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Abstract 

Platelets are small, anucleate blood cells, and their major role is in haemostasis, whereby they 

prevent excessive blood loss by adhesion, activation and aggregation at sites of blood vessel 

injury. However, they can also give rise to thrombosis, leading to myocardial infarction or 

ischaemic stroke, when they are activated in diseased arteries following the rupture of 

atherosclerotic plaques. These behaviours are dependent on the interaction between platelet 

membrane protein receptors and their subendothelial matrix or soluble ligands. Traditionally, 

membrane protein studies relied on detergent-based solubilisation methods, which remove 

most of the native plasma membrane lipid species and can affect protein structure and function. 

Recently, a novel methodology, namely styrene-maleic acid lipid particles (SMALPs), has 

emerged for the extraction of membrane proteins. This method utilises styrene-maleic acid co-

polymers (SMA), which are amphiphilic polymer chains, to directly cut patches out of the 

native membrane continuum, generating SMALPs encapsulating intact membrane proteins 

with their surrounding lipids and partner proteins, belted by SMA, without the addition of 

detergent molecules in any steps. The aim of this thesis was to adopt SMALPs for the 

characterisation of platelet membrane protein structure and interaction partners, with a main 

focus on the platelet-activating collagen receptor GPVI. In transfected HEK-293T cells, GPVI 

was successfully purified in SMALPs together with its associated FcRγ signalling chain. Gel 

filtration followed by a native polyacrylamide gel electrophoresis (PAGE) method, SMA-

PAGE, revealed multiple sizes of the purified GPVI/FcRγ SMALPs, suggesting the potential 

existence of GPVI oligomers. Importantly, GPVI/FcRγ SMALPs were functional in binding to 

collagen, and contained single-dispersed protein particles that could be observed under 

negative stain electron microscopy (EM), suggesting great potential for future investigation of 

GPVI stoichiometry and structure. In human platelets, the SMALP generation protocol was 

optimised and simplified for bench-top biochemical characterisations. This demonstrated that 



 

 

membrane protein complexes could be successfully extracted into the same SMALPs, 

including GPVI/FcRγ and the ‘molecular scissor’ ADAM10 with its regulatory tetraspanins 

Tspan15. In addition, SMA-PAGE has been proved as a convenient method to investigate a 

wide range of platelet membrane protein interactions, by revealing the molecular weights of 

native protein complexes in SMALPs. Taken together, the work in this thesis suggests that 

SMALPs are a promising tool for the characterisation of platelet receptor structures in their 

native lipid bilayer and for the identification of novel membrane protein interaction partners. 

Such information will be valuable for the future characterisation of new antiplatelet therapeutic 

targets designed to prevent thrombosis with minimal effects on haemostasis. 
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General introduction 

  



 

2 

 

Chapter 1 General introduction 

1.1 Platelet biology 

1.1.1 Overview of platelets 

Platelets are small, anucleate cell fragments existing in blood circulation. Platelets are around 

2-5 μm in diameter and are the second most abundant blood cells, only less than erythrocytes 

(red blood cells). With a canonical role of stopping bleeding at the sites of blood vessel injury—

the procedure of haemostasis, platelets are also termed thrombocytes. Beside this, platelets also 

process many other roles beyond haemostasis, including atherogenesis, immune responses such 

as inflammation, angiogenesis, and wound healing (Badimon et al., 2012; Golebiewska & 

Poole, 2015; van der Meijden & Heemskerk, 2019).  

Most of the roles of platelets are dependent on platelet activation. In normal, intact blood 

vessels, platelets exist in their resting state with a discoid shape; both the size and the shape 

cause platelets to be pushed close to vessel endothelium in the blood flow, which help them to 

accumulate and respond quickly in the event of vessel injury (Hartwig, 2013). Upon stimulation, 

usually when the endothelium layer is broken, the resting platelets are activated by a variety of 

agonists. Activated platelets change their shape, become flattened and develop feeler-like 

bulges, all of which increase their surface area towards the broken endothelium layer and 

therefore help platelets to exert their haemostasis function (Thomas, 2019). Activated platelets 

also express specific surface receptor proteins and secrete molecules in the further steps of 

haemostasis (Yun et al., 2016). Most of the changes from resting to activated platelets are due 

to cytoskeleton protein reorganisation, granule secretion and increasing of platelet surface area 

via the open canalicular system (OCS). The OCS is the major source of platelet membrane 

extension, and is connected to platelet plasma membrane; in resting states, the OCS is mostly 
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reserved inside platelets, and its connection with the plasma membrane generates small 

openings on the platelet outer surface (Selvadurai & Hamilton, 2018). 

1.1.2 Platelet biogenesis (thrombopoiesis) 

The biogenesis of platelets starts from haematopoietic stem cells (HSCs) which are located in 

the bone marrow and are subjected to self-renewal (Machlus & Italiano, 2013). HSCs 

differentiate into myeloid stem cells (MSCs), which further develop into megakaryocytes, 

erythrocytes, neutrophils and monocytes, and lymphoid stem cells (LSCs), the latter of which 

further develop into natural killer cells (NK cells), T cells and B cells (Figure 1.1). 

Megakaryocytes are the precursors of platelets, and the formation of platelets happens in 

sinusoidal blood vessels (Stegner et al., 2017; Tavassoli & Aoki, 1989).  

Once formed, the megakaryocytes undergo maturation, which is mediated by thrombopoietin 

(TPO), a cytokine synthesised in the liver (Hitchcock & Kaushansky, 2014; Kato et al., 1995; 

Kelemen et al., 1958). TPO binds its receptor, c-Mpl on the megakaryocyte surface, initiating 

downstream signalling pathways that promote platelet generation (Bartley et al., 1994; de 

Sauvage et al., 1994). It was initially believed that the binding of TPO induces c-Mpl 

dimerisation which leads to activation of the downstream pathways; however, it is recently 

proposed that c-Mpl forms inactive dimers in its resting state, and TPO binding changes the 

conformation of these dimers, especially in their cytoplasmic tails, inducing signal transduction 

(Kuter, 2019). TPO induces megakaryocyte endomitosis and the subsequent increase of their 

ploidy. Meanwhile, the amount and size of megakaryocytes are also increased following TPO 

activation (Kuter et al., 1994). The invaginated membrane system (IMS) is formed during 

megakaryocyte maturation; the IMS distributes throughout the cytoplasm and serves as a 

reservoir of membrane for future platelet production (Eckly et al., 2014; Schulze et al., 2006).  
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It is during megakaryocyte maturation that the proteins needed to be packed into platelets are 

synthesised and the cytoskeleton is reorganised (Machlus & Italiano, 2019). The latter induces 

pseudopods which stay connected to the megakaryocyte surface, while protruding into the 

blood flow through the space between adjacent endothelial cells that line the sinusoidal blood 

vessels. The formation of these pseudopods, termed proplatelets, is regulated by multiple 

cytoskeletal proteins such as microtubules, actin and motor protein dynein (Bender et al., 2015; 

Italiano et al., 1999; Tanenbaum et al., 2013). Proteins and other cellular contents to be 

presented in platelets are trafficked from the central area of megakaryocytes into proplatelets, 

while the nucleus is not (McArthur et al., 2018; Richardson et al., 2005). The shear rate in 

blood flow sheds proplatelets out of mature megakaryocytes, generating preplatelets into the 

circulation (Thon et al., 2010). Preplatelets are barbell-shaped fragments without a nucleus; 

they are larger than platelets and will further divide into the final platelets (Machlus & Italiano, 

2019).  

Platelet count in healthy human beings is 1.5-4.5 x 106 /mL of blood (Daly, 2011). A higher 

count is termed thrombocytosis, while a lower count is termed thrombocytopenia. Platelet 

turnover time is around 7-10 days (Siegel et al., 1989), and platelet clearance is mediated by a 

few proteins on its surface, including β-galactosidase which gets exposed on aged, desialylated 

platelets and can be recognised by hepatocytes and macrophages, and platelet receptors GPIb 

and integrin αIIbβ3 which can be recognised by autoantibodies in a process called opsonization 

(Quach et al., 2018). 



 

5 

 

 

Figure 1.1 Simplified illustration of platelet lineage in human. 

Haematopoietic stem cells (HSCs) differentiate into pluripotent stem cells, which further differentiate 

into myeloid stem cells and lymphoid stem cells. Myeloid stem cells are the precursor of 

megakaryocytes, which further develop into platelets through a series of stages including burst-forming 

unit (BFU) megakaryocytes and colony-forming unit (CFU) megakaryocytes (not shown). Platelets are 

derived from proplatelets, the protrusions on megakaryocytes, that can be shed by blood flow shear 

stress, and their shapes change following agonist activation, a procedure mediated by cytoskeleton 

reorganisation. Myeloid stem cells are also the precursor of erythrocytes, granulocytes and monocytes; 

the other lineage, where the pluripotent stem cells differentiate into lymphoid stem cells and further into 

natural killer cells, T lymphocytes and B lymphocytes, is termed lymphopoiesis. Images are partly 

adapted from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported 

License (https://creativecommons.org/licenses/by/3.0/).  

  

https://creativecommons.org/licenses/by/3.0/
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1.1.3 The role of platelets in haemostasis 

Platelets are the major cells in blood flow to react to vascular injury and to stop excessive 

bleeding that would otherwise follow. They achieve this via interactions with various ligands 

on the subendothelial matrix that only come into contact with the interior contents of blood 

vessels in an injury condition. The formation of such interactions leads to platelet adhesion to 

the injury site, a series of intracellular signalling events that activate platelets and induce 

platelet shape change, release of soluble mediators to further activate nearby platelets and 

aggregate them together, the involvement of the coagulation pathway, and finally the formation 

of stable thrombi (Brass et al., 2019; Hou et al., 2015). This whole haemostasis process 

involves numerous molecules in platelets, including but not limited to the surface-expressed 

receptors, intracellular signalling nodes, and granule contents. In this section, the haemostasis 

process will be divided into five progressive steps, following the classic haemostasis model. 

Note that some of the molecular interactions can happen in multiple steps and have effects at 

different stages of thrombi formation. Some of the key molecules involved, especially major 

membrane receptors, will be discussed further in section 1.2.  

1.1.3.1 Platelet initial adhesion to blood vessel injury site 

In an intact blood vessel environment, platelets circulate in a resting or quiescent state. At this 

stage, they are discoid shaped, and their activation is suppressed by endothelial cell-derived 

inhibitory factors, including nitric oxide (NO), prostacyclin (PGI2) and an endothelial surface 

protein, CD39 (Brass et al., 2019). At the site of vascular injury, platelets get into contact with 

the components of subendothelial matrix, notably fibrous collagen, and von Willebrand factor 

(vWF) which is a soluble glycoprotein (Xu et al., 2016). vWF binds to the collagen fibres, and, 

upon the high shear rate generated by the blood flow, its A1 domain gets exposed, providing 

the binding site for GPIb, a platelet membrane receptor (Clemetson, 2012). The interaction 

between GPIb and vWF, though unstable and reversible, slows down platelets in circulation 
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and helps form the initial platelet adhesion monolayer, enabling further interaction and 

molecular signalling events to follow (Hou et al., 2015). 

1.1.3.2 Firm adhesion and platelet activation 

The initial adhesion and rolling of platelets, mediated by GPIb-vWF interaction, is stabilised 

by the major collagen receptor, glycoprotein VI (GPVI). The GPVI-collagen interaction 

produces signal transduction through Fc receptor γ (FcRγ) that initiates a downstream 

signalling pathway involving extensive phosphorylation events, leading to intracellular Ca2+ 

concentration increase, and subsequent “inside-out” activation of integrins (Rayes et al., 2019). 

Integrin α2β1 is also a receptor for collagen, while integrin αIIbβ3 interacts with fibrin(ogen) 

and vWF (Haining et al., 2019). Together, these receptor-ligand interactions facilitate firm 

adhesion of platelets at the injury site. 

1.1.3.3 Platelet spreading 

The activation of platelets also leads to cytoskeleton reorganisation, which is triggered by the 

“outside-in” signalling of αIIbβ3. This reorganisation starts from the formation of protrusions 

called filopodia/pseudopodia, followed by the formation of lamellipodia (Durrant et al., 2017). 

Platelets become flattened towards the injury surface, with increased surface area which is in 

part due to exocytosis of platelet granules (Smith, 2018). Thus, more firm adhesion is formed 

between the platelet surface and the subendothelial matrix, and blood loss is further restrained 

(Brass et al., 2019). 

1.1.3.4 Platelet secretion and aggregation 

Activated, spread platelets further undergo degranulation processes, which mainly involves α- 

and dense-granules. α-granule contents include some large proteins, including vWF and 

fibrinogen, which bind αIIbβ3 from nearby platelets, and thus recruit more platelets to the 

injury site and trigger their activation (Flaumenhaft & Sharda, 2019). Dense-granules release 
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ADP, which activates platelets via two types of G protein coupled receptors (GPCRs), P2Y1 

and P2Y12, leading to intracellular Ca2+ concentration increase and subsequent integrin 

activation (Cattaneo, 2019a). In addition, activated platelets also secrete thromboxane A2 

(TXA2) that interacts with TXA2 receptor (TP), which is also a GPCR (Offermanns, 2006). ADP 

and TXA2 work in synergy to activate platelets from circulation (Offermanns, 2006). 

1.1.3.5 Thrombin generation and thrombi formation 

The activated platelets accumulating at the injury site expose phosphatidylserine, and provide 

the surface for procoagulant enzyme complexes to form (Hou et al., 2015). This involves 

proteins in the coagulation cascade, mainly factor Xa and Va (see also section 1.1.4), which 

cleave prothrombin to thrombin. The generated thrombin plays two important roles in this step: 

cleavage of fibrinogen to fibrin which forms an insoluble mesh network, and activation of 

platelets through another group of GPCRs, protease-activated receptors (PARs) (Colman, 2006; 

Offermanns, 2006). Fibrin interacts with αIIbβ3 and thus holds a stable thrombus together with 

the platelets attached to it (Bledzka et al., 2019). More recently, the collagen receptor GPVI 

has also been shown to bind fibrinogen and fibrin (Mammadova-Bach et al., 2015), thus can 

also contribute to this final step of thrombus formation. The PARs involved in this process are 

PAR1 and PAR4 in human platelets, and PAR1 and PAR3 in mouse platelets. The formed 

thrombus further undergoes clot contraction, especially in its core region which is more 

compact and contains more fully activated platelets in comparison to the shell region (Kim et 

al., 2017). Such clot contraction reinforces haemostasis at the injury site, and prevents 

dissociation of a formed thrombus from the vascular wall, which might occlude the blood 

vessel (Lam et al., 2011). 
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Figure 1.2 Illustration of platelet generation, platelet activation and thrombosis 

formation. 

(a) Platelets are generated from protrusions of megakaryocytes, termed proplatelets, which are shed by 

blood flow shear stress, forming preplatelets in blood flow. Preplatelets further divide into platelets. 

Platelets are maintained in their resting state in intact blood vessels, due to the existence of NO and 

PGI2 in blood flow, and CD39 which is expressed on the surface of endothelial cells. (b) Upon blood 

vessel injury, inner vessel components are exposed to subendothelial matrix, which contains rich 

collagen fibres and vWF attaching to them. Platelets adhere to subendothelial matrix initially via vWF 

binding GPIbα, and the adhesion is reinforced by GPVI binding collagen. (c) GPVI binding collagen 

activates platelets, initiating downstream signalling events which ultimately leads to cytoskeleton 

reorganisation, integrin activation and degranulation. During these procedures, activated platelets 

change their shapes, become spread, secrete various molecules including fibrinogen, vWF, TxA2 and 

ADP, thus recruit more nearby resting platelets and activate them. Activated integrin αIIbβ3 binds 

fibrin(ogen) and vWF, facilitating thrombus growth. (d) Activated platelets serve as the surface for 

procoagulant enzyme complexes to form, which cleave prothrombin to thrombin (not shown). 

Thrombin further activates platelets through its receptors, and cleaves fibrinogen to insoluble fibrin 

fibre meshes. Activated integrin αIIbβ3 binds fibrin meshes and facilitates firm thrombus formation; 

GPVI also contributes to fibrin binding. (e) Example of a thrombus under arterial thrombosis condition. 

The rupture of an atherosclerotic plaque generates a different environment from that at the site of blood 

vessel injury, including higher amount of collagen and inflammatory cytokines. An arterial thrombosis 

contains richer amounts of fibrin and erythrocytes, and can potentially block blood flow, causing serious 

health conditions such as stroke and heart attack. Images of megakaryocyte organelles, erythrocytes, 

lymphocytes, neutrophils and monocytes are adapted from Servier Medical Art, licensed under a 

Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). 

  

https://creativecommons.org/licenses/by/3.0/
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1.1.4 The role of platelets in thrombosis 

Apart from haemostasis, platelets also play a crucial role in thrombosis. Thrombosis happens 

in a disease context when the thrombus blocks the blood flow. There are two different types of 

thrombosis: arterial thrombosis and venous thrombosis. As the names suggest, the difference 

between these two types is mainly due to the site where thrombosis happens. Arterial 

thrombosis occurs in arteries, where the shear flow is high, and the thrombus usually develops 

at atherosclerotic plaque rupture regions where the endothelium is damaged and platelets are 

exposed to subendothelial matrix. Arterial thrombi can block major arteries, causing severe 

conditions such as myocardial ischemia, heart attack and stroke (Previtali et al., 2011). In 

contrast, venous thrombosis occurs in veins, where the shear flow is low, and the thrombus 

forms in intact blood vessels. This is promoted by the activation of endothelium, which induces 

leukocyte and platelet attachment; the attached leukocytes become activated and express TF, 

which initiates the coagulation pathway and thus promote thrombus generation (Koupenova et 

al., 2017). With the low shear rate in veins, the anti-coagulant effect of the endothelium is 

nearly abolished (Mackman, 2012). Venous thrombi are richer in erythrocytes and fibrin, and 

are not adherent to the endothelium as tightly, thus they are more prone to detach and cause 

distant vessel occlusive diseases such as venous thromboembolism (VTE) and pulmonary 

embolism (PE) (Koupenova et al., 2017).  

Importantly, thrombosis and haemostasis share very similar molecular mechanisms. The 

differences between these two conditions mainly attribute to the environment where the 

thrombi are formed, or, in other words, the conditions when thrombus formation happens 

(Brass et al., 2019). Thrombosis typically happens when the blood vessel is already narrowed 

under pathological conditions. For example, arterial thrombosis happens at the site of a 

ruptured atherosclerosis plaque, which has a higher collagen content than a normal wound, and 

contains molecules that don’t normally appear in a healthy condition, including inflammatory 
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cytokines. Meanwhile, the thrombosis site usually doesn’t encounter a sufficient loss of blood 

vessel contents and the subsequent pressure drop as in the case of blood vessel injury. Thus, 

the composition of a thrombotic thrombus and a haemostatic thrombus has differences. For 

example, a thrombotic thrombus contains more erythrocytes, which are trapped in the fibrin 

mesh (Brass et al., 2019).  

The coagulation system contributes greatly to both haemostasis and thrombosis, and more to 

venous thrombosis. The coagulation system includes a series of soluble serine proteases and 

their co-factors. The system consists of extrinsic, intrinsic and common pathways (Figure 1.3). 

The extrinsic pathway is initiated by tissue factor (TF) binding to FVII, through which FVII is 

transformed to its active form, FVIIa. TF is expressed on subendothelial cells and cells outside 

of the blood vessel (Mackman, 2004), thus its exposure to blood flow only happens in the case 

of blood vessel injury, which accounts for the name “extrinsic”. The intrinsic pathway contains 

FXI and FIX. FXI is present on activated platelets and can be activated into FXIa; the latter 

then activates FIX to FIXa in the presence of FVIII (Colman, 2006). The TF-FVIIa and FIXa-

FVIII complex can both activate FX to FXa, which associates with FV to form prothrombinase, 

cleaving prothrombin to thrombin. Thrombin is an important component in the thrombus 

formation procedure by playing several roles. It cleaves soluble fibrinogen to fibrin, both of 

which bind to integrin αIIbβ3 on platelets, with fibrin forming meshes that hold activated 

platelets together to generate the stable thrombi, through αIIbβ3 binding (Colman, 2006). 

Thrombin is also the ligand for PARs; upon binding, thrombin cleaves PARs, releasing a short 

peptide from the N-terminal and exposing a new N-terminal sequence, which binds back to the 

cleaved PARs and induces activation of PAR-binding G proteins (see also section 1.2.4.1) (Han 

et al., 2019). This initiates downstream signalling pathways that lead to intracellular Ca2+ 

concentration increasing and platelet activation. FX activation in the existence of FV, together 

with prothrombin cleavage to thrombin, and fibrinogen cleavage to fibrin, are termed as the 



 

13 

 

common pathway in the coagulation system. The generated thrombin can in turn activate FXI 

to FXIa, forming positive feedback to the intrinsic pathway (Colman, 2006). 

Platelets interact with the coagulation pathway in several aspects, which contributes to both 

haemostasis and thrombosis. The phospholipids on the outer surface of the resting platelet 

membrane lack charge, therefore do not provide binding sites for the pro-enzymes and active 

forms of proteases in the coagulation pathway. Upon platelet activation, phosphatidylserine, 

an anionic phospholipid, gets exposed to the outer surface, which can form interactions with 

positively charged coagulation factors and serves as the reaction surface for the coagulation 

pathway, including FX activation by extrinsic and intrinsic pathways, FXI activation and the 

subsequent FIX activation by FXIa, and the cleavage of prothrombin to thrombin (Smith & 

Morrissey, 2019; Zwaal et al., 1998). Furthermore, thrombin generated by the coagulation 

pathway plays important roles in platelet activation and aggregation, as discussed before. 
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Figure 1.3 Components of the coagulation pathways. 

The coagulation system consists of extrinsic, intrinsic and common pathways. The extrinsic pathway is 

initiated by tissue factor (TF) binding to FVII, which activates FVII to its active form, FVIIa. The 

intrinsic pathway includes FXI activation to FXIa, which activates FIX to FIXa in the presence of FVIII. 

Both TF-FVIIa and FIXa-FVIII complex can activate FX to FXa, which initiates the common pathway. 

FXa forms complex with FV, and the complex serves as a prothrombinase, cleaving prothrombin to 

thrombin. Thrombin further cleaves fibrinogen to fibrin, facilitating firm thrombus formation. 

Thrombin also activates FXI to FXIa on the surface of active platelets, acting as a positive feedback to 

the coagulation system. 
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1.1.5 The roles of platelets beyond haemostasis and thrombosis 

Apart from their canonical roles in haemostasis and thrombosis, platelets also play significant 

roles in many other important physiological processes, such as immune response, inflammation, 

and several diseases including cancer (Morrell et al., 2014). These effects are achieved by 

several mechanisms. Firstly, the formation of haemostatic thrombi can serve as a physical 

barrier to pathogens that may otherwise come into blood vessels at injury sites. Secondly, 

platelets store numerous molecules with immune functions in their granules, including 

cytokines, chemokines and cell surface adhesion molecules, which play essential roles in 

exerting immune responses and mediating platelet interactions with other immune cells (Li et 

al., 2012). This section will focus on platelets’ roles in immune responses and in cancer. 

1.1.5.1 Platelets as immune cells 

Platelets have been recognised as immune cells for a long time, as evidenced by their 

expression of molecules with known immune functions. They express several members of the 

Toll-like Receptors (TLRs), which constitute a family of single transmembrane proteins 

playing key roles in the innate immune system (Aslam et al., 2006; Morrell et al., 2014). 

Platelet TLRs include TLR1, TLR2, TLR4, TLR6, TLR8, and TLR9 (Aslam et al., 2006). 

TLR4 can recognise lipopolysaccharide (LPS) from gram-negative bacteria (Andonegui et al., 

2005; Morrell et al., 2014), and LPS-stimulated platelet activation further induces platelet-

neutrophil interaction, promoting neutrophil degranulation and the formation of neutrophil 

extracellular traps (NETs) (Clark et al., 2007). NETs are mesh structures of DNA and can trap 

and kill microbes due to their proteolytic activities (Clark et al., 2007; Vorobjeva & Chernyak, 

2020). Platelet activation via TLR4-LPS has important therapeutic implications, as sepsis-

induced thrombocytopenia caused by gram-negative bacterial infection has been a considerable 

clinical problem, and the NETs promoted through TLR4-activated platelets can kill the bacteria 

(Andonegui et al., 2005). Apart from TLR4, other members in the TLR family can also activate 
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platelets; for example, TLR2 has been shown to interact with Streptococcus pneumoniae 

(Keane et al., 2010). Platelets also express interleukins (ILs), which are cytokines with pro-

inflammatory functions (Li et al., 2012). IL-1β from platelets has been shown to contribute to 

the acute phase response (Aggrey et al., 2013) and thus participates in the early stage in the 

immune system’s response to infection. Platelet IL-1α has been reported to activate 

cerebrovascular endothelial cells by inducing the expression of adhesion molecules, ICAM-1 

and VCAM-1, and by increasing the release of chemokine CXCL1 (Thornton et al., 2010), 

therefore may contribute to the progression of neurological diseases. In addition, platelets 

express major histocompatibility complex class I (MHC I) and can function as antigen-

presenting cells (APCs) (Chapman et al., 2012).  

Platelets have been shown to interact with many other immune cells, in both innate and adaptive 

immune systems (Li et al., 2012). Co-culture of platelets and monocytes showed that monocyte 

differentiation into macrophages can be promoted by platelets (Kaneider et al., 2003), and this 

effect has been further shown to be dependent on cytokines such as IL-1β and chemokines such 

as platelet factor 4 (PF4) and CCL5 (Ali et al., 2015; Gear & Camerini, 2003). Platelets also 

facilitate neutrophil function by binding to neutrophils and contributing to NET formation via 

TLR4, as discussed before (Clark et al., 2007). Thrombin-activated platelets induce dendritic 

cell activation (Kaneider et al., 2003). Moreover, platelets modulate T cell and B cell activities; 

many of these modulation events are related to platelet-expressed CD40L (Henn et al., 1998), 

which binds CD40 on APCs and therefore initiates immune responses. For example, an early 

study showed that platelet CD40L can augment CD8+ T cell responses and induce B cell 

isotype switching (Elzey et al., 2003). Platelets can also modulate the adaptive immune system 

via secreted molecules. The platelet-specific chemokine, PF4, has been shown to stimulate the 

proliferation of human CD4+ CD25+ regulatory T cells but inhibit the proliferation of CD4+ 

CD25- T cells which are non-regulatory (C. Y. Liu et al., 2005). The CD4+ CD25+ regulatory 
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T cells downregulate T cell responses to both foreign and self-antigens; therefore, by inhibiting 

their proliferation, platelets can play important roles in modulating different T cell populations.  

Taking together, not only do platelets play important roles in haemostasis, but also in immune 

responses. Platelets can act as immune cells themselves and facilitate the functions of other 

immune cells, and this is achieved by the expression of immune effector proteins on the platelet 

surface and granule-released molecules upon platelet activation. Because of these immune 

functions, platelets are associated with many diseases, including malaria, sepsis, HIV, arthritis 

and atherosclerosis (Ali et al., 2015; Li et al., 2012). Although the roles of platelets in these 

diseases and the underlying molecular mechanisms are still under investigation, it is clear that 

they are an important component of the immune system. 

1.1.5.2 Platelets in cancer 

Platelets are also involved in cancer progression. Tumoral cells can activate platelets, and the 

subsequent formation of thrombi further complicate cancer treatments. This can be achieved by 

several mechanisms. Cancer cells have been shown to secrete numerous molecules that can 

activate platelets, including thrombin, TXA2 and ADP (Palacios-Acedo et al., 2019). Thrombin 

activates platelets through platelet activated receptors (PARs) while also cleaves fibrinogen to 

fibrin, which further stabilises the thrombus (sections 1.1.3.5 and 1.2.5.1). TXA2 and ADP also 

activate platelets through their corresponding receptors, TP and P2Y1/12. In addition, tissue factor 

(TF) has been shown to express on cancer cells from different types of cancers including cervical 

cancer, breast cancer, pancreatic cancer and melanoma (Cocco et al., 2011; Han et al., 2014; Thaler 

et al., 2013; Zhao et al., 2013). TF is one of the major players in the coagulation pathway (section 

1.1.4), thus its expression further promotes thrombus formation. In turn, activated platelets express 

and secrete molecules that can mediate cancer cell growth and metastasis. Activated platelets 

express P-selectin and active integrins on their surface, which mediate platelet-cancer cell 

interaction (Menter et al., 2014; Schlesinger, 2018). Such interaction can not only protect cancer 
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cells from natural killer (NK) cells, but also facilitates cancer-endothelial and cancer-leucocyte 

interactions (Palacios-Acedo et al., 2019). Activated platelets also secrete transforming growth 

factor beta (TGF-β) and vascular endothelial growth factor (VEGF) from their α-granules, and ADP 

and serotonin from their dense granules, all of which can promote tumour growth. For example, 

TGF-β can impact the granule mobilization of NK cells, thus protecting cancer cells from NK-cell-

mediated cytolysis (Nieswandt et al., 1999); it also contributes to neutrophil transformation to a 

pro-tumorigenic phenotype (Olsson & Cedervall, 2018; Palacios-Acedo et al., 2019). Active 

serotonin production has been shown to link to poor prognosis in breast cancer patients (Leoncikas 

et al., 2016). Endothelial P2Y receptors, the receptors for ADP, once activated, can promote cancer 

cell invasion and metastasis (Ballerini et al., 2018; Li et al., 2013; Schumacher et al., 2013). 

Interestingly, platelet-derived microparticles can transfer micro-RNA into human and mouse 

tumours, which inhibited the growth of lung and colon carcinoma ectopic tumours, adding in 

multiple layers of platelet regulation to cancer (Michael et al., 2017). 

In addition to promoting cancer cell growth, platelets can serve as a shield on cancer cells, 

protecting the latter from being attacked by immune cells and from blood shear forces. This is 

achieved by the interaction between adhesion molecules on platelets and cancer cells, as 

described above. Such platelet-cancer cell aggregation has been shown to protect the membrane 

damage of A2780 ovarian cancer cells in an ex vivo viscometer setting (Egan et al., 2014), 

while can also help to stabilise cancer cell interaction with the endothelial cell layer (Palacios-

Acedo et al., 2019). Platelets also facilitate angiogenesis, and the separation of blood and 

lymphatic vessels, which aid cancer metastasis (Olsson & Cedervall, 2018). 

GPVI, the receptor of focus in this thesis, has been shown to facilitate cancer metastasis. GPVI-/- 

mice injected with Lewis lung carcinoma or melanoma cell lines showed an approximately 50% 

reduction in observable tumour loci, in comparison to WT mice, suggesting that GPVI promotes 

cancer metastasis (Jain et al., 2009). More recently, the genetic deficiency of GPVI in mice showed 
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decreased metastasis of breast and colon cancer cells, and galectin-3 was identified as the major 

receptor for GPVI on cancer cells using gene knock-out methods (Mammadova-Bach et al., 2020). 

Podoplanin, the endogenous ligand for another platelet receptor, CLEC-2, which shares a similar 

immunoreceptor tyrosine-based activation motif (ITAM)-based signalling pathway to GPVI, 

expresses at the invasive front of many types of tumour cells, and was shown to promote the 

spreading, migration and invasion of cancer cells (Rayes et al., 2019; Wicki & Christofori, 

2007). Blocking of podoplanin on cancer cells inhibited cancer progression, and the 

podoplanin/CLEC-2 axis facilitates cancer spreading and growth by promoting an 

immunosuppressed microenvironment (Agrawal et al., 2015; Sasaki et al., 2018). 
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1.2 Major platelet membrane receptors and platelet signalling 

As described in the last section, many functions of platelets are dependent on platelet surface 

receptors, through their interactions with ligands that locate inside or outside the vasculature, 

mechanistic activation by, for example, shear rate change, and conformational change. In this 

section, several major receptors on platelets, including two of the ITAM receptors (GPVI and 

CLEC-2), the GPIb-IX-V complex, platelet integrins and platelet GPCRs, as well as a family 

of regulatory proteins, tetraspanins, are briefly described, with focuses on their structures, 

physiological functions and therapeutic implications. Finally, platelet signalling events 

downstream of these receptors are also introduced. A schematic of the mentioned receptors and 

several intracellular signalling pathways is illustrated (Figure 1.4). 
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Figure 1.4 Illustration of several major platelet membrane receptors and several signal 

transduction pathways. 

Platelet tethering to ECM is initiated by GPIbα binding vWF in collagen fibres. GPVI then binds to 

collagen and initiates the downstream signalling pathway of ITAM receptors, highlighted by the LAT 

signalosome. The LAT signalosome integrates and activates several adaptor proteins and kinases, and 

recruits phospholipase C gamma 2 (PLCγ2) and phosphoinositide 3-kinase (PI3K). PLCγ2 hydrolyses 

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) to inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG), which induces platelet intracellular Ca2+ concentration increase and PKC 

signalling, respectively. PI3K phosphorylates PI(4,5)P2 to PI(3,4,5)P3, whose effector proteins include 

PLCγ2, tyrosine kinases, Kindlin3, and Akt. Kindlin3 facilitates the separation of integrin tails, which 

is important for integrin inside-out signal transduction. Integrins are then transformed into high-affinity 

states, bind to extracellular ligands and initiate outside-in signalling. Platelet GPCRs also contribute 

substantially to platelet activation and signalling transduction procedures, with different downstream G 

proteins. Regulators of secondary messengers are showed in grey rectangles, while signal integrators 

are showed in green rectangles. Platelet inhibitory receptors and their pathways are omitted in the figure. 
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1.2.1 GPVI 

GPVI is the major platelet receptor for collagen, and is exclusively expressed on platelets and 

megakaryocytes. It is a type-I membrane protein, composing of two immunoglobulin 

superfamily (IgSF) domains in the N-terminal (termed D1 and D2) followed by one heavily O-

glycosylated stalk region in the extracellular side, a single transmembrane helix, and a 51-

amino-acid long intracellular C-terminal region. The copy number is 3,000-4,000 GPVI 

molecules per platelet in human (Rayes et al., 2019). GPVI has 339 amino acids, and the 

numerous O-glycosylation sites in the extracellular stalk region contribute substantially to its 

molecular weight of 62 kDa. It also has an N-glycosylation site on the D1 domain. In the 

membrane, GPVI forms a complex with two Fc receptor γ (FcRγ) chains, through which the 

downstream signalling pathway is initiated. FcRγ is also a single transmembrane protein, 

composed of a short, four-amino acid N-terminal extracellular region, followed by the 

transmembrane helix and a C-terminal tail. FcRγ forms a disulphide-bound homodimer of ~18 

kDa. GPVI and FcRγ interact via a salt bridge in their transmembrane regions (Zheng et al., 

2001).  

As described in section 1.1.3, GPVI interaction with subendothelial collagen contributes 

markedly to platelet activation, and GPVI interaction to fibrin(ogen) may contribute to 

thrombus stabilisation in the later stage. GPVI initiates its downstream signalling pathway 

through FcRγ, which contains the immunoreceptor tyrosine-based activation motif (ITAM) 

(Reth, 1989) with two series of YxxL (where Y is tyrosine, L is leucine and x is any other 

amino acid) separated by seven amino acids. Agonist binding induces phosphorylation of the 

two tyrosines in FcRγ ITAMs, and this is achieved by Src family kinases (SFKs), mainly Lyn 

and Fyn (Figure 1.4). SFKs are in close proximity with the GPVI tail region, regardless of 

GPVI activation status, and can therefore quickly respond upon agonist binding to GPVI. 

Following this, the phosphorylated ITAMs provide docking sites for the tyrosine kinase Syk. 
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The binding of Syk to an FcRγ ITAM is mediated by its tandem SH2 domains, which further 

induces Syk activation through auto-phosphorylation and SFK activities (Haining et al., 2019; 

Poole et al., 1997; Senis et al., 2014). Activated Syk further phosphorylates multiple sites in 

the cytoplasmic part of Linker of Activated T-cells (LAT), a transmembrane scaffold protein, 

and this recruits a series of kinases, adaptor and effector proteins to LAT. This complex of 

proteins, comprising adaptor proteins SLP-76, Gads and Grb2, and Tec family kinases such as 

Btk, forms a LAT signalosome, which further recruits phospholipase C gamma 2 (PLCγ2) and 

phosphoinositide 3-kinase (PI3K) to LAT (Figure 1.4). PLCγ2 and PI3K are two of the central 

players in platelet signalling and they act on phosphatidylinositol bisphosphate (PIP2) (Section 

1.2.6). Both the enzymes facilitate a series of reactions that ultimately lead to cytoskeleton 

reorganisation and integrin activation.  

Structurally, it has been shown that GPVI binds to the typical Gly-Pro-Hyp (GPO) motifs on 

collagen, where Hyp is hydroxyproline, a unique amino acid in collagen. The GPO repeat is 

unique to GPVI binding (Feitsma et al., 2022; Knight et al., 1999). A synthetic peptide, 

collagen-related peptide (CRP) (Asselin et al., 1997; Morton et al., 1995), consisting of the 

sequence GCO(GPO)10GCOG, mimics the triple helix structure of collagen, and, once cross-

linked (termed CRP-XL), can induce potent, GPVI-specific platelet activation. The structures 

of GPVI extracellular IgSF domains, with and without CRP binding, have been solved by X-

ray crystallography (Feitsma et al., 2022; Horii et al., 2006) (Figure 1.4A and B), showing 

back-to-back dimers of two GPVI (D1 and D2 domains only), with the interaction interface 

being on the D2 domains. The amino acids in the CRP-binding site have been mapped (Feitsma 

et al., 2022). The crystal structure of GPVI binding one inhibitory nanobody, Nb2, has also 

been solved recently, using a D1 and D2 GPVI-Fc construct (dimer) (Slater et al., 2021) (Figure 

1.4C). This GPVI-Nb2 structure shows a domain-swapped GPVI dimer (Figure 1.5C); a C-C’ 

hinge has been shown to be crucial for domain swapping, and when this hinge was deleted, the 
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resulted mutant could not induce collagen- or CRP- mediated GPVI signalling in an NFAT-

luciferase reporter assay, supporting the functional relevance of the domain-swapped dimer. 

However, domain swapping was not revealed in the two aforementioned dimeric structures 

(Figure 1.4A and B), and the C-C’ hinge may play other roles in signalling, for example 

allosteric modulation. Full-length GPVI/FcRγ structures are required to test the validity of 

existing dimer structures. The Nb2 binding site is close to but not overlapping with the 

proposed CRP-binding region, suggesting that Nb2 may inhibit CRP binding through a 

combination of allosteric modulation and steric clash effects. 
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Figure 1.5 GPVI structures in the literature. 

(A) GPVI IgSF domains form back-to-back dimers, with the interface between two D2 domains (PDB 

ID: 2GI7). (B) GPVI IgSF domains bind to CRP via D1 domain (PDB ID: 5OU8). (C) D1 and D2 

GPVI-Fc construct with an inhibitory nanobody, Nb2, binding D1. GPVI shows a domain-swapped 

structure in the D2 domains (PDB ID: 7NMU). Domain swapping refers to the exchange of identical 

domains between the two individual proteins in a homodimer. In all these structures, GPVI D1 and D2 

domains are coloured in pink or green, with the same colour indicating that they from the same 

molecules, and the ligands (CRP or Nb2) are coloured in purple. 
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Apart from collagen, which is the physiologically significant ligand, GPVI has also been shown 

to be the receptor for several other ligands (Gawaz, 2018). GPVI supported platelet tethering 

and stable adhesion to fibrin under flow, as shown by real-time video microscopy experiments 

that an anti-GPVI Fab, 9O12, significantly reduced platelet adhesion to fibrin under both low 

and high shear flow rate (Mammadova-Bach et al., 2015). Since this first evidence that GPVI 

binds fibrin, several groups have shown that fibrinogen, fibrin and D-dimer (the product of 

plasmin lysis on fibrin) all bind GPVI, using methods including ELISA, surface plasmon 

resonance (SPR), platelet spreading, lumi-aggregometry (Ebrahim et al., 2018; Mangin et al., 

2018; Onselaer et al., 2017; Xu et al., 2021). A more recent study, using different types of fibrin 

including endogenous fibrinogen in plasma (plasma fibrin) and a TF-coated surface with whole 

blood flowing (blood fibrin), in comparison to isolated or recombinant fibrinogen, however, 

showed that inhibition of GPVI or GPVI signalling did not significantly reduce platelet 

coverage on plasma fibrin and blood fibrin, suggesting that GPVI may not function as an active 

fibrin receptor in physiologically relevant conditions (Zhang et al., 2020). There have also been 

studies showing that recombinant GPVI-Fc binds fibronectin by in vitro coated ELISA plates 

(Bultmann et al., 2010), and vitronectin by ELISA and flow chamber (Schonberger et al., 2012). 

Laminin was also identified as the ligand for GPVI, as platelets from GPVI-deficient mice had 

impaired spreading on laminin, and laminin-induced platelet protein phosphorylation was 

dependent on GPVI (Inoue et al., 2006). In contrast to GPVI–collagen interaction, the 

functional consequences of other GPVI ligands are poorly understood, and collagen is still by 

far the most physiologically important ligand. Exogenously, several snake venom toxins have 

also been shown to bind GPVI, with the most well-documented being convulxin (CVX) (Clark, 

Damaskinaki, et al., 2021). CVX is a potent platelet activator with an effective dose (ED50) of 

only 200 pM (Niedergang et al., 2000), and has therefore been widely used in platelet studies; 

its multivalent structure indicates that it has the potential to bind up to eight individual GPVI 
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molecules (Horii et al., 2009), which may explain the strong downstream signalling responses 

it induces. 

It was assumed in the last decade that the dimer represents an active conformation of GPVI 

which is essential for its signalling. Dimer-specific antibodies indicate a unique conformation 

of GPVI dimer, in comparison to the monomer (Jung et al., 2012; Jung et al., 2009; Loyau et 

al., 2012). Collagen was shown to bind specifically to recombinant dimeric but not monomeric 

GPVI, as initially shown by the fact that recombinant dimeric extracellular domains of GPVI 

(GPVI-Fc), but not the monomeric GPVI extracellular domain, inhibited platelet aggregation 

by collagen and bound to fibrous collagen in ELISA and SPR experiments (Miura et al., 2002). 

However, there are several findings that challenged the “dimer-specific conformation” idea. 

The newly identified ligands, fibrinogen and fibrin, have been shown to bind both monomeric 

and dimeric GPVI (Slater et al., 2018; Xu et al., 2021). Collagen has also been shown to be 

capable of binding monomeric GPVI in SPR (Onselaer et al., 2017) and ELISA (Xu et al., 

2021), although with lower affinity to dimeric GPVI. The recent crystal structure showed CRP 

binding to the D1 domain, which is distant from the dimer interaction site at D2 in the first 

GPVI structure. Moreover, D2-deficient GPVI was able to signal in response to collagen in a 

transfected cell line (Clark, Neagoe, et al., 2021). Interestingly, the recent domain-swap crystal 

structure did favour the unique conformation of GPVI dimer, and the deletion of the C-C’ hinge 

which is crucial to the domain swap rendered GPVI unresponsive to collagen.  

It is now accepted that GPVI exists as a mixture of monomers and dimers on the surface of 

transfected cell lines, and at least partially as dimers on resting platelets. In cell lines, it has 

been shown by fluorescence correlation spectroscopy that GPVI, when expressed in transfected 

HEK293T cells, displayed an oligomerisation state in between CD86 which is monomeric and 

CD28 which is a disulphide-linked homodimer (Clark, Neagoe, et al., 2021). In human platelets, 

this has been shown by Förster resonance energy transfer (FRET), where platelet GPVI 
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molecules were probed by antibodies labelled with donor fluorophore alone, or by antibodies 

labelled with donor and acceptor fluorophores; the measurement of mean fluorescence intensity 

(MFI) showed the existence of GPVI dimers on resting platelets, and that GPVI dimerisation 

did not significantly increase upon CRP simulation (Clark, Neagoe, et al., 2021). The amplified 

signalling events are then dependent on formation of large oligomeric clusters of GPVI from 

the previously produced GPVI dimers. GPVI clustering events have been visualised by imaging 

studies where real-time GPVI dimers were observed to cluster on different immobilized 

collagenous substrates, including CRP-XL and different types of collagen (Poulter et al., 2017). 

The multimeric characteristic of GPVI ligands also supports the idea that ligand-binding 

induces GPVI clustering (Clark, Damaskinaki, et al., 2021), and therefore the amplification of 

downstream signalling.  

Mice with GPVI depleted by an anti-GPVI monoclonal antibody (mAb), JAQ1, displayed 

abolished responses to collagen and CRP, but the tail bleeding time was only moderately 

increased; these mice were protected from lethal thromboembolism (Nieswandt, Schulte, et al., 

2001). In a GPVI-null mice model, the platelets failed to respond to fibrillar collagen or the 

snake venom protein convulxin, which is GPVI’s agonist, but no severe bleeding tendency was 

observed by tail bleeding time measurements (Kato et al., 2003). Similarly, in another 

genetically modified GPVI-deficient mice model, the platelets did not respond to fibrillar 

collagen or CRP, but responded normally to other platelet agonists such as ADP, and platelet 

adhesion to fibrillar collagen under both static and dynamic conditions was dramatically 

reduced; importantly, these GPVI-deficient mice were protected against lethal 

thromboembolism, and showed similar tail bleeding time in comparison to wild type mice 

(Lockyer et al., 2006). GPVI was also shown to protect formation of occlusive thrombi in mice 

models with FeCl3 or mechanical injury (Bender et al., 2011). These results suggest that GPVI 

may be a promising antithrombotic target. In human, a missense mutation in exon 6 of the Gp6 
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gene, which generates soluble GPVI without the transmembrane region, rendering no GPVI 

expression on the surface of their platelets, has been identified from Chile, with an estimated 

number of ~4,000 individuals being homozygous (Gp6-/-) (Matus et al., 2013; Nagy et al., 2020). 

The Gp6-/- platelets showed abolished aggregation to collagen, CVX and CRP, and abolished 

spreading on surfaces coated with collagen and vWF, but unaltered adhesion under flow on 

collagen and non-collagen surfaces (Matus et al., 2013; Nagy et al., 2020). Established 

targeting strategies towards GPVI include utilising soluble forms of GPVI to bind the 

endogenous ligands, and utilising GPVI-binding reagents such as GPVI nanobodies and the 

Fab fragment of GPVI antibodies, and small molecule inhibitors binding GPVI or their 

downstream signalling proteins (Harbi et al., 2021). For example, Revacept, the recombinant 

GPVI-Fc (Schupke et al., 2019), is already in Phase II trials for symptomatic carotid artery 

stenosis ("Revacept in Symptomatic Carotid Stenosis,"). ACT017, a humanised Fab against 

GPVI (Lebozec et al., 2017), significantly inhibited platelet aggregation in primate studies 

without bleeding side effects, and is now in Phase I trial (Voors-Pette et al., 2019). Inhibitors 

for Btk, a tyrosine kinase downstream of GPVI signalling that activates PLCγ2, are also under 

development (Harbi et al., 2021). 

1.2.2 CLEC-2 

C-type lectin-like receptor 2 (CLEC-2) is another ITAM receptor of platelets, and it has been 

shown to play roles in several non-classical functions of platelets. It is expressed on platelets 

with a copy number of 2,000–4,000 in human, and also on megakaryocytes and dendritic cells 

(Haining et al., 2019; Rayes et al., 2019). CLEC-2 is a type-II transmembrane protein, with a 

C-terminal extracellular domain that consists of a Ca2+-dependent (C-type) lectin-like domain, 

a transmembrane helix and a short cytoplasmic tail in the N-terminal. The C-type lectin-like 

domain of CLEC-2 lacks the Ca2+ binding residues but preserves all other characteristics 

(Watson et al., 2007; Zelensky & Gready, 2005). The stalk region, located between C-type 
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lectin-like domain and the transmembrane region (Watson & O'Callaghan, 2005), has been 

suggested to play an important role in CLEC-2 dimerisation (Watson et al., 2007). This 

dimerization is important for CLEC-2 function, as it only contains a hem-ITAM motif (YxxL) 

in its cytoplasmic tail, and the initiation of its downstream signalling, through activated Syk 

kinases, requires the two SH2 domains of Syk each binding a phosphorylated YxxL motif 

(Haining et al., 2019). The rest of the downstream signalling events are similar to those of 

GPVI, with PLCγ2 being the important final effector. However, CLEC-2 signalling has been 

shown to depend more on secondary mediators, ADP and TxA2, and cytoskeleton remodelling 

(Pollitt et al., 2010). The reason for this difference between CLEC-2 and GPVI signalling is 

unclear, and might be that Syk and SFK act simultaneously on CLEC-2 hemITAM 

phosphorylation (Haining et al., 2019). 

Podoplanin, a transmembrane protein, is the first identified and best characterised endogenous 

ligand of CLEC-2; it does not express in the blood vasculature, but expresses widely on 

different cell types including kidney podocytes, lymphatic endothelial cells, fibroblastic 

reticular cells of lymphoid organs, and lung epithelial cells (Astarita et al., 2012; Rayes et al., 

2019). As a result, the role of CLEC-2 in the canonical haemostasis model has not been well 

documented; instead, CLEC-2 participates in several non-classical functions of platelets. 

CLEC-2 deficient mice displayed blood and lymphatic vessel mixing, and perinatal mortality 

(Rayes et al., 2019; Suzuki-Inoue et al., 2010; Uhrin et al., 2010). CLEC-2 on dendritic cells 

was also shown to regulate lymph node expansion through its interaction with podoplanin; in 

this process, CLEC-2-clustered podoplanin disrupted the actomyosin contractility that was 

induced by podoplanin interaction with Rho proteins and kinases (Acton et al., 2014). Mouse 

platelets treated with an anti-CLEC-2 antibody, which displayed complete loss of CLEC-2, 

adhered normally under flow, but showed severely defective subsequent aggregate formation 

both in vitro and in vivo, suggesting the role of CLEC-2 in platelet adhesion (May et al., 2009); 
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in a more recent study from the same group, the knock-in mouse model with a signalling-dead 

CLEC-2 (hem-ITAM tyrosine mutated) phenocopied the blood-lymphatic mixing and lethality 

of CLEC-2 knock-out mice but did not show any thrombotic defect (Haining, Cherpokova, et 

al., 2017). These studies demonstrated the possible contribution of CLEC-2 as an adhesion 

molecule in stabilising thrombi. CLEC-2 has also been shown to regulate lung development 

through its interaction with podoplanin (Tsukiji et al., 2018). Moreover, platelet CLEC-2 can 

engage podoplanin in disease scenarios. In a mouse model of systemic Salmonella typhimurium 

infection, thrombosis was triggered by inflammation, due to the increasing number of 

podoplanin-expressing monocytes, and depletion of platelet CLEC-2 inhibited thrombus 

formation (Hitchcock et al., 2015). More recently, a second endogenous ligand of CLEC-2, 

hemin, which is an oxidised version of heme, has been identified, as hemin-induced platelet 

activation was abolished by recombinant human CLEC-2-Fc fusion protein (Bourne et al., 2021; 

Martin et al., 2021). The detailed molecular interactions between CLEC-2 and hemin, and the 

binding difference between high and low concentration of hemin to CLEC-2, need to be further 

investigated. Exogenously, the snake C-type lectin, rhodocytin, has been shown to activate 

CLEC-2 (Fuller et al., 2007; Suzuki-Inoue et al., 2006). Both podoplanin and rhodocytin bind 

distally from the canonical binding site of C-type proteins, and they have one overlapping 

binding site, as shown by crystal structures (Nagae et al., 2014). 

Similar to GPVI, CLEC-2 has been shown to exist as a mixture of monomer and dimer on 

resting platelets (Hughes et al., 2010; Martin et al., 2021). Also similar to GPVI, CLEC-2 forms 

larger-order clusters upon agonist stimulation, as shown by platelets binding artificial lipid 

bilayers containing mobile podoplanin (Pollitt et al., 2014). In addition, homophilic CLEC-2 

interaction between adjacent cells has also been proposed, as shown by SPR that recombinant 

CLEC-2 in the flow and on the surface bound each other, by platelet spreading on a CLEC-2-

coated surface which was attenuated in CLEC-2 deficient platelets, and by binding of soluble 



 

33 

 

recombinant CLEC-2 to platelets which was also attenuated in CLEC-2 deficient platelets 

(Suzuki-Inoue et al., 2010). This homophilic association of CLEC-2 facilitates thrombus 

formation (Suzuki-Inoue et al., 2010).  

1.2.3 GPIb-IX-V complex 

The GPIb-IX-V complex was first discovered in the 1970s, when the absence of this complex 

was found to be the cause of Bernard-Soulier syndrome, a rare bleeding disorder with the 

symptoms of enlarged platelets, thrombocytopenia and increased bleeding time (Jenkins et al., 

1976; Nurden & Caen, 1975). GPIb-IX-V mediates platelet rolling and tethering at sites of 

vascular damage, and is the second most abundant receptor on platelets, with a copy number 

of 25,000-30,000 (Li, 2019; Zeiler et al., 2014). The complex comprises four transmembrane 

proteins, GPIbα, GPIbβ, GPIX and GPV, with molecular weights of approximately 135 kDa, 

26 kDa, 20 kDa and 85 kDa, respectively (Li, 2019; Li & Emsley, 2013; Luo et al., 2007; Mo 

et al., 2012). The largest component, GPIbα, contains the largest extracellular domain in the 

complex, with a ligand-binding domain that is rich in leucine, followed by the sialomucin 

region that is rich in serine and threonine, is heavily O-glycosylated and contains two N-

glycosylation sites, followed by a mechanosensory domain, which precedes the transmembrane 

helix and the cytoplasmic domain (Li, 2019). The GPIbα extracellular region can be shed by 

the metalloproteinase ADAM17 at the mechanosensory domainMSD (Bergmeier et al., 2004). 

This cleavage releases a soluble fragment called glycocalicin, which circulates in the normal 

plasma (Beer et al., 1994; Fox, 1994), and has been used as a marker for certain diseases as it 

reflects platelet damage and possibly dysfunction (Beer et al., 1994). GPIbα interacts with 

GPIbβ through disulphide bonds to form GPIb; GPIbβ further associate with GPIX and GPV 

via non-covalent bonds, with the association with GPV being weaker (Li & Emsley, 2013). 

The cytoplasmic tails of neither of these proteins have defined structural domains (Li, 2019).  
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The stoichiometry of GPIb-GPV-GPIX complex has been of debate. GPIbα and GPIbβ, 

originally discovered as a 1:1 complex (Berndt et al., 1985; Du et al., 1987; Phillips & Agin, 

1977), have been shown later to form a 1:2 (GPIbα: GPIbβ) complex, as demonstrated from 

the existence of two extracellular cysteines located near the GPIbβ transmembrane region that 

can both form disulphide bonds with GPIbα transmembrane region (Luo et al., 2007), and the 

four-helix-bundle organisation of the transmembrane helices with one from GPIbα, two from 

GPIbβ and the other one from GPIX (Luo & Li, 2008). The stoichiometry between the GPIb-

IX complex and GPV, on the other hand, is less well-defined, partly because of the lack of 

GPV structural data, and the relatively loose association between GPV and the GPIb-IX 

complex. It has been suggested that GPIb-IX may form a complex with GPV via diffusion on 

the plasma membrane, and GPIb-IX can also form complexes with other membrane proteins, 

such as GPVI (Arthur et al., 2005) and FcγRIIA (Sullam et al., 1998), via similar behaviours 

(Li & Emsley, 2013). The most well-accepted stoichiometry of the whole complex, up until 

now, is GPIbα: GPIbβ: GPIX: GPV=1:2:1:1 (Burkhart et al., 2012), although this model 

requires confirmation via structural studies, and there have also been suggestions that GPIb-IX 

and GPV form a complex with 2:1 ratio (Li et al., 1995). 

GPIb-IX-V is the receptor for many ligands, including vWF, α-thrombin and collagen, and 

several other receptors including integrin αMβ2 (Mac-1) and P-selectin (Andrews et al., 2003). 

vWF binding GPIb-IX-V is the important initial step of platelet adhesion to the blood vessel 

injury site and is important in inducing the downstream signalling of GPIb. α-thrombin binds 

the ligand-binding domain of GPIbα with high affinity (Zarpellon et al., 2011); this binding 

facilitates thrombin binding to PAR receptors (see section 1.2.5.1) (De Candia et al., 2001), 

and may also directly induce GPIb-IX-V downstream signalling (Ramakrishnan et al., 2001). 

Collagen is currently the only known ligand for GPIb-IX-V that doesn’t bind GPIbα; instead it 

binds the extracellular domain of GPV (Kimmerlin et al., 2022; Li, 2019). GPIb-IX-V binding 
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to the counter receptors helps regulate platelet interaction with other cells, including leukocytes, 

endothelial cells and other activated platelets (Andrews et al., 2003). Apart from extracellular 

binding, the cytoplasmic tails of GPIb-IX-V interact with cytoplasmic components including 

signalling protein 14-3-3ζ (Du et al., 1994), filamin A (Nakamura et al., 2006) and calmodulin 

(Andrews et al., 2001). Furthermore, the juxtamembrane sequence of GPIbβ cytoplasmic 

region is rich in basic residues and thus may interact with negatively charged lipids in the 

plasma membrane (Li, 2019).  

The GPIb-V-IX complex is primarily a receptor for platelet adhesion and tethering, with 

relatively minimal roles in signalling. The signalling pathways from vWF binding GPIb-IX-V 

to integrin αIIbβ3 activation are not entirely clear, although several mechanisms have been 

identified, including SFK mediation, PLCγ2, PI3K-Akt and PKG pathway (Yin, Liu, et al., 

2008; Yin, Stojanovic, et al., 2008). vWF binding to GPIb-IX-V also leads to the secretion of 

secondary mediators, ADP and TxA2, which further recruit and activate nearby platelets (J. Liu 

et al., 2005). The αIIbβ3 activation leads to subsequent platelet activation, platelet secretion, 

platelet binding vWF and fibrinogen, and thrombus growth/stabilisation. 

1.2.4 Platelet integrins 

Integrins are transmembrane proteins whose main role is mediating cell-cell and cell-ECM 

adhesion, and they also facilitate signal transduction across the membrane (Mezu-Ndubuisi & 

Maheshwari, 2021). Each integrin is a heterodimer composed of one α chain and one β chain; 

each chain contains a large extracellular domain, a transmembrane helix and the cytosolic 

region, and the two chains are non-covalently bound to each other. In total, there are 18 types 

of α chains and 8 types of β chains in mammals, and their combination generates 24 different 

integrin heterodimers in human (Takada et al., 2007; Telser, 2002).  
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αIIbβ3 is the most highly expressed integrin on platelets, and it is an exclusive platelet protein. 

It is also the most expressed membrane protein on platelets, with a copy number of 80,000-

100,000 per platelet, representing 3% of the total platelet protein amount and around 17% of 

the mass of platelet membrane proteins (Phillips et al., 1988; Stouffer & Smyth, 2003). αIIbβ3 

is the most important mediator of platelet aggregation—when platelets are activated by the 

agonists of other receptors, including ITAM receptors, GPIb-IX-V complex and GPCRs, the 

signalling pathways induced by these activated receptors lead to cytoskeleton reorganisation, 

which brings about the conformational changes of αIIbβ3, thus inducing its inside-out 

signalling. The inside-out signalling changes αIIbβ3 conformation and the activated 

heterodimer has a higher affinity to its extracellular ligands (Bledzka et al., 2019). Of note in 

these ligands are fibrinogen and its cleavage product, fibrin, which forms a mesh that stabilises 

platelet aggregates in the last stages of thrombus formation, and vWF, which is secreted by 

activated platelets (Plow et al., 2000). αIIbβ3 binding these ligands serves as the molecular 

basis for the activated platelets to recruit nearby platelets from blood circulation and activate 

them, therefore is the basis for thrombus growth. 

Activation of αIIbβ3 is largely dependent on cytoskeleton protein TALIN binding the 

cytoplasmic regions of the two integrin chains (Das et al., 2014; Shattil et al., 2010). In its 

resting state, the intracellular tails of αIIb chain and β3 chain interact with each other, and the 

whole heterodimer is in a “folded” state, with extracellular regions bent over one side and 

having relatively low affinity for the extracellular ligands (Figure 1.4). Platelet agonists 

including collagen, TxA2, thrombin and ADP, which bind other platelet receptors, activate 

phospholipase β and γ isoforms (PLCβ and PLCγ), which are enzymes that induce platelet 

cytosolic Ca2+ concentration increase and catalyse diacylglycerol (DAG) generation. Agonist 

binding can also activate phosphoinositide 3-kinases (PI3Ks). These signalling events 

converge in TALIN binding to the αIIbβ3 tail, which is mediated by Kindlin3, one of the 
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effector proteins downstream of the PI3K pathway (Bledzka et al., 2019; Malinin et al., 2009). 

TALIN binding separates αIIb and β3 tails, which further leads to the disruption of interactions 

between transmembrane helices. Following these, the extracellular regions of αIIb and β3 also 

move away from each other, resulting in an active heterodimer that is mainly connected by the 

headpieces—the β-propeller from αIIb and A-domain from β3. This complex serves as the 

binding domain for most of the ligands (Xiao et al., 2004; Xiong et al., 2001). The transition 

from resting to active states in αIIbβ3 extracellular regions involves extensive movement of 

different domains and metal ion participation (Raborn et al., 2011). Ligand binding brings 

about outside-in signalling events via αIIbβ3, which further supports platelet spreading and clot 

retraction (Lee et al., 2019), via small GTPases RAC1 and RHOA.  

Lack of αIIbβ3 expression on platelets, or defects in αIIbβ3 structure by mutation or aberrant 

splicing, lead to an autosomal recessive disease called Glanzmann thrombasthenia (Cattaneo, 

2003). The phenotype of Glanzmann’s patients is characterised by severe mucocutaneous 

bleeding and bleeding after trauma, surgery or postpartum (Cattaneo, 2003; Kannan et al., 2009; 

Siddiq et al., 2011). Platelet aggregation by all agonists in Glanzmann’s patients is absent or 

severely defective, and clot retraction is also impaired; in some severe cases of Glanzmann’s, 

the platelet α granules lack fibrinogen, as the αIIbβ3-dependent uptake from plasma is impaired 

(Cattaneo, 2019b; Cattaneo et al., 1992; Harrison et al., 1989). Numerous therapeutic agents 

targeting αIIbβ3 have been developed, including antibodies and antibody fragments, peptides 

and non-peptide inhibitors; some of them can be taken orally, while others are administrated 

intravenously (Huang et al., 2019). Three therapeutic agents, including abciximab, which is the 

Fab fragment of an anti-β3 antibody, and two small molecule inhibitors, eptifibatide and 

tirofiban, have been approved for clinical use. Abciximab was shown to prevent ischemic 

cardiac complications in certain patients (Stoffer, 2022). Tirofiban and eptifibatide were 

introduced into clinical practice more recently, have been approved for the treatment of 
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unstable angina and angioplasty, and were developed for the treatment of acute coronary 

syndrome, where they served as a bridge strategy for revascularisation (Huang et al., 2019). As 

αIIbβ3 is where several major receptors’ signalling events converge, the inhibition of it can 

easily induce the overall platelet dysfuntion and subsequent bleeding complications (De Luca 

et al., 2015). Therefore, novel therapies, including targeting the αIIbβ3 outside-in signalling 

pathways to preserve the first wave of the haemostasis processes, and using small molecules to 

specifically inhibit fibrinogen binding without causing overall conformational change of the 

integrin, have been developed (Law et al., 1999; Li et al., 2014; Liu et al., 2018). 

Platelets also express five other integrins, ανβ3, α2β1, α5β1, α6β1, and αLβ2 (Clemetson & 

Clemetson, 2019; Zeiler et al., 2014). α2β1 is the receptor for collagen, with a copy number of 

~4,000 (Clemetson & Clemetson, 2019). α2β1 binding collagen may facilitate platelet adhesion 

to the injury site in the initial haemostasis steps, and can also bring platelets closer to collagen 

fibres, facilitating collagen binding to GPVI and the initiation of its downstream pathways 

(Bledzka et al., 2019; Santoro et al., 1991). α2 or β1 null mice displayed normal bleeding time 

and normal adhesion to collagen; the β1-deficient platelets also aggregated normally to equine 

tendon collagen, but did not aggregate to soluble collagen (J. Chen et al., 2002; Grenache et 

al., 2003; Nieswandt, Brakebusch, et al., 2001). α6β1 is the laminin receptor on platelets with 

an expression level of 11,500 per platelet (Burkhart et al., 2012). Platelet-specific α6β1-

depleted mice failed to adhere to several types of laminins, had decreased arterial thrombosis 

but retained normal tail bleeding time, suggesting this receptor as a potential drug target (Schaff 

et al., 2013). α5β1 is a receptor for fibronectin on platelets; it also plays a supplementary role 

in platelet adhesion and platelet activation mediated by sCD40L (Piotrowicz et al., 1988; Simic 

et al., 2017; Varga-Szabo et al., 2008). αvβ3 has a copy number of only several hundreds per 

platelet, but it mediates platelet adhesion to osteopontin and vitronectin in vitro (Bennett et al., 

1997). ανβ3 also has a copy number of several hundreds per platelet, and its function on 
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platelets is not totally clear; it mediates platelet adhesion to osteopontin in vitro, as shown by 

the blockage of platelet adhesion to surface-coated osteopontin by anti-ανβ3 but not anti-αIIbβ3 

antibodies in a solid phase assay (Bennett et al., 1997). ανβ3 is a receptor for vitronectin in 

other cells types (Pytela et al., 1985). Platelet-specific β2-null mice have a shorter lifespan and 

do not localise to the inflammation site (Guo & Piguet, 1998); however, αLβ2 was only 

detected on activated but not resting platelets, and was not detected by proteomic or 

transcriptomic studies, thus it is possible that this integrin is transferred to activated platelets 

by vesicles from other cells (Clemetson & Clemetson, 2019). 

1.2.5 Platelet GPCRs 

GPCRs are present broadly on different cell types, with the solved structures occupying >30% 

of the total number of membrane protein structures, and approximately two thirds of clinically 

approved drugs target GPCRs. They are also expressed on platelets and play important roles in 

platelet activation.  

1.2.5.1 Protease-activated receptors (PARs) 

Protease-activated receptors (PARs) were first identified as the platelet receptors for thrombin, 

a robust agonist for platelets, when PAR1 was cloned in 1991 (Vu et al., 1991). Human platelets 

express PAR1 and PAR4. Thrombin binds its recognition sites at the N-terminus (located 

extracellularly) of PARs, cuts at arginine 41 for PAR1 and arginine 47 for PAR4, releasing a 

new N-terminus that can bind to PAR itself, thus inducing receptor conformation change which 

leads to G protein activation and initiates downstream signalling pathways (Han et al., 2019).  

The signalling events downstream of PAR1 and PAR4 share the Gαq pathway which involves 

the generation of inositol 1,4,5-trisphosphate (IP3) and DAG, leading to the increase of 

intracellular Ca2+ level and PKC activation, and the Gα12/13 pathway which involves RhoA 

activation and RhoGEF regulation. Despite the similarity in the downstream signalling 
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pathways, PAR1 and PAR4 play different roles in response to thrombin: PAR1 acts as the low-

concentration-thrombin receptor, responding to lower concentration of thrombin and initiating 

a quick but transient signal, while PAR4 senses higher concentration of thrombin, inducing a 

sustained, irreversible signal that leads to potent activation of platelets and the formation of a 

thrombus (Han et al., 2019; Offermanns, 2006). 

Interactions between the same or different PARs have been reported, where each PAR as part 

of a homo- or hetero-dimer modulates the activation and signalling events of the other. For 

example, PAR4 cleavage efficiency by thrombin was greatly increased when it is expressed 

together with PAR1, and this can be diminished by mutations of residues at the PAR1-PAR4 

binding interface (Arachiche et al., 2013; Leger et al., 2006; Nieman, 2008). Homodimers of 

PAR4 have also been reported, which helps in maintaining PAR4 response to its agonists (de 

la Fuente et al., 2012; Edelstein et al., 2014). PAR4 has also been shown to interact with other 

GPCRs, e.g. P2Y12, the functional significance of which is yet to be defined (Khan et al., 2014).  

Small molecule drugs targeting PAR1 or PAR4 has been developed, with several of them 

already on the market or in clinical trials. Vorapaxar, a PAR1 antagonist, approved by the FDA 

in 2014, can reduce further cardiovascular risk of patients with history of myocardial infarction 

or peripheral artery disease (Baker et al., 2014); however, due to the increasing risk of 

intracranial hemorrhage in patients with prior ischemic stroke history, Vorapaxar has been 

suggested to be discontinued in such patients (Morrow et al., 2013; Tantry et al., 2020). Despite 

the challenge of developing selective antagonists to PAR4 over PAR1, at least two highly 

selective compounds to PAR4 have entered clinical trails (Wilson et al., 2018; Wong et al., 

2017), with one of them, BMS-986120, showing the capacity of reducing arterial thrombus 

size with decreased risk of bleeding in comparison to clopidogrel (Wilson et al., 2018). As 

PAR4 serves as the high-concentration thrombin receptor in platelets, selective PAR4 
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antagonists could potentially bypass the bleeding side effects as the activation of PAR1 can 

still be preserved (Han & Nieman, 2018). 

1.2.5.2 P2Y1 and P2Y12 receptors 

Adenosine diphosphate (ADP), though a relatively weak agonist of platelet activation, can 

amplify the responses of platelets to other agonists (Cattaneo, 2005), and stabilise platelet 

aggregation (Cattaneo et al., 1990; Trumel et al., 1999). P2Y1 and P2Y12 are two important 

ADP receptors on platelets.  

P2Y1, a 42 kDa protein, was detected and identified as an ADP and ATP receptor (with ADP 

being the agonist and ATP the antagonist) in 1997 (Leon et al., 1997). ADP coupling to this 

receptor initiates Gq-mediated signalling pathways, including PLCβ activation followed by IP3 

formation, cytosol Ca2+ level increase, and Rap1 activation from GDP-bound form to GTP-

bound form. Rap1 activation leads to integrin αIIbβ3 activation via TALIN and Kindlin3. P2Y1 

and its downstream signalling pathways are responsible for ADP-induced platelet shape change 

and reversible aggregation (Cattaneo, 2019a). In addition, P2Y1 plays a role in collagen-

induced aggregation (Fabre et al., 1999), chemokine-induced platelet activation (Clemetson et 

al., 2000), and vWF and GPIbα dependent platelet activation under flow (Turner et al., 2001). 

Although not directly involved in thrombin receptor signalling pathways, the interplay between 

P2Y1 and PAR receptors may reinforce the response of both receptors (Cattaneo, 2019a; Kim 

et al., 2002). P2Y1 exists as a mixture of monomers and dimers on the platelet surface, and the 

percentage of dimers increases upon its agonist stimulation (Jacobson et al., 2011). Apart from 

existing on the platelet surface, P2Y1 was shown to exist inside platelets—on the membrane of 

α granules and in the open canalicular system (Nurden et al., 2003). Several small molecule 

antagonists of P2Y1 have been developed; however, none of these molecules have been taken 

to clinical trial stages (da Silva Ferreira et al., 2019).  
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P2Y12 is also activated by ADP and inhibited by ATP. Activation of P2Y12 initiates Gαi-

mediated signalling pathways, which inhibit the activity of adenylyl cyclase to catalyse cAMP 

production (Mills, 1996). Apart from that, ADP activation of P2Y12 leads to PI3K activation 

(Dangelmaier et al., 2001), which contributes to platelet activation and aggregation mediated 

by αIIbβ3. Similar to P2Y1, P2Y12 is also expressed both on the surface and in the cytoplasm 

of platelets, and the intracellular P2Y12 comes to the surface upon platelet activation 

(Haberstock-Debic et al., 2011). P2Y12 is an established anti-thrombotic drug target, with many 

inhibitor drugs routinely used in the clinic, for example, clopidogrel and ticagrelor, both can 

be used together with aspirin. The use of aspirin in combination with a P2Y12 inhibitor is the 

standard treatment for heart attack patients (see also section 1.2.5.3). Many other P2Y12 

inhibitors are also in clinical uses or pre-clinical trials. Despite some existing limitations 

including the bleeding side effect, like many other anti-platelet drugs, P2Y12 inhibitors remain 

the major component of anti-platelet therapies, making P2Y12 an important target (Cattaneo, 

2019a). 

1.2.4.3 Other GPCRs on the human platelet surface 

Platelets also express a wide range of other GPCRs. TXA2 receptors (TPs) are the only type of 

thromboxane receptors in platelets, and they couple with multiple G proteins to induce signal 

transduction. Platelet TPs have been shown to largely locate in lipid rafts, and raft disruption 

can inhibit TXA2-induced Ca2+ increase and nucleotide release. TPs couple to both Gq and 

G12/13 (Offermanns et al., 1994; Shenker et al., 1991). The "gold standard" anti-platelet drug for 

arterial thrombosis, aspirin, which has been in clinic for over 100 years, is an indirect inhibitor 

of TPs (Schror, 1997). Aspirin inhibits platelet function by acetylating the platelet 

cyclooxygenase (COX-1) and thus blocking the substrate catalytic site of the enzyme. COX-1 

catalyses platelet-dependent TXA2 synthesis, which is irreversibly inhibited by aspirin (Patrono, 

2019; Schror, 1997). Aspirin is also commonly used in the dual-antiplatelet therapy (DAPT) 
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together with one of the P2Y12 inhibitors, normally clopidogrel, ticagrelor or prasugrel 

(Degrauwe et al., 2017). Another GPCR, the adrenergic receptor, α2A, can interact with 

epinephrine, and it couples with both Gi and Gz. Adenosine receptor A2AR is a Gs-coupled 

GPCR that inhibits platelet activation upon binding adenosine (Offermanns, 2006). Platelets 

also express several prostacyclin receptors, including PGI2 receptor—IP, which is the major 

inhibitory prostaglandin receptor on platelets, PGE2 receptor which is an activating receptor, 

and PGD2 receptor (Cattaneo, 2019a).  
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Table 1.1 Several GPCRs that express on platelets, their ligands and coupled G proteins 

GPCRs Ligands G proteins that 

coupled with 

GPCR 

Notes 

PAR1 Thrombin Gq, G12/13, Gi PAR1 interaction with Gi needs 

further information 

PAR4 Thrombin Gq, G12/13  

TPα/β TxA2 Gi, Gq, G12/13  

P2Y1 ADP Gq  

P2Y12 ADP Gi  

α2A Epinephrine Gi  

IP prostacyclin Gs  

A2AR adenosine Gs  

 

Table 1.2 Several G proteins and their downstream signalling pathways in platelets 

G proteins  Downstream cellular responses and signalling pathways 

Gq  PLC activation 

G12/13 RHO-GEF/RHOA activation 

Gi AC inhibition by Giα, PI3K phosphorylation by Giβγ 

Gs AC activation 
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1.2.6 Tetraspanins and their partner proteins in platelets 

Tetraspanins are a family of transmembrane proteins that are expressed in a wide range of 

organisms, from multicellular fungi to plants and to animals (Hemler, 2005; Protty et al., 2009). 

Their main recognised function is to form complexes with certain other transmembrane 

proteins, which are called partner proteins, and thus regulate partner proteins’ expression, 

trafficking, membrane localisation and lateral diffusion (Termini & Gillette, 2017). Moreover, 

tetraspanins are known as “molecular organisers”, as they form unique tetraspanin 

microdomains that enrich several tetraspanins and specific partner proteins, thus 

compartmenting the continuum of lipid membrane and helping localise specific membrane 

proteins for their function (Charrin et al., 2014). As the name suggests, tetraspanins possess 

four transmembrane helices; they also share two extracellular loops—the large extracellular 

domain and the small extracellular loop (Seigneuret et al., 2001; Skaar et al., 2015), and 

intracellular N- and C- terminals. The first crystal structure of a tetraspanin (CD81) showed 

that the four transmembrane helices group into two two-helix bundles, connected by the large 

extracellular domain (Zimmerman et al., 2016). The two bundles converge in the cytoplasmic 

side, making the whole protein a cone-like structure. The intramembrane pocket features a 

cholesterol molecule. Molecular dynamics simulations further showed that this cholesterol 

molecule helps lock CD81 in a “closed” conformation where the large extracellular domain is 

a “cap” over the intramembrane pocket, whereas CD81 without this cholesterol favoured an 

“open” conformation where the large extracellular domain is flipped upwards, leaving the 

intramembrane pocket open to the extracellular environment. While CD81 has more recently 

been shown to exist in this extended conformation when in complex with its partner CD19, 

which is an important co-receptor for B cell receptor signalling (Susa et al., 2021), there is no 

evidence yet for dynamic, cholesterol-regulated conformational changes in CD81 or any other 

tetraspanin. 
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There are 33 tetraspanins expressed in human, and many of them are expressed in platelets, 

including CD9, CD63, CD151, Tspan9, Tspan15, Tspan32 and Tspan33 (Lewandrowski et al., 

2009). CD9 is the most highly expressed tetraspanin in human platelets (Boucheix et al., 1991), 

and the second most highly expressed protein of all, with a copy number of ~50,000 (Protty et 

al., 2009). However, the role of CD9 in platelets and the partner(s) it interacts with remain 

unclear; the CD9-knockout mouse has no substantial platelet phenotype and the main 

phenotype of the mice is an infertility in females due to impaired sperm/egg fusion (Mangin et 

al., 2009). Tspan9 was identified as a novel platelet tetraspanin in 2009 (Protty et al., 2009) 

and has a copy number of ~2,800. Its expression in platelets and megakaryocytes is 

considerably higher than in most other cells. Tspan9 knockout mice were reported to have no 

obvious phenotype, but GPVI-activated platelets had partially impaired platelet activation and 

GPVI lateral diffusion was reduced by 50% (Haining, Matthews, et al., 2017). Although 

Tspan9 was reported to interact with GPVI (Haining, Matthews, et al., 2017; Protty et al., 2009), 

it remains unclear whether this is a robust interaction or how Tspan9 affects GPVI 

mechanistically. CD151 has an expression level of ~3,000 in human platelets and CD151-

knockout mice have a mild bleeding phenotype and impaired platelet aggregation to a variety 

of ligands, and impaired spreading and clot retraction (Lau et al., 2004). These phenotypes 

were attributed to CD151 interaction with and regulation of αIIbβ3, but the interaction was 

only shown by co-immunoprecipitation in weak detergents (Lau et al., 2004) and it remains 

unclear how a relatively weakly expressed tetraspanin could directly regulate a much more 

highly expressed integrin. In other cell types, CD151 is well known to partner with laminin-

binding integrins and to regulate their clustering and signalling; indeed, human patients lacking 

CD151 have a skin blistering phenotype consistent with impaired laminin-binding integrin 

function on epithelial cells (Karamatic Crew et al., 2004). CD63, a surface marker for platelet 

activation, is a lysosomal membrane protein and only comes to the platelet plasma membrane 
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upon activation. Its role on platelets is unclear, because CD63-knockout mice have no platelet 

phenotype (Schroder et al., 2009); CD63’s role on other cell types is also unclear. 

A subgroup of six tetraspanins, Tspan5, Tspan10, Tspan14, Tspan15, Tspan17 and Tspan33, 

termed TspanC8s due to the conservation of 8 cysteines in their large extracellular domains, 

can all form complexes with a metalloprotease, a disintegrin and metalloproteinase 10 

(ADAM10). ADAM10 is a ubiquitously expressed transmembrane protease, has over 100 

substrates, and functions by cleaving the extracellular domain of its substrate transmembrane 

proteins in a process termed shedding (Harrison et al., 2021; Koo et al., 2022). Its best-known 

substrates are the cell fate regulatory Notch proteins and amyloid precursor protein (APP) 

which is involved in Alzheimer’s disease (Harrison et al., 2021). ADAM10-knockout mice are 

embryonic lethal due to a lack of Notch cleavage and subsequent signalling and activation of 

transcription (Hartmann et al., 2002). ADAM10 over-expression in the brain is protective in a 

mouse Alzheimer’s model, because APP cleavage by ADAM10 reduces the build-up of 

pathogenic amyloid β peptides that derive from APP (Postina et al., 2004). ADAM10 also 

sheds GPVI to release a soluble fragment of GPVI extracellular domain, which is a marker of 

platelet activation and has elevated levels in several thrombosis-related diseases (Bender et al., 

2010; Gardiner et al., 2004; Gardiner et al., 2007; Harrison et al., 2021; Koo et al., 2022; 

Matthews et al., 2017; Pallini et al., 2021). However, the functional role of GPVI shedding 

remains unclear, because platelet-specific ADAM10-knockout mice have no platelet 

phenotype, apart from reduced GPVI shedding (Bender et al., 2010). Recently, ADAM10 

substrate specificity has been shown to be regulated by its interacting TspanC8 (Jouannet et al., 

2016; Lipper et al., 2022; Matthews et al., 2018; Reyat et al., 2017). Human platelets express 

three TspanC8s, Tspan14, 15 and 33, of which Tspan15/ADAM10 and Tspan33/ADAM10 

have been shown to shed GPVI (Koo et al., 2022; Matthews, 2018). Understanding ADAM10 
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substrate specificity via TspanC8s may help to develop tetraspanins as novel therapeutic targets, 

avoiding the toxic effects of targeting ADAM10 due to its ubiquitous expression.  

1.2.7 Platelet signal transduction following activation 

Platelet receptors respond to extracellular stimuli and transduce biochemical signals inside 

platelets which ultimately lead to platelet activation or inhibition. Several signalling 

transduction molecules and events are shared by major receptors. Depending on their orders of 

action in platelet activation, they can be roughly divided into second messengers, signal 

integrators and cellular responses (Lee et al., 2019) (Figure 1.4). 

Platelet second messengers, including Ca2+, DAG and cyclic nucleotides, and the effector 

molecules, phospholipases (PLCs), phosphoinositide 3-kinases (PI3K), which catalyse the 

generation of these second messengers, act following receptor activation. Central to secondary 

messenger activities is the phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2). Two major 

reactions of PI(4,5)P2 exist in platelets: it can be hydrolysed to IP3 and DAG via the catalysation 

of PLCs, or be phosphorylated by PI3K into phosphatidylinositol 3,4,5-trisphosphate 

(PI(3,4,5)P3). IP3 diffuses in the cytosol and binds IP3 receptors on intracellular Ca2+ stores, 

leading to intracellular Ca2+ concentration increase, while DAG is associated with the plasma 

membrane and activates Ser/Thr kinases of the protein kinase C (PKC) (Heemskerk et al., 

2001). PLCs are downstream of many activating receptors and there are two types of PLCs in 

platelets, PLCβ and PLCγ. PLCβ isoforms are downstream of GPCRs coupled with Gq, while 

PLCγ isoforms are activated by tyrosine kinase cascade signalling which is downstream of 

(hem)ITAM receptor (GPVI, CLEC-2 and FcγRIIA) signalling (Guidetti et al., 2009; Lian et 

al., 2005; Suzuki-Inoue et al., 2003). PI(3,4,5)P3, generated through the PI3K-mediated 

pathway, binds PH-domain containing proteins in platelets, including PLCγ2, tyrosine kinases 

Btk and Tec, and Kindlin3 (Lee et al., 2019). Cyclic nucleotides, cAMP and cGMP, are 
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inhibitory secondary mediators in platelets. Their generation is evoked by PGI2 and NO, and 

their effectors are protein kinase A and G (PKA and PKG) (Lee et al., 2019). 

The effects of second messengers converge on signal integrators, including kinases PKC/A/G 

and Rap1 signalling. PKCs are effectors of Ca2+ and DAG, and the majority of PKC isoforms 

are activating integrators. Different isoforms of PKCs have distinct roles. PKCα and PKCβ are 

classical PKCs; they act downstream of PLCβ and PLCγ, and they can also induce platelet 

granule secretion (Gilio et al., 2010; Konopatskaya et al., 2009). PKA and PKG, on the other 

hand, are inhibitory integrators in platelets. They are activated by cAMP and cGMP, 

respectively, and subsequently phosphorylate several proteins at different phases of platelet 

activation, for example, TP and IP3 receptor (Antl et al., 2007; Beck et al., 2014; Tertyshnikova 

et al., 1998). PKA/G also restrict cytoskeleton dynamics by phosphorylating actin binding 

proteins such as VASP (Lee et al., 2019). The small GTPase Rap1 is an important “molecular 

switch” between GDP- and GTP-bound states (Figure 1.6). Rap1 together with adapter proteins, 

TALIN and Kindlin3, are parts of the αIIbβ3 activation complex. The transition from Rap1-

GDP to Rap1-GTP is regulated by guanine nucleotide exchange factors (GEFs) and GTPase 

activating proteins (GAPs) (Stefanini et al., 2009). The major GEF in platelets is calcium-and 

DAG-regulated guanine exchange factor-1 (CalDAG-GEFI); as the name suggests, CalDAG-

GEFI is activated by Ca2+ and DAG release following PLC activation (Burkhart et al., 2012; 

Crittenden et al., 2004; Eto et al., 2002). The major GAP in human platelets is Ras P21 protein 

activator 3 (RASA3), which is inhibited by the PI3K pathway (Burkhart et al., 2012; Stefanini 

et al., 2015). 

Platelet signalling events ultimately converges in several cellular responses: cytoskeleton 

reorganisation, granule secretion and αIIbβ3 activation. Cytoskeletal reorganisation mediates 

platelet shape changes and spreading. Granule secretion generate ligands for platelet receptors 

including ADP, TxA2, fibrinogen and vWF, which helps to recruit and activate more nearby 
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platelets and therefore thrombi growth. αIIbβ3 “inside-out” activation transforms the receptor 

to its high-affinity state for its ligands, and subsequent “outside-in” signalling events. 

 

Figure 1.6 Rap1 regulation pathways. 

The small GTPase Rap1 is an important “molecular switch” which circulates between GDP- and GTP-

bound states. Guanine nucleotide exchange factors (GEFs) exchange GDP to GTP, while GTPase 

activating proteins (GAPs) mediate GTP hydrolysis and turn Rap1-GTP back to Rap1-GDP. In human 

platelets, the major GEF is calcium and diacylglycerol-regulated guanine nucleotide exchange factor I 

(CalDAG-GEF1), which is activated in respond to platelet cytoplasmic Ca2+ concentration increase that 

is triggered by PLC-mediated IP3 generation. The major GAP in human platelets is Ras P21 protein 

activator 3 (RASA3), which is inhibited by PI (3, 4, 5) P3 generated through PI3K pathway. Together, 

the activation of CalDAG-GEF1 and the inhibition of RASA3 lead to Rap1 activation to the GTP-bound 

form, which, together with its adaptor proteins, TALIN and Kindlin3, activates integrin αIIbβ3, 

inducing integrin outside-in signalling events. 
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1.3 Styrene-maleic acid lipid particles (SMALPs) for studying membrane 

proteins 

1.3.1 Strategies for membrane protein solubilisation 

Many of the proteins of interest in this work are embedded in platelet membranes serving as 

receptors, or associated with, either directly or through other mediators, to membrane-

embedded proteins. This makes membrane proteins challenging to study, since their extraction 

from the native lipid bilayer environment typically removes native lipids and can impair their 

structure, function, and interaction with other proteins and lipids (Krishnarjuna & 

Ramamoorthy, 2022). Due to these limitations, structural studies of membrane proteins have 

long lagged behind those of soluble proteins (Lee et al., 2016). 

Over the years of membrane protein solubilisation, researchers have developed different 

amphiphilic molecules as tools to extract membrane proteins (Figure 1.7). In these studies, the 

amphiphilic molecules play an essential role in disrupting the cell membrane continuum and 

dissolve individual or complexed membrane proteins into aqueous solutions. This is achieved 

by replacing the native membrane environment with these amphiphilic molecules, which can 

happen either at almost the exact interface between the transmembrane surfaces and the lipid 

acyl tails or to some distance from the protein-lipid interface, i.e. preserving the adjacent 

membrane environment.  
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Figure 1.7 Timescale of membrane protein solubilisation method development. 

Detergents (head groups in blue) were used for membrane protein solubilisation since 1970s. Bicelles 

(detergent head groups in blue, membrane lipid head groups in light green) were developed in 1988. 

Amphiphols (in green lines) were developed in 1996. Nanodisc-based methods come out since the 21st 

century, with membrane scanffold proteins (MSPs, in red) and peptides (in orange) developed for 

nanodiscs in the early 00s, SMALPs and alternative polymer-based nanodiscs (polymers in orange lines) 

firstly developed since 2009, and DNA-based nanodiscs (DNA chains in blue and red) firstly described 

in 2018. 
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1.3.1.1 Detergents for membrane protein solubilisation 

Detergents have been adapted as a common tool for membrane protein isolation since the 1970s 

(Helenius & Simons, 1975). They are small, amphiphilic molecules comprising of hydrophilic 

head groups and hydrophobic tails. Under low concentration, they exist as monomers in 

solution, but when the concentration reaches the critical micellar concentration, the excess of 

these monomers can spontaneously aggregate into micelles. Above the critical micellar 

concentration, the increase of detergent concentration no longer elevates monomer amount in 

solution, but instead contributes to the formation of more micelles (Brown et al., 1989).  

A typical single molecule of detergent has a larger head group than the single hydrophobic tail, 

resulting in a cone shape of the whole molecule. In comparison, phospholipids in biological 

membranes normally posess two hydrophobic tails attached to the head group, thus they have 

a cylinder shape. Therefore, accumulation of detergent molecules generates micelles, with their 

large head groups facing outside (i.e. to the aqueous solution) and the thin tails intertwined 

inside the sphere and forming hydrophobic interactions. In contrast, biological phospholipids 

tend to form a planar bilayer structure. 

When detergents are mixed with cell membrane fractions, the membrane can be fragmented 

and membrane proteins extracted into detergent micelles, generating protein-detergent 

complexes which are dispersed in the aqueous solution (Moraes et al., 2014). The hydrophobic 

surfaces of the membrane proteins are buried inside the micelles and interact with detergent 

tails by a hydrophobic effect, while the head groups of the detergent enable solubilisation. Two 

models of the solubilisation procedures have been inferred: the membrane proteins are 

incorporated into pre-established micelles, or the detergent monomers invade into the space 

between lipid molecules in the bilayer membrane and gradually replace them (Kleinschmidt et 

al., 1999; le Maire et al., 2000; Le Maire et al., 1983; Moller & le Maire, 1993). The generated 

membrane protein/micelle complex can be applied to downstream biochemical/biophysical 
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characterisations, for example electrophoresis, size exclusion chromatography, 

immunoprecipitation, circular dichroism, analytical ultracentrifugation, small-angle scattering 

techniques (SAXS or SANS), and can be used for protein structure determination via X-ray 

crystallography, cryogenic electron microscopy (cryo-EM) and/or nuclear magnetic resonance 

(NMR). 

The physical and chemical properties of membrane proteins/micelles complexes depend on the 

proteins, the detergents of choice, and the environmental characteristics such as the 

overexpression system, the components of the solution and the temperature. Depending on the 

proteins and downstream applications, different combination of proteins/detergents are desired 

in different studies, and sometimes a mixture of several detergents is needed. Many different 

types of detergents have been developed over the years, and they can be generally divided into 

ionic, non-ionic and zwitterionic, with diverse chemical structures and solubilisation 

behaviours (Barniol-Xicota & Verhelst, 2020; le Maire et al., 2000). The size and formula of 

the detergent affect the aggregation number (the average number of detergent molecules per 

micelle) and the size of micelles (Garavito & Ferguson-Miller, 2001). As effective in 

solubilising membrane as detergents are, and despite the fact that they have made a remarkable 

contribution to our understanding of many important membrane proteins (Dorr et al., 2016), 

they have several significant drawbacks (Chipot et al., 2018; Krishnarjuna & Ramamoorthy, 

2022). Firstly, detergent micelles are a poor resemblance to the phospholipid bilayer. The tails 

surrounding and interacting with the transmembrane region of proteins are highly disordered, 

unlike the interior of biological membranes which contains orderly arranged alkyl chains 

(Dawaliby et al., 2016). The spherical shape and highly curved surface of micelles fail to 

provide the lateral pressure in biological membranes, which could be important to keep 

membrane protein structure integrity and facilitate their function (van den Brink-van der Laan 

et al., 2004; Zoghbi et al., 2016). Secondly, the micelle solution is a vastly dynamic 
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environment, with monomers in solution and monomers lining the micelle surface undergoing 

constant interchange with each other (Krishnarjuna & Ramamoorthy, 2022). This can expose 

part of the protein transmembrane regions into aqueous solution, which may further impair 

their structure and stability, and such exposure can happen at various times in the whole protein 

extraction and purification processes. It is also important to maintain all the follow-up solutions 

with sufficient concentration of the detergents (above the critical micellar concentration) used 

for protein extraction, so that the formed protein/micelle won’t fall apart. Thirdly, detergents 

strip away the interacting molecules of a target membrane protein, including their surrounding 

lipids and other proteins (Lee, 2003; Malia & Wagner, 2007). These molecules may be 

important for stabilising protein structure and maintaining their function. Moreover, in studies 

aiming to discover novel protein-protein and protein-lipid interactions, this information is 

largely lost for detergent-extracted membrane proteins (Gunsel & Hagn, 2022); due to the 

dynamic properties of the formed micelles, they may marge together or separate into different 

micelles, along with their encapsulated membrane proteins, thus generating false-positive and 

false-negative results for protein-protein interaction studies. Finally, as already mentioned, 

different detergents/membrane proteins display distinct biochemical/biophysical properties, 

and the screening process to search for the best combination and condition for the desired 

application is usually tedious and expensive (Arachea et al., 2012; Gutmann et al., 2007; Hardy 

et al., 2018; Sjostrand et al., 2017). Therefore, over the years, alternative methods using other 

reagents for membrane protein extraction have been explored.  

1.3.1.2 Alternative methods for membrane protein solubilisation 

As many of the drawbacks of detergent micelles are due to the direct contact between detergent 

tails and membrane proteins and the disorder of these tails, it is a logical effort to retain the 

protein transmembrane region in a lipid bilayer. This has been achieved by the development of 

bicelles, which are a mixture of membrane protein, lipids and detergents, where the membrane 
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protein is immediately surrounded by a lipid bilayer, and the outline of this lipid bilayer is 

surrounded by detergent molecules, so the whole particle is soluble in aqueous solution (Figure 

1.7). The concept of bicelles was firstly described in 1988 (Ram & Prestegard, 1988). Bicelles 

are generated by mixing lipids and detergents in a certain ratio during membrane protein 

extraction; the types of lipids and detergents and their ratio need to be carefully selected for the 

best extraction efficiency (Durr et al., 2013; Prosser et al., 1998). Apart from being able to 

preserve protein structure integrity, bicelles have the extra advantage of being easily aligned in 

the magnetic fields of NMR studies (Prosser et al., 1998). 

Amphipols are amphiphilic polymers that have been applied to membrane protein extraction 

since 1996 (Tribet et al., 1996). The idea is to develop amphiphilic reagents which have such 

high affinities to the transmembrane parts of proteins that they can directly interact and wrap 

around the transmembrane proteins, and they can achieve this without having to exist above a 

certain concentration, unlike detergents which have to be above their critical micellar 

concentration to take effect in protein solubilising (Popot et al., 2011). Amphipols are 

composed of hydrophilic backbones and hydrophobic sidechains. These sidechains serve as 

interacting anchors with the encapsulated proteins, and they are densely arranged on the 

backbone, such that no loops of the backbone can be formed (this is preferred by many 

biophysical characterisations). Many different amphiphilic polymers have been developed as 

amphipols since the first one, A8–35 (Tribet et al., 1996). There have been a large number of 

successful cases where membrane proteins were solubilised into protein/amphipol complexes, 

for example, several GPCRs, diacylglycerolkinase (DAGK), and nicotinic acetylcholine 

receptors (nAChRs) (Dahmane et al., 2009; Nasarre et al., 2010; Popot et al., 2011). While 

some of these membrane proteins remain fully active and are more stable than in detergent 

micelles, others have shown impaired conformational changes between different functional 

states (Popot et al., 2011). This can be attributed to the fact that amphipol binding restricts 
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membrane protein movement, which can both prevent denaturation and hamper native 

conformational transitions. As polymers, amphipols are chemically sensitive to cations in 

solution, and low pH; they are also unable to perturb the biological membrane by themselves, 

meaning that the membrane proteins need to be firstly solubilised by detergents before adding 

in amphipols (Popot et al., 2003). 

The solubilised membrane proteins can be reconstituted into model membrane systems, such 

as liposomes for delivering the proteins to specific systems, and artificial lipid bilayers for 

membrane diffusion kinetics and protein interaction/signalling studies. Nevertheless, the lipid 

composition and compartmentalisation can be systematically controlled in these model 

membrane systems (Dorr et al., 2014). Limitations include that the artificial bilayers are 

unsuitable for solution-based characterisation methods, and the large size of liposomes make 

them not applicable to many spectroscopic techniques due to light scattering (Dorr et al., 2016). 

1.3.1.3 Nanodisc-based methods for membrane protein solubilisation 

Nanodiscs are a new generation of membrane protein solubilisation methodology. The concept 

was firstly created in 2002, when the sequence of apolipoprotein A-I was engineered to be able 

to spontaneously form disc-like nanoparticles when co-incubated with synthetic phospholipids 

(Bayburt et al., 2002). These engineered proteins are termed membrane scaffold proteins 

(MSPs), and have a helical structure with two of them stacking on each other to create a belt 

around discs with a size of ~10 nm. MSPs have controllable sizes and secondary structures, 

and the encapsulated disc contains membrane proteins surrounded by a lipid bilayer. Membrane 

proteins are firstly solubilised by detergents, then incubated together with MSP and 

phospholipids in an appropriate ratio, during which time the MSP nanodiscs are formed with 

the membrane proteins inside. The ratio of different components (MSPs, phospholipids and 

encapsulated proteins) highly impacts the oligomerisation status of the inserted proteins (Nath, 

Atkins, et al., 2007). MSP-belted nanodiscs can also be generated from cell-free protein 
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expression systems, in which case detergents are not required (Proverbio et al., 2013). The lipid 

species to be added in MSP nanodiscs can be selected according to the preference of the 

encapsulated membrane protein. Numerous membrane proteins have been successfully 

incorporated and characterised using MSP-nanodiscs, including microsomal cytochrome P450 

(CYP) and GPCRs, and ligand-binding studies on many of these proteins have generated 

valuable information on their pharmacological profiles (Lavington & Watts, 2020; Leitz et al., 

2006; Nath, Grinkova, et al., 2007). 

More recently, another type of lipid-binding protein, saposin A, has been shown to form 

nanodiscs encapsulating lipids and proteins (Frauenfeld et al., 2016). Saposins have been 

shown to bind lipid membrane, transport lipids and form lipid complexes (Bruhn, 2005; 

Olmeda et al., 2013; Popovic et al., 2012), and several structures of saposin proteins have been 

reported (Ahn et al., 2003; Popovic et al., 2012; Rossmann et al., 2008). Membrane proteins 

are firstly extracted into detergent solutions, then incubated together with phospholipids and 

saposin A to form saposin-lipoprotein (Salipro) nanoparticles, which are similar in size to 

MSPs (Frauenfeld et al., 2016). The number of membrane protein structures solved in saposin 

nanodiscs is increasing, with several of these proteins being roton-activated chloride channel 

ASOR (Wang et al., 2022), α3β4 nicotinic receptor in its ligand-binding states (Gharpure et al., 

2019), and muscle nicotinic receptor in both resting and desensitised states (Rahman et al., 

2022). In addition, a new pipeline to generate saposin nanodiscs, direct membrane extraction 

(DirectMX), has been developed, which can extract membrane proteins from crude cell 

membranes into saposin nanodiscs in one step (Lloris-Garcera et al., 2020). Although 

DirectMX has been shown to be suitable for SPR and cryo-EM analysis (Drulyte et al., 2023), 

this method still needs to incubate the crude membranes with detergent solution, because 

detergents can increase membrane fluidity (Lloris-Garcera et al., 2020) and activate saposin A 

by inducing its conformational change (Chien et al., 2017). 
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Several peptides have also been developed as nanodisc belt reagents for membrane protein 

solubilisation, for example lipopeptides which comprise an amphipathic α-helix with 

hydrophobic and hydrophilic sides in the same helix (Prive, 2009), lipid-like peptides (Corin 

et al., 2011), stabilizing engineered β-strand peptides (Tao et al., 2013), dimeric peptides with 

rigid or flexible linkers (Larsen et al., 2016), and amphipathic bi-helical peptides (Carlson et 

al., 2018). A few drawbacks of the MSP-belted, saposin-belted, and other peptide-belted 

nanodiscs include that detergents and additional phospholipids still need to be added to the 

system in most cases, that the ratio of MSP / target protein / phospholipid / detergents needs to 

be optimised, and that the existence of scaffold proteins or other peptides may interfere with 

certain downstream characterisation of the encapsulated proteins. 

Other nanodisc systems, without using proteins or peptides as the belts, have been established. 

Using amphiphilic polymer chains, styrene maleic acid co-polymer (SMA), as the belt, SMA 

lipid particles (SMALPs) have been developed recently (Knowles et al., 2009; Lee et al., 2016). 

Like the MSP nanodiscs, SMALPs consist of membrane proteins encapsulated in a lipid bilayer, 

belted by the ring of SMA, which enables solubilisation of SMALPs in aqueous solution. 

Notably, SMALPs are by far the only method to directly extract membrane proteins from their 

native lipid bilayer environment without any need of additional detergents or synthetic lipids. 

A detailed description on SMALPs and their applications will follow in section 1.3.2, and the 

SMALP generating process is illustrated in Figure 1.8. 

Recently, a novel type of nanodisc, the DNA-encircled lipid nanodiscs, have been described 

(Iric, 2020; Iric et al., 2018). DNA origami, designed to form rings with desired chemical 

modifications, can be precisely programmed with regards to their size, shape and positions of 

functionalisation. Alkylation has been performed on the interim of the DNA rings to increase 

their hydrophobicity, and this has led to spontaneous lipid bilayer formation inside the DNA 

ring when phospholipids are added. A new version of DNA rings, the “double-decked” DNA 
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ring, has also been developed so that the height of the rings (~4 nm) better matches the 

thickness of the lipid bilayer. As for the opportunities to incorporate membrane proteins into 

these DNA-encircled lipid nanodiscs, CCR5, a member of the GPCR family, has been 

engineered to contain a DNA label, and the DNA rings encircling the lipid bilayer have also 

been designed to contain protruding sequences that are complementary to the DNA tag on the 

protein to be inserted (Iric, 2020). Although the final result of membrane proteins encapsulated 

in DNA-nanodiscs using the above method has not been reported yet, coarse-grained 

simulation has shown the stability of DNA-nanodiscs when the DNA ring contains protruding 

dodecyl alkyl groups (Iric, 2020). The technique is still in its infancy, but has shown the 

potential as a new membrane protein solubilisation strategy. 

1.3.2 SMALPs are a novel strategy for the extraction and characterisation of membrane 

proteins 

1.3.2.1 SMA co-polymer as the tool to extract membrane proteins 

SMA is the co-polymer of styrene and maleic acid, which are the hydrophobic and hydrophilic 

parts, respectively. SMA is synthesised by hydrolysis of the anhydride units of its precursor 

polymer, styrene maleic anhydride (SMAnh). Both SMA and SMAnh are widely used 

polymers in industry such as being additives to plastics for enhanced thermal performance 

(Dorr et al., 2016; Klumperman, 2010). In life sciences, SMA has been used as a drug delivery 

system due to its amphiphilic property (Simon et al., 2018). For example, doxorubicin, an anti-

cancer reagent, can be constructed in SMA micelles due to the hydrophobic effect with the 

styrene moieties; the resulted SMA–Dox showed enhanced bio-availability and less 

cytotoxicity compared to the free form of the drug (Greish et al., 2004). Pirarubicin, an 

improved version of doxorubicin, can also be encapsulated into SMA micelles, and these 

micelles showed improved survival rate in a murine liver metastasis model and inhibition of 

liver metastases (Daruwalla et al., 2010). More recently, SMA has been shown to interact with 
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phospholipids and can form discs with phospholipids inside. The capability of SMA to 

solubilise membrane proteins from intact biological lipid bilayers into disc-like structures, 

SMALPs, with a diameter of ~10 nm, was firstly described in 2009 (Knowles et al., 2009). 

Since then, SMALPs have been applied to a wide range of membrane proteins and have been 

proven useful in their structural and functional studies. 

SMAnh polymer is synthesised by radical reaction, where monomers are added into the end of 

the polymer chain and the chain is elongated in this way. As the end of styrene can incorporate 

both styrene (S) and maleic anhydride (MAnh), but the end of maleic anhydride can only 

incorporate styrene, the minimum ratio of S:MAnh in the synthesised SMAnh is 1:1 (Alfrey & 

Lavin, 1945; Dorr et al., 2016; Hill et al., 1985). The serial composition along the SMAnh is 

largely uncontrollable, although the overall S:MAnh ratio can be regulated by controlling the 

original amount of the two monomers (Klumperman, 2010). Strategies have been applied to 

better control the monomer arrangement along the polymer chain, for more homogenous 

polymers. For example, living radical polymerization methods have been applied to SMAnh 

synthesis, including reversible addition fragmentation chain transfer (RAFT)-mediated 

polymerisation. This uses two blocks of short polymer chains, one with almost precisely 

alternative S and MAnh, while another is poly-S, to generate a more precisely controlled 

overall microstructure of SMAnh polymer (Craig et al., 2016; Klumperman, 2010). SMAnh is 

further hydrolysed to form the final product, SMA, by increasing buffer pH (Lee et al., 2016). 

The functional relevance of SMA microstructure on their application in SMALPs is still under 

investigation. 
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Figure 1.8 Generation of SMALPs. 

When amphiphilic SMA polymer chains are mixed with cell membranes, they can insert themselves 

into the membrane and cut out membrane fractions like a cookie cutter. SMA cut out and form SMALPs 

in a non-selective manner of membrane components, i.e. not in favour of solubilising certain lipids or 

proteins. 
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1.3.2.2 Alternative polymers  

Despite the advantages of using SMA to generate SMALPs, several limitations regarding SMA 

chemistry remain. Due to the existence of two carboxyl groups with pKa values being 6 and 

10, respectively, the charge status of SMA is largely dependent on buffer pH. If pH is below 6, 

SMA will possess no negative charge on its maleic acid moieties and the hydrophobic effect 

provided by the styrene moieties will take dominance (Banerjee et al., 2012; Dorr et al., 2016). 

The polymer will then precipitate from aqueous solution, into aggregates that are maintained 

by styrene groups (Scheidelaar et al., 2016). In addition, the two carboxyl groups can chelate 

divalent cations such as Mg2+ and Ca2+, when their concentration in solution is higher than 5 

mM, and the chelated product is also insoluble (Lee et al., 2016; Morrison et al., 2016). With 

regards to the S group, the aromatic ring interacts with encapsulated phospholipids, which can 

restrict lipid movement and disorder their acyl chains; it also interferes with UV absorbance at 

280 nm and thus can interfere with protein concentrations measurement (Ball et al., 2021; 

Tonge & Tighe, 2001). Based on these drawbacks, other amphiphilic polymers have been 

developed recently, and have been applied to isolate membrane proteins directly into nanodiscs.  

Diisobutylene maleic acid copolymer (DIBMA) replaces the styrene moieties with 

diisobutylene which interfere less with the lipid acyl chains. DIBMA also has the advantage of 

not interfering with protein concentration measurement via ultraviolent light, as it doesn’t have 

the aromatic ring which is the main source of absorbance at 280 nm (Ball et al., 2021). DIBMA 

forms larger lipid nanodiscs (DIBMALPs) than SMALPs, with a diameter of ~25 nm 

(Gulamhussein et al., 2020). DIBMA is a promising tool to study large membrane proteins and 

protein complexes, and has been shown to allow native conformational changes of the 

encapsulated protein, but it is also harder to solubilise native membranes than with SMA 

(Grime et al., 2021; Gulamhussein et al., 2020).  
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With regards to the maleic acid moiety that accounts for low tolerance to acidic pH and divalent 

cations, modifications have been made to this, generating several derivatives including styrene 

maleimide copolymer (SMI), SMA-ethanol amine copolymer (SMA-EA), SMA-amine 

copolymer (SMAd-A), and styrene maleimide quaternary ammonium copolymer (SMA-QA) 

(Hall et al., 2018; Ravula et al., 2018; Ravula, Hardin, et al., 2017; Ravula, Ramadugu, et al., 

2017). They can all tolerate acid pH, with SMI and SMAd-A having an opposite pH tolerance 

window to SMA (SMI: pH 5-7.8, SMAd-A: pH 3-6), and the other two having wider windows 

(SMA-EA: pH 5-10, SMA-QA: pH 2.5-10). These polymers can also tolerate higher divalent 

cation concentrations, with SMA-QA and SMAd-A being able to form stable nanodiscs with 

the concentrations of Mg2+ or Ca2+ as high as 200 mM. Moreover, SMI, SMAd-A and SMA-

QA are positively charged polymers, thus can be a good replacement for the negatively charged 

SMA and SMA-EA in certain circumstances, for example when the encapsulated protein has 

large, positively charged extracellular domains. Oppositely charged protein domains and 

polymers can interact with each other and the protein structural integrity can be disrupted 

(Krishnarjuna & Ramamoorthy, 2022). Although less well characterised than SMA, these 

derivative polymers offer a powerful toolbox for screening studies to explore the best 

solubilising polymer for the proteins of interest, and they have all been made commercially 

available in the last few years. 

Polymethacrylate (PMA) is another amphiphilic copolymer that can be used to form and serve 

as the belt for lipid nanodiscs (Yasuhara et al., 2017). With completely different composition 

of both hydrophobic and hydrophilic moieties from SMA, PMA is more tolerant to low pH and 

higher concentration of Mg2+ or Ca2+, and has no aromatic rings to disrupt lipid acyl chains or 

interrupt with protein concentration determination. The use of PMA to isolate membrane 

proteins into nanodiscs is still in an early stage; however, there have been examples of 
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membrane proteins successfully isolated and characterised in PMA-lipid nanodiscs, e.g. amylin 

and neurotensin receptor 1 (Lavington & Watts, 2021; Yasuhara et al., 2017). 

 

 

Figure 1.9 Chemical formulas of polymers that can be used to generate lipid nanodiscs. 

SMA, styrene-maleic acid co-polymer. SMA-MA, SMA-amine co-polymer. SMA-SH, SMA-thiol co-

polymer. SMA-EA, SMA-ethanol amine co-polymer. SMA-ED, SMA-ethylenediamine co-polymer. 2-

STMA, 2-methyl-stilbene–maleic acid co-polymer. 4-STMA, 4-methyl-stilbene–maleic acid co-

polymer. SMAd-A, styrene maleimide-amine co-polymer. SMA-amine co-polymer. SMA-QA, styrene 

maleimide quaternary ammonium co-polymer. SMI, styrene-maleimide co-polymer. DIBMA, 

diisobutylene-maleic acid co-polymer. zSMA, zwitterionic styrene-maleic acid co-polymer. APAA, 

alkyl polyacrylic acid. PMA, polymethacrylate. AASTY, styrene-acrylic co-polymer. Figure adopted 

from https://www.smalp.net/ with permission. 

  

https://www.smalp.net/
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1.3.2.3 Mechanisms of SMALP formation  

The precise mechanisms and molecular interactions underlying the formation of SMALPs and 

other polymer-encircled nanodiscs are still largely unclear. However, models describing these 

processes have been developed, mainly by means of computational simulation. In these models, 

membrane solubilisation by SMA or other polymers can be roughly divided into three stages: 

absorption of polymers to lipid bilayer surface, lipid bilayer disruption by the polymers, and 

formation of nanodiscs (Figure 1.10). 

In the first step, the polymers adhere to the outer side of lipid bilayers. Although this step is 

against the energy gradient, the hydrophobic interaction between polymer hydrophobic groups 

and the lipid acyl groups serves as the driving force for polymer binding membrane (Jamshad, 

Grimard, et al., 2015; Krishnarjuna & Ramamoorthy, 2022). Therefore, both lipid and polymer 

types can strongly impact this process. The more anionic lipid head groups are, the longer the 

lipid tail groups are, and the more tightly packed the lipids are, the harder and slower this 

membrane binding process is (Orekhov et al., 2022; Scheidelaar et al., 2015). This is because 

the anionic lipids have increased repulsive forces towards negatively charged polymers (here 

the focus is on the most commonly applied polymers, which are mostly negatively charged, 

but in case of the positively charged polymers as mentioned in section 1.3.2.2, the effect of 

anionic lipids should be opposite), and the longer lipid tails and tightly packed lipids make the 

penetration of polymer hydrophobic moieties through the membrane harder (Krishnarjuna & 

Ramamoorthy, 2022).  

The membrane-bound polymers then disrupt the membrane continuity, which has been 

proposed to be achieved by two means: pore-forming and lipid extraction (Orekhov et al., 2019) 

(Figure 1.10). In the pore-forming model, small, water-filled pores on the lipid membrane 

appear after polymer binding, where the rims of these pores are stabilised by polymers. Due to 

the self-aggregation property of the polymers, the formed pores have the tendency to merge, 
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leading to larger, water-filled pores. This model was firstly observed in a coarse-grain 

simulation study, then confirmed by surface acoustic wave resonance sensing and microscopy 

studies (Bjornestad et al., 2021; Caparotta et al., 2021; Orwick Rydmark et al., 2019; Xue et 

al., 2018). The formation of the final polymer-belted nanodiscs, from the polymer-rimmed, 

water-filling pores on the continuous lipid bilayer, have not been achieved in course-grain 

simulation due to technical limitations, but they have been shown to be the thermodynamically 

preferred end state (Xue et al., 2018). The lipid extraction model, on the other hand, proposes 

that the membrane-bound polymers pull their interacting lipids out of the bilayer continuum. 

Importantly, these two models do not contradict each other, as the mode of action depends on 

the relative composition of the hydrophobic and hydrophilic monomers: in another course-

grain-based study on SMA, the system underwent the pore-forming route when S:MA was 2:1, 

while adopting the lipid extraction route when S:MA was 3:1 (Orekhov et al., 2022; Orekhov 

et al., 2019). It was pointed out that when three or more styrenes are in a row, the lipid 

extraction motion is preferred (Orekhov et al., 2022). This could also be the case for other 

polymers. The two modes of action can happen at the same time at different sites in the same 

reaction, as the monomer arrangement of SMA varies along the polymer chain. 

Lipids encapsulated in the formed nanodiscs preserve their dynamic properties, though these 

are constrained by the polymer belt to a certain degree. The formed nanodiscs can undergo 

lipid exchange upon collision with each other, and the isomerization of azolipids in SMALPs 

has also shown to be preserved (Cuevas Arenas et al., 2017; Dominguez Pardo et al., 2019). 

However, studies based on electron paramagnetic resonance and differential scanning 

calorimetric measurements have shown that DMPC lipids in polymer-nanodiscs have broader 

main melting transition, different water accessibility in the bilayer, plus additional constraints, 

in comparison to DMPC in liposomes (Hoffmann et al., 2021). It has also been shown that 

lipids in DIBMALPs are less constrained than those in SMALPs (Colbasevici et al., 2020).  



 

70 

 

 

Figure 1.10 Proposed mechanisms of SMALP formation. 

Membrane solubilisation by SMA or other polymers can be roughly divided into three stages: 

absorption of polymers to lipid bilayer surface, lipid bilayer disruption by the polymers, and formation 

of nanodiscs. Two potential mechanisms of lipid bilayer disruption have been proposed when SMA 

polymer is incubated together with membrane. When the S:MA ratio is 2:1, SMA is proposed to form 

water-filled pores, with the rim of the pores stabilised by the polymer chains. When S:MA ratio is 3:1, 

SMA is proposed to pull lipid molecules out of the membrane continuum, based on the hydrophobic 

effect between lipid acyl chains and the benzene rings from SMA. Although complete destruction of 

bilayer and formation of nanodiscs (SMALPs) have not been fully described, numerous experiments 

have confirmed their disc shape, the existence of polymer belt, and their sizes. 
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1.3.2.4 Applications of SMALPs 

Numerous membrane proteins have been successfully solubilised and characterised using 

SMALPs or nanodiscs belted by other polymers, and both the number of characterised proteins 

and the characterising methodologies are rapidly emerging. SMALPs are stable over freeze-

thaw cycles, and once formed, no extra SMA polymers are needed in the downstream buffers, 

unlike in the case of detergents where their concentration usually needs to be above the critical 

micellar concentration in all the buffers (Jamshad, Charlton, et al., 2015; Pollock et al., 2018; 

Wheatley et al., 2016). Not only are SMALPs readily amendable to a variety of widely used 

biophysical and biochemical characterisations, including circular dichroism (Ayub et al., 2020; 

Gulamhussein et al., 2020; Knowles et al., 2009), dynamic light scattering (Craig et al., 2016; 

Gulamhussein et al., 2020; Harding et al., 2019), SAXS and SANS (Brady et al., 2019; Jamshad, 

Grimard, et al., 2015), flow cytometry (Luna et al., 2018), immunoprecipitation and antibody 

binding (Desrames et al., 2020), but also they can be used in advanced techniques such as 

native mass spectrometry for oligomerisation status analysation (Hellwig et al., 2018), SPR for 

ligand screening (Cao et al., 2022), NMR for protein and lipid characterisation studies (Park et 

al., 2020; Radoicic et al., 2018), mass spectrometry for lipid analysis (Teo et al., 2019), X-ray 

crystallography (Broecker et al., 2017) and cryo-EM for structure determination (Krishnarjuna 

& Ramamoorthy, 2022; Kumar et al., 2021; Sun et al., 2018; Sun & Gennis, 2019; Yu et al., 

2021). 

SMALPs have been used to solve membrane protein structures with high-resolution and in 

their native states, i.e. in their native conformation and/or with important binding partners 

including lipids and other proteins. For example, several structures of the proteins from 

pentameric ligand-gated ion channels (pLGICs) have been solved in SMALPs. These include 

the Erwinia ligand-gated ion channel (ELIC), whose cryo-EM structure was solved in SMALPs 

to 2.5 Å in its unliganded state. The same study also showed evidence of the existence of two 
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types of tightly binding phospholipids, namely diacylated phospholipid and tetra-acylated 

cardiolipin, both corresponding to the bacterial membrane environment (Kumar et al., 2021). 

Another study solved the cryo-EM structures of another ion channel in the same superfamily, 

glycine receptor GlyR, in both SMALPs and reconstituted MSP-nanodiscs. This study showed 

that MSP-nanodisc reconstitution may shift the conformational equilibrium of the channels, 

while SMALPs preserved their native conformational states, and the structure of GlyR open 

state in SMALPs corresponds better to experimental data than a previously solved, open-state 

GlyR structure from detergent micelles. In addition, SMALP-encapsulated GlyR showed for 

the first time the partial agonist-binding, closed state of the receptor (Yu et al., 2021). 

Alternative complex III (ACIII) is another transmembrane protein whose structure has been 

solved in SMALPs to 3.4 Å, in complex with another enzyme, cyt aa3. With 48 transmembrane 

helices, this is by far the largest membrane protein encapsulated in SMALPs, and the radius of 

the transmembrane region cross-section reached 13 nm. The structure also showed that two of 

the subunits of ACIII are anchored to the lipid bilayer, and that cyt aa3 adopted conformational 

changes when in complex with ACIII, indicating the importance of supercomplex formation 

(Sun et al., 2018). The bacterial-expressed, multidrug efflux transporter AcrB has also been 

isolated into SMALPs and structurally characterised (Qiu et al., 2018). The 3.2 Å structure of 

trimeric AcrB, with each protomer in a different state, was solved together with well-packed 

lipid molecules both inside the central cavity and outside as the belt. 31 lipid molecules were 

distinguished, and the details of lipid-protein interaction were mapped. The study also showed 

that the structure of a mutant AcrB in SMALPs, AcrB D407A with the mutation at one of the 

putative proton-relay residues, is very similar to that of WT AcrB, which is in contrast with the 

previous transmembrane-largely collapsed D407A structure in detergent micelles (Su et al., 

2006), suggesting a supporting and restraining function of the native lipid bilayer. 
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Apart from structure determination, SMALPs also have many other applications. Many studies 

have determined specific lipids surrounding membrane proteins in SMALPs, and lipidomics 

analysis using thin-layer chromatography, mass spectrometry and/or NMR are emerging. A 

lipidomics study comparing extracted phospholipids from SMALPs containing three bacterial 

membrane proteins, ZipA, FtsA and PgpB, showed that individual proteins associate 

preferentially with a subset of lipids (Teo et al., 2019). SMALPs can be used to preserve the 

native conformation of the encapsulated proteins; for example, a conformation-dependent 

Rhesus D (RhD) antibody could detect RhD in SMALPs isolated from RhD+ donors, indicating 

that at least one important comformation of RhD epitope was preserved in SMALPs from 

erythrocyte membrane (Desrames et al., 2020). This offers exciting opportunities of using 

SMALPs for allo-antibody screening and binding studies on erythrocytes (Desrames et al., 

2020). SMALPs can also be used to preserve native membrane protein complexes that would 

otherwise be lost in detergent micelles, for example a metabolon containing dhurrin and all the 

enzymes that catalyze its formation (Laursen et al., 2016), the bacterial holo-translocon 

containing SecYEG–SecDF–YajC–YidC proteins (Komar et al., 2016), and the different 

oligomeric states of K+ importer A (KimA) (Hellwig et al., 2018).  

The application of SMALPs and other types of polymer-belted nanodiscs has been extremely 

useful to study a number of membrane protein families. For example, GPCRs are highly 

dynamic receptors, with a large number of family members and a wide range of agonists, partial 

agonists, antagonists and allosteric modulators. Even phospholipids have been shown to 

allosterically modulate GPCR conformations. These modulators have been shown to stabilise 

certain conformations of their target GPCRs, and their binding can favour and/or inhibit the 

initiation of different downstream signalling pathways of GPCRs, mainly through G-protein 

binding behaviours. As a result, GPCRs adopt a collection of conformations in physiologically 

relevant conditions, and detergent extraction methods typically destroy these native 
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conformations, resulting in unstable GPCRs and hampering ligand screening. Strategies such 

as mutagenesis and using engineered G proteins were helpful for stabilising GPCRs in 

structural studies (Garcia-Nafria et al., 2018), but also constrained the conformational 

dynamics. Several GPCRs, including A2AR and rhodopsin, have been extracted into SMALPs, 

SMI lipid particles (SMILPs) and/or DIBMA lipid particles (DIBMALPs), and their 

conformational changes upon ligand binding have been observed (Grime et al., 2020; Grime et 

al., 2021; Hall et al., 2018; Szundi et al., 2021). Polymer-based nanodiscs may therefore 

revolutionise the fields of GPCR structure and function. Research into the similarly dynamic 

pLGIC family could also benefit from these nanodiscs. In addition, the study of tetraspanins, a 

family of membrane proteins with major functions in forming complexes with other membrane 

proteins, may also benefit greatly from SMALPs and relevant nanodiscs, as these nanodiscs 

could potentially facilitate the discovery of novel partner membrane proteins of tetraspanins. 
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1.4 Hypothesis and aims of the thesis 

GPVI, as the major receptor for collagen and initiating downstream signalling upon ligand 

binding that ultimately leads to platelet activation, plays major role in thrombosis and a 

relatively minor role in haemostasis. Therefore, it is a promising anti-thrombosis drug target. 

Understanding the structural details of GPVI is important for the interpretation of its drug 

binding behaviours and for designing new drugs. In addition, the ligand-binding and signalling 

behaviours of GPVI, as well as of other platelet surface receptors, could be dependent on the 

micro-environment, including surrounding lipids and other membrane proteins. However, our 

current understanding of both the structural conformation of GPVI, and the spatial arrangement 

of GPVI in relation to other proteins on the platelet surface, is only rudimentary. In particular, 

the published crystal structures of GPVI only contain its IgSF domains (Feitsma et al., 2022; 

Horii et al., 2006; Slater et al., 2021), with the information of its glycosylated stalk, the 

transmembrane region, the cytoplasmic region, and the interaction with its signalling chain, 

FcRγ, completely absent. There have been controversies whether the GPVI dimer represents a 

unique, functionally active form of this receptor, or just the increased avidity to its ligands 

(Clark, 2020; Clark, Neagoe, et al., 2021; Slater et al., 2018); the regions other than the IgSF 

domains may play important roles in refining the conformational arrangement of GPVI, and 

help to explain the controversies in GPVI’s dimerisation mode including the interacting 

interfaces as revealed by the existing GPVI structures. Moreover, mapping the configuration 

of GPVI, and other major platelet receptors, with regards to their spatial proximity with other 

membrane proteins, is crucial to understand how their structures and functions are regulated, 

yet this information is usually missing in the current attempts to isolate platelet membrane 

protein assemblies using detergent-based methods, which can generate artefacts in protein-

protein interaction identification. The hypothesis in this thesis, therefore, is that SMALPs can 

preserve the native conformation and micro-environment of GPVI and other platelet receptors, 
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thus the isolation of platelet surface receptors into SMALPs can generate useful information 

on GPVI structure, and the stoichiometry and interaction of platelet receptors. The aims of this 

thesis are: 

1. To isolate and purify GPVI and FcRγ into SMALPs, from a transfected HEK-293T cells, 

and characterise these GPVI/FcRγ SMALPs with biochemical and biophysical methods. 

2. To isolate SMALPs from native human platelets, characterise these SMALPs to check their 

ability for preserving native membrane protein complexes, and utilise them for the 

investigation of platelet membrane protein interaction and stoichiometry. 
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Chapter 2 Materials and Methods 

2.1 List of reagents 

2.1.1 General reagents 

Table 2.1 General reagents 

Chemical name Supplier 

Acrylamide, 30% Geneflow 

AEBSF ThermoFisher Scientific 

Ampicillin Sigma-Aldrich 

Aprotinin Sigma-Aldrich 

Bovine serum albumin (BSA) Sigma-Aldrich or Thermo Fisher Scientific 

Brij97 Sigma-Aldrich 

Coomassie blue R-250 ThermoFisher Scientific 

CRP-XL CambCol Laboratories 

Dimethyl sulfoxide (DMSO) ThermoFisher Scientific 

Dipotassium phosphate (K2HPO4) Sigma-Aldrich 

Dithiothreitol (DTT) Sigma-Aldrich 

Ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N′,N′-tetraacetic acid 

(EGTA) 

Sigma-Aldrich 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma-Aldrich 

Glucose Sigma-Aldrich 

Glycerol ThermoFisher Scientific 

Glycine ThermoFisher Scientific 

Horm collagen Nycomed 

Imidazole Sigma-Aldrich 

Integrilin  Sigma-Aldrich 

Ionomycin Sigma-Aldrich 

L-arginine ThermoFisher Scientific 

Leupeptin Enzo Life Sciences AG 
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Luciferin MP Biomedicals 

Magnesium chloride (MgCl2) ThermoFisher Scientific 

Monopotassium phosphate (KH2PO4) ThermoFisher Scientific 

Nonidet-40 (lgepal/NP-40) ThermoFisher Scientific 

Pepstatin Sigma-Aldrich 

Prostacyclin (PGI2) Cayman Chemical Company 

Sodium azide ThermoFisher Scientific 

Sodium chloride (NaCl) ThermoFisher Scientific 

Sodium citrate Sigma-Aldrich 

Sodium dodecyl sulfate (SDS) ThermoFisher Scientific 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich 

Streptavidin Protein, DyLight™ 800 ThermoFisher Scientific 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

Tris ThermoFisher Scientific 

TritonX-100 ThermoFisher Scientific and Sigma-

Aldrich 

Tween-20 ThermoFisher Scientific 

 

2.1.2 Cell culture reagents 

Table 2.2 Cell culture reagents 

Reagent Source 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Sigma-Aldrich 

Fetal bovine serum (FBS) Gibco 

L-Glutamine Sigma-Aldrich 

Opti-MEM serum-free media Gibco 

Penicillin/Streptomycin Sigma-Aldrich 

Phosphate Buffered Saline (PBS)  Sigma-Aldrich 

Polyethylenimine (PEI) Sigma-Aldrich 

Roswell Park Memorial Institute medium 

(RPMI) 

Sigma-Aldrich 
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Trypsin-EDTA solution Sigma-Aldrich 

-mercaptoethanol (50 mM) ThermoFisher Scientific 

 

2.1.3 Antibodies 

Table 2.3 Primary antibodies used in the thesis 

Antigen Antibody 

name 

Supplier Host 

species 

Application 

ADAM10 11G2 Abcam Mouse Immunoprecipitation 

Western blotting (0.5 

ug/mL) 

CD151 11B1 From Leonie Ashman 

lab, University of 

Adelaide, Australia 

(Fitter et al., 1995; 

Sincock et al., 1997) 

Mouse Western blotting 

CD36 D8L9T Cell Signalling 

Technology 

Rabbit Western blotting  

CD9 C9-BB Described previously 

(Berditchevski et al., 

1996) 

Mouse Western blotting (1:20 

from tissue culture 

supernatant) 

CD9 1AA2 From Leonie Ashman 

lab, University of 

Adelaide, Australia 

(Sincock et al., 1997) 

Mouse Immunoprecipitation 

CLEC-2 AYP2 From Steve Watson lab, 

University of 

Birmingham (Gitz et al., 

2014; May et al., 2009) 

Mouse Western blotting 

FcRγ 06-727  Sigma-Aldrich Rabbit Western blotting, 1:2000 

FcRγ  9E1 Abcam Rabbit Western blotting, 1:1000 
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GPIbα WM23 From Bernhard 

Nieswandt lab, 

University of Würzburg 

(Berndt et al., 1985) 

Mouse Western blotting (0.5 

μg/mL) 

GPVI 336E2 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI 338E5 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI 338E7 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI 11A7 From Elizabeth Gardiner 

lab, Australian National 

University (Al-Tamimi et 

al., 2009) 

Mouse Western blotting (0.5 

μg/mL) 

GPVI 313A10 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI 322D10 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI 336A9 From Bernhard 

Nieswandt lab, 

University of Würzburg 

Mouse Immunoprecipitation  

Western blotting (0.5 

μg/mL) 

GPVI HY101 eBioscience Mouse Immunoprecipitation 

GPVI JAQ1 From Bernhard 

Nieswandt lab, 

University of Würzburg 

(Nieswandt et al., 2000) 

Mouse Immunoprecipitation 

Western blotting (0.5 

ug/mL) 

Integrin 

α6 

4F10 Abcam Mouse Western blotting 
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Integrin 

αIIb 

H-160 Santa Cruz Rabbit Western blotting (1:500) 

Mouse 

IgG1 

MOPC-

21 

Sigma-Aldrich  Mouse Immunoprecipitation and 

flow cytometry 

Mouse 

IgG1 

P3.6.2.8.1 

(Kappa 

Isotype) 

ThermoFisher Scientific Mouse Immunoprecipitation 

Pear-1 AF4527 R&D Systems Goat Western blotting 

p-Tyr 4G10 Merck Millipore Mouse Western blotting 

(1:1000) 

Tspan15 1C12 From Michael Tomlinson 

lab, University of 

Birmingham (Koo et al., 

2020) 

Mouse Immunoprecipitation 

Tspan15 4A4 From Michael Tomlinson 

lab, University of 

Birmingham (Koo et al., 

2020) 

Mouse Immunoprecipitation 

Tspan15  NBP1-

92540 

Novus Biologicals Rabbit Western blotting (1:500) 

Tspan9 
 

From Michael Tomlinson 

lab, University of 

Birmingham (Protty et 

al., 2009) 

Rabbit Western blotting (1:200) 

 

Table 2.4 Secondary antibodies used in the thesis 

Antibody name Catalogue no. Supplier Application and 

concentration 

Donkey anti-Goat 

IgG (H+L) 

A15999 ThermoFisher 

Scientific 

Western blotting (1: 

10, 000) 
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Secondary 

Antibody, HRP 

Goat anti-Mouse 

IgG (H+L) 

Secondary 

Antibody, HRP 

31430 ThermoFisher 

Scientific 

Western blotting (1: 

10, 000) 

Goat anti-mouse 

IgG IRDye 680RD 

925-68070 LI-COR Biosciences Western blotting (1: 

10, 000) 

Goat anti-mouse 

IgG IRDye 800CW 

925-32210 LI-COR Biosciences Western blotting (1: 

10, 000) 

Goat anti-Rabbit 

IgG (H+L) 

Secondary 

Antibody, HRP 

31460 ThermoFisher 

Scientific 

Western blotting (1: 

10, 000) 

Goat anti-rabbit 

IgG IRDye 680RD 

925-68071 LI-COR Biosciences Western blotting (1: 

10, 000) 

Goat anti-rabbit 

IgG IRDye 800CW 

925-32211 LI-COR Biosciences Western blotting (1: 

10, 000) 

Sheep anti-mouse 

IgG FITC 

F2883 Sigma-Aldrich  Flow cytometry (1: 

100) 

 

2.1.4 Primers used to generate GPVI isoform constructs 

Table 2.5 Primers used to generate GPVI isoform constructs 

Primers Recognition 

sequence 

Sequences 

MT4150 GPVI, reverse 

(after 10x His tag 

and notI restriction 

site) 

GATCAGCCTCGACTGTGCCT 

MT5147 GPVI, forward (for 

pEF6/myc-His C) 

CAAGCCTCAGACAGTGGTTC 
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MT5435 GPVI, forward (for 

pcDNA3) 

TAGTAGGATCCACCATGTCTCCATCCCCGAC 

MT5686 GPVI, reverse 

(with 10xHis tag) 

TAGTAGGCGGCCGCTCAGTGGTGGTGATGATG

GTGATGGTGGTGGTGTGAACATAACCCGCGGC

TGTG 

MT5695 GPVI cDNA piece 

after exon5, 

forward 

CCCTGGAGCTTGTGGTCACAGAATTCTCAGAAG

CCACCGC 

MT5696 GPVI cDNA piece 

before exon5, 

reverse 

GCGGTGGCTTCTGAGAATTCTGTGACCACAAGC

TCCAGGG 

 

2.1.5 Kits and ready-made materials 

Table 2.6 Kits and ready-made materials used in the thesis 

Ready-made materials Supplier 

10 x T4 DNA ligase buffer New England Biolabs 

10x cutsmart buffer New England Biolabs 

2x REDTaq® ReadyMix™ PCR Reaction Mix Sigma-Aldrich 

4–15% Mini-PROTEAN® TGX™ Precast Protein 

Gels, 12-well 

Bio-Rad 

4–20% Mini-PROTEAN® TGX™ Precast Protein 

Gels, 15-well 

Bio-Rad 

5x HF buffer New England Biolabs 

BamHI restriction enzyme New England Biolabs 

BlueEasy Pre-Stained Protein Ladder, (6.5 – 

270kDa) 

Geneflow 

BlueSafe Nzytech 

BLUeye Pre-Stained Protein Ladder, 10-245 kDa Geneflow 

Collagen agarose  Sigma-Aldrich 

cOmplete™, Mini Protease Inhibitor Cocktail Sigma-Aldrich 

E. coli DH5α competent cells Merck 
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EZ-Link™ Sulfo-NHS-LC-Biotin ThermoFisher Scientific 

GeneJET Plasmid Miniprep Kit ThermoFisher Scientific 

GenElute™ HP Plasmid Midiprep Kit Sigma-Aldrich 

Immobilon®-FL PVDF membrane Merck Millipore 

Immobilon®-P PVDF membrane Merck Millipore 

NativeMark™ Unstained Protein Standard ThermoFisher Scientific 

NativePAGE™ Novex™3 to 12%, Bis-Tris, 1.0 

mm, Mini Protein Gel, 10-well 

ThermoFisher Scientific 

NativePAGE™ Novex™4 to 16%, Bis-Tris, 1.0 

mm, Mini Protein Gel, 15-well 

ThermoFisher Scientific 

NativePAGE™ Sample Buffer (4X) ThermoFisher Scientific 

NotI restriction enzyme New England Biolabs 

Novex™ WedgeWell™ 4 to 12%, Tris-Glycine, 

1.0 mm, Mini Protein Gel, 10-well 

ThermoFisher Scientific 

Novex™ WedgeWell™ 4 to 12%, Tris-Glycine, 

1.0 mm, Mini Protein Gel, 15-well 

ThermoFisher Scientific 

Novex™ WedgeWell™ 4 to 20%, Tris-Glycine, 

1.0 mm, Mini Protein Gel, 10-well 

ThermoFisher Scientific 

NuPage MES running buffer  ThermoFisher Scientific 

NuPage MOPC running buffer  ThermoFisher Scientific 

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 1.0 

mm, 10 well 

ThermoFisher Scientific  

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 1.0 

mm, 15 well 

ThermoFisher Scientific  

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 

1.0mm, 12 well 

ThermoFisher Scientific  

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 1.5 

mm, 10 well 

ThermoFisher Scientific  

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 1.5 

mm, 15 well 

ThermoFisher Scientific 

NuPAGE™ LDS Sample Buffer (4X) ThermoFisher Scientific 

NuPAGE™ Sample Reducing Agent (10X) ThermoFisher Scientific 
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PageRuler™ Prestained Protein Ladder, 10 to 180 

kDa 

ThermoFisher Scientific 

Phusion polymerase New England Biolabs 

Pierce™ ECL Western blotting ThermoFisher Scientific 

Pierce™ Silver Stain Kit ThermoFisher Scientific 

Protease inhibitor cocktail Sigma-Aldrich 

Protein A/G PLUS-Agarose Santa Cruz 

Protein G-sepharose beads Generon 

ProteoSilver™ Plus Silver Stain Kit Sigma-Aldrich 

QIAquick Gel Extraction Kit QIAGEN 

QIAquick PCR purification kit QIAGEN 

Slide-A-Lyzer™ MINI Dialysis Devices, 3.5K 

MWCO 

ThermoFisher Scientific 

SMALP 30010P (new name SMALP 200) Orbiscope B.V. 

Super Ni-NTA Affinity resin  Generon 

Super optimal broth with catabolite repression 

(S.O.C) medium 

ThermoFisher Scientific 

SYBR safe DNA gel stain ThermoFisher Scientific 

T4 DNA ligase New England Biolab 

Vivaspin 10 kDa MWCO spin concentrator GE Healthcare 

 

2.1.6 Buffer recipes 

Table 2.7 Buffers used in the thesis and their recipes 

Buffer Components 

1 M potassium phosphate buffer 0.9 M K2HPO4, 0.09 M KH2PO4, pH=7.8 

1% Brij97 lysis buffer 1% Brij97, 10 mM Tris pH=7.5, 150 mM NaCl, 1 mM 

CaCl2, 1 mM MgCl2, 0.02% NaN3 

1% NP-40 lysis buffer 1% NP-40, 10 mM Tris, 150 mM NaCl, 1 mM EGTA, 

1 mM EDTA, pH=7.5 

1% Triton X-100 lysis buffer 1% Triton X-100, 10 mM Tris pH=7.5, 150 mM 

NaCl, 1 mM EDTA, 0.02% NaN3 
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2 x non-reduced sample buffer  100 mM Tris pH=6.8, 4% (w/v) sodium dodecyl 

sulphate (SDS), 20% glycerol, 0.02% (w/v) 

Bromophenol blue 

2 x Reduced sample buffer  100 mM Tris pH=6.8, 4% (w/v) sodium dodecyl 

sulphate (SDS), 20% glycerol, 5 % β-

mercaptoethanol, 0.02% (w/v) Bromophenol blue 

4 x SMA-PAGE sample buffer 20 mM Tris pH=8, 50% (v/v) glycerol, 0.08 mg/mL 

bromophenol blue 

5 x non-reduced sample buffer  125 mM Tris pH=6.8, 10% (w/v) sodium dodecyl 

sulphate (SDS), 50% glycerol, 0.05% (w/v) 

Bromophenol blue 

5 x Reduced sample buffer  125 mM Tris pH=6.8, 10% (w/v) sodium dodecyl 

sulphate (SDS), 50% glycerol, 4 % β-

mercaptoethanol, 0.05% (w/v) Bromophenol blue 

Acid/citrate/dextrose (ACD) 97 mM sodium citrate, 111 mM glucose and 71 mM 

citric acid 

Coomassie blue staining solution 50% methanol, 10% acetic acid, 0.05% w/v 

Coomassie Blue R250 

Coomassie destaining solution 30% methanol, 7% acetic acid 

FACS buffer 0.2% BSA, 0.02% NaN3 in PBS 

FACS fix buffer 1 % formaldehyde, 2% FBS in PBS 

Luciferase assay buffer 200 mM potassium phosphate buffer, 20 mM MgCl2, 

10 mM ATP 

Luciferase harvest buffer 200 mM potassium phosphate buffer, 10% Triton X-

100, 1 mM DTT 

Luciferin solution 20 mM luciferin in dH2O 

Modified SMALP solution B 50 mM Tris, 150 mM NaCl, 10 % glycerol, where 

Tris is diluted 1:10 from 500 mM Tris solution 

(pH=8) 

Modified Tyrode’s buffer 134 mM NaCl, 0.34 mM Na2HPO4, 2.9 mM KCl, 12 

mM NaHCO3, 20 mM HEPES, 1 mM MgCl2, pH=7.3 

SDS-PAGE running buffer 25 mM Tris, 192 mM glycine, 0.1% SDS 
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SMALP solution A 50 mM Tris, 2 mM EDTA, 5 % glycerol, where Tris 

is diluted 1:10 from 500 mM Tris solution (pH=8) 

SMALP solution B 50 mM Tris, 500 mM NaCl, 10 % glycerol, where 

Tris is diluted 1:10 from 500 mM Tris solution 

(pH=8) 

SMA-PAGE running buffer 25 mM Tris, 192 mM glycine 

TAE buffer  40 mM Tris, 20 mM glacial acetic acid, 1 mM EDTA 

TBS 20 mM Tris, 137 mM NaCl, pH=7.6 

TBST 20 mM Tris, 137 mM NaCl, 0.1% Tween-20, pH=7.6 

TBST with high salt 20 mM Tris, 500 mM NaCl, 0.1% Tween-20, pH=7.6 

Transfer buffer 25 mM Tris, 192 mM Glycine, 20 % methanol 

 

2.1.7 Equipment 

Table 2.8 Equipment used in the thesis 

Equipment name Supplier 

Accuri C6 flow cytometer BD Biosciences 

ÄKTA pure Cytiva 

Avanti C6 Avanti Polar Lipids 

Avestin EmulsiFlex-C3 High Pressure 

Homogenizer 

Biopharma Group Limited 

Beckman Optima XL-90 ultracentrifuge Beckman Coulter 

FACS Calibur flow cytometer BD Biosciences 

JA-25.50 fixed-angle rotor Beckman Coulter 

Mini-PROTEAN® Tetra Cell Bio-Rad Laboratories 

Odyssey infrared imaging system LI-COR Biosciences 

Superdex 200 increase 10/300 GL 

prepacked column 

Cytiva 

SW 60 Ti Swinging-Bucket Rotor Beckman Coulter 

Type 70 Ti Fixed-Angle Titanium Rotor Beckman Coulter 

Type 70.1 Ti Fixed-Angle Titanium Rotor Beckman Coulter 
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XCell II™ Blot Module ThermoFisher Scientific 

XCell SureLock Mini-Cell Electrophoresis 

System 

ThermoFisher Scientific 
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2.2 Molecular cloning 

2.2.1 GPVIa-10xHis and GPVIb-10xHis constructs 

Human GPVIa-10xHis and GPVIb-10xHis were generated by PCR from pcDNA3-human 

GPVIa-myc and GPVIb-myc vectors (Tomlinson Lab, unpublished) with primers MT5435 and 

MT5686 (Figure 3.1 and Table 2.7). Materials were mixed as indicated in Table 2.9 and the 

PCR reaction performed as indicated in Table 2.10. 

Table 2.9 Components used to add 10xHis tags to GPVIa and GPVIb 

Components Amount (μL) 

5x HF buffer 10 

10 mM dNTPs 1 

Forward primer—MT5435 (2 μM) 5 

Reverse primer—MT5686 (2 μM) 5 

pcDNA3-human GPVIa or GPVIb (5 

ng/μL) 

2 

Phusion polymerase enzyme 0.5 

dH2O (to 50 μL) 27.5 

 

Table 2.10 PCR reaction to add 10xHis tags to GPVIa and GPVIb 

Steps Temperature (°C) Time (s) Notes 

Initial denaturation 98 30  

Denaturation 98 10 Cycle 30 times 

Annealing 66 30 

Extension 72 20 

Final extension  72 300  

Cooling 4 ∞  
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After the PCR reaction, products were checked on TAE-agarose gels. A QIAquick PCR 

purification kit (QIAGEN) was used to purify and concentrate the PCR products according to 

the manufacturer’s instructions.  

Digestion was done by incubating DNA with restriction enzymes (NotI and BamHI) at 37 °C 

for 2 h, with the components indicated in Table 2.11. 

Table 2.11 Components used to digest GPVIa-10xHis or GPVIb-10xHis 

 GPVIa-10xHis or GPVIb-10xHis 

PCR products 

pEF6/myc-His C vector 

10x cutsmart 

buffer 

2.5 μL 2 μL 

NotI 1 μL 1 μL 

BamHI 1 μL 1 μL 

DNA 19 μL 2 μL (1 μg/μL) 

dH2O 1.5 μL 14 μL 

 

The digestion products were gel purified in TAE-agarose gels; the bands of correct sizes were 

cut out and the DNA inside was purified using a QIAquick gel extraction kit (QIAGEN) 

according to the manufacturer’s instructions.  

Ligation was then done by incubating the mixture of digested genes and digested vector, at 

16 °C overnight, with the components and their amounts indicated in Table 2.12. The ratio of 

the inserted gene and the vector was estimated to be 3:1 in molar terms.  

Table 2.12 Components used for ligation of GPVIa-10xHis or GPVIb-10xHis with 

pEF6.C vector 

 GPVIa-10xHis GPVIb-10xHis Vector-only Control 

10 x T4 DNA ligase 

buffer 

1 μL 1 μL 1 μL 
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Vector (50 ng) 0.53 μL 0.53 μL 0.53 μL 

GPVI-10xHis (28 

ng) 

2.19 μL  1.16 μL 0 μL 

T4 DNA ligase 1 μL 1 μL 1 μL 

dH2O Up to 10 μL  Up to 10 μL  Up to 10 μL 

 

The ligated products were transformed into E. coli DH5α competent cells. Briefly, 2 μL of 

ligation mix was added into 50 μL of competent cells, and the mixture was incubated on ice 

for 30 min. The mixture was then heat shocked at 42 °C for 45 s, and incubated back on ice for 

2 min. After that, 500 μL of SOC medium was added to the mixture, and the culture was 

incubated in a shaking incubator at 37 °C for 1 h. Transformation was done by spreading the 

culture on LB-ampicillin plates, and incubating the plates at 37 °C overnight. The next day, 

single colonies were picked out, and inserts checked by PCR, with the materials and conditions 

detailed at Table 2.13 and Table 2.14, respectively. 

Table 2.13 Components used for colony PCR 

Components Amount (μL) 

2x REDTaq® ReadyMix™ PCR Reaction Mix 12.5 

Forward primer (MT5147, 2 μM) 2.5 

Reverse primer (MT4150, 2 μM) 2.5 

Templates 5 

dH2O 2.5 

 

Table 2.14 PCR reaction on colonies to check inserts in colonies 

Steps Temperature (°C) Time (s) Notes 

Initial denaturation 95 300  

Denaturation 95 30 Cycle 35 times 

Annealing 55 30 

Extension 72 30 
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Final extension  72 300  

 

The colony PCR products were then run on TAE-agarose gels to check for the band size of 

inserts. The colonies with the correct band sizes were cultured in 4 mL of LB buffer with 

ampicillin for ~8 h (day culture), then the culture amplified in 100 mL of LB buffer with 100 

µg/mL ampicillin overnight. Both the day culture and the overnight culture were performed at 

37 °C in a shaking incubator. The overnight culture was collected and subjected to a Miniprep 

kit (Thermo Fisher) or a Midiprep kit (QIAGEN) according to manufacturers’ instructions. The 

products were sequenced by Source BioScience (Nottingham, UK), and the sequencing results 

were aligned to the required sequences using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) with default settings. 

2.2.2 GPVIa-Δexon5-10xHis and GPVIb-Δexon5-10xHis constructs 

GPVIa-Δexon5-10xHis and GPVIb-Δexon5-10xHis were cloned from pEF6/myc-His C vector 

containing GPVIa-10xHis and GPVIb-10xHis, respectively, which were generated from 

section 2.2.1. The regions of cDNA before and after exon5 in each GPVI isoform were PCR-

amplified from the His-tagged-GPVI-containing pEF6 vectors, with the sequences of the 

primers detailed in Table 2.5. These were designed with overlapping sequences to allow the 

resulting PCR productsto be joined together in a second PCR reaction. Materials and the 

reaction condition for the first PCR reactions are detailed in Table 2.15 and Table 2.16, 

respectively. Materials and the reaction condition for the PCR reaction to get the fractions after 

exon5 were detailed in Table 2.17 and Table 2.18, respectively. The products from these PCR 

reactions were confirmed to be of correct sizes by electrophoresis on TAE-agarose gel, and 

purified using QIAquick PCR purification kit (QIAGEN) following manufacturer’s 

instructions.  

https://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 2.15 Components used to clone the piece of cDNA before exon5 

Components Amount (μL) 

5xHF buffer 10 

dNTPs (10 mM) 1 

MT5147 (2 μM) 12.5 

MT5696 (2 μM) 12.5 

Starting Material (GPVI a/b –His, 5 ng/uL) 2 

Phusion polymerase enzyme 0.5 

dH2O 11.5 

 

Table 2.16 PCR reaction to clone the piece of cDNA before exon5 

Steps Temperature (°C) Time (s) Notes 

Initial denaturation 98 30  

Denaturation 98 10 Cycle 30 times 

Annealing 65.5 30 

Extension 72 20 

Final extension  72 300  

Cooling 4 ∞  

 

Table 2.17 Components used to clone the piece of cDNA after exon5 

Components Amount (μL) 

5xHF buffer 10 

dNTPs (10 mM) 1 

MT5695 (2 μM) 12.5 

MT4150 (2 μM) 12.5 

Starting Material (GPVI a/b -His, 5 ng/μL) 2 

Phusion polymerase enzyme 0.5 

dH2O 11.5 

Total 50 
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Table 2.18 PCR reaction to clone the piece of cDNA after exon5 

Steps Temperature (°C) Time (s) Notes 

Initial denaturation 98 30  

Denaturation 98 10 Cycle 30 times 

Annealing 69 30 

Extension 72 20 

Final extension  72 300  

Cooling 4 ∞  

 

The purified products were then mixed and subjected to the second round of PCR reaction, for 

them to be joined together, with the materials and PCR reaction condition detailed in Table 

2.19 and Table 2.20, respectively. The correct band size was confirmed by running the product 

on a TAE-agarose gel, and the product was purified using QIAquick PCR purification kit 

(QIAGEN) following the manufacturer’s instructions. 

Table 2.19 Components used to join the pieces of cDNA before and after exon5 together 

Components Amount 

5xHF buffer 10 μL 

dNTPs (10 mM) 1 μL 

MT5147 (2 μM) 12.5 μL 

MT4150 (2 μM) 12.5 μL 

Starting Material 1 (GPVIa or GPVIb fraction 

before exon5) 

50 ng 

Starting Material 2 (GPVIa or GPVIb fraction 

after exon5) 

50 ng 

Phusion polymerase enzyme 0.5 μL 

dH2O Up to 50 μL 

 

Table 2.20 PCR reaction to join the pieces of cDNA before and after exon5 together 
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Steps Temperature (°C) Time (s) Notes 

Initial denaturation 98 30  

Denaturation 98 10 Cycle 30 times 

Annealing 63.6 30 

Extension 72 20 

Final extension  72 300  

Cooling 4 ∞  

 

The products were then digested at 37 °C for 2 h with the materials detailed in Table 2.21.  

Table 2.21 Components used to digest GPVIa-Δexon5-10xHis or GPVIb-Δexon5-10xHis 

 GPVIa-Δexon5-10xHis GPVIb-Δexon5-10xHis 

10x cutsmart 

buffer 

2.5 μL 2.5 μL 

NotI 1 μL 1 μL 

BamHI 1 μL 1 μL 

DNA 24 μL 24 μL 

dH2O Up to 30 μL Up to 30 μL 

 

The digestion products were gel purified in TAE-agarose gels; the bands of correct sizes were 

cut out and the DNA inside was purified using a QIAquick gel extraction kit (QIAGEN) 

according to the manufacturer’s instructions.  

Ligation was then done by incubating the mixture of digested genes and digested vector 

(generated in section 2.2.1), at 16 °C overnight, with the components and their amounts 

indicated in Table 2.22. The ratio of the inserted gene and the vector was estimated to be 3:1 

in molar terms.  

Table 2.22 Components used for ligation of GPVIa-Δexon5-10xHis or GPVIb-Δexon5-

10xHis with pEF6.C vector 
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 GPVIa-Δexon5-

10xHis 

GPVIb-Δexon5-

10xHis 

Vector-only Control 

10 x T4 DNA ligase 

buffer 

1 μL 1 μL 1 μL 

Vector (50 ng) 0.53 μL 0.53 μL 0.53 μL 

GPVI- Δexon5-

10xHis (28 ng) 

2 μL  3.6 μL 0 μL 

T4 DNA ligase 1 μL 1 μL 1 μL 

dH2O Up to 10 μL  Up to 10 μL  Up to 10 μL 

 

Transformation, colony PCR to check for successful ligation, and the subsequent miniprep or 

midiprep were performed as described in section 2.2.1. The products were sequenced by Source 

BioScience (Nottingham, UK), and the sequencing results were aligned to the required 

sequences using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default 

settings. 

2.3 Cell culture and cell-based assays 

2.3.1 HEK-293T cell line 

2.3.1.1 Cell culture 

Human embryonic kidney (HEK)-293T cells with ADAM10 knocked out (Koo et al., 2020) 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 4 mM L-glutamine, 100 U/ml penicillin and 100 μg/mL streptomycin. 

Cells were grown in plates and incubated in a humidified incubator at 37 °C with 5% CO2.  

Cell passage was done at least once a week when the cells reached confluency, by gently 

removing the medium without disrupting the cell layer, briefly washing the cells with PBS, 

then detaching the adherent cell layer with a 2-min trypsin incubation at 37 °C with 5% CO2, 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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followed by adding in fresh DMEM with supplements (4:1 v/v ratio to trypsin), then diluting 

to fresh DMEM with supplements in a fresh plate. 

2.3.1.2 Transient transfection with PEI 

HEK-293T cells were seeded to fresh plates with certain amounts (Table 2.23) on the day 

before transfection. On the day of transfection, DNA was added to Optimem serum-free 

medium, followed by PEI, with the indicated amounts (Table 2.23). The mixture was gently 

vortexed and left for 10 minutes at room temperature to allow DNA/PEI complexes to form. 

The DNA/PEI was then gently added to the cells and mixed well in the plate. 

Table 2.23 Materials used for PEI-transfection of HEK-293T cells in different sizes of 

culturing plates 

Plate size Cells plated Media 

volume 

Opti-mem DNA PEI 

6-well 3 x 105 2 mL 100 µL 1 µg 4 µL 

6 cm 1 x 106 3 mL 300 µL 3 µg 12 µL 

10 cm 3 x 106 10 mL 1 mL 9 µg 36 µL 

15 cm 6 x 106 20 mL 2 mL 18 µg 72 µL 

 

2.3.1.3 Cell harvesting and lysis 

Cell collection was done on the second day post transfection. The medium was aspirated and 

cells scraped into PBS. The collected cells were spun down at 3,000 xg for 5 min in a bench-

top centrifuge, and lysed for 30 min on ice in lysis buffer with protease inhibitors. The debris 

was removed from cell lysate by centrifuging at 21,000 xg for 10 min at 4 °C. The supernatant 

was collected. 
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2.3.2 DT40 cell line  

2.3.2.1 Cell culture 

The DT40 chicken B cell line was cultured in Roswell Park Memorial Institute Medium (RPMI) 

supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, 100 U/ml penicillin, 

100 μg/mL streptomycin and 50 M 2-mercaptoethanol. Cells were grown in flasks and 

incubated in a humidified incubator at 37 °C with 5% CO2. Cell density was maintained under 

1 x 106 /mL. 

2.3.2.2 Transient transfection via electroporation for NFAT-luciferase assay 

Approximately 24 hours before transfection, cells were counted and adjusted to 2 x 105 /mL. 

On the day of transfection, cells were at a density of 5 x 105 /mL – 10 x 105 /mL, and were 

washed in RPMI (without supplements) and resuspended in RPMI to 3.75 x 107 /mL. For each 

transfection, 1.5 x 107 cells, 20 μg NFAT-luciferase reporter (Tomlinson et al., 2007), and 

equal amounts of GPVI and FcRγ constructs (0.25 μg for each unless otherwise stated; 

constructs were from Tomlinson lab collection (Tomlinson et al., 2007) or generated from 

section 2.2) was used. Cells and DNA were mixed well in a 0.4 cm cuvette, left for 10 minutes, 

electroporated at 350V and 500 μF, and left for a further 5-10 minutes. The transfected cells 

were then removed from cuvettes and incubated for 24 h in 8 mL medium in 6-well plates.  

2.3.2.3 NFAT-luciferase assay 

NFAT-luciferase assay was performed as previously described (Tomlinson et al., 2007; 

Tomlinson et al., 2004). Briefly, transfected cells were cultured at 37 °C for 16 h, then 

centrifuged down and resuspended in supplemented RPMI medium to 2 x 106 /mL. Cells were 

stimulated with 5 μg/mL Horm collagen (unless a different concentration was stated), for 6 h 

at 37 °C and with 5% CO2. The negative controls used an equal volume of medium without 

collagen. Positive controls were stimulated with PMA (50 ng/ml) and ionomycin (1 µM). The 
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cells were then lysed in 1% TritonX-100 lysis buffer and mixed with luciferase assay buffer. 

Luciferin was injected into the samples at a final concentration of 4 mM, and the luciferase 

activity was measured by the intensity of emitted light via a luminometer. 

2.4 Human platelet preparation and platelet-based assays  

2.4.1 Platelet preparation 

Human platelets were prepared from freshly drawn blood by the Watson protocol as previously 

described (Asazuma et al., 2000; Pallini et al., 2021). Blood was drawn into 10% (v/v) sodium 

citrate as anticoagulant, and 10% of ACD (warmed to 37°C) was added in. Platelet rich plasma 

(PRP) was obtained by centrifuging at 200 xg, room temperature, for 20 min. The supernatant 

was collected, and platelets were separated from platelet poor plasma (PPP) by centrifuging at 

1,000 xg, room temperature, for 10 min, in the presence of 0.1 μg/mL prostacyclin (PGI2) added 

to inhibit platelet activation. The platelet pellet was resuspended in 1 mL of modified Tyrode’s 

buffer (pH=7.3) with 0.9 g/L glucose and containing 150 µL of ACD, and diluted to a final 

volume of 28 mL by adding approximately 24 mL of modified Tyrode’s buffer containing 3 

mL ACD. Platelets were counted using a Coulter Counter, and  centrifuged again at 1,000 xg, 

room temperature, for 10 min, in the presence of 0.1 μg/mL PGI2. The washed platelets were 

then resuspended in modified Tyrode’s buffer to the desired platelet concentration, and rested 

for 30 min at room temperature before downstream assays. 

2.4.2 Platelet activation 

Platelets were resuspended in modified Tyrode’s buffer to a concentration of 8 x 108 /mL. 

Integrilin was added to this platelet resuspension to a final concentration of 9 μM, gently mixed 

and incubated with platelets for 10 min at room temperature, to inhibit αIIbβ3-mediated platelet 

aggregation. After that, platelets were warmed in a 37 °C water bath for 4 min, and the agonist 

was added as indicated in Table 2.24. During agonist incubation, the tubes containing platelets 
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were inverted every 30 s to ensure mixing. The activated platelets were then lysed directly in 

2x lysis buffer, or centrifuged down at room temperature (10,000 xg for 1 min, or 1,000 xg for 

5 min, as indicated) and resuspended in another buffer, depending on the downstream assays.  

Table 2.24 Agonists used for platelet activation 

Agonist name Target Concentration Incubation time Incubation 

temperature 
Platelet 

concentration 

during activation 

CRP-XL GPVI 3 μg/mL 90 s 37 °C 8 x 10
8 

/mL 

Rhodocytin CLEC-2 200 nM 5 min 37 °C 8 x 10
8 

/mL 
 

2.4.3 Platelet lysis 

Platelet lysis was done by adding 2x lysis buffer into platelet resuspension or by adding 1x 

lysis buffer onto platelet pellets, as indicated. Lysis buffer was supplemented with protease 

inhibitors and phosphatase inhibitor, or with the protease inhibitor cocktail. Platelets were 

mixed thoroughly in lysis buffer by vortexing, and lysis was done by incubation on ice for 30 

min. The debris was removed from cell lysates by centrifuging at 21,000 xg for 10 min at 4 °C. 

The supernatant was collected.  

2.5 Platelet surface protein biotinylation assay  

Platelets prepared as stated in section 2.4.1 were resuspended at 5 x 108 /mL in modified 

Tyrode’s buffer, with 1 mg/mL EZ-Link® Sulfo-NHS-LC-Biotin (ThermoFisher Scientific). 

This Sulfo-NHS-LC-Biotin reacts with primary amine groups, thus labelling lysine residues 

and primary amines at the N-terminus of proteins. This is achieved by the crosslinking of NHS 

ester with primary amines, forming a stable conjugate via amide bond. Sulfo-NHS-LC-Biotin 

is membrane impermeable, thus labelling only cell surface proteins on their extracellular side. 

Biotinylation of membrane proteins was done by incubation at room temperature with agitation 
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for 30 min, and was quenched by addition of 100 mM glycine. Biotinylated platelets were spun 

down in the presence of 0.1 μg/mL PGI2 at 1,000 xg for 6 min at room temperature, and 

resuspended into the desired buffer for SMALP generation. 

2.6 Flow cytometry 

Approximately 5 x 105 cells were used per measurement. Cells were pelleted for 5 min at 270 

xg and the supernatant was aspirated. 50 μL of primary antibody, in a concentration of 10 

μg/mL in FACS buffer, was added onto the cells, mixed gently, and incubated with the cells 

for 20-30 min on ice. The primary antibody was then washed off by adding 1 mL FACS buffer, 

gently mixing, and centrifugation for 5 mins at 270 xg. The supernatant was aspirated. 50 μL 

FITC-conjugated anti-mouse antibody, diluted in FACS buffer, was added onto and incubated 

with the cells for 20-30 min on ice in dark. Finally, 500 μL FACS buffer was added, and cells 

directly subjected to FACS analysis or fixed in FACS fix buffer prior to FACS analysis. Data 

was collected by a FACS Calibur flow cytometer and analysed with CellQuest Pro (section 

3.2), or collected by an Accuri C6 flow cytometer and analysed with BD Accuri C6 Software 

(section 3.3). Cells were gated by size and granularity, and 2,500-10,000 gated events were 

collected per sample. 

2.7 SMALP generation 

2.7.1 SMALP preparation from human platelets 

Platelets were resuspended to 4 x 108 /mL or 5 x 108 /mL in modified SMALP solution B (50 

mM Tris diluted 1:10 from pH=8, 150 mM NaCl, 10% glycerol v/v), or the original SMALP 

solution B with 500 mM NaCl if indicated. cOmplete ™ Mini Protease Inhibitor Cocktail was 

added to the SMALP solution prior to platelet resuspension. The resuspension was 

homogenised with a dounce homogeniser, then the homogenised sample was incubated with 

2.5% (wt/vol) of SMALP 30010P (1 g/mL) for at least 2 h at room temperature for membrane 
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proteins to be solubilised into SMALPs. The un-SMALPed material was removed by 

ultracentrifugation at 100,000 xg at 4 °C for 1 h. The supernatant containing SMALPs was 

used directly for experiments or preserved at -20 °C until usage. Where indicated, NaCl was 

supplemented to 500 mM in the final solution containing SMALPs, to minimise the potential 

SMALP aggregation in low salt concentration. 

2.7.2 SMALP preparation and purification from HEK-293T cells 

100 15-cm plates of adherent HEK-293T cells (ADAM10 knock-out) (Koo et al., 2020) were 

transfected with equal amounts of pEF6-GPVIa-10xHis (generated in section 2.2.1) and pEF6-

FcRγ (Tomlinson et al., 2007), harvested and preserved at -80 °C until use. Approximately 8 

mL of cells were collected. On the day of SMALP generation, cells were defrosted on ice, 

resuspended in 50 mL SMALP solution A with one tablet of cOmplete ™ Mini Protease 

Inhibitor Cocktail, and homogenised with a dounce homogeniser. The homogenised cells were 

passed through a C3 machine for four rounds, with air supply being around 40 psi, and the 

actual pressure on cells being 10-15,000 psi for the cells to be burst and further homogenised. 

Membrane was separated from cell debris by centrifuging at 8,200 xg in a Beckman JA-25.50 

fixed-angle rotor for 30 min at 4 °C. The supernatant was collected and membrane pelleted 

from it by ultracentrifugation at 100,000 xg for 1 h at 4 °C. The pelleted membrane was 

resuspended in SMALP solution B to 40 mg/mL and homogenised with dounce homogeniser. 

SMALP 30010P (Orbiscope) was added to the membrane resuspension to a 2.5% (wt (g)/vol 

(mL)), and incubated at room temperature for 2 h. Un-SMALPed material was removed by 

ultracentrifugation at 100,000 xg for 1 h at 4 °C, and SMALPs in solution were incubated with 

5 mL of Ni-NTA beads (50% slurry) at room temperature for 48 h to maximise binding. As the 

un-SMALPed pellet still looked oily, potentially due to insufficient SMA solubilisation, it was 

collected and re-SMALPed by resuspending to 40 mg/mL in SMALP solution B with 2.5% 
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SMALP 30010P in the same manner as described. This 2nd round of SMALPs were incubated 

with 3 mL of Ni-NTA beads (50% slurry) at room temperature for 24 h.  

His-tag purification was done in a gravity column. Briefly, the Ni-bead-SMALP mixture from 

the two rounds of SMALPs were combined into one column, resulting in 8 mL of 50%-slurry 

beads (4 mL of dried beads). Beads were washed in one column volume (CV) of SMALP 

solution B twice, in one CV of SMALP solution B with 10 mM imidazole once, in one CV of 

SMALP solution B with 20 mM imidazole once, followed by four times of 1.5 mL elution with 

500 mM imidazole in SMALP solution B. Samples in each step were collected and loaded on 

SDS-PAGE. The eluates were then combined (4 mL in total), dialysed in 3.5 kDa MWCO mini 

dialysis devices (ThermoFisher Scientific), concentrated by a Vivaspin 5000MWCO 

concentrator at 3,000 xg, 4 °C to 500 μL, and subjected to gel filtration (section 2.10). 

2.8 Immunoprecipitation (IP) 

750 μL-1.3 mL of whole-cell lysate or whole-cell SMALPs in solution was used per IP. 0.8 x 

108-5 x 108 platelets were used per IP, depending on the platelet count of each donor. The 

samples were pre-cleared by incubating with 20 μL of Protein A/G PLUS-Agarose (50 % slurry) 

beads at 4 ºC for 60-90 min with rotation. The mixture was then spun down at 21,000 xg and 

the supernatant was collected. 1-5 μg of antibody was added to the pre-cleared samples, as 

indicated in each individual experiment, and the mixture was incubated overnight with rotation 

at 4 ºC. On the next day, a new 20 μL of Protein A/G PLUS-Agarose beads was briefly washed 

in corresponding buffer, the washed beads were added to the antibody/lysate or 

antibody/SMALP mixture, and the whole mixture was incubated with rotation at 4 ºC for 1 h. 

The beads were spun down at 2,500-3,000 xg and washed four times. Each wash was done by 

resuspending the beads in 1 mL of ice-cold buffer, vortexing for 10 s, spinning down and 

aspirating the supernatant. The supernatant was preserved if indicated. Each spin in the washes 
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was done on a bench-top centrifuge at 2,500-3,000 xg for 30 s at 4 ºC. In the final wash, ~50 

μL of supernatant was reserved, the beads were briefly re-centrifuged in the same manner, and 

the supernatant was aspirated to get rid of as much liquid as possible. In SMALP solution with 

150 mM NaCl, the NaCl concentration was supplemented to 500 mM if indicated, to minimise 

the potential SMALP aggregation. Where indicated, the beads were added into lysates or 

SMALPs at the same time with the antibody, and the mixture was rotated at 4 ºC overnight 

before subjected to the aforementioned washing steps.  

Alternatively, the antibody was firstly incubated with 20 μL of protein G-sepharose beads (50 % 

slurry) overnight at 4 °C with rotation, in corresponding buffer (lysis buffer or SMALPs in 

solution). The next day, the antibody-bound G-sepharose beads were washed twice, added to 

whole-cell lysate or whole-cell SMALP solution, and the mixture incubated for 90 min at 4 °C 

with rotation. The G-sepharose beads were then washed four times in the same manner as stated 

above.  

2.9 Electrophoresis, gel staining and Western blotting 

2.9.1 SDS-PAGE 

Cell lysates in detergent buffer or SMALPs in solution were mixed with 2x, 4x or 5x homemade 

Laemmli sample buffer or NuPAGE™ LDS sample buffer, in either non-reduced or reduced 

conditions, as indicated in each experiment. For IPs, 50 μL of 2x sample buffer was applied 

per 10 μL of washed beads (“dry beads”). Samples in Laemmli sample buffer were boiled at 

95.2 °C for 5 min for the proteins to be denatured and coated with SDS, while samples in 

NuPAGE™ LDS sample buffer were boiled at 70 °C for 10 min. The boiled samples were 

loaded into polyacrylamide gels. The handmade gels have fixed percentages of polyacrylamide 

(6% to 15%) in the resolving part, and 4% or 5% of polyacrylamide in the stacking part; for 
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precast gels, NuPAGE™ 4 -12% gels were used. Electrophoresis was done in the XCell 

SureLock™ Mini-Cell system. 

2.9.2 SMA-PAGE 

SMALPs in solution were mixed with 4x Native sample buffer (Thermo Fisher) and loaded 

onto native gels without being boiled. For handmade native gels, no SDS was added into the 

gel or the running buffer. No stacking gel was used, i.e. the comb was directly inserted into the 

resolving gel, as the slight acidic pH in stacking gel may render SMA insoluble in aqueous 

solution and thus destroy the disc structure of SMALPs. Electrophoresis was done in the XCell 

SureLock™ Mini-Cell system. 

2.9.3 Western blotting 

The gel was removed from the cassette after electrophoresis. For SDS-PAGE, the gel was 

briefly soaked in transfer buffer before transferring. Transferring was done in an XCell II™ 

Blot Module, onto Immobilon®-FL PVDF membrane (for fluorescence-conjugated antibodies) 

or Immobilon®-P PVDF membrane (for HRP-conjugated antibodies), at 4 °C, 200 mA for 2 h, 

or 4 °C, 35 V for 1 h. Alternatively, transferring was done in the same module at room 

temperature, 30 V for 90 min. Blocking was done in either 5% milk powder in TBS, or 3% 

BSA in TBST, for 1 h at room temperature, or overnight at 4 °C; for streptavidin blotting and 

phosphotyrosine blotting, blocking was always done in 3% BSA in TBST, as the milk contains 

phosphoproteins and biotin. The membrane was briefly washed twice in TBST if blocked with 

milk. Primary antibody probing was done in 3% BSA in TBST (with 0.1% NaN3) with desired 

antibody concentration, typically overnight at 4 °C, or with desired duration and temperature 

of the antibody. Primary antibody was washed off three times in TBST, 10 min each wash, at 

room temperature. Secondary antibody probing was done in 3% BSA in TBST (with 0.1% 

NaN3) with desired antibody concentration, for 2 h at room temperature. If using TBST for 
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secondary antibody probing, the incubation was done for 1 h at room temperature. Streptavidin 

probing was done in 3% BSA in TBST for 1 h at room temperature. Secondary antibody was 

washed off three times in TBST, 10 min each wash, at room temperature. Alternatively, 

membrane washes after antibody incubation were done in TBST with high salt to remove 

unspecific background. For SMA-PAGE, the gel was soaked in SDS-PAGE running buffer for 

10 min at room temperature with agitation, for the protein surfaces to be coated with SDS to 

facilitate transferring, then briefly soaked in transfer buffer before transferring to PVDF 

membrane. Blocking was done in 5% BSA in TBST (with 0.1% NaN3) with 25 mM L-arginine 

to remove unspecific binding. The rest of the protocol was the same as that for Western blotting 

of SDS-PAGE.  

For membrane imaging, if using IRDye-conjugated antibody or IRDye-conjugated streptavidin, 

the membrane was dried with filter paper and scanned on the LI-COR Odyssey Infrared 

Imaging System; if using HRP-conjugated antibody, the membrane was incubated with 

Pierce™ ECL Western blotting substrate following the manufacturer’s instructions and imaged 

on films, and the films were then developed and fixed. 

2.9.4 Gel staining 

Gels were removed from the cassette after electrophoresis. For Coomassie staining, the gel was 

briefly washed in H2O, stained in homemade Coomassie blue R-250 staining solution 

prewarmed at 40 °C, for a few hours until the whole gel was stained blue, and destained in 

destaining solution. Alternatively, the gel was incubated in BlueSafe protein stain (Nzytech) at 

room temperature until the desired band intensity was achieved. Silver stain was performed 

with Pierce™ Silver Stain Kit following the manufacturer’s instructions.  
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2.10 Gel filtration  

Eluted SMALPs from HEK-293T cells were combined, dialysed, and concentrated to 

approximately 500 μL, as described in section 2.7.2. Gel filtration was done on ÄKTA pure 

with S200 increase 10/300 column (Cytiva). The column was washed with dH2O and 

equilibrated in SMALP solution B overnight. SMALP solution B was loaded during gel 

filtration, and 500 μL fractions were collected. 

2.11 Collagen agarose binding assay 

Collagen agarose (Sigma-Aldrich) was washed in SMALP solution B, and resuspended to a 

50% slurry. 20 μL of slurry was added to 1 mL of SMALPs in solution. Incubation was done 

at room temperature with rotation for 90 min. After that, the supernatant was preserved, and 

beads washed three times. Each wash was done by adding in 1 mL of SMALP solution B, 

vortexing for 10 s and spinning down at 2,655 xg for 20 s. In the final wash, ~50 μL of 

supernatant was reserved, the beads were briefly re-centrifuged and the supernatant was 

aspirated to remove as much supernatant as possible. 50 μL of 2x Laemmli sample buffer was 

applied per 10 μL of washed beads. Samples in Laemmli sample buffer were boiled at 95.2 °C 

for 5 min, and subjected to SDS-PAGE. 

2.12 Negative stain electron microscopy 

Negative stain electron microscopy (EM) was kindly performed by Dr. Saskia Bakker from 

Advanced Bioimaging, University of Warwick. Briefly, GPVI SMALP samples were applied 

to a glow-discharged, carbon/formvar coated grid (EM Resolutions) and stained with 2% 

uranyl acetate for 1 minute. Grids were imaged using the JEOL 2100Plus (JEOL, Japan) with 

Gatan OneView camera (Gatan/Ametek, USA) at 40,000 magnification. Averages were 

produced using Relion (Zivanov et al., 2018). 
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2.13 In-gel protein identification via mass spectrometry 

2.13.1 Sample preparation for mass spectrometry 

Mass spectrometry sample preparation was kindly performed by Dr. Norman Day from the 

Advanced Mass Spectrometry Facility, University of Birmingham. The samples were destained 

and digested by the Robo3000 system. Briefly, silver-stained gel was washed in ultrapure dH2O, 

and the bands were excised. Gel pieces was destained with acetonitrile followed by 100 mM 

ammonium bicarbonate with repetition. Destained gel pieces were dried and rehydrated in 100 

mM ammonium bicarbonate. Reduction was done by incubation with 10 mM DTT at 60 °C for 

15 min. Alkylation was done by incubation with 50 mM iodoacetamide and 100 mM 

ammonium bicarbonate at room temperature for 45 min in the dark. The gel pieces were washed 

and dried again. Trypsin digestion was performed at room temperature for 20 min with 

agitation, then diluted with 100 mM ammonium bicarbonate for neutralisation and incubated 

overnight at 37 °C. For peptide extraction, the gel pieces were firstly extracted by 2% 

acetonitrile with 0.1% formic acid, for 30 min at room temperature with agitation, then 

subjected to the 2nd round of extraction by 40% acetonitrile with 0.1% formic acid, for 30 min 

at room temperature with agitation. The supernatant from the two rounds of extraction was 

pooled, dried, and re-suspended in 2% acetonitrile with 0.1% formic acid for subsequent LC-

MS/MS analysis. 

2.13.2 Liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) 

Liquid chromatography and tandem mass spectrometry (LC-MS/MS) were kindly performed 

by Dr. Jinglei Yu from the Advanced Mass Spectrometry Facility, University of Birmingham. 

The UltiMate® 3000 HPLC series (Dionex, Sunnyvale, CA USA) was used for peptide 

concentration and separation. Samples were trapped on uPrecolumn Cartridge, Acclaim 

PepMap 100 C18, 5 µm, 100 A 300 µm i.d. x 5 mm (Dionex, Sunnyvale, CA USA) and 

separated in Nano Series™ Standard Columns 75 µm i.d. x 15 cm, packed with C18 
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PepMap100, 3 µm, 100 Å (Dionex, Sunnyvale, CA USA). The gradient used was from 3.2% 

to 44% solvent B (0.1% formic acid in acetonitrile) for 30 min. Peptides were eluted directly 

(~ 350 nL min-1) via a Triversa Nanomate nanospray source (Advion Biosciences, NY) into a 

QExactive HF (QEHF) mass spectrometer (Thermo Fisher Scientific). The data-dependent 

scanning acquisition was controlled by Xcalibur 4.0 software. The mass spectrometer 

alternated between a full FT-MS scan (m/z 360 – 1600) and subsequent high energy collision 

dissociation MS/MS scans of the 20 most abundant ions. Survey scans were acquired in the 

QEHF with a resolution of 120,000 at m/z 200 and automatic gain control 3 x 106. Precursor 

ions were fragmented in high energy collision dissociation MS/MS with resolution set up at 

15,000 and a normalized collision energy of 28. Automatic gain control target for high energy 

collision dissociation MS/MS was 1 x 105. The width of the precursor isolation window was 

1.2 m/z and only multiply-charged precursor ions were selected for MS/MS. Spectra were 

acquired for 56 min with dynamic exclusion time of 20 s. 

The MS and MS/MS scans were searched against the Uniprot database using Proteome 

Discoverer 2.2 (ThermoFisher Scientific). Variable modifications were deamidation (N and Q), 

oxidation (M) and phosphorylation (S, T and Y). The precursor mass tolerance was 10 ppm 

and the MS/MS mass tolerance was 0.02 Da. Two missed cleavages were allowed and were 

accepted as a real hit proteins with at least two high confidence peptides. 
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Chapter 3 Characterisation of GPVI-related constructs and GPVI 

antibodies 

3.1 Introduction 

Before generating and characterising SMALPs from different sources of cells, one must have 

a good understanding of the reagents used. For the transfection system, where recombinant 

GPVI and its associated protein, FcRγ, need to be over-expressed in the first place, it is 

important to decide which isoform of protein to transfect, and to examine whether there are 

any functionally significant mutants which could be interesting to compare. Meanwhile, for the 

biochemical assays that are to be performed in this thesis, antibodies are a useful tool and play 

essential roles in, for example, isolating, purifying and identifying the proteins of interest. Due 

to the relatively low abundance of commercial monoclonal antibodies against GPVI, and the 

fact that our collaborator Professor Bernhard Nieswandt in the University of Wurzburg, 

Germany, has recently generated several human GPVI monoclonal antibodies which have yet 

to be fully characterised, an aim of this chapter was to characterise these GPVI antibodies for 

their performance in Western blotting. 

In human GPVI, polymorphic variants in nine amino acids have been identified so far, with 

different frequencies among populations (Perrella et al., 2021; Watkins et al., 2006). Among 

them, there are two major allelic isoforms, namely GPVIa and GPVIb, different from each 

other in 5 amino acids (Figure 3.1), with GPVIa counting for 85% and GPVIb 13% of 

haplotypes (Nurden, 2019). Controversial results regarding the expression levels and function 

of these two allelic isoforms have been shown by different groups. For example, the bb 

genotype was initially reported to be correlated with significantly lower surface and whole cell 

GPVI expression level, less platelet activation and aggregation, and lower tyrosine 

phosphorylation in response to CRP-XL, thus the bb population may be more prone to bleeding 
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(Joutsi-Korhonen et al., 2003). However, the effect on surface expression that the b haplotype 

has was later calculated to account for only 15.5% of the variation of GPVI surface expression, 

reported by the same group (Jones et al., 2007). In addition, Trifiro et al. showed no difference 

in ligand binding capacity between GPVIa and GPVIb, but the two haplotypes differed in their 

ability to bind calmodulin and Src family kinases in their intracellular region. The L317 in 

GPVIb had increased binding to calmodulin compared to Q317 in GPVIa, and N322 in GPVIb 

accounted for a decreased binding to Fyn and Lyn compared to H322 in GPVIa (Trifiro et al., 

2009). GPVI polymorphisms have also been reported to have clinical significance, with GPVIb 

linked to severe bleeding in patients with type I von Willebrand disease (VWD) (Kunicki et al., 

2004). In the early GPVI cloning studies (Clemetson et al., 1999; Ezumi et al., 2000; Jandrot-

Perrus et al., 2000), three isoforms of GPVI were cloned, which included the canonical 

sequence of GPVI, an exon5 deleted variant (Δexon5) and a longer variant of 620 amino acids 

which lacks the transmembrane region. The expression and functional aspects of the latter two 

isoforms remain poorly investigated.  

FcRγ has a cysteine residue (C44) at the junction of the transmembrane and cytoplasmic region, 

which can potentially be palmitoylated. Palmitoylation is a lipid modification that is important 

for the localisation and function of certain other proteins (Schlesinger et al., 1980; Smotrys & 

Linder, 2004), but this has not been investigated for FcRγ. Therefore, a final aim of this chapter 

was to characterise GPVI/FcRγ expression and signalling in a C44S mutant of FcRγ. 

The aims of this chapter are: 

1. To generate and characterise various GPVI and FcRγ expression constructs, to select the 

best candidates for the transfection work in the next chapters. 
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2. To characterise GPVI monoclonal antibodies on their performance in Western blotting, 

select those with the best performance and utilise them for biochemistry studies in the later 

chapters. 
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3.2 Results 

3.2.1 Generation of four GPVI-10x His expression constructs and demonstration of 

similar surface and whole-cell expression levels in transfected HEK-293T cells 

Expression constructs for GPVIa and GPVIb, wild-type or Δexon5, were generated using PCR 

strategies (Figures 3.2 and 3.3). To characterise their expression, the four GPVI constructs were 

transiently transfected into the HEK-293T cell line, which does not express endogenous GPVI. 

Flow cytometry with a GPVI mAb showed that all four GPVI constructs had comparable 

surface expression levels, as judged by relative geometric mean fluorescence intensity (gMFI) 

of transfected cells and percentage of cells transfected (Figure 3.4A). Western blotting showed 

that all four GPVI constructs had comparable whole-cell expression levels (Figure 3.4B). 
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Figure 3.1 Schematic representation and sequence alignment of the four GPVI isoforms 

with 10x His tags. 

(A) The cartoon illustration of GPVI structures, with the different amino acids in allelic isoforms a and 

b labelled. (B) Sequence alignment of the four constructs of GPVI. The signal sequences are highlighted 

in grey, two IgSF domains in the extracellular region are highlighted in light blue, exon5 is highlighted 

in dark purple, the transmembrane region is highlighted in light purple, the intracellular region 

highlighted in light green, and the different amino acids between allelic isoforms are highlighted in 

yellow. 
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Figure 3.2 Generation of GPVIa-10xHis and GPVIb-10xHis constructs. 

GPVI was PCR-amplified from pcDNA3-GPVI vectors and 10xHis-tag added via primers (A), digested 

by two restriction enzymes to generate sticky ends (B), ligated into pEF6 vector (C) which was digested 

by the same two restriction enzymes (D). 

 

 

Figure 3.3 Generation of GPVIa-Δexon5-10xHis and GPVIb-Δexon5-10xHis constructs. 

The fractions before and after exon5 in each GPVI isoform were PCR-amplified from the His-tagged-

GPVI-containing pEF6 vectors (A) generated in Figure 3.1, with the primers designed to create 

overlapping ends. This allowed them to be joined together in a second PCR reaction (B). The resulting 

PCR product (GPVI-Δexon5) and empty pEF6 were digested with the same two restriction enzymes (C 

and D), and GPVI-Δexon5 ligated into pEF6 (E).  



 

118 

 

 



 

119 

 

Figure 3.4 The four GPVI-10xHis constructs have comparable surface and whole cell 

expression levels when transiently transfected into HEK-293T cells. 

(Ai) HEK-293T cells were transiently transfected with empty vector control or the indicated His-tagged 

GPVI and FcRγ expression constructs, and cell surface GPVI was detected by flow cytometry with 

GPVI monoclonal antibody HY101 followed by FITC-conjugated anti-mouse secondary antibody. The 

plots shown are representative of four independent experiments. (Aii) Relative GPVI expression was 

quantified by dividing the geometric mean of fluorescence intensity (gMFI) of the GPVI-transfected by 

the gMFI of the empty vector negative control. (Aiii) The percentage of transfected cells was quantified. 

Error bars represent the standard error of the mean. (B) Transfected cells from panel A were lysed in 

1% Triton X-100 lysis buffer and lysates subjected to Western blotting with (Bi) anti-GPVI antibody 

11A7 and (Bii) anti-His antibody. The blots shown are representative of two independent experiments. 
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3.2.2 GPVI isoforms do not show signalling differences in response to collagen 

To evaluate the four GPVI constructs for their ability to initiate downstream signalling in 

response to collagen, an NFAT-luciferase transcriptional reporter assay was applied, which has 

previously been used to measure GPVI signalling (Tomlinson et al., 2007). DT40, a chicken 

B-cell cell line, was transfected with 0.25 μg of the expression constructs of interest (one of 

the four GPVI-10x His constructs, myc-tagged GPVIa or GPVIb as positive control, or a 

mixture of two His-tagged GPVI constructs), 0.25 μg of FcRγ, and 20 μg of an NFAT-

luciferase reporter construct per 1.5 x 107 cells. The negative control cells were transfected 

with empty vector and NFAT-luciferase reporter construct. Collagen-induced NFAT activation 

was similar for all four isoforms of 10xHis-tagged GPVI (Figure 3.5A), and they expressed at 

similar levels on the cell surface (Figure 3.5B). These data suggest no major signalling 

differences between GPVIa, GPVIb and Δexon5 variants, and this is the first such 

characterisation of the latter. However, a caveat is the cell line system used, and experiments 

in platelets would be needed to confirm this finding in future.  
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Figure 3.5 The four GPVI-10xHis constructs have similar downstream signalling shown 

by an NFAT-luciferase reporter assay in DT40 B cells. 

(A) DT40 cells were transfected with NFAT-luciferase reporter, the indicated GPVI isoform and FcRγ, 

stimulated with 5 ug/mL of Horm collagen, then subjected to luciferase reporter assay. The luminometer 

readout of unstimulated or collagen-stimulated was presented after being normalised by the readout of 

collagen-stimulated, GPVIb-myc transfected cells. Error bars represent the standard error of the mean 

from five independent experiments. (Bi) GPVI surface expression was measured by flow cytometry, 

with GPVI monoclonal antibody HY101 followed by FITC-conjugated anti-mouse antibody. The plots 

shown are representative from six independent experiments. (Bii) Relative GPVI expression was 

quantified by dividing the geometric mean of fluorescence intensity (gMFI) of the GPVI-transfected 

cells by the gMFI of the empty vector negative control. Error bars represent the standard error of the 

mean from four independent experiments. (Biii) The transfection rate was quantified. Error bars 

represent the standard error of the mean from five independent experiments. EV, empty vector. WT, 

wild type. 
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3.2.3 FcRγ mutant C44S signals normally 

After the comparison of GPVI-His constructs, two different FcRγ constructs were also 

evaluated. In wild type FcRγ, a cysteine residue (C44) at the transmembrane/cytoplasmic 

interface is conserved in many species (Figure 3.6). We hypothesise that this conserved site on 

FcRγ is involved in palmitoylation, which is potentially important for the expression and 

localisation of GPVI/FcRγ complex. An FcRγ C44S mutant has been generated previously in 

the Tomlinson lab, where serine replaced cysteine at position 44 and therefore it cannot be 

palmitoylated. The functional impact of FcRγ C44S mutant was tested by the NFAT-luciferase 

assay. WT or C44S FcRγ, together with an equal amount of GPVIa-myc, and NFAT-luciferase 

reporter, were transiently transfected into DT40 cells. NFAT activation induced by two 

different collagen concentrations, and using three different quantities of transfected 

GPVI/FcRγ, was not affected by C44S FcRγ mutation (Figure 3.7A), and GPVI cell surface 

expression was similarly unaffected by C44S FcRγ mutation (Figure 3.7B). However, it cannot 

be ruled out that this cysteine may be involved in GPVI/FcRγ in a platelet, given that the assay 

involved a non-platelet model cell line. Taken together with the earlier GPVI comparative data, 

it was decided to proceed with FcRγ WT and GPVIa-10x His for the cell transfection work in 

Chapter 4, to generate GPVI/FcRγ SMALPs from transfected HEK-293T cells. 
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Figure 3.6 Sequence alignment of FcRγ in different species. 

In the human sequence, the signal sequence is highlighted in grey, the extracellular region is highlighted 

in light blue, transmembrane region is highlighted in light purple and intracellular region highlighted in 

light green. The conserved cysteine 44 across species is highlighted in light yellow. 
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Figure 3.7 Wild-type and FcRγ C44S mutant have similar GPVI signalling and surface 

expression levels in DT40 B cells. 

(A) DT40 cells were transfected with NFAT-luciferase reporter, GPVI and FcRγ (WT or C44S) with 

the indicated amounts, then stimulated with the indicated concentrations of Horm collagen and 

subjected to NFAT-luciferase reporter assay. The luciferase activity readout of unstimulated or 

collagen-stimulated was presented as the percentage of that of cells stimulated with PMA and 

ionomycin (positive controls). Error bars represent the standard error of the mean from three to five 

independent experiments. (Bi) GPVI surface expression levels were measured by flow cytometry with 

GPVI monoclonal antibody HY101 followed by FITC-conjugated anti-mouse antibody. Representative 

plots from three (for 0.25 μg of transfection), four (for 1 μg of transfection), or five (for 10 μg of 

transfection) independent experiments were shown. The percentages indicated by the red numbers 

represent the percentage of GPVI/FcRγ-transfected cells (Q1-UL) or the percentage of untransfected 

cells (Q1-LL). (Bii) Relative GPVI expression were quantified by the median fluorescence intensity 

(MFI). Error bars represent the standard error of the mean from two to four independent experiments. 

(Biii) The transfection efficiencies were quantified. Error bars represent the standard error of the mean 

from three or five independent experiments. EV, empty vector. WT, wild type. 
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3.2.4 Characterisation of GPVI monoclonal antibodies’ performance in Western 

blotting 

To isolate GPVI from human platelets or transfected cell lines, as will be done in the next two 

chapters, it is important to identify useful GPVI antibodies. Apart from the commercially 

available mouse anti-human GPVI mAb HY101, which can be applied in immunoprecipitation 

(IP), and mouse anti-human GPVI mAb 11A7, which was provided by Elizabeth Gardiner 

(Canberra) and can be used in Western blotting, six new mouse anti-human mAbs to GPVI 

were received from Bernhard Nieswandt (Wurzburg), namely 313A10, 322D10, 336A9, 336E2, 

338E5 and 338E7, plus JAQ1 that is commercially available. Importantly, 338E5 was shown 

not to be specific to GPVI, because it stained GPVI-knockout humen erythroleukaemia cells 

(Koo and Tomlinson, unpublished, data not shown), thus it was not examined further in this 

thesis. The performance of these antibodies in IP and co-IP will be further demonstrated in 

Chapter 5. 

In Western blotting of whole cell lysates from human platelet or GPVI/FcRγ-transfected HEK-

293T cells, 338E7 detected GPVI to the best extent under both reduced and non-reduced 

conditions (Figure 3.8). 336E2 also detected GPVI under both non-reduced and reduced 

conditions, but more weakly than 338E7, while 336A9 detected GPVI to a similar extent as 

336E2, but only in non-reduced samples. 313A10 and 322D10 Western blotted GPVI relatively 

weakly and only under non-reduced conditions, whereas 338E5 and JAQ1 were not effective 

Western blotting antibodies. Importantly, the detected bands were specific to GPVI expression, 

as no bands were detected in empty vector transfected HEK-293T cells (Figure 3.8).  
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Figure 3.8 Characterisation of anti-GPVI monoclonal antibodies for Western blotting. 

Human platelets, mock-transfected and GPVI/FcRγ-transfected HEK-293T cells were lysed in 1% 

Triton X-100 lysis buffer and Western blotting done with the indicated GPVI antibodies (0.5 µg/ml) 

under non-reducing and reducing conditions. Images are representative of four (non-reducing samples) 

or two (reduced samples) independent experiments. 
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3.3 Discussion 

In this chapter, expression constructs for four isoforms of GPVI with a 10x His tag have been 

generated, including two allelic isoforms, GPVIa and GPVIb, and the alternatively spliced 

forms, GPVIa-Δexon5 and GPVIb-Δexon5. Their expression has been confirmed in transiently 

transfected HEK-293T cells, on both surface level (via flow cytometry) and whole-cell level 

(via western blotting on whole cell lysates). The surface and whole-cell expression levels of 

the four GPVI isoforms were comparable. The functionality of the four GPVI isoforms was 

investigated using an NFAT-luciferase assay which has been shown to efficiently detect the 

weak but sustained signalling events following GPVI activation by collagen in the DT40 cell 

line (Tomlinson et al., 2007). The four GPVI isoforms all induced signals downstream of Horm 

collagen binding, and no significant functional differences were detected. Using the same 

NFAT-luciferase assay, signalling by FcRγ WT and C44S was also investigated, with no 

significant GPVI signalling difference in response to Horm collagen observed. The 

performance of six new monoclonal antibodies to GPVI in Western blotting was also tested, 

with the best performing one, 338E7, identified. 

The two most common GPVI haplotypes were firstly reported in 2001, when Croft et al. 

reported five amino acid substitutions and showed that one of them, S219P, is associated with 

increased risk of myocardial infarction (Croft et al., 2001). Since then, there have been a few 

studies in platelets revealing the phenotypic difference between donors with these two 

haplotypes, which were later referred to as GPVIa and GPVIb (Joutsi-Korhonen et al., 2003). 

The results in this chapter represent the first direct comparison of GPVIa and GPVIb in cell 

line model systems, and found no significant difference in surface and whole-cell expression 

levels, which is consistent with the findings of Trifiro et al. that GPVIa and GPVIb do not have 

a statistically significant difference on the expression levels in human platelets (Trifiro et al., 

2009). However, our results from NFAT-luciferase assay failed to detect significant signalling 
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difference downstream of GPVIa and GPVIb, in response to collagen stimulation. This 

contradicts the downstream tyrosine phosphorylation difference between the two isoforms that 

Trifiro et al. reported (Trifiro et al., 2009). This may be due to the fact that the NFAT-luciferase 

assay is very sensitive in detecting weak but sustained Ca2+ concentration elevation induced by 

collagen stimulation in cell lines (Tomlinson et al., 2007). Furthermore, the NFAT assay 

measures transcriptional responses over six hours, rather than the rapid GPVI/FcRγ-proximal 

signalling events measured by Trifiro et al (Trifiro et al., 2009). It would have been useful to 

investigate GPVI-induced tyrosine phosphorylation in the DT40 model system, but this was 

previously shown to be relatively weak (Tomlinson et al., 2007) and so not ideal for a 

comparison of GPVIa and GPVIb. Ultimately, it would be interesting to compare GPVIa and 

GPVIb in a human GPVI knock-in mouse model system, as has already been done for GPVIa 

(Mangin et al., 2012; Navarro et al., 2022), but the lack of any differences detected in ths 

chapter would not justify such a major experiment. 

GPVI-Δexon5 is a short form of GPVI, lacking part of the O-glycosylated stalk region, which 

can be found in sequence databases but has not previously been studied. Alternative splicing is 

a common and essential procedure to increase the diversity of the proteome. For example, the 

Ca2+ sensor stromal interaction molecule 2 (STIM2), which is localised to the endoplasmic 

reticulum and regulates store-operated Ca2+ entry (SOCE) downstream of GPVI/FcRγ 

activation, has two alternatively spliced forms, STIM2.1 and STIM2.2. These differently 

regulate SOCE through their interactions with the Orai1 SOCE channel and calmodulin: 

STIM2.1 is an inhibitor of SOCE whereas STIM2.2 is an activator (Miederer et al., 2015). 

GPVI has 8 exons, where exons 1-7 encode the extracellular region and exon 8 encodes the 

transmembrane and intracellular tail (Ezumi et al., 2000; Perrella et al., 2021). Early GPVI 

cloning efforts identified three alternatively spliced isoforms, including what is now regarded 

as the wild-type sequence, one lacking exon5 and one longer isoform which encodes 620 amino 
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acids without an apparent transmembrane region (Ezumi et al., 2000; Jandrot-Perrus et al., 

2000). The longer isoform has a 4-base insertion in exon7, which introduces a frameshift in the 

following sequence. When this longer isoform was expressed in a Monkey kidney cell line, 

COS-7, it did not bind to CRP (Ezumi et al., 2000). Few studies that examined these 

alternatively spliced forms of GPVI failed to generate more information regarding their 

expression and function, for example, Sun et al. checked the expression of the three GPVI 

isoforms in human umbilical vein endothelial cells (HUVECs) and found only the normal 

length isoform exists (Sun et al., 2003). Exon5-7 encode the mucin-like, heavily O-

glycosylated stalk region of GPVI. The result in this chapter showed no significant difference 

of the exon5-deleted GPVI in surface and whole-cell expression from the full-length GPVI, for 

both the alleles, in HEK-293T and DT40 cell lines (only surface expression level was examined 

in the latter). Moreover, no significant difference was observed in collagen-induced 

downstream signalling between normal-length and exon5-deleted GPVI, using the NFAT-

luciferase assay in transfected DT40 cells. As discussed in the previous paragraph, these over-

expression data in cell lines may not recapitulate the true situation in platelets. In future, it 

would be useful to investigate the relative expression of full-length and exon5-deleted GPVI 

in human platelets. Indeed, the GPVI Western blots in Figure 3.8 show some evidence of lower 

molecular weight forms of GPVI. However, this would need verification by mass spectrometry 

proteomics or generation of an exon5-specific antibody. However, the lack of any effect of 

exon5 deletion in this chapter would question the merit of major follow-up studies, such as 

assessing exon5-deleted GPVI in platelets using a knock-in mouse strategy. 

It has been reported by Trifiro et al. that one of the amino acid substitutions between GPVIa 

and GPVIb, Q317L (Q in GPVIa and L in GPVIb), accounted for increased calmodulin binding 

in the less frequent haplotype, GPVIb (Trifiro et al., 2009). Calmodulin is a ubiquitous Ca2+-

sensing protein that has many target proteins (Clapham, 2007), with GPVI being one of them 
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and interacting with it via cytoplasmic residues 294 to 303 (Andrews et al., 2002; Locke et al., 

2003). Trifiro et al. reported that transfected GPVIb can co-immunoprecipitate higher levels of 

endogenous calmodulin from Dami cells, a human megakaryocytic cell line, compared to 

GPVIa. They inferred that such increased calmodulin binding of GPVIb may reduce 

metalloproteinase shedding of GPVI, resulting in decreased levels of soluble GPVI in plasma. 

Since soluble GPVI may inhibit thrombosis by blocking collagen at sites of atherosclerotic 

plaque rupture, this provides a potential explanation for the association of GPVIb with 

increased risk of thrombosis (Gardiner et al., 2007; Trifiro et al., 2009). However, Matthews 

later reported no significant difference between the two haplotypes in GPVI shedding by 

ADAM10 (the major sheddase for GPVI), using an in vitro shedding assay which is based on 

transiently transfected HEK-293T cells (Matthews, 2018). In the future, the same type of GPVI 

shedding assay could be performed on HEK-293T cells transfected with exon5-deleted GPVI 

to further check the functional difference between exon5-deleted and normal length GPVI. 

However, the GPVI cleavage site is five amino acids above the plasma membrane, between the 

PAR and QYY sequences, which is 42 amino acids downstream of the 18 missing amino acods 

in exon5-deleted GPVI (see Figure 3.1), so an effect on shedding would seem unlikely. 

Palmitoylation is a post-translational lipid modification (Martin et al., 2011) and plays 

important roles in protein-membrane interacting, protein trafficking and protein-protein 

interactions (Smotrys & Linder, 2004). In fact, several membrane proteins with cysteine 

residues near the junction of transmembrane and cytoplasmic regions have been reported to be 

palmitoylated and this is associated with their functions. A striking example is LAT, a central 

scaffold protein in the GPVI/FcRγ and T cell receptor intracellular signalling cascades; 

mutation of the cysteines prevents LAT association to lipid rafts and prevents T cell receptor 

signalling (Lin et al., 1999). Furthermore, palmitoylation and depalmitoylation of the small 

GTPase Ras, a critical activator of MAPK signalling downstream of GPVI/FcRγ and many 
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other receptors, regulates its localisation between the ER, Golgi and plasma membrane (Linder 

& Deschenes, 2007). In addition, palmitoylation of SARS-CoV-2 S protein plays an essential 

role in membrane fusion, and thus is critical for the infectivity of the virus (Wu et al., 2021). 

The conserved cysteine at the junction of transmembrane and cytoplasmic regions in the FcRγ 

intracellular tail is likely to be palmitoylated because a global proteomics study identified FcRγ 

as one of >1,300 palmitoylated proteins in human platelets, although it was not significantly 

enriched in comparison to the unlabelled control group (Dowal et al., 2011). However, our 

results from NFAT-luciferase assay on WT and C44S FcRγ indicated that the mutant at the 

proposed palmitoylation site showed no significant functional difference from WT, in both 

basal and collagen-stimulated conditions. However, it cannot be ruled out that C44S FcRγ may 

have functional effects that might be revealed via other functional assays, for example, 

difference in the ability to be shed by metalloproteinase ADAM10, which could be determined 

by the ADAM10 shedding assay that has been described previously (Noy et al., 2016). It is 

also possible that FcRγ is not palmitoylated, or perhaps not palmitoylated in DT40 cells but 

palmitoylated in other cells such as platelets, therefore an important next step would be to 

assess its palmitoylation which can be done using metabolic labelling with labelled palmitate 

(Eschenbrenner et al., 2020). Nevertheless, our results here provided no evidence that the C44S 

FcRγ is a promising mutant for the signalling and/or structural studies of the GPVI/FcRγ 

complex.  

To summarise, in this chapter, four GPVI expression constructs were generated and tested, 

showing their similarity in expression level and ability to initiate collagen-induced downstream 

signalling, in transfected cell line systems. FcRγ WT and C44S were also similar in their ability 

to initiate collagen-induced downstream signalling. In addition, six GPVI monoclonal 

antibodies were characterised and the best performing one, 338E7, identified for Western 

Blotting. This chapter has therefore characterised essential reagents for most of the 
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biochemistry experiments in the next two chapters of this thesis. The most common GPVI 

isoform, GPVIa, and WT FcRγ will be the focus of the SMALP work in the next chapter. 
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Chapter 4 Purification and characterisation of GPVI/FcRγ 

SMALPs from transfected HEK-293T cells 

4.1 Introduction 

Platelet collagen receptor glycoprotein VI (GPVI) plays an important role in the onset and the 

development of thrombosis. GPVI binds collagen in the subendothelial matrix at the site of 

blood vessel injury, and induces downstream signalling events through the ITAMs in FcRγ, 

where a disulphide-linked dimer of FcRγ forms a complex with one GPVI protein. The 

phosphorylated ITAMs provide a docking site for Syk family kinases, and further initiates a 

downstream signalling cascade that activates the platelets. As mentioned in section 1.2.1, GPVI 

is also the receptor for fibrin(ogen), thus it is involved in the latter stages of thrombosis when 

firm thrombi involving multiple layers of platelets are formed. GPVI is a potentially attractive 

anti-thrombosis drug target, as GPVI-deficient mice are protected against lethal 

thromboembolism (Lockyer et al., 2006) and arterial thrombosis (Bender et al., 2011). 

Moreover, a human population identified in Chile with a missense mutation in the Gp6 gene, 

and subsequently no GPVI expression, have platelets which fail to aggregate on collagen, yet 

the affected people have only mild bleeding problems (Matus et al., 2013; Nagy et al., 2020).  

GPVI is a transmembrane protein with its extracellular region containing two IgSF domains 

(D1 and D2) that recognise all of its known ligands so far, a stalk region which is heavily O-

glycosylated, a single transmembrane α-helix and cytoplasmic tail. Several crystal structures 

of GPVI IgSF domains have been solved so far, as mentioned in section 1.2.1. These include 

the original, dimeric structure of GPVI D1 and D2 domains, which shows a back-to-back dimer 

with the interface at the D2 domains (Horii et al., 2006). The inhibitory nanobody-bound 

dimeric structure, on the other hand, shows the D2 domains from two monomers exchanging 

β sheets with each other, and the nanobody, Nb2, binding the D1 domain (Slater et al., 2021). 
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A third structure is a CRP-bound dimeric structure, showing back-to-back dimers with the 

interface at the D2 domains, similar to the original GPVI dimer structure. CRP binds to the D1 

domains, in a position close to the Nb2-binding groove, which indicates that the Nb2 inhibitory 

effect could be due to allosteric modulation or steric clash (Feitsma et al., 2022; Slater et al., 

2021). Notably, all these solved structures involve only GPVI D1 and D2 domains, and no 

structures involving the glycosylated stalk, the transmembrane helix and the cytoplasmic tail 

have been solved. Moreover, these structural studies on GPVI did not provide a definitive 

answer as to how GPVI dimerises, and there is controversy in the literature over whether the 

GPVI dimer represents a biologically active form of the receptor, with a unique ligand-binding 

epitope in comparison to the monomer (Clark, Damaskinaki, et al., 2021; Clark, Neagoe, et al., 

2021; Slater et al., 2018). To better understand the mechanism and functional significance of 

GPVI dimerisation, a full-length GPVI structure, ideally in complex with the FcRγ, would be 

beneficial, as the regions other than the two IgSF domains could potentially introduce steric 

constraints and refinement to their spatial arrangements. In addition, the structure of full-length 

GPVI in complex with FcRγ could help explain the mechanism of GPVI clustering upon 

binding agonists, thus providing insights into the downstream signalling events. 

It is challenging to extract transmembrane proteins out of their native lipid bilayer environment 

without destroying their bioactive structures and interactions, as the detergent-micelle-

encapsulated membrane proteins can easily be destabilised (Dorr et al., 2016). Moreover, the 

extracting procedures typically involve tedious screening of detergents and buffers (Lee et al., 

2016). There has been no reported success in extracting a full-length GPVI into appropriate 

detergent micelles; moreover, understanding GPVI-FcRγ interaction is crucial to the 

interpretation of GPVI signalling events, and tackling the structural basis of this interaction is 

even harder to achieve, as it is mediated by the transmembrane regions. 
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To address the common problems in membrane protein extraction, a novel strategy utilising 

SMALPs, has been adopted. SMA co-polymers have been utilised to excise patches out of 

native membranes, generating nanodiscs directly from membrane bilayer without the 

involvement of detergents in any of the steps (Knowles et al., 2009; Lee et al., 2016). SMALPs 

are disc-shaped, containing the native arrangement of lipid bilayer and the membrane proteins 

embedded inside, are around ~10 nm in diameters and readily amenable to many biochemical 

and biophysical applications (Dorr et al., 2016; Krishnarjuna & Ramamoorthy, 2022; Lee et 

al., 2016). In this chapter, the SMALP technology was applied to the extraction and 

characterisation of the GPVI/FcRγ complex from a human cell line over-expression system, 

with an ultimate goal to develop materials and methodologies for the structural determination 

of full-length GPVI in complex with FcRγ. An ADAM10 knock-out HEK-293T cell line (Koo 

et al., 2020) was used, as the endogenously expressed ADAM10, a transmembrane 

metalloproteinase, can reduce yield by shedding GPVI (Gardiner et al., 2004; Koo et al., 2022; 

Noy et al., 2016). 

The aims of this chapter are: 

1. To extract over-expressed His-tagged GPVI and FcRγ into SMALPs, from an ADAM10-

knockout HEK-293T cell line, and to purify GPVI/FcRγ SMALPs. 

2. To characterise the purified GPVI/FcRγ SMALPs in terms of their purity, protein 

oligomerisation status, functionality, and preliminary structural determination. 
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4.2 Results 

4.2.1 Purification of GPVI-SMALPs 

The first aim of this chapter was to generate and purify GPVI SMALPs from GPVIa-His and 

FcRγ transfected HEK-293T cells, the latter being ADAM10 knockout to prevent the 

constitutive GPVI cleavage by ADAM10 that was previously demonstrated in HEK-293T cells 

(Gardiner et al., 2004; Koo et al., 2022; Noy et al., 2016). The protocol developed is shown in 

Figure 4.1. The cells were passaged into 15 cm plates in batches, transiently transfected using 

PEI, and harvested 48 hours later. Expression of GPVI was confirmed by flow cytometry 

(Figure 4.2A). Cells were stored at -80 °C immediately after harvesting until use. On the day 

of generating SMALPs, ~8 mL centrifuged volume of cells were defrosted on ice, membranes 

isolated and SMALPed using SMALP 30010P (Orbiscope). After the 1st round of SMALP 

generation, the un-SMALPed pellet was reincubated with SMALP 30010P to maximise 

SMALP generation efficiency. The SMALPs were incubated with Ni-NTA beads to capture 

His-tagged GPVI-SMALPs and the solution-bead mixture was then pooled together into a 

gravity-based affinity column. After washing, His-tagged SMALPs were eluted with imidazole. 

Analyses of samples from the purification procedure by SDS-PAGE demonstrated successful 

purification of a major protein band at the predicted molecular weight of GPVI by Coomassie 

and silver stain (Figure 4.2Bi-ii), and GPVI Western blotting confirmed the presence of GPVI 

(Figure 4.2Biii). 



 

140 

 

 

Figure 4.1 Experimental procedures for generating and purifying GPVI SMALPs from 

transfected HEK-293T cells. 
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Figure 4.2 Purification of GPVIa-His SMALPs. 

(A) ADAM10-knockout HEK-293T cells were transfected with GPVIa-His and FcRγ expression 

constructs, and two days later analysed by flow cytometry with GPVI mAb HY101 followed by FITC-

conjugated anti-mouse secondary antibody. The purple trace represents GPVI staining and the black 

trace the isotype-matched MOPC-21 negative control mAb. (B) GPVIa-10xHis was transfected into 

and expressed in HEK-293T cells (from 100 confluent 15 cm plates) and GPVIa-His SMALPs purified 

as described in Figure 4.1. For maximum solubilisation efficiency, the un-SMALPed debris from the 

1st round of SMALP generation was collected and incubated with SMA, and the generated SMALPs 

were affinity purified via a Ni-NTA gravity column. Purified SMALPs from both rounds were 

combined for downstream characterisation. The indicated fractions from the purification procedure 

were analysed by Coomassie stain (Bi), silver stain (Bii) and Western blotting with GPVI mAb 338E7 

(Biii).  
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4.2.2 Gel filtration of GPVI/FcRγ SMALPs reveals distinct populations of GPVI 

oligomers 

The purified SMALPs were further separated by size via gel filtration. Imidazole-eluted 

SMALPs were dialysed, concentrated, combined together, and separated via a Superdex 200 

10/300 Increase column. SMALP solution B (50 mM Tris pH=8, 500 mM NaCl, 10% glycerol) 

was used throughout the gel filtration procedures. 500 μL fractions were collected. The 

resulting profile was a wide peak, right after the void volume (Figure 4.3A). When fractions 4-

14, corresponding to the peak, were loaded onto SDS-PAGE and subjected to Western blotting, 

GPVI and FcRγ were observed in all these fractions, under either non-reduced or reduced 

conditions (Figure 4.3B). Under non-reduced conditions, a GPVI blot revealed the existence 

of GPVI dimers and high molecular weight species; the latter are probably GPVI oligomers 

within the same SMALPs or aggregation of several GPVI-containing SMALPs (Figure 4.3B). 

Nevertheless, the existence of the FcRγ dimer under non-reduced condition and FcRγ monomer 

under reduced condition (Figure 4.3B) suggests that FcRγ and GPVI express as a complex in 

the transiently transfected HEK-293T cells, and they can be isolated together into the same 

SMALPs.  

Interestingly, when the same fractions were loaded onto SMA-PAGE, a native PAGE method 

where SMALPs are not disrupted and the encapsulated proteins not denatured (Pollock et al., 

2019), followed by Western blotting against GPVI and FcRγ, each fraction showed up as a 

single smear, with the molecular weight span from above 720 kDa to 66 kDa, decreasing from 

the early fractions to the later ones (Figure 4.3C). This corresponds well with the gel filtration 

profile (Figure 4.3A). The early fractions consisted of large particles with several hundreds of 

kDa. The later fractions (fraction 9-14) are potentially purer as they were less smeared (Figure 

4.3C). Moreover, the bands in each fraction overlayed on GPVI and FcRγ blots, a further 

confirmation that they form a complex and exist in the same SMALPs. The SMA-PAGE results 
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suggest that GPVI/FcRγ in SMALPs from HEK-293T cells possibly comprise different 

oligomeric states of the GPVI/FcRγ complexes.  

 

Figure 4.3 Gel filtration of GPVI/FcRγ SMALPs reveals distinct populations of GPVI 

oligomers. 

(A) Superdex 200 10/300 Increase column gel filtration profile of the pooled, dialysed and concentrated 

GPVI-SMALP elutions from Ni-NTA affinity column. Numbers on the X-axis refer to the number of 

the fractions collected. (B) SDS-PAGE and (C) native SMA-PAGE of gel filtration fractions followed 

by Western blotting for GPVI and FcRγ. 
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4.2.3 GPVI-SMALPs bind collagen 

To evaluate whether GPVI encapsulated in SMALPs remains functional, a collagen pull-down 

assay was performed. The gel filtration fractions from section 4.2.2 were pooled into three 

groups—fraction 4-6, fraction 7-9 and fraction 10-13, and pulled down by collagen-conjugated 

agarose beads. GPVI blot revealed efficient pull-down in all three groups (Figure 4.4). Similar 

quantities of input GPVI for each of the three pull-downs was confirmed by GPVI Western 

blotting (Figure 4.4). Together, this suggests that GPVI in SMALPs is properly folded and 

functional in binding collagen.  

 

Figure 4.4 GPVI SMALPs bind collagen. 

The GPVI SMALP gel filtration fractions from Fig. 4.3 were pooled as indicated, and subjected to 

collagen-agarose pulldown assay followed by GPVI Western blotting. Dashed lines were used to 

separate different parts of the blot for clarity. The solid line in the middle of the blot indicates that 

different parts of the same gel were grouped together on the image. Images from different gels are 

separately displayed. 
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4.2.4 The purified GPVI/FcRγ SMALPs are relatively pure 

To assess the purity of the GPVI/FcRγ SMALP samples, the gel filtration fractions were run 

on SDS-PAGE and silver stained. Three major bands were detected at approximately 100 kDa, 

57 kDa and 18 kDa (Figure 4.5). These were excised out of the silver-stained gel as indicated 

(Figure 4.5), and subjected to liquid chromatography followed by tandem mass spectrometry 

(LC-MS-MS), which was kindly performed by Dr. Norman Day and Dr. Jinglei Yu from the 

Advanced Mass Spectrometry Facility, University of Birmingham. The output protein lists 

revealed GPVI as the top hit for the ~100 kDa and the ~57 kDa bands, suggesting them being 

GPVI dimer and GPVI monomer, respectively, and FcRγ as the top hit for the ~18 kDa band, 

suggesting it being a FcRγ dimer (Supplementary Tables 1-3). As these three bands were 

relatively the strongest among all bands that showed up in the silver-stained gel, these results 

demonstrate that the purified SMALPs are relatively pure, with GPVI and FcRγ being the main 

protein components.  
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Figure 4.5 The purified GPVI/FcRγ SMALPs are relatively pure. 

GPVI SMALP gel filtration fractions were analysed by SDS-PAGE followed by silver stain. The three 

main bands, at approximately 100 kDa, 57 kDa and 18 kDa, were excised as indicated by the black 

rectangles and analysed by LC-MS-MS, and the major species identified are indicated by the arrows. 

The filtered list of protein entries from LC-MS-MS are shown in Supplementary Tables 1-3. 
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4.2.5 GPVI/FcRγ SMALPs show single-dispersed particles under negative stain EM 

To visualise the purified GPVI/FcRγ SMALPs, fractions 5, 7 and 10 from gel filtration, were 

chosen as representatives for possible high-, medium- and low-order oligomers for negative 

stain EM, which was kindly performed by Dr. Saskia Bakker from Advanced Bioimaging, 

University of Warwick. Among the images, those from fraction 7 showed clearly single-

dispersed, protein-like particles (Figure 4.6A). 2D classification was performed from ~1,000 

particles on the images collected from fraction 7, where 39 class averages were generated 

(Figure 4.6B). The averages were ranked by the number of particles in the corresponding 

classes with the frequencies calculated (Figure 4.6C). Visualisation of GPVI SMALPs binding 

collagen III on the grid was also attempted, but unfortunately the collagen fibres failed to be 

observed. 

 

Figure 4.6 Representative negative stain electron microscopy images of GPVI SMALPs 

showed single-dispersed, protein-like particles. 

GPVI SMALP gel filtration fraction 7 from Figure 4.3 was 10-fold diluted in solution B and subjected 

to negative stain electron microscopy. Two representative images are shown. 
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Figure 4.7 2D class averages from particles picked from negative stain electron 

microscope images. 

(A) Negative stain images from fraction 7 in Figure 4.3 were collected, with single particles picked, 

aligned and grouped into 2D class averages using RELION. 50 classes were requested and 39 classes 

were produced; they were numbered 1-39 with descending amount of particles in their corresponding 

classes. The averages from the first 30 class averages are shown; the last 9 class averages are either 

too blurry or of an unusual shape that is unlikely to represent GPVI SMALPs. The scale bar is only 

shown in class 1, but it is the same for all classes. (B) Frequencies of particles in different classes. 
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4.3 Discussion 

In this chapter, full-length GPVI in complex with FcRγ has been successfully extracted into 

SMALPs, from a transfected human cell line, HEK-293T. GPVI/FcRγ SMALPs purified with 

Ni-NTA gravity column and gel filtration showed a wide size distribution, possibly comprising 

the GPVI/FcRγ complex with different oligomeric states. Purified GPVI/FcRγ in SMALPs 

with different sizes can all bind collagen. The purified GPVI/FcRγ SMALPs are relatively pure, 

with GPVI and FcRγ being the major protein components, and single-dispersed particles of the 

purified GPVI/FcRγ SMALPs can be observed under negative stain EM. This is the first report 

of purifying GPVI with lipid nanodiscs.  

The gel filtration profile of purified GPVI/FcRγ SMALPs comprises a wide peak right after 

the void volume (Figure 4.3A). This profile potentially demonstrates two major peaks, the first 

one right after the void volume and the second one in between fractions 11-12, which are 

connected by a series of middle-sized particles, represented as the slope between the two peaks 

(Figure 4.3A, fractions 5-10). A similar phenomenon on purified SMALPs has been observed 

in a recently published study where tetraspanin CD81 was expressed in P. pastoris yeast, 

extracted into SMALPs, purified and characterised (Ayub et al., 2020); the size exclusion 

chromatography profile comprises two peaks, one large peak right after the void volume and a 

second one containing a lesser amount of particles. CD81 was detected in both the peaks by 

Western blotting, and the circular dichroism spectra of both peaks overlapped, suggesting both 

peaks contains natively folded CD81; however, only the second peak, which may represent 

CD81 monomer, can bind to hepatitis C virus (HCV) E2 glycoprotein, which is an established 

CD81-binding protein (Pileri et al., 1998; Stroh et al., 2018). The authors speculated that the 

first peak may comprise the oligomers of CD81, or dimerised SMALP discs, and the abolished 

binding to HCV E2 glycoprotein of the first peak could be due to a sterically blocked binding 

site rather than the proteins themselves being unstructured (Ayub et al., 2020). The gel filtration 
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profile presented in this chapter indicates that, in addition to the two major populations which 

are more homogeneous, the purified GPVI/FcRγ SMALPs here may comprise additional 

populations with intermediate sizes. This could possibly reflect the different oligomerisation 

and clustering status of GPVI/FcRγ in the HEK-293T cell line. It could also be an over-

expression phenomenon, such that GPVI density on the cell surface is so high that GPVI 

molecules cluster spontaneously in the absence of GPVI agonists. On an optimised side, given 

that all particles in gel filtration fractions in this report consist of properly folded GPVI which 

can bind collagen, the expression system may have captured a wide range of different 

oligomeric states of the GPVI/FcRγ complex, which could ultimately help to explain the 

molecular mechanisms of GPVI dimerisation and clustering. 

The gel filtration elution volume profiles in this chapter are relatively consistent with the 

column calibration curve; however, a molecular weight bias up to 33% from the calibration 

curve exist (Supplementary Figure 1). This could be attributed to the fact that the column 

calibration was performed with soluble, globular protein standards in PBS, therefore the 

conformation of the standards, the charge and hydrophobicity status of the standards, and the 

buffer conditions are all different from the GPVI/FcRγ SMALP samples presented in this 

chapter. Besides, the SMA belt creates a very different interface to the aqueous solution, in 

comparison to the protein/buffer interfaces or detergent miselle/buffer interfaces in most other 

samples, and the wide range of molecular weights of the GPVI/FcRγ SMALPs here may make 

the molecular weight readings from a native gel less accurate. In addition, the largest size of 

the protein standards that were used to generate the column calibration curve is 200 kDa, which 

may render the calibration curve less fitted in the higher molecular weight range. However, 

given that the gel filtration fractions in this chapter have been characterised by GPVI/FcRγ 

Western blotting, the collagen-binding assay, mass spectrometry and negative stain EM, there 
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is enough evidence that different populations of GPVI/FcRγ SMALPs have been generated and 

purified. 

The work here also featured the application of one relatively new native PAGE method, SMA-

PAGE, which was specifically developed for SMALPs by Pollock et al (Pollock et al., 2019). 

SMA-PAGE utilises the unique negatively charged belt, the SMA polymer, as the driving force 

in PAGE, instead of the traditional SDS, thus the migration of particles on PAGE can be 

achieved without the addition of any other chemicals apart from the native sample buffer (0.08 

mg/mL bromophenol blue, 20 mM Tris pH=8, 50% glycerol for 5x) or the need of heating, 

preventing the proteins from being denatured and enabling the whole SMALP to migrate in an 

intact way during electrophoresis. The apparatus used for SMA-PAGE is as simple as for the 

traditional SDS-PAGE, with all reagents affordable for general experimental usage. In addition, 

comparing to other native PAGE methods, such as blue native PAGE, SMA-PAGE requires 

no additives in either the loading samples or running buffers, and maybe more importantly, 

provides a relatively uniform shape of all particles, since all SMALPs retain the disc shape and 

similar sizes, at least in the plane of the disc. SMA-PAGE followed by anti-GPVI and anti-

FcRγ Western blotting here elegantly demonstrated the molecular weight distribution of 

purified SMALPs, with the bands decreasing progressively from the early to later fractions, 

corresponding with the gel filtration peak profile. Moreover, relatively little amount of the 

samples (several tens of μL) is needed in SMA-PAGE, in comparison to many other 

biophysical characterisations such as analytical ultracentrifugation and circular dichroism. As 

such, SMA-PAGE has served as an efficient and promising method for identifying the size of 

GPVI/FcRγ SMALPs, although it needs to be further investigated whether they are oligomers 

encapsulated in SMALPs or SMALPs that aggregate together. 

The purified GPVI/FcRγ SMALPs obtained in this chapter are functional in binding collagen, 

and relatively pure with GPVI and FcRγ being the main protein components. In addition, 
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negative stain EM has identified single-dispersed particles, with reasonable sizes and several 

2D class averages generated. However, the amount of particles selected for 2D classification 

was only around 1,000, which was too low for 3D structure construction. To measure the 

quantity of purified GPVI in each fraction of gel filtration, three methods were adopted: 

Coomassie-stained SDS-PAGE with the samples in comparison with BSA standards, anti-

GPVI Western blotting on samples in comparison with recombinant GPVI-Fc protein, and 

nanodrop (Supplementary Figure 2). These methods generated inconsistent results, but the 

measured concentrations were all at ~100 ng or below, suggesting an insufficient yield for 

further biophysical characterisation and structural determination. Besides, silver staining on 

gel filtration fractions of purified SMALPs still showed multiple visible bands which were not 

at the sizes of GPVI or FcRγ (Figure 4.5), and the anti-His-tag Western blot on the same 

fractions also showed several additional protein bands apart from the ~57 kDa GPVI monomer 

band and the ~110 kDa GPVI dimer band (Supplementary Figure 3). Alhough they can be 

separated on gel based on molecular weights, it could be difficult to distinguish GPVI/FcRγ 

from contaminant proteins on EM images, which obscures structure determination. Moving 

forward, for high-resolution structure determination, a larger amount of purer protein samples 

is needed, which could be achieved by the use of suspension HEK-293T cells, from which 

large volumes can relatively easily be grown, and strategies to improve protein purification, as 

will be discussed in more detail in section 6.2.  

Taken together, the results in this chapter have demonstrated SMALPs and HEK-293T cells as 

promising tools to generate full-length GPVI in complex with FcRγ, for their characterisation 

towards structural determination. Optimisation of the expression system and purification 

strategies will be needed for the ultimate goal to solve the high-resolution structure of 

GPVI/FcRγ complex in SMALPs.  
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Chapter 5 Investigation of platelet membrane receptor interaction 

and stoichiometry using SMALPs 

5.1 Introduction 

Many major platelet membrane receptors and their signalling pathways have been identified so 

far, as have their roles in platelet response to agonists/antagonists, platelet activation, 

aggregation and thrombus formation (Clemetson & Clemetson, 2019; Poddar & Banerjee, 

2020). However, there is still much to understand about the organisation and interactions of 

these major platelet membrane receptors with other membrane proteins on the platelet surface. 

Traditional membrane protein interaction mapping methods include co-immunoprecipitation 

(co-IP) and immunofluorescence microscopy; however, these methods have their limitations. 

Co-IP performed on detergent-micelle-encapsulated proteins can suffer from artefacts 

generated by the dynamic characteristics of detergent micelles, such that the dissociation and 

merging of these micelles can introduce false negative or false positive results of protein-

protein interactions. Immunofluorescence microscopy can be a powerful tool for monitoring 

membrane protein interactions in real time and in live cells, but it requires additional labelling 

by either antibodies or genetically built-in tags on proteins, both of which could introduce steric 

hindrance and thus interfere with protein interaction; moreover, the blinking events of 

fluorophores can render difficulties in data interpretation (Clark, Neagoe, et al., 2021). In this 

chapter, the possibility of using SMALPs to map platelet membrane protein interactions and 

stoichiometry was explored. The hypotheses here are that SMALPs generated from native 

human platelets can encapsulate intact membrane protein assemblies and preserve membrane 

protein interactions with their extracellular or intracellular partner molecules, thus will provide 

useful information about platelet membrane protein interactions and stoichiometry. The 

SMALP generation protocol for human platelets was firstly optimised to address the relatively 
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low volume of platelet pellets that can be collected from one donor, and to ensure that the native 

protein organisation in human platelets is not changed during SMALP generation procedures. 

Using the optimised SMALP generation protocol, the preservation of two known protein 

complexes, GPVI/FcRγ and ADAM10/Tspan15, in the same SMALPs from human platelets, 

was examined. GPVI SMALPs from human platelets were then closely examined for the 

investigation of GPVI phospho-signalosome and GPVI-interacting membrane proteins, and 

GPVI conformational differences in detergent micelles and in SMALPs were accessed. Finally, 

novel biochemical assays based on cell surface biotinylation and SMA-PAGE were developed 

and applied to the investigation of a wide range of platelet membrane proteins. 

The aims of this chapter are: 

- To develop a SMALP generation protocol that can be routinely performed on freshly 

isolated, washed human platelets, and that doesn’t interfere with the intact protein 

interaction from native platelets; 

- To examine whether GPVI/FcRγ and ADAM10/Tspan15 complexes can be preserved 

in the same SMALPs from human platelets, respectively, and to compare this with 

detergent lysates; 

- To compare the efficiency of GPVI immunoprecipitation, when GPVI is solubilised 

into detergent micelles or into SMALPs; 

- To examine the membrane interactome and phospho-signalosome of GPVI, using 

human platelet SMALPs; 

- To develop novel biochemical assays based on cell surface biotinylation and SMA-

PAGE for the investigation of platelet membrane protein interaction and stoichiometry 

in native human platelets.  
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5.2 Results 

5.2.1 Optimisation of SMALP generating methodologies for washed human platelets 

The aim of this section was to develop an efficient and routine protocol to generate SMALPs 

from platelets and perform bench-top biochemical experiments with these platelet SMALPs. 

The standard protocol of generating SMALPs from intact cells was published by Lee et al. (Lee 

et al., 2016), where membranes are isolated from a relatively large number of cells and their 

total mass measured; the membranes are then homogenised, resuspended to 2.5% (wt/vol) and 

the suspension incubated with SMA polymer. However, to generate SMALPs from human 

platelets, the starting point is freshly drawn blood at the beginning of the day, from which a 

relatively small volume of platelet pellet is produced. Moreover, as drawing blood and 

preparing washed platelets from whole blood generally takes a few hours, it is not practical to 

go into the relatively long membrane isolation steps on the same day. As such, the SMALP 

generating procedure was simplified by removing the membrane isolation step and 

resuspending the platelets directly into SMALP solution B (50 mM Tris, 500 mM NaCl, 10% 

glycerol, pH=8); since platelets have no nucleus, lack many organelles and possess an 

intracellular membrane system, this simplification should in theory not prevent SMALP 

generation. The platelets were then homogenised in this buffer by a dounce homogeniser, and 

SMA was added. The rest of the protocol, including incubating with SMA for at least 2 h at 

room temperature and ultracentrifuge to remove insoluble debris, remained unchanged from 

the original protocol (Lee et al., 2016). To establish the effectiveness of the modified protocol, 

platelet SMALPs were firstly Western blotted for GPVI and αIIb (part of the major integrin 

αIIbβ3 complex) as two model platelet membrane proteins (Figure 5.1). Protein signals with 

comparable strength were detected in homogenised platelets, in platelet-SMA incubation and 

in the formed SMALPs, but not in the insoluble debris (Figure 5.1). This simplified platelet 

SMALP generation protocol was then adopted throughout this chapter. 
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Next, it was evaluated how well SMALPs were able to extract and represent the native state of 

platelets under these experimental conditions, in comparison to NP-40 detergent-solubilisation. 

As platelets have limited amounts of proteins, a relatively well-defined proteome as well as the 

pTyr profile, the anti-pTyr Western blotting serves as an excellent evaluation. Strikingly, whole 

cell SMALPs showed substantially higher levels of p-Tyr than NP-40 lysates (Figure 5.2). The 

latter showed relatively low levels of basal pTyr, and several prominent pTyr bands were 

induced by CRP stimulation, with major bands likely corresponding to PLCγ2, Btk, Syk, Src, 

LAT (Figure 5.2). This suggests that the platelets are hyper-activated during the 

aforementioned SMALP-generation procedure. To determine the cause of this problem, each 

component of SMALP solution B (50 mM Tris, 500 mM NaCl, 10% glycerol, pH=8.0) was 

scrutinised. The addition of 10% (vol/vol) glycerol did not change platelet p-Tyr profile (data 

not shown); thus, the focus was placed on NaCl concentration, Tris concentration, and the 

buffer pH. The pelleted platelets were resuspended in buffers containing 50 mM Tris pH=8, 

and NaCl with a concentration gradient from 150 mM to 500 mM (Figure 5.3A). Interestingly, 

as NaCl concentration increased, the amount of detected p-Tyr and the intensity of each p-Tyr 

signal were similarly increased (Figure 5.3A). In contrast, neither the change of buffer pH 

between 7.3 (the pH of modified Tyrode’s buffer) and 8.0 (the pH of SMALP solution B), nor 

the change of Tris concentration from 10 mM to 50 mM, affected the protein band pattern on 

p-Tyr blots (Figure 5.3B and C). Thus, the high concentration of NaCl (500 mM) in SMALP 

solution B was identified as the main cause of platelet hyper-activation.  

The outcome of these experiments was that further experiments in this chapter were mainly 

performed with the modified SMALP working solution B (50 mM Tris pH=8, 150 mM NaCl, 

10% glycerol), unless otherwise stated. With this optimised buffer condition, the band patterns 

on p-Tyr Western blot were comparable in whole cell SMALPs and whole cell detergent lysates 

from platelets, with clearly distinguished differences between resting and activated platelets 
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(Figure 5.4). Where indicated, NaCl was supplemented to the SMALP solution for a final 

concentration of 500 mM, to disrupt the unspecific aggregation among several SMALPs, which 

has been reported before (Postis et al., 2015) and also observed in this thesis (Supplementary 

Figure 4).  

 

Figure 5.1 Platelet membrane proteins can be solubilised by SMALP 30010P. 

Human platelets were isolated from freshly drawn blood, resuspended in optimised SMALP solution B 

(50 mM Tris, 150 mM NaCl, 10 % glycerol), and homogenised in a dounce homogeniser. SMA 

(SMALP 30010P) was added to the homogenised platelets, and the mixture incubated for 2 h at room 

temperature. SMALPs and un-SMALPed debris were then separated by ultracentrifugation. Un-

SMALPed debris were resuspended into buffer with the same volume as the SMALP-containing 

supernant for comparison. (A) The products in each steps were collected and subjected to Western 

blotting for GPVI. (B) Platelets were stimulated with CRP or treated with an equal amount of buffer as 

a negative control, and the products in each steps were collected and subjected to Western blotting for 

αIIb. 
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Figure 5.2 Whole cell SMALPs from human platelets yield hyper-phosphorylated 

proteins that are independent of CRP activation. 

Washed human platelets were prepared from freshly drawn blood and activated by CRP. The activated 

(or resting-state control) platelets were then centrifuged at 10,000 xg for 1 min at room temperature, 

resuspended again into SMALP solution B (50 mM Tris diluted 1:10 from pH=8, 500 mM NaCl, 10% 

glycerol) and subjected to platelet SMALP procedures (lanes 1-2), or directly lysed in 1% NP-40 lysis 

buffer (lanes 3-4). The samples were loaded onto a 4-12% gradient gel, subjected to SDS-PAGE and 

Western blotted with anti-p-Tyr antibody. 
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Figure 5.3 Influence of different buffer conditions on platelet protein tyrosine 

phosphorylation. 

Human platelets were isolated from freshly drawn blood, stimulated with CRP if indicated, centrifuged 

down and resuspend in the indicated buffers. Samples were subjected to SDS-PAGE followed by 

Western blotting for pTyr. (A) Influence of NaCl concentration, with 50 mM Tris and pH=8. In the last 

two lanes, the same batch of washed platelets were resuspended in modified Tyrode’s buffer instead of 

Tris-NaCl buffer, with incubation at 37 °C for 90 s with or without CRP activation, to confirm the 

response of platelets to the agonist. (B) Influence of pH, with 50 mM Tris and 150 mM NaCl. (C) 

Influence of Tris concentration, with 150 mM NaCl and pH=8. 
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Figure 5.4 Whole cell lysates and whole cell SMALPs from human platelets presented 

similar band patterns on p-Tyr Western blot, when using the optimised SMALP buffer 

B containing 150 mM NaCl. 

Human platelets were isolated from freshly drawn blood, incubated at 37 °C for 90 s with or without 

CRP activation, then solubilised by NP-40 detergent or into SMALPs. The generated whole cell lysates 

and whole cell SMALPs were loaded on SDS-PAGE and subjected to Western blotting for p-Tyr. The 

data is representative of three independent experiments. 
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5.2.2 GPVI/FcRγ and ADAM10/Tspan15 complexes can be preserved in SMALPs 

from human platelets 

To develop SMALPs as a novel platform for the investigation of membrane protein interactions, 

it was firstly examined whether SMALPs can preserve known membrane protein complexes. 

Two pairs of proteins, GPVI/FcRγ and ADAM10/Tspan15, which are known to form 

complexes on the cell surface, respectively, were chosen (Koo et al., 2020; Lipper et al., 2022; 

Zheng et al., 2001). Resting-state platelets were solubilised into either detergent lysates or 

SMALPs, the samples pre-cleared and subjected to GPVI IP, ADAM10 IP or Tspan15 IP. FcRγ 

was detected in GPVI IPs, using a range of different GPVI antibodies, from detergent lysates 

or SMALPs by Western blotting (Figure 5.5A), indicating that the GPVI/FcRγ complex can be 

preserved in both Triton X-100 cell lysates and in SMALPs. Similarly, in platelet SMALPs, 

Tspan15 was detected by Western blotting in ADAM10 IPs, and vice versa (Figure 5.5B). This 

interaction was not preserved in Triton X-100 lysates (Figure 5.5Bi); however, it did get 

preserved when platelets were lysed with a milder detergent, Brij97, which is widely used in 

the tetraspanin field to preserve protein interactions (Hemler, 2003; Le Naour et al., 2006; 

Protty et al., 2009) (Figure 5.5Bii). The relatively stronger ADAM10 bands in ADAM10 IPs 

relative to Tspan15 IPs, and vice versa (Figure 5.5B), are most likely due to the fact that there 

are two other TspanC8 tetraspanins expressed in platelets that compete with Tspan15 for 

ADAM10 binding (Koo et al., 2022). To summarise, the two pairs of membrane protein 

complexes, GPVI/FcRγ and ADAM10/Tspan15, can be encapsulated together into the same 

SMALPs from human platelets, suggesting that this methodology may be useful for the 

identification of novel membrane protein interactions. 
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Figure 5.5 SMALPs isolated from human platelets preserve GPVI/FcRγ and 

ADAM10/Tspan15 complexes. 

Washed human platelets were lysed in 1% Triton X-100, 1% Brij 97 or into SMALPs, as indicated, 

then subjected to IP with the antibodies indicated. For IPs on SMALPs, the solution was supplemented 

to 500 mM NaCl to disrupt the potential aggregations between different SMALPs. The IPs were eluted, 

then subjected to SDS-PAGE followed by Western blotting with the antibodies indicated. Arrows in 

panel A indicate the canonical GPVI band. GPVI and FcRγ blots are representatives of three 

independent experiments. ADAM10 and Tspan15 blots are representative of two independent 

experiments.  
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5.2.3 GPVI solubilised into detergent lysates and SMALPs has differential epitope 

accessibilities to anti-GPVI antibodies 

The five new GPVI monoclonal antibodies from Bernhard Nieswandt’s lab (University of 

Würzburg), described in Chapter 3, were used for GPVI immunoprecipitation (IP). Some 

striking differences were observed for particular antibodies depending on whether human 

platelets were lysed in 1% Triton X-100 detergent or into SMALPs (Figure 5.5A and 5.6). For 

example, 338E7 immunoprecipitated GPVI from detergent lysates with the highest efficiency, 

comparing to other antibodies, but immunoprecipitated GPVI from SMALPs with the lowest 

efficiency among the five antibodies (Figure 5.6). In contrast, 313A10 immunoprecipitated 

GPVI with relatively low efficiency from detergent lysate, but immunoprecipitated GPVI 

SMALPs with relatively high efficiency (Figure 5.6). These data suggest that the GPVI mAbs 

have distinct epitopes that have differential accessibilities in detergent micelles versus 

SMALPs. However, more definitive conclusions regarding the epitopes of these GPVI 

antibodies cannot be drawn until epitope mapping experiments for example, GPVI chimeras 

with mutations at the proposed epitope positions, are performed.  
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Figure 5.6 GPVI mAbs immunoprecipitate GPVI in detergent lysates and in SMALPs 

with different efficiencies. 

(A) Washed human platelets were lysed with 1% Triton X-100 lysis buffer or solubilised into SMALPs, 

immunoprecipitated with the indicated mAbs and Western blotted with GPVI mAb, 338E7. The solid 

lanes on the image indicate that different parts of the same gel were grouped together. (B) Data were 

quantitated from three experiments and normalised to HY101 immunoprecipitations that were 

arbitrarily set at 1. Error bars represent the standard error of mean.  
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5.2.4 GPVI SMALPs do not reveal novel phosphorylated proteins in the GPVI 

signalling pathway 

In this section, GPVI SMALPs were used in combination with anti-pTyr Western blotting to 

explore whether there are any novel phosphorylated proteins in the GPVI signalosome, and 

how these are changed upon GPVI agonist stimulation. As stated in section 5.2.1, the anti-pTyr 

Western blotting is an excellent evaluation of platelet phosphor-proteome. GPVI IPs were done 

with one of the GPVI mAbs, 336E2, which was shown to be capable of immunoprecipitating 

GPVI from both detergent micelles and SMALPs (Figure 5.6). Washed human platelets 

(resting or CRP-activated) were lysed by NP-40 detergent, or extracted into SMALPs, 

subjected to IP, then the immunoprecipitated proteins were eluted and Western blotted with 

GPVI, FcRγ, the GPVI signalling pathway kinase Syk, and p-Tyr (Figure 5.7). IPs were 

performed at 4 °C overnight; for SMALP IPs, the SMALPs were firstly generated with 

modified SMALP working solution B (50 mM Tris pH=8, 150 mM NaCl, 10% glycerol), then 

the NaCl concentration was supplemented to 500 mM. p-Tyr blot on NP-40 lysates from CRP-

activated platelets showed two major strong bands at ~65 kDa and ~25 kDa, presumably Syk 

and phosphorylated FcRγ dimer, respectively; in contrast, pTyr blot on SMALPs from CRP-

activated platelets showed only one band at a similar position to the presumed FcRγ dimer band 

(above 25 kDa), with the strength much weaker than that in NP-40 IP (Figure 5.7A). No 

strikingly novel phospho-protein was revealed on pTyr blot in the IP on GPVI SMALPs. In 

addition, the GPVI mAb of choice, 336E2, IPed GPVI from NP-40 lysates more efficiently 

than from SMALPs, as shown by the stronger bands in anti-GPVI, anti-FcRγ and anti-Syk 

Western blotting (Figure 5.7B), which is probably due to the difference in epitope accessibility 

between the two solubilisation methods. pTyr blotting of whole cell lysates demonstrated that 

the phospho-proteome was not affected by the different solubilisation methods in these 

experiments (Figure 5.7C).  
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Figure 5.7 GPVI IPs on GPVI SMALPs from human platelets did not reveal novel 

phosphorylated proteins in the GPVI signalling pathway. 

Human platelets were isolated from freshly drawn blood, stimulated with CRP, then lysed in 1% NP-

40 or into SMALPs. Eluents from IPs were loaded to SDS-PAGE followed by Western blotting for p-

Tyr (A), GPVI, FcRγ, and Syk (B). The whole cell lysates and whole cell SMALPs were preserved and 

subjected to SDS-PAGE and Western blotting for pTyr (C). Blots are representative of 4 independent 

experiments. 
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5.2.5 A novel biotinylation assay, based on co-IP, does not reveal GPVI-interacting 

membrane proteins, but may be useful in discovering novel membrane protein 

interactions 

In this section, a co-IP assay, based on the strong and specific interaction between biotin and 

avidin, was developed for SMALPs, to explore a wide range of platelet membrane proteins and 

their interactions with each other (Figure 5.8). The same assay has been successfully applied 

to detergent lysates previously, where it was used to identify GPVI and tetraspanin Tspan9 as 

the components of human platelet tetraspanin microdomains, using two different detergents, 

Brij 97 and Triton X-100, with the former better preserving tetraspanin-tetraspanin interactions 

(Hemler, 2003; Le Naour et al., 2006; Protty et al., 2009). As co-IPs performed on detergent 

lysates have the potential for generating false positive and false negative results due to 

detergent artefacts, and the results are dependent on each individual detergent’s capacity to 

solubilise membrane proteins and to preserve protein-protein interactions (Protty et al., 2009), 

SMALPs were adopted here for their capacity to preserve native membrane protein complexes. 

First, the lysines and primary amines on the extracellular side of platelet membrane proteins 

were labelled with biotin. This was achieved using a membrane-impermeable Sulfo-NHS-LC-

Biotin reagent, where the NHS ester crosslinks primary amines. The surface-biotinylated 

platelets were then solubilised into SMALPs, and SMALPs subjected to IP with antibodies 

against a variety of membrane proteins of interest. The IPed SMALPs were eluted and applied 

to SDS-PAGE followed by streptavidin Western blotting. For the IPed membrane proteins, if 

they have partner membrane proteins, these partner proteins should be encapsulated into the 

same SMALPs and the whole SMALPs IPed together; thus, on streptavidin blot, each protein 

in IPed SMALPs should show up as a single band, and the identity of the proteins can be 

deduced by their molecular weights (Figure 5.8).  
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Using this assay, the ADAM10/Tspan15 interaction was confirmed: when IPing ADAM10 

SMALPs from the surface-biotinylated platelets, one band at the size of ADAM10 (~60 kDa) 

showed up on streptavidin blot (Figure 5.9A and B), as well as a band just above 25 kDa which 

corresponds to the size of Tspan15 (Figure 5.9A); vice versa, when IPing Tspan15 SMALPs 

from the surface-biotinylated platelets, one band at the molecular weight of Tspan15 (above 25 

kDa) as well as a band corresponding to the molecular weight of ADAM10 was present (Figure 

5.9A and B). Note that the presumed Tspan15 band on streptavidin blot from ADAM10 IP had 

a slightly lower molecular weight than that of Tspan15 IP (Figure 5.9A), which could be 

because ADAM10 has an additional five other TspanC8 tetraspanin partners, of which Tspan14 

and Tspan33 are expressed by platelets (Koo et al., 2022) and so likely to be present in 

ADAM10 SMALPs.  

Another pair of membrane protein complexes, CD151 and integrin α6, where CD151 is another 

member of the tetraspanin superfamily and has been shown to interact with α6β1 integrin 

(Hemler, 2005), was also applied to this assay, and their interaction similarly confirmed in 

SMALPs, where integrin α6 was ~130-150 kDa and CD151 ~28 kDa (Figure 5.9A and B). 

Furthermore, when IPing CD9, another member of the tetraspanin superfamily that has been 

shown to have multiple partner membrane proteins (Reyes et al., 2018) including the scavenger 

receptor CD36 in platelets (Miao et al., 2001), multiple bands above the molecular weight of 

CD9 (~20 kDa) were observed on the streptavidin blot (Figure 5.9A); the exact identities of 

these proteins are unknown, but it is possible that CD9 has multiple partner membrane proteins 

on platelet surface, and the CD9-containing SMALPs have captured different protein 

complexes consisting of CD9 and its different partner proteins. 

In contrast, when IPing GPVI SMALPs from surface-biotinylated human platelets with several 

different antibodies against GPVI, no interesting interacting protein bands were observed on 

streptavidin Western blot, apart from the band at the molecular weight corresponding to GPVI 
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itself (Figure 5.10A). No clear interacting proteins were evident either when the imaging 

exposure time was increased (Figure 5.10B). FcRγ did not appear on the streptavidin Western 

blot, possibly because it has only five amino acids in the extracellular side with only the first 

one being lysine, thus may not accessible to the biotin-labelling reagent here. The streptavidin 

blot on GPVI IPs suggests that GPVI might not have intimate membrane protein partners on 

platelet surface, apart from FcRγ; however, it is also possible that other GPVI interacting 

membrane proteins exist, but they have small extracellular regions which are not accessible to 

the surface biotinylation reagent in this experiment. 
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Figure 5.8 Experimental procedures of the co-IP assay on biotinylated SMALPs from 

human platelets. 
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Figure 5.9 A novel co-IP assay based on biotin-streptavidin interaction is useful in 

confirming membrane protein interactions and for the potential discovery of novel 

protein interactions. 

Washed platelets were surface biotinylated, solubilised into SMALPs and IPed with the indicated 

antibodies. The IPs were eluted into Laemmli sample buffer, and subjected to SDS-PAGE followed by 

Western blotting for streptavidin. Blots are representative of 3 independent experiments. 

  



 

173 

 

 

Figure 5.10 Immunoprecipitation of GPVI SMALPs from human platelets does not reveal 

novel GPVI-interacting membrane proteins. 

Washed platelets were surface biotinylated, solubilised into SMALPs and IPed with GPVI mAbs as 

indicated. The IPs were eluted and subjected to SDS-PAGE followed by Western blotting for 

streptavidin. Blots are representative of two independent experiments. 
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5.2.6 A novel native PAGE method, SMA-PAGE, can be used for the investigation of 

platelet membrane protein interaction and stoichiometry 

The aims of this section were to establish an SMA-PAGE protocol (Pollock et al., 2019) that 

can be performed routinely on unpurified human platelet SMALPs for a wide range of 

membrane proteins, and to explore whether this optimised SMA-PAGE protocol can be used 

to investigate human platelet membrane protein interaction and stoichiometry. In the optimised 

SMA-PAGE protocol, SMALPs were generated from freshly isolated human platelets with 

optimised SMALP solution B (50 mM Tris pH=8, 150 mM NaCl, 10% glycerol); after 

SMALPs were formed and separated from the unsolubilised debris, the NaCl concentration in 

the solution was supplemented to 500 mM to prevent the potential aggregation of SMALPs. 

The samples were then mixed with native sample buffer, loaded on native PAGE and Western 

blotted with antibodies to a variety of membrane proteins of interest. The resulting blots should 

show the molecular weights of protein assemblies, which are formed by the blotted membrane 

protein together with their interacting proteins, within the same SMALPs. 

The first selected membrane protein for platelet SMA-PAGE analysis was CLEC-2, a platelet-

activating receptor at 2,000-4,000 molecules per human platelet (Haining et al., 2019; Rayes 

et al., 2019), which is ~33-35 kDa in the monomeric form on SDS-PAGE, but has been reported 

to form dimers and higher order oligomers on the platelet surface and in solution (Hughes et 

al., 2010; Martin et al., 2021; Pollitt et al., 2014). For CLEC-2 blots on SMA-PAGE, a major 

band of ~48 kDa was detected, with multiple additional bands that may represent SMALPs 

with multimeric forms of CLEC-2 or unidentified associated proteins (Figure 5.11A). To gain 

insights into whether the ~48 kDa band represented monomeric CLEC-2 SMALPs, two 

different recombinant CLEC-2 proteins were compared to CLEC-2 SMALPs, namely CLEC-

2-His (monomeric) and CLEC-2-IgFc (dimeric), although they have not been run on SMA-

PAGE before and it was unclear how they would run in this gel system. CLEC-2-His showed 
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two major bands on SMA-PAGE at the same molecular weight of the ~48 kDa CLEC-2-

SMALP band, and the higher molecular weight band of ~132 kDa which also existed in CLEC-

2 SMALPs (Figure 5.11A). The higher ~132 kDa band may represent a CLEC-2 dimer formed 

through ectodomain interactions. The CLEC-2-IgFc, on the other hand, showed relatively high-

molecular weight bands, similar to the case of 1% Brij platelet lysates (Figure 5.11A), possibly 

because of receptor clustering or poor separation of this soluble, recombinant protein in a native 

PAGE setting (i.e. without SDS). The band patterns from both resting and rhodocytin (Rho)-

activated platelets were similar (Figure 5.11A), where rhodocytin is a snake venom toxin 

agonist for CLEC-2 (Suzuki-Inoue et al., 2006). Taken together, this suggests that CLEC-2 

exists as a mixture of monomer and dimers on human platelets, with the monomer dominating. 

However, a definitive conclusion cannot be drawn from this data because of the complications 

in comparing CLEC-2-SMALPs with recombinant CLEC-2 on SMA-PAGE. It is also unclear 

precisely how the presence of the SMA belt and lipids would affect the mobility of the CLEC-

2-SMALP, although a contribution of ~5-10 kDa was shown previously (Lee et al., 2016; 

Pollock et al., 2019). 

The second selected protein was GPVI, with a molecular weight of ~57 kDa, which would rise 

to ~75 kDa considering its associated disulphide-linked FcRγ dimer of ~18 kDa. The 

GPVI/FcRγ SMALPs ran as a single band at ~125 kDa on SMA-PAGE, and the band patterns 

from resting state and CRP-activated platelets were the same (Figure 5.11B). This size was 

smaller than an expected dimer (~160 kDa including SMA and lipids), but larger than an 

expected monomer (~85 kDa including SMA and lipids), indicating that it might consist of a 

GPVI/FcRγ complex together with an interacting protein. This putative protein could be either 

a membrane protein, or a protein located intracellularly but associated with the GPVI/FcRγ 

complex. It does not appear to be the Src family kinase Lyn, a cytoplasmic protein previously 

reported to interact with GPVI tail (Ezumi et al., 1998; Suzuki-Inoue et al., 2002), because Lyn 
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was not detected at ~125 kDa by Western blot of SMA-PAGE (data not shown). This suggests 

that the association between GPVI/FcRγ complex and Lyn was not preserved during the 

SMALP generation and SMA-PAGE procedures described here. Follow-up studies, such as 

using mass spectrometry proteomics, would be needed to identify the protein components of 

this ~125 kDa band.  

The third protein to be investigated was integrin αIIb, which forms a dimer with integrin β3, 

and αIIbβ3 is uniquely expressed by platelets (Bledzka et al., 2019). The αIIb blot on SMA-

PAGE showed three major bands, one approximately at the size of an αIIbβ3 heterodimer (just 

below 242 kDa), one approximately at twice the size of an αIIbβ3 heterodimer (just below 480 

kDa), and one more minor band approximately at four times the size of an αIIbβ3 heterodimer 

(between 720 and 1048 kDa) (Figure 5.11C). This suggests that αIIbβ3 exists predominantly 

as a single heterodimer or as a dimer of heterodimers, although given that αIIbβ3 is the most 

highly expressed platelet membrane protein, a proportion of these dimers could have been 

captured within a SMALP by chance, in the absence of any direct interaction. The observation 

of the potential dimers and tetramers of the whole complex of αIIbβ3, has not been shown 

elsewhere before.  

The fourth protein to be studied was GPIbα, the vWF receptor on platelets that plays an 

important role in platelet tethering to sites of vascular injury, and is expressed at 25,000-35,000 

molecules per platelet (Burkhart et al., 2012; Li, 2019; Zeiler et al., 2014). GPIbα is a ~135 

kDa transmembrane protein and is a part of the large transmembrane receptor complex of 

GPIb-IX-V. As described in section 1.2.3, GPIb is formed by one GPIbα disulphide-linked to 

two GPIbβ (~26 kDa) (Luo et al., 2007), the GPIb-IX complex is formed by one GPIX (~20 

kDa) disulphide-linked to one GPIb (the αβ2 complex), and GPV weakly interacts with the 

GPIb-IX complex presumably through polar interactions (Feng et al., 2006; Li & Emsley, 

2013). While the stoichiometry within the GPIb-IX complex is relatively well defined (Luo et 
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al., 2007), there have been controversies regarding the ratio of GPIb-IX to GPV, such as 

whether a GPV is associated with one or two GPIb-IX complexes (Li, 2019). In SMA-PAGE 

blots for GPIbα, major bands were detected at ~334 and ~518 kDa (Figure 5.11D), with a 

smeary appearance that is likely due to heterogenous glycosylation of GPIb-IX-V proteins and 

the diffusion behaviours of GPIb-IX, the later has been shown to count for the interaction of 

GPIb-IX with other membrane proteins than GPV (Arthur et al., 2005; Sullam et al., 1998). 

The bands at ~334 and ~518 kDa, could potentially represent GPIb-IX-V and (GPIb-IX)2-V, 

respectively. 

The fifth chosen protein was Platelet Endothelial Aggregation Receptor-1 (PEAR-1), a 150 

kDa transmembrane protein that plays an activatory role on platelets (Kardeby et al., 2021; 

Nanda et al., 2005), On SMA-PAGE, PEAR-1 ran mainly as a ~300 kDa band with some minor 

higher molecular weight bands, as well as a ~75 kDa band in two of the three donors (Figure 

5.11E), the latter possibly due to protein degradation. There was evidence that PEAR-1 tyrosine 

phosphorylation can be triggered by homoclustering of this receptor, induced by immune-

clustering (Nanda et al., 2005); thus, the ~300 kDa band might represent a PEAR-1 homodimer. 

The sixth protein to be tested by SMA-PAGE was tetraspanin Tspan9, a ~27 kDa protein that 

interacts with GPVI and is required for normal GPVI lateral mobility in the membrane and 

signalling, although there is no strong evidence for a direct interaction between Tspan9 and 

GPVI (Haining, Matthews, et al., 2017; Protty et al., 2009). On SMA-PAGE, Tspan9 ran as 

two major bands at ~128 kDa and above 42 kDa (Figure 5.11F). This suggests that Tspan9 is 

present as a monomer and possibly in complex with GPVI/FcRγ, given the co-migration in 

Figures 5.11B and 5.11F. 

Tspan15 was the seventh to be investigated, and ran as 832 and 70 kDa bands (Figure 5.11G). 

This provided no clear evidence of the predicted heterodimer with ADAM10 at ~90 kDa, the 
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structure of which was recently solved using cryo-EM (Lipper et al., 2022), unless the 

heterodimer runs at a slightly lower molecular weight than expected. The 832 kDa band was 

striking but was only strongly evident in two of the three donors (Figure 5.11G). In contrast, 

ADAM10 ran predominantly at ~90 kDa on SMA-PAGE (Figure 5.11H), suggesting that it 

does indeed exist as a heterodimer with a TspanC8 such as Tspan15. This raises doubt as to the 

specificity of the Tspan15 antibody used in Figure 5.9G.  

Finally, two additional tetraspanins, CD151 and CD9, were tested together with their potential 

partners on platelets, the laminin-binding integrin α6β1 (Jankovicova et al., 2020; Yang et al., 

2012) and the scavenger receptor CD36 (Miao et al., 2001), respectively. The CD151 blot on 

SMA-PAGE showed a band of ~78 kDa, but with considerable smearing of the band to higher 

molecular weight forms, and an unexplained absence of signal for one of the donors (Figure 

5.11I). This pattern did not correspond to the α6 blot, which showed a major band of ~269 kDa 

(Figure 5.11J) that is strikingly similar to the predicted ~280 kDa for α6β1. This lack of 

evidence for a CD151/α6β1 interaction in platelets is not consistent with successful co-IPs of 

these proteins in relatively stringent detergent (Protty et al., 2009), but it is possible that the 

CD151 antibody used was not specific to CD151. The CD9 blot on SMA-PAGE showed strong 

smears spreading from below 66 kDa to above 242 kDa (Figure 5.11K), possibly corresponding 

to the fact that this tetraspanin is the second most highly expressed membrane protein on 

platelets at ~50,000 molecules per platelet (Protty et al., 2009), and may have multiple partners 

and/or multiple proteins in sufficient proximity to co-localise with in SMALPs. CD36 blots on 

SMA-PAGE were also quite smeary with the bands spanning a wide molecular weight range 

(Figure 5.11L), thus it is not possible from these data to conclude that CD9 and CD36 exist in 

complex with each other.  
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Figure 5.11 SMA-PAGE on human platelet SMALPs followed by Western blotting 

revealed the molecular weights of protein complexes. 

Washed human platelets were stimulated with agonists if indicated, and then solubilised into SMALPs 

or with the indicated detergents. All samples loaded on SMA-PAGE were mixed with 5x native sample 

buffer without boiling prior to loading. The gel was then subjected to Western blotting with the indicated 

antibodies. The approximate molecular weight of each protein band or smear was calculated by 

measuring the distance that each molecular weight marker migrated on the gel, plotting against the 

log10 values of the molecular weight of each marker to get a regression curve, and fitting the travelling 

distance of the band in question into the curve. 

  



 

182 

 

5.3 Discussion 

In this chapter, a simplified protocol of generating SMALPs from washed human platelets, for 

bench-top biochemical experiments to investigate platelet receptor interactions, was developed. 

The key differences between this new protocol and that described by Lee et al. (Lee et al., 2016) 

was that high pressure C3 cell homogenisation and membrane preparation steps were removed. 

Furthermore, the SMALP buffer was optimised by reducing the NaCl concentration from 500 

mM to 150 mM, because the higher concentration was found to induce platelet activation. The 

resulting SMALP generation conditions successfully preserved native membrane protein 

complexes such as GPVI/FcRγ and ADAM10/Tspan15.  

When using the five new GPVI mAbs from Bernhard Nieswandt’s lab to IP GPVI from 

platelets, the relative IP efficiencies among mAbs were different when IPing GPVI from 

detergent (Triton X-100) lysates and from SMALPs. This could be due to differences in epitope 

accessibility when GPVI is solubilised with different strategies. SMALPs have been reported 

to preserve the native conformation of the encapsulated proteins, such as in the case of RhD 

and RhCE proteins from erythrocytes. A conformation-specific RhD antibody can IP SMALPs 

containing RhD from RhD+ populations, whereas the Rh proteins solubilised into detergent 

micelles were unable to be detected by conformation-specific RhD antibodies, indicating that 

at least one important comformation of RhD epitope was preserved in SMALPs from 

erythrocyte membrane (Apoil et al., 1997; Desrames et al., 2020; Goossens et al., 1987). It has 

also been shown that membrane proteins in SMALPs are more stable than in detergent micelles, 

for example, A2aR, a member of GPCR family, displayed increased thermostability and 

tolerance to freeze-thaw cycles when solubilised into SMALPs compared to DDM micelles 

(Jamshad, Charlton, et al., 2015). Thus, the epitope-recognising difference in GPVI IPs from 

detergent micelles and from SMALPs, may reflect a more native-like GPVI conformation in 

SMALPs, highlighting the potential of applying SMALP-encapsulated proteins for the 
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screening of small molecule agonists/inhibitors and antibodies, as stated by the aforementioned 

SMALP study on RhD/RhCE proteins as well (Desrames et al., 2020). On the other hand, 

SMALPs have been reported to trap certain conformational states of their encapsulated 

membrane proteins. The partial agonist-bound structure of glycine receptors (GlyR) was solved 

only when they were extracted into SMALPs (Yu et al., 2021). The ATP-binding cassette (ABC) 

transporter, Sav1866, when extracted into SMALPs, lost its capacity to hydrolyse ATP; this 

could be due to the conformational constraints of the transporter in SMALPs, such that it was 

trapped in a certain state and not as mobile as in native cell membrane, although it could also 

be due to SMA binding the Mg2+ in solution which is essential for the function of the transporter 

(Pollock et al., 2022). Given these previous examples, it could also be the case that SMALPs 

trap certain GPVI conformations or restrict its mobility, thus impacting on antibody recognition. 

The relatively rigid nanodisc shape and the existence of surrounding lipids in SMALPs may 

also provide more steric hindrance to the encapsulated GPVI for it to be recognised by certain 

mAbs. The epitopes of these new mAbs to GPVI will need to be mapped for further explanation 

of the data here. 

The GPVI membrane interactome and pTyr signalosome were also explored, using IPed GPVI 

SMALPs from human platelets, with comparison to detergent lysates. A co-IP assay, based on 

biotin-labelling of surface proteins and streptavidin Western blotting, did not reveal novel 

membrane proteins that co-localise with GPVI in SMALPs. However, the co-IP assay here is 

dependent on biotinylation of membrane proteins on primary amines, thus it can miss some 

membrane proteins with small extracellular regions, such as FcRγ. Similarly, GPVI IP of 

SMALPs did not reveal novel pTyr proteins in the GPVI signalling pathway. A band 

corresponding to the molecular weight of FcRγ was the only major band identified. In future, 

mass-spectrometry based methods could be adopted on the IPed GPVI SMALPs from human 

platelets for the discovery of novel regulatory and signalling proteins, although such 
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experiments will need to be carefully controlled with detergent-isolated GPVI and whole-cell 

SMALPs, and the results will need to be further validated by binding and functional assays. In 

addition, it is not clear how well SMALPs can preserve the interaction between integral 

membrane proteins and their intracellular signalling partner proteins, and this could be 

dependent on different membrane proteins and their cytosol partners. It has been reported that 

in erythrocytes, when isolating the membrane by hypotonic lysis with buffers of different ionic 

strength, the spectrin-based skeleton can either be retained with or depleted from the generated 

SMALPs (Desrames et al., 2020). To further investigate whether this is also the case with GPVI 

and the proteins in its phosphor-signalosome, the pTyr profile of GPVI SMALPs that were 

generated in buffers with different ionic strength could be compared. 

Although not detected by the novel, biotinylation-based co-IP assay, GPVI and FcRγ were 

confirmed to co-exist in the same SMALPs by GPVI IP and anti-FcRγ Western blotting. 

Similarly, ADAM10 and Tspan15 were confirmed to co-exist in the same SMALPs by IP of 

one protein and Western blotting for the other, and this membrane protein complex was also 

revealed by the biotinylation-based co-IP assay, confirming the capacity of this assay to detect 

platelet membrane protein interactions. An intimate interaction between ADAM10 and 

Tspan15 was previously suggested by various methods, including co-immunoprecipitation of 

endogenous proteins from stringent detergent lysates (Koo et al., 2020). More recently, the 

cryo-EM structure in detergent micelles has revealed a heterodimer in which the ADAM10 

extracellular region makes two major contacts with Tspan15, with the tetraspanin appearing to 

control the distance of ADAM10 metalloprotease domain cleavage site from the cell membrane 

(Lipper et al., 2022). The established interaction of tetraspanin CD151 and integrin α6 was also 

potentially revealed by this co-IP assay, as shown by the existence of a ~28 kDa band on 

streptavidin blot in α6 IP, and the existence of a ~120 kDa band on the streptavidin blot in 

CD151 IP. However, specific Western blots for both CD151 and α6 will be needed for 
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confirmation. Evidence that this co-IP assay has the potential for the discovery of novel 

interactions for membrane proteins was evident from the streptavidin blot on CD9 IP, which 

showed multiple protein bands with unknown identities. These are potentially the membrane 

proteins that come into close proximity with this tetraspanin on the platelet surface, and thus 

their functions could be regulated by CD9. To identify these proteins, Western blotting with 

specific antibodies or mass-spectrometry based detection is required. 

The SMA-PAGE method followed by Western blotting was also adopted to investigate 

membrane protein interactions and stoichiometry, and was applied to several platelet 

membrane proteins in this chapter. An important caveat in this method is that it relies on 

Western blotting antibodies being specific, so any interesting findings must be verified using 

other methods. For GPVI, its existence as a mixture of monomers and dimers on the cell surface 

in transfected cell lines, and at least partially as dimers on human platelets, has already been 

reported (Clark, Neagoe, et al., 2021). Following SMA-PAGE from platelets and GPVI 

Western blotting, there was one major band of ~125 kDa. Even estimating an SMA plus lipid 

contribution of ~10 kDa (Lee et al., 2016; Pollock et al., 2019), this molecular weight is greater 

than the currently accepted stoichiometry of GPVI monomer plus two FcRγ chains (~85 kDa), 

but lower than a dimer of GPVI-FcRγ complexes (~170 kDa). Therefore, the GPVI/FcRγ 

complex may include an additional protein. Interestingly, SMA-PAGE followed by Tspan9 

blotting revealed a band of ~128 kDa and another of ~42 kDa. The latter may be monomeric 

Tspan9, given its molecular weight of ~27 kDa, but the larger band may represent a 

Tspan9/GPVI/FcRγ complex. Previous research on Tspan9 is limited, but two publications 

support the idea GPVI/FcRγ forms a complex with Tspan9. In the first, Tspan9 antibodies were 

generated and used to show that Tspan9 is expressed by platelets but not most other cell types, 

similar to the platelet-specific GPVI, and has a similar copy number to GPVI in human platelets 

(Protty et al., 2009). In the second publication, Tspan9 knockout mice were generated and 
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found to have partially impaired platelet activation in response to triggering of GPVI, but not 

other platelet receptors (Haining, Matthews, et al., 2017). Furthermore, confocal microscopy 

showed co-localisation of Tspan9 and GPVI in platelets, and the two proteins co-

immunoprecipitated each other, albeit only in relatively low-stringency detergent (Haining, 

Matthews, et al., 2017). Neither methodologies proved a direct interaction. Nevertheless, single 

particle tracking showed GPVI lateral diffusion to be reduced by 50% in the absence of Tspan9, 

providing evidence for a functional interaction between the two proteins (Haining, Matthews, 

et al., 2017). However, the GPVI IPs from SMALPs of surface biotinylated platelets, followed 

by standard PAGE and streptavidin blotting, did not reveal a ~27 kDa band that could 

correspond to Tspan9, although this could be a sensitivity issue if Tspan9 is not efficiently 

biotinylated in this assay. In future, to provide more definitive evidence for the existence of a 

Tspan9/GPVI/FcRγ complex, GPVI IPs of SMALPs should be followed by Tspan9 Western 

blotting. If real, a tetrameric Tspan9/GPVI/FcRγ complex would be strikingly similar to the 

well-characterised FcεRI on mast cells, which functions as the high affinity receptor for IgE. 

This tetrameric complex comprises the FcεRIα chain, which binds IgE and has sequence and 

structural similarity to GPVI, the FcRγ homodimer and FcεRIβ, which has the same four-

transmembrane topology as Tspan9 but is not a tetraspanin. The existence of 

Tspan9/GPVI/FcRγ complexes would have implications for the current clinical trials that are 

aiming to inhibit GPVI-induced platelet activation to treat heart attack and ischaemic stroke. 

Indeed, targetting Tspan9 may provide a novel way to inhibit GPVI function. 

The band pattern on CLEC-2 blot on SMA-PAGE was very similar to the pattern on 

recombinant CLEC-2 monomers, suggesting the majority of CLEC-2 existing in monomer 

forms on human platelet membrane. CLEC-2 dimerisation has been shown to be essential for 

its downstream signalling, as the two SH2 domains of Syk are both crucial to CLEC-2 

activation, and thus two CLEC-2 molecules are needed for SH2 binding, as there is only a hem-



 

187 

 

ITAM in one CLEC-2 molecule (Fuller et al., 2007; Rayes et al., 2019). The higher band in the 

recombinant CLEC-2-His on SMA-PAGE may represent the homophilic interactions between 

different CLEC-2 molecules, as reported by Suzuki-Inoue et al. that soluble CLEC-2 can bind 

platelets and CLEC-2-coated surface (Suzuki-Inoue et al., 2010). This type of homophilic 

interaction may also exist in CLEC-2 SMALPs from human platelets, such that the CLEC-2 

molecules from individual SMALPs interact with each other at their extracellular region. 

Moreover, as the CLEC-2 in SMALPs were embedded in lipid bilayer, the dimers and 

oligomers formed on membrane surface could also be encapsulated. These different types of 

CLEC-2 oligomers, in addition to the fact that CLEC-2 possesses different glycosylation forms 

on platelet surface, could be the reasons why so many bands and smears appeared on the CLEC-

2 blot on SMA-PAGE (Figure 5.8A). Other platelet membrane proteins may be close to and 

regulate CLEC-2 function, for example, tetraspanin CD37 (de Winde et al., 2018), and these 

membrane proteins may be encapsulated in CLEC-2 SMALPs, contributing to the complexity 

of the band patterns. 

To summarise, the work in this chapter has (1) optimised the SMALP generation pipeline from 

human platelets, (2) demonstrated that native membrane protein complexes on the platelet 

surface can be preserved in SMALPs, (3) shown differential recognition of GPVI in SMALPs 

versus detergent micelles, suggesting different GPVI conformations from the two isolation 

methods, and (4) optimised SMA-PAGE and developed a novel co-IP assay based on platelet 

surface protein biotinylation and streptavidin Western blotting to identify platelet membrane 

protein interactions and stoichiometry. The work in this chapter emphasises the potential of 

utilising SMALPs in identifying novel regulatory mechanisms and new antiplatelet drug targets 

for thrombotic diseases, while also highlights the versability of SMALPs.  
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Chapter 6 General discussion 

6.1 Summary of results 

Platelet activation crucially depends on the interaction between platelet membrane receptors 

and their ligands, where the ligands can be exposed to platelets at injury or plaque rupture sites. 

GPVI is the major collagen receptor on platelets, and it can also bind fibrin(ogen); upon binding 

ligands, its downstream signalling pathway is initiated through the ITAMs on the associated 

FcRγ. Platelets also express many other major receptors that play important roles in adhesion 

and/or signalling, such as integrins αIIbβ3 and α2β1, PARs, P2Y1 and P2Y12, GPIb-IX-V, 

CLEC-2, PEAR-1, and other membrane proteins that can regulate the functions of some of 

these major receptors, such as tetraspanins. Understanding the configuration of these 

membrane proteins, including whether and how they form dimers, oligomers and clusters, 

whether and how they interact with each other, and their structural details, are important for 

understanding of their functions and for identifying new antiplatelet drug targets to treat arterial 

thrombosis. However, detergent-based membrane protein extraction methods can interfere the 

stability, structural integrity and protein-protein interactions of the isolated proteins. In this 

thesis, SMALPs were adopted to extract and characterise platelet membrane receptors, and 

have shown promise in GPVI/FcRγ structural determination and in investigating native 

receptor interaction/stoichiometry on platelets. Specifically, for full-length GPVI structural 

determination, purified GPVI/FcRγ SMALPs from transfected HEK-293T cells showed 

distinct populations of GPVI oligomers, could bind collagen, and were relatively pure and 

single-dispersed under negative stain EM. For the investigation of receptor 

interaction/stoichiometry on native platelets, the SMALP-generation protocol was specifically 

optimised for platelets. SMALPs were shown to preserve native membrane protein complexes, 

and two novel biochemical assays on platelet SMALPs, based on co-IP and SMA-PAGE, were 

developed to discover novel membrane protein interactions and to explore protein 
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stoichiometry. Therefore, SMALPs have been established as a promising tool for the 

investigation of platelet receptor interactions, stoichiometry and structure. 
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6.2 The significance of utilising SMALPs for GPVI structure and 

stoichiometry investigations 

It has been of debate whether the dimeric form of GPVI represents a unique conformation for 

ligand binding. Ligand binding studies, with an emphasis on collagen and fibrin(ogen) binding, 

have generated contradictory results. Originally, Miura et al. showed that fibrous collagen 

binds to the dimeric form, but not the monomeric form of GPVI, as the recombinant GPVI-Fc 

protein (the extracellular domain of GPVI fused with dimeric human Fc) inhibited collagen-

induced platelet aggregation, but the recombinant monomeric GPVIex protein (the 

extracellular domain of GPVI) did not (Miura et al., 2002). Their GPVI-Fc protein also 

exhibited high affinity for immobilised collagen, but the dissociation constant of GPVIex was 

too low to be measured (Miura et al., 2002). They concluded that the GPVI dimer may possess 

a specific conformation for collagen binding; alternatively, the collagen binding difference 

between GPVI monomer and dimer could also be attributed to increased avidity. The dimer-

specific conformation idea was later reinforced by several dimer-specific antibodies, namely 

m-Fab-F, 204-11 and 9E18. M-Fab-F and 204-11 were shown to bind specifically to dimeric, 

recombinant GPVI but not monomeric GPVI by ELISA, while 204-11 binding increased m-

Fab-F binding, suggesting it promoted a conformational change in GPVI dimer (Jung et al., 

2012; Jung et al., 2009; Moroi et al., 2003). 9E18 bound dimeric GPVI with a 200-fold higher 

affinity than to monomeric GPVI (Loyau et al., 2010). These findings, together with the first 

crystal structure of GPVI extracellular domains that shows a back-to-back dimer with the 

interface at the D2 domains (Horii et al., 2006), favour the idea of “active dimer”. 

A few more recent findings, however, disproved the “active dimer” idea, where recombinant 

monomeric GPVI was shown to bind immobilised collagen by SPR and ELISA, although with 

lower affinity than recombinant dimeric GPVI (Onselaer et al., 2017; Xu et al., 2021). In 

addition, there have been controversies over whether monomeric or dimeric GPVI bind 
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fibrin(ogen); due to the differences in the fibrinogen- and fibrin-related reagents and GPVI 

expression constructs by different research groups, this issue is still inconclusive (Slater et al., 

2018). Moreover, the deletion of the D2 domain of GPVI, shown to be crucial for GPVI 

dimerisation, did not abolish GPVI signalling in a transfected B cell line (Clark, Neagoe, et al., 

2021). Bioluminescence resonance energy transfer (BRET) studies showed that GPVI existed 

as a mixture of monomer, dimer and higher order oligomers in transfected cell lines, and at 

least partially dimers on resting platelets (Berlanga et al., 2007; Clark, Neagoe, et al., 2021). 

These findings have questioned the functional significance of GPVI dimer. 

Current structural information on GPVI is limited, with the original GPVI structure (without 

ligand) and a recent structure (with CRP) showing back-to-back dimers, and an inhibitory 

nanobody-bound structure showing a domain-swapped dimer (Feitsma et al., 2022; Horii et al., 

2006; Slater et al., 2021). All three structures showed the dimer interface in the D2 domain, 

and they are all crystal structures of the D1 and D2 domains of GPVI. Not only do they lack 

the structural information in other parts of GPVI, but they also generated contradictory insights 

into the dimeric interface. In addition, an earlier report showed GPVI can dimerise through a 

disulphide bond at C338 in its intracellular tail, though its functional significance was not 

determined and its importance questionable because this cysteine residue is not conserved in 

mice (Arthur et al., 2007). As this disulphide-linked GPVI dimer was observed within 10-30 s 

of convulxin activation, the authors suggested that GPVI dimers mediated by extracellular 

domain interaction are pre-existing on the platelet surface, so that the disulphide linking in their 

cytoplasmic domains can happen rapidly following agonist binding (Arthur et al., 2007). 

Therefore, this data suggests that regions of GPVI outside of the D1 and D2 domains may play 

a role in GPVI dimerisation and potentially clustering. In the original GPVI D1-D2 dimer 

crystal structure, the same construct failed to dimerise when suspended in solution; however, 

as stated by the authors, the missing stalk regions may help to stabilise receptor dimerisation, 
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as in the case of CD94, and the association affinity on the 2D cell membrane could be higher 

than the 3D space in solution (Boyington et al., 2000; H. Chen et al., 2002; Horii et al., 2006). 

Taken together, the structurally unsolved region of GPVI could play important physiological 

roles, and a full-length GPVI structure, ideally in complex with FcRγ, may provide essential 

information with regards to GPVI stoichiometry, ligand-binding mode and mechanisms of 

downstream signalling. 

GPVI/FcRγ encapsulated in SMALPs could be a great solution for full-length GPVI structure 

determination. The number of membrane protein structures solved in SMALPs has increased 

substantially in the last few years. Moreover, for certain membrane proteins, their 

conformational diversity was better preserved when using SMALPs than when using other 

membrane protein solubilising methods. For example, the structure of glycine receptor (GlyR) 

in its partial agonist-binding state was resolved for the first time in SMALPs, and in the same 

study, SMALP-encapsulated GlyR revealed open, desensitised and expanded-open states of 

the receptor, while the MSP-nanodisc-encapsulated GlyR only revealed one structure in its 

desensitised-like state. This suggests that the MSP nanodiscs may have imposed more mobility 

constraints on, or shifted the conformational equilibrium of, the receptor, in comparison to 

SMALPs (Yu et al., 2021). A GPVI/FcRγ SMALP structure could address how regions other 

than the D1 and D2 domains influence GPVI stoichiometry, and how the receptor complex is 

configured when inserted in a lipid bilayer. In chapter 4, it was demonstrated that the canonical 

GPVI and FcRγ of choice, with a 10xHis-tag on GPVI, can be expressed in ADAM10-

knockout HEK-293T cells and isolated into SMALPs, and GPVI/FcRγ SMALPs can be 

purified using a Ni-NTA gravity column and gel filtration. The purified GPVI/FcRγ SMALPs 

were functional in binding collagen and were mono-dispersed under negative stain EM, and 

their protein components were relatively pure as shown by mass spectrometry. All these results 
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have shown the potential of purified GPVI/FcRγ SMALPs from HEK-293T cells for the 

structural determination of full-length GPVI in complex with FcRγ. 

In future, to generate a high-resolution, full-length GPVI structure in SMALPs, optimisation 

of protein expression and purification will be necessary. The SMALPs obtained in Chapter 4 

of this thesis were from 100 confluent 15 cm plates of transfected HEK-293T cells, yet the 

amount was only sufficient for the characterisation methods adopted in this thesis, including 

biochemical pull-down assay, mass spectrometry and negative stain EM, but not enough for 

further biophysical characterisation methods such as analytical ultracentrifugation (AUC). The 

amount of single dispersed particles collected from negative stain EM was also too low for a 

3D structure to be constructed. It will therefore be of benefit to use a suspension cell line, such 

as HEK-293F, instead of the current adherent HEK-293T cells, since suspension HEK-293F 

cells can be grown up at much higher density than on plates, and avoid the need for laborious 

harvesting of adherent cells by scraping. Current efforts by other members in the Tomlinson 

and Watson groups have involved generating an ADAM10 knockout, suspension HEK-293F 

cell line. Utilising GPVI/FcRγ-transfected HEK-293F cells and a shaking incubator for cell 

culturing, the amount of HEK cells that can be collected in one experiment has been greatly 

increased.  

For the GPVI/FcRγ-SMALPs purified in this thesis, the gel filtration profile suggested that the 

particle sizes were quite diverse; although these different particles can be separated by gel 

filtration, the steep slope in between the two major peaks indicated that the species in each 

fraction could still be heterogenous in size, which was actually confirmed by the negative stain 

EM image of fraction 7. These different species could be different orders of oligomer of the 

GPVI/FcRγ complex, and solving the structures of different oligomers could provide important 

insights into GPVI oligomerisation. However, for high-resolution structure determination, it 

would be better to obtain more homogeneous samples, representing one or two oligomerisation 
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states, rather than a series of different order oligomers. Moving forward, it could be beneficial 

to “lock” the GPVI/FcRγ complex in a specific oligomerisation state by incubating the isolated 

membrane with multivalent GPVI ligands, for example, dimeric or tetrameric nanobodies of 

GPVI, which have well-defined valency in contrast to other multivalent ligands such as 

collagen, CRP and CVX (Cheung et al., unpublished work). Such efforts could potentially 

substantially increase the proportion of GPVI/FcRγ complexes in a certain oligomeric state (i.e. 

GPVI/FcRγ dimer for dimeric nanobodies, GPVI/FcRγ tetramer for tetrameric nanobodies), 

while the binding of multimeric nanobodies to the GPVI/FcRγ complex could also increase the 

overall size of the isolated SMALPs, which is beneficial for cryo-EM structure determination. 

Alternatively, elevating the relative amount of GPVI monomers could improve the 

homogeneity of purified SMALPs, which could be achieved by reducing the amount of 

transfected DNA, or using HEPES buffer instead of Tris buffer for solubilisation, purification 

and gel filtration, as HEPES can more effectively buffer hydrogen than Tris, thus may prevent 

pH-related SMALP or protein aggregation. As shown by another study where CD81 was 

encapsulated into SMALPs, the population of particles with smaller size can be increased by 

this strategy (Ayub et al., 2020). The purity of GPVI/FcRγ SMALP samples also needs to be 

improved, which could be achieved by introducing a second epitope tag, such as FLAG, 

followed by a TEV cleavage site on the GPVI expression construct. This would allow a two-

step purification strategy of FLAG capture, TEV cleavage and then His-tag capture. 
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6.3 The significance of utilising SMALPs for the investigation of platelet 

membrane receptor stoichiometry and interactome 

Platelet receptor dimerisation and clustering are considered to play important roles in elevating 

their density, thus can increase the avidity to ligands and amplify downstream signalling events. 

In particular, ITAM receptors rely on clustering to induce platelet activation, in contrast to 

GPCRs which are dependent on conformational changes for activation (Montague et al., 2021). 

The controversy over GPVI stoichiometry and how this affects receptor function was discussed 

in section 6.2. The stoichiometry of the another ITAM receptor on platelets, CLEC-2, was also 

investigated. A previous study by Hughes et al. showed that chemical cross-linking of CLEC-

2 on platelets, followed by anti-CLEC-2 Western blotting, revealed the receptor existing as a 

mixture of monomer, dimer and potentially higher order oligomers in resting-state platelets, 

while rhodocytin-stimulated platelets possessed increased amount of CLEC-2 dimer and 

oligomers (Hughes et al., 2010). The same study also applied immunogold labelling of CLEC-

2 followed by electron microscopy, on resting and rhodocytin-stimulated mouse platelets, 

which similarly showed that CLEC-2 existed as both monomers and dimers on resting-state 

platelets, and the ratio of dimer/monomer and oligomer/monomer increased upon rhodocytin 

stimulation (Hughes et al., 2010). In this thesis, the SMA-PAGE data on CLEC-2 from human 

platelets demonstrated similar results with the co-existence of monomer, dimer and higher 

order oligomers in resting-state platelets, although with no clear evidence that the amount of 

dimer and oligomers increases upon rhodocytin stimulation. However, the rhodocytin 

stimulation was only performed on one of the donors here, and future experiments should use 

more donors for a direct comparison between resting and stimulated platelets. In contrast to the 

data from Hughes et al. which used detergents to solublise CLEC-2 (Hughes et al., 2010), 

protein solubilisation into SMALPs, followed by SMA-PAGE and Western blotting, can 

preserve the native state of membrane proteins in the lipid bilayer and requires no additional 
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labelling of the proteins, thus should introduce less interference to the native conformation and 

configuration of the membrane proteins, which provides technical advantages over cross-

linking-based methods. 

PEAR-1 is a novel aggregation receptor which is expressed on platelets and endothelial cells 

(Nanda et al., 2005). On platelets, it is an activating receptor with the only known endogenous 

ligand being being FcεRIα, and its signalling pathway includes phosphorylation of tyrosines in 

the cytoplasmic tail by SFK, followed by PI3K binding and Akt activation (Kardeby et al., 

2021). In a previous study, a PEAR-1 antibody targeting the extracellular EMI protein-protein 

interaction domain potentiated washed platelet aggregation, but the Fab of the same antibody 

inhibited platelet aggregation, indicating that the PEAR-1-induced platelet activation was 

dependent on the divalency of the antibody, and that dimerisation and clustering of the receptor 

plays crucial role in its activation (Kauskot et al., 2012). This was supported by the SMA-

PAGE data in this thesis, where the ~300 kDa band on PEAR-1 Western blot was very likely 

a PEAR-1 dimer, with other bands of higher molecular weight being potentially higher order 

oligomers (Figure 5.11E). Similarly, SMA-PAGE also revealed the existence of integrin 

αIIbβ3 oligomers, in this case with clearer and more definitive bands which very likely indicate 

the existence of αIIbβ3 heterodimer and dimer of heterodimers (Figure 5.11C). Clustering of 

integrins can increase their affinity for multivalent ligands, such as vWF and fibrin, as well as 

the binding affinity, therefore can support platelet aggregation (Bledzka et al., 2019; Plow et 

al., 2014; Ye et al., 2014). This SMA-PAGE data has demonstrated its suitability for the 

investigation of platelet receptor stoichiometry. 

The function of many major platelet receptors has been intensively studied over the years. 

However, how their configuration on platelet surface changes upon ligand binding, and how 

these configuration changes impact signal transduction, are still poorly understood. It was 

recently proposed that platelet glycoprotein receptors are pattern recognition receptors and can 
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recognise a wide range of charged particles, due to the large variety of endogenous and 

exogenous ligands that can interact with them (Montague et al., 2021). A rapid and convenient 

method to map the configuration of these receptors on the platelet surface can therefore be key 

to capture the transient or stable configuration states of receptors under different conditions. 

The optimised SMA-PAGE method developed in this thesis, can serve as a convenient, closer-

to-native, and relatively high-throughput way, in comparison to other biochemical methods, to 

explore platelet receptor stoichiometry. The traditional methods to study the stoichiometry of 

platelet receptors, including chemical cross-linking, confocal and super-resolution microscopy, 

and in vitro binding experiments such as ELISA and SPR, all require artificial modification of 

the proteins, for example, chemical labelling or the addition of tags via genetic modification of 

the construct, which can interfere with the native protein interactions and generate artefacts. In 

addition, although the in vitro binding measurements can offer more detailed information on 

the binding affinity and kinetics, these measurements are usually performed in an environment 

which is very different from the physiologically relevant conditions. For example, in ELISA 

and SPR exeperiments, the immobilised proteins or ligands can adopt specific orientations, 

which can either favour or disrupt binding. The different recombinant proteins generated by 

different research groups can also be a problem. For example, GPVI has been shown to interact 

with recombinant or purified fibrin, but not the fibrins that were obtained from human plasma 

or from human whole blood, highlighting the crucial roles played by different reagents in such 

in vitro or ex vivo binding experiments (Zhang et al., 2020). SMA-PAGE circumvents these 

artefacts of traditional methods, providing a new way to look at receptor stoichiometry, without 

the need for specialised equipment. The results from the Western blots on SMA-PAGE are 

preliminary and require further validation of protein identities and confirmation that the 

Western blotting antibodies are specific. However, they are complementary to the 
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aforementioned biochemical or biophysical methods and can provide information on protein 

stoichiometry in the near-native state. 

SMALPs have also been proved useful in membrane protein interaction investigation in this 

thesis. This was demonstrated by the co-IP and SMA-PAGE experiments on SMALPs. 

Excellent example membrane proteins to test this would be the tetraspanin superfamily, as they 

function by interacting with other membrane proteins (their so-called partner proteins) and 

compartmentalising them into nanodomains where binding and signalling events can be 

enriched (Kummer et al., 2020). Novel partner proteins of a specific tetraspanin are usually 

identified by co-IP experiments followed by mass spectrometry proteomics, while the mapping 

of interaction sites can be achieved using mutated expression constructs transfected into cell 

lines. As SMALPs can preserve the native environment of membrane proteins and their 

interactions between each other, they serve as a better platform for the co-IP experiments for 

the discovery of novel partner proteins of tetraspanins. The IPed SMALPs can also be subjected 

to mass spectrometry-based protein identification. In this thesis, the preservation of the 

ADAM10/Tspan15 complex and potentially α6 integrin/CD151 complex in the same SMALPs 

was confirmed by IP and co-IP experiments, confirming the capacity of SMALPs in capturing 

tetraspanin-partner protein interactions. The discovery of novel partner proteins was shown to 

be particularly promising in the cases of Tspan9 and CD9, with the former potentially 

complexing with GPVI. However, similar to using SMALPs for the investigation of platelet 

receptor stoichiometry, the results of co-IP on SMALPs will need to be further validated, for 

example using tetraspanin knockout models to test the physiological significance of tetraspanin 

interaction.  
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6.4 The widening applications of SMALPs 

The majority of studies utilising SMALPs focus on structure determination and biophysical 

characterisation (Krishnarjuna & Ramamoorthy, 2022). Such studies usually apply over-

expression systems to maximise the protein yield; while the SMALP-encapsulated membrane 

proteins are still embedded in the lipid bilayer environment, such lipid environments could be 

different from the endogenous environment. Isolation of endogenous proteins into SMALPs 

has been done by a few groups, where the proteins have been shown to adopt their native 

conformation. For example, the previously mentioned RhD-SMALPs isolated from human 

erythrocytes can be IPed by a conformation-dependent monoclonal anti-RhD antibody, F5, and 

the IPed RhD-SMALPs can be detected on Western blot by another anti-RhD antibody, 

LOR15C9, which is conformation-independent (Desrames et al., 2020). This data indicated 

that the RhD protein in SMALPs from native erythrocytes preserved at least one important 

native conformation, highlighting how SMALPs preserve the intact states of encapsulated 

proteins and potentially lipids from endogenous cells. This thesis has extended the application 

of SMALPs towards the discovery of novel protein-protein interactions. The results here 

proved the capacity of SMALPs for bench-top protein interaction studies, and the protein 

interactions can be studied specifically for chosen proteins, rather than in a global proteomics 

manner, thus opening a novel direction for the application of SMALPs and further 

demonstrating their versatility. The use of SMALPs for protein interaction and stoichiometry 

investigation relieves operators from the tedious screening of detergents which cannot always 

preserve native protein-protein interactions, and the merging and dissociation of detergent 

micelles can generate false positives or false negative results. 

One issue in many biophysical applications of SMALPs, for example AUC, is that the 

performance of the assay is dependent on having sufficient amounts of protein. This is 

particularly a problem for endogenously expressed proteins. Purification of GPVI/FcRγ 



 

201 

 

SMALPs from human platelets, via His-tagged GPVI nanobodies and Ni-NTA gravity column, 

was tried during this thesis, yet the yield was so low that GPVI could barely be detected on 

silver-stained SDS-PAGE gels, although GPVI was detectable by Western blotting (data not 

shown). Increasing the amount of GPVI nanobodies used for purification, and mixing of 

different His-tagged GPVI nanobodies, did improve the amount of purified GPVI SMALPs, as 

shown by Western blotting, but GPVI was lost after the samples were subjected to dialysis, 

suggesting the yield was still too low for further applications (data not shown). Moreover, a 

side-by-side comparison of GPVI expression levels in human platelets and transiently 

transfected ADAM10-knockout HEK-293T cells showed that 3 L of human blood was needed 

for a comparative expression level of ten 10-cm plates of confluent transfected HEK-293T cells 

(Supplementary Figure 5). Therefore, it is substantially easier to generate sufficient amounts 

of GPVI SMALPs from over-expression in HEK-293T cells than from human platelets. In 

addition, the use of His-tagged nanobodies may also lower the purification efficiency if they 

are not of sufficiently high affinity. This protein yield issue for SMALPs with endogenous 

proteins highlights the difficulty of purifying sufficient SMALPs containing specific 

membrane proteins. This thesis adopted a different route, by designing, developing and 

optimising biochemical experiments on unpurified, “crude” SMALPs, which took advantage 

of the intactness nature of SMALPs from endogenous cells, but circumvented the purification 

problem. However, due to the low yield of purified GPVI SMALPs from human platelets, the 

structural determination work on GPVI SMALPs was performed from an over-expressed 

system, as was described in Chapter 4. 

The standard protocols for SMALP generation are more for large-scale production and 

biophysical characterisation, and for bacterial expression systems, for example, the use of a C3 

high pressure homogeniser to burst cell walls open (Lee et al., 2016); however, the protocols 

on platelet SMALPs in this thesis are for biochemistry-based techniques that generally require 
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much less material and “minimised” operation systems comparing to biophysical and structural 

studies, i.e. in 1.5 mL eppendorfs. This offers the opportunity for the development of simplified, 

cheaper and quicker protocols of SMALP generation and purification, which is preferable for 

higher-throughput screening of a larger variety of membrane proteins in our SMALP-based 

assays. Such attempts have to be taken with caution, though, due to our current lack of detailed 

understanding of SMALP formation procedures, and the outpace of SMALP-based 

experiments comparing to the principles of SMALP generation. The modification and/or 

removal of steps in the protocol may cause unexpected outcomes, for example, the tyrosine 

phosphorylation phenomenon indicating platelet hyper-activation and thus a very likely 

disorder of protein-protein interaction in high NaCl concentration (500 mM). Higher 

concentration of NaCl was needed for the disruption of potential SMALP aggregation, though, 

as demonstrated by the higher molecular weight bands on CLEC-2 Western blot of SMA-

PAGE (Supplementary Figure 4). Moreover, it was shown that the removal of hand-

homogenisation and the final ultracentrifugation steps (after SMALP generation, to remove un-

SMALPed debris) did not interfere with the band patterns on SMA-PAGE (Supplementary 

Figure 4), and the removal of these steps could considerately decrease the amount of platelets 

needed to generate SMALPs. Nevertheless, further checks including electron microscopy will 

be needed to confirm that membrane proteins are still encapsulated in SMALPs. These 

highlight the difficulty in the protocol developing procedures, but more importantly, highlight 

the significance in the methodology development work, which may greatly deepen our 

understanding of how SMALPs are generated, how each procedure contributes to SMALP 

morphology, and how the SMALP generation is influenced by different conditions. All of these 

could potentially contribute to our understanding of SMALP formation principles, from an 

experimental perspective, while most of this type of studies attempt to utilise computational 
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simulations, for example, molecular dynamics simulation (Caparotta et al., 2021; Xue et al., 

2018). 

The biotinylation-based co-IP assay and SMA-PAGE assay have been developed on SMALPs, 

by utilising and combining commonly used biochemical techniques, with generic devices in a 

biochemistry lab. Both assays are relatively high-throughput in comparison to other SMALP-

based studies, as neither IP or Western blotting requires a large amount of SMALP samples, 

thus a single platelet preparation from one donor can offer enough material for many platelet 

membrane proteins to be examined, especially for SMA-PAGE as only tens of μL of SMALP 

samples are needed per blot. These assays are simple, convenient, efficient, and offer a possible 

platelet membrane interaction and stoichiometry check for each individual donor, as a large set 

of platelet membrane proteins can be applied using these assays, and the data can be employed 

for the illustration of individual platelet membrane protein characteristics difference. The two 

assays each have their own advantages. SMA-PAGE requires less material to generate useful 

information, and the native gel can reveal protein distribution spanning from 20 kDa up to more 

than 1,000 kDa, allowing for the detection of large molecular weight protein assemblies. The 

biotinylation co-IP assay involves slightly more steps including platelet labelling and co-IP, 

where the co-IP step needs more material, but the band patterns on streptavidin blot are in 

general easier to interpret, as individual proteins show up separately. 

A few drawbacks of SMA-PAGE are that the band patterns of several membrane proteins of 

choice in our studies were hard to explain, and the molecular weights of the bands can deviate 

from the actual molecular weight of the protein (or protein assemblies). However, the 

inconclusive band pattern and deviation of molecular weights are common issues in native 

PAGE, mostly due to the difference of intrinsic charges that each individual, intact proteins 

can carry and expose on their surfaces when they remain folded. The SMA-PAGE method has 

advantages over other widely used native PAGE methods, such as blue native PAGE and clear 
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native PAGE, in the sense that no additives are needed in the loading sample as the SMA belt 

of the nanodisc already serves as an excellent driving force for protein migration. Furthermore, 

the SMALPs are relatively uniformly shaped, at least in the dimension of the disc plane, which 

can decrease the impact of protein shape and intrinsic charges on protein migration. An 

additional bonus is that most of the commercial or hand-made native gels can be used directly 

for SMA-PAGE, and there are almost no additional steps in electrophoresis, transferring and 

blotting procedures, in contrast to some other native PAGE methods, for example blue native 

PAGE where tedious additional washing steps on the membrane have to be applied to wash 

away the Coomassie dye on the membrane for Western blotting. The migration performance 

of SMALPs and detergent lysates was compared on the SMA-PAGE gel running system in this 

thesis, and the Western blots for most of the chosen proteins showed different band patterns in 

the two samples, with the bands from detergent lysates usually ending up in much higher 

molecular weights that are not physiologically relevant, or being much more smeared with the 

individual bands hard to distinguish (Figure 5.11). This demonstrated the important role that 

the SMA belt plays in SMA-PAGE, while also confirming that the SMA-PAGE method is a 

unique way to determine the molecular weight of membrane protein assemblies, which could 

not be achieved without utilising SMALPs in the same PAGE system. Recombinant protein 

samples were used as positive controls on SMA-PAGE for CLEC-2, by loading CLEC-2-His 

as a monomer control and CLEC-2-Fc as a dimer control. Although the band pattern from 

platelet SMALPs resembled the one from monomeric CLEC-2-His (Figure 5.11A), these 

recombinant proteins are not the best controls to use, as they are not in SMALPs and therefore 

the migration depends more on their intrinsic surface charges, and the molecular weight does 

not contain the contribution from SMA belt and the encapsulated lipids. For proteins with hard-

to-interpret band patterns on SMA-PAGE, it will be hard to find an appropriate positive control 

to facilitate the interpretation of the result. 
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Another drawback, in common for these two assays, is that they can only serve as an initial 

checking step or a final confirmation for protein-protein interactions identified by other 

technologies, since no biological conclusion can be drawn without the combination with other 

technologies. In the biotinylation assay, the streptavidin blot cannot indicate the exact identity 

of the protein bands; a quick way to confirm the band component would be Western blotting 

against specific proteins, but this only applies to the situations where the band identity is almost 

definitive according to previous knowledge about the possible interactions. Similarly, in SMA-

PAGE, it is only the molecular weight of the protein assemblies containing the proteins of 

interest that can be shown, but not the protein components in the assemblies. As western 

blotting on SMA-PAGE in this study was done on whole-cell SMALPs, it is not feasible to 

stain the gel and cut out the corresponding bands for mass spectrometry analyses; potentially, 

to further check the protein identities in the bands, the crude SMALPs need to be IPed and sent 

for mass spectrometry. 

Several groups have applied mass spectrometry to examine the protein and lipid components 

in SMALPs, and this type of study has drawn increasing attention over the last few years. The 

reported studies in this field were mainly aiming for an overview of whole-membrane protein 

extraction in SMALPs, for a specific cell type, or an overview of the lipid comparison for the 

investigation of lipid enrichment or depletion around certain proteins (Esmaili et al., 2020; 

Laursen et al., 2016; Pollock et al., 2019; Teo et al., 2019). There was also an attempt to apply 

native mass spectrometry methods to explore the stoichiometry of proteins encapsulated in 

SMALPs (Hellwig et al., 2018). The assays in this thesis present a different way to look at 

SMA-extracted proteomes and protein-protein interactions, focusing on the selected, specific 

proteins (or pairs of proteins) of interest, instead of the whole set of membrane proteins, thus 

providing a novel way of using SMALPs for identifying novel protein interactions. In future. 
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using mass spectrometry to demonstrate the full list of proteins in the specific SMALPs 

containing the proteins of interest may be particularly useful. 
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6.5 Final conclusions and future remarks 

In this thesis, SMALPs were demonstrated as a promising tool for determining the structure of 

GPVI/FcRγ complex in a near-native lipid bilayer environment, for isolating native membrane 

protein complexes from human platelets, and for the investigation of platelet receptor 

interactions and stoichiometry. The established GPVI/FcRγ SMALP generation protocol, from 

transfected HEK-293T cells, can be repeated with further optimisation for higher protein 

amount, purer samples and more homogenous sizes of particles, for the final goal of solving 

the high-resolution structure of GPVI/FcRγ in a native nanodisc environment. The optimised 

SMALP generation protocol on human platelets, have taken into account the propensity of 

platelets to be activated by the environment, and taken advantage of the anucleate and 

membrane-richnature of platelets. Further optimisation and simplification of the protocol is 

still worth exploring, with more evaluation methods to be adopted, such as negative stain EM 

to check the morphology of SMALPs. The co-IP and SMA-PAGE assays that were developed 

on human platelet SMALPs, have demonstrated their usability in exploring platelet receptor 

stoichiometry and discovering novel membrane protein interactions, and can be readily applied 

to a wider range of membrane proteins. Taken together, the results in this thesis have paved the 

way for several interesting and practical future directions, to utilise SMALPs for platelet 

receptor structure, stoichiometry and interaction investigations, while also widening the 

application of SMALPs.  
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Appendix 

Supplementary Table 1 List of proteins identified in the ~100 kDa band (Band 1 in Figure 

4.5).  

The ~100 kDa band from silver-stained SDS-PAGE gel loaded with gel filtration fractions was excised 

from fractions 4-9, pooled together, and subjected to trypsin digestion followed by liquid 

chromatography and tandem mass spectrometry. Only proteins which had a FDR (false discovery 

rate) >1, are not contaminants e.g. keratin, and are located in the membrane, are included, and they are 

ranked by the number of peptides identified for each protein. GPVI and FcRγ are highlighted in purple 

in the table. Number of peptides (#peptides) refers to the total number of distinct peptide sequences 

identified from all included searches, while number of unique peptides (#unique peptides) refers to the 

total number of distinct peptide sequences unique to the protein. PSM refers to peptide score matches. 

GPVI and FcRγ were highlighted in purple. 

 

Accession Description 
Coverage 

[%] 

# 

Peptides 

# 

PSMs 

# 

Unique 

Peptides 

Molecular 

weight 

[kDa] 

Score 

Sequest 

HT: 

Q9HCN6 

Platelet glycoprotein VI 

OS=Homo sapiens 

OX=9606 GN=GP6 PE=1 

SV=4 

21 7 17 7 36.8 35.18 

P04843 

Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 1 OS=Homo 

sapiens OX=9606 

GN=RPN1 PE=1 SV=1 

7 3 3 3 68.5 0 

Q9Y6M5 

Zinc transporter 1 

OS=Homo sapiens 

OX=9606 GN=SLC30A1 

PE=1 SV=3 

5 2 2 2 55.3 2.31 

Q9ULF5 

Zinc transporter ZIP10 

OS=Homo sapiens 

OX=9606 GN=SLC39A10 

PE=1 SV=2 

2 2 2 2 94.1 0 

P30273 

High affinity 

immunoglobulin epsilon 

receptor subunit gamma 

OS=Homo sapiens 

OX=9606 GN=FCER1G 

PE=1 SV=1 

23 2 2 2 9.7 3.83 

A0A140VKC4 

Methyl-CpG-binding 

protein 2 OS=Homo sapiens 

OX=9606 GN=MECP2 

PE=2 SV=1 

8 2 2 2 53.3 0 

Q4VCS5 

Angiomotin OS=Homo 

sapiens OX=9606 

GN=AMOT PE=1 SV=1 

1 2 2 2 118 0 

P27824 

Calnexin OS=Homo 

sapiens OX=9606 

GN=CANX PE=1 SV=2 

2 1 1 1 67.5 0 
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L0R5A1 

Alternative protein 

CSF2RB OS=Homo 

sapiens OX=9606 

GN=CSF2RB PE=4 SV=1 

7 1 1 1 11.6 0 

Q13433 

Zinc transporter ZIP6 

OS=Homo sapiens 

OX=9606 GN=SLC39A6 

PE=1 SV=3 

1 1 1 1 85 1.92 

Q8NEW0 

Zinc transporter 7 

OS=Homo sapiens 

OX=9606 GN=SLC30A7 

PE=2 SV=1 

4 1 1 1 41.6 0 

 

Supplementary Table 2 List of proteins identified in the ~57 kDa band (Band 2 in Figure 

4.5) 

The ~57 kDa band from silver-stained SDS-PAGE gel loaded with gel filtration fractions was excised 

from fractions 4-11, pooled together, and subjected to trypsin digestion followed by liquid 

chromatography and tandem mass spectrometry. Protein inclusion criteria and the meaning of each 

column are the same as those in Supplementary Table 1. GPVI and FcRγ are highlighted in purple. 

 

Accession Description 
Coverage 

[%] 

# 

Peptides 

# 

PSMs 

# Unique 

Peptides 

Molecular 

weight 

[kDa] 

Score 

Sequest HT 

Q9HCN6 

Platelet glycoprotein 

VI OS=Homo sapiens 

OX=9606 GN=GP6 

PE=1 SV=4 

21 6 9 6 36.8 21.28 

P25705 

ATP synthase subunit 

alpha, mitochondrial 

OS=Homo sapiens 

OX=9606 

GN=ATP5F1A PE=1 

SV=1 

8 4 4 4 59.7 1.89 

P30273 

High affinity 

immunoglobulin 

epsilon receptor 

subunit gamma 

OS=Homo sapiens 

OX=9606 

GN=FCER1G PE=1 

SV=1 

23 2 2 2 9.7 3.69 

L0R5A1 

Alternative protein 

CSF2RB OS=Homo 

sapiens OX=9606 

GN=CSF2RB PE=4 

SV=1 

7 1 1 1 11.6 0 
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A8K8G8 

cDNA FLJ75219 

OS=Homo sapiens 

OX=9606 PE=2 SV=1 

3 1 1 1 48.2 0 

V9HW31 

ATP synthase subunit 

beta OS=Homo 

sapiens OX=9606 

GN=HEL-S-271 

PE=1 SV=1 

4 1 1 1 56.5 2.14 

P08670 

Vimentin OS=Homo 

sapiens OX=9606 

GN=VIM PE=1 SV=4 

2 1 1 1 53.6 1.61 

F8WAR4 

MICOS complex 

subunit OS=Homo 

sapiens OX=9606 

GN=CHCHD3 PE=1 

SV=1 

3 1 1 1 27.7 0 

Q8NEW0 

Zinc transporter 7 

OS=Homo sapiens 

OX=9606 

GN=SLC30A7 PE=2 

SV=1 

3 1 1 1 41.6 1.87 

 

Supplementary Table 3 List of proteins identified in the bands at ~18 kDa (Band 3 in 

Figure 4.5).  

The ~18 kDa band from silver-stained SDS-PAGE gel loaded with gel filtration fractions was excised 

from fractions 4-9, pooled together, and subjected to trypsin digestion followed by liquid 

chromatography and tandem mass spectrometry. Protein inclusion criteria and the meaning of each 

column are the same as those in Supplementary Table 1. FcRγ is highlighted in purple.  

 

Accession Description 
Coverage 

[%] 

# 

Peptides 

# 

PSMs 

# Unique 

Peptides 

Molecular 

weight 

[kDa] 

Score 

Sequest HT 

P30273 

High affinity 

immunoglobulin 

epsilon receptor 

subunit gamma 

OS=Homo sapiens 

OX=9606 

GN=FCER1G PE=1 

SV=1 

41 6 9 6 9.7 21.17 

A0A075B6Z2 

T cell receptor alpha 

joining 56 (Fragment) 

OS=Homo sapiens 

OX=9606 

GN=TRAJ56 PE=4 

SV=1 

38 1 1 1 2.2 0 

B2R9T9 

cDNA, FLJ94551 

OS=Homo sapiens 

OX=9606 PE=2 SV=1 

5 1 1 1 26.2 0 
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Supplementary Figure 1 Calibration of the S200 Increase 10/300 column, and fitting of 

GPVI/FcRγ SMALP gel filtration fractions and peaks into the calibration curve. 

(A) Five molecular weight markers (B amylase, Alcohol dehydrogenase, Albumin, Carbonic 

Anhydrase and Cytochrome C) solubilised in PBS were passed through the S200 Increase 10/300 

column, with their corresponding elution volumes (Ve) recorded. The void volume (Vo) was 

determined by passing Blue dextran, 2,000 kDa, through the same column. The data was kindly 

provided by Dr. Alexandre Slater, University of Birmingham. (B) Log10 values of the molecular 

weight of each marker protein in (A) were calculated and plotted against Ve/Vo. A linear trendline 

was fitted to the marker protein data points (blue). Data points from GPVI/FcRγ SMALP gel filtration 

in (C) were also plotted (pink). (C) In the gel filtration experiment on GPVI/FcRγ SMALPs (Section 
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4.2.2), the positions in the middle of each fraction (Figure 4.3A) were recorded as the Ve values for 

fractions 6, 7, 8, 9, respectively, while the Ve of the second peak (Figure 4.3A, positioned between 

fractions 11-12) was also recorded. The molecular weight of proteins in each fraction was calculated 

from the GPVI blot on SMA-PAGE (Figure 4.3C), by fitting the travelling distance of the protein 

band into the regression curve of the blot, as described in Figure 5.11; if the protein band of a fraction 

is smeary, the molecular weight in the middle of smear was used. The molecular weight of proteins in 

each fraction was also calculated from their Ve/Vo values using the column calibration curve in (B). 

The bias was calculated by subtracting the molecular weight calculated in the calibration curve from 

the molecular weight on Western blot, and then dividing this value by the molecular weight calculated 

in the calibration curve. A positive value indicates that the actual molecular weight on the Western 

blot is higher than the molecular weight calculated from the calibration curve, while a negative value 

indicates that the actual molecular weight on the Western blot is lower than the molecular weight 

calculated from the calibration curve. The data of the first peak (Figure 4.3A, positioned between 

fractions 4-5) was not shown here, because the sample run higher than the largest marker, 720 kDa, 

on SMA-PAGE (Figure 4.3C), and therefore it is not possible to read the molecular weight of the 

proteins in this peak.   
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Supplementary Figure 2 Concentration measurement of the gel filtration fractions via 

BSA standards, recombinant GPVI-Fc standards and nanodrop generated different 

results, but the results are in the range of 0.02-0.1 mg/mL in most cases. 

(A) BSA standards were loaded with indicated amount per lane. For gel filtration fractions, 20 μL 

samples with 4 μL 6x Laemmli sample buffer were heated at 75 °C for 10 min, then 20 μL was loaded 

onto the gel. After SDS-PAGE, the gel was subjected to Coomassie staining (Ai), and the stained gel 

imaged and quantified using the Odyssey Imaging System. A BSA standard curve was generated by 

plotting the band strength against the amount of protein per lane (Aii). The predicted amount of proteins 

for each lane and the calculated concentration of the gel filtration fractions are detailed in Aiii. The 

samples were run under reduced conditions. (B) Recombinant GPVI-Fc fusion protein were loaded with 

the indicated amount per lane; for each lane, 10 μL of GPVI-Fc solution was mixed with 2x Laemmli 

sample buffer and heated at 75 °C for 10 min. For gel filtration fractions (4-9), 20 μL was loaded per 

lane, containing 10 μL of 2x Laemmli sample buffer, 9.5 μL of PBS and 0.5 μL of gel filtration fraction 

sample, heated at 75 °C for 10 min before loading to the gel. After SDS-PAGE, the gel was subjected 

to GPVI blot (Bi), and the membrane imaged and quantified using the Odyssey Imaging System. The 

GPVI-Fc standards were quantified and a standard curve generated by plotting the band strength against 

the amount of protein per lane (Bii). The predicted amount of proteins for each lane and the calculated 

concentration of the gel filtration fractions are detailed in Biii. The samples were run under reduced 

conditions. (C) The experiment was conducted similarly to panel B, but with different gel filtration 

fractions (10-15). No visible bands were detected from the diluted samples of fractions 13-15, thus their 

predicted concentrations could not be calculated. (D) The nanodrop readings of the concentrations of 

fractions 4-18. The device was blanked with SMALP solution B. 
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Supplementary Figure 3 The purified GPVI/FcRγ SMALPs are relatively pure. 

GPVI SMALP gel filtration fractions were analysed by SDS-PAGE followed by anti-His-tag Western 

blotting. 
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Supplementary Figure 4 NaCl concentration in the final SMALP solution affects the ratio 

of high order oligomers of CLEC-2 on SMA-PAGE.  

Human platelets were prepared from freshly drawn blood and activated with 200 nM rhodocytin as 

described in section 2.4.2, then SMALPs were generated using optimised SMALP solution B (50 mM 

Tris diluted 1:10 from pH=8, 150 mM NaCl, 10% glycerol). For lanes 1-4, the standard SMALP 

generation protocol was used. The final solution, containing SMALPs, was either directly mixed with 

5x native sample buffer and loaded on the gel (lanes 1-2), or supplemented to a final NaCl concentration 

of 500 mM before mixing with native sample buffer and loaded on the gel (lanes 3-4). For lanes 5-8, 

the SMALP generation protocol was simplified, with the manual homogenisation and 

ultracentrifugation after SMA incubation omitted, as indicated. The final solution, containing SMALPs, 

was either directly mixed with 5x native sample buffer and loaded on the gel (lanes 5-6), or 

supplemented to a final NaCl concentration of 500 mM before mixing with native sample buffer and 

loaded on the gel (lanes 7-8). The samples were loaded onto SMA-PAGE and Western blotted with 

CLEC-2 antibody (AYP1). 
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Supplementary Figure 5 Comparison of the amount of GPVI that can be collected from 

transfected ADAM10-knckout HEK-293T cells and from freshly isolated human platelets. 

Human platelets were isolated from freshly drawn blood, from two healthy donors, and lysed in 1% 

Triton X-100. For ADAM10-knockout HEK-293T cells, they were transfected with GPVI and FcRγ 

expression constructs and then lysed in 1% Triton X-100 lysis buffer. (A) Western blotting with anti-

GPVI antibody was done and quantified (B), and the relative amount of transfected HEK-293T cells 

and human platelets expressing similar amount of GPVI (on whole cell level) was calculated.  
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