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Abstract

Platelets are small, anucleate blood cells, and their major rnolé&emostasis, whereby they
prevent excessive blood lobg adhesion, activain and aggregadn 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
atheroscleotic plaguesThese behaviours are dependent on the interaction between platelet
membrane proteireceptos and the subendothelial matrier soluble ligandsTraditionally,
membrane protein studies relied on deterdpasied solubilisation methods, whickmove

most of the native plasma membrane lipid speciesandaffeciprotein structure and function
Recently a novel methodologyhamely styrengnaleic acid lipid particles (SMALPSs), has
emerged for thextracton of membrane protein3his method utises styrenemaleic acid ce
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 proteibdted by SMA, without the addition of
detergent molecules in any ste@$he aim of this thesis was to adopt SMALPs for the
characterisation of platelet membrane protein structure and intergetitirers with a main

focus onthe plateletactivating collage receptoiGPVI. In transfected HER 93T cells, GPVI

was successfully purified in SMALPs together with its associated BigRalling chainGel
filtration followed by a nativepolyacrylamide gel electrophoresiBAGE) method, SMA
PAGE, revealed multipleizes of the purifiedsPVI/FcRy SMALPSs, suggesting the potential
existence of GPVI oligomergmportantly, GPVI/FcR SMALPs werdunctionalin binding to
collagen, and contagd singledispersed protein particles thabutd be observed under
negative stairlectron microscopyEM), suggesting great potentifar futureinvestigation of

GPVI stoichiometry and structure. In human platelets, the SMALP generation prat@sol

optimised and simplified for bendbp biochemical chracterisatios This demonstratethat



membraneprotein complegs could be successfullextracted into the same SMALPs
includingGPVI/IFcRhand t he 0 mo IABAM1Q vath its segulaterg etragpanins
Tspanl5 In addition, SMAPAGE has been proveas a convenient method to investigate a
wide range of platelet membrane protein interactions, by revealing the molecular weights of
native protein complexes in SMALPS§aken together, the work in this thesssiggestdhat
SMALPs are a promising tool for eéfrcharacterisatiomf platelet receptostructures in their
native lipid bilayer and for the identification of novel membrane protein interaction partners
Such information will be valudé for the future characterisation of new antiplatelet therapeutic

targets designed to prevent thrombosis with minimal effects on haemostasis.
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Chapter 1 General introduction

1.1 Platelet biology

1.1.10verview of platelets

Platelets are small, anucleate cell fragments existing in blood circulation. Platelets are around
2-5 gnndiameter and are the second most abundant blood cells, only less\tthaocytes

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

the procedure of haemostasis, platelets are also tehmogdbocytesBeside this, platelets also

process many other roles beyond haemostasis, including atherogenesis, immune responses such
as inflammationangiogenesisand wound healingBadimon 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, platete 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 i(tilastwig, 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 deetdelke

bulges, all of whichincrease their surface area towards the broken endothelium layer and
therefore help platelets to exert their haemostasis funluomas, 2019)Activated platelets

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



reserved inside platelets, and its connection with the plasma membrane generates small

openings on the platelet outer surfg@&elvadurai & Hantton, 2018)

1.1.2Platelet biogenesighrombopoiesis)

The biogenesis of platelets starts froamematopoietic stem cells (HS@#)ich are located in

the bone marrow and are subjected to-smiewal (Machlus & Italiamo, 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), dells and B cells (Figure 1.1).
Megakaryocytes are the precursors of platelets, and the formation of platelets happens in

sinusoidal blood vesse{Stegner et al., 2017; Tavassoli & Aoki, 1989)

Once formedthe megakaryocytes undergo maturation, which is mediateldrdynbopoietin
(TPO), a cytokine synthesised in the ligfitchcock & Kaushansky, 2014; Kato et al., 1995;
Kelemen et al.1958) TPO binds its receptor;Mpl on the megakaryocyte surface, initiating
downstream signalling pathways that promote platelet gener@ianley et al., 1994; de
Sauvage et al.,, 1994)t was initially believed that the binding of TPO induceMul
dimerisation which leads to activation of the downstream pathways; however, iemlyec
proposed that-&pl 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 megakaryocy#adomitosisand 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 membrangystem (IMS) is formed during
megakaryocyte maturation; the IMS distributes throughout the cytoplasm and serves as a

reservoir of membrane for future platelet producfigokly et al., 2014; Schulze et al., 2006)



It is during megakaryocyte maturation that the proteins netediee packed into platelets are
synthesised and the cytoskeleton is reorgar(igeathlus & Italiano, 2019)The latter induces
pseudopodsvhich stay connected to the megakaryocyte surface, while protruding into the
blood flow through the space between adjacent endothelial cellsnindhé sinusoidal blood
vessels. The formation of thepseudopodstermed proplatelets, is regulated by multiple
cytoskeletal proteins such as microtubules, actin and motor protein dgeeiter et al., 2015;
Italiano et al., 1999; Tanenbaum et al., 2013)oteins and other cellular contents to be
presented in platelets are trafficked from the central area of megakaryocytes into proplatelets,
while the nucleus is nofMcArthur et al., 2018; Ricirdson et al., 2005)he shear rate in
blood flow sheds proplatelets out of mie megakaryocytes, generating preplatelets into the
circulation(Thon et al., 2010)Preplatelets are barbalhape fragments without a nucleus;
they are larger than platelets and will further divide into the final plaidlietshlus & Italiano,

2019)

Platelet count in healthy human beings is4.% x 16 /mL of blood(Daly, 2011) A higher

count is termedhrombocytosiswhile a lower count is termeithrombocyt@enia. Platelet
turnover time is around-I0 daygSiecel et al., 1989)and platelet clearance is mediated by a

few proteins on its surface, includibegalactosidasehich gets exposed on agelesialylated
plateletsand can be recognised by hepatocytes and macrophages, and platelet receptors GPIb
and inegrinUIbb3 which can be recognised by autoantibodies in a process called opsonization

(Quach et al., 2018)
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Figure 1.1 Simplified illustration of platelet lineage in human.

Haematopoietic stem cells (HSGHjferentiate 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 includifayinimgt

unit (BFU) megakaryocytes and coleforming 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 ag@aiivation, 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 andrftorther i
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 fttps://creativecommons.org/licenses/by/B.0/
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1.1.3 The ole 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 thésinteractions 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 oftracellular 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., 2019his whole laemostasis process
involves numerous molecules in platelets, including but not limited to the swfacessed
receptors, intracellular signalling nodes, and granule contents. In this section, the haemostasis
process will be divided into five progressisteps, 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, Wbe 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 activaieuppressed by endothelial egdrived
inhibitory factors, including nitric oxide (NO), prostacyclin (Bfzdnd an endothelial surface
protein, CD39Brass et al., 2019At the site of vascular injury, platelets get into contact with

the components ;fubendothelial matrixhotably fibrous collagen, anabn Willebrand factor

(VWF) which is a soluble glycoprote{iXu et al., 2016)vWF bindsto the collagen fibres, and,

upon the high shear rate generated by the blood flow, its A1 domain getedxproviding

the binding site for GPIb, a platelet membrane recegfitemetson, 2012)The interaction

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

molecular signalling events to follo@iMou et al., 2015)

1.1.3.2 Firm adhesioand platelet activation

The initial adhesion and rolling of platelets, mediated by G/ interaction, is stabilised

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

produces signal transduction through Fc receptdiFcRo) that initiates adownstream

signalling pathway involving extensive phosphorylation events, leading to intracelldfar Ca
concentration increasteo aoadi ¢ atRayesetale PO1L9) i eg i
Integrin (261 is also a receptor for collagen, while intedutbb3 interacts with fibrin(ogen)

and VWF (Haining et al., 2019)Together, these receptiigand interactions facilitate firm

adheson 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
i out-isr & es i g WlkbB. Thisraprgamitation starts from the formatiompmaittrusions

called filopodiapseudopodia, followed by the formation of lamellipo@arrant et al., 2017)
Platelets become flattened towards the injury surface, with increased surface area which is in
part due texocytoss of platelet granuleéSmith, 2018) Thus, more firm adhesion is formed
between the platelet surface and shbendothelial matrjxand blood loss is further restrained

(Brass et al., 2019)

1.1.3.4 Platelesecretion and aggregation

Activated, spread platelets further undergo degranulation processes, which mainly ibvolves
and densg r a n u-gransle corlients include some large proteins, including VWF and
fibrinogen, which binddIbb3 from nearby platelets, and thus recruit more platelets to the

injury site and trigger their activatidifflaumenhaft & Sharda, 2019)ensegranulesrelease



ADP, which ativates platelets via two types of G protein coupled receptors (GPCRs), P2Y
and P2Y,, leading to intracellular C& concentration increase and subsequent integrin
activation (Cattaneo, 2019a)in addition, activated plattls also secretthromboxane A
(TxA>) that interacts witi xAzreceptor (TP), which is also a GPQBffermanns, 2006)ADP

andTxA2work in synergy to activate platelets from circulat{@ffermanns, 2006)

1.1.3.5 Thrombin generation and thrombi formation

The activated platelets accumulating at therinsite exposg@hosphatidylserineand provide

the surface for procoagulant enzyme complexes to {biou et al., 2015) This involves
proteins in the coagulation cascade, mainly factor Xa and Va (seseai$sonl.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, protaaseated receptors (PAR(Colman, D06;
Offermanns, 2006 Fibrin interacts wittllbb3 and thus holds a stable thrombus together with
the platelets attached to(Bledzka et al., 2019More recently, the collagen receptor GPVI
has also been shown to bind fibrinogen and filMiammadovaBach et al., 2015)hus can

also contribute to this final step ¢frombus formation. The PARSs 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 morndly activated platelets in comparison to the shell regiim et

al., 2017) Such clot contraction reinforces haemostasis at the injury site, and prevents
dissociation of a formed thrombus from thascularwall, which might occlude the blood

vesselLam et al., 2011)
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Figure 1.2 lllustration of platelet generation, platelet activation ard 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 their resting state in intact blood vessels, due to the existence of NO and
PGk in blood flow, and CD39 which is expressed on the surface of endothelial cells. (b) Upon blood
vessel injury, inner vessel components are exposeslittendothelial matrixwhich contains rich
collagen fibres and vWF attaching to them. Platelets adherwgbndothelial matrikitially via vVWF

binding GPItJ, and the adhesion is reinforced by GPVI binding collagen. (c) GPVI binding collagen
activates platelets, initiating dmstream 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 fibrinogens AMARAT

ADP, thus recruit more nearby resting platelets and activate them. Activated inikigtindinds
fibrin(ogen) and VWF, facilitating thrombus growth. (d) Activated platelets serve as the surface for
procoagulant enzyme complexes to form, whichawte prothrombin to thrombin (not shown).
Thrombin further activates platelets through its receptors, and cleaves fibrinogen to insoluble fibrin
fibore meshes. Activated integrldibb Jinds fibrin meshes and facilitates firm thrombus formation;
GPVI also ontributes 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 arlmmatory 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 Licensis://creativecommons.org/licenses/by/B.0/
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1.1.4 The role of platelets thrombosis

Apart from haemostasis, platelets also @ayucial role in thrombosis. Thrombosis happens

in a disease context when the thrombus blocks the blood flow. There are two different types of
thrombosis: arterial throbosis 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 atheroslerotic plaque rupture regions where the endothelium is damaged and platelets are
exposed tesubendothelial matrixArterial thrombi can block major arteries, causing severe
conditions such as yocardial ischemiaheart attack and strok®revitali 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, whicesnduc
leukocyte and platelet attachment; the attached leukocytes become activated and express TF,
which initiates the coagulation pathway and thus promote thrombus genékatupenova et

al., 2017) With the low shear rate in veins, the acdgaguant effect of the endothelium is
nearly abolishegMackman, 2012)Venous thrombi are richer imyghrocytesand fibrin, and

are not adherent tine endotheliunas tightly, thus they are more prone to detach and cause
distant vessel occlusivdiseases such as venous thromboembolism (VTE)pahdonary

embolism (PEJKoupenova 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., 2019Yhrombosigypically happens when the blood vessel is alrezalyowed

under pathological conditions. For example, arterial thrombosis happens at the aite of
ruptured atherosclerosis plaque, which has a higher collagen content than a normal wound, and

containsmolecels t hat dondédt normally appear in a he

11



cytokines Meanwhi |l e, the thr omboasufficiestliogsefblood ual |y
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 memghrocyteswhich are trapped in the fibrin

mesh(Brass et al., 2019)

The coagulation system contributes greatly to both haemostasis and thrombdsisye to
venousthrombosis. The coagulation system includes a series of soluble serine proteases and
their cofactors. The system consists of extrinsic, intrinsic and common pathways (Figure 1.3).
The extrinsic pathway is initiated by tissue factor (TF) binding to RRitgugh which FVII is
transformed to its active form, FVIIAF is expressed on subendothelial cells and cells outside

of the blood vesséMackman, 2004)thus its exposure to blood flow only happens in the case

of blood vessel injury, which apathwaycontansf or t
FXI and FIX. FXI is present on activated platelets and can be activated into FXla; the latter
then activates FIX to FIXa in the presence of F{lblman, 2006)The TFFVIla and FIXa

FVIIl complex can both activate FX to FXa, which associates with FV to form prothrombinase,
cleaving prothrombin to thmbin. 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 integrinllbb3 on platelets, with fibrin forming meshes that hold activated
platelets togther to generate the stable thrombi, throllbb3 binding (Colman 2006)
Thrombin is also the ligand for PARs; upon binding, thrombin cleaves PARS, releasing a short
peptide from the Nerminaland exposing a new-krminal sequenc&hich binds back to the
cleaved PARs and induces activation of PBIRding G proteais (see also section 1.2.4(Han

et al., 2019) This initiates downstream signalling pathways that lead to intreamelt#*
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

12



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

to FXla, forming positive feedback to the intrinsic pathy@glman, 2006)

Platelets interact with the coagulation pathway in several aspects, which contributes to both
haemostasis and thrombosis. Tgtespholipidson the outer surface of the resting platelet
membrane lack charge, therefore do not provide binding sites fordtenpymes 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
postively charged coagulation factors and serasghe reaction surface for the coagulation
pathway, including FX activation by extrinsic and intrinsic pathways, FXI activation and the
subsequent FIX activation by FXla, and the cleavage of prothrombin to thr¢Srnith &
Morrissey, 2019; Zwaal et al., 1998jurthermore, 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 acloren, FVlla. The
intrinsic pathway includes FXI activation to FXla, which activates FIX to FIXa in the presence of FVIII.
Both TRFVlla and FIXaFVIIl complex can activate FX to FXa, which initiates the common pathway.
FXa forms complex with FV, and the roplex serves as a prothrombinase, cleaving prothrombin to
thrombin. Thrombin further cleaves fibrinogen to fibrin, facilitating firm thrombus formation.
Thrombin also activates FXI to FXla on the surface of active platelets, acting as a positive feedback t
the coagulation system.
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1.1.5Therolesof platelets beyontdaemostasis and thrombosis

Apart from their canonical roles in haemostasis and thrombosis, platelets also play significant
roles in many other important physiological processes, such as inmmegpoase, inflammation,

and several diseas@xluding cancelMorrell 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 withmune 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 immuriei atlls

al.,2012)Thi s section will focus on plateletso

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.yTdwpress several members of the
Toll-like Receptors (TLRs), which constitute a family of single transmembrane proteins
playing key roles in the innate immune systéhslam et al., 2006; Morrell et al., 2014)
Platelet TLRs includdLR1, TLR2, TLR4, TLR6, TR8, and TLR9(Aslam et al., 2006)
TLR4 can recognise lipopolysaccharide (LPS) from greagative bacteri@Andonegui et al.,
2005; Morrell et al., 2014)andLPS-stimulated platelefictivation further induces platelet
neutrophil interaction, promotingeutrophil degranulatioand the formation oheutrophil
extracellular traps (NETgClark et al., 2007)NETs aremeshstructures of DNAand can trap

and kill microbes due to thegaroteolytic activites(Clark et al., 2007; Vorobjeva & Chernyak,
2020) Platelet activation via TLRLPS has important therapeuimmplications as sepsis
inducedthrombocytopeniaaused bgramnegative bacterianfection has been a considerable
clinical problem and the NETs promoted through TLRdtivated platelets can kill the bacteria

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

(Keane et al., 2010Plaelets also expredaterleukirs (ILs), which are cytokines with pro
inflammatory functiongLi et al., 2012) IL-1b from platelets has been shown to contribute to

the acute phase respor(@ggrey et al., 2013and thus participates in the early stage in the

i mmune systemobs r es pon<dhast een irepdrtedcto iaaivate Pl a
cerebrovascular endothelial ceby inducing the exprs®n of adhesion molecule§GAM -1

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

therefore maycontribute tothe progression ofeurologi@l diseass. In addition, platlets
expressmajor histocompatibility complex class | (MHC &nd can function as antigen

presenting cells (APC¢LChapman et al., 2012)

Platelets have been shown to interact with many other immune cells, in both innate and adaptive
immune system@.i et al., 2012) Co-culture of platelets and monocytes showed that monocyte
differentiation into macrophages can be proeddoy platelet§Kaneider et al., 2003and this
effect has been further shown to be dependent on cytokines duch &nd chemokines such
asplatelet factor 4 (PF4and CCL5(Ali et al., 2015; Gear & Camerini, 2003} latelets also
facilitate neutrophil function by bindg to neutrophils and contributing to NET formation via
TLR4, as discussed befof€lark et al., 2007)Thrombinractivated platelets induakendritic

cell activation(Kaneider et al., 2003Moreover, platelets modulate T cell and B cell activities;
many of these modulation eventg aelated to plateletxpressed CD40[(Henn et al., 1998)
which binds CD40 on APCs artfiereforeinitiates immune responses. For example, an early
study showed that platelet CD40L cangment CD8 T cell responses and indud cell
isotype switchingElzey et al., 2003)Platelets can also modulate the adaptive immune system
via secreted moleculeSheplateletspecific chemokine, PF4, has been showstitaulatethe
proliferation ofhuman CDZ4 CD25' regulabry T cellsbut inhibit the proliferation of CD4

CD25 T cellswhich are nofregulatory(C. Y. Liu et al., 2005)The CD4" CD25' regulatory
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T cellsdownregulag T cell responset® both foreign and selintigenstherefore by inhibiting

their proliferation, plateletsanplay 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 amiume 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 granuleeleased molecules upon platelet activation. Because of these immune
functions,platelets are associated with many diseases, includataria sepsis, HIV arthritis
andatherosclerosigAli 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 inancer

Platelets are also involved in cancer progressiomoral cells can activate platelets, and the
subsequent formation of thrombi further complicate cancer treaénidnis can be achieved by
several mechanisms. Cancer cells have been shown toeseareérous molecules that can
activate platelets, including thrombifixA> and ADP(PalaciosAcedo et al., 2019)Thrombin
activates platelets througilatelet activated receptors (PARS) while at&aves fibrinogen to
fibrin, which further stabilises the thrombus (sectiort35 and 1.2.5.1)[xA2 and ADP also
activate platelets through their corresponding receptors, TP anghPRYaddition, tissue factor
(TF) has been shown to express on cancer cells from different types of cancers ircgudoa)
cancerbreast cacer, pancreatic cancemdmelanomgCocco et al., 2011; Han et al., 2014; Thaler
et al., 2013; Zhao et al., 2013) is one of the major players in the coagulation pathway (section
1.1.4), thus its expression further pronsdgteombus formationn turn, activated platelets express
and secrete molecules that caediate cancer cell growth and metastasis. Activated platelets
express Fselectin and active integrins on their surfaeéhich mediate plateletancer cell

interaction(Menter et al., 2014; Schlesinger, 2018ych interaction can not only protect cancer
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cells from natural killer (NK) cells, but also facilitateancerendothelial and cancégucocyte
interactions(PalaciosAcedo et al., 2019)Activated platelets also secretansforming growth
factor beta (TGP andvascular endothelial growth factor (VEGF)m theirU-granules, and ADP
and ®rotoninfrom their dense granules, all of which can promote wmngoowth. For example,
TGFb can impact thgranule mobilizatiorf NK cells, thus protegtg cancer cells from Nkcell-
mediatedcytolysis (Nieswandt et al., 1999)t also contributes to neutrophil transformationato
pro-tumorigenic phenotypéOlsson & Cedervall, 2018; Palacidgedo et al., 2019)Active
serotoninproduction has been shown to link to pporgnosisn breast cancgratientgLeoncikas
et al., 2016)Endothelial P2Y receptors, the receptors for ADP, onceadet, can promote cancer
cell invasion andmetastasigBallerini et al., 2018; Li et al., 2013; Schumacher et al., 2013)
Interestingly, plateletderived microparticle cantrander micro-RNA into human and wuse
tumours, which inhibited the growth afifg and colon carcinoma ectopic twr® adding in

multiple layers of platelet regulation to can@®lichael et al., 2017)

In addition to promoting cancer cell growtHafelets can serve as a shield on cancer cells,
protecting the latter from being attacked by immune cells and from blood shear Tanisds.
achieved bythe interaction between adhesion molecules on plateletl cancer cells, as
described abov&uch plateletancer cell aggregation has been shown to protect the membrane
damage ofA2780 ovarian cancer cella anex vivoviscometersetting(Egan et al., 2014)
while can also help to stabilise cancer cell interaction witketigetheliakell layer(Palacios
Acedo et al., 2019)Platelets also facilitateangiogenesis, and the separation of blood and

lymphaticvessels, which aid cancer metastg§Silsson & Cedervall, 2018)

GPVI, the receptorof focusin this thesis, has been shown to facilitate cancer metasEi4?
mice injected withLewis lung carcinomar melanomecell lines showe@n approknately 50%
reductionin observable tumour loci, in comparison to WT mice, suggesting that GPVI promotes

cancemetastasigJain et al., 2009More recently, the gnetic deficiency of GPVI in mice showed
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decreasednetastasis obreastandcolon cancer cellsandgalectin3 was idenified as the major
receptor for GPVI on cancer cells using gene krmakmethodgMammadovaBach et al., 2020)
Podoplanin, the endogenous ligand for anofitateletreceptor, CLEE2, which shares a similar
immunoreceptor tyrosinBased activation motfiTAM) -based signalling pathway to GPVI,
expresses dheinvasive front ofmany types of tumour cells, and was showprimmote the
spreading, migration and invasiah cancer cellfRayes et al., 2019; Wicki & Christofori,
2007) Blocking of podoplanin on cancer cells inhdat cancer progression, and the
podoplanin/CLEC2 axis facilitates cancer spreathg and growth by promoting an

immunosuppressed microenvironméigrawal et al., 2015; Sasaki et al., 2018)
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1.2 Major platelet membrane receptorsand 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 otlisidasculature,
mechanistic activation hyor exampleshear rate changand conformational change. In this
section, several major receptors on platelets, including two of the ITAM receptors (GPVI and
CLEC-2), the GPIBIX-V complex, platelet integrins and platelet GPCRs, as well as a family

of regulatory protims, tetraspanins, are briefly described, with focuses on their structures,
physiological functions and therapeutic implications. Finally, platelet signalling events
downstream of these receptors are also introddécedhematic of the mentioned receptansi

several intracellular signalling pathwayslisstrated(Figure 1.4)
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Figure 1.4 lllustration of several major platelet membrane receptors and several signal
transduction pathways.

Platelet tethering to ECM is initiated by GPlbinding VWF in collagen fibres. GPVI then binds to
collagen and initiates the downstream signalling pathevdy AM receptors, highlighted by the LAT
signalosome. The LAT signalosome integrates and activates several adaptor proteins and kinases, and
recruitsphospholipase C gamma RLCo Pand phosphoinositide-@nase (PI3K). PLG 2iydrolyses
phosphatidylinogbl-4,5-bisphosphate (P1(4,5)B) to inositol 1,4,5trisphosphate (IP;) and
diacylglycerol (DAG), which induces platelet intracellular €aconcentration increase and PKC
signalling, respectively. PI3K phosphorylafig4,5)B to PI(3,4,5)R, whoseeffector proteins include

PLCo 2tyrosine kinases, Kindlin3, and Akt. Kindlin3 facilitates the separation of integrin tails, which
is important for integrin insideut signal transduction. Integrins are then transformed intedffgfity

states, bind toxracellular ligands and initiate outside signalling. Platelet GPCRs also contribute
substantially to platelet activation and signalling transduction procedures, with different downstream G
proteins.Regulators of econdarymessengerare showed in gregectangles, while signal integrators

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

GPVI is the majoplateletreceptor for collagen, and is exclusively expressed on platelets and
megakaryocytes. It is a typemembrane protein, composing of twmmunoglobulin
superfamily (IgSFylomains in the Merminal (termed D1 and D2) followed by one heavity O
glycosylated st& region in the extracellular side, a single transmembrane helix, and a 51
aminoacid long intracellular @erminal region. The copy number is 3,060000 GPVI
molecules per platelet in humgRayes et al., 2019GPVI has 339 amino acids, and the
numerous @ylycosylation sites in the extracellular stalk region contribute substantially to its
molecular weight of 62 kDa. It also has angNcosylation site onhe D1 domain. In the
membrane, GPVI forms a complex with two Fc recept({ffcRo) chains through which the
downstream signalling pathway is initiated. BcR also a single transmembrane protein,
composed of a short, fo@mino acid Nterminal extracelldr region, followed by the
transmembrane helix and at€'minal tail. FcR forms a disulphiddound homodimer of ~18
kDa. GPVI and FcRinteract via a salt bridge in their transmembrane regidheng et al.,

2001)

As described in section 1.1.3, GPVI intdras with subendotheliakcollagen 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 FcR, which containshte immunoreceptor tyrosinbased activation motifiTAM)

(Reth, 1989)with two series of YxxL (where Y is tyrosn L is leucine and x is any other
amino acid) separated by seven amino acids. Agonist binding induces phosphorylation of the
two tyrosines in FCRITAMSs, and this is achieved by Src family kinases (SFKs), mainly Lyn
and Fyn(Figure 1.4) SFKs are in closeroximity with the GPVI tail region, regardless of
GPVI activation status, and can therefore quickly respond upon agonist binding to GPVI.

Following this, the phosphorylatd@iAMs provide docking sitefor the tyrosine kinase Syk.
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The binding of Syk to aRcRo ITAM is mediated by its tandem SH2 domains, which further
induces Syk activation through atpgbosphorylation and SFK activiti€daining et al., 2019;

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

the cytoplasmic part of Linker of ActivatedcElls (LAT), a transmembrane scaffold protein,

and this recruits a series of kinases, adaptor andteffproteins to LAT. This complex of
proteins, comprising adaptor proteins SI®, Gads and Grb2, and Tec family kinases such as
Btk, forms a LAT signalosome, which further
phosphoinositide-Binase (PI3K}o LAT (Figure 1.4)P L C o 2PI3X ard two of the central

players in platelet signahg and they act ophosphatidylinositol bisphosphatelP.) (Section

1.2.6). Both the enzymes facilitate a series of reactionsuthiatatdy lead tocytoskeleton

reorganisation and integrin activation.

Structurally, it has been shown that GPVI binds to the typicalRédHyp (GPO) motifs on
collagen, where Hyp is hydroxyprolina unique amino acid in collagefhe GPO repeat is
unique to GPVI bindig (Feitsma et al., 2022; Knight et al., 1999) synthetic peptide,
collagenrelated peptide (CRRAsselin et al., 1997; Morton et al., 199%pnsistingof the
sequenc&CO(GPO)GCOG mimics the triple helix structure of collagen, and, once eross
linked (termed CR¥XL), can induce potent, GPMpecific platelet activation. The structures
of GPVI extracellular IgSF domains, with and with@RP binding, have been solved by X
ray crystallographyFeitsma et al., 2022; Horii et.a2006) (Figure 14A and B), showing
backto-back dimers of two GPVI (D1 and D2 domains only), with the interaction interface
being on the D2 domains. The amino acids in the-BRRBling site have been mapp@eitsma

et al., 2022) The crystal structure of GPVI binding one inhibitory nanobody, Nb2, has also
been solved recently, using a D1 and D2 GP¥tonstruct (dimerSlater et al., 202X Figure
1.4C). This GPViNDb2 structure shows a domaswapped GPVI dimgiFigure 1.5C)a GC 6

hinge has been shown to be crucial for domain swapping, and when this hinge was deleted, the
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resuled mutant could not induce collagesr CRR mediated GPVI signalling in an NFAT

luciferase reporter assagupporting the functional relevancetbé domairswapped dimer
However,domain swapping was not revealed in the two aforementioned dimeric stguctu
(Figure 14A and B), andthe € 6 hi nge may pl ay ,dar exampler ol e s
allosteric modulation. Fulength GPVI/FcR structures are required to test the validity of
existing dimer structuresThe Nb2 binding site is close to but not dapping with the

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

combination of allosteric modulation and steric clash effects.
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GPVI DI

GPVI D1

GPVI D1

Figure 1.5 GPVI structures in the literature.

(A) GPVI IgSF domains form baelo-back dimers, with the interface between two D2 domains (PDB
ID: 2GI7). (B) GPVI IgSF domains bind to CRP via D1 domain (PDB ID: 50U8). (C) D1 and D2
GPVI-Fc construct with an inhibitorpanobody, Nb2, binding D1. GPVI shows a dormawapped
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
domans 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 collagenwhich is the physiologichl significant ligandGPVI has also been shown
to bethe receptor for several other ligan@awaz, 2018)GPVI supported platelet tethering
and stable adhesion to fibrin under flow, as shown bytie& video microscopy experiments
that an anttGPVI Fab, 9012significantlyreduced platelet adhesion to fibunder both low
and high shear flow rai@lammadovaBach et al., 20155ince this first evidence that GPVI
binds fibrin, several groups hagbown that fibrinogen, fibrin and-Bime (the product of
plasmin lysis on fibrin) all bind GPVI, using methods includiBgISA, surface plasmon
resonanc€SPR), platelet spreading, lursiggregometryEbrahim et al., 2018; Mangin et al.,
2018; Onselaer et al., 2017; Xu et al., 202Lnore recent study, using different types of fibrin
includingendogenous fibrinogen in plasifpdasma fibrir) anda TF-coated surface with whole
blood flowing (blood fibrin), in comparison tasolated or recombinant fibrinogehowever,
showed thatinhibition of GPVI or GPVI signaling did not significantly reduce platelet
coverage o plasma fibrin and blood fibrirsuggestinghat GPVI may not functimas an active
fibrin receptor in physiologically relevant conditiof@@hang et al., 2020 here have also been
studies showing that recombina®PVI-Fc binds fibronectinby in vitro coated ELISA plates
(Bultmann et al., 2010andvitronectinby ELISA and flow chambgiSchonberger et al., 2012)
Laminin was also identified dbe ligand for GPVlas platelets fronsPVI-deficient micehad
impaired spreading on laminin, andminin-induced platelet protein phosphorylationvas
dependent on GPV(Inoue et al.,, 2006)In contrast to GPVlollagen interaction, the
functional consequences atherGPVI ligands are poorly understoaand collagen is still by
far the most physiologically important ligartexogenouly, severaknake venom toxshave
also been shown to bind GBMIith the most welldocumented beingpnvulxin (CVX) (Clark,
Damaskinaki, et al., 2021¢CVX is a potent platelet activator with affective dose (ED50) of
only 200pM (Niedergang et al., 2000and has therefore been widely used in platelet studies;

its multivalent structure indicates that it has the potential to lpintd eight individual GPVI
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moleculeqHorii et al., 2009)which may explain the strong downstream signglliesponses

it induces.

It was assumed in the last decade that the dimer represents an active conformation of GPVI
which is essential for its signalling. Dimspecific antibodies indicatetmiqueconformation

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

al., 2012) Collagen was shown to bind specdily to recombinant dimeric but not monomeric
GPVI, as initially shown byhe fact that recombinant dimeric extracellular domains of GPVI
(GPVI-Fc), but not the monomeric GPVI extracellular domain, inhibited platelet aggregation
by collagen and bound tidbfous collagen in ELISA and SPR experimgiMgaura et al., 2002)
Howevert her e are several f I ndsipnegcsi ftihca tc ocnhfaol rl neant
The newly identified ligands, fibrinogen and fibrin, have been shown to bind both monomeric
and dimeric GPV(Slater et al., 2018; Xu et al., 2020ollagenhas also been shown to be
capable of binding monomeric GPYA SPR(Onselaer et al., 201'84nd ELISA(Xu et al.,

2021) although with lower affinity to dimeric GPVThe recent crystal structure showed CRP
bindingto the D1 domain, which is distant from the dimer interaction site at D2 in the first
GPVI structure. Moreover, D@eficient GPVI was able to signal in response to collagen in a
transfected cell lin€Clark, Neagoe, et al., 2021hterestingly, the recent domaswap crystal
structure did favour the unique conformation of GPVI dimer thadeletion otheC-C6 hi nge

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

It is now accepted th&PVI exiss as a mixture of monomers and dimersthe surface of
transfected cell lines, and at least partially as dimers on resting platele¢dl lines,it has

been shown bffuorescence correlation spectroscopy that GPVI, when expressed in transfected
HEK?293T cellsdisplayed an oligomerisatiagtate in between CD86 which is monomeric and
CD28 which is a disulphidenked homodime(Clark, Neagoe, et al., 2021 human platelets,

this has been showhy Forster resonance energy transfer (FRET), where platelet GPVI
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moleculeswvere probed by antibodies labelled with dofioorophorealone, or by antibodies

labelled withdonorand acceptdtuorophores 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 simulaf{iGtark, Neagoe, et al., 202T)he amplified

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

the previously produced GPYimers.GPVI clustering eventsave beernvisualisedy imaging
studies where redime GPVI dimers were observed to cluster different immobilized
collagenous substrateacluding CRPXL and different types of collagg®oulter et al., 2017)
The multimeric characteristic of GPVI ligands also supports the idea that -lojadidg
induces GPVI clusterin(Clark, Damaskinaki, et al., 20239nd therefor¢he amplification of

downstream signalling.

Mice with GPVI depleted byraanttGPVI monoclonal antibodynfAb), JAQ1, displayed
abolished responsde collagen and CRP, but the tail bleeding time waly moderately
increasegthese mice were protectedrmndethal thromboembolisritNieswandt, Schulte, et al.,
2001) In a GPVHnull mice model, the platelets failed to respondilballar collagen or the
snake venom proteiconvulxinn  whi ch i s GRPdskevers bleeding tendentgs
observed bytail bleeding time measuremenf&ato et al., 2003) Similarly, in another
genetically modified GPVfdefident mice model, the platelets did not respond fibrillar
collagenor CRP, but responded normally to other platelet agonists such asaDplatelet
adhesionto fibrillar collagen under both static and dynamic conditioras dramatically

reduced impotantly, these GPWteficient mice were protected against lethal

but

thromboembolismand showed similar tail bleeding time in comparison to wild type mice

(Lockyer et al., 2006)GPVI was also shown farotect formation obcclusive thrombin mice

models with FeGlor mechanical injuryBender et al., 2011 hese results suggest that GPVI

may be a promisingntithrombotic targetn human, anissense mutation in exon 6 of {6p6
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gene, which generates soluble GPVI without the transmembrane region, rendering no GPVI
expression othe surfaceof their plateletshas been identified from Chile, with an estimated
number of ~4,000 individuals bejfomozygous®p6”) (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 vVWF, biteteth adhesion under flow on
collagen and nowollagen surfacegMatus et al., 2013; Naget al., 2020) Established
targeting strategies towards GPVI include utilising soluble forms of GPVI to bind the
endogenous ligands, and utilising GRdhding reagents such &PVI nanobodies anthe

Fab fragment of GPVI antibodies, and small molecule inhibitors bin@RY! or their
downstream signalling proteirgslarbi et al., 2021)For xample,Revacepttherecombinant
GPVI-Fc (Schupke et al., 2019)s already in Phase Il trials feymptomatic carotid artery
stenosig"Revacept in Symptomatic Carotid StenosisALT017, a humanised Fab against
GPVI (Lebozec et al., 2017¥kignificantly inhibited platelet aggregation in primate studies
without bleeding side effegtand is nown Phase | tria(Voors-Pette et al., 2019)nhibitors

for Btk, a tyrosine kinase downstream of GPYV

developmen{Harbi et al., 2021)

1.2.2 CLEGC2

C-type lectinlike receptor ACLEC-2) is another ITAM receptoof platelds, and it has been
shown to play roles in several notassical functions of platelets.is expressed on platelets
with a copy number a2,000/ 4,000in human and also ommegakaryocytes argendritic cells
(Haining et al., 2019; Rayes et al., 201@)LEC-2 is a typell transmembrane protein, with a
C-terminal extracellular domain that consists of &'@ependent (Gype) lectinlike domain,

a transmembrane helix and a short cytoplasmic tail in thermdinal. The CGtype lectinlike
domain of CLEG2 lacks the C# binding residues but preserves all other characteristics

(Watson et al., 2007; Zelensky & Gready, 200B)e stalk region, located betweerype
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lectinlike domain and the transmembrane regf@fatson & O'Callaghan, 2005has been
suggested to play an important role in CLEGQlimerisation(Watson et al., 2007)This
dimerization is important for CLEQ function, as it only contains a hdmAM 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 rgndiphosphorylated YxxL motif
(Haining et al., 2019)The rest of the downstream signalling events are similar to those of
GPVI, with PLG2 being the important final effector. However, CLEGignalling has been
shown to depend more on sedary mediators, ADP and TxAand cytoskeleton remodelling
(Pollitt et al., 2010) The reason for this difference between CEE@nd GPVI signalling is
unclear, and might be that Syk and SFK aghultaneouslyon CLEG2 hemITAM

phosphorylatior{Haining et al., 2019)

Podoplanina transmembrane proteis thefirst identifiedand best characteriseddogenous
ligand of CLEGZ2; it does notexpressin the blood vasculature, beixpressesvidely on
different cell types includingkidney podocytes, lymphatic endothelial cells, fibroblastic
reticular cells ofymphoid organs, and lung epithelial celfsstarita et al., 2012; Rayes et al.,
2019) As a resultthe role of CLE2 in the canonical haemostasis model has not been well
documented instead, CLEE participatesin several norclassical functions of platelets.
CLEC-2 deficient mice displayed blood and lymphatic vessel mixingpanitatal mortality
(Rayes et al., 2019; Suzukioue et al., 2010; Uhrin et al., 201@LEC-2 on dendritic cells
was also shown to regulaignph node expansiatihrough its interaction with podoplanim
this processCLEC-2-clustered podoplanin disrugat the actomyosin contractilitythat was
induced bypodoplanin interaction with Rho proteins and king#gegon et al., 2014)Mouse
plateletstreated with an aMCLEC-2 antibody which displayed complete loss of CLEZ;
adrerednormaly under flow, butshowed severely defectigibsequent aggregate formation

bothin vitro andin vivo, suggesting the role of CLEEIn platelet adhesiofMay et al., 2009)
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in a more recent study from the same group, the kirookouse model with a sigrisg-dead
CLEC-2 (hemITAM tyrosine mutatedphenocopiedhe bloodlymphatic mixing and lethality
of CLEC-2 knockout mice but did not show any thrombotic def@daining, Cherpokova, et
al., 2017) These studies demonstrated the possibidributionof CLEC-2 as an adhesion
moleculein stabilising thrombiCLEC-2 has also been shown to regulaiag development
throughits interaction with podoplani@Tsukiji et al., 2018)Moreover, platelet CLE can
engageodoplanin in disease scenarilwsa mouse model of systen$@almonellayphimurium
infection thrombosis was triggered by inflamnoet, due to the increasing number of
podoplanirexpressing monocytesaind depletion of platelet CLEQ inhibited thrombus
formation (Hitchcock et al., 2015More recently, a second endogenous ligand of CiE£C
hemin, which is amxidised version of heme, has been identif@shemininduced platelet
activation was abolished by recombinant human CI2E&e fusion proteirfBourne et al., 2021;
Martin et al., 202). The detailed moleculanieractions between CLEZ and hemin, and the
binding difference between high and low concentration of hemin to €,B€ed to be further
investigated Exogenouly, the snake Gtype lectin rhodocytin, has been shown to activate
CLEC-2 (Fuller et al., 2007; Suzu#noue et al., 2006 Both podoplanin and rhodocytin bind
distally from the canonical binding site oft¢pe proteinsand they have one overlapping

binding site, as shown by crystal structufidagae et al., 2014)

Similar to GPVI,CLEC-2 has been shown to exist as a mixture of monomer and dimer on
resting plateletéHughes et al., 2010; Martin et al., 2024050 similar to GPVI, CLEC2 forms
largerorder clustersupon agonist stimulatigras shown by platelets binding artificigdid
bilayers containing mobilpodoplanin(Pollitt et al., 2014)In addition homophilic CLEG2
interaction between adjacent cells has also peaposed, as shown by SPR that recombinant
CLEC-2in the flow and on the surface bound each other, by platelet spreadaQL&C-2-

coated surface which was attenuated in CLE@Eficient platelets, and by binding of soluble
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recombinant CLEE to platelets which was also attenuated in CiEG@eficient patelets
(Suzuktlnoue et al., 2010)This homophilic association of CLEZ facilitates thrombus

formation(Suzukilnoue et al., 2010)

1.2.3 GPIbIX-V complex

The GPIbIX-V complex was first discoverdd the 1970s, when the absence of this complex
was found to be the cause BérnardSoulier syndromea rarebleeding disordewith the
symptoms of enlarged plateletsrombocytopeniand increased bleeding tinfi#genkins et al.,
1976; Nurden & Caen, 1975BPIb1X-V mediates platelet rolling and tethering at sites of
vascular damage, amsl thesecond most abundant receptor on platelets, with a copy humber
of 25,00030,000(Li, 2019; Zeiler et al., 2014)'he complex comprises fotnransmembrane
proteins, GPIb, GPIh, GPIX and GPV, witimolecular weight®f approximatelyl35kDa,

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

et al., 2012) The largest component, GRltcontains the largest extracellular domain in the
complex, with aligandbinding domainthat is rich in leucie, followed by he sialomucin
regionthat is rich in serine andhiteonine is heavily Oglycosylated and contains two-N
glycosylation sitedpllowed by anechanosensory domaimhich pecedes the transmembrane
helix and the cytoplasmic domaghi, 2019). The GPIbU extracellular regiortan be shed by
themetalloproteinas@DAM17 atthemechanosensory domaiisD (Bergmeier et al., 2004)

This cleavage releases a soluble fragneoaiied glycocalicin,which circulates in the normal
plasma(Beer et al., 1994; Fox, 1994nd has been used as a marker for certain diseases as it
reflects platelet damage and possibly dysfunct®eer et al., 194). GPIbUJ interacts with
GPIb through disulphide bonds to form GPIb; GPfarther associate with GPIX and GPV
via nonrcovalent bonds, with the association with GPV being we@dket Emsley, 2013)

The cytoplasmic tails afeither of these proteins have defined striadtdomaing(Li, 2019).
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The stoichiometry of GPHEPV-GPIX complex has been of debatdPIbl and GPIib,
originally discovered as a 1:1 compl@erndt et al., 1985; Du et al., 1987; Phillips &iAg
1977) have been shown later to form a 1:2 (GRIGPIH) complex, as émonstrated from
the existence of twextracellularcysteinedocated near th&PIkb transmembrane region that
can both form disulphide bonds with GRltbansmembraneegion(Luo et al., 2007)and the
four-helix-bundle organisation of thieansmembranbeliceswith one fromGPIbJ, two from
GPIb andthe other one fronsPIX (Luo & Li, 2008). The stoichiometry betwedhe GPIb-

IX complex and GPV, on the other hand, is less-@deflned, partly because of the lack of
GPV structural data, and the relativetlyote association between GPV ahé GPIbIX
complex. It has been ggesed that GPIHX may formacomplex with GPV via diffusion on
the plasma membrane, and GPXbcan also form compleeswith other membrane proteins
such as GPV(Arthur et al., 2005and FoRIIA (Sullam et al., 1998Via similar behaviours
(Li & Emsley, 2013) The most welaccepted stoichiometry of the whole complex,umpil
now, is GPItit GPIh: GPIX: GPV=1:2:1:1(Burkhart et al., 2012)although this model
requires confirmation via stetural studiesand there have also been suggestions that-GPlb

and GPV forma complex with 2:1 ratidLi et al., 1995)

GPIbIX-V is the receptor for many ligandscluding vVWF, Uthrombin and collagen, and
severabtherreceptors includig integrinUMb2 (Mac1) and PselectinfAndrews et al., 2003)

VWEF binding GPIbIX-V is the impotant initial step of platelet adhesionttee blood vessel

injury site and is important in inducing the downstream signalling of GPifwombin binds

the ligandbinding domainof GPIdJ with high affinity (Zarpellon et al., 2011Yhis binding

facilitates thrombin binding to PAR receptors (see section 1.2Bd Candia et al., 2001)

andmay also directly induce GRIX-V downstream signallingRamakrishnan et al., 2001)

Collagen iscurrentlythe only known ligandor GPIbIX-V t hat doe &lindieadito i nd G

binds the extracellular domain of GRKimmerlin et al., 2022; Li, 2019¥5PIb-1X-V binding
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tothe counter receptors helps regulate ptatekeraction with other cells, including leukocytes,
endothelial cells and other activated plate(@tsdrews et al., 2003Apart from extracellular
binding, the cytoplasmic tails of GRIK-V interact with gtoplasmc components including
signaling protein 143-3 ¢Du et al., 1994)filamin A (Nakamura et al., 200@ndcalmodulin
(Andrews et al., 2001)Furthermore the juxtamembrane sequencdé GPIb cytoplasmic
regionis rich in basic residues and thomay interactwith negatively charged lipids the

plasma membrang.i, 2019).

The GPIBV-IX complex is primarily a receptor fgolateletadhesion and tethering, with
relatively minimal roles in signalling he signalling pathways from vWF binding GRX-V

to integrinUlbb3 activationare not entirely clearalthoughseveral mechanisms have been
identified, including SFK mediation, P2, PI3K-Akt and PKG pathwayYin, Liu, et al.,
2008; Yin, Stojanovic, et al., 2008)WF binding to GPIHX-V also lead to the secretion of
secondary mediators, ADP and TxAvhich further recruit and activate nearby platgléts.iu

et al., 2005) TheUlbb3 activation leads to subsequent platelet adtiaplatelet secretion,

platelet binding vVWF and fibrinogeand thrombus growth/stabilisation.

1.24 Platelet integrins

Integrins are transmembrane proteimisose main role isnediating celicell and ceHECM
adhesion, and they also facilitatignal traasductionacross the membrari®lezu-Ndubuisi &
Maheshwari, 2021)Each integrin is a heterodimesmposed of onelchain and oné chain

each chain contains a large extracellular domain, a transmembrane helix and the cytosolic
region, and the two chaisse norcovalently bound to each othénm total, there are 18 types

of Uchains and types ofb chainsin mammalsand their combinatiogenerate24 different

integrinheterodimersn human(Takada et al., 2007; Tels&002)
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Ul | b b 3nosthghlytexpeessed 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 protémisillips et al., 1988; Stouffer & Smyth, 2008)1 | b b 3

is themost important mediator gilatelet aggregati@an when platelets are activated by the
agonists of other receptors, including ITAM recept@®Ib1X-V complexand GPCRs, the

signalling pathways induced by these activated receptors lead to cytoskeleton reorganisation,
which brings about he conf or mati onal ¢ h a n g ensidecutf Ul 1 b
signalling The insideo u t signalling changes Ul'l bb3 co
heterodimer has a higher affinity to its extracellular ligafi®ledzka et al., 2019)Y0f 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,isvhédreted by

activated plateletéPlow et al., 2000) Ul | bb3 Dbinding t meesuwar | i gan
basisfor the activated platelets to recruit nearby platelets from blood circulation and activate

them, therefagis the basis for thrombus growth.

Activation of Ullbb3 is | argely dependent
cytoplasmic rgions of the two integrin chain®as et al., 2014; Shattil et al., 2010) its
restings ate, the intracellular tails of UlIlDb ch:
whol e heterodimer is in a #Afotaole dne sidetarat e, w
hauvng relatively low affinity for the extracellular ligand¢Figure 1.4) Platelet agonists

including collagen, TxA, thrombin and ADP, which bind other platelet receptaciivate
phosphol i piassoef obr mesn d( P, which aseredzymed tkat induce platelet

cytosolc Ca* concentration increase and catalgsacylglycerol (DAG) generationAgonist

binding can also activatphosphoinositide -Binases (PI3Ks) These signalling events

converge in TALINbinding tothe Ul | b b @hich ia mddiated byKindlin3, one of the
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effector proteins downstream tbfe PI3K pathway(Bledzka et al., 2019; Malinin et al., 2009)

TALI N binding s ep aviehtfueterledds to the disruptionfolinteraetions s ,
betweertransmembrankelices Following these,the x t r acel | ul ar r egi ons
move away from each otheesulting in an active heterodimer that is mainly connected by the
headpiecest heprfmbpel | er f«domallh!| BrmisaconplbxBserves as the

binding domain for most of the Bagpds(Xiao et al., 2004; Xiong et al., 2000)he transition

from resting to active st at eaxterisive mdeimenbdi 3 e xt
different domains and metal ion participati(Raborn et al., 2011).igand binding bring

about outsidén signaling eventsviaU | | ,lwbich further supports platelet spreading and clot

retraction(Lee et al., 2019)Via small GTRses RAC1 and RHQA

Lack of Ullbb3 expression on pl at e lasetast, or
splicing lead toan autosomal recessidésease calle@Glanzmann thrombasthen(@attaneo,

2003) The phenotype oGlanzmand Patients is characterised by sevemacocutaneous
bleedingand bleeahg after traumasurgeryor postpartun{Cattaneo, 2003; Kannan et al. 020

Siddiq et al., 2011)Platelet aggregation by all agonistsGtanzmanid patientsis absent or
severelydefectve, and clot retraction is also impaired; in some severe casgisiozmang ,s

the platelet U gr an ul -dependeatapkakeffronbptasma is gnpaired a s
(Cattaneo, 2019b; Cattaneo et al., 1992; Harrison et al., 1888)erous therapeutic agents
targeting UllDbb3 have b esamdamtieodydragments,deptidesn c | u o
and nonpeptide inhibitors; some of them can be taken orally, while others are administrated
intravenouslyHuarg et al., 2019)Three therapeutic agenits¢ludingabciximal which isthe

Fab fragment of an arti 3 a n tandbtwodsynall molecule inhibitorgptifibatide and

tirofiban, have been approved for clinical us&bciximab was shown to prevent ischemic

cardiac complications in certain patier(@toffer, 2022) Tirofiban and eptifibatidenvere

introduced imo clinical practicemore recently, have beespproved forthe treatment of
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unstable anginand angioplasty and were developed for the treatmentaotite coronary
syndromewhere they served as a bridge strategy for revascularigiiamg et al., 2019As

ULl bb3 is where sever al maj or receptorsd si
easily induce the overall platelet dysfuntion and subsequent bleedindgjcaiiops(De Luca
etal.,2015) Therefor e, novel t herapi esinsignalfing!l udi n ¢
pathways to preserve the fivgaveof thehaemostasis processes, and using small molecules to
specificallyinhibit fibrinogen binding without causing overall conformational change of the

integrin, have been develop@dw et al., 1999; Li et al., 2014; Liu et al., 2018)

Platelets also express five other integridgs p 3 U2b 1, U566 1,(Cldhetéoh & an d
Clemetson, 2019; Zeiler et al., 2014) Uig thelreceptor for collagewith a copy number of
~4,000(Clemetson & Clemetson,2019) U2b1 binding coll agen may
to the injury site in the initial haemostasis steps, and can also bring platelets ctadkaigen

fibres, facilitating collagen bindingo GPVI and the initiation of its downstream pathways
(Bledzka et al., 2019; Storo et al., 1991)J 2 onull nficé displayed normal bleeding time

and nor mal adh e s ideficenttplatelatsalsd agggegared notmhallgdairie 1

tendon collagenbut did not aggregate to soluble collagénChen et al., 2002; Grenache et

al., 2003; Nieswandt, Brakebusch, et al., 2001% b 1 lansinin rebheptoon platelets with

an expression levebf 11,500 per plateleBurkhart et al.,2012) PlateletspecificU 6 b 1
depleted mice failed to adhere to several types of lamihadgecreased arterial thrombosis

but reained normal tail bleeding time, suggesting this receggapotential drug targéschaff

et al, 2013) Ub b i$ areceptor forfibronectin onplatelets it alsoplays a supplementary role

in platelet adhesioand platelet activation mediated by sCD4Piotrowicz et al., 1988; Simic

et al., 2017; Varg&zabo et al.2008) U v tha@s a copy number of only several hundieeis
platelet,but it mediates platelet adhesion to osteopontin and vitroniectitro (Bennett et al.,

1997) U 3 maBo has a copy number of several hundeelsplatelet and its function on
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platelets is not totally clear; it mediates plateléhesion tasteopontirin vitro, as shown by

the blockage of platelet adhesiorstofacecoatedsteopontirby antiU 3 b not antilibb 3
antibodies in aolid phase assafBennett et al., 1997)J 3 fis3a receptor fowitronectinin

other cells typeéPytela et al., 1985pPlateletspecificb znhull mice hae a shorter lifespan and

do not localise to the inflammation sitéGuo & Piguet, 1998)however,U L bwas only
detected on activated bubtnresting platelets, and was not detected pbgteomic or
transcriptomicstudies, thus it is possible that this integrin is transferred to activated platelets

by vesicles from other cel({€lemetson & Clemetson, 2019)

1.25 Platelet GPCRs

GPCRsare preserttroadly on different cell typesvith the solved structures occupying0%
of the total number of membrane protein structumadapproximately two thirds aflinically
approveddrugs target GPCR$hey are alsexpressedn platelets andlgy important roles in

platelet activation.

1.25.1 Proteasectivated receptors (PARS)

Proteaseactivated receptors (PAR&kre first identified as the platelet recegtimr thrombin,

a robust agonist for plateletghen PARL was cloned in 199QVu et al., 1991)Human platelets
expressPAR1 and PAR4Thrombin bindsits recognitionsitesat the Nterminus(located
extracellularly)of PARSs, cuts at arginine 41 for PAR1 and arginine 47 for BA&éasinga
new Nterminusthat can bind to PAR itselfhus inducing receptor conformation change which

leads to G protein activation and initiates downstream signalling patt{ttapset al., 2019)

The signalling events downstreamfAR1 and PAR4&hare the & pathway which involves
the generation ofnositol 1,4,5trisphosphatg(IP3) and DAG, leading to the increase of
intracellular C&" level and PKC activation, and thes &, pathway which involvesRhoA

activation andRhoGEF regulation. Despite the similarity in the downstream signalling
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pathways, PARAnd PAR4play different roles in resp@eto thrombin: PARJcts as the low
concentratiorthrombin receptor, responding to lower concentration of thrombin and initiating

a quick but transient signal, while PAR4 senses higher concentration of thremdbooing 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 repdneré each PAR as part

of a home or heteredimer modulats 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 diminishedryationsof residues athe PAR1-PAR4
bindinginterface(Arachicle et al., 2013; Leger et al., 2006; Nieman, 20B®modimers of
PAR4 have also been reported, which helps in maintaining PAR4 response to its &denists
la Fuente et al., 2012; Edelstein et al., 20PAR4 has also been shown to interact with other

GPCRs, e.g. P2y, the functional significance of which is yet to be defift€ldan et al., 2014)

Small molecule drugs targeting PAR1 or PAR4 has been developed, with several of them
already on the market or in clinicaldis. Vorapaxara PAR1 antagonist, approvedthg FDA

in 2014 can reduce furtharardiovascularisk of patients with history of myocardial infarction

or peripheral artery diseagBaker et al., 2014)however, due to théncreasing risk of
intracranial hemorrhagm patients with prior ischemic stroke history, Vorapaxar has been
suggested to be discontinued in such patigvitsrow et al., 2013; Tantry et al., 202Despite

the challenge of developing selective antagonists to PAR4 over PARL, at least two highly
selective compounds to PAR4 have entered clinical tfdfitson et al., 2018; Wong et al.,
2017) with one of themBMS-98612Q showing the capacity of reducirgterialthrombus

size with decrased risk of bleeding in comparisondiepidogrel(Wilson et al., 2018)As

PAR4 serve as the higkconcentration thrombin receptor in platelets, selective PAR4
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antagonists could patgally bypass the bleeding side effees the activation of PAR1 can

still be preservedHan & Nieman, 2018)

1.25.2 P2Y; and P2Y2 receptors

Adenosine diphosphat@DP), though a relatively weak agonist of platelet activatizam
amplify the esponses of platelets to other agon{§&attaneo, 2005)and stabilise platelet
aggregationCattaneo et al., 1990; Trumel et al., 19922Y; and P2Y1> are twoimportant

ADP receptor®n platelets

P2Y1, a 42 kDa protein, was detected and identifiedre&DP and ATP receptom(ith ADP

being the agonist and ATP the antagonist) in 1@@06n et al. 1997) ADP coupling to this
receptor initiates Genediated signalling pathwayiscludingP L Cb a afbllowedhylPs0
formation cytosolC&* level increaseandRap1 activation from GDBound form to GTP
bound formRap1 activation leads to integtiibb3 activationvia TALIN andKindlin3.P2Y;

and its downstream signalling pathways are resporfsibheDP-induced platelet shape change
and reversible aggregatidi€attaneo, 2019a)Jn addition, P2Y1 plays a role in collagen
induced aggregatiofirabre et al., 1999¢hemokinenduced platelet actation (Clemetson et

al., 2000) and VWF and GPlbdependent platelet actition undeflow (Turner et al.2001)
Although not directly involved in thrombin receptor signalling pathways, the interplay between
P2Y1and PAR receptors may reinforce the respondmtifreceptorgCattaneo, 2019a; Kim

et al., 2002)P2Y; exists as anixture of monomers and dimers the platelet surface, and the
percentage of dimers increases upon its agonist stimu{dacobson et al., 2013part from
exiging ontheplatelet surface?2Y: wasshown to exist inside plateléton the membrane of
Ugranules and in thepen canalicular systeNurden et al., 2003Several small molecule
antagonists oP2Y: have been developed; however, none of these molecules have been taken

to clinical trial stageg¢da Silva Ferreira et al., 2019)
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P2Y1, is also activaed by ADP and inhibited bATP. Activation of P2V initiates G-
mediated signalling pathways, which inhibit the activitadénylyl cyclaséo catalyse cCAMP
production(Mills, 1996). Apart from that, ADP activation d?2Y12leadsto PI3K activation
(Dangelmaier et al., 2001yvhich contributes to platelet activation and aggregation mediated
by Ulbb3. Similar toP2Y1, P2Y12is alsoexpressedoth on the surface anih the cytoplasm
of platelets, and the intracelluld#?2Y:> comes to the surface upon platelet activation
(HaberstockDebic et al., 2011P2Y12is an established arttirombdic drug target, with many
inhibitor drugs routinely used itine clinc, for exampleclopidogrelandticagrelot both can
be used together with aspirifihe use of aspirin in combination withP2Y1z inhibitor is the
standard treatment for heart attack patients (see also section 1.Rlar).otherP2Yi
inhibitors are also in clinical uses or grinical trials. Despite some existing limitations
including the bleeding side effect, like many other-atdatelet drugsP2Yizinhibitors remain
the major component of arpiatelet therapies, making2Yi. animportant targe{Cattaneo,

2019a)

1.2.4.30ther GPCRs othehuman platelet surface

Platelets also express a wide range of other GPTRs.receptors (TB) are the only type of
thromboxanegeceptors in platelets, and theyuple with multiple G proteins to induce signal
transduction. Platelet TPs have been shown to largely locate in lipid rafts, and raft disruption
can inhibit TxAz-induced C4 increase and nucleotide relea3®s couple to botiGq and
Gioi13(Offermanns et al., 1994; Shenker et al., 199k "gold standardantiplatelet drug for
arterial thrombosis, aspirimhich has been in clinic for over 100 yeassan indirect inhildor

of TPs (Schror, 1997) Aspirin inhibits platelet function by acetylatg the platelet
cyclooxygenas€COX-1) and thus blocking the substraigtalytic siteof the enzyme. COX
catalyses plateletependent xA2synthesis, which igreversiby inhibited by aspirir{Patrono,

2019; Schror, 1997Aspirin is also commonly used in tldeialantiplatelet therapy (DAPT)
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together with one of thé>2Y1 inhibitors, normally clopidogrelficagrelor or prasugrel
(Degrauwe et al., 2017)Another GPCR, le adrenergic receptpiha, can interact with
epinephring andit couples with both Gi and GAdenosine receptoi2aR is a Gscoupled
GPCR that inhibg platelet activation upon bindingdenosingOffermanns, 2006)Platelets
also express several prostacyclin receptors, including rRG¢ptod IP, which isthe major
inhibitory prostaglandin receptor on plateld?®&; E receptorwhich is anactivaing receptor,

and PGDreceptor(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 Notes
coupled with
GPCR
PAR1 Thrombin Gq,G1213,Gi PARL1 interaction with Gi needs
further information
PAR4 Thrombin Gq, G213
TPU/ b TXA2 Gi, Gq, G213
P2Y1 ADP Gq
P2Y12 ADP Gi
Ua 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

G213 RHO-GEF/RHOAactivation

Gi AC inhibition by GU, PI3K phosphorylation by ®i2

Gs AC activation
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1.26 Tetraspaninsind their partner proteins platelets

Tetraspanins are a family ¢fansnembrane proteinthat are expressed in a wide range of
organismsfrom multicellularfungi to plants andto animak (Hemler, 2005; Protty et al., 2009)

Their main recognised function is to form compm@sxvith certain other transmembrane

proteins, which are called partner proteiasn d t hus regul ate partner
trafficking, membrane localisation and lateral diffus{@ermini & Gillette, 2017) Moreover,
tetraspanins ar e k nown asahey fdinmandigeec tetragpanin or g at
microdomains that enrich several tetraspanins and specific epafgnoteins, thus
compartmenting the continuum of lipid membrane and helping localise specific membrane
proteins for their functiorfCharrin et al., 2014)As the name suggestgtraspaninpossess

four transmembrane heligethey also share two extracellular lo8pthe large extracellular
domainand the smalkxtracellularloop (Seigneuret et al., 2001; Skaar et al., 20H5d
intracellular N and G terminals.The firstcrystal structuref a tetraspaniCD81) showed

that the four transmembrane helices group into twehelox bundles, connected biyelarge
extracellular domaiZimmerman et al., 2016Yhe two bundles converge in tbgtoplasmic

side, making the whole protein a corée structure. The intramembrane pocket features a
cholesterol moleculeMolecular dynamics simulations further showed thag ¢hiolesterol

mol ecul e helps | ock CD81 thetargaextiacelulardentis conf o
a fAcapo oV e ranepbcietwhareas GDBlewitHout this cholesterol favoured an
Aopeno c owherethetaage extratellular domairs flipped upwards leaving the
intramembrane pocket open to the extracellular environridémie CD81 has more recently

been shown to exist in this extended conformation when in complex with its partner CD19,
which is an important coeceptor for B cell receptor signallif§usa et al., 2021)here is no

evidence yet for dynamic, cholestereulated conformational changes<dB81 oranyother

tetraspanin.
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There are 33 tetraspanins expressed in huarahmany of themare expressdin platelets,
includingCD9, CD63, CD151, Tspan9, Tspanl5, Tspan32 andnB3jLewandrowski et al.,
2009) CD9is themosthighly expressed teaspaninin human plateletBoucheix et al., 1991)

and the secahmost highly expressed protein of, alith a copy number of50,000(Protty et

al., 2009) However, the role of CD9 in platelets and the partner(s) it interacts with remain
unclear; the CD%nockout mouse has naulsstantial platelet phenotype and the main
phenotype of the mice isianfertility in females due to impaired sperm/egg fudibtangin et

al., 2009) Tspan9was identified as a novel plateletr@spanin in 209 (Protty et al., 209)

and has a copy number of ~2,808s expression in platelets and gaéaryocytes is
considerably higher than mostother cells Tspan9 knockout mice were reported to have no
obvious phenotype, but GP\akctivatedplatelets had partially impaired platelet activation and
GPVI lateral diffusion was reduced by 50daining, Matthews, et al., 2017AIthough
Tspan9 was reported to interact with GRMa&aining, Matthews, et al., 2017; Protty et al., 2009)

it remains unclear whether this is a robust interaction or how Tspan9 affects GPVI
mechanisticallyCD151 has an expression level of ~3,000 in human platetet CD151
knockout mice have a mild bleeding phenotype and impaired platelet aggregatioariety

of ligands, and impaired spreading and clot retractiau et al., 2004)These phenotypes
were attributed to CD151 interaction with
only shown by cammunoprecipitation in weak detergerftsau et al., 2004and it remains
unclear how a relatively weakly exgased 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; intieethn patients lacking
CD151 havea skin blistering phenotype consistent with impaired lambimding integrin
function on epithelial cell@aramatic Crew et al., 20043 D63, asurfacemarker for platelet

activation is a lysosomal membrane protein and only ceta¢he platelet plasma membrane
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uponactivation lIts role on platelets is unclear, because GR@3ckout mice have no platelet

phenotypgSchroder etal.,,2009) CD636s role on other cell ty]

A subgroup ofix tetraspanins]Tspan5, Tspanl0, Tspanl4, Tspanl5, Tspanl7 and Tspan33
termed TspanC8s due to the conservation ofs8einesan their large extracellular domasn

can all form complegs with a metalloprotease, disintegrin and metalloproteinase 10
(ADAM10). ADAM10 is a ubiquitously expressed transmembrane protedss over 100
substratesandfunctions bycleavingthe extracellular domain of its substrate transmembrane
proteirsin a process termed sheddifi¢arrison et al., 2021; Koo et al., 202&¥ bestknown
substratesare the cell fate regulatory Notch proteins amdyloid precursor protein (APP)
which is i nvol ved(HarrisonAtlalz 2021 ADA&108isockdut rsice are e
embryonic lethal due to a lack of Notch cleavage and subsequent signalling and activation of
transcription(Hartmann et al., 2002ADAM10 overexpression in the brain is protective in a
mouse Al zhei merds model , because ARPofcl eava
pathogenic amyloid peptides that derive from AP@Postina et al., 2004ADAM10 also

shed GPVIto release a soluble fragment of GPVI extracellular domaimch is a marker of
platelet activatiomnd has elevated levels in several thrombesegted diseasé€8ender 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 aR021) However, the functional role of GPVI shedding
remains unclear, because platapécific ADAM10knockout mice have no platelet
phenotype, apart from reduced GPVI sheddiBgnder et al., 2010Recently, ADAM10
substrate specificithas been shown to begulatedy its interacting TspanQ8ouannet et al.,
2016; Lipper etl., 2022; Matthews et al., 2018; Reyat et al., 20Ht)man platelets express
three TspanC8sTspanl4, 15 and 33, of whickspan15/ADAM10 and Tspan33/ADAM10

have been shown to shed GR¥bo et al., 2022; Matthews, 2018)nderstanding ADAM10
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substrate specificity via TspanC8s niegjp todevelop tetraspanins as novel therapeutic targets,

avoiding the toxic effects of targeting ADAMXe toits ubiquitousexpression.

1.2.7 Platelet signairansductiorfollowing activation

Platelet receptors respond extracellular stimuli and transduce biochemical signals inside
platelets which ultimately lead to platelet activation inhibition. Several signalling
transductiormolecules anéventsareshared bynajorreceptorsDepending on theorders of
action in platelet activationthey can be roughly divided intsecond messengersignal

integrators and cellular respongkse et al., 2019)Figure 1.4)

Plateletsecond messengemnsicluding C&", DAG and gclic nucleotides, and theeffector
molecules, pospholipases (PL{sphosphoinositide -Binases (PI3K), which catalyse the
generation of these second messengetdpllowingreceptor activationCentral to secondary
messengemctivities is the phosphatidylinositel4,5-bisphospha (P1(4,5)B). Two major
reactiorsof P1(4,5)R exist in platelets: it can be hydrolysed tedidd DAG via the catalysation
of PLCs or be phosphoylated by PI3K into phosphatidylinositol 3,4;f&isphosphate
(PI(3,4,5)B). IPs diffuses inthe cytosol and bind$Ps receptors on intracellular &zstores
leading to intracellular Caconcentration increase, while DAG is associatéti the plasma
membrane andcivates Ser/Thr kinases of the protein kinase C (PKi@gemskerk et al.,
2001) PLCs are downstream of many activating receptordtzare@ are two types of PISin
platelets PLCb and PLCo. PLCb isoforms are downst
PLCo i1 sof or ms tymsine kirmsetcascadggnallihg whighis downstreanof
(hem)ITAM recepto(GPVI, CLEG2 andF ¢ 2 R kignalling(Guidetti et al., 2009; Lian et
al., 2005; Suzukinoue et al., 2003)PI(3,4,5)R, generated throughhe PI3K-mediated
pathway, bind PH-domain containing proteins in platelats;ludingP L C,dyPosine kinases

Btk and Te¢ and Kindlin3(Lee et al., 2010 Cyclic nucleotides, cCAMP and cGMP, are
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inhibitory secondary mediators in plateletieir generation is evoked by B@hd NO, and

their effectors are protein kinase A and G (PKA and PU@¢ et al., 2019)

The effects of second egenges converge osignalintegratorsincluding kinases PKB/G
andRap1 signallingPKCs are effectors of €aand DAG,andthe majoity of PKC isoforms

are activating integratarBifferent isoforms of PKChave distinct role®® K CdndP K Cdre
classical PKCsthey act downstream of PIbCa n d  Pabnditey can alsanduce platelet
granule secretio(Gilio et al., 2010; Konopatskaya et al., 2002KA and PKG, on the other
hand, are inhibitory integrators in platelefBhey are activated by cAMP and cGMP,
respectively, and subsaently phosphorylate several proteins at different phases of platelet
activation for example, TP and tPeceptor(Antl et al., 2007; Beck et al., 2014; Tertyshnikova

et al., 1998) PKA/G also restrict cytoskeleton dynamics by phosphondadéiatin binding
proteins such as VASRee etal., 2019)T he s mal | GTPase Rapl is an
s wi t c lkeen GBDRahdwsTRbound state@igure 1.6)Rapl together with adapter proteins,
TALIN and Kindlin3, are parts ofheU | | b b3 act i .VlaettransitorframoRaph-1 e x
GDPto RaptGTP is regulated bguanine nucleotide exchange factors (GEdrg) GTPase
activating proteins (GAPgbtefanini et al., 2009hemajor GEF in platelets isalciumand
DAG-regulated guanine exchange faetofCalDAG GEFI); as the name suggests, CalDAG
GEFI is activated by Caand DAG releaséollowing PLC activation(Burkhart et al., 2012;
Crittenden et al., 2004; Eto et al., 200)e major GAP in human platelets is Ras P21 protein
activator 3 (RASA3), which is inhited bythe PI3K pathway(Burkhart et al., 2012; Stefanini

et al., 2015)

Platelet signalling eventsiltimately converges in several cellular responsegoskeleton
reorgani sati on, gr anul eCywmskeetl eorgamisatiommedidtesU | | b b 3
platelet shap changes and spreading. Granule secretion generate ligands for platelet receptors

including ADP, TxA, fibrinogen and VWF, which helps to recruit and activate more nearby
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platelets and therefore thrombi growth] | b b 3-ofiit ®siad ¢ i v ateirameptort r ans f

to its highaffinity state for its ligandsand subsequefito u t-israd es ieyenta | | i n g
PLCP/y PI3K
y v
C 327‘ PI(3,4,5) P,
. Rap1-GDP
v ‘
Caclggf [ > <--- RASA3
Rap1-GTP

i
TALIN ;| Kindlin3

€--=-==

allbpB3 activation

Figure 1.6 Rapl regulation pathways.

The small GTPase Rapl i s ancirculatpsthhetweanmGDRMIADR ecul ar
bound states. Guanine nucleotide exchange factors (GEFs) exchange GDP to GTP, while GTPase
activating proteins (GAPs) mediate GTP hydrolysis and turn & back to RapGDP. In human

platelets, the major GEF is calciumdagiacylglycerolregulated guanine nucleotide exchange factor |
(CalDAG-GEF1), which is activated in respond to platelet cytoplasmit&@acentration increase that

is triggered by PL@nediated IR generation. The major GAP in human platelets is Ras R&gip

activator 3 (RASA3), which is inhibited by PI (3, 4, 3)denerated through PI3K pathway. Together,

the activation of CaIDAGSEF1 and the inhibition of RASA3 lead to Rap1l activation to the-Gdunhd

form, which, together with its adaptor proteifSALIN and Kindlin3, activates integrirdibb 3

inducing integrin outsidé signalling events.
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1.3 Styrene-maleic acid lipid particles (SMALPSs) for studying membrane
proteins

1.3.1 Strategies for membrane protein solubilisation

Many of the proteins ohterest in this work are embedded in platelet membranes serving as
receptors or associated with, either directly or through other mediators, to membrane
embedded proteinhis makes membrane proteins challenging to study, since their extraction
from thenative lipid bilayer environment typically removes native lipids and can impair the
structure, function, and interaction with other proteins and ligidsshnarjuna &
Ramamoorthy, 2022Due to these limitationstructuralstudies of membrane proteins have

long lagged behind those of solulpleteins(Lee et al., 2016)

Over the years of membrane protein solubilisati@msearcherdhiave developed different
amphiphilic molecules as tools to extract membrane proggigare 17). In thesestudies the
amphiphilic molecules play agssential role in disrupting the cell membrane continuum and
dissolve individual or complexedembraneoroteins into aqueous solutions.igts achieved

by replacing the native membrane environment with these amphiphilic molecules, which can
happen eitheat almost the exact interface between the transmembrane surfaces and the lipid
acyl tails or to some distandeom the proteinlipid interface, i.e.preservingthe adjacent

membrane environment.
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Figure 1.7 Timescale of membrane protein solubilisation methoddevelopment

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 deivelg&8.
Amphiphols (in green lines) were developed in 1996. Nandsised methods come out since th& 21
century, with membrane scanffold proteins (MSPs, in red) and peptides (in orange) developed for
nanodiscs in the early 00s, SMALPs and alterngtdlgmerbased nanodiscs (polymers in orange lines)
firstly developed since 2009, and DNyased 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 esmamon tool for membrane protein isolatgincethe1970s
(Helenius & Simons, 1975They are small, amphiphilic moleculesnaprising of hydrophilic

head groups and hydrophobic tails. Under low concentration, they exist as monomers in
solution, but when the concentration reaches the critical miceliareatration, the excess of
these monomergan spontaneously aggregate into micellddove the critical micellar
concentration, the increase of detergent concentration no longer elevates monomerramount

solution, but instead contributes to floemation of more micelle@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 normallgosesswo hydrophobic tailattached tahe head groupghus 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 thimeeNgned

inside the sphere and formg hydrophobic interetions In contrastpiological phospholipids

tend to form a planar bilayer structure.

Whendetergents areixed with cell membrane fractions, the membrane can be fragmented
and membrane proteins extracted into detergent micelles, generating -dedtggpnt
complexeswhich are dispersed in the aqueous solufidaraes et al., 2014Yhe hydrophobic
surfaces of the membrane proteins are buried inside the micelles and interact with detergent
tails bya hydrophobic effect, while the head gpsuof the detergent enable solubilisatiowo

models of the solubilisation procedurdsave been inferredthe membrane proteins are
incorporated into prestablished micellesyr the detergent monomers invade into the space
between lipid molecules in thelayer membrane and gradually replace tt{gheinschmidt et

al., 1999; le Maire et al., 2000; Le Maire et al., 1983; Moller & le Maire, 199%®) generated

membrane protein/micelle complex can be applied to downstream biochemical/biophysical
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characterisations, for example electrophoresis size exclusion chromatography,
immunoprecipitationgircular dichroismanalytical ultracentrifugationnsall-angle scattering
techniques (SAXS or SANS), and can be used for protein structure determinatiomayia X
crystallography, iyogenic electron microscopy (crhEM) and/or miclear magnetic resonance

(NMR).

The physical ad chemical propertiesf 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 temp&eparding 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.ifféasyt d

types of detergentsave been developed over the years, and thepegenerally divided into

ionic, nonionic and zwitterionic with diverse chemical structures arsblubilisation
behaviourgBarniol-Xicota & Verhelst, 20Q; 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 micellegGaravito & FergusoiMiller, 2001). As effective in
solubilising membrane as detergents are, and despite the fact that theyaldaaeemarkale
contribution to our understanding of many important membrane prqi@ors et al., 2016)

they haveseveralsignificantdrawbackqChipot 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 pretertsghly 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 meam&s, which could be important to keep
membrane protein structure integrity and facilitate their fundtran den Brinkvan der Laan

et al., 2004; Zoghbi et al., 2016pecondly, the micelle solution is a vastly dynamic
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environment, with monomers in solution and monomers lining the micelle surface undergoing
constantmterchange with each oth@€rishnarjuna & Ramamoorthy, 2022his can expose

part of the protein tramsembrane 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{fgieelutions

with sufficient concentration of the detergents (above the critical micellar concentration) used
for protein extraction, so that the for med
strip away the interacting molecules of a target men#paotein, including their surrounding

lipids and other proteingLee, 2003; Malia &Wagner, 2007) These molecules may be
important for stabilising protein structure and maintaining their function. derein studies

aiming to discover novel protejrotein and proteutipid interactions, this information is
largely lost for detergergxtracted membrane proteifGunsel & 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 generatifgpfaise and
falsenegative results for protejorotein interaction studie$:inally, as already mentiongd
different detergents/membrane proteins display distinct biochemical/biophysical properties,
and the screening process to search for the best combinaticromdition for the desired
application is usually tedious and expeng&eachea et al., 2012; Gutmann et al., 2007; Hardy

et al., 2018; Sjostrahet 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 membraretein 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 lipithyer. 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 byletergent molecules, so the whole particle is soluble in aqueous solution (Figure
1.7). The concept of bicelles was firstly described in 1g88m & Prestegard, 1988icelles

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 efficienc{Durr et al., 2013; Prosser et al., 1998part from being able to
preserve protein structure integrity, bicelles have the extra advantage of being easily aligned in

the magnetic fields of NMR studi¢Brosser et al., 1998)

Amphipols are amphiphilic polymers that have been agpbemembrane protein extraction

since 199@Tribet et al., 1996)The idea is to develop amphiphilic reatewhich 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 whitlive to be above their critical micellar
concentration to take effect in protein solubilisi(l@opot 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 denselydroanthe
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 onA8i 35 (Tribet et al., 1996)There have been a large number of
successful cases where membrane proteins were solubilised into protein/amphekes,

for example, several GPCRsjadylglycerolkinase (DAGK) and nicotinic acetylcholine
receptors (NAChRs)Dahmane et al., 2009; Nasarre et al., 2010; Popot et al.,. AWhilp

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 proteimovement, 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,
meaningthat the membrane proteins need to be firstly solubilised by detergents before adding

in amphipolgPopot 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 stuNiegertheless, the lipid
composition and compartmentalisation can be systematically controlled in these model
membrane system@®orr et al., 2014) Limitations include that the artificial bilayers are
unsuitable for solion-based characterisation methods, and the large size of liposomes make

them not applicable to mamspectroscopitechniques due to light scatterifigorr et al., 2016)

1.3.1.3 Nanodistased methods for membrane protein solubilisation

Nanodiscs are a new generation of membrane protein solubilisaithodology The concept

was firstly created in 2002, when the sequearf@polipoproten A-l was engineered to be able

to spontaneously form didike nanopatrticles when eéacubated with synthetic phospholipids
(Bayburt et al., 2002)These engineered proteins are termed membrane scaffold proteins
(MSPs),andhave a helical structureith two of them stacking on each othercreate delt
arounddiscs with a size of ~10 nm. MSPs have controllable sizes and secondary structures,
and the encapsulated disc contains membrane proteins surrouradgxchlyilayer. Membrane
proteins are firstly solubilised by detergents, then incubated together with &9
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 ofsttrted protein@Nath,

Atkins, et al., 2007) MSP-belted nanodiscs can also be generated fromfreell potein
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expression systems, in which case detergents are not re(Rriosdrbio et al., 2013The lipid

species to be added in MSP nanodiscs can be selected according to the preference of the
encapsulated membrane proteldumerous membrane proteins have been successfully
incorporated and characterised using M@Rodiscs, including microsomattochromeP450

(CYP) and GPCRs, and ligaruinding studies on many of these proteins have generated
valuable information on thepharmaological profiles(Lavington & Watts, 2020; Leitz et al.,

2006; Nath, Grinkova, et al., 2007)

More recently, another type dipid-binding protein, saposin Ahas been shown to form
nanodiscs encapsulating lipids and pnas (Frauenfeld et al.,, 20165aposinshave been
shown to bind lipid membraneransport lipidsand form lipid complexe (Bruhn, 2005;
Olmeda et al., 2013; Popovic et al., 2QH2)d several structures sdposin proteinsave been
reported(Ahn et al., 2003; Popovic et al., 2012; Rossmann et al., 2D@8hbrane proteins
are firstly extracted into detergent solusothen incubated together with phospholipids and
saposin A to formsaposidipoprotein (Salipro) nanoparticlesvhich are similar in size to
MSPs(Frauenfeld et al., 2016The number of membrane protein structures solvedposin
nandaliscsis increasing, witlseveral of these proteins beingonactivated chloride channel
ASOR(Wang etal., 202203 b 4 ni c o tinitaligandbindiny stgge$Gharpure et al.,
2019) andmuscle nicotinic receptan both resting andlesensiged stats (Rahman et al.,
2022) In addition,a new pipeline to generasaposimanodiscs, direct membranetraction
(DirectMX), has been developed, which can extnaetmbraneproteins from crude cell
membranesinto saposinnanodiscs in one stefl loris-Garcera et al., 2020)Although
DirectMX has been shown to be suitable 38R anctryo-EM analysigDrulyte et al., 2023)
this method still needs to incubate the crude membranes with detergent solution, because
detergents camcrease membrane fluidilzloris-Garcera et al., 202@nd activate saposin A

by inducing its conformational chan{@hien et al., 2017)
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Several peptides have also been developed as nanodisc belt reagents faanegnrdiein
solubilisation, for example lipopeptides which comprise anamphipathic G-helix with
hydrophobic and hydrophilic sides in the same higistve, 2009) lipid-like peptidegCorin
et al., 2011)stabilizing engineeref-strandpeptidegTao et al., 2013)dimeric peptides with
rigid or flexible linkers(Larsen et al., 2016and arphipathic bihelical peptide (Carlson et
al., 2018) A few drawbacks of the MSPelted, sapostbelted,and other peptideelted
nanodiscs include that detergents and additional phospholipids still needcdialdxb to the
system in most cases, that the ratio of M&get proteird phospholipid detergents neado
be optimisedand that the existence of scaffold proteins or other peptides may intsitfiere

certain downstream characterisatidrifee encapdated proteins

Other nanodisc systemsithout using proteins or peptides as the bblse been established.
Using amphiphilic polymer chains, styrene maleic acighalymer (SMA), as the belt, SMA

lipid particles (SMALPSs) have been developed recgithowles 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, SMALPsareby 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 applicasiol follow in section 1.3.2and the

SMALP generating processillustrated in Figure B.

Recently, a novel type of nanodisc, the DiAcircled 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 regerdieir 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 phospholipidsareaddle A new version ofdeDbDKAddOI DHNA,
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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 DNAencirckd lipid nanodiscs, CCR5, a member tbk 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 b be insertedlric, 2020) Although the final result of membrane proteins encapsulated

in DNA-nanodiscs using the above method has not been reported yet,-graanse
simulation has shown ¢hstability of DNAnanodiscs when the DNA ring contains protruding
dodecyl alkyl groupglric, 2020) The technique is still in its infancy, but has shatva

potential as a new membrane protsolubilisation strategy.

1.3.2 SMALPs ae a novel strategy for the extraction and characterisation of membrane
proteins

1.3.2.1 SMA copolymeras the tooto extract membrane proteins

SMA is the cepolymer of styrene and maleic acid, which are the hysbe and hydrophilic
parts, respectively. SMA is synthesised by hydislg$ 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 ribamced thermal performance
(Dorr et al., 2016; Klumperman, 2010y life sciences, SMA has been used as a drug delivery
system due to its amphiphilicgperty(Simon et al., 2018For example, dxorubicin an ant
cancer reagentan be cortsucted in SMA micelles due to the hydrophobic effect with the
styrene moieties; the resulteBMAI Dox showed enhanced bevailability and less
cytotoxicity compaed tothe free form of the drugGreish et al., 2004)Pirarubicin an
improved version of dxorubicin can also be encapsulated into SMA micelles, and these
micelles showedmproved aurvival rate in amurine liver metastasis modahd inhibition of
liver metastasearuwalla et al., 2010More recently, SMAas been shown to interact with
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phospholipids and can form discs with phospholipids inside. Gapability of SMA to
solubilise membrane proteins from intact biological lipid bilayers into-ldiscstructures,
SMALPs, with a diameter of ~10 nm, was firstly described in 20Q8owles 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.

SMAnNh polymer $ synthesised by radical reaction, where monoare@dded 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 lgan on
incorporate styrene, the minimum ratio of S:MAnh in the synthesised SMAnh(&lfrdy &

Lavin, 1945; Dorr et al., 2016; Hill et al., 1989he serial composition along the SMAnh is
largely uncontrollatd, although the overall S:MAnh ratio can be regulated by controlling the
original amount of the two monome(islumperman, 2010)Strategies havbeen applied to

better control the monomer arrangement along the polymer chain, for more homogenous
polymers. For example, livingadical polymerizatioimethods have been applied to SMAnh
synthesis, includingreversible additionfragmentation chain transfe(RAFT)-mediated
polymerisation This uses two blocks of short polymer chaimme with almost precisely
alternative S and MAnh, while another is p8yto generate a more precisely controlled
overall microstructure of SMAnh polyméCraig et al., 2016; Klumperman, 2018MAnh is

further hydrolysed to form the final product, SMA, by increasing buffe(l#¢ 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 memtsaiiey can insert themselves
into the membrane and cut out membrane fractionslik®kie cutter. SMA cut out and form SMALPs
in a nonselective manner of membrane components, i.e. Mavur of solubilising certain lipids or

proteins.
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1.3.2.2 Alternative polymers

Despite the advantages of using SMA to generate SMALPSs, several limitations regarding SMA
chemistry remain. Due to the existence of waoboxyl group with pKa values bein§ 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 dominafiBanerjee et al., 2012; Dorr et al., 2016)

The polymer will then precipitate from aqueous solution, into aggregates e¢haiaamtained

by styrene group&Scheidelaar et al., 2018n addition, the twaarboxyl group can chelate
divalent cations such as ¥fgand C&*, when heir concentration in solution is higher than 5
mM, and the chelated product is also insolyhlee et al., 2016; Morrison et al., 2018Yith
regardéto the S group, the aromatic ring interacts with encapsulated phospholipids, which can
restrict lipid movement and disorder their acyl chaihalsointerferes with UV absorbance at

280 nmand thus can interfere witbrotein concentrationsixeasuremen(Ball et al., 2021,
Tonge & Tighe, 2001)Based on these drawbacks, other amphiphilic polymers have been

developed recently, and have been applied totessad@mbrane 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 proteinconcenr at i on measur ement via ultrav
the aromatic ring which is the main source of absorbance at 28Baihet al., 2021)DIBMA

forms larger lipid nanodiscs (DIBMALPs) than SMALPs, with a diameter of ~25 nm
(Gulamhussein et al., 202@MIBMA 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 membranesitthnzBMm

(Grime et al., 2021; Gulamhussein et al., 2020)
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With regards to the maleic acid moiety that accounts for low tolerance toaididind divalent
cations, modifications have besrade tahis, generating several derivatives includihgene
maleimide copolymer (SMI), SMAethanol amine copolymer(SMA-EA), SMA-amine
copolymer(SMAd-A), andstyrenemaleimidequaternaryammoniumcopolymer(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 SMAdaving an opposite pH tolerance
window to SMA (SMI: pH 57.8, SMAdA: pH 3-6), and the other two having wider wind®w
(SMA-EA: pH 510, SMAQA: pH 2.510). These polymers can alsseratehigher divalent

cation concentrations, with SM®A and SMAdJA being able to form stable nanodiscs with

the concentrations of Mgjor C&*as high as 200 mM. Moreover, SMI, SMAdand SMA

QA are positively charged polymers, thus can be a good replaceméma fagatively charged

SMA and SMAEA in certain circumstancer examplewhen the encapsulated protein has
large, positively charged extracellular domains. Oppositely charged protein domains and
polymers can interact with each other and the proteintatalcintegrity can belisrupted
(Krishnarjuna & Ramamoorthy, 2022Although less well characterisedath SMA, these
derivative polymers offer a powerful toolbox for screening studies to explore the best
solubilising polymer foithe proteins of interest, and they have all been made commercially

available in the last few years.

Polymethacrylate (PMAs another amphiphilic copolymer that can be used to form and serve
as the belt for lipid nanodis¢¥asuhara et al., 201.7YWith completely different composition

of both hydrophobic and hydrophilic moieties from SMA, PMA is more tolerant to low pH and
higher concentration of Mgor C&*, 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 scessfully isolated and characterised in PMAd nanodiscs, e.@amylin

andneurotensin receptor(Lavington & Watts, 2021; Yasuhara et al., 2017)

Figure 1.9 Chemical formulas of polymers that can be used to generate lipid nanodiscs.

SMA, styrenemaleic acid cegpolymer. SMAMA, SMA-amine cepolymer.SMA-SH, SMAthiol co-
polymer. SMAEA, SMA-ethanol amine cpolymer. SMAED, SMA-ethylenediamine cpolymer. 2
STMA, 2-methytstilbend maleic acid cepolymer. 4STMA, 4-methyltstilbend maleic acid ce
polymer. SMAJA, styrene maleimidamine cepolymer. SMAamine cepolymer. SMAQA, styrene
maleimide quaternary ammonium -polymer. SMI, styrenenaleimide cepolymer. DIBMA,
diisobutylenemaleic acid cepolymer. zSMA, zwitterionic styrermaleic acid cepolymer. APAA
alkyl polyacrylic acid PMA, polymethacryate. AASTY, styrenacrylic cepolymer. Figure adopted
from https://www.smalp.nettith permission.
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1.3.2.3 Mechanisms of SMALP formation

The precise mechanisms and molecular interactions undethgrigrmation oSMALPs and

other polymetencircled nanodiscs are still largely unclear. However, models describing these
processes have been developed, mainly by means of computational sminl#tiese models,
membranesolubilisationby SMA or other polymers can be roughly divided into three stages:
absorption of polymers to lipid bilayer surfadgid bilayer disruption by the polymers, and

formation of nanodiscs (FigurelD).

In the firststep the polymers adhere to the outer side of lipid bilayers. Although this step is
against the energyradient the hydrophobic interaction between polymer hydrophobic groups
and the lipid acyl groups serves as the driving force for polymer binding rapeidamshad,
Grimard, et al., 2015; Krishnarjuna & Ramamoorthy, 20ZRgrefore, both lipid and polymer
types can strongly impact this process. The more anionic lipid head grougredomger the

lipid tail groups are, anthe more tightly packed the lipids are, the harder and slower this
membrane binding process(fSrekhov et al., 2022; Scheidelaar et al., 20TH)s 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 alged 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 l{rddgmarjuna &

Ramamoorthy, 2022)

The membrandound polymers then disrupt the membrane continuity, which has been
proposedd be achieved by two means: pdoeming and lipid extractiofOrekhov et al., 2019)
(Figure 110). In the poreforming model, small, wateflled pores on the lipid membrane
appear after polymer binding, where the rims of these pores aresst@imji polymers. Due to

the selfaggregation property of the polymers, the formed pores have the tendency to merge,
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leading to larger, watdilled pores. This model was firstly observed in a cognsen
simulation study, then confirmed by surface acoustive resonance sensing and microscopy
studies(Bjornestad et al., 2021; Caparotta et al., 2021; Orwick Rydmark et al., 2019; Xue et
al., 2018. Theformation of thefinal polymerbelted nanodis¢dfrom the polymerimmed,
watekfilling pores on the continuous lipid bilaydrave not been achieved in couggain
simulation due to technical limitations, but they have been shown to be the thermodynamically
preferred end staiXue et al., 2018)The lipid extraction model, on the other hand, proposes
that the membrankBound polymers pull their interacting lipids out of the bilayer continuum.
Importantly, these two models do remintradict each other, as the mode of action depends on
the relative composition of the hydrophobic and hydrophilic monomers: in another-course
grainbased study on SMA, the system underwent the-fooneing route when S:MA was 2:1,
while adopting the lifg extraction route when S:MA was 3@rekhov 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 preferre@@rekhov 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 beltacertain degree. The formed nanodiscs can undergo
lipid exchange upon collision with each other, andisbenerization of aalipids in SMALPs

has also shown to be preser(@iievas Arenas et al., 2017; DomieguPardo et al., 2019)
However, studies based oslectron paramagnetic resonanaad differential scanning
calorimetic measurementsave shown thaDMPC lipids in polymernanodiscs have broader
mainmeltingtransition different water accessibility in the bilayer, plus additional constraints,

in comparison to DMPC in liposomékloffmann et al., 2021)Iit has also been shown that

lipids in DIBMALPs are less constrained than those in SMA((Rdbasevickt al., 2020)
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Absorption of
polymers to lipid
bilayer surface

Lipid bilayer disruption by polymers

S:MA=2:1

Pore-forming mechanism

Formation of nanodiscs

Figure 1.10 Proposed mechnisms 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 mectisms 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
waterfilled pores, with the rim of the pores stabilised by the polymer chains. When S:MAsratip i

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 na&nblly described, numerous experiments
have confirmed their disc shape, the existence of polymer belt, and their sizes.
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1.3.24 Applicationsof SMALPs

Numerous membrane proteins have been successfully solubilised and characterised using
SMALPs ornanodiscs belted by other polymesadboth 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 downstreas) buff
unlike in the case of detergents where their concentration usuallytodszlabovehecritical
micellar concentratiom all the bufferJamshadCharlton, et al., 2015; Pollock et al., 2018;
Wheatley et al., 2016Not only are SMALPs readily amendable to a variety of widely used
biophysical and biochemical characterisations, includiraglar dichroisnm(Ayub et al., 2020;
Gulamhussein et al., 2020; Knowles et al., 20@89hamic light scatterin¢Craig et al., 2016;
Gulamhussein et al., 2020; Harding et al., 20$#)XS and SAN$Brady et al., 2019; Jamshad,
Grimard, et al., 2015flow cytometry(Luna et al., 2018ymmunoprecipitation and antibody
binding (Desrames et al., 2020put also they can be used in advanced technisues as
native mass spectrometry for oligomerisation status analygatehwig et al., 218), SPR for

ligand screeningCao et al., 2022NMR for protein and lipid characterisation studi{Park et

al., 2020; Radoicic et al., 2018hass spectrometifpr lipid analyss (Teo et al., 2019)X-ray
crystallography(Broecker et al., 201 @nd cryeEM for structure determinatigiKrishnarjuna

& 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 witheBmhtion and in

their native states, i.e. in their native conformation and/or with important binding partners
including lipids and other proteins. For exampseveral structures of the proteins from
pentameric ligandjated ion channelpLGICs)have been solved in SMALPs. These include
theErwinialigand-gated ion chann€ELIC), whose cryeEM structure was solved in SMALPs

to 2.5A in its unliganded stat&he same study also showed evidencthefexistence aivo
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types of tightly binding phospholipidsnamelydiacylated phospholipidnd tetraacylated
cardiolipin both correspondg to the bacterid membrane environméfKumar et al., 2021)
Another study solved the cryieM structures of anothéon channelin the same superfamily
glycine receptor GlyR, in both SMALPs and reconstituted M&Rodiscs. This study showed
that MSRnanodisc reconstitution may shift the conformational equilibrairthe channels
while SMALPspreserved their native confornaal statesand the structure of GlyR open
state in SMALPs corresponds better to experimental data than a previously solvestatgpen
GlyR structure from detergent micelles. In addition, SMAdRapsulated GlyR showed for
the first time the partial agist-binding, closed state of the recepidfu et al., 2021)
Alternative complex Il (ACIll)is another transmembrane protein whose structure has been
solved in SMALPSs to 3.4, in complex with another enzymeyt aa. With 48 transmembrane
helices, this is by far the largest membrane protein encapsulated in SMALPs, and the radius of
thetransmembrane region cressction reached 13 nm. The structure also showed that two of
the subunits of ACIII are anchored to the lipicalgier, and thatyt aa adopted conformational
changes when in complex witkClll, indicating the importance of supercomplex formation
(Sun etal., 2018) The bacteriabxpressedmultidrug efflux transporter AcrBas also been
isolated into SMALPs and structurally characteri@@ii et al., 2018)The 3.2A structure of
trimeric AcrB, with eachprotomerin a different state, was solved together with vpaitked

lipid molecules both inside the central cavity and outside as the belt. 31 lipid molecules were
distinguished, and the details of ligidotein interaction were mapped. The study also showed
thatthe structure of enutant AcrBin SMALPS AcrB D407A with the mutation abne of the
putativeprotonrelay residuegs very similar to that of WRcrB, which is in contrast with the
previous transmembra#argely collapsed407A structure in detergent micelléSu et al.,

2006) suggestin@ supporting and restraining function of the native lipid bilayer.
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Apart from structure determination, SMALPs also haamynother applications. Many studies
have determined specific lipids surrounding membrane proteins in SMALPs, and lipidomics
analysis usinghin-layer chromatographymass spectrometrgnd/or NMR are emerging. A
lipidomics study comparing extracted phosighids from SMALPs containing three bacterial
membrane proteinsZipA, FtsA and PgpB showed thatindividual proteins associate
preferentially with a subset of lipid¥eo et al., 2019)SMALPs can be used to preserve the
native conformation of the eapsulated proteins; for example, a conformatiependent
Rhesus DRhD) antibody could detect RhD in SMALPs isolated from Rdbnorsjndicating

that at least one important comformatiohRhD epitope was preserved in SMALPs from
erythrocytemembrangDesrames et al., 20207 his offers exciting opportunitiesof using
SMALPs for dlo-antibodyscreening and binding studies 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 examapietabolon containinghurrinand all the
enzymes that catalyze its formatighaursenet al., 2016) the bacterial holetranslocon
containing SecYEGSecDF YajCi YidC proteins (Komar et al.,, 2016)and the differen

oligomeiic states of K™ importer A (KimA) (Hellwig et al., 2018)

The application of SMALPs and other types of polysbelted 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 herns 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 tatg8PCRs, and their binding can favour and/or inhibit the
initiation of different downstrearsignalling pathways of GPCRs, mainly throughp®otein

binding behaviours. As a result, GPCRs adopt a collection of conformations in physiologically

relevant condibns, 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 |hipfatabilising GPCRs in
structural studies (GarciaNafria et al., 2018) but also constrained the conformational
dynamics. Several GPCRacluding AaR and rhodopsin, have been extracted into SMALPS,
SMI lipid particles SMILPs) and/or DIBMA lipid particles ©IBMALPs), and their
conformational changes upon ligand binding have been obsgviede et al., 2020; Grime et

al., 2021; Hall et al., 2018; Szundi et al., 202Bplymerbased nanodiscs may therefore
revolutionise the fields of GPCR structure and funct®esarch into he similarly dynamic
pLGIC family could also benefit from these nanodisksaddition, the study oktraspanins, a
family of membrane proteins with major functiangorming complexswith other membrane
proteins, may also benefit greatly ino0SMALPs and relevant nanodiscs, as these nanodiscs

could potentially facilitate the discovery of novel parther 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 downstregnaliing upon ligand
binding that ultimately leads to platelet activation, plays major role in thrombosis and
relatively minor role in haemostasiBhereforejt is a promising antthrombosis drug target
Understandinghe structural detailof GPVI is important for the interpretation afs drug
binding behaviours and for desigg new drugslin addition, the ligandinding and signalling
behaviours of GPVI, as well as of other platelet surface receptors, could be dejpenihent
micro-environment, inluding surroundindipids and other membrane proteins. However, our
current understanding of both the structural conformation of GPVI, and the spatial arrangement
of GPVI in relation to otheproteirs onthe platelet surface, is only rudimentatg.partialar,

the published crystal structures of GPVI only containlSFdomains(Feitsma et al., 2022;

Horii et al., 2006; Slater atl., 2021) with the information of its glycossgted stalk, the
transmembrane region, the cytoplasmic region, and the interaction with its signalling chain,
FcRo, completelyabsentThere have been controversies whether the GPVI dimer represents a
unique, functionally active form of this receptor, ostjthe increased avidityp its ligands
(Clark, 2020; Clark, Neagoe, et al., 2021; Slater et al., 2@i8)egionsother than the IgSF
domainsmay play important roles in refining the conformational arrangement of GPVI, and
help to explain thecontrovers e s i n GPVI 6s di merisation mod
interfaces as revealed by tbeisting GPVI structures. Moreover, mapping the configuration

of GPVI, and other major platelet receptarith regardgo their spatial proximity with other
membrane proteins, is crucial tmderstand how their structures dodctions are regulated,

yet this information is usually missing in the current attempts to isolate platelet membrane
protein assemblies using detergbased methods, which can generate artefacts in protein
protein interaction identification. The hypotkem this thesis, therefore, is that SMALPs can

preserve the native conformation and mienvironment 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, aththe stoichiometry and interaction of platelet receptors. The aims of this

thesis are:

1. To isolate and purify GPVI and Faihto SMALPSs, froma transfected HEK293T cells,

and characterise these GPVI/BEBcCERMALPs with biochemical and biophysical methods

2. To isolate SMALPs from native human plateletgracteriséthese SMALPSs to check their
ability for preserving native membrane protein complexes, and utilise them for the

investigation of platelet membra protein interaction and stoichiometry.
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CHAPTER 2
Materials and methods
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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 SigmaAldrich
Aprotinin SigmaAldrich

Bovine serum albumin (BSA)

SigmaAldrich or Thermo FisheBcientific

Brij97 SigmaAldrich
Coomassie bluR-250 ThermoFisher Scientific
CR&XL CambCol Laboratories
Dimethyl sulfoxide(DMSO) ThermoFisher Scientific
Dipotassium phospha{&-HP Q) SigmaAldrich
Dithiothreitol (DTT) SigmaAldrich

Et hy !l e n-bibgalmy cnaole t h SigmaAldrich

et he,rN, NNj,tNNjacet

( 6T A)

Et hyl enedi ami net e SigmaAldrich
(EDTA)

Glucose SigmaAldrich

Glycerol ThermoFisher Scientific
Glycine ThermoFisher Scientific
Horm collagen Nycomed

Imidazole SigmaAldrich

Integrilin SigmaAldrich
lonomycin SigmaAldrich
L-arginine ThermoFisher Scientific

Leupeptin

Enzo Life Sciences AG
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Luci ferin MP Biomedicals

Magnesiunthloride (MgCb) ThermoFisher Scientific
Monopotassium phosphati€H-PQy) ThermoFisher Scientific
Nonidet40 (Igepal/NP40) ThermoFishe6cientific
Pepstatin SigmaAldrich

Prostacyclin (PG) Cayman Chemical Company
Sodium azide ThermoFisher Scientific
Sodium chloride (NaCl) ThermoFisher Scientific
Sodium citrate SigmaAldrich

Sodium dodecyl sulfate (SDS) ThermoFisheBcientific

Sodi um or t(MNM@Qp n ad SigmaAldrich

Streptavi di n Pr ot ThermoFisher Scientific

Tetramethylethylenediamine (TEMED Si g-fladr i ¢ h

Tris ThermoFisher Scientific

TritonX-100 ThermoFisher ScientifiandSigma
Aldrich

Tween20 ThermoFisher Scientific

2.1.2 Cell culture reagents

Table 2.2 Cell culture reagents

Reagent Source

Dul beccods Medlunf i e SigmaAldrich
(DMEM)

Fetal bovine serurtFBS) Gibco
L-Glutamine SigmaAldrich
Opti-MEM serumfree media Gibco
Penicillin/Streptomycin SigmaAldrich
Phosphate Buffexd Saline (PBS) SigmaAldrich
Polyethylenimine (PEI) SigmaAldrich

Roswell Park Memorial Institute mediun SigmaAldrich
(RPMI)




TrypsinEDTA solution

SigmaAldrich

b-mercaptoethanol (50 mM)

ThermoFisher Scientific

2.1.3 Antibodies

Table 2.3 Primary antibodies used in the thesis

Antigen  Antibody Supplier Host Application
name species
ADAM10 11G2 Abcam Mouse Immunoprecipitation
Western blotting (0.5
ug/mL)
CD151 11B1 FromLeonie Ashman Mouse Wedern blotting
lab, University of
Adelaide, Australia
(Fitter etal., 1995;
Sincock et al., 1997)
CD36 D8LIT Cell Signalling Rabbit Western blotting
Technology
CD9 C9-BB Described previously Mouse Western blotting (1:20
(Berditchevskiet al., from tissue culture
1996) supernatant)
CD9 1AA2 FromLeonie Ashman Mouse Immunoprecipitation
lab, University of
Adelaide, Australia
(Sincock et al., 1997)
CLEC2 AYP2 From Steve Watson lab, Mouse Western blotiig
University of
Birmingham(Gitz et al.,
2014; May et al., 2009)
FcRo 06727 SigmaAldrich Rabbit Western blotting, 1:2000
FcRo 9E1 Abcam Rabbit Western blotting, 1:1000
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GP1l b LwMm23 From Bernhard Mouse Western blotting (0.5

Nieswandt lab, eg/mL)
University of Wurzburg
(Berndt et al., 1985)

GPVI 336E2 FromBernhard Mouse Immunoprecipitation
Nieswandt lap Western blotting (0.5
University of Wirzburg eg/mL)

GPVI 338E5 FromBernhard Mouse Immunoprecipitation
Nieswandt lap Western blotting (0.5
University of Wirzburg eg/mL)

GPVI 338E7 FromBernhard Mouse Immunoprecipitation
Nieswandt lab Western blotting (0.5
University of Wirzburg eg/mL)

GPVI 11A7 FromElizabeth Gardiner Mouse Western blottind0.5
lab, Australian National eg/mL)

University (Al-Tamimi et

al., 2009)

GPVI 313A10 FromBernhard Mouse Immunoprecipitation
Nieswandt lab Western blotting (0.5
University of Wirzburg eg/mL)

GPVI 322D10 FromBernhard Mouse Immunoprecipitation
Nieswandt lap Western blotting (0.5
University of Wirzburg eg/mL)

GPVI 336A9 FromBernhard Mouse Immunoprecipitation
Nieswandt lap Western blotting (0.5
University of Wirzburg eg/mL)

GPVI HY101 eBioscience Mouse Immunoprecipitation

GPVI JAQ1 FromBernhard Mouse Immunoprecipitation
Nieswandt lap Western blotting (0.5
University of Wirzburg ug/mL)
(Nieswandt et al., 2000)

Integrin ~ 4F10 Abcam Mouse Western blotting

U6
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Integrin  H-160 Santa Cruz Rabbit Western blotting (1:500)
Ullb
Mouse MOPG  SigmaAldrich Mouse Immunoprecipitatiorand
lgG1 21 flow cytometry
Mouse P3.6.2.8.1 ThermoFisher Scientific Mouse Immunoprecipitation
lgG1 (Kappa
Isotype)
Pearl AF4527 R&D Systems Goat Western blotting
p-Tyr 4G10 Merck Millipore Mouse Western blotting
(1:1000)
Tspanl5 1C12 From MichaelTomlinson Mouse Immunoprecipitation
lab, University of
Birmingham(Koo et al.,
2020)
Tspanl5 4A4 From MichaelTomlinson Mouse Immunoprecipitation
lab, University of
Birmingham(Koo et al.,
2020)
Tspanl5 NBPI- Novus Biologicals Rabbit Western blotting (1:500)
92540
Tspan9 From MichaelTomlinson Rabbit Western blotting (1:200)

lab, University of
Birmingham(Protty et
al., 2009)

Table 2.4 Secondaryantibodies used in the thesis

Antibody name

Catalogue no.

Supplier

Application and

concentration

Donkeyant-Goat
IgG (H+L)

A15999

ThermoFisher

Scientific

Western blotting (1:
10, 000)
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Secondary
Antibody, HRP

Goat antiMouse 31430 ThermoFisher Western blotting (1:
IgG (H+L) Scientific 10, 000)
Secondary

Antibody, HRP

Goat antimouse 92568070 LI-COR Biosciences Western blotting (1:
lgG IRDye 680RD 10, 000)

Goat antimouse 92532210 LI-COR Biosciences Western blotting (1:
lgG IRDye 800CW 10,000)

Goat antiRabbit 31460 ThermoFisher Western blotting (1:
IgG (H+L) Scientific 10, 000)
Secondary

Antibody, HRP

Goat antirabbit 92568071 LI-COR Biosciences Western blotting (1:
lgG IRDye 680RD 10, 000)

Goat antirabbit 92532211 LI-COR Biosciences Western blotting (1:
lgG IRDye 800CW 10, 000)

Sheep antmouse  F2883 SigmaAldrich Flow cytometry (1:

IgG FITC

100)

2.1.4 Primers used to generate GPVI isoform constructs

Table 2.5 Primers usa to generate GPVI isoform constructs

Primers

Recognition

sequence

Sequences

MT4150

GPVI, reverse

(after 10x His tag

and notl restriction

site)

GATCAGCCTCGACTGTGCCT

MT5147

pEF6/myeHis C)

GPVI, forward (for CAAGCCTCAGACAGTGGTTC
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MT5435  GPVI, forward (for
PcDNA3)

TAGTAGGATCCACCATGTCTCCATCCCCGAC

MT5686 GPVI, reverse
(with 10xHis tag)

TAGTAGGCGGCCGCTCAGTGGTGGTGATGATG
GTGATGGTGGTGGTGTGAACATAACCCGCGGC
TGTG

MT5695  GPVI cDNA piece

CCCTGGAGCTTGTGGTCACAGAATTCTCAGAAG

afterexon§ CCACCGC
forward

MT5696  GPVI cDNA piece  GCGGTGGCTTCTGAGAATTCTGTGACCACAAGC
beforeexons TCCAGGG

reverse

2.1.5Kits and readymade materials

Table 2.6 Kits and ready-made materials usd in the thesis

Readymade materials

Supplier

10 x T4 DNA ligase buffer

New England Biolabs

10x cutsmart buffer

New England Biolabs

2x REDTafReady Mi x E P CR Re¢ SigmaAldrich

4i 15% Mini-PROTEANT GXE Pr e c a: Bio-Rad

Gels, 12well

4i 20% Mini-PROTEANP TGXE Pr e ¢ a: Bio-Rad

Gels, 15well

5x HF buffer

New England Biolabs

BamHI restriction enzyme

New England Biolabs

BlueEasy PreStained Protein Ladder, (6i5 Geneflow
270kDa)
BlueSafe Nzytech

BLUeye PreStained Protein Ladder, 215 kDa Geneflow

Collagen agarose

SigmaAldrich

cOmpl eteE, Mini

Pr ot e SigmaAldrich

E. coli DH5U compet en Merck
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EZ-L i n ISWfo-NHS-LC-Biotin ThermoFisher Scientific

GeneJET Plasmid Miniprep Kit ThermoFisher Scientific
GenEluteE HP Pl asmid SigmaAldrich
Immobilor®-FL PVDF membrane Merck Millipore
Immobilor®-P PVDF membrane Merck Millipore

Nati veMar kE Unst ai ned ThermoFisher Scientific

Nati vePAGEE Nove-Xri§3.0t ThermoFisher Scientific
mm, Mini Protein Gel, 14vell

Nati vePAGEE Nov e-XriK 4.0t ThermoFisher Scientific
mm, Mini Protein Gel, 1avell

Nati vePAGEE Sampl e Bu ThermoFisher Scientific

Notl restriction enzyme New England Biolabs

NovexE WedgeWel |-Blycihe, t ThermoFisher Scientific
1.0 mm, Mini Protein Gel, X@vell

NovexE Wedge Welris-Elycihe, t ThermoFisher Scientific
1.0 mm, Mini Protein Gel, X%vell

NovexE WedgeWel |-Blycihe, t ThermoFisher Scientific
1.0 mm, Mini Protein Gel, Xvell

NuPage MES running buffer ThermoFisher Scientific

NuPage MOPC running buffer ThermoFisher Scientific

NuPAGE Novex 412% BisTris Protein Gels, 1.C ThermoFisher Scientific

mm, 10 well

NuPAGE Novex 412% BisTris Protein Gels, 1.C ThermoFisher Scientific

mm, 15 well

NuPAGE Novex 412% BisTris ProteinGels, ThermoFisher Scientific
1.0mm, 12 well

NuPAGE Novex 412% BisTris Protein Gels, 1.5 ThermoFisher Scientific

mm, 10 well

NuPAGE Novex 412% BisTris Protein Gels, 1.5 ThermoFisher Scientific

mm, 15 well

NuPAGEE LDS Sampl e Bu ThermoFisher Scientific

NuPAGEE Sampl e Reduci ThermoFisher Scientific
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PageRul er E Prestai ned ThermoFisher Scientific
kDa

Phusion polymerase New England Biolabs
PierceE ECL Western b ThermoFisheScientific
PierceE Silver Stain ThermoFisher Scientific
Protease inhibitor cocktail SigmaAldrich

Protein A/G PLUSAgarose Santa Cruz

Protein Gsepharose beads Generon

Pr ot e o Piud SiverrStain Kit SigmaAldrich

QIAquick GelExtraction Kit QIAGEN

QIAquick PCR purification kit QIAGEN

SlideA-Ly zer E MI NI Di al y s ThermoFisher Scientific
MWCO

SMALP 30010P (new name SMALP 200) Orbiscope B.V.

Super NiNTA Affinity resin Generon

Super optimal broth witbhatabolite repression ~ ThermoFisher Scientific
(S.0.C) medium

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 KZHPQy, 0.09 M KHPQy, pH=7.8

1% Brij97 lysis buffer 1%Brij97, 10 mM Tris pH7.5, 150 mM NacCl, 1 mV
CaCbk, 1 mM MgCk, 0.02% NaN

1% NR40 lysis buffer 1% NP40, 10 mM Tris, 150 mM NaCl, 1 mM EGTA

1 mM EDTA, pH=7.5
1% Triton X100 lysis buffer 1% Triton X100, 10 mM Tris pH&7.5, 150 mM
NaCl, 1 mM EDTA, 0.02% Nai
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2 x nonreduced sample buffer

100 mM Tris pH6.8, 4% (w/v) sodium dodecyl
sulphate (SDS), 20% glycerol, 0.02% (w/v)
Bromophenol blue

2 x Reduced sample buffer

100 mM Tris pH6.8, 4% (w/v) sodium dodecyl
sulphate (SDS), 20% glyceradb, % b-
mercaptoetharp0.02% (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 nonreduced sample buffer

125mM Tris pH=6.8,10% (w/v) sodium dodecyl
sulphate (SDS)50% glycerol, 0.6% (w/v)

Bromophenol blue

5 x Reduced sample buffer

125mM Tris pH=6.8,10% (w/v) sodium dodecyl
sulphate (SDS)50% glycerol 4 % b-
mercaptoethanp0.05% (w/v) Bromophenol blue

Acid/citrate/dextroseACD)

97 mM sodium citrate, 111 mM glucose and 71 mM

citric acid

Coomassie blue staining solutior

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% Napin PBS

FACS fix buffer

1 %formaldehyde2% FBSin PBS

Luciferase assay buffer

200 mMpotassium phosphate buff@0 mM MgCh,
10 mM ATP

Luciferase harvest buffer

200 mMpotassium phosphate buffdi0% Triton %
100, 1 mM DTT

Luciferin solution

20 mM luciferin in dH20

Modified SMALP solution B

50 mMTris, 150 mM NacCl, 10 % glycerol, whe
Tris is diluted 1:10 from 500 mM Tris solution

(pH=8)

Modi fied Tyrode

134 mM NaCl, 0.34 mM N&lPQu, 2.9 mM KClI, 12
mM NaHCGQ, 20 mM HEPES, 1 mM MgG| pH=7.3

SDSPAGE running buffer

25 mM Tris, 192 mMglycine, 0.1% SDS
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SMALP solution A

50 mM Tris,2 mM EDTA, 5 % glycerol, whee Tris
is diluted 1:10 from 500 mM Tris solution (pH=8)

SMALP solution B

50 mM Tris, 500 mM NacCl, 10 % glycerol, wige
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 EDT/
TBS 20 mM Tris, 137 mM NacCl, pH7.6
TBST 20 mM Tris, 137 mM NacCl, 0.1% Twe&0, pH=7.6

TBST with high salt

20 mM Tris,500mM NacCl, 0.1% Tweer20, pH=7.6

Transfer buffer

25 mM Tris, 192 mM Glycine, 2% methanol

2.1.7 Equipment

Table 2.8 Equipment used in the thesis

Equipment name

Supplier

Accuri C6 flow cytometer

BD Biosciences

AKTA pure

Cytiva

Avanti C6

Avanti Polar Lipids

Avestin EmulsiFlexC3 High Pressure

Homogenizer

Biopharma Group Limited

Beckman Optima Xt90 ultracentrifuge

Beckman Coulter

FACS Calibur flow cytometer

BD Biosciences

JA-25.50fixed-anglerotor

Beckman Coulter

Mini-PROTEAN®Tetra Cell

Bio-Rad Laboratories

Odysseyinfraredimagingsystem

LI-COR Biosciences

Superdex 200 increase 10/300 GL

prepacked column

Cytiva

SW 60 Ti SwingingBucket Rotor

Beckman Coulter

Type 70 TiFixed-Angle Titanium Rotor

Beckman Coulter

Type 701 Ti Fixed-Angle Titanium Rotor

Beckman Coulter
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XCel | |l 1 E Bl ot Mo d u ThermoFisher Scientific

XCell SureLock MiniCell Electrophoresis ThermoFisher Scientific
System
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2.2 Molecular cloning

2.2.1GPVIa10xHis and GPVIHLOxHis constructs

Human GPVIa10xHis and GPVIHLOxHis weregenerated by PCRom pcDNA3human
GPVlamycand GPVIbmycvectos (Tomlinson Lab, unpublishe®ith primersMT5435 and
MT5686 (Figure 3.1 and Table 2. Materials were mixed as indicated in Tabl@ a@nd the

PCR reaction performed as indicated in Tablé.2.

Table 2.9 Components used to add 10xHis tags to GPVla and GPVIb

Components Amount (elL)
5x HF buffer 10

10 mM dNTPs 1

Forward primed MT5435(2 M) 5

Reverse primér MT5686 (2eM) 5

pcDNA3-human GPVla or GPVIb (5 2

ngfklL)

Phusion polymerase enzyme 0.5

dH20 (to 50¢eL) 27.5

Table 2.10 PCR reaction to add 10xHis tags to GPVla 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 b
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After the PCR reaction, products were checked on -Bg§&rose gelsA QlAquick PCR
purification kit (QIAGEN) was used to purify and concentrate the PCR products according to

themanufacturéfs i nstructi ons.

Digestion was done by incubatingNB with restriction enzymedNotl and BamHI) at 37C

for 2 h, with the components indicated in Tablel2.1

Table 2.11 Components used to digest GPVIL.OxHis or GPVIb-10xHis

GPVla-10xHis or GPVIb-10xHis pEF6/myc-His C vector
PCR products

10x cutsmart 25¢eL 2¢el

buffer

Notl 1 Le leL

BamHiI 1 Le leL

DNA 19¢L 2elL (1ed k)
dH20 1.5¢L 14 el

The digestion products were gel purified in T-ABarose gels; the bands of correct sizes were
cut out and the DNA inside was purified using a QIAquick gel extraction kit (QIAGEN)

according tahe manufactureis instructions.

Ligation was then done by inbating the mixture of digested genes and digested vector, at
16 °C overnight, with the components and their amounts indicated in TaldeThé ratio of

the inserted gene and the vector waimatedo be 3:1in molar terms

Table 2.12 Components used for ligation of GPVIalOxHis or GPVIb-10xHis with
pPEF6.C vector

GPVla-10xHis GPVIb-10xHis Vector-only Control
10 x T4 DNA ligase 1l¢lL lel lelL
buffer
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Vector (50 ng) 0.53¢L 0.53¢L 0.53¢L

GPVI-10xHis (28 2.19¢L 1l.16¢L OeL

ng)

T4 DNA ligase leL leL leL

dH20 Up td 10 e€Up td 10 Up td 10 ¢

The ligated products were transformed iftocoli DH5U competent cells. Briefly, 2L of
ligation mix was added into 56L of competent cells, and the mixture was incubated on ice
for 30 min. The mixture was then heat shocked &Cidr 45 s, and incubated back on ice for

2 min. After that, 50&L of SOC medium was added to the mixture, and the culture was
incubated in a shaking incubator at°®7for 1 h. Transformation was done by spreading the
culture on LBampicillin plates, and incubating the plates at’G7overnight. The next day,
single cdonies were picked out, and inserts checked by PCR, with the materials and conditions

detailed at Table 23land Table 2.4, respectively.

Table 2.13 Components used for colony PCR

Components Amount (eL)
2xREDTaqE ReadyMi xE PC 125

Forwardprimer (MT5L47,2 €M) 2.5

Rewerseprimer (MT415Q 2 €M) 2.5

Tempates 5

dH0 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 Ta&garose 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 ofduifer with 100

png/mL ampicillin overnight. Both the day culture and the overnight culture were performed at
37 °Cin a shaking incubator. The overnight culture was collected and subjected to a Miniprep
kit (Thermo Fisher) or a Midiprep kit (QIAGEN) accard toma n u f a dnstuatians. Bhé
products were sequenced gurce BioScienc@Nottingham, UK, and the sequencing results
were aligned to the required sequences using  Clustal Omega

(https:/ivww.ebi.ac.uk/Tools/msa/clusta)atith default settings

2.2.2GPVlaqgexon510xHis and GPVIbgexon510xHisconstructs
GPVlIagexon510xHisandGPVIb-gexon510xHiswere cloned from pERyc-His Cvector
containing GPVIa10xHis and GPVIb-10xHis respectively, which were generated from
section 2.2.1Theregions of cDNAbefore and afteexon5in each GPVI isoform were PCR
amplified from the HigaggedGPVI-containing pEF6 vectorswith the sequences of the
primers detailed in Table 2.5hese were designed with overlappsgguenceto allow the
resulting PCR produdis be joined together in second PCR reactioMaterials and the
reaction condition for thdirst PCR reactios are detailed in Table 23 and Table 2.,
respectively Materials and the reaction condition for the PCR reaction to get the fractions after
exon5were detailed in Tabl2.77 and Table 2.8, respectively. The products from these PCR
reactions were confirmed to be of correct sizelegtrophoresi®n TAE-agarose gel, and
purified using QIAquick PCR purification kit (QIAGEN) followingmanufacturdis

instructions.
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Table 2.15 Components used to clonéhe piece of cDONAbefore exon5

Components Amount (elL)
5xHF buffer 10

dNTPs (10mM) 1

MT5147 (2 M) 12.5

MT5696 (2 M) 12,5

Starting Material (GPVI a/bHis, 5ng/uL) 2

Phusion polymerase enzyme 0.5

dH20 11.5

Table 2.16 PCR reaction to clone thepiece of cDNAbefore exon5

Steps Temperature (°C) Time (s) Notes

Initial denaturation 98 30

Denaturation 98 10 Cycle 30times
Annealing 65.5 30

Extension 72 20

Final extension 72 300

Cooling 4 b

Table 2.17 Components used to clone thpiece of cDNAafter exon5

Components Amount (eL)
5xHF buffer 10

dNTPs (10mM) 1

MT5695 (2¢ M 12.5

MT4150 (2 N 12.5

Starting Material (GPVI a/bHis, 5ngklL) 2

Phusion polymerase enzyme 0.5

dH20 11.5

Total 50
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Table 2.18 PCR reaction to clone thepiece of cDNAafter exon5

Steps Temperature (°C) Time () Notes

Initial denaturation 98 30

Denaturation 98 10 Cycle 30 times
Annealing 69 30

Extension 72 20

Final extension 72 300

Cooling 4 b

The purified products were then mixed and subjected to the second rd@@& eeaction, for

them to be joined together, with the materials and PCR reaction condition detailed in Table

2.19and Table 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 manufactureis instructions.

Table 2.19 Components used to join theieces of cDNAbefore and afterexorb together

Components Amount
5xHF buffer 10eL
dNTPs (10 mM) lelL
MT5147 (2eM) 12.5¢L
MT4150 (2eM) 12.5¢L
Starting Material 1 (GPVla or GPVIb fraction 50 ng
beforeexon)

Starting Material 2 (GPVla or GPVIb fraction 50 ng
afterexon§

Phusion polymerase enzyme 0.5¢L
dH20 Up to 50eL

Table 2.20 PCR reaction to join the pieces of cDNAbefore and afterexon5together
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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 b

The products were then digested af@7or 2 h with the materials detailed in Table 2.2

Table 2.21 Components used to digest GPVHkexon510xHis or GPVIb-gexon510xHis

GPVla-gexon510xHis GPVIb-gexon510xHis

10x cutsmart 25¢L 25¢L
buffer

Notl 1 Le leL
BamHl 1 Le lelL

DNA 24¢el 24¢el
dH20 Up to 30eL Up to 30eL

The digestion products were gel purified in T-ABarose gels; the bands of correct sizes were
cut out and the DNA insidevas purified using a QIAquick gel extraction kit (QIAGEN)

according tahe manufactureis instructions.

Ligation was then done by incubating the mixture of digested genes and digested vector
(generated in section 2.2.1), at 16 overnight, with the compwents and their amounts
indicated in Table 22 The ratio of the inserted gene and the vectoregtisnatedo be 3:1

in molar terms

Table 2.22 Components used for ligation of GPVlagexon510xHis or GPVIb-gexon5
10xHis with pEF6.C vector
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GPVla-gexon5 GPVIb-gexon5  Vector-only Control
10xHis 10xHis

10 x T4 DNAligase 1lelL leL leL

buffer

Vector (50 ng) 0.53¢L 0.53¢L 0.53¢L

GPVI- gexon5 2¢el 3.6¢eL OeL

10xHis (28ng)

T4 DNA ligase leL leL leL

dH20 Up td 10 e€Up td 10 Up td 10 ¢

Transformation, colony PCR to check for successful ligation, and the subseunignép or
midiprep were performed as described in section 2.2.1. The products were sequSuatdy
BioScience(Nottingham, UK, and the sequencing results were aligned to rédogiired

sequenceausing Clustal Omega(https://www.ebi.ac.uk/Tools/msa/clustglowith default

settings

2.3 Cell culture and cellbased assays

2.3.1 HEK293T cell line

2.3.1.1 Cell culture
Human embryonic kidney (HEKJ)93T cellswith ADAM10 knocked outKoo et al., 2020)
cultured in

wer e D Wedum (D81BM) suppMoettedfwitt®d b fetkla g | e

bovine serum (FBS), 4 mM-g | ut ami ne, 100 U/ ml penicillin

Cells weregrown in plates anohcubated in a humidifieshcubator at 37C with 5% CQ.
Cell passage was done at least once a wdedn the cellsreached confluengyby gently

removing the medium withouwdisruping the cell layer, briefly washing the cells with PBS,

thendetachinghe adherent cell layer with 2min trypsinincubation at 37C with 5% CQ,
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followed by adding in fresh DMEM with supplements (4:1 v/v ratio to trypsin), thleting

to fresh DMEM with supplements in a fresh plate.

2.3.1.2 Trangrt transfectiorwith PEI

HEK-293T cells were seeded to fresh plates with certain amounts (TaB)eo. the day
before transfection. On the day of transfection, DNA was added to Optimem-seaum
medium, followed by PEI, witlthe indicatecamouns (Table 223). The mixture vas gently
vortexedandleft 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 Opti-mem DNA PEI
volume

6-well 3x10¢ 2 mL 100 pL 1 ug 4 L

6 cm 1x1¢ 3 mL 300 pL 3 Ug 12 L

10 cm 3x10 10 mL 1mL 9 ug 36 uL

15 cm 6 x 1¢ 20mL 2mL 18 ug 72 uL

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 wetm gfown at3,000 xgfor 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 centrifugin@&t000 xgfor 10 min at £C. The supernatant

was collected.
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2.3.2 DT40 cell line

2.3.21 Cell culture

TheDT40 chicken B cell lingvascultured inRoswell Park Memorial Institute Mediu@PMI)
supplemented witi0% fetal bovine serum (FBS), 4 mMdlutamine, 100 U/ml penicillin
100 ¢€g/ mL sandr56nit b@-mercaptorthanolCells weregrown in flasks and
incubated in a humidified incubator at 3Z with 5% CQ. Cell density was maintained under

1x1C /mL.

2.3.2.2 Trangn transfection via electroporation for NFAUciferase assay

Approximately 24 hours before transfection, cellsre counted and adjusténl 2 x 13 /mL.

On the day of transfection, cells were at a density of 5° /mL i 10 x 10 /mL, and were
washed in RPMI (without supplements) and resuspended in RPMI to 3.73mL10For each
transfection, 1.5 x T0cells, 20eg NFAT-luciferase reporte(Tomlinson et al., 2007)and
equal amourst of GPVI and FcR construcs (0.25 €g for each unless otherwise stated;
constructswere from Tomlinson lab collectiofiTomlinson et al., 2007pr generated from
section 2.2) waased. Cells and DNA were mixed well in a 0.4 cm cuvette, left for 10 minutes,
electroporated at 350V and 568, and left for a further-20 minutes. The transfected cells

were then removed from cuvett@sdincubatel for 24 h in 8 mL medium in-6vell plates.

2.3.2.3 NFAFluciferase assay

NFAT-luciferase assay was performed as previously desciibenhlinson et al., 2007;
Tomlinson et al., 2004)Briefly, transfected cells were cultured at 32 for 16 h, then
centrifuged down antesuspenedin supplemente@®PMI mediumto 2 x 1¢ /mL. Cells were
stimulated with &g/mL Horm collager(unless a different concentration was stgtéat 6 h
at 37°C and with 5% CQ@. The negative controlssed arequal volume of mediuwithout

collagen Positive controls were stimulated with PMA (50 ng/ml) and ionomycpM}L The
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cells were then lysed in 1% TritorX00lysis bufferand mixed with luciferase assay buffer.
Luciferin was injectednto the samplest a final concentration of 4 mMand the luciferase

activity was measured by the intensity of emitted light via a luminometer.

2.4 Human platelet preparation and plateletbased assays

2.4.1 Platelet preparation

Human platelets were prepared from freshibweh blood bytheWatson protocahs previously
describedAsazuma et al., 2000; Pallini et al., 202B)od was drawn into 10% (v/v) sodium

citrate as anticoagulant, and 10% of ACD (warmed to 37 &paded 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 rrimthe presence @.1eg/mL prostacyclin (PG) added

to inhibit platelet activation. The platelet pelletwae s uspended in 1 mL of
buffer (pH=7.3) with 0.9 g/L glucose and containing 150 pL of ACD, and diluted to a final
volume of 28 mL by adding ppr oxi mately 24 mL of mo@ified
mL ACD. Plateles were counted usingGoulter Counterand centrifuged again at 1,000 xg,

room temperature, for 10 mim the presence of 0dg/mL PGk. The washed platelets were
then resuspended i n thedebired plagciét congentratibvre @andrested f f e r

for 30 min at rom temperature before downstream assays.

2.4.2 Platelet activation

Pl atelets were resuspended in mo8xifimtd Tyr o
Integrilin was added to this platelet resuspension to a final concentratietpfig&ntly mixed

and incubated with platelets for 10 min at room temperature, to ikhibit3-mediated platelet
aggregation. After that, platelets were warmed 8v°C water bath for 4 min, and the agonist

was added as indicated in Tablef.Ruring agonist incubation, the tubes containing platelets
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were inverted every 30 s to ensure miximpe activated platelets were then lysed directly in
2x lysis buffer, or cenifiuged down at room temperatuf®E,000 xg for 1 minor 1,000 x for

5 min, as indicatepdand resuspended in another buffer, depending on the downstream assays.

Table 2.24 Agonists used for plateletactivation

I ncuba Pl at el

Agonis Targ Concentrlncubat concent
temper :

during

CRXL GPVI 3eg / mL 90 s 37 AC 8x oL

Rhodo(CLEE 200 nM 5 min 37 AC 8x “1onL

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 andphosphatasénhibitor, or with the protease inhibitaocktail. Platelets were
mixed thoroughly in lysis buffer by vortang, and lysis was done by incubation on ice for 30
min. The debris was removed from cell lysdig centrifuging a1,000 xgfor 10 min at £C.

The supernatant was collected.

2.5 Platekt surface protein biotinylation assay

Platelets prepared as stated in section 2.4.1 were resusparsled10® /mL in modified
Tyrodeds buf f &Z-Link®Bulfio-NHS-LC-Biogr/ (FimermoFisher Scientifjc

This Sulfo-NHS-LC-Biotin reacts withprimary amine groups, thus labelling lysine residues
and primary amines at thetdrminus of proteinsThis is achieved by the crosslinking of NHS
ester with primary amines, forming a stable conjugate via amide Boifd-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 mMighy. Biotinylated platelets were spun
down in the presence of 0.4g/mL PGk at 1,000 xg for 6 min at room temperature, and

resuspended intihe desired buffer for SMALP generation.

2.6 Flow cytometry

Approximately 5 x 10cells were used per measurem&tlls were pelleted for 5 min av0

xg and the supernatant was aspiratedebOf primary antibody, in a concentration of 10
eg/mL in FACS buffer, was added onto the cells, mixed gently, and incubated with the cells
for 20-30 min on ice. The primary ahbdy was then washed off by adding 1 mL FACS buffer,
gently mixing, and centrifugation for 5 mins2t0xg. The supernatant was aspirated.ck0
FITC-conjugated artmouseantibody diluted in FACS buffer, was added onto and incubated
with the cells for20-30 min on ice in dark. Finally, 5afL. FACS buffer was added, and cells
directly subjected to FACS analysis or fixed in FACS fix buffer prior to FACS analysis. Data
was collected bya FACSCalibur flow cytometeiand analysed withCellQuest Prgsection

3.2), or collected by an Accuri C6 flogytometerandanalysed wittBD Accuri C6 Software
(section 3.3)Cells were gated by siz&nd granularity and2,50310,000 gated events were

collected per sample

2.7 SMALP generation

2.7.1 SNALP preparation from human platelets

Platelets were resuspended to 4 %/b@L or 5 x 1& /mL in madified SMALP solution B (50

mM Tris diluted 1:10 from pH8, 150 mM NacCl, 10% glycerol v/v), or the original SMALP
solution B with 500 mM NaCl if indicated. Omp | et e E Mi ni Pr owag a s e
added to the SMALP solution prior to platelet resuspension. The resuspension was
homogenised with a douncerhogeniser, then the homogenised sample was incubated with

2.5% (wt/vol) of SMALP 30010P (B/mL) for at least 2 h at room temperature for membrane
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proteins to be solubilised into SMALPs. The-8MALPed material was removed by
ultracentrifugation at 100,000y at 4°C for 1 h. The supernatant containing SMALPasw
used directly for experimesnbr preserved a20 °C until usage. Where indicated, NaCl was
supplemented to 500 mM in the final solution containing SMALP®mitomisethe potential

SMALP aggregatin in low salt concentration.

2.7.2 SMALP preparation and purification from HER3T cells

100 15cm plates of adherent HER93T cells (ADAM10 knoclout) (Koo et al., 2020yvere
transfected with equal amousmtf pEF6-GPVIa10xHis (generated in section 2.2.1) and pEF6
FcRo (Tomlinson et al., 2007harvested and preserved-&D °C until use. Approximately 8

mL of cells were collected. On the day ®MALP generationcells were defrosted on ice,
resuspended i50 mL SMALP solution A with one tablet of Omp | et e E Mi ni P
Inhibitor Cocktail and homogenised withdounce homogeniser. The homogenised cells were
passed through a C3 machifoe four rounds, with air supply being around 40, psid the

actual pressure on cells being 19,000 psior the cellsto be burst and further homogenised.
Membrane was separated from cell debris by centrifugi8g80 xgin a BeckmanA-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 h4afC. The pelletednembrane was
resuspended in SMALP solution B46 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 temperatfoe 2 h. UnnSMALPed material wa removed by
ultracentrifugation at 100,000 xg for 1 MeftC, 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 tcsinfficient SMA solubilisation, it was

collected and KSMALPedby resuspending t40 mg/mLin SMALP solution B with 2.5%
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SMALP 30010P in the same manner as described. Thisihd of SMALPs were incubated

with 3 mL of NikNTA beads (50% slurry) at roomnigerature for 24 h.

His-tag purification was done in a gravity column. Briefly, thebldadSMALP mixture from

the two rounds of SMALPs were combined into one colurasulting in 8 mL 060% slurry
beads 4 mL of dried beads)Beads were washed one column volume (CV) oc8MALP
solution Btwice, in one CV ofSMALP solution B with 10 mM imidazolence in one CV of
SMALP solution B with 20 mM imidazolence followed byfour times ofl.5 mL elution with

500 mM imidazole in SMAP solution B. Samples in each step were collected and loaded on
SDSPAGE. The elateswerethencombined4 mL in total) dialysedn 3.5kDaMWCO mini
dialysis devices (ThermoFisher Scientifj¢ concentratedby a Vivaspin 5000MWCO

concentrator at 3,000yx4°C to 500¢L, and subjected to gel filtration (section 2.10).

2.8 Immunoprecipitation (IP)

750¢€L-1.3 mL of wholecell lysate or wholeell SMALPs in solution was used per P8 x
10°-5 x 1@ platelets were used per IP, depending on the platelet count of each Homor
samples were preleared by incubating with 20 of Protein A/G PLUSAgarosg50 % slurry)
beads at 2C for 60-90 min with rotation. The mixture was then spun dow212000xg and
the supernatant was collected5 g of antibodywas added to the pieared samples, as
indicated in each individual experiment, and the mixture was incubated overnight with rotation
at 4°C. On the next day, a new 2Q of Protein A/G PLUSAgarcsebeads was briefly washed
in corresponding buffer, the washed beads were added toanhibodylysate or
antibodySMALP mixture, and the whole mixture was incubated with rotatiorn@tfér 1 h
The beads wergpundown at2,5003,000 xg and washed fotimes. Each wash was done by
resuspending thbead in 1 mL of icecold buffer, vorteing for 10 s, spinning down and

aspiraing the supernatant. The supernatant was preserved if indicated. Each spin in the washes
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was done on a bendbp centrifuge at 2@-3,000 xg for 30 s at 4 °C. In the final wash, ~50
eL of super nat abeadswsra Briefly mentefugedandthe samk manner, and
the supernatant was aspirated to get rid of as much liquid as possible. In SMALP solution with
150 mM NacCl, he NaCl concentration was supplemented to 500 mM if indicatedipimise

the potential SMALP aggregation. Where indicated, ibad were added into lysates or
SMALPs at the same time with tlaatibody and the mixture was rotated aP@ overnight

before subjeatdto the aforementioned washing steps.

Alternatively, theantibodywas firstly incubated with 26L of protein Gsepharose beads (50 %
slurry) overnight at £C with rotation, in corresponding buffer (lysis buffer or SMALPSs in
solution). The next day, trentibodybound Gsepharose beads were washed twice, added to
whole-cell lysate or wholeell SMALP solution, and the mixture incubated for 90 min &€ 4

with rotation. The Gsepharose beads were then washed four times in the same manner as stated

above.

2.9 Electrophoresis, gel staining and Westerhlotting

2.9.1 SDSPAGE

Cell lysates in detergent buffer or SMALPSs in solution were mixed with 2x, 4x or 5x hateema
Laemmli sample buffer dl u P A G E E samplé&buffer, in either norreduced or reduced
conditions, as indicated in each experiment. For IPgL56f 2x sample buffer was applied

perl0cL of washed beads (Adry beads afhboiledsah mpl e s
95.2°C for 5 min for the proteins to be denatured and coated with SDS, while samples in

Nu P AGEE sdmpl&buffer were boiled at 70C for 10 min. The boiled samples were

loaded intgpolyacrylamide ga. The handmade gels have fixed percesstafjpolyacrylamide

(6% to 15%) in the resolving part, and 4% or 5%polyacrylamiden the stacking part; for
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precast gelsN u P A G E E12%gels were used. Electrophoresis was don¢éh&XCell

Sur el oc kCEll sydtemn. i

2.9.2 SMAPAGE

SMALPs in solutim 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 th
resolving gel, as the slight acidic pH in stacking mely render SMA insoluble imqueous
solution and thus destroy the disc structure of SMALPSs. Electrophoresis was twéQell

Sur el oc kCEll sydtemn. i

2.9.3 Western blotting

The gel was removkfrom the cassette after electrophoresis. For SDE5E, the gel was
briefly soaked in transfer buffer before transferring. Transferring was doeameXnC e | | =
Blot Modulg ontolmmobilor®-FL PVDF membrandfor fluorescencesonjugatedantibodie$

or Immobilon®-P PVDF membrangfor HRP-conjugatedantibodie$, 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 & 4for streptavidin blottingand
phosphotyrosine blotting, blocking was always done in 3% BSA in TBST, as the milk contains
phosphoproteimand biotin. The membrane was briefly washed twice in TBST if blocked with
milk. Primaryantibodyprobing was done in 3% BSA in TBST (with 0.1%M) with desired
antibodyconcentration, typically overnight at°€, or with desired duration and temperature

of theantibody Primaryantibodywas washed off three times in TBST, 10 min each wash, at
room temperature. Secondaagtibodyprobing was donén 3% BSA in TBST (with 0.1%

NaNs) with desiredantibodyconcentration, for 2 h at room temperature. If using TBST for
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secondanantibodyprobing, the incubation was done for 1 h at room temperature. Streptavidin
probing was done in 3% BSA in TBST for Jahroom temperature. Secondaryibodywas
washed off three times in TBST, 10 min each wash, at room temperature. Alternatively,
membrane washes aftantibodyincubation were done in TBST with high salt to remove
unspecific background. For SMRAGE, thegel was soaked in SBBAGE 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 wasode in 5% BSA in TBST (with 0.1% NaNwith 25 mM L-arginine

to remove unspecific binding. The restloéprotocol was the same as that for Western blotting

of SDSPAGE.

For membrane imaging, if using IRDyenjugatedantibodyor IRDye-conjugated streptadin,
the membrane was dried with filter paper aswhmed on the LI-COR Odysseyinfrared
Imaging System if using HRRconjugatedantibody the membrane was incubated with
Pi er c e E E Qbttingsbsttaefollowing themanufactured mstructions 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 HO, stained in homemad€oomassie blueR-250 staining solution
prewarmed at 40C, for a few hours until the whole gelas stained blue, and destained in
destaining solution. Alternatively, the gel was incubatdglueSafeprotein stain llzytech) at

room temperature until the desired band intensig achieved. Silver stain was performed

with P i e r SihefStainKit followingthema nuf act ur er 6s instruction
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2.10 Gel filtration

Eluted SMALPs from HEK293T cells were combinedjialysed and concentratedto
approximately 50@L, as described in sgon 2.7.2 Gel filtration was done oAKTA pure
with S200 increase 10/300olumn (Cytiva). The column was washed with @Hand
equilibrated in SMALP solution B overnight. SMALP solution B was loaded during gel

filtration, and 50&L fractions were collged.

2.11 Collagen agarose binding assay

Collagen agarose i@naAldrich) was washed in SMALP solution B, and resuspendea to
50% slurry. 2L of slurry was added to 1 mL of SMALPs in solution. Incubation was done
at room temperature wittotation 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 sming down at2,655 xg for 20 s. In the final wash, ~56L of
supernatant waseserved, thédbead were briefly recentrifuged and the supernatant was
aspirated teemoveas much supernatant as possiblesb@f 2x Laemmli sample buffer was
applied per 1@L of washed beads. Samples in Laemmli sample buffer were boiled &(95.2

for 5 min, and subjected to SEFAGE.

2.12 Negative stain electron microscopy

Negative stain electron microscofigM) was kindly performed by Dr. Saskia Bakker from
Advanced Bioimaging, University of Warwick. BrieflgPVI SMALP samples wereapplied

to a glav-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)48t000 magnification. Averages were

producedusing RelionZivanov 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 waslligi performed by Dr. Norman Day frothe
Advanceal Mass Spectrometry Facilitiniversity of BirminghamThe samples were destained
and digested btheRobo300GystemBriefly, silver-stained gel was washed in ultrapureQi
and the bands werxcised Gel pieces was destained with acetonitrile followed by rhG0
ammonium bicarbonate with repetition. Destained gel pieces were dried and rehydrated in 100
mM ammonium bicarbonate. Reduction was done by incubation with 10 maba0 °C for
15 min. Alkylation was done by incubation with 50M iodoacetamide and 106M
ammonium bicarbonate at room temperature for 45 nihreidark. The gel pieces wemgashed
and driedagain Trypsin digestion was performedt room temperature fo20 min with
agitation, then dilutegvith 2700mM ammonium bicarbonat®er neutralisation and incubated
overnightat 37 °C.For peptide extractionheé gel pieces were fitgt extractedby 2%
acetonitrilewith 0.1% formic acid for 30 min at room temperatl with agitation, then
subjected to the"2round of extractiory 40% acetonitrilevith 0.1% formic acigfor 30 min

at room temperature with agitationhe supernatarftom the two rounds of extractiomas
pooled dried andre-suspended i2% acetonitiie with 0.1% formic acidor subsequentC-

MS/MS analysis.

2.13.2 Liquid chromatography followed by tandem mass spectrometriieS)

Liquid chromatography and tandem mass spectrometryMBIMS) were kindly performed

by Dr. Jinglei Yu fronthe Advanced Mass Spectrometry Facilityniversity of Birmingham.

The UltiMate® 3000 HPLC series (Dionex, Sunnyvale, CA USA) was used for peptide
concentration and separation. Sampleare trapped onuPrecolumn Cartridge, Acclaim
PepMap 100 C18, fim, 100 A 300 um i.d. x 5 mm (Dionex, Sunnyvale, CA USA) and

separated i n Nano SeriesE Standard Col umns
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PepMap100, 3 um, 100 A (Dionex, Sunnyvale, CA USA). The gradientwagdftom 3.2%

to 44% solvent B (0.1% formic acid in acetonitrile) for 30 min. Peptides were eluted directly
(~ 350 nL mint) via a Triversa Nanomate nanospray source (Advion BioscieNdgdnto a
QExactive HF (QHF) mass spectrometer (Thermo Fisher Scientifit)e datadependent
scanning acquisitiorwas controlled by Xcalibur 4.0 software. The mass spectrometer
alternated between a full AWIS scan (m/z 360 1600) and subsequent higheegy collision
dissociation MS/MS scans of the 20 most abundant ions. Surveyweansacquired in the
QEHF with a resolution of 12000 at m/z 200 and automatic gain control 3 & P@ecursor
ions were fragmented inigh energy collision dissociatidl S/MS with resolution set up at
15,000 and a normalized collision energy of R8tomatic gain contralarget forhigh energy
collision dissociatiorMS/MS was 1x 10°. The width of the precursor isolation window was
1.2 m/z and only multiphcharged precuos ions were selected for MS/MS. Spectra were

acquired for 56 minvith dynamic exclusion time of 20

The MS and MS/MS scansere searched againshe Uniprot database usingroteome
DiscovereR.2 (ThermoFishe&scientific). Variable modificationsvere deamidation (N and Q),
oxidation (M) and phosphorylation (S, T and Y). The precursor mass tolenasc&0 ppm
and the MS/MS mass tolerance was (D@2 Two missed cleavag&ereallowed andwere

accepted as a real hit proteimith at least two high configee peptides.
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CHAPTER 3

Characterisation of GPVI-related
constructs andGPVI antibodies
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Chapter 3 Characterisation of GPVI-related constructsand GPVI
antibodies

3.1 Introduction

Before generating and characterising SMALPs from different sourceslsf one must have

a good understanding of the reagents used. For the transfection system, where recombinant
GPVI and its associated protein, FgcRieed to be ovesxpressed in the first place, it is
important to decide which isoform of protein to tratsf 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, foxxample, 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 sevetahanGPVI monoclonal antibodiewhich have yet

to be fully characterise@dn aim of this chapter was ¢haracterise these GPVI antibodies for

their performance in Western blotting.

In human GPVIpolymorphicvariants n nne amino acid havebeen identified so fawith
different frequencies among populatiqiferrella et al., 2021; Watkins et al., 2008jnong
them, there are two n@j allelic isoforms, namely GPVla and GPVIb, different from each
other in 5 amino acids (Figure 3.1), with GPVla counting for 85% and GPVIb 13% of
haplotypegNurden, 2019)Controversiakesultsregarding the expression levels and function
of these two allelic isoformbave been shown by different groups. For example, the bb
genotype wasitially reported to be correlated witigsificanty lower surface and whole cell
GPVI expression level less platelet activation and aggregation, and lower tyrosine

phosphorylation in response to GIXB, thus the bb population may be more prone to hieed
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(JoutsiKorhonen et al., 2003However, the effect on surface expression that the b haplotype
has was later caldated to account for only 15.566 the variation ofGPVI surface expression,
reported by the same gro(jones et al., 2007l addition, Trifiro et al. showed no difference

in ligand binding capacity betwe&PVla and GPVIb, but the two haplotypes diffeéin their
ability to bind calmodulin and Src family kinases in their intracellular reditve L317 in
GPVIb hadincreased binding to calmodulin comedto Q317 inGPVla, and N322 itsPVIb
accounted for aaetreased binding to Fyn and Lyn comgaiio H322 inGPVla (Trifiro et al.,

2009) GPVI polymorphisms have also been reported to have clinical significance, with GPVIb
linked to severe bleeding in patients with type | von Willebrand disease (\(M¢D)cki et al.,
2004) In the early GPVI cloning studi¢€lemetson et al., 1999; Ezumi et al., 2000; Jardrot
Perrus et al., 200Qhree isoformsof GPVI were cloned, which includethe canonical
sequence of GPVI, axon5deleted varianfgexonj and a longer variant of 620 amino acids
which lacks the transmembrane region. The expression and functional aspects of the latter two

isoforms remain paty investigated.

FcRo has a cysteine residue (C44) at the junction of the transmembrane and cytoplasmic region,
which can potentiallybe palmitoylated. Palmitoylation is a lipid modification that is important

for the localisation and function of certather proteingSchlesinger et al., 1980; Smotrys &
Linder, 2004) but this has not been investigated for &:CRherefore, aihal aim of this chapter

was to characterise GPVI/FoRxpression and signalling in a C44S mutant of&=cR

The aims of this chapter are:

1. To generate and characterise various GPVI and EgRression constructs, to select the

best candidates for the tsfaction work in the next chapters.
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2. To characterise GPVI enoclonal antibodies on their performance in Western blgtting
select those with the best performance atilise them for biochemistry studies in tlater

chapters
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3.2 Results

3.2.1 Generation offour GPVIF10x His expressionconstructsand demonstration of
similar surface and wholeell expression levels in transfectd&K-293T cells

Expression constructs for GPVIa and GPVIb, wilde orqgexon§ were generated using PCR
strategies (Figures 3.2 and 3.3). To characterise their expression, the four GPVI constructs were
transiently transfected into the HE2O3T cell line, which does nokpress 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 transf¢Eigure 3.4A). Western blotting showed

that all four GPVI constructs had comparable whed# expression levels (FiguredB,).
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GPVI-10xHis

GPVI Aexon5-10xHis

a b

0299 —p [ — 1299
H304 —» | 44— N304

10xHis

B GPVIa-10xHis MSPSPTALFCLGLCLGRVPAQSGPLPKPSLQALPSSLVPLEKPVILRCQGPEPGVDLYRLE &0
GPVIadexon5-10xHis MSPSPTALFCLGLCLGRVPAQSGPLPKPSLQALPSSLVPLEKPVILRCQGPPGVDLYRLE 60
GPVIb-10xHis MSPSPTALFCLGLCLGRVPAQSGEPLPKPSLQALPSSLVPLEKPVILRCQGPPGVDLYRLE 60
GPVIbAexon5-10xHis MSPSPTALFCLGLCLGRVEADSGPLPKPSLOALPSSLVPLEKPVILRCQGPPGVDLYRLE &0

AR R A A AR A A AR AT A LR R LT AR L LT R LT AT R LT RLE AL IR AL AR AL &K
GPVIa-10xHis KLSSSRYQDQAVLFIPAMKRSLAGRYRCSYQNGSLWSLPSDQLELVATGVFAKPSLSAQR 120
GPVIadexon5-10xHis KLSSSRYQDQAVLFIPAMKRSLAGRYRCSYQNGSLWSLPSDQLELVATGVFAKPSLSAQR 120
GPVIb-10xHis KLSSSRYQDQAVLEIPAMKRSLAGRYRCSYQNGSLWSLPSDQLELVATGVFAKPSLSAQE 120
GPVIbAexon5-10xHis KLSSSRYQDQAVLEIPAMKRSLAGRYRCSYQNGSLWSLPSDQLELVATGVFAKPSLSAQE 120
EEE S S S S EE SR EE R R EE R EE R EEEEEE R EE R EEEEEE R
GPVIa-10xHis GPAVSSGGDVTLQCQTRYGFDQFALYKEGDPAPYKNPERWYRASFPIITVTARESGTYRC 180
GPVIadexon5-10xHis GPAVSSGGDVTLQCQTRYGFDQFALYKEGDPAPYKNPERWYRASFPITTVTARESGTYRC 180
GPVIb-10xHis GPAVSSGGDVTLQCQTRYGFDQFALYKEGDPAPYKNPERWYRASFPITTVTARESGTYRC 180
GPVIbAexon5-10xHis GPAVSSGGDVTLQUQTRY GFDQFALYKEGDEAPYKNPERWYRASFPIITVTARHSGTYRC 180
T
GPVIa-10xHis ¥SFSSRDPYLWSAPSDPLELVV T[Sy iR S\ FSEATAELTVSFINKVET 240
GPVIadexon5-10xHis ¥SFSSRDPYLWSAPSDPLELVVT EFSEATAELTVSFINKVET = 222
GPVIb-10xHis ¥SFSSRDPYLWSAPSDPLELVV T[S g N NI PR FSEATAELTVSFINEVET 240
GPVIbAexon5-10xHis ¥SFSSRDPYLWSAPSDPLELVVT EFSEATAELTVSFINEVET 222
EEE SRS R EEE R R T FEEEEEEERLEER LR 2 X %K
GPVIa-10xHis TETSRSITTSPKESDSPAGPARQY Y TKENINRICHCAVIIIEIACEINEDNHSRRRRLRE 300
GPVIafexon5-10xHis TETSRSITISPKESDSPAGPARQY Y TKENOVRICHGAVINITIACRIAEDNHSRRKRIRE 252
GEVIb-10xHis TETSRSITASPRESDSPAGPARQYY TKENDURICHGAVINITNACEINEDNHSRRERLRE 300
GPVIbAexon5-10xHis TETSRSITASPKESDSPAGPARQYYT 282

GPVIa-10xHis
GPVIadexon5-10xHis
GPVIb-10xHis
GPVIbAexon5-10xHis

LR R R e e AR E R R R

RCRAVQRPLEPLPPLEOTRKSHGGODCCRODVASRGLCS R RAHA N 34
RGRAVQRPLPPLPPLECTRKSHGGQDGGRQDVASRGLCSHHHAERIHAH 231
RGRAVQRPLPPLPELE  TRKS GEQDGCRODVESRGICS HHHAFHAMAH 349
RCRAVQRPLPPLPPLEL TRKSNGGQDGGRODVASRGLOSHUIALIANIL 231

EEEEEE R R L R R RS E RS EEEEEE R

Figure 3.1 Schematic representatiorand sequence alignment of the four GPVisoforms

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 IgSFlomains in the extracellular region are highlighted in light ldxen5is highlighted

in dark purple, the transmembrane region is highlighted in light purple, the intracellular region
highlighted in light green, and the different amino acids betweelicaleforms are highlighted in
yellow.
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A B

BamH]1 site c}{'

! 10xHis TAG

GPVIa or GPVIb )
Notl s1tex

GPVlIa or GPVIb

BamH]1 site X

D

GPVIa or GPVIb

Figure 3.2 Generation of GPVla-10xHis and GPVIb-10xHis constructs.

GPVI wasPCRamplifiedfrom pcDNA3 GPVIvectosand 10xHistag 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).

A GPVIa or GPVIb B

C BamH]1 siteX 10xHis
TAG
Not sit%
BamH]1 si‘[erxJ GPVI Aexons
D E >
TAG

Notl1 site x

Figure 3.3 Generation of GPVIa-gexon510xHis and GPVIb-gexon510xHis constructs.

The fractions before and aftexon5in each GPVI isoform were PC&mnplified from the Higagged
GPVI-containing pEF6 vectors (A) generated in Figure 3.1, withpiimers designed to cuge
overlapping endsThis allowed them to be joined together in a second PCR reaction (B). The resulting
PCR product (GPMgexong and empty pEF6 were digested with the same two restriction enzymes (C
and D), and GP\gexon5ligated into pEF6 (E).
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Figure 3.4 The four GPVI-10xHis constructs have comparbale surface and wholecell
expression levels when transiently transfected into HER93T cells.

(Ai) HEK-293T cells were transiently transfected with emctor control or the indicated Hiagged

GPVI and FcR expression constructs, and cell surface GPVI was detected by flow cytometry with
GPVI monoclonal antibody HY101 followed by FlT&@njugated artinouse secondary antibody. The
plots shown are represtative of four independent experiments. (Aii) Relative GPVI expression was
quantified by dividing the geometric mean of fluorescence intensity (gMFI) of the-@&\4fected by

the gMFI of the empty vector negative control. (Aiii) The percentage offtretesl cells was quantified.
Error bars represent the standard error of the mean. (B) Transfected celfafrelA were lysed in

1% Triton X-100 lysis buffer and lysates subjected to Western blotting with (BRGEMI antibody

11A7 and (Bii) antiHis antibody. The blots shown are representative of two independent experiments.
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3.2.2 GPVI isoforms do not show signalling differesiteresponse to collagen

To evaluate the four GPVI constructs for their ability to initiate downstream signalling in
respons to collagen, an NFATuciferase transcriptional reporter assay a@glied which has
previously been used to measure GPVI signalfifgmlinson et al., 2007DT40, a chicken
B-cell cell line, was transfected with25¢&g of the expression constructs of interest (one of
the four GPVF10x His constructs, mytagged GPVla or GPVIb as positive control, or a
mixture of two His-tagged GPVI constructs]).25 g of FcRo, and 20 €g of an NFAT-
luciferase reporter construper 1.5 x 10’ cells The negative control cells were transfected
with empty vector and NFATuciferase reporter constru@ollagenrinduced NFAT activation
was similar for alfour isoforms of 10xHigagged GPV[Figure 3.5A) and they expressed at
similar levels onthe cell surface (Figure 3B). These data suggest no major signalling
differences between GPVia, GPVIb amgkxon5 variants, and this is the first such
characterisation of the latter. However, a caveat is the cell line system usegparnihents

in plateletsvould be needed to confirm this finding in future.
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Figure 3.5 The four GPVI-10xHis constructs havesimilar downstream signalling shown
by an NFAT-luciferase reporter assayin DT40 B cells

(A) DTA40 cells were transfected with NFA(iiciferase reportetheindicated GPVI isoform and FaR
stimulated with 5 ug/mL of Horm collagen, then subjected to luciferase reporter assay. The luminometer
readout of unstimulated or collagetimulated was presented aftmingnormalised by the readout of
collagenstimulated, GPVIlmyc transfected cell&rror bars represent the standard error of the mean
from five independent experiments. (Bi) GPVI surface expressasnvweasured by flow cytometry,
with GPVI monoclonal antibody HY101 followed by FlIIg@njugated amtinouse antibody. The plots
shown are ngresentative from six independent experiments. (Bii) Relative GPVI expressisn w
quantified by dividing the geometric mean of fluorescence intensity (QMFI) of the-@&\4fected
cells by the gMFI of the empty vector negative control. Error bars repriggestandard error of the
mean from four independent experiments. (Biii) The transfection rasequantified. Error bars
represent the standard error of the mean from five independent experiEMéngsnpty vector. WT,
wild type.
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3. 2. 3 Fc R4Ssignals rmomally C 4

After the comparison of GPMii s construct s, two different
evaluated. | na cysieihedesiduey (841) aF tbheRtansmembrane/cytoplasmic
interface is conserved in many species (Figure 8v&) hypothsise that this conserved site on

FcRo2 1is i nvol wordhich is pordidllynimpodant! fan thexpression and

|l ocalisation of GPVI/FcR2 complex. An FcRo C
the Tomlinson lab, whereeenereplaced cystine at position 44 and therefore it cannot be
pal mitoyl ated. The functional i mp alaciferased Fc R2
assay. WT or C44S FcRo, t og-ewwchandNFAWFudifdrasean e qu
reporter, were transiently trafected into DT40 cells. NFAT activation induced by two

different collagen concentrations, and using three different quantities of transfected
GPVI/ FcRo2, was not affected by C44S FcR2 muil
expression was similariynaffectedboy C4 4 S F c (RigurerB.iB). &owewemit cannot

be ruled out that this cysteine may be invol
involved a norplatelet model cell line. Taken together with the earlier GPVI comparatise da

it was decided t o pr oeldxeHis fomthetcdl trarsfeRion wMkinand G

Chapter 4, to generate GPVI 28¢tdlls. SMALPs fron
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Carp MHSLDVCLILLLNAGRVAAQQDGGVCYILDGILIVYGIVLTILYCRLEMRSSGDEAFS — 58

catfish ———————————MTIGOAAAMDEANVCYITLDAVLFVYGLVLTILY CEMKI QQELARKOA—— 47
Frog —MWIFTVVVILLSVRGAAATREPEICYITDATL.FLYGIVLTATLYCHLETI QTERAQKSKPA 59
Rat —MIPAVILFLLLLVEEAAATGEPQLCYITDATLFLYGIVLTLLY CRLEIQVERADIAS — 57
Mouse “MISAVILFLLLIVEQAAATCEPOLCYITDAVLFLYGIVLTLLY CRLEIQVERAATAS — 57
Cow —MIPAVVLLLLLILVEQAAATGEPOLCYITDATLFLYGIVLTLLY CRLELOVERAATA——— 56
Sheep —MIPAVILLLLLLLVEQAAATAFPOLCYITDATLFLYGIVLTLLY CRELELOVERAATA——— 56
Guinea -MYPAVVLLLLLIVEQAAAT.CEPOLCYITDATLFLYGIILTLLY CRLEIQVERATVAS —— 57
Dog MISAVVLLLLLIVEQAAATGEPOLCYITLDATLFLYGIVLTLLY CRLRIQVERAAVTS — 37
Horse -MIPAVVLLLLLIVEQAAATCEPOLCYITDATLFLYGIVLTLLY CRLEIQVERAATAS — 57
Human ~MIPAVVILLLLIVEQAAALGEP CNC TP N ENGIVEIREY “RIKIQVRRAATTS — 57
Monkey “MIPAVVLLLLLLVEQAAATGCEPOQLCYITDATLFLYGIVLTLLYCRLEIOQVERAATAS — 57
Pig -MIPAVVLLLLLIVEQAAATCEPOLCYITDATL.FLYGIVLTLLY CRLELOVERAATDS —— 57
Carp ERREGDIYODLGREDVDTYDTLHPGRERKPLA 89
Catfish SAFKREASEGVYEGLSHRTQDTYEATINLETES —— 78
Frog GATYEHLNY PEKQIYERIGEEAQFKRGEEGEYTGLE SVDEGTYET IKGESKRN—— 111
Rat RERSDAVYTGILNTRNQETYETLEHERPPQ—— ge
Mouse RERADAVYTCINTRSQETYETLEHERKEPEQ—— 86
Cow SERSDGIYTGLSTRTQETYETLEHERKPPQ—— 85
Sheep SEESDGIYTGLSTRTQETYETLRKHERKPPQ—— 85
Guinea YERPDGIYTGLSTRNQETYETLEHEKPEQ—— Be
Dog YERPDGIYTGLSTRNQETYETLEHERPPQ—— g8e
Horse YERSDAVYTCLSTRTQETYETLEHERKEPEQ—— 86
Human YEKSDGVYTGLSTRNQETYETLRHEKPRQ-~ 86
Monkey YERSDGVYTGLSTENQETYETLEHERKPPQ—— ge
Pig YERSDGVYTGLSTRNQETYETLEHEEPEQ—— 1]
- * & L IR
Figure 3.6 Sequence alignmentof FcR i n di f f.erent 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 @nservedysteine 44 across specisshighlighted in light yellow.
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Figure 3.7Wild-t ype and FcRo Cdmilé® GVl digaaling ard asurface
expressionlevelsin DT40 B cells

(A) DT40 cells were transfected with NFATiciferase reporter, GPVI and FeRWT or C44S) with

the indicated amoust then stimulated witithe indicated concentrations éform collagen and
subjected to NFATuciferase reporter assay. The luciferase activity readbuinstimulated or
collagenstimulated 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 sudagxpression levels were measured by flow cytometry with
GPVImonoclonal antibody HY 101 followed by FIT€njugated antinouse antibody. Representative
plots from three (for 0.28g of transfection), four (for £g of transfection), or five (for 18g of
transfection) independent experiments were shovine. percentages indicated by the red numbers
represent the percentage of GRR¢RRo-transfected cells (QUL) or the percentage of untransfected
cells (QXLL). (Bii) Relative GPVI expression were quantifieg the median fluorescence intensity
(MFI). Error bars represent the standard error of the mean from two to four independent experiments.
(Biii) The transfectiorefficiencieswere quantified. Error bars represent the standard error of the mean
from three offive independent experimentY, empty vector. WT, wild type.
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3.2.4 Characterisation of GPVI monoc |
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 antiuman GPVI mAb HY101, which can be applied in immunoprecipitation
(IP), and mouse antiuman GPVI mAb 11A7, which was provided by Elizab&ardiner
(Carberra) and can be used in Western blotting, six new mousé@wmanmAbsto 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 GRickout 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 an@ edll be furthe demonstrated in

Chapter 5.

In Western blotting of whole cell lysates from human platelet or GPVbficRsfected HEK

293T cells, 338E7 detected GPVI to the best extent under both reduced aretiunced
conditions (Figure 3.8)336E2 alsodetectedGPVI under both nomeduced and reduced
conditions,but more weakly than 338EWhile 336A9detectedGPVI to a similar extent as
336E2, bubnlyin nonreduced sample813A10 and 322D10 Western blotted GPVI relatively
weakly and only under nereduced conditions, whereas 338E5 and JAQ1 were not effective
Western blotting antibodies. Importantly, the detected bands were specific to GPVI expression,

as no bands were deted in empty vector transfected HE2Q3T cells (Figure 3.8).
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Figure 3.8 Characterisation of anti-GPVI monoclonal antibodiesfor Western blotting.

Human platelets, moetkansfected and GPVI/FcRransfeted HEK-293T cells were lysed in 1%
Triton X-100 lysis buffer and Western blotting done with the indicated GItbodies(0.5 pg/ml)
under norreducing and reducing conditions. Images are representative of foure@haring samples)
or two (reduced sanhgs) 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, GPVla and GPVIb, and the alternatively spliced
forms, GPVIagexon5and GPVIbgexon5 Their expression has been confirmed in transiently
transfected HER93T cells, on both surface level (via flow cytometry) and wAeelélevel

(via western blotting on whole cell lysates). The surface and wisl@xpression levels of

the four GPVI isoforms were comparable. The functionality of the four GPVI isoforms was
investigated using an NFAIlciferase assay which has been shown to efficiently detect the
weak but sustained signalling events following GPVI activation by collagdrei®T40 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 FtRVT and C44S was also investigatedthvno
significant GPVI signalling difference in response to Horm collagen observed. The
performance of six newnonoclonal antibodgto GPVI in Western blotting was also tested,

with the best performing one, 338E7, identified.

The two most common GPVI haypypes 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 yocardialinfarction (Croft et al., 2001)Since then, there have been a few
studies in platelets revealing the phenotypic difference between donors with these two
hapbtypes, which were later referred to as GPVla and GRYdubtsiKorhonen et al., 2003)

The resultsin this chapterepresent the first direct comparison of GPVia @RrVIb in cell

line model systems, and found no significant difference in surface and-egibkxpression

levels which is consistent with the findings of Trifiro et al. that GPVIa and GPVIb do not have

a statistically significant difference on the exgsien levels in human platelgfErifiro et al.,

2009) However, our results from NFAlUciferase assay failed to detect significant signalling
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difference downstream of GPVla and GPVIb, in response to collagen stimulation. This
contradicts the downstream tyrosine phosphorylation difference between the twmsstifar
Trifiro et al. reportedTrifiro et al., 2009) This may be due to the fact that the NFA€iferase
assay is very sensitive in detecting weak but sustaingcc@acentration elevation induced by
collagen stimulation in cell lineTomlinson et al., 2007)Furthermore, the NFAT assay
measures transcriptional responses awehours, rather than the rapid GPVI/Bepoximal
signalling events measured by Trifiro et(@atifiro et al., 2009) It would have been useful to
investigate GP\tinduced tyrosine phosphorylation in the DT40 model system, but this was
previously shown to be relatively wegkomlinson et al.,, 2007and so not ideal for a
comparison of GPVla and GPVIb. Ultimately, it would be interesting to compare GPVla and
GPVIb in a human GPVI knoek mouse model system, as has already been done for GPVla
(Mangin et al., 2012; Navarro et al., 202But the lack of any differencestdeted in ths

chapter would not justify such a major experiment.

GPVI-gexon5is a short form of GPVI, lacking part of thedlycosylated stalk region, which

can be found in sequence databases but has not previously been studied. Alternative splicing is
a ommon and essential procedure to increase the diversity of the proteome. For example, the
Ca&* sensor somal interaction molecul2 (STIM2), which is localised to the endoplasmic
reticulum and regulates steoperated CH entry (SOCE) downstream of GPWURo
activation, has two alternatively spliced forms, STIM2.1 and STIM2.2. These differently
regulate SOCEhrough their interactions with th®rail SOCE channeland calmodulin
STIM2.1 is an inhibitor of SOCE whereas STIM2.2 is an activ@itbederer et al., 2015)

GPVI has 8 exons, where exong§ Encode the extracelar region and exon 8 encodes the
transmembrane and intracellular tzumi et al., 2000; Perrella et al., 202Early GPVI

cloning efforts identified three alternatively spliced isoforms, including what is now regarded

as the wildtype sequence, one lackiagon5and one longer isoform which encodes 620 amino
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acids without an apparent transmembrane ref(fmumi et al., 2000; Jandr&errus et al.,
2000. The longer isoform has abase insertion in exon7, which introducesaafeshift in the
following sequenceWhen this longer isoform was expressed in a Monkey kidney cell line,
COS7, it did not bind to CRREzumi et al., 2000)Few studies that examined these
alternatively spliced forms of GPVI failed to generate more information regarding their
expression and function, for exaraplSun et al. checked the expression of the three GPVI
isoforms in luman umbilical vein endothelial cells (HUVECahd found only the normal
length isoform exists(Sun et al., 2003)Exon57 encode the mucktike, heavily O
glycosylated stalk region of GPVI. The result in this chapter showed no significant difference
of theexon5deleted GPVI in surface and whetell expression from the fulength GPVI, for

both the alleles, in HEXR93T and 040 cell lines (only surface expression level was examined

in the latter). Moreover, no significant difference was observed in coliageiced
downstream signalling between noraahgth andexon5deleted GPVI, using the NFAT
luciferase assay in transfedtDT40 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 oddaljth andexon5deleted 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 @axon5specific antibody. However, theda of any effect of
exon5deletion in this chapter would question the merit of major follgmstudies, such as

assessingxon5deleted GPVI in platelets using a knackmouse strategy.

It has been reported by Trifiro et al. that one of the amino acstiguions between GPVlia
and GPVIb, Q317L (Q in GPVlaand L in GPVIb), accounted for increased calmodulin binding
in the less frequent haplotype, GP\(Trifiro et al., 2009) Calmodulin is a ubiquitous &a

sensing protein that has many target protétiapham, 2007)with GPVI being one of them
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and interacting with it via cytoplasmic residues 294 to @0®Irews et al., 2002; Locke et al.,
2003) Trifiro et al. reported that transfected GPVIb canmmunoprecipitate higher levels of
endogenous calmodulin from Dami cellshaman megakaryocytic cell lineompared to
GPVla. They inferred that such increased calmodulin bindingGBVIb 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 explanafmmthe association of GPVIb with
increased risk of thrombosf{&ardiner et al., 2007; Trifiro et al., 2008owever, 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 transfaed HEK-293T cell§Matthews, 2018)In the future, the same type of GPVI
shedding assay could be performed on HERT cells transfected wittixon5deleted GPVI

to further check the functional difference betwexon5deleted and normal lengthR¥1.
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 exon5deleted GPVI (see Figure 3.1), so an effect on shedding weeid anlikely.

Palmitoylation is a podranslational lipid modification(Martin et al., 2011)and plays

important roles in preinrmembrane interacting, protein trafficking and profefotein
interactions(Smotrys & Linder, 2004)In fact, several membrane proteins with cysteine
residues near the junction of transmembrane and cytoplasmic regienisd®an reported to be
palmitoylated and this is associated with their functions. A striking example is LAT, a central
scaffold protein in the GPVI/FcR2 and T ce
mutation of the cysteines prevents LAT assocratp lipid rafts and prevents T cell receptor
signalling (Lin et al., 1999) Furthermore, palmitoylation and depalmitoylation loé small

GTPaseRasa cr i ti cal activator of MAPK signall in
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other receptorsegulates its localisation between the ER, Golgi and plasma menghnader

& Deschenes, 2007)n addition,palmitoylation of SARSCoV-2 S proteirplays an essential

role in membrane fusion, andus is critical for the infectivity of the viru8Vu et al., 2021)
Theonserved cysteine at the junction of trans
intracellular tail is |Iikely to be pal mitoyl
as one of >1,300 palmitoylated proteins in human platelets, althbugts inot significantly

enriched in comparison to the unlabelled control gr@pwal et al, 2011) However, our
results rom NFAH uci ferase assay on WT and C44S FcR
proposed palmitoylation site showed no significant functional difference from WT, in both

basal and collagestimulated conditions. Howeverdgta nnot be rul ed out t h;
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 thashbeen described previougNoy et al., 2016)It is

al so possible that FcR2 is not palmitoyl at et
palmitoylated in other cells such as platelets, therefore an important next step would be to
assess its palmitoylation which can be done usingbubtaabelling with labelled palmitate
(Eschenbrenner et al., 20208)evertheless, our results here provided no evidence thHadt®

FcCR2 is a promising mutant for the signall.i

complex.

To summarise, in this chapter, four GPVI expression constructs were generated and tested,
showing their similarity in expression level and abilityritiate collageAinduced downstream
signalling, in transfected cell line systems. B&RT and C44S were also similar in their ability

to initiate collagerinduced downstream signalling. In addition, six GPVI monoclonal
antibodies were characterised and 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, GPVla, and WT Fciwill be the focus of the SMALP work in the next chapter.
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CHAPTER 4

Purification and characterisation of
GPVI/FcRa SMALP s from transfected
HEK -293T cells
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Chapter4Pur i fi cati on and characteri
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 signallirepsvthrough the ITAMs in FcaR
where a disulphidéinked dimer of FcR 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 activateplttelets. 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
antrthromboss drug target, as GPMeficient mice are protected against lethal
thromboembolism(Lockyer et al., 2006)and arterial thrombosi¢Bender et al., 2011)
Moreover, a human palation identified in Chile with a missense mutation in @b gene,

and subsequently no GPVI expression, have platelets which fail to aggregate on collagen, yet

the affected people have onlylthbleeding problem@Viatus 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 namembrané&rhelix 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 atbdeck dimer

with the interface at the D2 domaifdorii et al., 2006) The inhibitory nanobodpound

dimeric structure, on the other hand, showsDBedomains from two monomers exchanging

b sheets with each other, and the nanobody, Nb2, binding the D1 d(Bteter et al., 2021)
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A third structure is a CRBound dimeric structure, showing baikback dimers with the
interface at the D2 domaingmslar to the original GPVI dimer structure. CRP binds to the D1
domains, in a position close to the Nibiading groove, which indicates that the Nb2 inhibitory
effect could be due to allosteric modulation or steric c{&glitsma et al., 2022; Slater et al.,
2021) Notably, all these solved structures involve only GPVI D1 and D2 domains, and no
structures involving the glycgkated 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 dimerrepresents a biologically active form of the receptor, with a unique Higeualihg
epitope in comparison to the mononf€tark, Damaskinaki, et al., 2021; Clark, Neagoe, et al.,
2021; Slater et al., 2018) 0 better understand the mechanism and functional significance of
GPVI dimerisation, a fullength GPVI structure, ideally in complex with the B¢cRould be
beneficial, as the regions other than the two IgSF domains could potentially introduce steric
constraints and refinement to their spatial arrangements. In adthgostructure of fullength

GPVI in complex with FcB 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 oukeaf tiative lipid bilayer environment
without destroying their bioactive structures and interactions, as the detemigetie-
encapsulated membrane proteins can easily be destalfilieadet al., 2016)Moreover, the
extracting procedures typically involve tedious screening of detergents and fudkeet al.,
2016) There has been no reported success in extracting-kerigth GPVI intoappropriate
detergent micelles; moreover, understanding GP3Ro 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 proteiacti®in, a novel strategy utilising
SMALPs, has been adopted. SMA-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 stfisowles et al., 2009; Lee et al., 2016 MALPs

are diseshaped, 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 biophysial applicationgDorr et al., 2016; Krishnarjuna &amamoorthy, 2022; Lee et

al.,, 2016) In this chapter, the SMALP technology was agglito the extraction and
characterisation of the GPVI/FoRomplex from a human cell line overpression system,

with an ultimate goal to develop materials and methodologies for the structural determination
of full-length GPVI in complex with Fci An ADAM10 knockout HEK-293T cell ling(Koo

et al., 2020)was used, as the endogenously expressed ADAM10, a transmembrane
metalloproteinase, can reduce yield by shedding GB¥idiner et al., 2004; Koo et al., 2022;

Noy et al., 2016)

The aims of this chapter are:

1. To extract oveexpressed Hisagged GPVI and FcRRinto SMALPs, from an ADAM10©

knockout HEK293T cell Ine, and to purify GPVI/FCRSMALPs.

2. To characterise the purified GPVI/FEFSMALPs 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 GPVVBEMALPs

The first aim of this chapter was to generate and purify GPVI SMALPs from GRigland

FcRo transfected HEK293T cells, the lattebeing ADAM10 knockout to prevent the
constitutive GPVI cleavage by ADAM10 that was previously demonstrated in28B8K cells
(Gardiner et al., 2004; Koo et al., 2022; Noy et al., 20Iib¢ protocol developed is shown in
Figure 4.1. The cells were passaged into 15 cm plategdhds transiently transfected using
PEI, and harvested 48 hours later. Expression of GPVI was confirmed by flow cytometry
(Figure 4.2A). Cells were stored &0 °C immediately after harvesting until use. On the day

of generating SMALPs;8 mL centrifugedvolume of cells were defrosted on ice, membranes
isolated and SMALPed using SMALP 30010P (Orbiscope). After theodnd of SMALP
generation, the uBMALPed pellet was reincubated with SMALP 30010P to maximise
SMALP generation efficiency. The SMALPs wareubated with NiNTA beads to capture
His-tagged GPWASMALPs and the solutichead mixture was then pooled together into a
gravity-based affinity column. After washing, Hiagged SMALPs were eluted with imidazole.
Analyses of samples from the purificati procedure by SDBAGE demonstrated successful
purification of a major protein band at the predicted molecular weight of GPVI by Coomassie
and silver stain (Figure 4.24), and GPVI Western blotting confirmed the presence of GPVI

(Figure 4.2Biii).
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Figure 4.1 Experimental proceduresfor generating and purifying GPVI SMALPs from
transfected HEK-293T cells.
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Figure 4.2 Purification of GPVla-His SMALPSs.

(A) ADAM10-knockout HEK293T cells were transfected with GPMWiEs and FcR expression
constructs, and two days later analysed by flow cytometry with GPVI mAb HY101 followed by FITC
conjugated antimouse secondary antibody. The purple trace represents GPVI staining and the black
trace the isotypenatched MOP&1 negative contranAb. (B) GPVIalOxHis was transfected into

and expressed in HER93T cells (from 100 confluent 15 gofates) and GPVHais SMALPs purified

as described in Figure 4.1. For maximum solubilisation efficiency, tHeMMLPed debris from the

15 round of SMALPgeneration was collected and incubated with SMA, and the generated SMALPs
were affinity purified viaa Ni-NTA gravity column. Purified SMALPs from both rounds were
combined for downstream characterisation. The indicated fractions from the purificati@uymec
were analysed boomassie stai(Bi), silver stain(Bii) and Western blotting with GPVI mAb 338E7
(Biii).
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4.2.2 Gel filtration of GPVI/FCR SMALPs reveals distinct populations of GPVI
oligomers

The purified SMALPs were further separated by size gea filtration. Imidazoleeluted
SMALPs were dialysed, concentrated, combined together, and separatesugardex 200
10/300 Increaseolumn. SMALP solution B (50 mM Tris pH=8, 500 mM NaCl, 10% glycerol)
was used throughout the gel filtration procegurB00¢L fractions were collected. The
resulting profile was a wide peak, right after the void volume (Figu#e)4\When fractions 4

14, corresponding to the peakere loaded onto SBDBAGE and subjeetito Western blotting,
GPVI and FcR were observedni all these fractions, under either a@uuced or reduced
conditions (Figure 4B). Under norreduced conditions, a GPVI blot revealed the existence
of GPVI dimers and high molecular weight species; the latter are probably GPVI oligomers
within the same BALPs or aggregation of several GR¥dntaining SMALPs (Figure 483.
Nevertheless, the existence of the &diRner under nommeduced condition and FofRnonomer
under reduced condition (Figure 4.3B) suggests thab BoR GPVI express as a complex in
the transiently transfected HER93T cells, and they can be isolated together into the same

SMALPs.

Interestingly, when the same fractions were loaded onto-BM&E, a native PAGE method
where SMALPs are not disrupted and the encapsulated proteins not de(Radlicck et al.,

2019) followed by Western blotting against GPVI and BcRach fraction showed up as a
single smear, with the molecular weigipan 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-24) are potentially purer as they were less smeared (Figure
4.3C). Moreover, the bands in each fraction overlayed on GPVI and IfoB, a further

confirmation that they form a complex and exist in the same SMALPs. TheFSAGE results
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suggest that GPVI/FcRin SMALPs from HEK293T cells possibly comprise different

oligomeric states of the GPVI/FoRomplexes.
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GPVI-SMALP elutions from NiNTA affinity column. Numbers othe X-axis refer to the number of
the fractions colicted. (B) SDFPAGE and (C) native SMARAGE of gel filtration fractions followed

by Western blotting for GPVI and FoR
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4.2.3 GPVISMALPs bind collagen

To evaluate whether GPVI encapsulated in SMALPs remains functional, a collagdownll
assay was ptarmed. The gel filtration fractions from section 4.2.2 were pooled into three
group® fraction 46, fraction 79 and fraction 1413, and pulled down by collage@onjugated
agarose beads. GPVI blot revealed efficient-gdolivn in all three groups (Figuredd. Similar
guantities of input GPVI for each of the three gldwns was confirmed by GPVI Western
blotting (Figure 4.4). Together, this suggests that GPVI in SMALPs is properly folded and

functional in binding collagen.
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Figure 4.4 GPVI SMALPs bind collagen.

The GPVI SMALP gel filtration fractions from Fig. 4.3 were pooled as indicated, and subjected to
collagenagarose pulldown assay followed by GPVI Western blotting. Dashed lines were used to
separate diierent 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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4.2.4The purified GPVI/FcB SMALPs are relatively pure

To assess the purity of the GPMtR) SMALP samples, the gel filtration fractions were run

on SDSPAGE 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-stéreed gel as indicated
(Figure 4.5), andubjected toiguid chromatographyollowed bytandem mass spectrometry
(LC-MS-MS), which was kindly performed by Dr. Norman Day and Dr. Jinglei Yu from the
Advanced Mass Spectrometry Facilityniversity of Birmingham. The output protein lists
revealed GWI as the top hit for the ~100 kDa and the ~57 kDa bands, suggesting them being
GPVI dimer and GPVI monomer, respectively, and $aRthe top hit for the ~18 kDa band,
suggesting it being a FoRdimer (Supplementary Tables3). As these three bands were
relatively the strongest among all bands that showed up in the-siadreed gel, these results
demonstrate that the purified SMALPSs are relatively pure, with GPVI andb&Rg the main

protein components.
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Silver-stained gel (SDS-PAGE, non-reduced)
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Figure45The puri fied GPVI/FcRo2 SMALPs are relat

GPVI SMALP gel filtration fractions were analysed by SBAGE followed by silver stain. The three
main bands, at approximately 100 kDa, 57 kDa and 18 kDa, were excised as indicatetlagkthe
rectangles and analysed by IMS-MS, and the major species identifiaceindicated by the arrows.
The filtered list of protein entridgsom LC-MS-MS are shown ifsupplementary Tabel-3.
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4.2.5GPVI/FcR SMALPsshow singledispersed particles undeegative stain EM

To visualise the purified GPVHER) SMALPSs, fractions, 7 and 1Grom gel filtration, were
chosen as representatives for possible -higiedium and loworder oligomers for negative

stain EM, which was kindly performed by Dr. SaskiekBzr from Advanced Bioimaging
University of Warwick. Among the images, those from fraction 7 showed clearly single
dispersed, proteihike particles (Figure 4.6A). 2D classification was performed from ~1,000
particles on the images collected from fractibnwhere 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 Il on the grid was alsdtempted, but unfortunately the collagen fibres failed to be

observed.

Figure 4.6 Representative regative stain electron microscop images of GPVI SMALPs
showed singledispersed, proteinlike particles.

GPVI SMALP gel filtration fraction 7 from Figure 4.3 was-fiddd 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 ad grouped into 2D class averages using RELION. 50 classes were requested and 39 classes
were produced; they were numbere89lwith descending amount of particles in their corresponding
classes. The averages from the first 30 class averages are shdast, $helass 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, fullength GPVI in complex with FciRhas been successfully extracted into
SMALPs, from a transfected human cell line, HE83T. GPVI/FcR SMALPs purified with
Ni-NTA gravity column and gel filtration showed a wide size distrdyy possibly comprising

the GPVI/FcR complex with different oligomeric states. Purified GPVI/BAR SMALPs

with different sizes can all bind collagé@rhe purified GPVI/FcB SMALPs are relatively pure

with GPVI andFcRo being the major protein comparts, and singlalispersed particles of the
purified GPVI/FcR® SMALPscan be observed under negative stain EM. This is the first report

of purifying GPVI with lipid nanodiscs.

The gel filtration profile of purifiedGPVI/FCRy SMALPs comprises a wide peak right after

the void volume (Figure 4.3A). This profile potentially demonstrates two major peaks, the first
oneright afterthe void volume and the second dnebetweenfractions 11-12, which are
connected by a series of middiized particles, represented as the slope between the two peaks
(Figure 4.3A, fractions-0). A similar phenomenon on purified SMALPs has been observed

in a recently published study where tetraspanin CD81 was expresgegastorisyeast,
extracted ito SMALPs, purified and characterisédlyub et al., 202Q)the $ze 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 tha@rcular dichroisnspectra of bth 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., 2018he 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 unstrugityyet et al., 202Q)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 purifiedPVI/FCRy SMALPs here may comprise additional
populations with intermediate sizes. This could possibly reflect the different oligomerisation
and clustering status @&PVI/FcR in the HEK293T cell line. It could also be an over
expression phenomenon, suittat 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/FoRcomplex, which could ultimately help to explain the

molecular mechanisms of GPVI dimerisation and clustering.

The gel filtration elution volume profiles in this chapterare relatively consisteh with the
column calibration curvehowever,a molecular weighbiasup to 33%from the calibration

curve exist (Supplementary Figure 1Jhis could be attributed to the fadtat the column
calibration was performed witBoluble, globular proteinstandard in PBS,therefore the
conformation of thestandardsthe charge and hydrophobicity status ofstendardsand the

buffer conditions are all different from the GPNéR0 SMALP samples presented in this
chapter.Besides, the SMA belt creates a very different interface to the aqueous satution
comparison to the protein/buffer interfaces or detergent miselle/buffer interfaces in most other
samples, and the wide rangenodleailar weighs of the GPVIFcCRo SMALPs here may make
themolecular weighteadings from a native gel less accurateaddition, the largest size of

the protein standardisat wereused 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 this chapteihave been characterised 6PVI/FCRo

Westen blotting, the collagehinding assay, mass spectrometry and negative stain EM, there
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is enough evidendbat different populations of GP\HER) SMALPSs have been generated and

purified.

The work here also featured the application of one relatively neverBAGE method, SMA
PAGE, which was specifically developed for SMALPs by Pollock éPallock et al., 2019)
SMA-PAGE utilises the unique netgeaely 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 bromopheol 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-BMBE is as simple as for the
traditional SDSPAGE, with all reagents affordable for general experimental usage. In addition,
comparing to other native PAGE methods, such as blue native PAGEP3@&A requires

no additives in either the loading samples or running buffers, and maybaempangantly,
provides a relatively uniform shape of all particles, since all SMALPSs retain the disc shape and
similar sizes, at least in the plane of the disc. SRIXGE followed by antGPVI and anti

FcRo Western blotting here elegantly demonstrated thdéeoodar 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 @l) is neededin SMA-PAGE, in comparison to many other
biophysical characterisations such as analytical ultracentrifugatiocir@athr dichroismAs

such, SMAPAGE has served as an efficient and promising method for identifying the size of
GPVI/FcR SMALPSs, althoughtineeds to be further investigated whether they are oligomers

encapsulated in SMALPs or SMALPs that aggregate together.

The purified GPVI/FcR SMALPs obtained in this chapter are functional in binding collagen,

and relatively pure with GPVI and FoReingthe main protein components. In addition,
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negative stain EM has identified singlespersed patrticles, with reasonable sizes and several
2D class averages generated. However, the amount of particles selected for 2D classification
was only around 1,000, wthi was too low for 3D structure construction. To measure the
guantity of purified GPVI in each fraction of gel filtration, three methods were adopted:
Coomassiestained SDFAGE with the samples in comparison with BSA standards; anti
GPVI Western blottingon samples in comparison with recombinant GIP¥Iprotein, and
nanodrop (Supplementary Figu?® 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 FcRFigure 4.5), and the arntis-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 FR)uklhough they can be
separated on gel based on molecular weights, it couldffiimild to distinguish GPVI/FcR

from contaminant proteins on EM images, which obscures structure determination. Moving
forward, for highresolution structure determination, a larger amount of purer protein samples
is needed, which could be achieved bg tise of suspension HERO3T 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 demonsgitatPs and HEK293T cells as
promising tools to generate fténgth GPVI in complex with Fci for their characterisation
towards structural determination. Optimisation of the expression system and purification
strategies will be needed for the ultimateafto solve the highesolution structure of

GPVI/Fck complex in SMALPs.
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CHAPTER 5

Investigation of platelet membrane receptor
Interaction and stoichiometry using
SMALPs
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Chapter 5 Investigation of platelet membrane receptor interaction
and stoichiometryusing 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 formatig@lemetson & Clemetson, 2019; Poddar & Banerjee,
2020) However, theras 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 includmoinoprecipitation

(co-IP) and immunofluorescence microscopy; however, these methods have their limitations.
CoIP performed on detergenticelleencapsulated proteins can suffer from artefacts
generated by the dynamic characteristics of detergent micelles, such that thiatthssand
merging of these micelles can introduce fategativeor falsepositive results of protein

protein interactions. Immunofluorescence microscopy can be a powerful tool for monitoring
membrane protein interactions in real time and in live cdlisitlvequires additional labelling

by either antibodies or genetically btiitttags on proteins, both of which could introduce steric
hindrance and thus interfere with protein interaction; moreover, the blinking events of
fluorophorescan render difficules in data interpretatiofClark, Neagoe, et al., 2021 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 assemblpesave 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 Watly 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 BBALP generation protocol, the preservation of two known protein
complexes, GPVHcRo and ADAM10/Tspanl5, in the same SMALPs from human platelets,
was examined. GPVI SMALPs from human platelets were then closely examined for the
investigation of GPVI phospmhsignalosome and GP\fteracting membrane proteins, and
GPVI conformational differences in detergent micelles and in SMALPs were accessed. Finally,
novel biochemical assays based on cell surface biotinylation andFAMGE were developed

and applied to thinvestigation 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
i sol at ed, washed human pl atelets,enand th
interaction from native platelets;

- To examine whether GPVI/FoRand ADAM10/Tspanl5 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 mSMALPs;

- To examine the membrane interactome and phesgmalosomeof 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 interaatidnstoichiometry

in native human platelets.

155



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 perfortpenchtop biochemical experiments with these platelet SMALPs.
The standard protocol of generating SMALPs from intact cells was published by Leet al.

et al., 2016) where membranesaisolated 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 startinpoint 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 heermgeoi

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 protoco{Lee et al., 2016)To establish the effectiveness of the modified protocol,
platelet SMALPs were firstly Western blotted for GPVI dnd (part of the major integrin
Ulbb3 complex) as two model platelet membrane proteins (Figuje Prdtein signals with
comparable strength were detected in homogenised platelets, in gt&encubation and

in the formed SMALPSs, but not in the insoluble debris (Figure 5.1). This simplified platelet

SMALP generation protocol was then adopted thhmut this chapter.
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Next, it was evaluatekdow well SMALPswere able to extraa@nd represent the native state of
plateles under these experimental conditions, in comparison tdDl@etergensolubilisation.

As platelets have limited amowf proteinsa relatively welldefined proteome as well as the

pTyr profile, the antipTyr Western blottingerves as an excellent evaluatistrikingly, whole

cell SMALPs showed substantially higher levels -afyy than NR40 lysates (Figurb.2). The

latter showedelatively low levels of basal pTygnd several prominent pTyr bands were
induced by CRP stimulation, with major bands likely correspondimi®yltoC,oB&, Syk, Src,

LAT (Figure 5.2). This suggests that the platelets are mgmtivated during the
aforementioned SMALReneration procedure. To determine the cause of this problem, each
component of SMALP solution B (50 mM Tris, 500 mM NaCl, 10% glycgsbl=8.0) was
scrutinised The addition of 10% (vol/vol) glycerol did not change platel@ypprofile (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 (Ei§3A). Interestingly,

as NacCl concentration increased, the amount of dete€tgd @nd the intensity of eachTyr

signal were similarly increased (Figure3A). In contrast, neither the change of buffer pH
bet ween 7.3 (the pHerafd8m@dhe pH of SMALPEolutiom B)endrs b u f
the change of Tris concentration from 10 mM to 50 mM, affected the protein band pattern on
p-Tyr blots (Figure 8B and C). Thus, the high concentration of NaCl (500 mM) in SMALP

solution B was identified aséhmain cause of platelet hypactivation.

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 pHEB) mM NaCl,

10% glycerol), unless otherwise stat®édth this optimised buffer condition, the band patterns

on pTyr 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 54). Where indicated, NaCl was supplemented to the SMALP solution for a final
concentration of 500 mM, to disrupt the unspecific aggregation among several SMALPSs, which
has been reported befqieostis et al., 2015nd also observed in this thesis (Supplementary

Figure4).
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Figure 5.1 Platelet membrane proteins can be solubilised b$MALP 30010P.

Human platelets were isolated from freshly drawn bleesluspended 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 platetedsgha mixture incubated for 2 h at room
temperature SMALPs and uAnSMALPed debris were then separated by ultracentrifugation. Un
SMALPed debris were resuspended into buffer with the same volume as the SidAtiakhing
supernant for comparisoA) The pralucts in each steps were collected and subjected to Western
blotting for GPVI. (B) Platelets were stimulated with CRP or treatedavitgual amount of buffer as
anegative control, and the products in each steps were collected and subjected to Western blotting for
Ulb.
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Figure 5.2 Whole cell SMALPs from human platelets yield hyperphosphorylated
proteins that are independent of CRP activation.

Washed human platelets were prepared from freshly drawn blood and activated by CRP. The activated
(or restingstate control) platelets were then centrifuged at 10,000 xg for 1 min at room temperature,
resuspended again into SUP solution B (50 mM Tris diluted 1:10 from pH=800 mM NaCl, 10%

glycerol) and subjected to platelet SMALP procedures §laf®), or directly lysed in 1% NRO lysis

buffer (lane 3-4). The samples were loaded oatd12% gradient gel, subjected 8DS-PAGE and
Western blotted witlantip-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 blatichulated with CR# indicated centrifuged

down and resuspend ihe indicated buffers. Samplesere subjected to SDAGE followed by

Western blotting for pTyr. (A) Influence of NaCl concentration, with 50 mM Tris and pld-tBe last

two lanes,the ame batch of washed platelets were resusp
Tris-NaCl buffer, with incubation at 37C for 90 s with or without CRP activation, to confirm the

response of platelets to the agon{®) Influence of pH, with 50 mMrris and 150 mM NacCl. (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 MP detergent or into SMALPs. The gertethwhole cell lysates

and whole cell SMALPsvere loaded on SDBAGE and subjected to Western blotting fefyr. The

data is representative of three independent experiments.
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5.2.2 GPVI/FcR and ADAM10/Tspanl5 complexes can be preserved in SMALPs
from human platelets

To develop SMALPSs 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/FcRand ADAM10/Tspanl5, which ar&nown to form
complexes on the cell surface, respectively, were chigammet al., 2020tipper et al., 2022;
Zheng et al., 2001)Restingstate platelets were solubilised into either detergent lysates or
SMALPs, he samples preleared and subjected to GPVI IP, ADAM10 IP or Tspanl5 IPoFcR
was detected in GPVI IPs, using a range of different GPVI antibodies, from detergent lysates
or SMALPs by Western blotting (Figuresd\), indicating that the GPVI/Fcicomplex @n be
preserved in both Triton 400 cell lysates and in SMALPs. Similarly, in platelet SMALPs,
Tspanl5 was detected by Western blotting in ADAM10 IPsyaedversgFigure 55B). This
interaction was not preserved in Triton1R0 lysates (Figure 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 interactigtesmler, 2003; Le Naour et al., 2006;
Protty et al., 2009)Figure 55Bii). The relatively stronger ADAM1®ands in ADAM10 IPs
relative to Tspanl5 IPs, and vice versa (Figus8h.are most likely due to the fact that there

are two other TspanC8 tetraspanins expressed in platelets that compete with Tspanl5 for
ADAM10 binding (Koo et al., 2022) To summarise, the two pairs of membrane protein
complexes, GPVI/FcRand ADAM10/Tspanl5, can be encapsulated together into the same
SMALPs from human platelets, suggesting that this methodology may be useful for the

identification of novel membrane protamteractions.
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Figure 55 SMALPs i sol ated from human pl atel ets
ADAM10/Tspanl5 complexes.

Washed human platelets were lysed in 1% TrXeh00, 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 SBDBAGE followed by Western blottg with the antibodies indicated. Arrows in
panel A indicate the canonical GPVI band. GPVI and Fbivts are representatives of three

independent experiments. ADAM10 and Tspanl5 sbkrte representative of two independent
experiments.
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5.2.3 GPVI solubised into detergent lysates and SMALPs has differential epitope
accessibilities to antsPVI antibodies

The five new GPVI monoclonal antibodies from Bernhaidsiandd $ab (University of
Wirzburg, described in Chapter 3, were used for GPVI immunopitatign (IP). Some
striking differences were observed for particular antibodies depending on whether human
platelets were lysed in 1% Triton-200 detergent or into SMALPs (FiguréA.and 56). For
example, 338E7 immunoprecipitated GPVI frdetergent lysates with the highest efficiency,
comparing to other antibodies, but immunoprecipitated GPVI from SMALPs with the lowest
efficiency among the five antibodies (Figuré)5.In contrast, 313A10 immunoprecipitated
GPVI with relatively low efficiecy from detergent lysate, but immunoprecipitated GPVI
SMALPs with relatively high efficiency (Figure®. These data suggest that the GPVI mAbs
have distinct epitopeshat have differential accessibilitiea detergent micelles versus
SMALPs. However, m@ definitive conclusions regarding the epitopes of these GPVI
antibodies cannot be drawn until epitope mapping experinfienexample, GPVI chimeras

with mutations at the proposed epitope positians,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% TritelOR lysis buffer or solubilised into SMALPs,
immunoprecipitated with the indied mAbs and Western blotted with GPVI mAb, 338HE7e solid

lanes on the image indicate that different parts of the same gel were grouped t¢(8gData were
guantitated from three experiments and normalised to HY101l 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-gitir 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;ffgranti
Western blottings an excellenevaluation of platelet phosphproteomeGPVI 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 (Figur®).5Washed human platelets
(resting or CRRactivated) were lysed by N#FO detergent, or extracteinto SMALPS,
subjected to IP, then the immunoprecipitated proteins were eluted and Western blotted with
GPVI, Fch, the GPVI signalling pathway kinase Syk, andy (Figure 57). IPs were
performed at 4°C overnight; for SMALP IPs, the SMALPs were fisstgenerated with
modified SMALP working solution B (50 mM Tris pH=850 mM NaCl,10% glycerol), then

the NaCl concentration was supplemented to 500 mMrpblot on NR40 lysates from CRP
activated platelets showed two major strong bands at ~65 kDaZankDa, presumably Syk

and phosphorylated FoRlimer, respectively; in contrast, pTyr blot on SMALPs from €ERP
activated platelets showed only one band at a similar position to the presunelirfreRband
(above 25 kDa), with the strength much weaker tteat in NR40 IP (Figure 5A). No
strikingly novel phosphgrotein was revealed on pTyr blot in the IP on GPVI SMALPSs. In
addition, the GPVI mAb of choice, 336E2, IPed GPVI from-&Plysates more efficiently

than from SMALPs, as shown by the strongendsain antiGPVI, antiFcRo and antiSyk
Western blotting (Figure BB), which is probably due to the difference in epitope accessibility
between the two solubilisation methods. pTyr blotting of whole cell lysates demonstrated that
the phosphgroteome wasot affected by the different solubilisation methods in these

experiments (Figure BC).
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Figure 5.7 GPVI IPs on GPVI SMALPs from human platelets did not reveal novel
phosphorylated proteins inthe GPVI signalling pathway.

Human platelets were isolated from freshly drawn blood, stimulated with CRP, then lySedNif- 1

40 or into SMALPs. Eluents from IPs were loaded to $IX&E followed by Western blotting for p

Tyr (A), GPVI, FcP, and Syk (B). The whole cell lysates and whole cell SMALPs were preserved and
subjected to SDPAGE and Western blotting for pTyr (C).dé$ are representative of 4 independent
experiments.

167



























































































































