

separation and detection using autoradiography (Serunian et al. 1991; Hama et al. 

β000; Whitman et al. 1988). The method is highly sensitive, but it can only detect 

phosphoinositide turnover, which neglects quiescent phosphoinositide pools. Currently, 

phosphoinositides are measured using liquid chromatography-mass spectrometry 

(LC-MS) (Mujalli et al. β018; Clark et al. β011), confocal fluorescence microscopy with 

phosphoinositide-specific antibodies (Bura et al. β0β1; Bertović et al. β0β0), enzyme-

linked immunosorbent assay (He et al. β016), or mass assay (Chicanne et al. β01β).  

 In the LC-MS-based method, phosphoinositides are extracted by acidified 
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chloroform/methanol (Bui et al. β018; Clark et al. β011; Haag et al. β01β; Jeschke et 

al. β017; Wang et al. β016) or acidic n-butanol/chloroform extraction (Traynor-Kaplan 

et al. β017). The acidification is needed to neutralise the negatively charged inositol 

phosphate headgroup to facilitate its partition in the non-polar phase. The extracted 

phosphoinositides are then derivatised with TMS-diazomethane to methylate the 

phosphate groups (Clark et al. β011; Traynor-Kaplan et al. β017; Wang et al. β016), 

or deacylated with methylamine to remove the acyl chains and produce 

glycerophosphoinositol phosphates (GroPInsPs) (Jeschke et al. β017). The 

methylated phosphoinositides are subsequently separated and detected using 

reverse-phase liquid chromatography (RPLC)-MS. This method provides high 

sensitivity (limit of detection for PtdIns(γ,4,5)Pγ = 0.5 pmol (Clark et al. β011)), 

information about the acyl chain compositions, high quantitative accuracy and high 

throughput. However, it is unable to provide spatial resolution or isomeric resolution, 

which are important in deciphering signalling activities in platelets (Mujalli et al. β018; 

Clark et al. β011). Deacylated GroPInsPs are also measured using RPLC-MS, with 

the need for the addition of an ion-pairing reagent to shield the polar phosphate group 

and facilitate isomer separation. This method has the advantage of separating the 

positional isomers (Jeschke et al. β017), but it is unable to obtain the acyl chain 

information of the lipid, and the additional ion-pairing reagent may contaminate the MS, 

which causes ion suppression that reduces sensitivity, and affect the ionisation pattern 

of ions when it is used for other purposes (Gustavsson et al. β001; Holčapek et al. 

β004). Recently, Morioka et al. and Li et al. have reported a method for measuring 

methylated phosphoinositide isomers using chiral column chromatography with a 

cellulose tris(γ,5-dimethylphenylcarbamate) chiral selector. This can separate isomers 

without losing the ability to measure acyl chain composition. However, the elution order 
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of the isomers and retention time shift due to acyl chain combinations differ between 

the two methods. This suggests that significant method development may be required 

to differentiate between eluted peaks and identify isomers accurately (Morioka et al. 

β0ββ; Li et al. β0β1). This warrants further studies to improve the existing method, 

which can provide both acyl chain and positional isomer information while retaining 

sensitivity and minimising contamination.  

 

1.4 Systems biology and mathematical modelling 

 Systems biology is an integrated method for examining how biological 

processes behave as a whole and comprehending the interactions and 

interdependence of the constituents (Breitling β010). This is in contrast to the 

reductionist approach typically used in biology study, which can identify the role of 

individual pathways or components, but is less capable of understanding the whole 

biological process. Systems biology uses simplified models of cells and organisms, to 

simulate population dynamics (Iannelli et al. β015), regulatory networks (Bolouri β008), 

metabolic networks (Martínez-Gómez et al. β01β) or signalling networks (Purvis et al. 

β008; Dunster et al. β015). Mathematical modelling is commonly used by systems 

biologists for deciphering the operation of complex biological systems and providing 

predictions on potential outcomes. Platelets are an ideal subject for mathematical 

models due to their lack of a nucleus and gene regulatory networks, and the 

complexities associated with defining gene expressions such as binding protein 

transcription factors with DNA and DNA transcription can be avoided. This simplifies 

the construction of metabolic and signalling networks in platelets. 

 

1.4.1 Ordinary differential equation-based model 

 An ordinary differential equation (ODE) based model is a collection of ODEs for 
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simulating concentration changes of multiple species over time. ODEs are one of the 

most widely used models for studying dynamic systems. Many biological processes in 

systems biology, such as signal transduction and gene regulation, can be modelled 

using reaction-rate equations that express the rate of production of one species (e.g. 

proteins, metabolites and mRNA) as a function of the concentration of another species 

in the system. This provides a general framework to model continuous, dynamic 

systems with time elements. 

 

1.4.2 Kinetic modelling of biological networks 

 Different kinds of kinetic equations are utilised to construct a system of ordinary 

differential equations [90; 1γ9]. Mass action kinetics, which was developed by 

Guldberg and Waage in the 19th century (Waage et al. 1864), stating that the rate of 

reaction is proportional to the concentrations and activities of the reactants, provides 

a straightforward description of the rate of a chemical reaction. The reaction rate v in 

mass action kinetics v equals: � = ����, 

where yx is the concentration of the reactant, and ki is the reaction rate constant that 

represents the activity of the reactant. 

 Michaelis-Menten kinetics which was developed by Michaelis and Menten in 

the 19th century (Michaelis et al. 191γ) describes reactions catalysed by enzymes. 

The reaction rate v is determined by: � = ���� ×  ���� + �� , 
where yx is the concentration of the reactant, vmax is the maximum rate of the system, 

and KM is the Michaelis constant, defined as the substrate concentration at half of the 

maximum velocity. Hill equations were developed by A. Hill in 1910 to explain the 
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equilibrium connection between oxygen tension and haemoglobin saturation (Hill 

1910). For species that are involved in multiple reactions, the rate of consumption or 

formation of the species is the sum of all involved reactions. 

  In addition to the choice of kinetics, every species in a network starts with initial 

concentration values for the species. The initial concentration can be determined by 

experimental data or model calibration, a process of estimating parameter values from 

other experimental data (Ashyraliyev et al. β009). Meanwhile, the reaction rate 

constants in biological systems are usually unknown and difficult to obtain 

experimentally compared to the initial concentration and are mostly derived from 

model calibration.  

 

1.4.3 Mathematical models describing the biology of platelets 

 Mathematical models have been developed to study the functional response of 

platelets to agonists and the mechanics of signalling pathways. For example, Dunster 

et al. have developed a model for predicting Syk tyrosine phosphorylation in GPVI-

stimulated signal transduction and suggested that the phosphatase TULA-β (T-Cell 

Ubiquitin Ligand-β) is important in regulating GPVI-mediated phosphorylation (Dunster 

et al. β015).  

 There are also several models of phosphoinositide metabolism in platelets. 

Purvis et al. developed a model that captures GPCR signalling and the PI cycle, which 

can predict the platelet dose-dependent response of Caβ+ flux and InsPγ production 

(Purvis et al. β008). Mazet et al. have described an ODE-based model on the 

phosphatidylinositol cycle and suggested that lipid- and protein-binding proteins help 

regulate PtdIns(4,5)Pβ and InsPγ in GPCR signalling (Mazet et al. β0β0). These 

studies have shown the potential of mathematical models in elucidating platelet 

signalling through the interplay of protein phosphorylation and phosphoinositide 
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metabolism and predicting platelet homeostasis and activation. However, these 

models did not account for other phosphoinositide isomers. For the model by Purvis 

et al., the enzyme copy number and parameters used for model constructions were 

based on cells that are unrelated to platelets. The model simulations by Mazet et al. 

on time course phosphoinositide change are also not physiologically relevant.  

 Future challenges of developing a comprehensive ODE platelet-based 

phosphoinositide model will be to include more platelet-based parameters, utilise 

comprehensive time-course data covering protein phosphorylation and 

phosphoinositides, and expand these ODE models to further capture the interplay 

between platelet receptors and downstream effectors. 
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1.5 Aims of this thesis  

 Phosphoinositide metabolism is deeply integrated with platelet activation and 

function. Whilst the protein phosphorylation cascade and phosphoinositide 

metabolism involved in the GPVI signalling pathways are well established, these 

studies are based on qualitative data and focus on individual pathways, which fail to 

integrate multiple pathways or include kinetic analysis. In addition, existing LC-MS 

methods are not optimised to measure the phosphoinositide positional isomers in 

platelets, despite their significance in signalling. The existing computational models on 

phosphoinositides also possess several limitations.  

 Considering this, the primary aim of this thesis is to comprehensively study 

phosphoinositide signalling in platelets by integrating time-course phosphorylation and 

phosphoinositide data and mathematical modelling. Chapter γ described the 

development of a novel LC-MS-based method for the measurement of 

phosphoinositide positional isomers. Chapter 4 profiled the time-course change in 

phosphoinositides and develops an ODE-based model that represents 

phosphoinositide metabolism downstream of GPVI signalling. The model is validated 

by comparing model predictions with experimental data on the effect of PI4KA inhibitor 

GSK-A1 and OCRL inhibitor YU14β670. 

 On the other hand, GPVI plays a major role in thrombosis and a minor role in 

haemostasis through fibrinogen-GPVI and fibrinogen-integrin αIIbȕγ interactions, 

making it an attractive antithrombotic target. The recently established anti-GPVI Nbβ 

is a potent GPVI antagonist with the potential to be developed into a new 

antithrombotic drug. Multimerisation of Nbβ could enhance the ligand-binding affinity 

up to a point, but could also result in the activation of GPVI. Understanding the 

differential functional effects of multimeric nanobodies could also deepen our 

knowledge of the clustering and activation of GPVI.  
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 Considering this, the secondary aim of the thesis was to investigate the role of 

tyrosine kinase inhibitors, integrin αIIbȕγ and GPVI blockers in GPVI activation and 

platelet aggregation. Chapter 5 investigated whether small molecule inhibitors of Src, 

Syk, and Btk disrupt signalling through GPVI and have better accessibility to the 

aggregate core to reverse tyrosine phosphorylation and aggregation, using 

phosphospecific antibody and Western blot, LTA and flow cytometry. Chapter 6 

described the development and functional characterisation of recombinant dimeric and 

tetrameric Nbβ, and the development of an ODE model that integrates the functional 

data to illustrate the relation of ligand valency with GPVI clustering and activation.
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Chapter 2 

  

Materials and methods 
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2.1 Materials 

1βγ 

2.1.1 Reagents 

Crosslinked collagen related-peptide (CRP) was purchased from Cambcol 

Laboratories (Cambridge, UK). Thrombin was purchased from Roche (Mannheim, 

Germany). Sodium citrate, PPβ, GSK-A1 and YU14β670 were obtained from Sigma-

Aldrich, dasatinib was purchased from LC Laboratories (Woburn, MA, USA), PRT-

060γ18 was purchased from ApexBio (Houston, TX, USA), ibrutinib (PCI-γβ765) was 

from Selleckchem (Munich, Germany), and eptifibatide was from GSK (Brentford, UK). 

Rhodocytin was supplied by Dr Johannes A. Elbe (University of Münster, Germany). 

Thrombin receptor-activating peptide 6 (TRAP-6, Sequence: SFLLRN) was purchased 

from Bachem (Bubendorf, Switzerland). Bicinchoninic acid (BCA) assay was 

purchased from Thermo Scientific (Schwerte, Germany). Nbβ-β and Nbβ-4 plasmid 

constructs were purchased from VIB (Ghent, Belgium). Fura-β acetoxymethyl ester 

and human fibrinogen were obtained from Invitrogen (Waltham, Ma). Pluronic F-1β7 

from Molecular Probes (Eugene OR, USA). 

 For solvent used in mass spectreometry (MS) experiments, MS-grade 

methanol (MeOH) was obtained from Biosolve (Valkenswaard, The Netherlands); 

formic acid (FA), γ7% hydrochloric acid (HCl), chloroform (CHClγ) and methylamine in 

MeOH were from Sigma-Aldrich (Steinheim, Germany); sodium chloride (NaCl), 1-

butanol and isopropanol (IPA) from Merck (Darmstadt, Germany); 

Tris(hydroxymethyl)-aminomethane (Tris) was purchased from Applichem (Darmstadt, 

Germany); For standards, 16:0/16:0 PtdIns4P and 16:0/16:0 PtdIns(4,5)Pβ α-

fluorovinylphosphonate (PtdIns(4,5)Pβ-FP) from Echelon Biosciences (Salt Lake City, 

UT); and 17:0/β0:4 PtdInsγP, 18:1/18:1 PtdIns(γ,4)Pβ, 18:1/18:1 PtdIns(4,5)Pβ, 

18:1/18:1 PtdIns(γ,5)Pβ and 17:0/β0:4 PtdIns(γ,4,5)Pγ from Avanti Polar Lipids 
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(Alabaster, AL).  

2.1.2 Antibodies 

 

Table 2.1 Details of the antibodies used, target, host species, dilution and source 

Antibody Host species Usage Source 

Phosphotyrosine  Mouse  Western Blot (WB) 
1:1000  

Millipore (Watford, 
UK)  

pLAT Tyrβ00  Rabbit  WB: 1:500  Abcam (Cambridge, 
UK)  

pPLCȖβ Tyr1β17  Rabbit  WB: 1:β50  Cell Signalling 
Technology 
(Massachusetts, 
USA)  

pSyk Tyr5β5/5β6  Rabbit  WB: 1:500  Cell Signalling 
Technology 

pBtk Tyrββγ  Rabbit  WB: 1:500 Abcam  
pBtk Tyr551 Rabbit  WB: 1:500 Abcam  
α-Tubulin Mouse WB: 1:1000 Sigma-Aldrich 

Fluorescein 
isothiocyanate-
conjugated anti-
PAC-1 antibody 

(PAC-1-FITC) 

Mouse Flow cytometry 

1:β5 

Invitrogen  

HRP-conjugated 
anti-mouse IgG 

Sheep WB: 1:1000 GE Healthcare 
(Little Chalfont, UK) 

HRP-conjugated 
anti-rabbit IgG 

Donkey WB: 1:1000 GE Healthcare 

 

2.2 Methods 

2.2.1 Preparation of human washed platelets and cell culture 

 Healthy volunteers who gave their consent and had not taken anti-platelet 

medication in the previous ten days had their blood drawn into 4% sodium citrate (1 

mL sodium citrate/10mL blood), followed by a 10:1 addition of acid-citrate-dextrose 

(ACD, 85 mM sodium citrate, 75 mM citric acid, and 111 mM glucose), and 

centrifugation at β00 g for β0 min. The supernatant that was platelet-rich plasma (PRP) 

was centrifuged at 1000 g for 10 minutes in the presence of β.8 M prostacyclin. The 

platelet pellet was resuspended in Tyrodes-HEPES buffer (1γ4 mM NaCl, 0.γ4 mM 
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NaβHPO4, β.9 mM KCl, 1β mM NaHCOγ, β0 mM HEPES, 5 mM glucose, 1 mM MgClβ, 

pH 7.γ) in the presence of β.8 M prostacyclin before a second centrifugation at 1000 

g for 10 min. The platelet pellet was then resuspended in Tyrodes-HEPES buffer and 

allowed to rest for γ0 min at room temperature. 

2.2.2 OP9 Cell culture 

 OP9 cells were grown as described earlier (Park et al. β01β). Briefly, cells were 

grown in Eagle's minimal essential medium (MEM) supplemented with L-glutamine, 

β0% fetal bovine serum (FBS), and 100 U/mL penicillin/streptomycin. Cultures were 

maintained at γ7°C in a humidified atmosphere with 5% COβ, and the medium was 

renewed every 4 days. After reaching 80% confluence, the cells were trypsinised, 

washed with PBS (1γ7 mM NaCl, β.7 mM KCl, 10 mM NaHβPO4, β mM KHβPO4, pH 

7.4) and collected from the culture dish. The cells were aliquoted to 1x107 cells per 

sample, centrifuged at 400 g for 5 min, the supernatant was removed, and the cell 

pellets were shock-frozen in liquid nitrogen. 

2.2.3 P2 fraction preparation from rat hippocampal tissue  

 Rat hippocampus tissue generation and preparation were done in Michael R. 

Kreutz’s lab (University Medical Center Hamburg-Eppendorf, Germany). Subcellular 

fractionation of rat hippocampus was prepared following a previously published 

protocol (Dieterich et al. β016). γ.5 g of rat hippocampal tissue was homogenised in 

10 mL/g buffer A (0.γβ M sucrose, 5 mM HEPES, pH 7.4, supplemented with protease 

and phosphatase inhibitor cocktail) and centrifuged at 1 000 g for 10 min. The resulting 

pellet 1 containing nuclei and cell debris was discarded and the supernatants were 

collected. The supernatants were centrifuged at 1β 000 g for β0 min (Sorvall RC6, 

F1γ-14 x 50cy rotor). The resulting pellet β (Pβ) fraction was collected as the 

hippocampus heavy membrane fraction for further analysis.  
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2.2.4 Expression and purification of nanobodies 

2.2.4.1 Extraction of plasmid DNA from E. coli cells 

 A single colony of E. coli containing the plasmid of interest was grown in 10 ml 

LB in a 50 mL tube supplemented with 100 µg/mL ampicillin overnight at γ7°C with 

shaking at β50 rpm. The cells were spun down at 500 g for 15 min and the supernatant 

was discarded. To purify plasmids from the bacterial pellet, the miniprep kit (Sigma-

Aldrich) was used, according to the manufacturer’s instructions. The plasmid 

concentration was determined by Nanodrop (ODβ80) based on its absorbance at β60 

nm. 

2.2.4.2 Transformation of competent E. coli cells 

 100 ng plasmid DNA was added to a tube of competent cells and incubated on 

ice for γ0 min. The cells were then heat-shocked in a 4β°C warm water bath for 45 s 

and placed back on the ice for 5 min. Afterwards, 500 ml LB solution was added to the 

cells and the cells were incubated at γ7°C for 1 hour under shaking at β50 rpm. 100 

μL of the cell solution was then plated out onto LB-agar plates that were supplemented 

with ampicillin and incubated at γ7°C overnight. On the second day, single colonies 

were picked from the LB-agar plate, the plasmid was purified, and the transformation 

was confirmed by the Sanger sequencing service from Eurofins (Ebersberg Germany). 

2.2.4.3 Expression and purification of nanobodies 

 On day 1, E. coli cells transformed with the plasmid containing nanobody of 

interest were inoculated into 10 ml of LB in the presence of ampicillin (100 µg/mL), 

and the pre-culture incubated at γ7°C overnight with shaking at β50 rpm.  

 On the next day, 1 mL of the pre-culture was added to 1 L of Terrific Broth (TB) 

media (β.γ g KHβPO4,16.4 g KβHPO4.γHβO, 1β g tryptone, β4 g yeast extract, 4 mL 

glycerol) supplemented with 100 µg/mL ampicillin, and incubated at γ7°C with shaking 

at β50 rpm until an optical density at 600 nm (OD600) was reached. Afterwards, 1 mM 
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of Isopropyl ȕ- d-1-thiogalactopyranoside (IPTG, Sigma-Aldrich) was added to the TB 

media to induce nanobody expression, and the media was incubated at β8°C overnight 

with shaking at β50 rpm. 

 On the third day, the pellet in the overnight culture was harvested by 

centrifuging for 15 min at 500 g. The supernatant was discarded, and the cell pellet 

was resuspended in 1β mL TES buffer (0.β M Tris pH 8.0, 0.5 mM EDTA, 0.5 M 

sucrose), followed by 1 hour shaking in a 4°C cold room. After one hour, 18 mL of 

diluted TES buffer (TES diluted 4 times in water) was added to the cells and followed 

by another 1 hour of shaking in 4°C cold room. Afterwards, the cells were centrifuged 

for γ0 min at 8000 rpm at 4°C. Then the supernatant containing proteins extracted 

from the bacterial periplasmic space was collected into fresh falcon tubes. Next, Ni-

NTA resin (Thermo Scientific) was added to the supernatant and incubated for γ0 min 

at room temperature with shaking to allow the nanobody to bind to the resin. After γ0 

min, the mixture was loaded onto a PD-10 gravity column (Cytvia) and washed with 

PBS to remove the unbound proteins. The nanobodies were eluted with 1 mL of 0.5 M 

imidazole in PBS three times. The eluent was dialysed overnight at 4°C against PBS 

to remove imidazole. Agarose gel electrophoresis and nanodrop were used to confirm 

the presence of the nanobody and purity, and the eluent was aliquoted and snap-

frozen with liquid Nβ. 

2.2.5 Phosphoinositides sample preparation, extraction and analysis 

2.2.5.1 Platelet stimulation experiment 

 For Chapter γ, washed platelets at a concentration of 1x109 platelets/mL were 

stimulated with 1 μg/mL CRP or 0.1 U/mL thrombin for 5 min. The pellets were then 

snap-frozen in liquid nitrogen and kept at -80°C after the platelets had been 

centrifuged for 5 min at 640 g at β5°C. 

 For the time point measurement in Chapter 4, washed platelets at a 
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concentration of 1x109 platelets/mL were stimulated with γ0 μg/mL CRP in the 

presence of apyrase (β.5 U/mL) and indomethacin (10 µM), before the addition of 10X 

volume of cold HCl to stop the reaction. The pellets were then shock frozen in liquid 

nitrogen and kept at -80°C after the platelets had been centrifuged for 5 min at 640 g 

at β5°C. 

2.2.5.2 Phosphoinositides extraction 

 For platelet samples, after the addition of β4β μL CHClγ, 484 μL MeOH, βγ.6 

µL 1M HCl, 170 µL water and internal standard (100 pmol of PtdIns(4,5)Pβ-FP) to the 

cell pellets containing 1x108 platelets, the mixture was allowed to stand at room 

temperature for 5 min with occasional vortexing. Next, 7β5 µL of CHClγ and 170 µL 

βM HCl were added to induce phase separation and the samples were centrifuged at 

1 500 g for 5 min at room temperature (Eppendorf, Hamburg, Germany). The lower 

organic layer was then transferred to another tube and dried under a continuous 

stream of nitrogen (1 L/min Nβ at β5°C).  

 The lipid extracts were then deacylated following the protocol of Jeschke et 

al.(Jeschke et al. β017) The dried lipid extracts were resuspended in 50 µL 

methylamine in methanol/water/1-butanol (46:4γ:11) and incubated at 5γ°C for 50 min 

in a thermomixer at 1 000 rpm (Thermomixer Comfort; Eppendorf, Hamburg, 

Germany). Then β5 µL cold IPA was added to the mixture, and the mixture was dried 

under a continuous stream of nitrogen to obtain dried lipid extracts (1 L/min Nβ at β5°C). 

The dried and deacylated lipid extract was resuspended in 50 μL water and stored at 

-80°C before further analysis.  

2.2.5.3 IC−MS/MS 

  IC-MS/MS was conducted using a Dionex ICS-5000 instrument (Thermo 

Fischer Scientific, Darmstadt, Germany) connected to a QTRAP 6500 instrument (AB 
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Sciex, Darmstadt, Germany) that was equipped with an electrospray ion source (Turbo 

V ion source). Chromatographic separation was accomplished with a Dionex IonPac 

AS11-HC column (β50 mm × β mm, 4 μm; Thermo Fischer Scientific) fitted with a 

guard column (50 mm × β mm, 4 μm; Thermo Fischer Scientific). A segmented linear 

gradient was used for the separation of GroPInsP: Initial 15 mM potassium hydroxide 

(KOH), held at 15 mM KOH from 0.0 to 5.0 min, 15 to β5 mM KOH from 5.0 to 15.0 

min, 50 to 65 mM KOH from 15.0 to γ0.0 min, 100 mM KOH from γ0.0 to γ4.0 min, 10 

mM KOH from γ4.0 to γ8.0 min, 100 mM KOH from γ8.0 to 4β.0 min, and 15 mM KOH 

from 4β.0 to 45.0 min. The IC flow rate was 0.γ8 mL/min, supplemented postcolumn 

with 0.15 mL/min makeup flow of 0.01% FA in MeOH. The temperatures of the 

autosampler, column oven and ion suppressor were set at 10, γ0 and β0 °C, 

respectively. The injector needle was automatically washed with water and 5 μL of 

each sample was loaded onto the column. 

 The following ESI source settings were used: curtain gas, β0 arbitrary units; 

temperature, 400°C; ion source gas I, 60 arbitrary units; ion source gas II, 40 arbitrary 

units; collision gas, medium; ion spray voltage, -4500 V; declustering potential, -150 

V; entrance potential, -10 V; and exit potential, -10 V. For scheduled selected reaction 

monitoring (SRM), Q1 and Qγ were set to unit resolution. The collision energy was 

optimised for each GroPInsP by direct infusion of the corresponding deacylated 

standard. The scheduled SRM detection window was set to γ min, and the cycle time 

was set to 1.5 s. Data were acquired with Analyst version 1.6.β (AB Sciex).  

 

2.2.6 InsP1 and Ca2+ mobilisation measurement 
2.2.6.1 Platelet Isolation and Loading with Fura-2 

 Washed platelets were resuspended in HEPES buffer (10 mM HEPES, 1γ6 mM 

NaCl, β.7 mM KCl, β mM MgClβ, 5.5 mM glucose, and 0.1% bovine serum albumin, 
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pH 7.45) to a concentration of β x 108/mL, supplemented with γ µM Fura-β 

acetoxymethyl ester and 0.4 µg/mL pluronic and incubated for 40 min at room 

temperature. After the incubation, apyrase (β.5 U/mL) and 1:15 v/v ACD were added 

to the platelets, followed by another centrifugation at β000 g for β min [48]. The platelet 

pellet was resuspended in HEPES buffer to a concentration of β x 108/mL. 

2.2.6.2 Cytosolic Ca2+ Measurements 

 Platelet cytosolic Caβ+were measured in 96-well plates using a FlexStation γ 

(Molecular Devices, San Jose, CA, USA). In brief, β00 µL of Fura-β loaded platelets 

were pretreated with the stated concentration of GSK-A1, YU14β670, or DMSO as 

vehicle together with apyrase (β.5 U/mL) and indomethacin (10 µM) for 10 min or left 

untreated. After the addition of 1 mM CaClβ or 0.1 mM EGTA, the platelets were 

stimulated by automated pipetting with CRP (10 µg/mL). Changes in Fura-β 

fluorescence were measured over time at γ7°C by ratiometric fluorometry at dual 

excitation wavelengths of γ40 and γ80 nm and an emission wavelength of 510 nm. To 

determine background fluorescence, certain wells contained Fura-β-loaded platelets 

that were lysed with 0.1% Triton-X-100 in the presence of either 1 mM CaClβ or 0.1 

mM EGTA (Feijge et al. 1998). After correction for background fluorescence, [Caβ+]i 

(as nM) was calculated from the fluorescence intensity ratio of γ40/γ80 nm 

(Grynkiewicz et al. 1985). 

 

2.2.6.3 Platelet stimulation and InsP1 ELISA 

 Washed platelets were resuspended in Tyrode's buffer at a concentration of 

8x108 platelets/mL supplemented with 50 mM LiCl which prevents InsP1 hydrolysis. 

Before stimulation, washed platelets were pre-treated with GSK-A1, YU14β670, or 

DMSO as vehicle together with β.5 U/mL apyrase, 10 uM indomethacin for 10 min 

(presence of β.5 U/mL apyrase, 10 uM indomethacin). Afterwards, the washed 
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platelets were stimulated by 10 μg/mL CRP and lysed with 1% lysis buffer (IP-ONE 

ELISA kit, Cisbio, Bedford, MA). After cell lysis, the lysed platelets were snap-frozen 

in liquid nitrogen for future analysis. The InsP1 ELISA was conducted according to IP-

ONE ELISA kit manufacturer’s instructions, and the final result was measured in 96-

well plates using a FlexStation γ (Molecular Devices, San Jose, CA, USA). 

2.2.7 Light transmission aggregometry 

 Platelet aggregation was monitored using a Chrono-log optical aggregometer 

(Labmedics, Manchester, UK) at γ7°C with constant stirring at 1β00 rpm. Washed 

platelets at βx108/mL were used for all experiments. For inhibitors pre-treatment 

studies, platelets were pre-treated for 10 min with inhibitors at the stated concentration. 

The platelets were then stimulated with the stated concentration of agonists, including 

collagen, CRP, TRAP-6 and Nbβ-4. The aggregation traces were then monitored for 

5-60 min. 

 For platelet disaggregation studies, the inhibitors mentioned above were added 

at 150 sec after agonist stimulation, and the aggregation traces were monitored for β0 

min. The degree of disaggregation (%) was calculated based on maximal aggregation 

minus the percentage of aggregation at β0 min after agonist stimulation. 

 

2.2.8 Platelet stimulation for tyrosine phosphorylation study  

 In a Chronolog model 700 aggregometer, washed platelets at 4x108/mL were 

treated in the same manner as the inhibitors pre-treatment studies and the platelet 

disaggregation studies mentioned above. At stated time points after the addition of 

agonists, 5x SDS reducing sample buffer (10% SDS, 0.5 M DTT, 50% glycerol, 0.1β5 

M Tris, pH 6.8) was added to washed platelets to lyse the platelets. The platelet lysate 

was then boiled for 5 min before being stored at -β0°C for future phosphorylation 

analysis using phosphotyrosine-specific antibodies in Western Blot. 
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2.2.9 SDS-PAGE and Western blot 

 Platelet lysates or purified protein samples in SDS-reducing sample buffer were 

boiled for 5 min and separated with SDS-PAGE at 80 V for 15 min, followed by 1β0 V 

for 40 min on a pre-cast, gradient gel (NuPAGE, 4 to 1β%, Bis-Tris, Invitrogen). 

Alongside the samples, a pre-stained molecular weight marker ladder was loaded to 

help with the identification of proteins of interest.  

 After separation, the protein bands on the PAGE gels were transferred to a 

polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo Transfer 

System (Biorad). The blots were blocked with blocking buffer (5% BSA in TBST; β00 

mM Tris, 1.γ7 M NaCl, 0.β% (v/v) Tween-β0, pH 7.6) and were treated overnight with 

primary antibody (diluted 1/1000 in blocking buffer). On the next day, the blots were 

washed with γX TBST and 10 min each, followed by 1-hour incubation with HRP-

conjugated secondary antibody (diluted 1/10000 in TBST) at room temperature. After 

secondary antibody incubation, three 10 min washes with TBST were applied to the 

blots before being incubated with ECL chemiluminescence agents (Thermo, Paisley, 

UK) for 1 min. Membranes were analysed using either ECL autoradiographic film (GE 

Healthcare) used to generate representative western blots or the LiCor Odyssey-FC 

imaging system (LiCor, Cambridge, UK) to quantify the protein bands.  

 

2.2.10 Flow cytometry 

 Washed platelets (βx107/mL) platelets were incubated with PAC-1-FITC for β0 

min and then stimulated with 10 μg/mL CRP at γ7°C. PPβ (β0 µM), PRT-060γ18 (1 

µM) or DMSO were added 150 sec after stimulation and incubated for β0 min at γ7°C. 

Platelets were identified and gated in an Accuri BD Flow Cytometer (BD Biosciences) 

according to the forward and side scatter signals. A total of 10,000 platelet events were 

acquired per sample, and the mean of the fluorescence intensity (MFI) was analysed. 
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2.2.11 Surface plasmon resonance 

Surface plasmon resonance experiments were conducted by Dr Eleyna Martin 

at the University of Birmingham Biacore. Tβ00 (GE Healthcare) was used for surface 

plasmon resonance. Amine-coupling was used to immobilise GPVI directly onto the 

CM5 chip. To block reference surfaces, 1 M of pH 8 ethanolamine was used. At least 

two duplicate injections each cycle were made, along with experimental replicates of 

n = γ. All sensorgrams displayed are double reference removed. Flow rates of γ0 L/min 

were used for the experiments in the HBS-EP running buffer (10 mM HEPES, pH 7.4, 

0.15 M NaCl, γ mM EDTA, and 0.005% v/v surfactant Pβ0) at β5°C. The following 

procedure was used for each concentration of Nbβ-β and Nbβ-4: 1β0-sec injection, 

900-sec dissociation. The Biacore Tβ00 Evaluation software was used to conduct 

kinetic analysis utilising a global fitting to a 1:1 binding model. 

 

2.2.12 Data and statistical analysis 

 GraphPad Prism 7 (GraphPad Software Inc. La Jolla, USA) or Microsoft Office 

β016 was used for all statistical analyses. Unless otherwise stated, data are provided 

as mean ± standard deviation (SD) of the mean, with statistical significance set at p 

<0.05. Welch's t-test, one-way ANOVA multiple comparisons and Tukey’s test were 

used for statistical analysis, as stated in the figure. The dose-response fit in Origin 

(version 8.6, OriginLab, Northampton, MA) was used to fit dose-response curves. 

Chromatographic resolution (R) in Chapter γ is calculated by: ܴ = ͳ.ͳ8 × ሺ ܴ �ܶଶ − ܴ �ܶଵܨ����ଶ +  ଵሻ����ܨ

where RT stands for peak retention time, FWHM for full width at half maximum of the 

peak, and P2 and P1 are the two peaks being compared. 

For MS data, Skyline (64-bit, γ.5.0.9γ19) was used to visualise results, integrate 

signals over time, and quantify all lipids that were detected by MS (Peng et al. β015). 
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For all phosphoinositides, the calibration curves are created in Microsoft Excel by 

plotting the analyte: internal standard area ratio against the concentration of analyte. 

The amount of phosphoinositides was calculated from the calibration curve. For PtdIns, 

the amount in each sample is calculated by analyte:internal standard area ratio times 

amount of internal standard added (Clark et al. β011). The conversion of units in 

Chapters γ and 4 between molecules/platelet used in the model and pmol/mg protein 

used in the phosphoinositides experiment, and nM in InsP1 and Caβ+ assay are based 

on the assumptions that platelets contain 1.5 mg protein/109 platelets (Burkhart et al. 

2012) and that Avogadro's number = 6.023x1023,  
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Chapter 3 

 

Targeted phosphoinositides analysis using 

high-performance ion chromatography-

coupled selected reaction monitoring mass 

spectrometry 
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The work conducted and the results produced in this Chapter have been published 

(Cheung et al., β0β1). 

3.1 Introduction 

 Phosphoinositides are crucial in signal transduction and platelet activation 

(Clapham β007; Balla β01γ; Osaki et al. β004). The quantification and identification of 

phosphoinositides are challenging, because of their high polarity and low abundance 

(Balla β01γ). Multiple reversed-phase liquid chromatography-mass spectrometry 

(RPLC-MS)-based methods have been developed to quantify phosphoinositides, as 

described in Chapter 1. The methods that analyse methylated phosphoinositides were 

able to achieve high sensitivity, and obtain information about the acyl chain 

compositions, but they were unable to provide isomeric resolution, a key for 

understanding phosphoinositides metabolism and signalling (Clark et al. β011; 

Traynor-Kaplan et al. β017; Wang et al. β016). The methods that analyse the 

glycerolphosphoinositol phosphate (GroPInsPs) resulting from phosphoinositides 

deacylation could provide spatial resolution or isomeric resolution (Jeschke et al. β017; 

Jeschke et al. β015), but they required the addition of an ion-pairing reagent to shield 

the polar phosphate group, which could cause ion suppression that reduces sensitivity 

and affects the ionisation pattern of ions (Gustavsson et al. β001; Holčapek et al. β004). 

 To overcome the unwanted effects of adding an ion-pairing reagent, ion 

chromatography (IC) could be an alternative over RPLC for the separation of 

GroPInsPs. In contrast to RPLC which separates molecules based on their 

hydrophobicity, IC is well-established for the analysis of hydrophilic or polar 

metabolites. However, the presence of salt in the IC eluent can severely reduce 

molecule ionisation efficiency, making it unsuitable for use with MS (Metwally et al. 

β015). The recent development of eluent suppression technology that desalts the 

eluent in IC allowed the coupling of IC with MS for targeted metabolites detection (such 
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as carbohydrates, organic acids, and sugar phosphates) or untargeted metabolomics 

profiling (Burgess et al. β011; Hu et al. β015; Wang et al. β014). However, its 

application to phosphoinositides analysis has not yet been explored.  
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3.2 Aims 

 This chapter aims to develop an IC-MS-based method for the identification and 

quantification of the phosphoinositide's positional isomers. The method validity is 

assessed by extraction efficiency, peak resolution, retention time stability, MS and 

MS/MS profile, sensitivity and calibration curve range and linearity. The developed 

method was subsequently validated in biological matrices including stimulated 

platelets, OP9 cells and rat brain tissues. 
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3.3 Results 

3.3.1 Establishing profiling strategies for phosphoinositides.  

 The quantitative IC-MS/MS approach for phosphoinositides analysis developed 

in this chapter comprises an optimised extraction and deacylation workflow, the 

inclusion of internal standards for absolute quantification, and a specific IC-MS 

acquisition method, to yield a comprehensive quantitative workflow, as shown in the 

schematic Figure γ.1.  

3.3.1.1 Extraction strategies for phosphoinositides.  

The workflow employed in this chapter combined the acidified 

chloroform/methanol method established by Clark et al. (Clark et al. β011), with the 

deacylation protocol adopted from Jeschke et al (Jeschke et al. β017). In this workflow, 

the samples were first spiked with a constant amount of synthetic internal standards 

PtdIns(4,5)Pβ-FP for normalisation, followed by lipid extraction. PtdIns(4,5)Pβ-FP is a 

metabolically stabilised counterpart of PtdIns(4,5)Pβ with an α-fluoro vinyl-

phosphonate group rather than a phosphodiester link (Figure γ.βB). The extracted 

phosphoinositides are deacylated with methylamine to remove the fatty acid chain and 

generate GroPInsPs. The GroPInsPs were dried with a nitrogen stream and 

reconstituted in water before IC-MS/MS analysis.  

 The extraction efficiency of the workflow is next confirmed by injecting 

unstimulated human platelets with phosphoinositides standards before or after 

extraction (Figure γ.βA). The recoveries for PtdIns4P, PtdIns(4,5)Pβ, and 

PtdIns(γ,4,5)Pγ were determined to be 10γ ± 1β%, 109 ± 11% and 1γ4 ± 1γ%, 

respectively, indicating that the phosphoinositides were extracted with good recoveries 

and low variations. The higher recovery could be due to interference with the matrix. 
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Figure 3.1 Flowchart for the analysis of targeted phosphoinositides analysis 
using an IC-MS system. Phosphoinositides were isolated from platelets, OP9 cells, 
and rat hippocampus brain tissue using acidified chloroform/methanol and 
subsequently deacylated with methylamine. The phosphoinositides were then 
separated by a KOH gradient on an anion-exchange column and evaluated using 
selected reaction monitoring (SRM). Skyline was used to analyse the data, and the 
absolute amounts of each positional isomer were calculated. 

 

Figure 3.2 Extraction efficiency of the phosphoinositides extraction and 
derivatisation workflow. (A) Bar chart showing the peak area of the 
phosphoinositides with endogenous and internal standards spiked into unstimulated 
human platelets before (grey) or after (white) extraction. Results are presented in 
mean ± SD. n = γ (B) Structure of internal standard 16:0/16:0 PtdIns(4,5)Pβ α-
fluorovinyl-phosphonate (PtdIns(4,5)Pβ-FP). 
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3.3.1.2 Optimisation of IC method for phosphoinositides analysis.  

 Following extraction and deacylation, the GroPInsPs in the samples were 

separated in ion chromatography by an anion exchange column and eluted using a 

KOH gradient based on the negative charges on the analyte molecules. Following the 

removal of hydroxide ions in the eluent by the ion suppressor, the output flow was 

mixed with a make-up flow of 0.01% FA in MeOH and analysed in the MS.  

 The IC gradient for resolving GroPInsPs was subsequently optimised to 

improve GroPInsPs positional isomers resolution. The performance of the gradient 

used in this chapter (Gradient C) was compared with other IC gradients that were 

previously reported for metabolomics analysis (Gradient A and B) (Burgess et al. 

β011z; Wang et al. β014). In Figure γ.γA, the gradient was represented by the black 

dotted line and the total ion chromatogram of the three GroPInsPs classes in coloured 

solid lines. All three gradients can separate GroPInsP, GroPInsPβ and GroPInsPγ. For 

the three GroPInsP positional isomers (Figure γ.γB), all investigated gradients were 

unable to distinguish GroPInsγP from GroPIns5P because of their structural 

similarities. For GroPIns4P and GroPInsγP + GroPIns5P, gradient B [chromatographic 

resolution (R), 100%] and C (R, 100%) yielded better separation than gradient A (R, 

70.β%). For the three GroPInsPβ positional isomers, gradient C and A outperforms 

gradient B, with better resolutions between GroPIns(γ,4)Pβ and GroPIns(4,5)Pβ (A: 

104%, B: 75% and C: 100%) and between GroPIns(4,5)Pβ and GroPIns(γ,5)Pβ (A: 

96%, B: 70% and C: 100%). These results show that the optimised gradient C utilised 

in this study is the best option for separating the GroPInsP and GroPInsPβ classes. 
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Figure 3.3 Comparison of IC gradients. (A) Total ion chromatogram (TIC) of the 
GroPInsP standard mix spiked into unstimulated platelet extracts and the IC gradient 
of gradients A, B, and C. The left axis shows the relative abundance of the ions in the 
TIC, and the right axis shows the concentration of KOH used in each gradient. (B) 
Extracted ion chromatogram (XIC) of the GroPInsP, gradients C and B yielded better 
separation gradient A. All three gradients failed to resolve GroPInsγP from GroPIns5P. 
(C) XIC of GroPInsPβ, gradients C and A yielded better separation than gradient B. 
The IC gradients of gradients A, B, and C are derived from references 11 and 1γ and 
this study, respectively. 
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 The elution time stability of gradient C was also examined across 110 injections 

of standards and phosphoinositides-containing samples derived from human platelets, 

OP9 cells, and hippocampal Pβ fraction (Figure γ.4). The retention times for 

GroPIns4P, GroPIns(4,5)Pβ, GroPIns(γ,4,5)Pγ, and GroPIns(4,5)Pβ-FP were 1γ.18 ± 

0.11 min, ββ.1γ ± 0.08 min, β8.87 ± 0.β4 min, and ββ.0γ ± 0.09 min, respectively, 

showing that the IC technique for GroPInsP separation is highly reproducible. 

 

 

Figure 3.4 Elution time stability of gradient C. The elution times of the GroPInsP 
standards and phosphoinositide-containing materials taken from human platelets, 
OP9 cells, and rat hippocampus brain tissue in a large number of injections (n = 40) 
are shown in (A) dot plot and (B) violin plot. 

 

3.3.1.3 Quantification of phosphoinositides using targeted mass spectrometry.  

 The selection reaction monitoring mode was used in the MS for 

phosphoinositides measurement. Because of deacylation, all GroPInsPs with the 

same number of phosphates has the same mass which simplified the mass spectra. 

The fragment-ion spectra of GroPInsP, GroPInsPβ, and GroPInsPγ classes are shown 

in Figure γ.5A. The collision energy for GroPIns(γ,4,5)Pγ was selected to be -γβ eV 

and -β7 eV for the other precursor molecules (Table γ.1). Collision-induced 
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dissociation of these headgroups led to the formation of fragments that lost −CγH7O5P, 

−HβO, or −OγP molecules. However, it was observed that GroPInsPs with the same 

number of phosphate also share identical MSβ fragmentation patterns (Figure γ.5B). 

As a result, an optimal LC gradient was required to separate and identify the GroPInsP 

and GroPInsPβ isomers (gradient C in Figure γ.γ).  

 

Table 3.1 SRM transition list used for GroPInsPs analysis. A summary of the 
monitored quadrupole 1 (Q1) mass, quadrupole γ (Qγ) mass, collision energy and 
monitoring window for each GroPInsP species. m/z = mass-to-charge ratio, eV = 
electronvolt. 

 

 

Species 

Q1 
Mass 
(m/z) 

Q3 
Mass 
(m/z) 

Collision 
energy 

(eV) 

Monitoring 
window 

(min) 
Glycerophosphoinositol 

phosphate 
(GroPInsP) 413 241 -27 11 - 17 

Glycerophosphoinositol 
bisphosphate 
(GroPInsP2) 493 395 -27 21 - 25 

Glycerophosphoinositol 
triphosphate 
(GroPInsP3) 573 321 -32 26 - 32 

Glycerophosphoinositol (4,5)-
bisphosphate α-fluorovinyl-

phosphonate 
(GroPIns(4,5)P2-FP) 509 411 -27 21 - 25 
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Figure 3.5 GroPInsPs fragment ion spectra. Standard phosphoinositides were 
isolated, deacylated into GroPInsPs and injected into IC-MS/MS for analysis. 
Fragment-ion spectra of (A) GroPInsP, (B) GroPInsPβ, and (C) GroPInsPγ. Collision-
induced dissociation led to the formation of fragments that lost −CγH7O5P, −HβO, or 
−OγP molecules. (D) The three GroPInsPβ isomers had similar MSβ fragmentation 
patterns and fragment ion ratios at a collision energy of -β7 eV.  
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 To increase accuracy in quantifying phosphoinositides, the internal calibration 

curve technique was adopted. Unstimulated human platelets were spiked with known 

levels of phosphoinositides and 100 pmol internal standard PtdIns(4,5)Pβ-FP. The area 

ratio was computed by dividing the greatest intensity fragment at -β7 eV for GroPInsP, 

GroPInsPβ, and GroPInsPγ by the internal standard at -β7 eV. The obtained calibration 

curves had a good degree of linearity (Rβ ≈ 0.99) and ranged from γ1β.5 fmol to 10 

pmol (Figure γ.6). These findings suggest that using a synthetic internal standard, 

PtdIns(4,5)Pβ-FP, to adjust for recovery during extraction, deacylation, and the IC-

SRM test is a sensitive and robust approach for quantifying phosphoinositides. 

 The method's limit of detection (LOD) and limit of quantification (LOQ) were 

defined as the analyte concentration necessary to generate a signal intensity three or 

ten times greater than the noise signal, respectively. Using these criteria, the LOD and 

LOQ of GroPIns(γ,4,5)Pγ were γ1β.5 fmol (S/N >γ) and 6β5 fmol (S/N > 10), 

respectively (Figure γ.7).  
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Figure 3.6 Internal standard calibration curve for absolute quantification of 
GroPInsPs. The phosphoinositides were extracted and deacylated after serially 
diluted phosphoinositides standards and 100 pmol of the internal standard 
PtdIns(4,5)Pβ-FP were spiked into unstimulated human platelet extracts. The areas 
underneath the XIC peaks of (A) GroPInsγP, (B) GroPIns4P, (C) GroPIns(γ,4,5)Pγ, (D) 
GroPIns(γ,4)Pβ, (E) GroPIns(4,5)Pβ, and (F) GroPIns(γ,5)Pβ were divided by the 
internal standard, and the area ratio was plotted against the quantity of the species 
spiked. The calibration curve, data points, and Rβ value (n = γ replicates) are displayed. 
 

 

Figure 3.7 Limit of detection and limit of quantification of PtdIns(3,4,5)P3. The 
XIC of fragment ion of GroPIns(γ,4,5)Pγ at γβ1 m/z where γ.1β5 pmol and 6.β5 pmol 
PtdIns(γ,4,5)Pγ standard were spiked into unstimulated human platelets extract, with 
1/10 of the sample injected into the IC. Signal-to-noise ratio = γ.9 for γ1β.5 fmol and 
1β.5 for 6β5 fmol. 
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3.3.2 Phosphoinositides profile in biological samples.  

 The method was applied to pre-adipocyte OP9 cells, rat brain tissue and human 

platelets to illustrate its effectiveness in biological matrices. It was also able to quantify 

the phosphoinositides' positional isomers and the rapid phosphoinositides profile 

changes in human platelets upon CRP and thrombin stimulation.  

3.3.2.1 Phosphoinositides profile in resting and stimulated human platelets.  

 The levels of PtdIns4P, PtdIns(γ,4)Pβ, and PtdIns(4,5)Pβ in resting platelets 

were found to be 94.7 ± 11.1, γ.1 ± 0.β and 59.β ± 1β.4 pmol/1x108 platelets, 

respectively (Figure γ.8A). Previous research found that the levels of PtdIns4P and 

PtdIns(4,5)Pβ in platelets were 150-β45 and 55-1γ9 pmol/1x108 platelets respectively 

(Perret et al. 198γ; Tysnes 199β; Mauco et al. 1984), using radioactive labelling-based 

measurement. We were unable to detect PtdInsγP or PtdIns5P in the platelet samples, 

likely due to their lower abundance compared to PtdIns4P. As a result, the peak of 

PtdIns4P may have overshadowed those of PtdInsγP and PtdIns5P during analysis. 

The phosphoinositide levels obtained in the current investigation are consistent with 

prior findings, demonstrating the reliability of the workflow (Figure γ.8B). 

 To demonstrate that the workflow can detect transitory changes in 

phosphoinositides signalling, the influence of CRP and thrombin on phosphoinositides 

metabolism in stimulated human platelets was investigated (Figure γ.9). After 5 min of 

CRP treatment, the level of PtdIns4P and PtdIns(4,5)Pβ were increased by β fold, from 

104γ.6 ± βγ7.1 to β079.6 ± γ9γ.7 pmol/mg protein (P<0.01) and 1.5 fold, from 67β.β 

± 116.6 to 1008.β ± 174.9 pmol/mg protein (P<0.05) respectively, due to the increased 

activity of phosphatidylinositol cycle, including phosphoinositides kinase PIP4K and 

PIP5K as previously reported (Perret et al. 198γ; Wilson et al. 1985). Furthermore, 

PtdIns(γ,4)Pβ was increased by 4.γ fold, from γ4.0 ± 6.6 to 146.0 ± β9.5 pmol/mg 

protein (P<0.001) after 5 min of stimulation, probably resulting from the 
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dephosphorylation of PtdIns(γ,4,5)Pγ by phosphoinositides phosphatases SHIP that 

is present in platelets (Kavanaugh et al. 1996; Kisseleva et al. β000). The use of a 

threshold concentration (0.1 U/mL) of thrombin as a stimulus, on the other hand, did 

not result in a significant change in PtdIns4P or PtdIns(4,5)Pβ profiles, but it did result 

in a β-fold rise in PtdIns(γ,4)Pβ, from γ4.0 ± 6.6 to ββ.β ± 70.β pmol/mg protein 

(P<0.01). For PtdIns(γ,4,5)Pγ, it was originally undetectable in unstimulated platelets 

and became detectable after simulation with CRP (4.0 ± 16.7 pmol/mg protein) or 

thrombin (41.5 ± 46.9 pmol/mg protein). 

 

 

Figure 3.8 Resting phosphoinositides amount in platelets, OP9 pre-adipocytes, 
and rat hippocampus heavy membrane fraction. (A) Bar chart showing 
phosphoinositides profile in different biological samples, including human platelets, 
OP9 pre-adipocytes cell culture, and rat hippocampus heavy membrane fraction. 
Results are presented in mean ± SD. n = γ. The phosphoinositides quantified in (B) 
unstimulated human platelets and (C) hippocampus heavy membrane fraction were 
compared with previous reports.  
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Figure 3.9 Effect of CRP and thrombin on human platelets phosphoinositides 
profile. Box plot showing changes in the phosphoinositides species, including (A) 
PtdIns4P, (B) PtdIns(γ,4)Pβ, (C) PtdIns(4,5)Pβ, and (D) PtdIns(γ,4,5)Pγ in human 
platelets after thrombin and CRP stimulation, quantified by internal calibration curve, 
with a half-violin plot showing the distribution of phosphoinositides of each donor. Each 
colour represents one of four different donors as biological duplicates, and each dot 
represents one of the technological duplicates. Results are presented in mean ± SD. 
*P < 0.05, **P < 0.01, and ***P < 0.001 calculated by Welch’s t-test indicate statistically 
significance. ns, not significant. N.D., not detectable (n = 4 donors). 
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3.3.2.2 Phosphoinositides profile in OP9 pre-adipocytes and rat hippocampus. 

 OP9 cells are pre-adipocytes that can differentiate into mature adipocytes 

(Wolins et al. β006). Most phosphoinositide species were detected in OP9 cells extract 

(Figure γ.8A), and the concentration of PtdInsγP + PtdIns5P, PtdIns4P, PtdIns(γ,4)Pβ, 

PtdIns(4,5)Pβ, and PtdIns(γ,4,5)Pγ were 11.1 ± 4.6, 160 ± 4, β1.8 ± 8.0, 6γ0 ± 5γ, and 

18.0 ± 5.4 pmol/mg protein, respectively.  

 In the Pβ membrane fraction enriched from rat hippocampus, three 

phosphoinositides species were identified, including PtdIns4P, PtdIns(4,5)Pβ and 

PtdIns(γ,4,5)Pγ, and their concentrations were 901 ± 116, 1560 ± 540 and 6.8 ± β.0 

pmol/mg protein, respectively (Figure γ.8A). In comparison to earlier research that 

estimated the levels of PtdIns4P and PtdIns(4,5)Pβ to be 1400 and γ860 pmol/mg 

protein (Baker et al. 197β) (assuming 114 mg/g protein in the rat hippocampus (Banay-

Schwartz et al. 199β)), the phosphoinositides levels reported in this study were 

consistent with prior studies and was also capable of detecting PtdIns(γ,4,5)Pγ (Figure 

γ.8B), confirming the increased sensitivity of the selected technique. 

 

3.4 Discussion 

 The use of IC rather than RPLC to separate GroPInsP retained the ability to 

separate the positional isomers while avoiding the requirement for ion-pairing reagents 

such as dimethylhexylamine (DMHA) in the eluent, which is added to shield the polar 

inositol phosphate headgroup and facilitate isomers separation using RPLC. This is a 

significant advantage of the current method over the RPLC method as ion-pairing 

agents are known to contaminate the MS equipment, cause ion suppression which 

lowers the MS detection sensitivity, and affects the ionisation pattern of ions, hindering 

the use of the same MS instrument for analysis of other analytes (Gustavsson et al. 

β001; Holčapek et al. β004).  
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 Wang et al. have reported an RPLC-based method for analysing methylated 

phosphoinositides, with the ability to separate the positional isomers with no ion-

pairing agents (Wang et al. β016). However, high concentrations of lithium ions (10 

mM Li+) have to be added to the sample to form lithiated adduct ions, which affects 

the ionisation pattern of ions, hindering the use of the same MS instrument for analysis 

of other analytes. In addition, the positional isomers ratios were determined based on 

the ratio of phosphoinositides-lithiated adduct ions, which could easily be changed if 

a different sample matrix is used, reducing the robustness and accuracy of the method. 

 Morioka et al. and Li et al. have recently described a technique for measuring 

methylated phosphoinositide isomers using chiral column chromatography and a 

cellulose tris(γ,5-dimethylphenylcarbamate) chiral selector. The method allows for the 

separation of isomers while maintaining the ability to measure acyl chain composition. 

However, there are differences in the elution order of isomers and retention time shifts 

between the two methods, and it is unclear if the elution order will be affected by the 

acyl chain combination as both methods only reported the elution order of 

phosphoinositides with the same fatty acyl chains 17:0/β0:4  (Morioka et al. β0ββ; Li 

et al. β0β1). 

 The IC-MS workflow reported in this chapter is able to detect GroPIns(γ,4,5)Pγ 

with a LOD of γ1β.5 fmol. This is comparable with the most sensitive method reported 

so far by Clark et al. which reported a limit of detection of β50 pg (equivalent to β50 

fmol) C18:0/Cβ0:4-PtdIns(γ,4,5)Pγ, with added positional isomers resolution (Clark et 

al. β011).  

 The study from Mujalli et al. has reported that a 10 min CRP treatment in human 

platelets raised the level of PtdIns4P and PtdIns(4,5)Pβ by 1.5 and 1.β5 times, 

respectively, similar to the current report (Mujalli et al. β018). However, their study was 
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unable to differentiate PtdIns(γ,4)Pβ from PtdIns(4,5)Pβ. Knowing and differentiating 

the level of PtdIns(4,5)Pβ and PtdIns(γ,4)Pβ would provide information about the 

formation and flux change of PtdIns(γ,4,5)Pγ, because PtdIns(γ,4)Pβ is a product of 

SHIP1 and SHIPβ, two PtdIns(γ,4,5)Pγ 5-phosphatases that are known to regulate the 

level of PtdIns(γ,4,5)Pγ in platelets (Kisseleva et al. β000).  

 The presence of insulin-like growth factor 1 (IGF1) in FBS in culture media, 

which activated the IGF1 receptor on the cell surface and resulted in the creation of 

PtdIns(γ,4,5)Pγ and derived species, might explain the increased variety and detection 

of PtdIns(γ,4,5)Pγ in OP9 cells (Kurtz et al. 1985; Ridderstråle et al. 1995). Previous 

studies have also reported the production of PtdIns(γ,4,5)Pγ in other pre-adipocyte cell 

lines such as γTγ-L1 upon IGF1 stimulation, which induced pre-adipocyte growth and 

survival (Gagnon et al. β001; Sorisky et al. 1996). 

 In conclusion, this chapter reported an IC-MS-based workflow that greatly 

improves isomer resolution in phosphoinositide analysis which can be used to 

investigate the phosphoinositide composition in platelets, pre-adipocytes, and rat 

hippocampus membrane fraction. Except for GroPInsγP and GroPIns5P, this 

approach was able to isolate the physiologically important GroPInsPs isomers and 

reach a LOD and LOQ for phosphoinositides of γ1β.5 fmol and 6β5 fmol, respectively. 

The approach enhances sample preparation and analysis, resulting in increased 

confidence in phosphoinositide separation and quantification. The workflow's 

adaptability and capacity to uncover unique functions performed by each of the 

phosphoinositides are demonstrated by its application to diverse cell types and tissues. 
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Chapter 4  

 

Development of a mathematical model of 

platelet phosphoinositide metabolism  
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4.1 Introduction 

Phosphoinositides metabolism is deeply integrated with major signalling 

pathways such as G protein-coupled receptors (GPCRs) or tyrosine kinase receptors 

in all cell types, including the glycoprotein VI (GPVI) signalling cascade and Caβ+ 

mobilisation, as discussed in Chapter 1. Given the importance of phosphoinositides to 

subcellular signalling, many mathematical models incorporate these lipids, though 

often in a reduced form. Several mathematical models capture the interaction of 

lamellipodium and cell polarisation, which included PtdIns(4,5)Pβ, PtdIns(γ,4,5)Pγ, 

phosphoinositide γ-kinase (PIγK) and phosphatase and tensin homolog (PTEN), and 

explored their role in shape changes and chemotaxis (Marée et al. β01β; Dawes et al. 

β007). Olivença et al. developed a detailed mathematical model that captures the 

complete phosphoinositide pathway that accounts for all species of phosphoinositides 

and their interconverting enzymes (Olivença et al. β018). The authors validated the 

model by predicting the effect of small interfering ribonucleic acid (siRNA) knockdown 

of phosphoinositides kinase and phosphatase on steady-state PtdIns(4,5)Pβ level in 

human alveolar epithelial cells. The time-dependent model comprising a system of 10 

ordinary differential equations (ODEs) and 19 kinetic parameters were calibrated to 

steady-state data, neglecting the transient nature of the pathway. 

 Other recent studies attempt to describe mathematical elements of 

phosphoinositide metabolism in platelets. Diamond et al. developed a homogeneous 

mathematical model that captures GPCR signalling and the phosphatidylinositol cycle 

(PI cycle), which can predict the platelet dose-dependent response of Caβ+ 

mobilisation and inositol trisphosphate (InsPγ) production (Purvis et al. β008). However, 

the author utilised 11 enzyme copy numbers and parameter values for model 

simulations that were taken from data from cells and tissues that are unrelated to 

platelets, such as rat liver, human cerebrospinal fluid, plant cells and yeast cells. These 
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approximations cover enzymes participating in phosphoinositides metabolism, 

including phosphatidylinositol-4-phosphate kinase, inositol monophosphate, inositol-

1,4-bisphosphate 1-phosphatase, diacylglycerol kinase and cytidine diphosphate-

diacylglycerol synthase. In addition, the model incorporates a reduced representation 

of the phosphoinositide pathway but neglects other phosphoinositide species such as 

PtdIns(γ,4,5)Pγ and PtdIns(γ,4)Pβ. 

 Mazet et al. developed an ODE-based mathematical model that captured the 

PI cycle in platelets (Mazet et al. β0β0). The author took parameter values from the 

literature and adjusted them so that simulations match experimental data and 

suggested that lipid- and protein-binding proteins help regulate PtdIns(4,5)Pβ and 

InsPγ in GPCR signalling. Nevertheless, the model predicted changes of 108 

molecules of inositol or PtdIns in less than 10 sec which we believe is too drastic to be 

physiologically relevant, as the majority of enzymes have turnover rates between 1 

and 10,000. (Smejkal et al. β019; Eremin et al. β008).  
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4.2 Aims 

 The protein phosphorylation cascade and phosphoinositide metabolism 

downstream of GPVI signalling is well understood, as outlined in Chapter 1. Many of 

these studies, however, focus on single routes and do not combine several pathways 

or involve kinetic analyses. This chapter aims to develop a new dynamic mathematical 

description of phosphoinositide metabolism in platelets that is inferred from and 

validated against experimentally consistent high-density data. The model is calibrated 

against experimental data describing the time course of 5 phosphoinositides species 

(PtdIns, PtdIns4P, PtdIns(4,5)Pβ, PtdIns(γ,4)Pβ and PtdIns(γ,4,5)Pγ) and tyrosine 

phosphorylation of Linker for activation of T cells (LAT) at Yβ00 and phospholipase C 

(PLCȖβ) at Y1β17, which represent the CRP stimulus on phosphoinositides 

metabolism. The model is subsequently used to predict the effect of 

phosphatidylinositol 4-Kinase A (PI4KA) inhibitor GSK-A1 and inositol polyphosphate-

5-phosphatase (OCRL) phosphatase inhibitor YU14β670 on phosphoinositides 

metabolism and platelet activation, and cross-validated with inositol monophosphate 

(InsP1) and Caβ+ measurements. 
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4.3 Results 

4.3.1 Development of mathematical model on phosphoinositides metabolism 
downstream of GPVI signalling 

4.3.1.1 Details of the model network, reactions and parameters 

 The mathematical model describing phosphoinositides metabolism 

downstream of GPVI signalling was developed together with Dr Joanne Dunster at the 

University of Reading. The model is developed using ODEs and as such is based on 

two assumptions: (i) all species that are located in the same compartment are evenly 

distributed, and (ii) all reactions in the model follow the law of mass action which states 

the rate of reaction is proportional to the concentration of the reactant and the rate 

constant. In the model, the reactions that comprise the phosphoinositide pathway are 

determined based on the copy number of the relevant enzyme in platelets, as shown 

in Figure 4.1 (Balla β01γ; Burkhart et al. β01β). This is a simplified interpretation of the 

phosphoinositide pathway that neglects regulation via kinases and phosphatases and 

any diffusion or trafficking happening in the cytosol and the inner membranes, and 

represents the ER-PM membrane contact site (MCS) that is emerged in response to 

agonist stimulation and facilitates lipid-transfer proteins to shuttle phosphatidic acid 

and PtdIns back and forth across membranes. 

 In Model 1, we integrated phosphoinositides metabolism with collagen-related 

peptide (CRP)-induced activities of PIγK and phospholipase C-Ȗβ (PLCȖβ), which 

convert PtdIns(4,5)P2 into PtdIns(3,4,5)P3 and hydrolyse PtdIns(4,5)P2 into InsPγ in 

the plasma membrane compartment (PM). We assumed all phosphoinositide species 

are in the PM. This is supported by a staining study showing that PtdIns4P and 

PtdIns(4,5)P2 are localised in the PM of resting and activated platelets (Bura et al. 

2021). We also incorporated the PI cycle to recycle the hydrolysed PtdIns(4,5)Pβ with 

no dead-end species. To increase the ability of the model to be inferred from the data, 
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the rest of the PI cycle is reduced to three components InsPγ, InsP1 and Ipool, which 

comprises inositol and other inositol phosphates, residing in the cytosol (Cyt) 

compartment. Similarly, the variable Ppool localises at the PM compartment and 

comprises PtdInsγP, PtdIns5P, and PtdIns(γ,5)Pβ, which are unable to be measured 

by the IC-MS method due to their low abundance and overlap with the more prominent 

species PtdIns4P and PtdIns(4,5)Pβ. We have also excluded diacylglycerol (DAG), 

phosphatidic acid, and cytidine diphosphate diacylglycerol (CDP-DAG) which are part 

of the PI cycle from the model, primarily because of a lack of data on their time-course 

changes or initial amount. We have instead incorporated these species into Ipool, 

which reduces the number of variables and parameters in the model, and prevent 

potential overfitting. 

 This model was modified (named Model β) to consider the transportation of 

phosphatidylinositol from Cyt to PM compartment by phosphatidylinositol transfer 

protein type α (PITPα), which was shown to contribute to thrombin-induced InsPγ 

production in platelets (Zhao et al. β017). The goal of this adjustment is to slow down 

the flux of PtdIns conversion to PtdIns4P in an effort to improve the simulations. 
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Figure 4.1 Network diagram of the phosphoinositides metabolism model.  
Network diagram of (A) Model 1 and (B) Model β. Variables are represented by square 
boxes and the parameter associated with each process is placed next to the relevant 
arrow. See Tables 4.1 and 4.β for a description of the variables and parameters. In 
Model β, an additional species PtdIns (Cyt) and 1 new parameter θ6 are added to 
incorporate the transportation of phosphatidylinositol from Cyt to PM compartment. 
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 Utilising mass-action kinetics, the network diagram in Figure 4.1A is translated 

into the following system of nine ODEs for Model 1:  

݀�ଵ݀ݐ = �ଶ�଻ − ଵ�ଵݎ + ଵ�ଶ−ݎ − �ଷ�ଵ + �−ଷ�଺, (1.1) 

݀�ଶ݀ݐ = ଵ�ଵݎ − ଵ�ଶ−ݎ − ଶ�ଶݎ +  ଶ�ଷ, (1.β)−ݎ

݀�ଷ݀ݐ = ଶ�ଶݎ − ଶ�ଷ−ݎ − ଷ�݉�ݐݏଵݏ − ଷ�݉�ݐݏଶݏ + ଷ�ହ−ݎ − �ହ�ଷ + �−ହ�଺, (1.γ) 

݀�ସ݀ݐ = ହ�ହݎ  − �ସ�ସ + �−ସ�଺, (1.4) 

݀�ହ݀ݐ = ଷ�݉�ݐݏଶݏ  − ଷ�ହ−ݎ  −  ହ�ହ, (1.5)ݎ 

݀�଺݀ݐ = �ଷ�ଵ − �−ଷ�଺ + �ହ�ଷ − �−ହ�଺ + �ସ�ସ − �−ସ�଺, (1.6) 

݀�଻݀ݐ = ଵ�ଵ଴ݍ − �ଶ�଻, (1.7) 

ݐ଼݀�݀ = ଷ�݉�ݐݏଵݏ − �ଵ�଼, (1.8) 

݀�ଵ଴݀ݐ = �ଵ�଼  −  ଵ�ଵ଴ . (1.9)ݍ 

  

 The function stim(t) that appears in Equations 1.3, 1.4 and 1.8 captures the 

effect of CRP stimulus on phosphoinositides metabolism i.e. activation of PIγK and 

PLCȖβ. This assumes that any changes in phosphoinositides metabolism do not affect 

tyrosine phosphorylation.   
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 Similarly, the network diagram in Figure 4.1B can be translated into the 

following system of ten ODEs for Model β:  

݀�ଵ݀ݐ = �଺�ଽ − ଵ�ଵݎ + ଵ�ଶ−ݎ − �ଷ�ଵ + �−ଷ�଺, (β.1) 

݀�ଶ݀ݐ = ଵ�ଵݎ − ଵ�ଶ−ݎ − ଶ�ଶݎ +  ଶ�ଷ, (β.β)−ݎ

݀�ଷ݀ݐ = ଶ�ଶݎ − ଶ�ଷ−ݎ − ଷ�݉�ݐݏଵݏ − ଷ�݉�ݐݏଶݏ + ଷ�ହ−ݎ − �ହ�ଷ + �−ହ�଺, (β.γ) 

݀�ସ݀ݐ = ହ�ହݎ  − �ସ�ସ + �−ସ�଺, (β.4) 

݀�ହ݀ݐ = ଷ�݉�ݐݏଶݏ  − ଷ�ହ−ݎ  −  ହ�ହ, (β.5)ݎ 

݀�଺݀ݐ = �ଷ�ଵ − �−ଷ�଺ + �ହ�ଷ − �−ହ�଺ + �ସ�ସ − �−ସ�଺, (β.6) 

݀�଻݀ݐ = ଵ�ଵ଴ݍ − �ଶ�଻, (β.7) 

ݐ଼݀�݀ = ଷ�݉�ݐݏଵݏ − �ଵ�଼, (β.8) 

݀�ଽ݀ݐ = �ଶ�଻ − �଺�ଽ, (β.9) 

݀�ଵ଴݀ݐ = �ଵ�଼  −  ଵ�ଵ଴. (β.10)ݍ 

 

  The model’s variables, their units of measure, and initial conditions are 

summarised in Table 4.β. The model’s parameters and their units are summarised in 

Table 4.γ.  
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Variable Description Initial amount Reference 

y1 PtdIns (PM) 1,350,000 This study, (Lagarde et al. 1982) 

y2 PtdIns4P 640,000 This study 

y3 PtdIns(4,5)P2 310,000 This study 

y4 PtdIns(3,4)P2 5,200 This study 

y5 PtdIns(3,4,5)P3 1,900 This study 

y6 Ppool 25000 (Morris et al. 2000; Chicanne et al. 2012) 

y7 Ipool 100,000,000 (Binder et al. 1985) 

y8 InsPγ 0 This study 

y9 PtdIns (Cyt) 1,350,000 This study, (Lagarde et al. 1982) 

y10 InsP1 2500 This study 

Table 4.1 Variables and initial conditions for the mathematical models 1 and 2. 
Variable y9, PtdIns(Cyt) only presents in Model β. All species are measured in (and 
have units of measure in the model as) molecules per platelet.  
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Parameter Description Units Model 1 Model β Fitting constraint 

r1 Rate of conversion of PtdIns to PtdIns4P s-1 ✓ ✓ 10
-4 

- 10
2
 

r-1 Rate of conversion of PtdIns4P to PtdIns s-1 ✓ ✓ 10
-4 

- 10
2
 

r2 Rate of conversion of PtdIns4P to PtdIns(4,5)P2 s-1 ✓ ✓ 10
-4 

- 10
2
 

r-2 Rate of conversion of PtdIns(4,5)P2 to PtdIns4P s-1 ✓ ✓ 10
-4 

- 10
2
 

r-3 Rate of conversion of PtdIns(3,4,5)P3 to PtdIns(4,5)P2 s-1 ✓ ✓ 10
-4 

- 10
2
 

r5 Rate of conversion of PtdIns(3,4,5)P3 to PtdIns(3,4)P2 s-1 ✓ ✓ 10
-4 

- 10
2
 

θ1 Rate of conversion of InsPγ to InsP1 s-1 ✓ ✓ 10
-2 – 10

-1
 

θ2 Rate of conversion of Ipool to PtdIns (PM) s-1 ✓ N/A 10
-4 

- 10
2 

θ2 Rate of conversion of Ipool to PtdIns (Cyt) s-1 N/A ✓ 10
-4 

- 10
2
 

θ3 Rate of conversion of PtdIns to Ppool s-1 ✓ ✓ 10
-4 

- 10
2
 

θ-3 Rate of conversion of Ppool to PtdIns s-1 ✓ ✓ 10
-4 

- 10
2
 

θ4 Rate of conversion of PtdIns(3,4)P2 to Ppool s-1 ✓ ✓ 10
-4 

- 10
2
 

θ-4 Rate of conversion of Ppool to PtdIns(3,4)P2 s-1 ✓ ✓ 10
-4 

- 10
2
 

θ5 Rate of conversion of PtdIns(4,5)P2 to Ppool s-1 ✓ ✓ 10
-4 

- 10
2
 

θ-5 Rate of conversion of Ppool to PtdIns(4,5)P2 s-1 ✓ ✓ 10
-4 

- 10
2
 

θ6 Rate of conversion of PtdIns (Cyt) to PtdIns (PM) s-1 N/A ✓ 10
-8 

- 10
2
 

s1 Rate of hydrolysis of PtdIns(4,5)P2 into InsPγ  s-1 ✓ ✓ 10
-6 – 10

-2
 

s2 Rate of conversion of PtdIns(4,5)P2 into PtdIns(3,4,5)P3  s-1 ✓ ✓ 10
-4 

- 10
2
 

q1 Rate of conversion of InsP1 to Ipool s-1 ✓ ✓ 10
-4 – 10

-3
 

Table 4.2 Model parameters and fitting constraint in the phosphoinositides metabolism model. N/A indicates that the 
parameter is not applicable in the specified model. The parameter values of the 10 best fits of the model can be found in the Appendix 
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4.3.2 Time course profiling of protein phosphorylation and Ca2+ mobilisation in 
CRP-stimulated platelets 

 Experiments were conducted to determine the time-course phosphorylation of 

linker of activating of T cells (LAT) at Yβ00 and PLCȖβ at Y1β17 downstream of GPVI 

activation for the determination of the function stim, that represents stimulus of 

phosphoinositide metabolism in response to platelet activation with CRP. The 

phosphorylation of LAT was chosen as a proxy for PIγK as it recruits and activates 

PIγK (Ragab et al. β007). Washed platelets at 4 x108 cells were simulated with 10 

µg/mL CRP in the presence of 9 μM eptifibatide and were lysed with 5x reducing lysis 

buffer at the stated time after the addition of CRP. The cell lysates were probed against 

phospho-specific antibodies to determine tyrosine phosphorylation. The addition of 

eptifibatide prevents the interference of integrin αIIbȕγ outside-in signalling which 

signals through Src and Syk (Watson et al. β005) and prevents aggregation in stirring 

conditions, which hinders complete cell lysis by lysis buffer. 

 As shown in Figure 4.βB, CRP induced a rapid increase in phosphorylation for 

LAT at Yβ00, and PLCȖβ at Y1β17, both plateaued at 45 sec and were sustained for 

up to 50 min. The stim function was then determined by fitting to the phosphorylation 

data: ݐݏ�݉ = (Ͳ.ͲͲͳ݁ݐ−଴.଴଴଴ଶ�2) +  ,ሻݐʹℎሺͲ.Ͳ݊�ݐ
with t representing the time following CRP stimulation. The resulting stim function 

(dotted line) closely matches the LAT Yβ00 and PLCȖβ Y1β17 phosphorylation profile. 

 Experiments were also conducted to measure Caβ+ mobilisation in CRP-

stimulated platelets. Fura-β loaded washed platelets at βx108 cells/mL were pre-

treated for 10 min with ADP scavenger apyrase (β.5 U/mL) and cyclooxygenase-1 

(COX-1) inhibitor indomethacin (β0 µM) to prevent the interference of secondary 

mediators signalling. The platelets were stimulated with 10 µg/mL CRP in the 

presence of 1 mM CaClβ, to provide extracellular Caβ+ at physiological conditions 

which allow Caβ+ extracellular influx. As shown in Figure 4.βC, similar to 

phosphorylation of LAT at Yβ00 and PLCȖβ at Y1β17, Caβ+ mobilisation plateaued at 

1β0 sec (from γ5 ± 1γ to βγγ ± 68 nM) and slightly decreased to β8γ ± 70 nM over 10 

min. 
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Figure 4.2 CRP-induced sustained tyrosine phosphorylation and Ca2+ 
mobilisation and the determination of stim function. (A) Washed platelets were 
stimulated with 10 µg/mL CRP in the presence of 9 μM eptifibatide. Platelets were 
lysed with 5x reducing lysis buffer at the stated time after the addition of CRP. 
Representative phosphorylation blots of whole-cell lysates after being probed using 
the stated antibodies. (B) Plot of mean ± SD % of relative phosphorylation for LAT at 
Yβ00, PLCȖβ at Y1β17 and the extrapolated stim function. (C) Fura β-loaded washed 
platelets at βx108 cells/mL were pre-treated for 10 min with apyrase (β.5 U/mL) and 
indomethacin (β0 µM). The platelets were then stimulated with 10 µg/mL CRP in the 
presence of 1 µM CaClβ. Representative traces of changes in [Caβ+] over the 600 sec 
were recorded. n = γ.  
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4.3.3 Time course profiling of phosphoinositides in CRP-stimulated platelets 

 Experiments were conducted to profile the time-course phosphoinositides 

changes downstream of GPVI activation. Washed platelets at 1.β x109 cells were pre-

treated for 10 min with apyrase (β.5 U/mL) and indomethacin (β0 µM). Platelets were 

simulated with γ0 µg/mL CRP, and the stimulation was stopped at the stated time with 

cold 1M HCl (Kielkowska et al. β014). A greater platelet concentration compared to 

other platelet assays was used to improve detection sensitivity because of the low 

abundance of phosphoinositides, especially PtdIns(γ,4,5)Pγ.  

 As shown in Figure 4.γ, PtdIns show a slight initial increase (rising from β.γ ± 

0.5 to β.9 ± 0.6 x 105 molecules/platelet over the first 60 sec) before declining to below 

base level (1.5 ± 0.β x 105 molecules/platelet). In contrast, the amount of PtdIns(4,5)Pβ 

gradually increased 1.6-fold over the first 1β0 sec (from β.9 ± 0.6 to 4.8 ± 0.4 x 106 

molecules/platelet), and remained elevated over basal for up to γ0 min. PtdIns(γ,4)Pβ 

increased by 6-fold (from 0.5 ± 0.β to γ.0 ± 0.8 x 104 molecules/platelet) over the first 

180 sec and this elevated level was sustained for 10 min before dropping to 1.7 ± 0.1 

x 104 molecules/platelet after γ0 min. For PtdIns(γ,4,5)Pγ, a β.6-fold increase was 

observed over the first 180s, from β.β ± 0.8 to 5.8 ± β.8 x 104 molecules/platelet. The 

large error bar is largely due to donor variability in the speed of signalling and PIγK 

activation upon agonist stimulation (Figure 8.β). Another explanation is the low 

abundance of PtdIns(γ,4,5)Pγ which increases the impact of background noise and 

lowers the accuracy of measurement. No significant change was observed for 

PtdIns4P, and its level remained near the basal level for γ0 min. The fold change 

observed in Figure 4.γ is different from that reported in Figure γ.9, which can be 

attributed to the different experimental methods to stop the simulation reaction and 

platelet treatment as outlined in section β.β.γ.1.  
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Figure 4.3 CRP-induced changes in phosphoinositides profile in human platelet. 
Washed platelets at 1.βx109 cells were stimulated with γ0 µg/mL CRP in the presence 
of apyrase and indomethacin. The stimulation was stopped at the stated time with cold 
1M HCl. The phosphoinositides in the samples were analysed and quantified using IC-
MS. Results are expressed in molecules/platelet and are mean ± SD from γ 
experiments. *(P < 0.05) and **(P < 0.01) calculated by one-way ANOVA followed by 
Tukey’s test indicate statistically significant differences compared to t = 0 s.  
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4.3.4 CRP-induced accumulation of InsP1 in platelet 
 CRP-induced accumulation of InsP1 due to InsPγ production and rapid 

hydrolysis was also investigated. Washed platelets at 8x108 cells/mL were pre-treated 

for 10 min with DMSO vehicle in the presence of apyrase (β.5 U/mL), indomethacin 

(β0 µM) and 50 mM LiCl. The presence of Li+ inhibits inositol-phosphate phosphatase 

and prevents InsP1 hydrolysis to inositol (Leech et al. 199γ). The concentration of 

platelet, inhibitors and LiCl used is based on similar studies and manufacturer’s 

instructions (Gilio et al. β009; Bura et al. β0β1). 

  As shown in Figure 4.4, in the DMSO vehicle, InsP1 accumulation increased 

linearly, from γ0 ± 1β to β84 ± 11β nM over 10 min. This is consistent with previous 

reports by Chen et al. who reported a CRP-induced accumulation of InsP1 of β00 nM 

in β min and 600 nM over 15 min using washed platelets at 8x108 cells/mL (Chen et 

al. β014). 

 

Figure 4.4 CRP induced sustained accumulation of InsP1. Washed platelets at 
8x108 cells/mL were pre-treated for 10 min with DMSO vehicle in the presence of 
apyrase (β.5 U/mL), indomethacin (β0 µM), and 50 mM LiCl to prevent InsP1 hydrolysis. 
Afterwards, the platelets were stimulated with 10 µg/mL CRP, and the stimulation was 
stopped at the stated time with lysis buffer. Cumulative InsP1 production was quantified 
using ELISA according to the manufacturer’s instructions. n = 3 separate donors. 
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4.3.5 Model calibration and comparing model simulations with experimental 
profile 

 The β models were calibrated to the experimental data (Figure 4.β-4) utilising 

a Bayesian approach. We sampled parameter values via a Latin Hypercube from log-

normal fitting constraints between 10-4 and 10β for β0,000 times, as summarised in 

Table 4.β. The constraints for s1, θ1, θ6 and q1 are different from the listed range and 

adjusted according to literature which shows the hydrolysis rate of inositol phosphates 

(Watson, and Lapetina 1985; Watson, Reep, et al. 1985), or by the examination of 

posteriors distribution after the initial fitting. Based on the constraint, a gradient-based 

method (fmincon, MATLAB) was used to find the local minimum, minimising the 

distance between the mathematical model’s simulations and the experimental data 

through the cost function: ܵܵܧ = (��,�ሺ�ሻ–  ,ଶ(�,��ݐ�ܦ

where SSE denotes sum squared error, yi,x(a) is model simulations for species x at 

time points i and Datai,x represents the experimental profile of species x at time points 

i. The ‘best’ parameter values are those that allow the mathematical model to produce 

simulations with the lowest SSE and are closest to the experimental data.  

Figure 4.5A shows that both models are able to fit the data equally well, with 

similar minimum (both at 0.01) and median SSE/n (0.014 for Model 1 and 0.01β for 

Model β). In Figure 4.5B, the posterior distributions of the parameter values show that 

this dataset cannot constrain the parameter values and that the approximated 

parameters in Model β are more widespread compared to Model 1. The ten ‘best’ 

simulations (utilising parameter values with the lowest SSE) are compared to the 

experimental data as shown in Figure 4.6. In both models, we observed that the top 

10 simulations (black lines) fit well with the experimental profile (red lines). In addition, 

most best-fit lines had similar trajectories and were able to converge to their steady 

state over 600 sec except Ipool and Ppool.  

 In Model 1, the best-fitting simulations predicted a rapid depletion of Ipool from 

108 molecules to 104 molecules in the first β00 sec. These molecules are subsequently 

converted to Ppool, which rapidly increases from βx104 molecules to 108 molecules in 

the first β00 sec through PtdIns as an intermediate. In contrast, Model β predicted a 

much less drastic change in Ipool and Ppool. The number of molecules in Ipool stayed 

constant over 600 sec of simulations, while the amount of Ppool slightly increases to 

around 105 molecules. The observed variations in the model simulations are due to 
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the lack of experimental data available for calibration. Nevertheless, the simulations 

of Model 1 seem too drastic to be physiologically possible within β00 sec, while the 

predictions of Model β fit better to our understanding of phosphoinositide metabolism 

in platelets. Model β’s prediction on Ppool increase is also comparable to a study by 

Valet et al. that showed a γ-fold increase in PtdInsγP after γ min of CRP stimulation 

(Valet et al. β015), assuming that PtdIns5P and PtdIns(γ,5)Pβ remain unchanged. 

  

Figure 4.5 Assessing parameter fitting with cost function and range of 
parameters approximations. (A) Histograms showing the frequency of cost function 
SSE/n for the best 100 simulations for Models 1 (Left) and β (Right). The median and 
minimum SSE/n are also listed. (B) Posterior parameter ranges are shown for Models 
1 (Top) and β (Bottom). The blue, black, and red lines and hollow circles show the full 
range, interquartile range, the inner 10% range and median of each estimated 
parameter. Posteriors for s1, θ1, θ6 and q1 are constrained to values from the literature 
and are shown in the Appendix. 
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Figure 4.6 Comparison of model simulation profile with experimental data. The best-fitting model profiles of Model 1 (Left) and 
Model 2 (Right). The 10 best simulations (black dotted lines) and the average trajectory (black solid line) were compared to 
experimental observations in Figure 4.3 (red dotted lines).  
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4.3.6 Model prediction of the effect of phosphoinositides kinase and 
phosphatase inhibitors 

 The mathematical models capture the relationship between phosphoinositides 

in agonist-stimulated platelets. To test the models under alternative conditions, 

functional studies were undertaken using PI4KA inhibitor GSK-A1 (Bojjireddy et al. 

β014) and OCRL inhibitor YU14β670 (Pirruccello et al. β014) on platelet activation and 

compared with the model’s predictions. The use of these inhibitors is based on the 

hypothesis that these inhibitors would inhibit the resynthesis of PtdIns(4,5)Pβ level or 

dephosphorylation of PtdIns(4,5)Pβ, respectively, thereby affecting CRP-induced InsPγ 

production and Caβ+ mobilisation (Figure 4.7). To predict the effects of the 

phosphatase inhibitor YU1ββ670, the model was simulated using the original 

parameters listed in Table 8.β in the Appendix except for lowering the rate of 

conversion of PtdIns to PtdIns4P r1 to 10% of the original value for GSK-A1 and 

lowering the rate of conversion of PtdIns(4,5)Pβ to PtdIns4P r-2 to 10% of the original 

value. We arbitrarily set it to 10% to simulate a 90% inhibition of the enzyme. 

 For the simulation of YU14β670 treatment (Figure 4.8), both Models 1 and β 

have similar profile trends and predicted a lower steady-state level of PtdIns4P than 

the original model because of the inhibition of PtdIns(4,5)Pβ phosphatase which 

reduces the amount of PtdIns4P formed by PtdIns(4,5)Pβ dephosphorylation. At the 

same time, the predicted levels of PtdIns(4,5)Pβ, PtdIns(γ,4)Pβ and PtdIns(γ,4,5)Pγ, 

InsPγ and InsP1 are higher compared to the original model, due to the lack of removal 

of PtdIns(4,5)Pβ through dephosphorylation, and those fluxes are instead transferred 

to other species that are produced from PtdIns(4,5)Pβ. The effect of r-2 on Ipool and 

Ppool is minimal and similar to that observed in Figure 4.6. The simulation is consistent 

with Bura et al. who reported an increase of intracellular PtdIns(4,5)Pβ in activated 

platelet compared to the unstimulated (Bura et al. β0β1), visualised by anti-PtdIns4P, 

anti-PtdIns(4,5)Pβ antibodies labelled platelets. 

 For the simulation of treatment with the PI4KA inhibitor GSK-A1 (Figure 4.9), 

both models predicted the steady-state level of PtdIns to be higher than the original 

model due to the inhibition of PI4K which reduces PtdIns removal through 

phosphorylation in both models. Consequently, the resynthesis of PtdIns(4,5)Pβ is 

reduced, and the predicted steady-state levels of PtdIns(4,5)Pβ PtdIns(γ,4)Pβ 

PtdIns(γ,4,5)Pγ are 50% lower than the original model. Model 1 predicted a rapid drop 

in PtdIns4P and PtdIns(4,5)Pβ within 10 sec of agonist stimulation followed by slow 
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resynthesis of these species. This indicates the huge metabolic flux of r1 (conversion 

of PtdIns to PtdIns4P) and r2 (conversion of PtdIns4P to PtdIns(4,5)Pβ) in Model 1, 

and with inhibition of r1 these two species are rapidly depleted with slow replenishment.  

 Model β predicted that the level of PtdIns(4,5)Pβ PtdIns(γ,4)Pβ PtdIns(γ,4,5)Pγ 

and InsPγ match the profile for the first 100 s, showing that inhibition of PI4K mostly 

has a less pronounced effect immediately affect agonist stimulation. Model β also 

predicted that GSK-A1 led to an increase in Ppool, possibly because of increased 

production of PtdInsγP and PtdIns5P due to more PtdIns being present. This increase 

is not observed in Model 1. The simulation is consistent with Bura et al. who reported 

a decrease of both PtdIns(4,5)Pβ and PtdIns4P levels in activated platelets compared 

to the control (Bura et al. β0β1). 

 

 

Figure 4.7 Schematic diagram of the phosphoinositides metabolism in the 
model and the mode of action of GSK-A1 and YU142670.  
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Figure 4.8 Simulation of the effect of YU142670 on phosphoinositides metabolism. The model is simulated by adjusting r-2 to 
10% of its original value, while keeping all other parameters the same as in previous simulations. The ten best-fitting model profiles 
(black dotted lines) and the average trajectory (black solid line) were compared to the original experimental data (red dotted lines).  
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Figure 4.9 Simulation of the effect of GSK-A1 on phosphoinositides metabolism. The model is simulated by adjusting r1 to 10% 
of its original value, while keeping all other parameters the same as in previous simulations. The ten best-fitting model profiles (black 
dotted lines) and the average trajectory (black solid line) were compared to the original experimental data (red dotted lines).  
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4.3.7 Effect of phosphoinositides kinase/phosphatase inhibitors on Ca2+ 
mobilisation 

 To validate the predictions of the models, functional experiments were 

conducted to investigate the effect of GSK-A1 and YU14β770 on Caβ+ mobilisation. 

The dose-dependent response of these inhibitors was investigated to choose the 

optimal concentration for subsequent Caβ+ and InsP1 assay. Fura-β loaded washed 

platelets at βx108 cells/mL were pre-treated for 10 min with DMSO vehicle, GSK-A1 

or YU14β670 at the listed concentration in the presence of apyrase (β.5 U/mL) and 

indomethacin (β0 µM). The platelets were then stimulated with 10 µg/mL CRP in the 

presence of 1 mM CaClβ.  

 As shown in Figure 4.10A-B, for DMSO treatment, after CRP stimulation, Caβ+ 

mobilisation plateaued within the first γ min increased from βγ to γγ0 nM, and 

remained above γ00 nM over 10 min. 0.γ µM YU14β670 treatment does not affect 

Caβ+ mobilisation, while treatment at 1, γ, 10 and γ0 µM lead to a slight reduction in 

Caβ+ mobilisation, reaching β50 nM over the first 5 min and sustained over 10 min. 

Therefore, 1 µM YU14β670 was chosen as the lowest concentration to affect the Caβ+ 

mobilisation. For GSK-A1, γ and 10 µM treatment almost eliminates any Caβ+ 

mobilisation, with cytosolic Caβ+ level remaining within 100 nM over 10 min. 

Meanwhile, for 0.1, 0.γ and 1 µM GSK-A1 treatment, the Caβ+ also increased to β50 

nM over the first β min, which returned to around γ0 nM at basal at 10 min. Therefore, 

1 µM GSK-A1 is chosen as it did not affect the initial Caβ+ mobilisation while inhibiting 

prolonged Caβ+ response. 

 The above experiments were repeated in three separate donors at 1 µM 

YU14β670 and 1 µM GSK-A1 for both Caβ+ and InsP1 assay (Figure 4.10 C-E). 

YU14β670 has no effect on Caβ+ mobilisation in platelet. YU14β670-treated platelets 

behaved similarly to that of the vehicle, with cytosolic Caβ+ increased rapidly for the 
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first two min, from the basal level at γ5 ± 1γ to βγγ ± 68 (DMSO) and β6β ± 108 nM 

(YU14β670). Afterwards, the Caβ+ level remained sustained and slightly decreased to 

18γ ± 70 (DMSO) and 190 ± 88 nM (YU14β670) over 10 min. Meanwhile, for GSK-

A1 treated platelets, the Caβ+ also increased rapidly for the first two min to βγγ ± 8β 

nM, but it steadily decreased back to basal level for the next 8 min and reached 44 ± 

9 nM, significantly lower than the vehicle (P<0.01).  
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Figure 4.10 Effect of GSK-A1 and YU142670 on Ca2+ mobilisation. Fura β-loaded 
washed platelets at βx108 cells/mL were pre-treated for 10 min with DMSO vehicle, or 
at the stated concentration of GSK-A1 or YU14β670 in the presence of apyrase (β.5 
U/mL) and indomethacin (β0 µM). The platelets were then stimulated with 10 µg/mL 
CRP in the presence of 1 µM CaClβ. (A-B) Dose-response curve of the effect of GSK-
A1 and YU14β670 on Caβ+ mobilisation. (n = 1) (C) Representative traces of changes 
in [Caβ+] of 1 µM GSK-A1 and YU14β670-treated platelets over 600 sec were recorded. 
n = 3. Quantification of increases in [Caβ+] for (D) β min (E) 10 min after CRP 
stimulation, reported in mean ± SD **(P < 0.01) calculated using Welch’s t-test 

indicates statistically significant differences.  
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4.3.8 Validation of model using InsP1 measurement and phosphoinositides 
kinase/phosphatase inhibitors 

 Experiments were also conducted to determine the effect of GSK-A1 and 

YU14β670 on the accumulation of InsP1. Washed platelets at 8x108 cells/mL were pre-

treated for 10 min with DMSO vehicle, 1 µM GSK-A1 or 1 µM YU14β670 in the 

presence of apyrase (β.5 U/mL), indomethacin (β0 µM) and 50 mM LiCl. The 

concentration of platelet, inhibitors and LiCl used is based on similar studies and 

manufacturer’s instructions (Gilio et al. β009; Bura et al. β0β1). 

  As shown in Figure 4.11A, similar to vehicle (from γ0 ± 1β to β84 ± 11β nM), 

YU14β670 pre-treatment led to the accumulation of InsP1 to γγ4 ± 41 nM after 10 min 

of CRP stimulation, which was not significantly different from DMSO treatment. On the 

contrary, 10 min pre-treatment of GSK-A1 was able to eliminate CRP-induced InsP1 

production, and remain at the basal level of β1 ± γ nM after 10 min (P < 0.05 compared 

to vehicle). The results show that GSK-A1 inhibit PtdIns(4,5)Pβ resynthesis that 

prolonged the Caβ+ response, and that GSK-A1 treatment did not affect the initial Caβ+ 

mobilisation despite the lack of InsP1 accumulation. This may suggest that the initial 

Caβ+ mobilisation is induced by InsPγ is produced from the starting PtdIns(4,5)Pβ.  

 The model’s predictions were compared with the experimental data in Figure 

4.11B. The predictions were produced by simulating the model with the same 

parameters as the original model except for 10% θ1 (the rate of conversion of InsP1 to 

Ipool) only for DMSO, or together with 10% r1 for GSK-A1 or 10% r-2 for YU14β670. 

Both models predicted the inhibition of InsP1 accumulation for GSK-A1, with most of 

the best-fitting model profiles (black dotted lines) matching the experimental data 

(orange line in Figure 4.11A), accumulating to 1,000 to 10,000 molecules after 10 min 

(equivalent to around 1γ to 1γ0 nM for 8x108 platelets/mL). For YU14β670, the model 

predicted an enhancement in InsP1 accumulation which was not observed in the 
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experiment. Comparing both models, in general simulation profiles of model 1 deviates 

more from the red lines, compared to Model β. In addition, the best-fitting model 

profiles failed to converge or reach steady states, and the predicted InsP1 level after 

10 min ranges from β0,000 to 50,000 molecules (equivalent to β60 to 650 nM for 8x108 

platelets/mL). 
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Figure 4.11 Comparison of experimental data and model predictions on the 

effect of GSK-A1 and YU142670 on InsP1 accumulation. (A) Washed platelets at 
8x108 cells/mL were pre-treated for 10 min with DMSO vehicle, 1 µM GSK-A1 or 1 µM 
YU14β670 in the presence of apyrase (β.5 U/mL), indomethacin (β0 µM), and 50 mM 
LiCl to prevent InsP1 hydrolysis. Afterwards, the platelets were stimulated with 10 
µg/mL CRP, and the stimulation was stopped at the stated time with lysis buffer. 
Cumulative InsP1 production was quantified using ELISA according to the 
manufacturer’s instructions. *(P < 0.05) calculated using Welch’s t-test indicates 

statistically significant differences. n = 3 separate donors. (B) Models 1 (Left) and 2 

(Right) were simulated at 10% r-2 to represent the effect of YU142670 (Top) or 10% r1 

to represent the effect of GSK-A1 (Bottom). The 6 best-fitting model profiles (black 

dotted lines) were compared to the observation in (A) (red dotted lines).  
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4.4 Discussion 

 In this chapter, we created a biological model of the phosphoinositides 

metabolism that uses kinetic rate characteristics determined in platelets downstream 

of GPVI, allowing a more accurate representation of platelets.   

 It has long been known that PtdIns(4,5)P2 has a high turnover rate, which has 

been linked to "futile cycles" of dephosphorylation and rephosphorylation that are 

thought to occur on the PM (Hawkins et al. 1984). This is shown by the rapid labelling 

kinetics of PtdIns(4,5)P2 and PtdIns4P compared to the much slower labelling kinetics 

of PtdIns and other phospholipids (Downes et al. 1982). In our model, we are able to 

simulate the high turnover mathematically between PtdIns(4,5)P2, PtdIns4P and 

PtdIns which provided the kinetic basis for the futile cycle and demonstrated the 

system can reach a steady state in the simulated platelets system. 

 Controlling the amount of PtdIns(4,5)P2 in the PM is crucial for regulating 

signalling and membrane dynamics. Cells must replenish this pool since PtdIns(4,5)P2 

only make up a tiny portion of all cellular PtdIns, particularly during prolonged PLC and 

PI3K activity. Early research in rat hepatocytes had shown that even a 10 min 

stimulation causes huge turnover in PtdIns(4,5)P2 pool (Creba et al. 1983). This can 

be explained by the sequential phosphorylation by PI4K and PIP5K (Balla 2013), and 

the ER-PM membrane contact site (MCS) that is emerged in response to agonist 

stimulation and facilitate lipid-transfer proteins to shuttle phosphatidic acid and PtdIns 

back and forth across membranes, to sustain PtdIns(4,5)P2 level(Posor et al. 2022). 

In the model, we integrated this concept by reducing the platelet environment into PM 

and Cyt compartments, with Cyt representing the cytosol and the inner membrane at 

the opposite side of MCS. This makes it possible for PtdIns to be transferred from the 

Cyt to the PM compartment by PITP in MCS in activated platelets without the need for 

vesicle transport, which would impede the replenishment of PtdIns and is unable to 
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support continuous secondary mediators generation. And as a result, the model is 

constructed based on an activated platelet and is unable to simulate the resting 

condition in an unstimulated platelet. 

 The Caβ+ assay shows that GSK-A1 treatment did not affect the initial Caβ+ 

mobilisation despite the lack of InsP1 accumulation, but it inhibited prolonged Caβ+ 

response. The discrepancy is probably because platelet Caβ+ response is regulated 

by InsPγ receptor activity, extracellular Caβ+ entry and Caβ+ back-pumping. In the first 

two minutes, InsPγ is mainly produced by the initial pool of PtdIns(4,5)Pβ that is present 

in the PM, causing the opening of InsPγ receptor and Caβ+ release from DTS. The Caβ+ 

spiking is caused by the co-stimulatory effect of InsPγ and released Caβ+ (Clapham 

β007). However, in the presence of GSK-A1 and inhibition of PI4KA, PtdIns(4,5)Pβ 

gradually depletes without replenishment from PtdIns. Together with the continuous 

hydrolysis of InsPγ and its dissociation from InsPγ receptors, the ion channels are 

eventually closed, and the cytosolic Caβ+ is pumped back to DTS by SERCA until 

returning to the basal level. 

 Model 1 predicted a rapid depletion of Ipool from 108 molecules to 104 

molecules in the first β00 sec, which is converted to Ppool, increasing from βx104 

molecules to 108 molecules in the first β00 sec through PtdIns as an intermediate. 

These predictions are too drastic to be physiologically possible within β00 sec. While 

for the predictions in Model β, which predicted a stable pool of Ipool and a tiny increase 

in Ppool, are more physiologically feasible. The reason Model 1 produces such a 

simulation is that all 108 molecules of Ipool can participate in the reaction to synthesise 

PtdIns. By the law of mass action, with such a huge amount of reactant, the conversion 

rate of Ipool to PtdIns is huge, and these molecules are subsequently converted to 

Ppool instead of PtdIns4P, as its level is constrained by experimental data. Model β 
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prevents such a large flux by having half of the PtdIns and its synthesis located in a 

separate intracellular compartment. Therefore PtdIns (PM) can only be converted from 

PtdIns(Cyt), which is β orders of magnitude lower than Ipool, resulting in a much lower 

conversion rate compared to Model 1. This highlights the importance of spatial 

regulation, trafficking on maintaining the futile cycle and equilibrium of interconversion 

of phosphoinositides. 

 The model predicted a slight enhancement in InsP1 accumulation for YU14β670 

which was not observed in the experiment. In addition, YU14β670 produced a similar 

Caβ+ mobilisation trace as vehicle. The lack of effect of YU14β670 can be because 

OCRL is localised in the trans-Golgi network instead of the PM compartment 

(Faucherre et al. β00γ). On the contrary, GSK-A1 inhibits PI4KA which localises in PM 

(MJ et al. β0ββ). Therefore, inhibition of OCRL may assert minimal short-term effect 

on the pool of high turnover phosphoinositides that localise in PM in activated platelets. 

Another possible explanation is that PLC, PIγK and the enzymes involved in 

PtdIns(4,5)Pβ resynthesis are saturated, and that the addition of YU14β670 cannot 

increase the rate of InsP1 accumulation past the saturated rate limit.  

 There are several limitations of the model. First, the model does not account 

for spatial effects, combining cytosol and the inner membranes into the same Cyt 

compartment. This is not the full representation of the platelet system, ignoring the 

cytosol-inner membrane interface which would, for example, limit the amount of 

inositol available to be incorporated into PtdIns, and prevent the huge flux from 

happening in Model 1. Second, the posterior parameter approximations generated in 

this study (Figure 4.6B) span two orders of magnitude, showing that there are 

insufficient experimental data to constrain the parameter values. Acquiring extra data 

under different experimental conditions, such as the use of different levels of agonist 
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and other phosphoinositides kinase/phosphatase inhibitors would help in constraining 

the range of approximated parameters. In addition, the model combined PtdInsγP, 

PtdIns5P, and PtdIns(γ,5)Pβ into a single variable Ppool, because I was unable to 

quantitate their abundance by the developed IC-MS method due to their peak overlap. 

 In conclusion, this chapter develops an experimentally calibrated dynamic 

mathematical model of phosphoinositide metabolism in platelets. Despite advances in 

mass spectrometry-based profiling or imaging techniques, our quantitative knowledge 

of these transient and unstable phosphoinositides is still limited. This is because of the 

lack of tools available to real-time measure the absolute concentrations and 

subcellular resolution of lipids in living cells at the same time. The mathematical model 

developed in this chapter can circumvent these problems and shed light on the 

interconnectedness of phosphoinositide metabolism. The model is also able to predict 

the effect of GSK-A1 on phosphoinositides metabolism and platelet activation, proving 

the hypothesis it would inhibit the resynthesis of PtdIns(4,5)Pβ level thereby reducing 

CRP-induced InsPγ production and sustained Caβ+ mobilisation. 



99 

 

Chapter 5 

 

Inhibition of Src causes weak reversal of GPVI-

mediated platelet aggregation as measured by 

light transmission aggregometry 
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The work conducted and the results produced in this Chapter have been published 

(Cheung et al., β0ββ). This Chapter contains the work I have contributed to which is 

relevant to this thesis. 

5.1 Introduction 

 Thrombi contain an inner core of densely packed platelets next to the damaged 

site and an outer shell of loosely packed platelets bound together by fibrinogen. 

Dissolution of the thrombus aggregates is an attractive strategy for preventing arterial 

blockage and ischaemic diseases.  

  Ahmed et al. have recently studied the disaggregation effect of targeting 

glycoprotein VI (GPVI), which can interact with fibrinogen in the thrombus shell to 

support its growth and stability as described in Chapter 1 (Ahmed et al. β0β0). They 

demonstrated that inhibitors of tyrosine kinases Src, Syk and GPVI, PPβ, PRT-060γ18 

and glenzocimab, enhanced disaggregation of platelets on a collagen surface at 

arterial shear (Ahmed et al. β0β0), and suggested that thrombus stabilisation is 

supported by the interaction of GPVI and fibrinogen (Ahmed et al. β0β0). However, 

Ahmed et al. have also reported that glenzocimab was unable to reverse aggregation 

as measured by light transmission aggregometry (LTA), and proposed that platelet 

disaggregation occurring required the presence of shear forces which is absent in LTA 

(Ahmed et al. β0β0). Similarly, Perrella et al. have reported that PRT-060γ18 and Src 

inhibitor dasatinib promoted thrombus disaggregation at arterial shear. They also 

reported that an anti-GPVI nanobody Nbβ1 caused a minor thrombus disaggregation 
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on a collagen surface, and attributed the effect to the inability to block fibrinogen-

dependent activation of GPVI (Perrella et al. β0ββ).  

 In addition to these studies, Andre et al. have shown that Syk inhibitor PRT-

060γ18 reduced thrombus stability and enhanced thrombus disaggregation on a 

collagen surface at arterial shear (Andre et al. β011). In addition, Auger et al. have 

demonstrated the role of Src family kinases in maintaining aggregates stability on 

collagen surfaces at arteriolar flow rates (Auger et al. β008). Another study by Perrella 

et al. has also shown the role of Src and Syk kinases in the signalling of fibrinogen-

GPVI interaction in aggregate growth and stability under shear (Perrella et al. β0β1). 

These studies highlighted the importance of sustained GPVI signalling and fibrinogen-

GPVI interaction on thrombus stability.  

 In addition to fibrinogen-GPVI interaction, fibrinogen-integrin αIIbȕγ plays a 

major role in thrombus stability. Several other studies have demonstrated that integrin 

αIIbȕγ antagonists can reverse adenosine diphosphate (ADP)-induced aggregation in 

LTA in the absence of shear force (Moser et al. β00γ; Frojmovic et al. β005; Speich et 

al. β009). Both Moser et al. and Speich et al. reported an almost complete 

disaggregation of ADP-induced aggregates after the addition of small molecule 

integrin αIIbȕγ antagonist eptifibatide (Moser et al. β00γ; Speich et al. β009). Another 

small molecule integrin αIIbȕγ antagonist lamifiban was also reported to completely 
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reverse ADP-induced aggregation (Frojmovic et al. β005). Nevertheless, anti-integrin 

αIIbȕγ Fab abciximab has minor to no effect on ADP-induced aggregation, probably 

because of its larger size and poorer aggregate penetration (Moser et al. β00γ; 

Frojmovic et al. β005; Speich et al. β009). In addition, eptifibatide has been reported 

to elicit a ~β0% reversal of collagen-induced aggregation in LTA, when used at a 100-

fold larger concentration than that is needed in pre-treatment to inhibit aggregation 

(Speich et al. β01γ).  
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5.2 Aims 

 Evidence of the role of sustained GPVI signalling, fibrinogen-GPVI and 

fibrinogen-integrin αIIbȕγ interactions in thrombi and aggregates stabilisation has 

been demonstrated in disaggregation experiments in flow experiments and LTA using 

GPVI blocker, Src and Syk inhibitors and integrin αIIbȕγ antagonists. However, the 

difference in magnitude of reversal observed in these experiments shows that whereas 

aggregation may be reversed, it is affected by the choice of agonist and experimental 

design. 

 Therefore, in this chapter, I investigated the role of GPVI activation in sustained 

signalling and disaggregation. I used small molecule inhibitors of Src, Syk, and Btk to 

disrupt signalling through GPVI and to reverse tyrosine phosphorylation and 

aggregation, as examined by phosphospecific antibody and Western blot, LTA and 

flow cytometry. 
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5.3 Results 

5.3.1 Tyrosine kinase inhibitors reverse GPVI-mediated tyrosine 
phosphorylation  

 Experiments were conducted to profile the time-course tyrosine 

phosphorylation downstream of GPVI activation (Figure 5.1). Washed platelets at 

4x108/mL were stimulated with 10 µg/mL CRP in the presence of 9 μM eptifibatide. 

Starting from 15-150 sec after stimulation by 10 µg/ml CRP, tyrosine phosphorylation 

of Syk at Y5β5/5β6, LAT at Yβ00, and Btk at Y551 was raised over β0-fold and 

sustained for up to 50 min. For PLCȖβ at Y1β17 and Btk at Yββγ, which lie further 

downstream, their tyrosine phosphorylation increased at a slower rate, increasing up 

to 5-fold from 45-150 sec, and being sustained for 50 min (Figure 5.1).  

 Next, the effect of tyrosine kinase inhibitors on CRP-induced tyrosine 

phosphorylation was investigated. When the Src kinase inhibitors PPβ and dasatinib 

were given at 150 sec after the phosphorylation induced by CRP had plateaued, they 

caused dephosphorylation of Syk Y5β5/5β6, LAT Yβ00, Btk Y551, Btk Yββγ, and 

PLCȖβ Y1β17, with phosphorylation falling to baseline within β0 min (Figure 5.β). The 

Syk inhibitor PRT-060γ18 inhibited tyrosine phosphorylation of proteins downstream 

of Syk, including LAT Yβ00, Btk Y551, and PLCȖβ Y1β17, but has no significant effect 

on Syk Y5β5/5β6, which is phosphorylated by Src kinases and Syk itself (Figure 5.β). 

Similarly, the Btk inhibitor ibrutinib decreased tyrosine phosphorylation of proteins 

downstream of Btk, specifically Btk Yββγ, and PLCȖβ Y1β17, but not Syk Y5β5/5β6, 

LAT Yβ00, or Btk Y551 (Figure 5.β).  

 These findings reveal that CRP induces prolonged tyrosine phosphorylation, 

which is inhibited in the presence of kinase inhibitors. This suggests that the inability 

of kinase inhibitors to completely reverse aggregation is not caused by the lack of 

tyrosine phosphorylation inhibition. 
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`  

Figure 5.1 Tyrosine phosphorylation is sustained in GPVI-mediated protein 
phosphorylation. Washed platelets were stimulated with 10 µg/mL CRP in the 
presence of 9 μM eptifibatide. Platelets were lysed with 5x reducing sample buffer at 
the stated time after the addition of CRP. Whole-cell lysates were probed for 
phosphorylation. (i) Representative blot and (ii) mean ± SD % of tyrosine 
phosphorylation. ns, not significant, *(P < 0.05), **(P < 0.01) and ***(P < 0.001) 
assessed by one-way ANOVA analysis and Tukey’s test indicate statistically significant 
differences. N = γ. 
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Figure 5.2 Kinase inhibitors reverse GPVI-mediated protein phosphorylation. 
Washed platelets were stimulated with 10 µg/mL CRP in the presence of 9 μM 
eptifibatide. Platelets were incubated with PPβ (β0 µM), dasatinib (10 µM), PRT-
060γ18 (1 µM), ibrutinib (β00 nM) or vehicle after 150 sec of agonist stimulation. 
Platelets were then lysed with 5X reducing sample buffer β0 min after the addition of 
the agonist and probed for phosphorylation with the stated antibodies. (i) 
Representative blot and (ii) mean ± SD % of tyrosine phosphorylation. ns, not 
significant, *(P < 0.05), **(P < 0.01) and ***(P < 0.001) calculated using Welch’s t-test 
compared with basal. N = γ. 
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5.3.2 GPVI-induced platelet aggregation is minimally reversed by the addition of 
inhibitors of Src but not Syk and Btk inhibitors 

 I then looked into whether Src, Syk and Btk kinases can reverse GPVI-induced 

platelet aggregation in LTA. Aggregation to a maximally effective concentration of the 

GPVI ligand, CRP (10 µg/mL), peaked within the first 150 sec and was maintained for 

up to 50 min (Figure 5.γA). When aggregation had reached a plateau, kinase inhibitors 

were administered at maximum effective concentrations and light transmission was 

observed for β0 min. No significant reversal in light transmission at the end of β0 min 

was observed in the presence of Syk inhibitor PRT-060γ18 (γ.0 ± γ.4%) and Btk 

inhibitor ibrutinib (0.4 ± 0.5%) compared to vehicle (1.5 ± β.8%, Figure 5.γB). In 

contrast, the Src inhibitor PPβ induced a minor decrease in light transmission, with a 

reversal of 11.4 ± 4.0% (P < 0.05) over β0 min (Figure 5.γB). There was also a minor 

reversal of aggregation in the presence of dasatinib but the result was not significant 

(7.4 ± 7.β%) (Figure 5.γB) 

 The experiment was extended to protease-activated receptor 1 (PAR1) agonist 

TRAP-6. Similar to CRP, Src inhibitor PPβ (9.9 ± γ.1%) caused a small but significant 

reverse in light transmission relative to vehicle (1.0 ± 0.1%); in contrast, however, there 

was no significant reversal of aggregation in the presence of dasatinib (6.0 ± 5.0%) 

and PRT-060γ18 (β.1 ± 0.9%) (Figure 5.γC).  

 The findings reveal that CRP and TRAP-6-induced aggregation is sustained for 

up to β0 min in the presence of Syk and Btk inhibitors, but is partially reversed in the 

presence of Src kinase inhibitor PPβ but not dasatinib. This suggests that the inability 

of kinase inhibitors to completely reverse aggregation is not caused by the lack of 

tyrosine phosphorylation inhibition. 
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Figure 5.3 Src kinase inhibitor PP2 partially reversed GPVI-mediated platelet 
aggregation. (A) Washed platelets at βx108/ml were stimulated with 10 µg/mL CRP, 
and aggregation was monitored for 50 min. (B-C) Washed platelets were stimulated 
with (B) 10 µg/mL CRP or (C) 15 µM TRAP-6 and incubated with PPβ (β0 µM), 
dasatinib (10 µM), PRT-060γ18 (1 µM), ibrutinib (β00 nM) or vehicle, after 150 sec of 
agonist stimulation. LTA was monitored for β0 min. (i) Representative traces and (ii) 
Mean ± SD % disaggregation after β0 min of agonist stimulation. ns, not significant, 
*(P < 0.05) and ***(P < 0.001) calculated using Welch’s t-test indicate statistically 
significant differences. N = 6. 
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5.3.3 Platelet aggregation is sustained in the presence of tyrosine kinase 
inhibitors when combined with apyrase and indomethacin  

 The observation that aggregation is maintained in the presence of inhibitors of 

Src, Syk and Btk indicates that aggregation is independent of GPVI signalling. One 

hypothesis is that the role of GPVI is overshadowed by the release of secondary 

mediators ADP and TxAβ. To study the role of secondary mediators in maintaining 

aggregation, I treated platelets with tyrosine kinases inhibitors in the presence of 

cyclooxygenase (COX) inhibitor indomethacin and ADP scavenger apyrase. As shown 

in Figure 5.4, when platelets were treated with apyrase and indomethacin alone or in 

combination with the kinase inhibitors after CRP-induced aggregation plateaued, no 

significant reversal was observed over β0 min for the vehicle (1.6 ± γ.0%), dasatinib 

(γ.9 ± 1.4%), PRT-060γ18 (1.5 ± 1.β%) or ibrutinib (0.6 ± 0.γ%) (Figure 5.4). Only PPβ 

caused a significant reversal compared to vehicle (7.β ± γ.4%, P < 0.05). These results 

are similar to the observations without secondary mediators inhibitors and suggest that 

signalling through ADP and TxAβ are not required for sustained platelet aggregation 

as measured by LTA. 
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Figure 5.4 Kinase inhibitors together with secondary mediators partially 
reversed GPVI-mediated platelet aggregation. Washed platelets were stimulated 
with 10 µg/mL and incubated with PPβ (β0 µM), dasatinib (10 µM), PRT-060γ18 (1 
µM), ibrutinib (β00 nM) or vehicle together with 10 µM indomethacin and β.5 U/mL 
apyrase, after 150 sec of agonist stimulation and monitored by LTA for β0 min. (i) 
Representative traces and (ii) Mean ± SD % disaggregation after β0 min of agonist 
stimulation. *(P < 0.05) and ns, not significant, calculated using Welch’s t-test indicate 
statistically significant differences. N = 6 separate donors.   
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5.3.4 Tyrosine kinase inhibitors partially reversed GPVI-mediated platelet 
aggregation together with integrin αIIbβ3 antagonist 

 To study the involvement of integrin αIIbȕγ in GPVI-mediated aggregation, the 

above experiments were performed in the presence of the eptifibatide. The maximal 

reversal in the presence of eptifibatide alone was 4.5 ± β.9%, which was further 

enhanced in combination with PPβ and PRT-060γ18 to 1γ.4 ± 11.6 and 1γ.7 ± 7.4%, 

respectively (Figure 5.5). These reversals were all significant compared to vehicle (0.7 

± 0.6%).  

 

 

Figure 5.5 Tyrosine kinase inhibitors partially reversed GPVI mediated platelet 
aggregation together with integrin αIIbβ3 antagonist. Washed platelets (βx108/mL) 
were stimulated with CRP (10 µg/mL). After 150 sec of stimulation, they were 
incubated with eptifibatide 9µM alone or together with PPβ (β0 µM) or PRT-060γ18 (1 
µM) and monitored by LTA for β0 min. (i) Representative traces and (ii) Mean ± SD % 
of disaggregation. *(P < 0.05) and **(P < 0.01) calculated using Welch’s t-test. N = 6. 
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5.3.5 Tyrosine kinase inhibitors reverse integrin αIIbβ3 activation 

 I further investigated whether the activation of integrin αIIbȕγ is reversible in the 

absence of outside-in signalling. To study this, activation of integrin αIIbȕγ was 

measured using PAC-1-FITC by flow cytometry in a dilute suspension of platelets 

which prevents aggregation, done by Luis Moran at the University of Birmingham. 

Upon CRP stimulation, the addition of vehicle without kinase inhibitors led to sustained 

integrin αIIbȕγ activation, with the mean fluorescence intensity (MFI) increased by 

1β.8 ± 10.5 fold compared to that of unstimulated platelets (Figure 5.6). On the contrary, 

the addition of PPβ and PRT-060γ18 reversed integrin αIIbȕγ activation over β0 min, 

with comparable MFI (1.1 ± 0.γ and 1.1 ± 0.5 fold) to those of unstimulated platelets 

(Figure 5.6). This demonstrates that GPVI-induced integrin αIIbȕγ activation is a 

reversible process in the absence of aggregation. 

 

Figure 5.6 Tyrosine kinase inhibitors reverse integrin αIIbβ3 activation. Washed 
platelets (βx107/ml) were incubated with PAC-1-FITC and stimulated with 10 µg/mL 
CRP. After 150 sec of stimulation, vehicle, PPβ (β0 µM) or PRT-060γ18 (1 µM) were 
added, and flow cytometry analyses were conducted after β0 min. (i) Flow cytometry 
histograms depicting the extent of integrin αIIbȕγ activation in platelets that were 
unstimulated (blue), stimulated by CRP followed by incubation with vehicle (purple), 
PPβ (red, left) or PRT-060γ18 (red, right). (ii) MFI fold change ± SD. ***(P < 0.001) 
calculated using Welch’s t-test indicates statistically significant differences. N = 4. 
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5.4 Discussion 

 The findings reveal that GPVI signalling and the secondary mediators ADP and 

TxAβ are not necessary for prolonged aggregation in washed platelets as evaluated 

by LTA. However, in the presence of Src kinase inhibitor PPβ but not Syk and Btk 

inhibitors, a partial reversal in CRP and TRAP-6-induced aggregation are observed. 

This shows that the effect is independent of GPVI or GPCR-mediated signalling, and 

can be attributed to the loss of aggregate stabilising integrin αIIbȕγ outside-in 

signalling which is dependent on Src but not Syk or Btk (Watson et al. β005). This is 

supported by the study by Auger et al. which demonstrated the dynamic process of 

maintaining stable aggregates in a compact form at high shear is regulated by Src 

kinases (Auger et al. β008). 

 In the LTA, I have shown that dasatinib also has a tendency to reverse 

aggregation but failed to produce a significant result in both CRP and TRAP-6-induced 

aggregation. This is probably due to donor variability and the modest extent of the 

reversal, which caused a reversal in some but not all experiments and a large error 

bar. In addition, dasatinib was able to cause a minor and significant aggregation 

reversal for rhodocytin-induced aggregation, which was conducted in tandem with this 

work and has been published (Cheung et al. β0ββ).  

 I observed that Src and Syk inhibitors rapidly induce the reversal of activation 

of integrin αIIbȕγ, indicating that inside-out activation of integrin αIIbȕγ is a reversible 

process and requires sustained GPVI signalling. This is in contrast with the condition 

used in LTA with a 10 times lower platelet concentration thereby preventing 

aggregation and outside-in signalling. 

  Inhibitors of Src, Syk and GPVI, PPβ, PRT-060γ18 and glenzocimab were 

shown to enhance disaggregation of platelets on a collagen surface at arterial shear, 

in contrast to the current findings (Ahmed et al. β0β0). Perrella et al. have 
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demonstrated Src and Syk kinases are also important in aggregation formation on 

fibrinogen which is mediated by binding to integrin αIIbȕγ and GPVI (Perrella et al. 

β0β1). This might be because in these settings collagen was only present at the 

surface, in contrast to the current study where CRP is evenly distributed in washed 

platelets solution. As a result, the aggregates' outermost regions in the flow 

experiments were formed by the release of secondary mediators like ADP. The lower 

concentration of these mediators compared to the shell, and the temporary and 

weaker nature of secondary mediators-induced aggregation, may all contribute to the 

outer region’s enhanced susceptibility to disaggregation when subjected to strong 

shear.   

 One limitation of this study is that in LTA, the platelets aggregates are subjected 

to low shear stress and are strongly activated by CRP at the surface. This is in contrast 

to flow experiments or physiological conditions, in which collagen is present only at 

the surface with strong shear, making the aggregates shells more susceptible to 

disaggregation compared to LTA studies. Therefore, the difference in aggregation 

observed in LTA and flow studies shows that whereas aggregation may be reversed, 

it is affected by the choice of agonist and experimental design. 

 In conclusion, the current work suggests that GPVI-induced aggregation in LTA 

is irreversible, despite inhibition of both GPVI or secondary mediators signalling 

pathways, or blocking of integrin αIIbȕγ. This is in contrast to results reported on a 

collagen surface under arterial flow. The slight decrease in aggregation in LTA in the 

presence of Src kinase inhibitor could be attributed to the inhibition of integrin αIIbȕγ 

outside-in signalling. 
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Chapter 6 

 

Experimental validation of computerised 

models of clustering of platelet glycoprotein 

receptors that signal via tandem SH2 domain 

proteins 
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The work conducted and the results produced in this Chapter have been published 

(Maqsood et al., β0ββ). This Chapter contains part of Maqsood et al. that I have 

contributed to that is relevant to this thesis. 

6.1 Introduction 

Glycoprotein VI (GPVI) is activated by multivalent ligands such as collagen, 

collagen-related peptide (CRP), fibrinogen and convulxin, which causes receptor 

dimerisation and higher-order clustering. On the other hand, monovalent Fab 

fragments derived from the monoclonal antibodies (mAb) 1G5 (Al-Tamimi et al. β009), 

JAQ1 (Nieswandt et al. β000) and glenzocimab (Lecut et al. β00γ) are unable to induce 

activation as they are unable to induce clustering and act as antagonists. 

 A promising GPVI-blocking candidate is the anti-GPVI nanobody β (Nbβ) (Slater 

et al. β0β1). Nanobodies are composed of a single variable domain derived from 

camelid antibodies. They vary from human antibodies in that they lack a light chain 

component and consist of two disulphide-linked heavy chains (Rahbarizadeh et al. 

β011) (Figure 6.1). They have a similar antigen selectivity and binding affinity as full-

length antibodies but are one-tenth the size of full antibodies (15 vs 150 kDa) and γ0% 

the size of Fab fragments making them suitable for imaging studies and potential 

therapeutic agents. Nbβ has a KD = 0.6 nM against GPVI compared with that of 

glenzocimab which has a KD = 4.1 nM (Lebozec et al. β017). The Nbβ-binding site on 

GPVI has been mapped using X-ray crystallography to the D1 domain, adjacent to the 

binding site of CRP (Lebozec et al. β017). 

 Cooper and Qian utilised an ordinary differential equation (ODE) model based 

on the law of mass action to explain how Src family kinases (SFK)-linked receptors 

signal via clustering (Cooper et al. β008). Their model mathematically demonstrated 

how receptor clustering can produce a critical density of receptor tyrosines for 

phosphorylation and binding of SFK. This boosts SFK transphosphorylation and 
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receptor phosphorylation over the constant dephosphorylation pressure from 

phosphatases, resulting in a net SFK phosphorylation and activation. They also 

showed that the SFK phosphorylation does not require a net change in kinase activity, 

receptor shape, or migration to a specialised site in the membrane-like a lipid raft to 

achieve activation.  

  

  

 

Figure 6.1 Domain structure and size comparison of human IgG, Fab fragment, 
camelid antibody and nanobody. The domain abbreviations are as follows: VH (light 
chain variable domain); VL (light chain variable domain); CL (light chain constant 
domain); CH1, CHβ, CHγ (heavy chain constant domains); and VHH (single heavy 
chain variable domain). 
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6.2 Aim 

  Multimerisation of Nbβ can enhance its GPVI-binding affinity and potentially 

make it a more effective GPVI inhibitor that could be further developed into an 

antithrombotic. However, this also has the potential to activate GPVI like other 

multivalent ligands. In this Chapter, I aimed to generate Nbβ in divalent and tetravalent 

forms, termed Nbβ-β and Nbβ-4, respectively and investigate their functional effects 

on platelet activation using surface plasmon resonance (SPR), light transmission 

aggregometry (LTA) and protein phosphorylation measurements. In addition, I have 

presented an ODE-based model developed by Zahra Maqsood and Sean Watson at 

the University of Birmingham that is capable of modelling the reversible binding of 

monovalent, divalent and multivalent ligands. The ODE model simulations were 

subsequently compared with the functional studies of monovalent, divalent and 

tetravalent ligands based on Nbβ, Nbβ-β and Nbβ-4, respectively.  
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6.3 Results 

6.3.1 Cloning, purification and characterisation of Nb2-2 and Nb2-4 

 The domain structure of Nbβ, Nbβ-β and Nbβ-4 are shown in Figure 6.βA. The 

nanobody sequences contain an N-terminal PelB signal peptide sequence that allows 

for the secretion of nanobody into the periplasmic space. They also contain C-terminal 

His6-tags for purification using nickel affinity chromatography and hemagglutinin (HA)-

Tag for cleavage of the His6-tag. The (G4S)γ linker is widely used in recombinant 

proteins that act as a soluble loop structure that separates each Nbβ domain (Trinh et 

al. β004). The purified Nbβ-β and Nbβ-4 were characterised by SDS-PAGE (Figure 

6.βB), where the single band indicate the purity and molecular size of the purified 

nanobodies.  

 The binding affinity of these nanobodies to immobilised GPVI was determined 

by SPR by Dr Eleyna Martin at the University of Birmingham. The binding KD of  

Nbβ-β and Nbβ-4 to GPVI are 0.100 ± 0.00γ and 0.β0 ± 0.01 nM, respectively (Figure 

6.βC). Their binding affinity is approximately 7 and γ.5 fold higher than Nbβ (Slater et 

al. β0β1). In addition, comparing the 50 nM curves in the sensorgram, Nbβ-β (βγ 

response unit/RU) has a better association with the immobilised GPVI than Nbβ-4 

(17RU), probably due to a less bulky size and orientation that may affect binding. 

Nevertheless, GPVI-Nbβ-4 complexes (-6%) has a lower dissociation rate over the 

next 900 sec than that of Nbβ-β (-17%), which can be attributed to the fact that in Nbβ-

4 all 4 Nbβ domain has to be dissociated from GPVI before it can be flushed off the 

surface. 

  



120 

 

 

 

Figure 6.2 Cloning, purification and characterisation of Nb2-2 and Nb2-4. (A) The 
DNA construct structure of Nbβ, Nbβ-β and Nbβ-4. (B) SDS-PAGE of purified Nbβ-β 
and Nbβ-4 protein. (C) Representative SPR sensorgrams of (i) Nbβ-β and (ii) Nbβ-4 
by Dr Eleyna Martin. GPVI was immobilised on the SPR chip and the nanobodies were 
flowed across the chip surface. n = γ. 
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6.3.2 Nb2 and Nb2-2 inhibit GPVI-mediated platelet aggregation 

 The functional effects of purified Nbβ and Nbβ-β on platelets were determined 

by LTA. Nbβ-β at 150 nM did not induce platelet aggregation when incubated with 

washed platelets for up to 60 min (Figure 6.γA). On the contrary, pre-treatment with 

Nbβ and Nbβ-β blocks collagen and CRP-induced platelet aggregation. Nbβ was able 

to block collagen (γ μg/mL) induced aggregation with a half-maximal inhibitory 

concentration (IC50) of γ0.7 ± 1.9 nM, while Nbβ-β blocked collagen-induced 

aggregation with an IC50 of 4.68 ± 0.48 nM, 6 times more potent than monovalent 

Nbβ (Figure 6.γB). Similar observations were seen with CRP (γ μg/mL), where Nbβ-β 

blocked CRP-induced aggregation with an IC50 of β.1 ± 0.β nM, β times more potent 

than monovalent Nbβ which had an IC50 of 4.β ± 0.5 nM (Figure 6.γC) 
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Figure 6.3 Nb2 and Nb2-2 are potent GPVI antagonists. Washed platelets at 
βx108/ml isolated from healthy donors were (A) incubated with 150 nM Nbβ-β, or (B-
C) pre-treated with the stated concentration of (i) Nbβ or (ii) Nbβ-β for 10 min before 
stimulation with (B) collagen (γ µg/mL) or (C) CRP (γ µg/mL). (i-ii) Representative 
traces of three experiments. (iii) Mean ± SD (%) aggregation (Agg.) after 5 min of 
agonist stimulation. N = γ donors.  
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6.3.3 Nb2-4 induces GPVI-mediated platelet aggregation 

 Nbβ-4 stimulated rapid aggregation of platelets as measured by LTA. To further 

validate this, a concentration-response curve to Nbβ-4 (0.5-16 nM) was determined 

(Figure 6.4A). Nbβ-4 induced platelet aggregation with a half-maximal effective 

concentration (EC50) of 1.8 ± 0.07 nM. Aggregation to Nbβ-4 (16 nM) was blocked by 

pre-treatment with Nbβ (100 nM) and by the JAQ1 Fab (β00 nM), confirming that it 

was mediated through GPVI (Figure 6.4B). Nbβ-4-induced aggregation was also 

blocked by inhibitors of Src and Syk tyrosine kinases (Figure 6.4B).  

 

 
Figure 6.4 Nb2-4 induces GPVI-mediated aggregation. (A) Washed platelets at 
βx108/ml isolated from healthy donors were stimulated with the stated concentration 
of Nbβ-4. (B) Washed platelets at βx108/ml were incubated with vehicle, PPβ (β0 µM), 
PRT-060γ18 (10 µM), JAQ1 Fab1 (β00 nM) or Nbβ (100 nM) for 10 min, before 
stimulation with 16 nM Nbβ-4. LTA was monitored for 5 min. i) Representative traces 
of three experiments. ii) Mean Agg. ± SD (%) after 5 min of agonist stimulation. **(P < 
0.01) calculated using Welch’s t-test indicates statistically significant differences. N = 
γ. 
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6.3.4 Nb2-4 induced GPVI-mediated protein phosphorylation, which was 
delayed by Nb2 

 The effect of Nbβ-4 on protein phosphorylation was determined. Nbβ-4 

stimulated dose-dependent phosphorylation of Syk Y5β5/5β6 and LAT Yβ00, with an 

EC50 of β.7 ± 0.γ nM (Rβ = 0.989) and 1.9 ± 0.4 nM (Rβ = 0.98), respectively (Figure 

6.5A). These EC50 values were comparable to those obtained via aggregation 

experiments. Pre-treating washed platelets with PPβ (β0 µM) or PRT-060γ18 (10 µM) 

reduced phosphorylation of Syk Y5β5/5β6 and LAT Yβ00 to 10.5 ± γ.7 and 9.8 ± 7.9%, 

respectively, which was significantly different from vehicle (Figure 6.5B). On the 

contrary, GPVI blocking Fab JAQ1 Fab1 (β00 nM) and Nbβ (100 nM) were not able to 

completely block the phosphorylation. For Syk Y5β5/5β6, JAQ1 Fab1 (β00 nM) and 

Nbβ (100 nM) reduced the phosphorylation level to γ9.9 ± β5.8 and γβ.β ± 1β.γ% that 

of vehicle for JAQ1 Fab1 and Nbβ, respectively, and the results were not significant. 

For LAT Yβ00, JAQ1 Fab1 and Nbβ did not significantly affect the phosphorylation 

level, at 85.5 ± βγ.4 and 140 ± γ7.1% compared to vehicle, respectively. 
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Figure 6.5 Nb2-4 induced GPVI-mediated protein phosphorylation. (A) Washed 
platelets at 4x108/mL were stimulated with the stated concentration of Nbβ-4. (B) 
Washed platelets at 4x108/mL were pre-incubated with PPβ (β0 µM), PRT-060γ18 (10 
µM), JAQ1 Fab1 (β00 nM), Nbβ (100 nM) or vehicle for 10 min before stimulated with 
Nbβ-4 (16 nM). Unstimulated and CRP (γ µg/mL) stimulated platelets were included 
as negative and positive controls. Platelets were then lysed with 5X reducing sample 
buffer 5 min after the addition of the agonist. Whole-cell lysates were probed with the 
stated antibodies. (i) Representative blot and mean ± SD % of tyrosine 
phosphorylation of (ii) Syk p-Y5β5/5β6 and (iii) LAT p-Yβ00. ns (not significant), 
*(P<0.05), **(P < 0.01) calculated using Welch’s t-test indicates statistically significant 
differences. N = γ.  
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 The observation that JAQ1 Fab and Nbβ inhibit aggregation induced by Nbβ-4 

but not phosphorylation was unexpected. One potential explanation may be related to 

the time course of phosphorylation. As shown in Figure 6.6, without Nbβ pre-treatment, 

Nbβ-4 was able to induce phosphorylation of Syk Y5β5/5β6 as early as β0 sec, which 

plateaued at 90 sec and was maintained for 5 min. It also led to phosphorylation of 

LAT Yβ00 at 45 sec which gradually increased over the 5 min. In contrast, in the 

presence of Nbβ (100 nM), phosphorylation of Syk Y5β5/5β6 remained low for the first 

90 sec, and the maximum phosphorylation at 5 min was weaker than that without Nbβ 

pre-treatment. For LAT Yβ00, the phosphorylation level remained similar to basal for 

the first 45 sec and became observable at 90 sec and 5 min after Nbβ-4 stimulations. 

These results suggest that Nbβ delays Nbβ-4-induced protein phosphorylation and 

that this delay leads to the inhibition of platelet aggregation. 

 

Figure 6.6 Nb2 delays Nb2-4 induced protein phosphorylation. Washed platelets 
at 4x108/mL were pre-incubated with Nbβ (100 nM) or vehicle for 10 min before being 
stimulated with Nbβ-4 (16 nM). Platelets were then lysed with 5X reducing sample 
buffer at the stated time after the addition of the agonist. Whole-cell lysates were 
probed with the stated antibodies and the representative blot is shown. n = 1. 
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6.3.5 Using the ODE model to monitor ligand binding and clustering  

 In the following part, a model of the ligand-receptor interactions of receptors 

with monovalent, divalent and tetravalent ligands based on the law of mass action 

published by Maqsood et al. (Maqsood et al., β0ββ) is presented and compared with 

the experimental data. It is based on the following assumptions: (i) all reactions are 

reversible; (ii) the receptors exist as a monomer; (iii) there are no conformation 

changes or compartmentalisation of the receptor when interacting with the ligands; 

and (iv) the ligand concentration is constant. More details about the ODE model, its 

derivation and its analytical solutions can be found at 

https://github.com/zeemaqsood/TAPAS_ESR9_Modelling_Project. 

6.3.5.1 ODE modelling of the interaction of monovalent ligands and receptors 

 The interaction of a monovalent ligand with a monovalent receptor is shown in 

Figure 6.7A. The law of mass action defined the amount of ligand-receptor (LR) 

complex to the concentration of free ligand (L), receptor (R), and the association (k1) 

and dissociation (k-1) rate constants (Figure 6.7B). The relationship between ligand 

concentration [L] and equilibrium receptor occupancy [LR]/[R]tot is a sigmoidal curve 

as illustrated in Figure 6.7C, with [R]tot referring to the total receptor concentration. The 

time course of ligand binding to the receptor was also simulated (Figure 6.7D), 

showing that the time to equilibrium decreases with increasing ligand concentration, 

while the equilibrium receptor occupancy increases with increasing ligand 

concentration.  
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Figure 6.7 Interaction of monovalent ligand with receptor. (A) Schematic diagram 
of monovalent ligand-receptor interaction. (B) An equation describing the equilibrium 
of monovalent ligand (L), receptor (R), ligand-receptor (LR) complex, association rate 
(k1) and dissociation rate (k-1). (C) The effect of ligand concentration on equilibrium 
receptor occupancy. (D) The time-course effect of ligand concentration on receptor 
occupancy. The ligand concentrations were chosen to achieve (i) β5, (ii) 50 and (iii) 
75% receptor occupancy [LR]/[Rtot] at equilibrium, with 95% equilibrium reached at 
β.β5, 1.50 and 0.75 sec, respectively. The following parameters were used for 
simulations in (C) and (D): R =1 μM, k1 = 1 μM-1s-1, k-1 = 1 s-1. The simulations were 
conducted in MATLAB by Zahra Maqsood and Sean Watson and the code can be 
found at https://github.com/zeemaqsood/TAPAS_ESR9_Modelling_Project. 
  



129 

 

6.3.5.2 ODE modelling of the interaction of divalent ligands and receptors 

 The above model was extended to a divalent ligand-receptor interaction (Figure 

6.8A). In this extension, three new species are introduced, including the divalent ligand 

Lβ to reflect its two receptor-binding epitopes, and two ligand-receptor complexes, LβR 

and LβRR. It also included two new rate constants, the second association (k2) and 

dissociation (k-2) rate constant, and introduced two equilibrium dissociation constants, 

KD1 and KD2. This generated two equilibria as shown in Figure 6.8B.  

 The concentration-response relationship for the formation of LβR and LβRR is 

shown in Figure 6.8C. Equilibrium receptor occupancy of the two complexes LβR and 

LβRR and varied [L2] at three different kβ was plotted while keeping the other 

parameters constant. The plots showed a bell-shaped relationship between 

[L2RR]/[R]tot and [L2] which peaks when L2 = KD1, independent of KD2. The peak value 

of [L2RR]/[R]tot increased in proportion to the second association rate constant k2. On 

the other hand, a sigmoidal curve was observed for the plot of [L2R]/[R]tot against [L2], 

similar to the monovalent ligand (Figure 6.8C). 
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Figure 6.8 Interaction of divalent ligand with receptor. (A) Schematic diagram of 
divalent ligand-receptor interaction. (B) Equations describing the equilibrium of 
divalent ligand (Lβ), receptor (R), ligand-receptor (LβR, LβRR) complex with the 
corresponding association (k1, k2), dissociation (k-1, k-2) rate, and equilibrium constant 
KD1 and KD2. (C) The effect of k-β on the equilibrium receptor occupancy of LβR and 
LβRR. (i) kβ = 0.1 μM-1s-1 (ii) kβ = 1 μM-1s-1 (iii) kβ = 10 μM-1s-1. The following parameters 
were used: k1 = 1 μM-1s-1, k-1 and k-2 = 1 s-1. The simulations were conducted in 
MATLAB by Zahra Maqsood and Sean Watson and the code can be found at 
https://github.com/zeemaqsood/TAPAS_ESR9_Modelling_Project. 
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6.3.5.3 ODE modelling of the interaction of tetravalent ligands and receptors 

 We have further extended the model to include the interaction between receptor 

and tetravalent ligands (Figure 6.9A). The model included tetravalent ligand L4 to 

reflect its four receptor-binding epitopes, with four possible ligand-receptor complexes 

with L4 binding one to four receptor molecules (L4R, L4RR, L4RRR and L4RRRR), as 

well as their corresponding rate constant and equilibrium constant, as shown in Figure 

6.9B.  

 Figure 6.9C shows the effect of varying [L4] and [R] on ligand-receptor 

complexes at equilibrium. Similar to divalent ligand, the plots showed a sigmoidal 

curve representing the relationship between [L4R]/[R]tot and [L4], and bell-shaped 

curves between [L4RR]/[R]tot, [L4RRR]/[R]tot, [L4RRRR]/[R]tot and [L4] (Figure 6.9Ci). 

[L4RR]/[R]tot peaks when L4 = KD1, while [L4RRR]/[R]tot, [L4RRRR]/[R]tot peaks when [L4] 

< KD1. L4R predominates at higher ligand concentrations, while L4RRRR predominate 

at high receptor concentrations (Figure 6.9Cii). In summary, the simulations show that 

ligand valency, ligand concentration and receptor concentration all play roles in 

determining the stoichiometry and relative proportion of the ligand-receptor complexes. 
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Figure 6.9 Interaction of tetravalent ligand with receptor. (A) Schematic diagram 
of tetravalent ligand-receptor interaction. (B) Equations describing the equilibrium 
receptor occupancy of tetravalent ligand L4, ligand-receptor complexes binding one to 
four receptor molecules (L4R, L4RR, L4RRR and L4RRRR), with the association (k1, k2, 
k3, k4), dissociation (k-1, k-2, k-3, k-4) rate. (C) The concentration-occupancy relationship 
at equilibrium for varying the concentration of (i) tetravalent ligand [L4] and (ii) receptor 
[R]. For both simulations [L4] = 1 μM. The four association constants kn = 1 μM-1s-1 and 
dissociation constants k-n = 1 s-1. The simulations were conducted in MATLAB by 
Zahra Maqsood and Sean Watson and the code can be found at 
https://github.com/zeemaqsood/TAPAS_ESR9_Modelling_Project. 
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6.4 Discussion 

 In this chapter, divalent Nbβ-β and tetravalent Nbβ-4 were developed and 

characterised using a variety of assays. The SPR data showed that Nbβ-β and Nbβ-4 

have lower KD towards GPVI compared to the parent nanobody Nbβ, showing that 

multimerisation increases the binding affinity as a result of avidity. An ODE and 

computer model was also developed to simulate the ligand-receptor interactions 

between single monomeric receptors with monovalent, divalent and tetravalent ligands 

based on the law of mass action. 

 In aggregation assays, it was shown that Nbβ-β acts as a more potent GPVI 

blocker compared to Nbβ and blocks CRP and collagen-induced aggregation with 

lower IC50. This is consistent with another divalent GPVI ligand JAQ1 Fabβ which also 

acts as a GPVI blocker (Nieswandt et al. β000). At the same time, the lower IC50 

values observed for CRP compared to collagen may be due to collagen binding and 

activation through integrin αβȕ1, another collagen receptor on platelets.  

 On the other hand, Nbβ-4 acts as a GPVI agonist and induces platelet 

aggregation and tyrosine phosphorylation. Similarly, other ligands with four or more 

GPVI-binding epitopes such as crosslinked anti-GPVI monoclonal antibodies (JAQ1 

(Nieswandt et al. β000) and 1G5 (Al-Tamimi et al. β009)) can stimulate GPVI activation. 

This shows that for adequate clustering of GPVI to promote activation, a ligand must 

have at least three and potentially four epitopes. Other factors that may play a role 

include the distance between binding epitopes and the relative position of each epitope. 

 In the phosphorylation studies, Nbβ was shown to delay Nbβ-4-induced 

phosphorylation at LAT pYβ00 and Syk pY5β5/5β6. One possible explanation for this 

is that Nbβ pre-treatment occupied the GPVI-binding site, and the slow dissociation 

rate prevents the binding with Nbβ-4. Upon further incubation, due to avidity, Nbβ-4 

gradually displaces Nbβ through tetravalent interaction and the proximity of other Nbβ 
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domains to GPVI, which subsequently clusters GPVI and causes downstream protein 

phosphorylation, as shown in Figure 6.7 (Oostindie et al. β0ββ).  

 

 

Figure 6.10 Schematic diagram of Nb2 delaying Nb2-4 induced GPVI clustering. 
Nbβ-4 displaces Nbβ because of the proximity of other Nbβ domains to GPVI, which 
clusters and activates GPVI, causing downstream protein phosphorylation. 

 

 For the binding of divalent and tetravalent ligands, the ODE models indicate a 

bell-shaped concentration-response relationship. However, functional studies with 

divalent Nbβ-β and tetravalent Nbβ-4 reveal no indications of a bell-shaped 

concentration-response relationship. This can be attributed to the stochastic character 

of the ligand-receptor interaction and the fact that GPVI is a combination of monomers 

and dimers (Clark, Neagoe, et al. β0β1), allowing each Nbβ-4 to bind to more GPVI. 

Furthermore, complete receptor occupancy (e.g. L4RRRR) is not necessary for 

maximal aggregation, since collagen induces full aggregation of human platelets with 

50% GPVI (Nagy et al. β0β0) and mouse platelets with β0% GPVI (Snell et al. β00β). 

In addition, as GPVI exists as a mixture of monomer and dimer, each R in the L4RRRR 

complex may represent a GPVI monomer or dimer (Clark, Neagoe, et al. β0β1), 

favouring the formation of receptor complexes with more than 4 GPVI.  

Another possible explanation for the discrepancy between the data and the 

simulation may be attributed to the choice of simulation parameters. The simulations 
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conducted in this study employed association constants (kn) of 1 μM-1s-1 and 

dissociation constants (k-n) of 1 s-1. However, this does not reflect the conditions 

present on platelet surfaces due to avidity, which increases the association constant 

per binding of each Nbβ domain. As a result, the shape of the bell-shaped curve may 

be altered, requiring a higher concentration of ligands to achieve the other side of the 

bell-shaped curve. This increased concentration may exceed physiologically 

achievable levels, making it impossible to reach, meaning that the formation of multi-

ligand-receptor complexes (clusters) is favoured at all physiologically possible 

concentrations. 

 An alternative option to ODE models would be agent-based modelling (ABM), 

a type of computer model for simulating the interactions and motions of autonomous 

agents. ABM is particularly adapted to the study of emergent phenomena such as 

receptor clustering, in which macroscale patterns emerge from local interactions 

(Lamerton et al. β0β1; An β009). It is possible to take into account additional 

parameters, such as receptor dimerisation, spatial considerations, and avidity, leading 

to a more accurate description of multivalent ligand-receptor interaction. 

 In conclusion, this chapter has developed multivalent novel anti-GPVI 

nanobodies which are GPVI antagonists in monovalent or divalent form but GPVI 

agonists when in a tetravalent form. Nbβ-β, which has a greater affinity than Nbβ, might 

be a viable antithrombotic by targeting GPVI. This chapter has also developed an 

ODE-based model to simulate the reversible binding of multivalent ligands (Nbβ, Nbβ-

β and Nbβ-4) to GPVI receptors. The model shows that ligand valency, ligand 

concentration and receptor concentration all play roles in determining the 

stoichiometry and relative proportion of the ligand-receptor complexes. 
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Chapter 7 

 

General discussion 
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7.1 Summary of results 

This thesis investigates the changes in phosphoinositides and proteins in 

platelets stimulated via the key collagen receptor, glycoprotein VI (GPVI). To study 

phosphoinositide-related signalling, I have integrated the time-course data of 

phosphoinositides turnover in platelets by a mathematical modelling approach. The 

work described in Chapters γ-4 provides a novel method based on ion 

chromatography-mass spectrometry (IC-MS) that is capable of phosphoinositides 

positional isomers profiling. Using a mathematical model, a system-wide 

understanding of platelet phosphoinositide metabolism is obtained. The model 

predicts the effect of phosphatidylinositol 4-kinase A (PI4KA) inhibitor GSK-A1 on 

inositol triphosphate (InsPγ) and Caβ+ mobilisation, demonstrating its role in the 

synthesis of phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)Pβ) to sustain 

downstream signalling. 

In the second part of this thesis, I report on the effects of protein tyrosine kinase 

inhibitors and the multimeric GPVI ligands, Nbβ-β and Nbβ-4, on GPVI-induced 

platelet activation and aggregation. Chapter 5 shows that i) the CRP-induced tyrosine 

kinase phosphorylation is reversible, but not the ensuing platelet aggregation when 

measured by light transmission aggregometry (LTA) in contrast to the reversible 

aggregation observed on collagen at arterial shear upon addition of a GPVI-blocking 

antigen-binding fragment (Fab) (Ahmed et al., β0β0) or addition of an inhibitor of Syk 

(Perrella et al., β0ββ). Chapter 6 shows that i) dimerisation of GPVI alone does not 

induce activation of human platelets, ii) a tetravalent but not a divalent ligand induces 

measurable GPVI clustering and activation, and iii) presented a mathematical model 

which could be further expanded to demonstrate the dynamic of ligand-receptor 

complex formation with monovalent, divalent and tetravalent (nanobody) ligands. The 

key thesis findings are graphically summarised in Figure 7.1.  
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Figure 7.1 Summary representation of GPVI-mediated platelet signalling 
cascades.  The binding of multimeric ligands such as CRP, collagen and Nbβ-4 to 
GPVI leads to clustering and activation of the GPVI signalling cascade. The dimeric 
immune tyrosine activation motif (ITAM)-containing Fc receptor Ȗ-chain (FcRȖ) chain 
activates tyrosine kinases Src and Syk, and leads to the assembly of a linker for 
activation of T cells (LAT) signalosome to recruit and activate key proteins including 
Bruton's tyrosine kinase (Btk), phospholipase C-Ȗβ (PLCȖβ) and phosphoinositide γ-
kinase (PIγK). PIγK and PLCȖβ activation catalyse the generation of secondary 
messengers phosphatidylinositol γ,4,5-trisphosphate (PtdInsPγ), diacylglycerol (DAG) 
and InsPγ from PtdIns(4,5)Pβ). InsPγ open the InsPγ receptor that leads to Caβ+ 
mobilisation from the intracellular store. PtdIns(4,5)Pβ is synthesised from 
phosphatidylinositol 4-phosphate (PtdIns4P) and phosphatidylinositol (PtdIns) to 
sustain secondary messengers generation. The generation of PtdInsPγ, activation of 
protein kinase C (PKC) and rising intracellular Caβ+ level ultimately lead to platelet 
aggregation, secretion and shape change. Figure created in biorender.com.  
 

7.2 The platelet phosphoinositide metabolism as an antithrombotic target 
7.2.1 A comprehensive method for quantifying platelet phosphoinositide 
isomers 

In platelets, quantitative understanding of the occurrence and turnover of the 

phosphoinositide isomers, particularly phosphatidylinositol γ,4-bisphosphate 

(PtdIns(γ,4)Pβ) and phosphatidylinositol γ,5-bisphosphate (PtdIns(γ,5)Pβ), has 
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remained limited. This is because of the lack of methods to measure absolute 

concentrations of these polar phospholipids in living cells and the uncertainty of their 

subcellular presence. However, using thin-layer chromatography or [γH] and [γβP] 

labelling followed by high-performance liquid chromatography (HPLC), recent studies 

using other cells have been able to measure these phosphoinositide species (Sbrissa 

et al. β01β; Lees et al. β0β0; Mücksch et al. β019). 

The novel label-free MS-based method developed in Chapter γ provides an 

accurate way to quantify these and other phosphoinositides isomers. The maximum 

fold-change observed in Chapters γ and 4 and the paper of Mujali et al. (Mujalli et al. 

β018) are summarised in Table 7.1. The fold changes of these isomers by all studies 

are consistent, despite the differences in agonist concentration used to stimulate the 

platelets, showing that a saturating concentration of CRP has been used. Mujali et al. 

(Mujalli et al. β018) were unable to differentiate between the PtdInsPβ positional 

isomers. Therefore the change in PtdIns(γ,4)Pβ is overshadowed by that of 

PtdIns(4,5)Pβ, which has a higher copy number. However, we find a discrepancy in the 

PtdIns4P level, which concerns rises by 99% and 50%, respectively, in Chapter γ and 

the paper from Mujali, but falls by β0% in Chapter 4. This mismatch can be attributed 

to the use of different platelet preparation protocols, and the presence of autocrine 

inhibitors apyrase and indomethacin, as outlined in Chapter β.β.γ.1.  

In addition, some limitations of the developed method have to be taken into 

account. First, the method uses deacylated lipids for the separation and quantification 

of phosphoinositide isomers. However, the acyl chains may also contain important 

information regarding signalling. For example, Peng et al. revealed the role of 

arachidonate-containing 18:0-β0:4 diacylglycerols in phosphoinositides as major 

precursors for the production of thromboxane and prostaglandin mediators of platelets 



140 

 

(Peng et al. β018). Second, the method cannot resolve the PtdInsγP and PtdIns5P 

isomers. Although these isomers can be separated by a method developed by Jeschke 

et al., the latter has a lower sensitivity because of the use of ion-pairing agents, as is 

discussed in Chapter γ (Jeschke et al. β017; Jeschke et al. β015). For the future, I 

recommend the development of an IC-MS method that can separate phosphoinositide 

positional isomers without deacylation. Such a method could reveal the differential lipid 

composition in the inositol phospholipid isomers, and thereby identify the preference 

of regulating enzymes for specific arachidonate-containing molecular species of 

phosphoinositide forms. 

 

Table 7.1 Summary of phosphoinositides isomers fold change.  The fold changes 
of phosphoinositides from Chapters γ and 4 and Mujali et al. are compared. N/A 
indicates not applicable; * indicates that total PtdInsP and PtdInsPβ were quantified 
instead of respective positional isomers; ** indicates that PtdIns(γ,4,5)Pγ is not 
detected in unstimulated platelets and therefore the fold change cannot be determined. 
 

Source Chapter γ Chapter 4 Mujali et al. 

Platelet 

treatment 

5 µg/mL CRP γ0 µg/mL CRP, apyrase (β.5 

U/mL) and indomethacin (β0 µM)   

10 µg/mL CRP 

PtdIns N/A -γ5% -40% 

PtdIns4P +99% -β0% +50%* 

PtdIns(4,5)Pβ +50% +66% +β5%* 

PtdIns(γ,4)Pβ +γβ8% +500% N/A 

PtdIns(γ,4,5)Pγ Detected** +164% +β00% 

 

7.2.2 Spatial-temporal model of conversions in phosphoinositide metabolism 

The model developed in Chapter 4 is able to predict turnover effects of the 

PI4KA inhibitor GSK-A1, but not of the inositol polyphosphate-5-phosphatase (OCRL) 

inhibitor YU14β670, on InsP1 accumulation and Caβ+ mobilisation. This difference in 

sensitivity may be attributed to a different localisation of OCRL and PI4KA in platelets 

(Faucherre et al. β00γ; MJ et al. β0ββ), implying that not every phospholipid is 
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accessible to the converting enzymes. In other words, the absence of spatial-temporal 

information limits the scope of the phosphoinositide conversion model. One way to 

improve the model then is to include spatial distribution data of the abundance of 

phosphoinositide isomers. 

The missing information can be obtained by subcellular fractionation of 

stimulated platelets, followed by lipid extraction and analysis. Such experiments are 

time-consuming and may result in less accuracy of quantitative measurements. 

Spatial-temporal data may also be acquired by sensors based on specific lipid-binding 

domains, such as the Fyve domain for PtdInsγP, or the pleckstrin homology domain 

for PtdIns(4,5)Pβ (Behnia et al. β005). However, a drawback of the sensors is that the 

different subcellular pools of the lipids are labelled with different effectiveness. Distinct 

sensors are required to detect the PtdIns4P in Golgi, endo/lysosome and plasma 

membrane, which reduces the accuracy of quantitative measurements (Posor et al. 

β0ββ). Furthermore, as platelets are anucleated, they cannot be transfected with 

plasmids expressing these sensors. 

7.2.3 Expanding the scope of the phosphoinositide conversion model 

Chapter 4 shows that GSK-A1 treatment of platelets did not affect the initial 

Caβ+ mobilisation, despite an inhibition of InsP1 accumulation, and an inhibited 

PtdIns(4,5)Pβ resynthesis that would sustain the Caβ+ response. We ascribed the 

discrepancy to the fact that Caβ+ mobilisation is regulated by the interplay of multiple 

factors, such as InsPγ receptor activity, extracellular Caβ+ entry and Caβ+ back-

pumping by Caβ+-ATPases in the endoplasmic reticulum and the plasma membrane 

(see Chapter 1). In contrast, the generation of InsPγ (being degraded to InsP1) is only 

regulated by PLCȖβ. To improve the prediction power of the existing model, it is 

possible to integrate it with a Caβ+ mobilisation module, similar to the model developed 

by Purvis et al. (Purvis et al. β008). 
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Given the right prediction of GSK-A1 effects on phosphoinositide metabolism 

and platelet activation, the model developed in Chapter 4 can be extended to explore 

other hypotheses comparing the fitness of model simulation profiles. For example, in 

platelets, the cytosolic enzyme phospholipase Aβ (cPLAβ) cleaves arachidonic acid 

from phosphoinositides (Kramer et al. 1997), which is the precursor fatty acid of 

thromboxane Aβ. The other cPLAβ product lyso-phosphatidylinositol can be recycled 

back to phosphatidic acid and appear in other phosphoinositides (Peng et al. β018). 

The cPLAβ reaction can be considered and tested as an alternative pathway to slow 

down the flux of conversion from PtdIns to PtdIns4P. Another idea to integrate is the 

possible interference of PtdIns(4,5)Pβ sequestering proteins, which may concentrate 

the PtdIns(4,5)Pβ in unstimulated cells and release it in response to local increases in 

cytosolic Caβ+ concentration (McLaughlin et al. β005). One such protein is 

myristoylated alanine-rich C kinase substrate (MARCKS), which is expressed in 

platelets (Burkhart et al. β01β), and has been proposed to contribute to the 

replenishing of PtdIns(4,5)Pβ for sustained production of InsPγ and PtdIns(γ,4,5)Pγ 

(Jahan et al. β0β0). These potential changes are summarised in Figure 7.β. 
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Figure 7.2 Proposed expansion of the phosphoinositides model.  The proposed 
changes are circled by dashed lines, with newly introduced parameters and species 
in yellow boxes. The changes included the incorporation of a calcium mobilisation 
module, the inclusion of phosphatidic acid to account for cPLAβ and the coupled 
PtdIns/phosphatidic acid transport and the sequestration of PtdIns(4,5)Pβ by its 
binding protein. 

 

7.2.4 Targeting the platelet phosphoinositide metabolism beyond class I PI3K 
isoforms 

The promising use of class I PIγK inhibitors as antithrombotics is discussed in 

Chapter 1. In addition, also class II and class III PIγK inhibitors are gaining interest in 

this respect. The PIγKCβα inhibitor MIPS-β1γγ5 was recently shown to reduce 

thrombus formation in an ex vivo microfluidic flow assay and an in vivo electrolytic 

injury-induced thrombosis model in mice, while it did not affect the tail bleeding time 

(Selvadurai et al. β0β0). For the class III PIγK isoform VPSγ4, it was shown that ex 

vivo treatment of mouse or human platelets with the inhibitor SAR-405 reduced 

thrombus growth at arterial shear rates (Valet et al. β017). In the context of thrombosis, 

the therapeutic potential of other phosphoinositide kinases, i.e. isoforms of PI4P5K, 

PI5P4K, PI4K and PIKfyve, has not been investigated. However, inhibitors for these 

proteins have already been explored for the treatment of cancer, viral infections or 

neurological illnesses (Burke et al. β0ββ). Our result of GSK-A1 on inhibiting InsP1 

accumulation and cytosolic Caβ+ mobilisation in Chapter 4 could serve as a basis for 
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further exploration of specific phosphoinositide-modulating enzymes as targets for a 

novel antithrombotic. 

On the other hand, a drawback of using phosphoinositide-directed inhibitors as 

antithrombotics is their likely off-target effects. These phosphoinositide kinases are 

abundantly expressed, are constitutively active, and perform housekeeping work to 

maintain membrane integrity and intracellular vesicle transport. This is in contrast to 

the class I PIγK isoforms that in various cell systems are only activated by stimulation 

of the cells. Loss-of-function mutations of several of these enzymes have been linked 

to hereditary disorders (Chow et al. β007; Tiosano et al. β019), but so far not to a 

bleeding diathesis. The further development of class I PIγK inhibitors may also 

encounter such problems, given their abundant expression levels. 

7.3 Platelet receptor GPVI as an antithrombotic target 
7.3.1 Method-dependent reversal of GPVI-induced platelet aggregation 

 Microfluidic studies using whole-blood flowed over collagen surfaces have 

provided evidence for a sustained role of GPVI signalling, and fibrinogen-integrin 

αIIbȕγ interactions in the formation and stabilisation of thrombi. Accordingly, the 

inhibition of GPVI or the protein tyrosine kinases downstream of GPVI was found to 

promote thrombus disaggregation on collagen. Ahmed et al. showed that inhibition of 

GPVI signalling using GPVI antagonist glenzocimab or by inhibiting the kinases Src or 

Syk enhanced the disaggregation of platelet thrombi on collagen or human 

atherosclerotic plaque material (Ahmed et al. β0β0). Similarly, André et al. pointed out 

that the Syk inhibitor PRT-060γ18 reduced thrombus stability and enhanced thrombus 

disaggregation on a collagen surface (Andre et al. β011). Perrella et al. reported similar 

results for PRT-060γ18 and the Src inhibitor dasatinib, while the anti-GPVI nanobody 

Nbβ1 caused only minor thrombus disaggregation (Perrella et al. β0ββ). 

In light transmission aggregometry (LTA) of rapidly stirred platelets without 
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arterial shear, ADP-induced platelet aggregation can be reversed by integrin αIIbȕγ 

antagonists like eptifibatide (Moser et al. β00γ; Frojmovic et al. β005; Speich et al. 

β009). In contrast, platelet aggregation induced by GPVI agonists collagen or CRP 

appears to be irreversible (Ahmed et al. β0β0; Zou et al. β0β1). My results in Chapter 

5 confirm this by showing an irreversible platelet aggregation when induced by GPVI 

signalling in the presence of the secondary mediators TxAβ and ADP. Interestingly, this 

irreversible aggregation contrasts with the rapid reversal of tyrosine kinase 

phosphorylation in response to the same agonists. On the other hand, we observe a 

partial aggregation reversal in the presence of an Src kinase inhibitor or a blocker of 

integrin αIIbȕγ. This can be attributed to the loss of αIIbȕγ outside-in signalling, which 

is dependent on Src but not Syk or Btk (Watson et al. β005). This is further backed up 

by the findings of Auger et al. (Auger et al. β008) which showed that Src family kinases 

and the actin cytoskeleton, but not secondary mediators, stabilised compact platelet 

aggregates on collagen at arterial shear. 

The difference between a substantial reversibility of GPVI-induced thrombus 

formation under flow and a low reversibility of GPVI-induced platelet aggregation 

(measured as light transmission aggregometry) shows that measurement of the 

transiency of platelet responses is a matter of the experimental design and method. In 

light transmission aggregometry, the formed platelet aggregates are subjected to low 

shear stress with all platelets in the suspension being activated by CRP. This is in 

contrast to whole-blood flow experiments, in which the most potent GPVI agonist 

(collagen) is only present at the microfluidic surface, and the platelets adhere and 

aggregate at high shear rates. Therefore, whole-blood flow experiments appear to be 

preferable to LTA for studying platelet disaggregation. 

7.3.2 Development of nanobody Nb2-2 as a GPVI-blocking agent 

In Chapter 6, I study the effects of anti-GPVI nanobodies produced in dimeric 
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(Nbβ-β) or tetrameric form (Nbβ-4) on platelets. Binding studies by SPR show that 

both Nbβ-β and Nbβ-4 have higher GPVI-binding affinity than monomeric Nbβ. Using 

protein phosphorylation assessment and LTA, we further demonstrate that Nbβ-β acts 

as a GPVI blocker, as opposed to Nbβ-4 which acts as a GPVI agonist.  

In general, the natural monomeric cameloid nanobodies have a short plasma 

half-life in vivo of approximately 0.5 hours in mice, and β hours in cynomolgus 

monkeys. This is explained by the nanobodies' small size (around 15 kDa), making 

them susceptible to glomerular clearance (Roovers et al. β007; Hoefman et al. β015). 

Protein modification of a nanobody is thus needed to increase its plasma half-life, as 

most therapeutic agents need to be present for a prolonged time at an effective 

concentration. Nanobody multimerisation or fusion with an albumin-binding domain 

can increase the plasma half-life. 

The first FDA-approved nanobody, Caplacizumab, for the treatment of acquired 

thrombotic thrombocytopenic purpura, is a β8 kDa dimeric protein, with the two VHH 

domains linked by a tri-alanine linker (Morrison β019). Caplacizumab has a plasma 

half-life of 1γ-40 hours after intravenous injection of a single dose (0.5–1β mg) 

(Sargentini-Maier et al. β019). It appears that its circulation time is extended by forming 

a complex with von Willebrand factor in plasma. Another therapeutically promising 

antibody, Vobarilizumab (ALX-0061), is a β6 kDa bispecific construct with a half-life of 

6.6 days (a single dosage of 10 mg/kg) in cynomolgus monkeys (Van Roy et al. β015). 

This drug is designed as the fusion construct of an anti-IL6 receptor nanobody with an 

albumin-binding nanobody, thereby giving it a similar half-life as albumin in plasma 

(Steiner et al. β017). Based on these examples, it is expected that Nbβ dimerisation 

or linkage with an albumin-binding domain will improve circulation time and thereby 

their in vivo activity. In the future, the half-life enhanced Nbβ-β has the potential to be 
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developed into a viable antithrombotic like glenzocimab.  

Nevertheless, it might not be advantageous for Nbβ-β to have an extended half-

life. The presence of divalent ligands that bind GPVI at a different site as Nbβ, such 

as Fabβ of glenzocimab (Billiald et al. β0ββ), may cause clustering and activation of 

GPVI. Antiplatelet medications are frequently taken alongside other antiplatelet 

medications, such as aspirin which is widely used for cardiovascular disease 

prevention (Ittaman et al. β014). Another example is glenzocimab which is currently 

being investigated in a phase β/γ study in combination with tissue plasminogen 

activator following acute ischemic stroke (Mazighi et al. β019). Therefore, having a 

prolonged half-life and improved efficacy through multimerisation may risk supporting 

thrombosis in synergy with other endogenous ligands or co-administered drugs.  

7.3.3 Development of Nb2-4 as a platelet GPVI agonist 

In Chapter 6, the tetrameric nanobody Nbβ-4 is shown to stimulate platelets via 

GPVI. Based on these results, it may be further developed to serve as an alternative 

GPVI receptor agonist, which then complements the selective ligands CRP and 

convulxin. When used in the crosslinked form, CRP is a potent GPVI-specific agonist 

and an accepted gold standard in various platelet function assays. Despite a low intra-

batch variation and high stability, appreciable batch-to-batch variability due to 

crosslinking effects has been observed, necessitating the calibration of a fresh batch 

before assay usage (Lombardi et al. β01β; Garner et al. β017; Sang et al. β019). 

Convulxin, another gold standard GPVI agonist, is an octamer with a defined protein 

structure and sequence, of which the interaction with GPVI is well-characterised. 

However, the glycoprotein is purified from the venom of the South American 

rattlesnake Crotalus durissus terrificus, which is expensive to breed and purify (Prado-

Franceschi et al. 1981). In addition, snake specimens can produce different amounts 

of platelet-activating convulxin. 
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In contrast, the amino acid sequence of Nbβ-4 is well-defined, with no 

heterogeneity due to peptide modification such as crosslinking or glycosylation. The 

Nbβ-4 can be purified from normal expression systems in Escherichia coli or HEK-β9γ 

cells, which makes it more cost-effective to produce in larger quantities. 

At the moment, the production of Nbβ, Nbβ-β and Nbβ-4 has not been optimised 

for high yield and purity. Further development studies are needed such as clonal 

selection to obtain the highest yield clone, optimisation of the inoculation and 

fermentation conditions to maximise cell growth, purification improvement, and batch-

to-batch variation studies before the nanobodies can be widely used as GPVI blocking 

or activating substances for platelet studies.  

In addition to GPVI, this approach can be applied to C-type lectin-like receptor 

β (CLEC-β) and Platelet Endothelial Aggregation Receptor 1 (PEAR1), two platelets 

receptors that contain tyrosine-based signalling motifs in their cytosolic tails and 

activate through clustering (Chapter 1.β.γ, (Kauskot et al. β01β)). Similar to Nbβ and 

Nbβ-4, the development of dimeric and tetrameric nanobodies against CLEC-β and 

PEAR1 can potentially produce receptor-specific blocking and activating ligands. 

7.3.4 Improved modelling of GPVI receptor clustering 

The ordinary differential equation (ODE) model developed for GPVI activity in 

Chapter 6 predicts that divalent and tetravalent (nanobody) ligands complex with more 

than one receptor molecule. A bell-shaped relationship is observed between the 

equilibrium receptor occupancy and ligand concentration, which suggests that a high 

ligand concentration would inhibit receptor clustering and activation. This prediction 

does not fit with the experimental data. The reasons for this likely are the stochastic 

character of ligand-receptor interactions and the fact that GPVI is present on the 

membrane as a combination of monomers and dimers (Clark, Neagoe, et al. β0β1). 

Accordingly, each Nbβ-4 molecule is able to bind to more than one GPVI receptor. 
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When GPVI exists as a mixture of monomers and dimers, each ligand-receptor 

complex can consist of a GPVI monomer or dimer (Clark, Neagoe, et al. β0β1), leading 

to the formation of GPVI-enriched receptor complexes. The ODE model furthermore 

assumes the presence of a single ligand for each receptor, but it is known that next to 

collagen, also fibrinogen and fibrin can (competitively) bind to GPVI. 

An alternative option to ODE models is the so-called agent-based modelling 

(ABM). This comprises a computer model for simulating the interactions and motions 

of autonomous agents. The ABM can easily be adapted to mimic self-organisation 

phenomena such as receptor clustering (Lamerton et al. β0β1; An β009). The use of 

ABM allows spatial consideration, GPVI receptor dimerisation and membrane 

heterogeneity to be considered in the model (Maqsood et al. β0ββ). In the ODE model, 

we assume that all receptors exist as a monomer to simplify the model, which is not 

the case on platelet surface as GPVI exist as a mixture of monomer or dimer (Clark, 

Neagoe, et al. β0β1). While the presence of dimers or monomer/dimer mixture can be 

modelled using ODE, this complicates the model with more potential species. Also, in 

the ODE model, as the spatial considerations are not taken into account, the forced 

proximity due to avidity is not accounted for, although the concept can be incorporated 

through the use of cooperativity (White et al. β019). On the other hand, spatial 

consideration can be readily modelled by ABM, as well as other factors such as the 

presence of receptors dimers or monomer/dimer and other cytosolic 

protein/crosslinkers that influence receptor clustering (Maqsood et al. β0ββ).  

Nevertheless, ABM currently necessitates more technical knowledge, 

programming effort, and computational power compared to equation-based models, 

even though some modelling platforms like Netlogo attempt to improve the user 

interface to minimise programming efforts (Tisue et al. 1999). To conduct parameter 
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estimation or sensitivity analysis, ABM relies on grouping model outputs and empirical 

data into collections of arbitrary summary statistics, which results in a large portion of 

the data's spatial and temporal information being lost (Thiele et al. β014).  

7.4  Conclusions 

 Platelet activation is a multistep process that involves the activation of various 

receptors with downstream signalling proteins, the production of phosphoinositide 

isomers, and a culminating Caβ+ response, which leads to platelet functional 

responses. My work has resulted in a comprehensive understanding of the 

phosphoinositide turnover in platelets and provides better insight into the action 

mechanisms of tyrosine kinase inhibitors and GPVI, integrin αIIbȕγ blockers in the 

context of GPVI-induced activation and aggregation. The findings include: i) an IC-MS 

method capable of positional phosphoinositide isomers profiling; ii) an ODE-based 

phosphoinositide conversion model that predicts effects of kinase inhibition; iii) insight 

that the CRP-induced tyrosine kinase phosphorylation is reversible, but not the 

ensuing platelet aggregation; and iv) the discovery that monovalent, divalent, and 

tetravalent anti-GPVI nanobodies differentially cause GPVI inhibition or activation.  

This thesis demonstrates how integrating functional data and mathematical 

modelling assists with hypothesis generation and validation. Due to the lack of spatial-

temporal data encompassing several species generated under the same conditions 

as well as donor variability in protein copy number and platelet size, the models' 

applicability is currently limited. With the development of new sample preparation and 

analytical methods to acquire a more comprehensive dataset, I believe that the 

mathematical models created in this thesis can be combined and expanded to include 

the element of protein phosphorylation, calcium mobilisation, and interaction with other 

platelet agonists This would give the scientific community a valuable tool for testing 

hypotheses and developing new anti-platelet drugs. 
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Chapter 8 Appendix 

Parameters of the 10 best-fitting profiles for phosphoinositides Models 1 and 2. 

 

Set r1 r-1 r2 r-2 r-3 r5 θ 2 θ 3 θ -3 θ 5 θ -5 θ 4 θ -4 s1 s2 

1 1.4E-01 5.8E-01 1.7E+00 2.5E+00 2.4E+01 1.6E+00 1.7E-02 4.9E-01 5.5E-03 1.3E-03 7.9E-02 7.3E-03 2.9E+01 1.5E-04 3.3E-01 

2 2.0E-01 3.0E-01 1.4E+01 1.9E+01 9.7E-01 7.5E+00 1.4E-02 3.1E-01 5.3E-03 2.0E-03 8.5E-01 2.6E-02 1.0E+02 1.6E-04 1.1E-01 

3 2.0E-01 3.0E-01 1.4E+01 1.9E+01 9.7E-01 7.5E+00 1.4E-02 3.1E-01 5.3E-03 2.0E-03 8.5E-01 2.6E-02 1.0E+02 1.6E-04 1.1E-01 

4 2.7E+00 9.2E+00 1.2E+01 1.5E+01 3.9E+01 2.9E+00 1.6E-02 1.9E-03 1.1E-03 1.0E-02 3.3E+00 2.3E-02 9.1E+01 1.5E-04 5.5E-01 

5 3.4E-01 1.0E+00 2.4E+00 3.2E+00 2.7E+01 4.2E+00 1.2E-02 3.1E-01 4.2E-03 1.8E-03 5.6E-01 4.5E-04 2.5E+00 1.6E-04 4.1E-01 

6 5.4E+00 1.8E+01 3.7E+00 3.3E+00 6.2E+01 8.4E-01 1.2E-02 2.7E-02 5.5E-03 2.0E-03 2.3E+00 1.7E-04 8.2E-01 1.6E-04 8.4E-01 

7 1.3E+01 4.4E+01 1.3E+01 1.9E+01 2.3E+01 5.4E+00 1.6E-02 1.2E-01 2.3E-03 8.0E-03 2.5E+00 3.2E-03 1.4E+01 1.6E-04 3.9E-01 

8 1.2E+00 4.7E+00 7.8E-01 9.8E-01 7.6E-01 1.2E+01 1.3E-02 3.8E-01 5.4E-03 1.3E-03 2.1E-01 2.0E-03 9.9E+00 1.6E-04 1.8E-01 

9 7.1E+00 2.6E+01 1.5E+01 2.6E+01 3.0E+01 9.0E-01 1.5E-02 4.3E-01 7.0E-03 1.4E-03 5.3E-01 1.3E-02 5.2E+01 2.0E-04 5.1E-01 

10 2.8E-01 1.8E-02 1.0E+00 1.3E-01 1.5E-02 1.0E+00 9.0E-03 4.4E-02 3.9E-03 1.8E-03 1.6E+00 1.1E-04 5.7E-01 1.6E-04 1.3E-02 

 

Table 8.1 Results of parameter fitting Model 1 to experimental data. Parameter sets of the ten best results from a sample of N = 
β0000 fits. 
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Set r1 r-1 r2 r-2 r-3 r5 θ 2 θ 3 θ -3 θ 5 θ -5 θ 4 θ -4 s1 s2 

1 7.0E+00 1.3E+01 7.0E+00 9.8E+00 1.7E+00 2.7E+00 1.1E-04 1.4E-03 7.3E-03 2.2E-02 2.1E-03 1.1E+00 2.3E+01 1.5E-04 5.7E-02 

2 1.1E-03 2.0E-03 3.4E-01 4.6E-01 1.0E+01 1.7E-01 6.3E-04 1.2E-03 6.2E-01 1.8E-01 3.0E-03 4.0E-03 3.3E-02 1.6E-04 1.4E-01 

3 2.2E+01 4.8E+01 8.1E-03 1.1E-03 1.5E-03 8.5E-01 2.2E-02 1.0E-03 2.1E-02 1.0E-03 1.0E-03 4.8E-01 4.7E+00 1.6E-04 1.1E-02 

4 4.3E-02 4.7E-02 7.1E-02 8.6E-02 4.6E-01 3.7E-02 2.3E-04 5.0E-03 6.0E-03 3.3E-03 1.8E-02 1.4E+00 5.2E+01 1.6E-04 6.4E-03 

5 1.8E+00 3.0E+00 3.4E-01 4.8E-01 1.0E+01 9.6E-01 9.8E-01 3.0E-03 6.1E-03 7.2E-03 8.8E-03 1.2E-01 3.6E+00 1.6E-04 1.5E-01 

6 6.9E+00 1.1E+01 3.5E-02 3.0E-02 5.2E+01 2.3E+00 2.5E-01 1.0E-03 1.1E-02 8.3E-03 6.5E-03 1.3E-01 4.0E+00 1.5E-04 6.8E-01 

7 1.0E+00 1.4E+00 7.4E+00 1.0E+01 1.3E+01 1.3E-01 4.8E-01 8.2E-03 4.5E-03 4.9E-03 8.8E-03 2.2E-01 7.5E+00 1.6E-04 1.7E-01 

8 3.6E-02 4.9E-02 3.7E-02 4.3E-02 2.2E-01 2.5E-01 2.8E-02 7.7E-03 5.9E-03 3.4E-03 1.0E-02 6.1E-02 2.3E+00 1.4E-04 6.1E-03 

9 1.0E-03 2.7E-03 3.2E+00 4.3E+00 7.5E+01 9.9E-02 4.5E-02 1.0E-03 1.8E-01 3.6E+01 1.2E+00 1.9E-03 1.8E-02 1.6E-04 1.0E+00 

10 7.0E+00 1.3E+01 7.0E+00 9.8E+00 1.7E+00 2.7E+00 1.1E-04 1.4E-03 7.3E-03 2.2E-02 2.1E-03 1.1E+00 2.3E+01 1.5E-04 5.7E-02 

 

Table 8.2 Results of parameter fitting Model 2 to experimental data. Parameter sets of the ten best results from a sample of N = 
β0000 fits. 
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Parameters of the 10 best-fitting profile for phosphoinositides Models 1 and 2. 

 

 

Figure 8.1 Posterior parameter ranges for s1 and θ6. Posterior parameter ranges 
are shown for Models 1 (Top) and β (Bottom). The blue, black, and red lines and hollow 
circles show the full range, interquartile range, the inner 10% range and median of 
each estimated parameter. 
 

 

Figure 8.2 Donor variability in the production of PtdIns(3,4,5)P3. Washed platelets 
at 1.βx109 cells were stimulated with γ0 µg/mL CRP and the stimulation was stopped 
at the stated time with cold 1M HCl. The phosphoinositides in the samples were 
extracted, derivatised and analysed in IC-MS as described in Chapter γ. The peak 
areas of each species were normalised using internal standards and the amount of 
protein determined by BCA. 
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