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Abstract

There are numerous purinergic receptors expragsigditously across the human body, making them targets

for various clinical indications. While some of these receptors have been rigorously characterised and achieved
clinical success, others remain relatively unexplored due to a lack of structural amdapblogical
information. The P2X1 receptor is one such target currently under investigation for its potential as a novel

male contraceptive, an area that has seen no clinical advancements for decades.

This thesis provides a comprehensive structural and pharmacological exploration of the P2X1 receptor, aiming
to advance drug discovery efforts targeting this receptor. The findings presented here have broader implications
for the structural understanding B2X receptors, drug discovery targeting #B2X1 receptor, and the
cryogenic electron microscoggryo-EM) study of membrane proteins in genef@hapter 3 discusses the
optimisation of techniques such as protein purification, sample preparation fdeMryand cryeEM image
processing. These optimised processes addressed issues like protein instabilily) prederred orientation,

and protein state preference, enabling the determination of twadggtution structures of the human P2X1

receptor bond to ATP and NF449.

In Chapter 4, building on the structural discovery of the P2X1 receptor, each structure's binding site and state
are described, with comparisons and contrasts drawn to previously solved P2X receptor stimtures.
characterise binding sites and regions of interest, several single residue mutants of the P2X1 receptor were
created to investigate the effects of specific residues on the receptor's function and Bineliegresults
identified a selection of conserved and +oomserved residues important fonding ligands such as ATP and

NF449, as well as metal ions such as magnesium.

In Chapter 5, the P2X1 receptor structure and purified P2X1 receptor were used to perform a virtual ligand
screen and a DN#£&ncoded chemical library screen, respectively. Both screening methods produced hit
compounds. To date, the compounds from the virtual ligamgsdrave been functionally validated, revealing

a selection of P2X1 receptor modulators with low micromolar affinity for the P2X1 receptor. Additionally,

this chapter investigates the activity and binding sites of several known P2X1 recégpgonats, including

Page | vii



NF449, TNRATP, MRS2159, and ATAThis work identified the varied activity and binding values of these

ligands and made significant progress in establishing a binding site for MRS2159 and ATA.

This thesis lays a strong foundation for advancing our understanding of the P2X1 receptor, with an emphasis
on drug discovery and structural characterisation. It outlines a comprehensive strasedalrug discovery
workflow, from structure determinatioto the identification of new chemical entities, highlighting the
importance of structural techniques in developing P2X1 receptor lighhddindings are also applicable to
broader P2X receptor drug discovery and e imaging. Given the P2X1 receptor's promising
pharmacological potential, particularly in male contraception, this research sets the stage for future drug

discovery endeavours.
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Chapter 1 General Introduction
The introductory section draws fronpablishednvited review authored by myself and published in Purinergic
Signalling in 2022. The review was entitled "The P2X1 receptor as a therapeutic target" (PMID: 35821454).
Subsequent sections, including 1.1, 8,.2and 1.3, integrate both the text and figures from this previously
published workRecent research findings published after the review have been integrated into these sections

to enhance the content. For access to the full review, please refer to Appendi

1.1 P2 receptor family

1.1.1Generalinformation

P2 receptors describe a specific set of membrane receptors that bind to nucleotides. Adenosine triphosphate
(ATP), identified as one of these nucleotides, was proposed as a neurotransmitter for P2 receptors in 1972 by
Geoffrey Burnstock, who introduced thierm "purinergic signalling'(Burnstock, 1972)In humans,P2

receptors fall into two main categories: the P2X liggated ion channels, comprising seven subtypes (P2X1

7), and the P2Y G proteicoupled receptors, consisting of eight subty@aY1, P2Y,, P2Ys, P2Ys, P2Y14,

P2Y1,, P2Yis P2Y14) (Burnstock, 2018a)P2 receptors have been identified in all human organ systems and

mediate a wide array of physiological respor{&snstock, 2018a; Burnstock and Knight, 2004)

1.1.2 P2 receptor clinical successes

As a result of the widespread expression of P2 receptors and their unique roles within humans many P2
receptors have been studied as drug targets for numerous indi¢@ionstock, 2018a, 2018b¥tudies
utilising selective ligands argknetic knockouts have provided insights into the clinical relevance of each P2
receptor(Burnstock, 2018b; llles et al., 2021jo date, only a handfuf clinically successfumedications

target P2X and P2Y receptoriGefapixant, a P2X3 receptor antagonist, is prescribed for the management of
chronic cougMarkham, 2022)Meanwhile, drugs like Clopidogrel, Ticlopidine, Ticagrelor, Prasugrel, and
Cangrelor serve d@32Y:, receptor antagonists, widely employed to prevent thrombosis and @fmide and
Kennedy, 2018)Additionally, Diquafosol acts asRRY- receptor agonist and is commonly used in treating
dry eye conditiongLau et al., 2014)While these initial achievements are promising, numerous clinical
applications of P2 receptors still await further research to determine their potential as clinically utilised

medications.
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Chapter 1 General Introduction
1.2 P2X receptors

1.2.1Generalinformation

P2X receptors consist of three individual subunits that can be homotrimeric or heterotrimeric and together
form a ligandgated ion channeF{g. 1.1 (Kawate et al., 2009; Saul et al., 201Bxach P2X subunit contains

two transmembranspanning helices, a large extracellular domain, and a small intracellulandNC
terminus except for the P2X7 receptor, which has a longéer@inus.The primary structure of human P2X
receptors (hP2XXT) is between 388 and 595 amiacids and has 352% sequence similariti2X receptors

are activated by the endogenous ligand ATP, which binds to the three ATP binding sites situated in the
extracellular domain between subur{Eg. 1.1). Upon activation P2X receptors form a neselective pore

that is permeable to cations; in the cellular context, this is typically calcium, potassium, and isodium

(North, 2002)

Extracellular {
Domain

T"’"E";;";?,“’”ej%% j
i

w‘v; ATP.bmding

Intracellular
Domain

\

Figure 1.1: Basic schematic of the P2X receptor. Ajhe monomeric subunit of the P2X recepB®yThe functional
trimeric P2X receptor with arrows indicating the three ATP binding sites located between each mammone
receptor activation by ATP binding, there is an inward flux of calcium and sodium ions, and an outward
potassium ions.

P2X receptors are found across various body systems, playing diverse roles, and each subtype exhibits distinct
molecular, pharmacological, and functional characteristics that differentiate them from one @rethesr

1.1). P2X1 and P2X3 receptor subtypes are charaetéty fast desensitisation occurring on a-setond
timescale, while P2X2, P2X4, P2X5, and P2X6 receptors desensitise more slowly, over tens ofNectimds

2002) Contrastingly, he P2X7 receptor exhibits minimal desensitisation. P2X recegtensell expressed at

Page B



Chapter 1 General Introduction
the cell membrane except for the P2X5 and P2X6 recepfbablé 1.1). In these systems P2X receptors
mediate a wide array gihysiological effects a few exampleelude smooth muscle contractiGhmobi et
al., 2012; Burnstock and Ralevic, 2014¥tion potential propagatigbunn et al., 2001)and inflammation
(Burnstock, 2016]Table 1.]). Severafresearch groups have developed ligands which modulate P2X receptors
which have been exceedingly useful in expanding our understanding of how these receptors(fitatdgon

1.2, Fig. 1.2. The detailed characterisation of P2X receptors is discussed in the following sections.
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Table 1.1: P2X receptor characteristics

Chapter 1 General Introduction

Receptor P2X1 P2X2 P2X5 P2X6 P2X7
General properties
Membrane expression High High Low Very low High
Desensitisation Fast Slow Slow Slow Very slow
Length (AA) 399 471 444 441 505
Urogenital, immune, Nervous, auditory Nervous, endocrine, cardiovascular, urinary Immune,cardiovascular,
Systems L ! ! ! cardiovascular, - : o ! Nervous nervous, sensory, musculai
cardiovascular taste digestive, skin . ’
urinary, skin
_ _ S?Oonc;';gcrggﬁde Taste perception, Pain, bladder  Vascular remodelling, Inflammation N/A Inflammation,
Physiological role inflammation hearing reflexes, taste neurodegenerative illnesse
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Chapter 1 General Introduction
1.2.2 Expression and function
P2X1 receptors are primarily found in the urogenital, immune, and cardiovascular systems, where they regulate
smooth muscle contraction and certain inflammatory responses. Given the focus of this study on the P2X1
receptor, an entire section is dedicatetutther discussing its role (Section 1B2X2 receptorare primarily
expressed in the nervous system, as well as the auditotgstesy/stemgBurnstock, 2018a; llles et al., 2021)
Functional studies and knockout mouse studies have uncovered the involvement of P2X2 receptors in taste
perception and the body's response to hypoxia, however a role within the central nervous system (CNS) for
the P2X2 receptor has yet to be uncoverethi W2X2 receptor knock out mice exhibiting normal behaviour
(Cockayne et al., 2005; Finger et al., 2005; Rong et al., 2B@X3 receptors are expressed on sensory neurons
and have some expression in the (B8rnstock, 2018a; llles et al., 202 BHunctional studies of the P2X3
receptor reveal a role in bladder distension through afferent nerve fibres, taste sensitivity, nociception and,
airway sensitivity(Ford and Undem, 2013; Vlaskovska et al., 200PD)X4 receptors are found in various
regions, including the CNS, endocrine system, cardiovascular system, and digestivéBysistack, 2018a;
llles et al., 2021) Functional analyses have revealed that P2X4 receptors play a role in regulating blood
pressure through endothelial cells and are involved in pain signalling within the CNS, including contributing
to neuroinflammatior(Braganca and Correide-Sa, 2020; Inoue, 2019 the majority of human$2X5
receptorsare nonfunctional due to missing a critical peptide sequdiKdeg, 2023) Rodent P2X5 receptors
are fully formed buexhibit low functionality thought to be attributed to their poor ATP bindi®gn et al.,
2019) Nevertheless, P2X5 receptan® present in various systems throughout the human body, including the
cardiovascular, urinary, digestive, and skin syst@hes et al., 2021; King, 2023J heir specific roles in these
systems remain poorly understdmat P2X5 receptor studies have shown a role in bone regul@ionet al.,
2018) P2X6 receptors have poor glycosylation, leading to ineffective trafficking to the cell sarfddbe
P2X6 receptor doesnbd6t typi calBharseraétalr 2005Nomatheless, theya | h
are abundantly expressed in i8S and have been shown to have a role in cancer progrggsiomstock,
2018a; Gong et al., 2019; llles et al., 202Z1e P2X7 receptor is one of the most widely expressed of the P2X
receptors with a role across multiple systems including the immune, cardiovascular, nervous, sensory,
muscular, urinary and skin syste(Barnstock, 2018a; llles et al., 202This receptor plays a role in immune

modulation, tissue growth including angiogenesis, and has implications in affective disorders such as
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Chapter 1 General Introduction
depression, as demonstrated in studies of the P2X7 receptor knockout and functiona(Basdie®t al.,

2009; Sluyter, 2017)

1.2.3 Desensitisation and trafficking

Following activation of P2X receptors, P2X1 and P2X3 receptors undergo rapid desensitisation while P2X2,
P2X4, P2X5and P2X@eceptors arslowly desensitisecand P2X7 receptorseaminimally desensitisedr his

is functionally significant as responses may be either transient or sustained producing distinct physiological
effects. Mutagenesis studies have implicated the cytoplasmic domain of P2X reesptmmgheavily

involved in desensitisation. For example, the replacement of thteetihal residueél3T, 15S, 16V) of the

P2X3 receptor with the corresponding residues from the P2X2 receptor (19P, 21V, 22I) results in a slow
desensitising phenotyfélausmann et al., 2014%tructural studies of the P2X3 receptor reveal a structural
element known as the cytoplasmic d@p and Gtermini), which forms during receptor activation but is
disordered in other receptor stafdfansoor et al., 2016)his structure shows thiesecritical residues in

the P2X3 receptor form key hydrophobic interactions, providing rigidity to sialiile activated stat8imilar

to the P2X3 receptpthe Nterminus residues 17, PP3, and 2v29 of the P2X1 receptor play a crucial role

in facilitating fast desensitisation as when substituted with the corresponding residues from the P2X2 receptor,
a slower desensitising phenotype is gener@didopp and Evans, 2011JThe same principle applies to the

P2X2 receptor, where substitution with P2X1 receptor residues results in a fast desensitisation phenotype.
Additionally, it was shown that the carboxyl tail of P2X1 receptors can be mutated to produce even faster
desensitiation kinetics(Allsopp and Evans, 2011 hese data demonstrate the importance of thend G

terminus incontrollingdesensisationrateamong P2X receptors.

Studies on traffickingestablishthat after activation, the P2X1, P2X3, P2X4, and P2X7 receptors undergo
internalisation, employing both dynamin and clathriadiated pathway®obanovic et al., 2002; Feng et al.,

2005; Lalo et al., 2010; Stokes, 2013; Vacca et al., 2088)ever, the rate of this process can vary among
subtypes, as illustrated by the P2X2 receptor, which shows minimal internalisation upon ATP activation
(Bobanovic et al., 2002As P2X receptors undergo internalisation, they may either be recycled back to the
cell surface or degraded. In the case of P2X receptors that undergo recycling, studies indicate that the re

sensitisation of P2X receptors relies, in part, on their reaytfirough acidic compartmergiois et al., 2018)
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Chapter 1 General Introduction
It's intriguing to note that the presence of ATP in the extracellular environment, along with the internalisation
and desensitisation features of P2X receptors, might render a fraction of P2X receptors inaccessible for ATP
binding (He et al., 2005)Nonetheless, the cycling of P2X receptors likely plays a crucial rokguiating

cellular responsiveness during P2X receptor activation.

The trafficking and phosphorylation motifs present in P2X receptors play a pivotal role in directing these
receptors from the endoplasmic reticulum pgysithesis and from internalisation pathways to the cell
membrane. Specifically, the-rminus of P2X receptors (except P2X7) shares a YXXXK motif crucial for
membrane expression, while other regions, such as a tyrogi@en®al motif in the P2X4 receptor and
speific residues within the @erminus of the P2X7 receptor, regulate internalisation andckag (Bradley

et al., 2010; Chaumont et al., 2004; Royle et al., 2002; Smart et al., 2003; Wiley et al.,\26@)ver,
glycosylation of P2X receptors is required for the trafficking of functional receptors to the cell membrane
(Lenertz et al., 2010; Rettinger et al., 2000; Torres et al., 1998; Vacca et al., A¥l&xampleenhanced
glycosylation of P2X6 receptors has been demonstrated to enhanserfaike expression and restore
functionality (Jones et al., 2004While the proteins that interact with P2X receptors across these pathways
remain incompletely understood, there has been some headway. For instance, heat shock protein 90 has
emerged as a notable regulator of P2X1 receptor trafficking and desensi(isalinat al., 2012)In another

study, a norconserved YXXGL motif was identified in the P2X4 receptor, which interacts with adaptor

protein 2 (AP2) to facilitate clathrddependent endocytoqiRoyle et al., 2002)

1.2.4 P2X receptopharmacology

Several research groups have identified various compounds that modulate P2X retapleik2, Fig. 1.2

Early chemistry and drug screening endeavours resulted in the discovery of compounds wiipdctrac
inhibition or activation of P2X receptor subtyp8sibsequently, extensive efforts have focused on developing
small molecule P2X receptor antagonists with selectivity for specific P2X receptor subtyisesection will

delve into common P2X receptor modulators and their properties, focusing on leading compounds commonly
used in the field of purinergic signalling. It's worth noting that some of thespawnds have undergone

extensive structuractivity relationship studies, and similar analogues may exist, exhibiting comparable
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Chapter 1 General Introduction
activity and selectivity For additional information, refer to the studies referenced, or consuketh&o

exemplary reviews on P2X receptor pharmacol@ligs et al., 2021; Miller and Namasivayam, 2021)

ATP is a potent agonist for P2X receptors, demonstratingrsatbmolar to low micromolar activity at all
subtypes except for the P2X7 receptor, where ATP has around 100 pM p@e=mohi et al., 1999)Notably,

ADP is a weak agonist at P2X receptors, suggesting that the phosphate chain of ATP is critical in mediating
ATP activity (Bianchietal.,, 1999) Sever al ATP an-m¢ATR BzAEP, 2MéSATP| anddl i n g
A T P ph8ve been identified as potent P2X receptor agof(Bsésmchi et al., 1999)These ligands exhibit

varied potency and selectivity for P2X receptors and have been instrumental in ctsargaldferent P2X
receptor subtypedéble 1.2, Fig. 1.2 . Addi ti onal ly, somanedAfT Pt mende AITiPg
offer protection against ectonucleotide breakdown, resulting in higher potency readings compared to ATP
(Chen and Lin, 1997Non-nucleotidebased agonists for P2X receptors are relatively rare, with only a small
selection of ligandsavailable such as MRS2219, PSB)129, ivermectin, and GinsenosideKCthat
predominantly activate the P2X1, P2X2, P2X4, and P2X7 recegtdwns/ micromolar potengyespectively

(Table 1.2, Fig. 1.2(Bagi et al., 2011; Helliwell et al., 2015; Jacobson et al., 1998; Khakh et al., CO@)

the emerging need for drifge P2X agonists, further development of these compounds is jug®fiekles et

al., 2020)

P2X receptor antagonists have undergone significant development in recent decades, primarily driven by
clinical applications requirin@2X receptor blockadélable 1.2, Fig. 1.2 Diadenosine polyphosphates like

Ipsl and similar compounds can act as either antagonists or agonists of the P2X receptor, depending on the
length of the phosphate chain and the substituents on the adenosinégngugt al., 1999; Wildman et al.,

1999) TNP-ATP, another ATP derivative, exhibits potent low nanomolar inhibitory activity at P2X1 and
P2X3 receptorgVirginio et al., 1998) The discovery of suramintsoad spectrum inhibitorgictivity at P2X
receptors(Evans et al., 1995has spurred severpharmacology projectdeading to the development of
compounds with the suffix NF, such as NF449, a potent and specific P2X1 receptor an{&gpbinger et

al., 2005)and NF770, a potent P2X2 receptor antagqmisilf et al., 2011)Table 1.2, Fig. 1.2 PPADS and

reactive blue 2, although relativelgrge, sulfonateccompounds, exhibit negpecific inhibition at P2X

receptors and have served as templates for the development of analogues with higher selegintiéneynd
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Chapter 1 General Introduction
for P2X receptor subtypg8ianchi et al., 1999; Tuluc et al., 1998hese initial P2X receptor antagonists
havebeen useful tool compoundsut ongoing efforts are now concentrated on creating more selective and

potent small molecule P2X receptor antagonists.

P2X1 receptor antagonist®iclude NF449 andMRS2159 and exhibit subnanomolar and lowmanomolar
inhibitory potency, respectivelyTable 1.2, Fig. 1.2 (Braun et al., 2001Brown et al., 2001)Newer
generation P2X1 receptor antagonists such asZBR andaurintricarboxylic acidATA) also exhibit low
nanomolar potency, coupled with more favourable chemical structures conducive to drug development efforts
(Bennetts et al., 2022; Obrecht et al., 2019; Tian et al., 202)2 receptor antagonists are limited, with
NF770 showing some selectivity and mmdnomolar potencyWolf et al., 2011) A selection of small
molecule antagonists was developed based on reactive blue 2,S@thOR1 emerging as one of the more
potent and selective P2X2 receptor antagofiisble 1.2, Fig. 1.2 (Bagi et al., 2011)Several specific small
molecule P2X3 receptor antagonists are \ebcribed, including compounds such as24R (Gefapixant),
AF-313, A317491, Elixapixant, Sivopixanand Camlipixan{Davenport et al., 2021; Garceau and Chauret,
2019; Gever et al., 2010; Jarvis et al., 2002; Kai et al., 2021; Markham,. 2088hg these compounds,
several are currently in clinical trials, including Gefapixant, Eliapixant, Sivopisaat,Camlipixanamong

others. These compounds have been extensively developed, showing high selectivity for the P2X3 receptor
and favourable pharmacokinetic properti8gveral P2X4 receptor antagonists, includinBCBD, PSB

12054, BX430, and BAYL797, have been developed and shown to exhibit selectivity for the P2X4 receptor
with nanomolar potencgAbdelrahman et al., 2017; Ase et al., 2015; Hernai@lems et al., 2012; Werner

et al., 2019)SomeP2X4 receptor antagonisitso demonstrate favourable pharmacokinetic properties and are
capable of penetrating the brain, which holds promise for their potential clinical use in neuropathic pain
(Teixeira et al., 2019Pharmacological agents targeting the P2X5 and P2X6 receptor subtypes are scarce, as
most research groups have avoided designing ligands for these receptors due to their low expression, poor
function, and limited therapeutic relevangies et al., 2021)However, emerging roles for these receptors
may lead to increased interest in the fut(i{eng, 2023) P2X7 receptors have been extensively studied
pharmacologically, leading to the development of selective small molecule P2X7 receptor antagonists,
including A-740003, AZ10606120, JNJ47965567, JNJ54175446, among ¢&ais et al., 2020)Several

of these ligands, such as 3BdI175446, have undergone clinical testing for various conditions and are well
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Chapter 1 General Introduction
characterisedTimmers et al., 2018)t's clear that certain P2X receptors, particularly the RB&X4,and
P2X7 receptor subtypes, have garnered significant attention, with clinical trials underway for various
indications. While these programs hold promise for successful clinical outcomes, there is still much to be

explored for lesartargeted P2X receptor subtypes.

To date, most pharmacological studies of P2X receptors have predominantly focused on homotrimeric
receptors, while heterotrimeric P2X receptors have been relatively overlooked. As the purinergic field
advances and our understanding of these receptor iImetergrows, they are expected to become increasingly
relevant.One heteromeric P2X receptor that has garnered significant research interest is the P2X2/3 receptor.
Specifically, P2X3 receptor antagonists have been developed for various clinical apjcetitunding

chronic cough, with several trials reaching advanced st&giesirich et al., 2023; Markham, 202R)otably,

studies have highlighted the dg#rget effects of P2X2/3 receptor antagonism, leading to dysgdasiano et

al., 2021) The firstin-class P2X3 receptor antagoniSefapixant, demonstrated this unwanted side effect due

to its potent antagonism of both the homotrimeric P2X3 receptor and heterotrimeric P2X2/3 receptor
(Markham, 2022)Subsequent nexfeneration ligands likEliapixant andSivopixant have aimed to mitigate

this side effect by achieving higher selectivity for the P2X3 receptor over the P2X2/3 receptor, with selectivity
ratios of 26fold and 262fold, respectively(Davenport et al., 2021; Kai et al., 202Therefore, as our
understanding of these receptors improves and more precise tools become available for their evaluation, it's

likely that further insights will be gained into their therapeutic potential.
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Table 1.2: P2X receptor pharmacology
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Receptor P2X1 P2X2 P2X3 P2X4 P2X5 P2X6 | P2X7
P2X receptor agonists (EGo, UM)
ATP 0_2_'8%6&0 2.8 0.51 1-10 0.4410 12 100
U ,-rheATP 3(_)2'2('r) >300 1(3'273’) 0.81 11_5’%) 5100  >300
BZATP 240 ?r’) 0.75 0.08 >(i'ci)7('r) f._:f(()r') % e ®
2-MeSATP 0.071 1 0.35 0.29, 0.510 9 178
4.5 (r)
ATPoS 2.3 15 (1) 0.7 2.3 (1) 0.5, 13() 138
0.6 (1
. R
MRS2219 5.9 (1) >100()  >100()  >100 (f) . . .
PSB10129 : 0.489 : : : : :
Ivermectin - >30 >30 0.25 - - >30
Ginsenoside GK - - - 8.5 - - 1.1
P2X receptor Antagonists (1Go, UM)
Ips| 0.003 >300 2.8 i >30 (1) : :
TNP-ATP o(.)dg?sl(’r) 1-2 0.001 1515  0.45(f) : >30
Suramin 0.9, 10 3 >300 2.3 : >300
1.7 (n
PPADS 1 1 1 >500 3 >100 1050
Reactive Blue 2 30 (n 0.40.5 - - 18.3 (r) - -
NF449 0%38335(}) a7 1'8(5?)') %1 300 . . > 30
MRS2159 0.008 (1) >100 0.1 () : : : >100
ATA 0.0086 () 21.7() 0.0729() 763 () : : 118 (1)
PSB2001 0.019 >10 >10 0.156 : : 0.175
NF770 1 0.019 0.08 >100 : : >100
PSB1011 042(n  008()  049()  >10(n : : >10 (r)
A-317491 >10 >100 0.1 >100 : >100  >100
%i?pm’_‘;z(’gg >10 0.1-0.25 0.03 >10 >10 (1) : >10
AF-353 >10 >10 0.006 5 >10 : >10
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Eliapixant (BAY

1817080) 50 33 0.008 50 - - 50
Sivopixant (S i i
600918) >30 >30 0.004 >30 >30
Camlipixant
(BLU-5937) N/A N/A 0.03 N/A N/A N/A N/A
5-BDBD >10 (1) >10(0)  >10 (1) 0'33;’ ((’;)5' : : >10 (1)
PSB-12054 6.5 >10 >10 0.19 - - >10
BX430 >10 >10 >10 0.78 >10 - >50
0.11-0.21
BAY-1797 >50 - 8.3 0.23 (1) - - 10.6
A-740003 >100 >100 >100 >100 - >100 0.040.05
0.02 (r)
AZ10606120 - - - - - - 0.0014
JNJ47965567 - - - - - - 0.005
JINJ54175446 - - - - - - 0.003

Potency values are reported in UM and are from human origin unless otherwise specified, with m for mouse, r for rat, and
gp for guinea pig. Data were obtained from several exemplary reviews on P2X receptor pharmacology: Catia et al. (2015),
llles et al. (®21), and Syed & Kennedy (2013dditional references for individual compounds contained in the main
text.
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P2X1 antagonists
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Figure 1.2: Chemical structure of P2X receptor modulators.
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1.25 P2X receptor assembly
P2X receptor subtypes typically form homomeric receptors, with their functional and physiological roles being
well-documentedllles et al., 2021)The exception is the P2X6 receptor, as functional homomeric assembly
of P2X6 receptors is exceedingly rdBarrera et al., 2005]lones et al., 200Ormond et al., 2006)These
receptors often necessitate heteromeric assembly to form functional trimeric re¢ptgrst al., 2000)
Heteromeric P2X receptors have gradually been revealed to exhibit distinct physiological and pharmacological
profiles compared to their homomeric counterpé®aul et al., 2013)Typically, heteromeric P2X receptors
consist of two subunits from one P2X receptor subtype and one subunit from a different P2X receptor subtype.
However, immunoprecipitation and atomic force spectroscopy have demonstrated that a P2X2/P2X4/P2X6
heteromer assembly is possible, although the functional implications and frequency of this forimatiam
remain unknown(Antonio et al., 2014)Much biochemical work has been conducted to establish that a
selection of P2X heterotrimeric pairs can occur, including P2X1/2, P2X1/4, P2X1/5, P2X1/6, P2X2/3, P2X2/5,
P2X2/6, P2X3/5, P2X4/5, P2X4/6, P2X4/7, and P2XIBaul et al., 2013)A selection of these heteromeric
pairings have been functionally verified, with even fewer shown to be present in native systems. Heteromeric
purinergic receptors are distinguished by their distinct pharmacological activity and desensitisation kinetics
compared to the homomeric versions of P2X receffusnstock, 2018a)-or instance, the P2X1/4 receptor
demonstrates activati on i-methyléne ATP (ouginating dronoRAX1) and r a |
exhibits moderate desensitisation and recovery (originating frord)HRlicke et al., 2005)P2X2/3 receptors
are among the most physiologically relevant heteromeric receptors, particularly due to their clinical
significance in causing taste disturbances as a side &ffde2X3 receptor antagonigfBaruno et al., 2021)
Other heteromeric P2X receptors have been discovered in native tissues, such as the P2X4/7 receptor found in
rabbit airway ciliated cellsr P2X1/4 receptors found mat middle cerebral arteri¢slarhun Maksym |I. et al.,
2014;Ma et al., 2006 The stoichiometry of P2X receptor subunit distribution is not fixed and likely varies
based on the relative availability of the subunits. For example, PAB2af6era et al., 2007and P2X2/3
(Kowalski et al., 2015heteromeric receptors have been shown to form in different stoichiometric ratios
depending on transfection ratios in recombinant expression sygtkenphysiological impact of heteromeric
P2X receptors in conjunction with homomefR2X receptors in native systems still requires further

investigation and poses a challenging physiological question to address.
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1.26 P2X receptor structural biology
1.26.1 Structural biology overview
Structural biology delivers a unique view into the functioning of macromolecules on a molecular level and can
help describe complex functional and structural elements of pr@Bizasdén, 1999; Rosenbaum et al., 2009)
Recent advances in technology and methodology have led to an exponential increase in the number of
membrane protein structures determined over the last two de(@ldiesizu et al., 2018)In particular,
structural biology techniques are highly complementary to drug discovery efforts and can greatly facilitate the
discovery and improvement of new therapeutiRatool et al., 2019; Pinzi and Rastelli, 2019; Westbrook and
Burley, 2019)Howeveronly a small selection of approved drugs owe their discovery to strubasat drug
design approachd®inzi and Rastelli, 2019Nevertheless, the Protein Data B4RIOB) contains structural
coverage of 88% of the new molecule entities from the years 2016 signifying that structural biology can

be incorporated into more drug development progr@ifestbrook and Burley, 2019)

There are three principal methods that are used to discover protein struétumgscrystallography, cryo

electron microscopy (cry&M), and nuclear magnetic resonance spectroscopy. While these amaithe
experimental methods that are used to solve protein stru¢8imesizu et al., 2018nhew artificial intelligence
engines such as DeepMindés Al phaFold 2 have prove
3D shape of proteins from the amino acid sequences dlumper et al.,, 2021; Varadi et al., 2022)
Nevertheless, each of these methodsitssown advantages and disadvantagesl oftena combination of

approaches is useful in understanding the structure and function of macromdqMtangsand Wang, 20).7

1.26.2 P2X receptor structures

Prior to 2009, there were no available P2X receptor structures. However, sin@®®#2X, receptor structures

have been deposited in tR®B (Table 13). These structures were solved using nuclear magnetic resonance
spectroscopy (1 structure)-rdy crystallography @ structures), and cryogenic electron microscopy (cryo

EM; 6 structures) with a resolution range betwe&t®3.9A (Table 1.3). So far, experimentally determined
structures are available for the P2X3, P2X4, and P2X7 receptor suli®ype€M is becoming the method

of choice for solving P2X receptor structures, as evidenced by three recent studies that have successfully used

this techniquéTable 1.3 (McCarthy et al., 2019%hen et al., 2023heng et al., 2023)n all experimentally
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determined structures of P2X receptors, the assembled trimeric state consistently displayslikesiibee
(Kawate et al., 2009; Mansoor et al., 2016; McCarthy et al., 201 general structure of a P2X receptor
monomer was first described in the discovery of the zebrafish P2X4 receptor structure and the P2X4 subunit
was zoomorphically described as the shape of a dolpign 1.3A) (Kawate et al., 20095 pecifically, each
P2X monomer can be described as having a head domain, left and right flipper, dorsal fin, upper body, lower
body, and fluke. AlphaFold structure prediction of the P2X1, P2X2, P2X5 and P2X6 receptors also show a
similar architecture fothe extracellular anttansmembrandomains but not the intracellular region, this may
reflect the fact that the Nand Gterminus arédnighly dynamicthus are difficult to predidiFig. 1.3B). To aid
in experimental determination, many current P2X remegtructures use truncated receptors, removing
portions of the N and @rminus(Table 1.3). However, with advancements in crgM, full-length P2X
receptor structures can be experimentally determined, as demonstrated with the P2X7 (Mc@atdhy et
al., 2019) The next steps for P2X receptor structural biology include determininighgthhumanstructures
of P2X receptor subtypes that lack experimentally determined structures and identifying novel binding sites or
ligandsthat modulatdP2X receptorsHowever,P2X receptor structures solved to date halveadyprovided
a wealth of information about their structure and function. These findings will be covered in detail in the

following sections.
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Table 1.3: Structures of P2X receptors

Chapter 1 General Introduction

Bound ligand and PDB Receptor Experimental
Receptor construct ) ; Reference
resolution code conformation method
Truncated zebrafish Apo3.1A 3HOV Closed X-ray (Kawate et al.,
P2X4 receptor Apo 3.5 A 315D Closed crystallography 2009)
Truncated zebrafish Apo 2.9 A 4DWO Closed X-ray (Motoyuki and Eric,
P2X4 receptor ATP 2.8 A ADW1 Open crystallography 2012)
Head domain rat P2X4 NMR
N/A 2RUP N/A (lgawa et al., 2015)
receptor spectroscopy
Truncated Gulf Coast X-ray (Kasuya et al.,
_ ATP +Zn%2.9 A 5F1C Preopen
Tick P2X receptor crystallography 2016)
Apo 3.0 A 5SVJ Closed
ATP 2.8 A 5SVK Open
Truncated Human P2X3 ATP 2.9 A 5SVL Desensitised X-ray (Mansoor et al.,
receptor 2-MeSATP 3.1 A 5SVM Desensitised ~ crystallography 2016)
TNP-ATP 3.3 A 55VQ Closed
A3174913.1 A 5SVR Closed
Apo3.1A 5U1L Closed
ATP+A8045983.9 A 5U2H Closed
A7400033.6 A 5U1U Closed
Truncated giant panda X-ray (Akira and
GW7913433.3 A 5U1Y Closed o
P2X7 receptor crystallography  Toshimitsu, 2016)
INJ479655673.2 A 5U1X Closed
AZ106061203.5 A 5U1W Closed
A8045983.4 A 5U1vV Closed
Truncated zebrafish X-ray (Kasuya et al.,
CTP28A 5wzy Open
P2X4 receptor crystallography 2017a)
Truncated chicken P2X7 X-ray (Kasuya et al.,
TNP-ATP 3.1 A 5XW6 Closed
receptor crystallography 2017b)
Truncated human P2X3 X-ray
AF-2193.4 A 5YVE Closed (Wang et al., 2018)
receptor crystallography
Truncated human P2X3 ATP + Mg?*3.8 A 6AH5 Open X-ray _
(Li etal., 2019)
receptor ATP + Ca?*3.3 A 6AH4 Open crystallography
Full-length rat P2X7 Apo 2.9 A 6U9V Closed (McCarthy et al.,
Cryo-EM
receptor ATP 3.3A 6U9W Open 2019)
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Truncated giant panda

P2X7 receptor

Truncated zebrafish
P2X4 receptor

Truncated dog P2X3
receptor

Full-length human P2X4
receptor

Truncated human P2X3

receptor

Full-length rat P2X7
receptor

PPADS3.6 A
PPNDS3.3 A

BX4303.2 A
BAY-17973.4 A

Camlipixant 3.6 A
ATP 3.4A

Apo 2.3A
ATP 2.4A
BAY-17972.6 A

26a2.6 A

Apo NaCl 2.5 A
Apo KCI 2.5 A
BzATP 2.8A

8Jv7
8Jv8

8JV5
8JV6

9BPC
9BPD

9BQH
9c4s
9BQI

9IK1

8TR5
8Vv4s

8TRJ

Closed

Closed

Closed

Closed
Closed
Open

Closed
Desensitised

Closed

Closed

Closed
Closed

Open
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Cryo-EM

Cryo-EM

Cryo-EM

Cryo-EM

Cryo-EM

Cryo-EM

(Sheng et al., 2023)

(Shen et al., 2023)

(Thach et al., 2024)

(Shi et al., 2024)

(Kim et al., 2024)

(Oken et al., 2024)
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Chapter 1 General Introduction

A Experimentally Determined P2X Structures
hP2X3 zfP2X4
PDB: 55VK PDB: 4DW1
4 . Head D Lower body - Dorsal fin
j{ ’ . Upper body . Right flipper D Left flipper rP2X7
\| PDB: 6U9W
'S B Fuke
B

AlphaFold Predicted P2X Structures

hP2X5

Predication Confidence

. Very High D High I:] Low . Very low

Figure 1.3: Structures of each P2X receptor monomerA) Experimentally determined P2X structures are col
coded to resemble features of a dolphin, based on the zfP2X4 structure (Kawate T, et al., 2009). In this scl
head domain is depicted in pink, the upper body in dark blue, the lower body in lighttie left flipper in yellow,
the right flipper in red, the dorsal fin in orange, and the fluke in gide®2X receptor structures generated

AlphaFold are represented with each residue colored accawlithg confidence level of the prediction. Residt
predicted with very high confidence are dark blue, high confidence are light blue, low confidence are yellc

very low confidence are orange.
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Chapter 1 General Introduction
1.26.3 ATP binding site
Multiple ATP-bound P2X receptor structures have badeterminedeach revealing a strikingly similar binding
mode of the ATP molecule, where ATP assumes a U shape within a highly polar(péaleeand Toshimitsu,
2016; Kasuya et al., 2016; Mansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, D84 2)
similarity between these structures is expeoggeen the highly conserved nature of the orthosteric binding
pocket.The upper bodyleft flipper and head domain of one P2X receptor monomer borders the bound ATP
molecule while the lower body and the dorsal fin of the neighbouring monomer surround the other side of the
ATP molecule. The ATH®ound P2X receptor structures highlight a consistent set of interactions shared among
P2X receptors, characterised by a highly potaxket enveloping the phospgbahain and adenine ring of ATP
(Fig. 14). Within this pocketmultiple hydrogen bonds and salt bridges are established between ATP and P2X
receptors. The interactions, especially around the gamma and beta phosphate groups of ATP, explain the weak
binding of ADP and AMP to P2X receptqfGatia et al., 2015Between P2X receptqi&TP exhibits different
potency particularly at the P2X7 receptavhich has around 1000fold difference in potency compared to
the P2X3 receptor structufdlles et al., 2021) Analysis of the interactions reveahat ATP forms fewer
interactions with the P2X7 receptgrarticularly around the alpha phosphate of AM&nsoor et al., 2016;
McCarthy et al., 2019)However, a few interactions are unlikely to completely explain the large change in
potency andit has been proposed that the P2X7 receptor ATP binding site is less accessible, thus impacting

ATP potency(McCarthy et al., 2019)

et

r
1
1
I

Figure 1.4: P2X receptor ATP binding site.The key interactions between ATP and the human P2X3 receptor (F
5SVL) are depicted as black dotted lines, with nearby residues labeled. An accompanying image highli
electrostatic potential of each atom in the binding pocket: red for positive chdmite for neutral charge, and blu
for negative charge.
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Chapter 1 General Introduction
1.26.4 Gating cycle and desensitisation
The gating cycle ofigandgated ion channels is an intricate process in which structural elements of these
receptors conformationally change to produce various receptor ftates al., 2021)The structures of the
hP2X3 receptor in open, closed, and desensitised conformations, along with the zfP2X4 receptor and rP2X7
receptor structures in open and closed conformations, have been tremendously valuable in elucidating the
gating cycle of P2X regtors fig. 15) (Mansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric,
2012) Analysis of P2X receptor structuresshiavealed that the transition from the closed, apo state to the
open, activated state involves closure of the cleft surrounding the ATP binding site. This closure involves the
movement of the dorsal fin and head domains toward each other while theppedt fiomain moves away
from the binding siteThese movements produce an outward flexing of the rigid lower, lzodi/the beta
sheetswhich make up the lower body then translate this movement to the transmembrane domains. Within
the transmembranedomains, there is a notable outward flexing and a counterclockwise rotation of

transmembrandomain2, along with helical stretching @fansmembrandomain2. These movements shift

Extracellular space

Desensitised or
closed

Apo

Extracellular
domain
N\

Transmembrane
domain
7\

2D TM2
representation
NG

Intracellular space

Figure 1.5: General gating cycle of P2X receptorsThe P2X receptor gating cycle is depicted with structures of
P2X3 receptor in the apo, open and closed state (PDB: 5SVK, 5SVL, 5@Wemphasis on the overall shape
the transmembrane domali@reated with BioRender.com.
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Chapter 1 General Introduction
the gate of P2X receptors away from the pore region, expanding it sufficiently to allow for the transport of
cations. In the ATHound open state structure of hP2X3, a cytoplasmic cap was resolved, a feature not
observed in the desensitised and apo statetareqFig. 1.5). Significantly, mutations were introduced in the
N-terminus of the P2X3 receptor structure to induce a slow desensitisation phenotype and enable the solving
of the operstate structuréMansoor et al., 2016)The stability of the cytoplasmic cap seswas a structural
component influencing the desensitisation rate, and subsequent conformational changes in this region are
crucial factors in promoting desensitisatidie transition from the open to the desensitised state entails an
additional rotation of théransmembran€omain2 domain and a reversal of the helical stretching. In the
desensitised state of the P2X receptor, there is a deeper constriction site that narrows the pore radius to a point

where it pevents the passage of cations.

As discussed, most P2X receptors (P2¥lhave a similar gating mechanism; a notable difference is the
uniquely large cytoplasmic domain amdnimal desensitisation of the P2X7 recep(big. 1.6 (llles et al.,

2021) The recent cry&M structure of the rP2X7 receptor presents evidence that the large cytoplasmic
domain of the P2X7 receptor thwarts desensitisation in which the terrogd &chor plays a pivotal role
(McCarthy et al., 2019)The density maps of the rP2X7 receptor showed that there werrgrsdational
modifications of C362, C363, C374, S360 and C377 in toysCanchor as well as the C4 residue in the N
terminus which resembled palmitoyl groups that extended into the raeeb-unctionality of the palmitoyl
groups on desensitisation was confirmed with mutagenesis in which a P2X7 receptor without serine and
cysteine residues in theys region desensitised rapidly upon ATP stimulagiddoCarthy et al., 2019From

this, it is suggested that the-dgs region anchors the receptor protein to the membrane by blocking the
movement of the cytoplasmic cap through the extension of specific residues with palmitoyl(§rQup<).

An interesting finding that is likely unique to the P2X7 receptor as it is the only P2X receptor that has a large

cytoplasmic domain.
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Extracellular space

P2X3 (open state) P2X7 (open state)
15

_ C-cys & -
Cytoplasmic __X anchor  JEr=77
cap i /
Cytoplasmic
ballast

Intracellular space

Figure 1.6: General structure of P2X receptors and the P2X7 receptoiStructure of the ATHhound open state
P2X3 receptor structure (representing PZXfeceptors) (PDB: 5SVKgontrasted with the ATBound open state
P2X7 receptor structure (PDB: 6U9W). Details of the cytoplasmic domain for each receptor are labelled, ir
the cytoplasmic cap, cytoplasmic ballastcy¥s anchor, and palmitoylation. Created with BioRender.com

1.26.5 lon transport

From the apo state zfP2X4 receptor strugtiingas difficult to discern if cations were entering through three
lateral fenestrations just above the ion channel pore or through a central pathway from the togreptbe

(Kawate et al., 2009)The open state structure of the zfP2X4 receptor and hP2X3 receptor revealed the ions
cannot traverse through the top of P2X receptors due to steric hinderance rather lateral fenestrations provide
an access point for ions to enterd exitthe pore Fig. 1.7) (Mansoor et al., 2016; Motoyuki and Eric, 2012)

Both anomalous scattering and molecular dynamics simulations support the finding that lateral fenestrations

serve as the entry and exit points for ions to traverse through P2X redéfdosoor et al., 2016)

P2X receptors are typically negelective catiortonducting channels. However, it has been established that

the P2X5 receptor exhibiteoderatechloride ion permeability, deviating from this general tré¢Bd et al.,
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Chapter 1 General Introduction
2003) Among P2X receptors, cation permeability can vary. For example, the P2X1 and P2X4 receptors
demonstrate the highest relative calciion permeability, whereas the P2X3 receptors exhibit the lowest
(Samways et al., 2014The ion permeation pathway of P2X receptors has been shown to modulate ion
selectivity through a selection of charged and polar residues that span tHerpung region(Fig. 1.7)
(Racigh et al., 2021; Samways et al., 2014; Tam et al., 20B8pe residues are situated in the lower body
section of the extracellular domain, within transmembrane domain 2, and among the residues composing the
cytoplasmic capNotably, the residues contributing to ion selectivity can vary between P2X receptor subtypes,
and the extent to which a particular residue may contribute to ion selectivity at one P2X receptor subtype may
not apply to another P2X receptor subtyper example, mutagenesis studies on the P2X2 receptor have
revealedthat polarresiduessuch & threonine and serine lead to a substantial reduction in caliciom
permeability but not charged residues in this same refigan and Khakh, 2004; Migita et al., 2001)
Contrastingly, the P2X1 and P2X4 receptors rely on both polar and acidic residues to control calcium
permeability(Samways and Egan, 200Another study compared zfP2X4 and hP2X3 and foundbibidu
receptors contained negatively charged residues at the extracellular lateral feneshratians critical in

dictating ion selectivitfRacigh et al., 2021)

Kemyred Bunonpuod uoi
3yl aul| YoIym sanpisal
pabieyo pue Jejod

Figure 1.7: lon permeation of P2X receptors.Cartoon representation of the open state P2X receptor (PDB: 5¢
showing charged and polar residues which line the ion conducting patBwdsice volume representation of tt
P2X receptor, emphasising the direction ions enter and exit through the reCepéted with BioRender.com.
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Chapter 1 General Introduction
1.26.6 Competitive antagonists and ATP analogues
To date, several P2X receptor structures have been elucidated in complex with an orthosteric ligand other than
ATP. These include the hP2X3 receptor with antagonistsANP or A-317491 and the agonistiiethylthic
ATP (Mansoor et al., 2016the zfP2X4 receptor structure with the agonist GR&suya et al., 2017a)he
ckP2X7 receptor with the antagonist TR P (Kasuya et al., 2017pand the pdP2X7 receptor structure with
antagonists PPNDS or PPASheng et al.,, 2023)Fig. 1.8). These structures provide insights into the

structural mechanisms underlying the antagonism and agonism of P2X receptorsnagivofigands.

In the hP2X3 receptor structures, TP and A317391 induce a receptor state that closely resembles the
closed apo state. TNRTP and A317391 adopt a-$hape configuration and are positioned deeper within the
cleft, interacting further with the dorsal fin, left flipper and lower body regions compared tqFAGPL3).
Contrastingly, the structure of the ckP2X7 receptor bound to-ANP displays structural characteristics
resembling a transition state between open and closed, displaying a bindinggposere closely resembles

the U-shaped ATP binding pose. TNF®TP in the ckP2X7 receptor forms additional hydrogen bonds with the
head domain and right flipper compared to ATP. Molecular dynamics showed the head domain is obstructed
in the TNRATP-boundP2X7receptor structuréKasuya et al., 2017bbn a recent study examining TN¥FTP

P2X receptor structures and employing various structural techniques, it was determined that the mode of action

Orthosteric P2X agonists

-------- W "o " e mem —————— =\
T;ZXG ATP (SSVK) & K-: }J> P2X4, CTP (SW2Y) | \5
i  ‘ i 1 / A
B TN ‘f"'/'f.:;f ! upper] /4 H”q

£ ﬁg Iy V. f~d

¥ R s ( \ ( -
R o s 1 g 1 Lett [ ) (-
R . "'PPG' ey t) ¢ tipper| f’ T}\ -

L -~
QALK ) * 1 ’ [Lower / 1 \ Lowes| 1L &8
DXy A \ ower[ Y, [p, |
7 s & O E] Nl ) A=)\~
¢ Ay E b, 85 e @ N I =5 - = A JUL oS INETTT L
LA
LA (oS
2 Orthosteric P2X antagonlsts
- L T Uy P —~ = e e = im o ==
1| P2xs, A317491 (ssva) ; ,! sz7 TNP-ATP (5XW6) 1 P2x4 PPNDS (8Jv8) | \ 7 il P2xa, TNP-ATP (5sVQ) | \ ({
\ \ — — <
: . \\ ‘\TK i 4 DAY = 30 \ :
I / 7 b 1 * 1y S ' A 1
Y [Gpper .—{\ ! / Head ' /'/ A [ Head | : IUpper/fv h (VH;“ l
ey e .r,’é%‘ ol )] e | (5 o sl
= (comaln| g body 1 Upper’ | N N 1 e 1
P ~,
AN ( i ! ( ,/“\l 1y el = ) & (BN / Ty !
LA X \‘ 77 Y gy \ \ y 1y . g\/}_ 1A //' [s’ \ 1
4 VW 1 Sy Al ; 7 p 1 Y, i 1
1/ Lm-// ) ’ 1] Left = T ) 1 R d l//',"[ ‘ y
{ L A 1 ytiipper| = y (N \ wl 'y g K B
flipper]| C ( ) e 1y / 0§ ";;“HL : 1 Left | Dorsal|
ower =/ Dorsal Y, Lower (D 1 pper! Lowe! Dorsal i F L fi
' < | body fin |3 L ﬂ,ody d 7,;3: L1 S/ _ Lbody fin |1 it body m:_'

Figure 1.8: P2X receptor orthosteric binders.Cartoon representation of various P2X receptor orthodtérding
sites with bound ligands, including ATP (P2X3, PDB:5SVK), CTP (P2X4, PDB:5WZY¥312491 (P2X3,
PDB:5SVR), TNRPATP (P2X7, PDB:5XW6), PPNDS (P2X4, PDB:8JV8), and TAPP (P2X3, PDB:5SVQ).
Regions are labelled based on the P2X receptor dolphin robemhene.
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Chapter 1 General Introduction
of TNP-ATP involves the inhibition of cleft closure of the head and dorsal fin donfilaset al., 2024)
Moreover, this mechanism was found to be conserved across other P2X receptor subtypes. More recently two
structures of the pdP2X7 receptor in complex with PPNDS or PPADS reveal a structure in a closed state with
some unigue interactions to the head daoraaid left flipper compared to ATfFig. 1.8). These structures
reveal conformational changes around the head domain of the P2X receptor, with minimal movement of the
left flipper observed compared to the ABBund P2X receptor. Since the left flipper uguamoves away
during ATRmediated activation, this movement could represent the mechanism of receptor inhibition by
PPADS and PPNDS3n solved P2X receptor structures bound with an orthosteric P2X receptor antagonist, a
common theme is the obstruction of the cleft closure of the dorsal fin and head domain, or the outward
movement of the left flipper. This suggests that these mechamEsma critical mechanism by which

orthosteric antagonistnediate inhibition of the P2X receptor.

The noRATP agonist structusresolved to date is that of the GBBund zfP2X4 recept@and the 2ZMeSATR
boundhP2X3 receptofKasuya et al., 2017a; Mansoor et al., 2028M1eSATP and CTRire closely related

ATP analogues antbmparing these bound ligands with the Adéund P2X3 and P2X4 receptors revieal
moleculardifferences as all key interactions are maintaigiég. 1.8). 2-MeSATP and ATP exhibit a similar
potency for the P2X3 receptor, however, CTP has an owld@ecrease in binding affinity compared to

ATP at the wild type zfP2Xd{llles et al., 2021)Structural analysis and mutagenesis studies concluded that a
missing hydrogen bond and reduced quality of hydrogen bortdwgrd the nucleotide base of ATP
contributed to its reduced potency for the P2X3 recdptasuya et al., 2017aThe limited structural data on
orthosteric binding agonistgarticularly the absence of P2X receptor structures bound tmuadeotide
agonistgndicates that much remains to be understood regarding the structural recognition of these compounds

and their mediation of receptactivation

1.26.7 Allosteric binding sites

Allosteric modulators present attractive targets for P2X receptors as they offer the potential to avoid the highly
conserved and polar orthosteric binding site, potentially accelerating the development of selective-and drug
like molecules. However, onlylanited number of P2X receptor structures with allosteric ligands have been

resolved to date. These include the pdP2X7 receptor structure bound to allosteric antagonists A740003,
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Chapter 1 General Introduction
A804598, AZ10606120, GW791343, A804598, and JNJ4796AkiBa and Toshimitsu, 2016}jhe zfP2X4
receptor structure with allosteric antagonists BX430 and BAY7 (Shen et al., 2023)and the hP2X3
receptor structure with the allosteric antagonist24R (Wang et al., 2018and the These structures unveil
two distinct allosteric sites: one identified in the pdP2X7 and zfP2X4 receptor structures, situated near the
central vestibule towards the top of the receptor, interacting with residues of the upper body; and the other
allostericsite, from the hP2X3 receptgppsitioned between the dorsal fin, left flipper, and lower body, situated

below the orthosteric binding sifEig. 1.9).

The allosteric ligands solved in the pdP2X7 receptor, as listed above, are structurally, tisgtialttbind in

the same location. This binding site is characterised by hydrophobic residheshead domain of the P2X
receptor and mutagenesisxperimentshave confirmed that a selection of these hydrophobic residues are
crucial for ligand bindingAkira and Toshimitsu, 2016; Shen et al., 2028)s proposed that the specificity

of these ligands stems from the larger pore size of this site in the pdP2X7 receptor compared to the
corresponding region in the hP2X3 receptor or zfPB6&ptor structures. However, the recently determined

structure of the zfP2X4 receptor bound to BX430 and BIA®7 in the same site does suggestithiatis a

P2X4 and P2X7 allosteric site

X A P2X3 allosteric site Y

=S . «‘:;;-7 ! PPE X TP R R K -

o~ |[ P2X3, AF-219 (SYVE) |
\ T 7Tl Left
Flipper

Figure 1.9: P2X receptor allosteric binders.Cartoon representation of various P2X receptor allosteric binding
with bound ligands, including BX430 (P2X4, PDB:8JV5), JNJ47965567 (P2X7, PDB:5U1X), atdd AP2X3,
PDB:5YVE). Regions are labelled based on the P2X receptor dolphin nomenclature.
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Chapter 1 General Introduction
common allosteric site for at least some P2X receptors and its likely interactions witbrrs@nved residues,
pocket size, and the particular compound which is bound all contribute to driving selectivity for one particular
P2X receptor subtypéFig. 19). This pocket is comparatively less conserved than the orthosteric binding
pocket, and it is probable that these twomserved residues contribute to the subtype selectivity of these
ligands for the P2X4 and P2X7 receptors. However, further researchessaecto pinpoint precisely which
residues govern these subtygpecific effects. The mechanism through which binding to the pdP2X7 and
zfP2X4 allosteric site inhibits receptor activation is elucidated by the structures, wherein the head domain and
upperbody are unable to shift inward and downward, respectively, to facilitate receptor activation. Cysteine
mutagenesis of this site atitbaddition of a cysteine reactive agent caused attenuation of ATP ¢turtdrar

supporting that sterically blockingithsite leads to inhibition of the P2X receptBhen et al., 2023)

The allosteric site identified in the hP2X3 receptor structure is characterised by a selection of polar and
nonpolar residuethatinteract with AF219(Wang et al., 2018)This site is located between the left flipper,
dorsal fin, and lower body of the P2X3 receptor reasonably close to the orthosteric bindiRmg sit®). In

silico docking from this study demonstrated structurally similar compounds t@1AFalso dock to this
allosterichinding site but larger ligands such as suramin and structurally unrelated ligands such as PPADS
are unlikely to bind to this allosteric site. The mechanism by whicR2drand structurally similar compounds
inhibit activation is thought to be obstruction of the chidstic downward movement of the left flipper that
occurs during activation of the P2X receptor. A cysteine mutation was introduced into the allosteric pocket,
and the subsequent application of a cystegaetive agent demonstrated attenuation of ATReats by
sterically occluding the allosteric pock@ang et al., 2018)The discovery of these allosteric binding sites
presents exciting prospects for designing subsglective ligands. With the availability of these structures,
there is now an opportunity to optimise ligand binding to these sites, potentially leatlingigvelopment of

more effective and selective therapeutics.

1.26.8 Metal ion binding sites
Metal ions play multiple roles in P2X receptor signalli®ydies have shown that ATP, in the presence of
various cations, elicits distinct responses at P2X receptors, and these cations can also have modulatory effects

on their own(Briggs et al., 2016)ATP-cation complexes regularfprm under physiological conditions and
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Chapter 1 General Introduction
are crucial for ATP's biological activity and synthesmiggesting these cations have a significant
physiologically relevant roléo et al., 1999; Lacapere et al., 199Dpspite the evident modulatory activity
of these metal ions, it has been challenging to determine whether this modulation occurs through ATP
complexes or through direct activity on P2X receptfits et al., 2013; Nakazawa and Ohno, 1997)
Fortunately, P2X receptor structures have revealselection ofmetal ion binding sites in P2X receptors
which have distinct roles. These structures include the-Bdihd and apo hP2X3 receptor in complex with
calcium or magnesium iorfki et al., 2019; Mansoor et al., 201@he ATRbound amP2X receptor with zinc
ions(Kasuya et al., 2016}he apo zfP2X4 receptor with gadolinium ighkawate et al., 2009and the ATP

bound and apo rP2X7 receptaith zinc ions(McCarthy et al., 2019)Fig. 1.10).

In the closed structure of the zfP2X4 receptor, gadolinium ion binding sites were identified at the central
vestibule in the lower body and an extergite adjacent to the right flippdFig. 1.10). These sites are
coordinated by charged residues such as aspartic acid and glutamic acid. Functional studies with and without
gadolinium ions suggestékat they phyed an inhibitory role in the P2X4 receptor. Both the invertebrate P2X
receptor structure coordinated by zinc ions and the hP2X3 receptor structure in complex with calcium or
magnesium ions revealed a binding site for metal ions adjacent to ATP tygioailyinated by the gamma
phosphate of ATP antharged residues such as glutamic acid and asparti¢Figid..10). It was also shown

that there is a metal ion binding site deeper within the orthosteric bindingwiteh can accommodate metal

ion binding in the absence of ATEi et al., 2019) To better characterise the central and ATP adjacent metal
ion binding sitesmutagenesis studies, functional studésl molecular dynamics simulations have been used

to show that metal ions can modulate P2X recepkansctional studies have shoRBX1 and P2X3 receptors
respond to MEATP complex as a full agonist whereas P2X2 and P2X4 receptors are inhibitedAyMMg

(Li et al., 2013) Notably, these findings were in response to acute administration @XT¥gbut when
magnesium ions were pnecubated with magnesium igntghis can result in inhibitory activity on P2X
receptorgLi et al., 2013) Mutagenesis studies showed that magnesium bound to the central metal ion site can
produce an inhibitory effect on P2X3 recept@rset al., 2013) This research was further expanded with
investigations into the kinetics of P2X recepiansd it was established that divalent cations can slow receptor
desensitisatiorthereby producing an inhibitory effect suggesting that both the central and ATP adjacent metal

ion sites can produce inhibitory action when bound with a metdLicet al., 2019)
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While the significance of cations within the extracellul

domain is well researched, the cigM rP2X7 receptor

ATP metal ion site
(P2X3, amP2X)

structure unveils two zinc ion binding sites in tt

Central metal ion site
(P2X4, amP2X)

cytoplasmic domain termed the cytoplasmic balli
(Fig. 110). Notably a guanosine diphosphate was al
solved in the rP2X7 receptor structure cytoplasn
ballast. The functions of these novel binding siteeyet

Cytoplasmic metal ion site
(P2X7 only)

to be determinedand removing a section of thi
Cyt0p|asmIC doma|n Containing the ZinC ion b|nd|r Figure 110 Common P2X receptor meta| ion

_ _ _ _ binding sites. Cartoon representation of the P2
sites and the guanosine diphosphate did not affect receptor (PDB: 6U9W) with common metal io

binding sites identified from structural studie
activation or desensitisation of the P2X7 recept indicated by dark blue spheres.
Further investigation of this novel metal ion binding site is warranted. However, it is probable that this site is
unique to the P2X7 rectp, given it is the only P2X receptor with a larggegbminus, which forms the

cytoplasmic ballast structuf@cCarthy et al., 2019)

1.3 P2X1 receptors

1.3.1 General information

The P2X1 receptor has a unique pharmacological profile that distinguishes it from other P2X receptors. For
example, in heterologous systems, ATP exhibits one of the highest potencies at the P2X1 receptor compared
to other P2X receptors, wifotencyvalues ranging from 56300 nM. Additionally, only the P2X1 and P2X3
receptors are rapidly desensitised on aseipnd timescal@Bianchi et al., 1999)This fast desensitisation

has been shown to reduce the apparent potency of ATP for the P2X1 réBsptimger and Schmalzing,

2004) Fluorescent labelling and cell surface biotinylation studies show that, in contrast to most other P2X
receptors, the P2X1 receptor is quickly internalised and recycles back to the me(Dlortéoe et al., 2000;

Ennion and Evans, 2001; Lalo et al., 20I)e P2X1 receptor also has higher fractional caléameurrents

than all other P2X receptors and is ranked highly among other iggted ion channels for having high

calciumion permeability(Egan and Khakh, 2004)n humansthe P2X1 receptor is located on platelets,
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macrophages, neutrophils, sympathetic neurons, and smooth muscle of the, vas deferens, seminal vesicle,
prostate, and arterigBurnstock and Knight, 2004)unctional roles for the P2X1 receptor have been
established in the urogenital, immune, and cardiovascular sy@deinSarmen Gonzaleglontelongo et al.,

2023; Mulryan et al., 2000; Oury and Wéra, 20Xnockout studies of P2X1 receptors in mice revealed
reduced fertility in male mice, attributed to the role of P2X1 receptors in the urogenital system, particularly in
the vas deferendMulryan et al., 2000)Otherwise, the mice displayed normal physiological and behavioural
characteristics, with the exception of a slight increase in systolic blood pressure, likely associated with P2X1

receptors located in the small arteries.

1.3.2 P2X1 receptor structure and function

Currently, there are no experimentally determined P2X1 receptor strydiovesver mutagenesis studies,
pharmacology studies, molecular modelling, protein predicaéiod comparisawith other P2X receptor
structures provide some hints into what the P2X1 receptor structure may entail. As discussed, the ATP binding
site is highly conserved across P2X receptors and that has allowed for targeted mutagenesis studies at the P2X1
receptorto determineif ATP adopts a similar binding motif to previously detéred ATP-bound P2X
receptorsAlanine mutations of P2X1 receptor residues K68, K70, T186, N290, R292, and K309 in the P2X1
receptor caused large reductions in the potency of (&RRion et al., 2000; Roberts and Evans, 2006¢se

residues are highly conserved, and AJdund P2X receptor structures reveal that the equivalent residues in
these structures form hydrogen bonds and salt bridges with the phosphate chain and adenine ring of ATP
(Mansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, 2018 presence of a metal ion binding

site adjacent to ATP in the hP2X3 receptor structure orthosterigsgitel. 10) is likely to be replicated in the

P2X1 receptorThis is supported by the fact that the AWV complex is a potent agonist for both the P2X1

and P2X3 receptors, in contrast to the P2X2 and R2&dptors, which have lower efficacy for A-MRy (Li

et al., 2013) Upon binding of ATP, P2X receptors undergo a similar mechanism of activation with a key
conformational change involving the cleft closure of the orthosteric binding site in which the dorsal fin and
head domains move toward each othed the left flipper domain moves away. These mechanisms are likely

to be the same in the P2X1 receptor, as indicated by a mutaganédisnctionaktudes showingthat the

P2X1 receptoundergoes conformational change upativationsimilar to other P2X recepto(korinczi et

al., 2012; Roberts et al., 2012)
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Another region of interest for the P2X1 receptor is the cytoplasmic region, of which predominantly the N
terminus has been shown to control the fast desensitisation of the P2X1 réskpdpp and Evans, 2011)
Comparatively, with the other fadesensitising P2X receptor, the P2X3 receptor, it has been shown that
specifically residues T13, S15, and V16 in theteNminus are important for receptor desensitisation
(Hausmann et al., 2014In the open state structure of the hP2X3 recejtterasrevealed that a cytoplasmic

cap exists consisting of regions of the &hd Gterminus(Mansoor et al., 2016)A study using cysteine
mutagenesis and crebeking compounds at the P2X1 receptor suggested that the cytoplasmic domain
remains in a capike structure in both the apo and desensitised st&gstt et al., 2019)Notably, the
desensitised hP2X3 receptor structure did not exhibit thdil@structure but based on the available

evidenceit is likely that the cytoplasmic cap is also a feature of the open state structure of the P2X1 receptor.

As discussed P2X3, P2Xdand P2X7 receptor structures have revealed novel allosteric binding sites located
in the extracellular domain of the P2X recepikira and Toshimitsu, 2016; Shen et al., 2023; Wang et al.,
2018) The allosteric ligandm theexperimentallydetermined®2X receptostructuresave markedly reduced
potency for the P2X1 receptor, suggesting these allosteric binding sites are not entirely conserved in the P2X1
receptor(Muller and Namasivayam, 202jowever some of the new generation P2X1 receptor antagonists
have been reported to exhibit noompetitive activity for the P2X1 receptvathiew et al., 2020; Obrecht

et al., 2019; Tian et al., 2020)hese studieBavesuggestdthat the two allosteric binding sites identified in
other P2X receptorare also present in the P2X1 receptor bimdl ATA at the upper body allosteric site and
PSB-2001 at the left flipper lower body allosteric qifgg. 1.9 (Obrecht et al., 2019; Tian et al., 20ZDhese
findings were supported bgnolecular modelling and mutagenesis studieaever,more indepth structural
analysis of these allosteric sites is necessary to enhance our understanding of these bindingteites and

determindf we can design more poteaiiostericP2X1 receptor modulatars

1.3.3Therapeutic potential of the P2X1 receptor
1.3.3.1 Male contraception
P2X1 receptora n da-adlfenoceptorare celocalised on the smooth muscle of the vas defe(iite et al.,

2013b) Following activation of theseeceptorspy the sympathetic etsansmitters ATP and noradrenaline,
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respectivelythere are contractions of the vas deferens, which propel spermatozoa anterograde through the vas
deferens to the ejaculatory duct, where it mixes with glandular secretions and is expelled during ejaculation
(Koslov and Andersson, 201@jig. 1.12). If these receptors are blocked, sperm cannot leave their storage site
in the cauda epididymis rendering a male inferflimgle knock out mouse studies of the P2X1 recegotdr
Uia-adrenoceptoestablished &0% and 50% reduction in male mice fertility, respectivdulryan et al.,

2000; Sanbe et al,, 2007) Combi ning these genetic knockgut m ¢
adrenoceptor has been shown to produce complete infertility in a male mouse pofiatieret al., 2013b)
Furthermore, contraction of the human and mouse vas deferens is controkedimylar ratio ofUia-
adrenoceptoand P2X1 receptor suggesting that the contraceptive efficacy seen in mice could translate to
humangBanks et al., 2006; White et al., 2013Byjually important was the observation that the dual knockout

male mice were sexually, physiologically, and behaviourally he@itthite et al., 2013b)There was concern

t hat t he P2 Xdadreneaemap knackout enicedcould have cardiovascular complications as both
receptors aralsolocated on the smooth muscle of blood vessels and mediate vasoconstriction. Fortunately,
the dual knockout mice had only minor changes in their baroreflex response, resting arterial pressure, and heart
rate similar t onadreneceaton knockpet sices Fueher phamacologicalvo studies

are required to validate this dual targeting concept.

1.3.3.2 Thrombosis and inflammation

P2X1 receptors are also located on platelets and neutrophils, and within these cells, P2X1 receptors have
important functional roles. P2X1 receptor activation can mediate platelet shape change, amplify platelet
signalling, and cause sheaduced aggregatn of platelet§Hechler and Gachet, 2011; Mah&rith et al.,

2011) In mouse models, pharmacologically blocking or genetically deleting the P2X1 receptor causes
impairment in thrombus formatiofDarbousset et al., 2014; Oury et al., 2006)theory, reducing platelet
activation by antagonising the P2X1 receptor could alleviate thrombosis. However, P2X1 receptor activation
also regulates activation and promotes chemotaxis of neutr@ipbdlst et al., 2012, 2009y hese two actions

may be conflicting in inflammatory conditions, as seen in a model of acute colitis where P2X1 receptor
knockout mice had high neutrophil levels, which contributed to thrombosis and intestinal bigEdnaget

al., 2020) In addition, studies into sepsis survival in pharmacological and genetic P2X1 receptor knockout

mice have been conflicting, although most reported a reduction in survival rates signifying that the P2X1
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receptor has a protective raleecut et al., 2012; Maitre et al., 2015; Skals et al., 20I8¢refore, P2X1
receptors on neutrophils and platelets could be targeted for their regulatory role in severe inflammatory
conditions such as sepsis. Further research is needed to describe if these conflicting functions of the P2X1
receptor will be detrirantal for drug development. A functional role for tA2X1 receptor has also been
identified for mast cells and macrophages, suggesting additional roles in inflammation and the immune system

(ElI Mdawar et al., 2019; Vargadartinez et al., 2020; Wareham et al., 2009)

1.3.3.3 Otherindications

ATP and acetylcholine eeleased from parasympathetic nerves stimulate smooth muscle contractions of the
bladdervia P2X1 receptors and muscarinic receptogspectively, leading to urine voidirfgfial and Evans,

2000) While postjunctional muscarinic receptors are commonly targeted to address bladder dysfunction,
purinergic contractions, as seen in conditions like overactive bladder and interstitial cystitis, may be intensified
(Burnstock, 2014; Sjégren et al., 1982) Pr ol o n g e d -metkyteneATR, fer instance Ctanbentirely
eliminate purinergic contractions in isolated detrusor muscle, suggesting a potential use of P2X1 receptor
antagonists to counteract this compor{&einnedy et al., 2007However, suramin and PPADS, P2X receptor
antagonistshave failed to fully inhibit noftholinergic contractions, indicatintdpe involvement of other
purinergic receptoréKennedy et al., 2007More research is needed to determine whether the bladder is a

viable target for purinergic based interventions.

P2X receptors are often highly expressed in various cancer cells, likely due to the abundant ATP levels in the
tumour microenvironment, suggesting their involvementumourgrowth much like other ion channels of

this nature(Bell et al., 2023; Di Virgilio et al., 2021)Notably, overexpression of P2X1 receptors has been
linked to reduced survival rates in mustigasive bladder cancer patients, and P2X1 knockouts have shown
promise in reducing leukemia cell growithe et al., 2023; Ledderose et al., 2023)is early research hints at

the potential use of P2X1 receptor antagonists in certain cancer treatments. Additionally, the role of P2X1
receptors in small arteries, where they mediate vasoconstriction, has been established, although effective
treatmentdor this effect have yet to be propoggll Carmen Gonzaldglontelongo et al., 2023; Vial and

Evans, 2002)These recent studies highlight the medical possibilities of targeting P2X1 receptors, which still

require further investigation to ascertain how successful they may be in the clinic.

Page B6



Chapter 1 General Introduction

1.3.4 P2X1 receptomantagonists in detalil

Some common P2X receptor modulators were outlined in the preceding section on P2X receptor
pharmacology. However, this section will delve into additidP2X1 receptor actingompoundgo provide
insight into the status of the fiel@iven the potential applications of P2X1 receptors, there is a pressing need
for P2X1 receptor antagonists that could serve as male contraceptivethr@ntiotic agents, or even
therapeutics for bladder issues and canoeer thepast fewdecadesnumeroud?2X1 receptoantagonists

have beemuliscoveredaind characterised @ble 1.4, Fig. 1.1). Early compounds likePADS were among the

first generation of nomucleotide P2X receptor antagonibtg lacked specific and favourable drug properties
(Lambrecht et al., 199Q)rable 1.2, Fig. 1.2 These compounds have since been optithio yield lower
molecular weight compounds with increased selectivity, such as MRS2159 and compaunglet al., 2013,
2017; Kim et al., 2001)Additionally, novel scaffolds likeATA, PSB2001, compound 4, and compound 5
have been identified through high throughput scree(®egwick et al., 2019; Jairffleigueroa et al., 2005;
Jung et al., 2017; Tian et al., 202Qthers, like compound 2 and compound 3, were discovered through
structureactivity relationship studig@iernandezOImos et al., 2012; Mathiew et al., 2020hese antagonists
display varying selectivity and inhibitory activity ranging from low micromolar to low nanomolar potency

(Table 1.4, Fig. 1.1).

Currently, ATA, PSB2001, and compouritistand out as promising chemical scaffolds due to their nanomolar
potency, selectivity, and low molecular weight. Many unknowns persist regarding these compounds, including
their structureactivity relationship, binding sites, selectivity among P2X reaspamd other targets, and
pharmacokinetic propertieslowever, they serve as valuable starting points for the develomfiemproved

P2X1 receptor antagonist&TA, PSB-2001, and compound 2 are proposed to act ascompetitive
antagonists at the P2X1ceptor, based on their pharmacological profile and molecular hrggestudies
(Mathiew et al., 2020; Obrecht et al., 2019; Tian et al., 20P&)geting allosteric sites offers a promising
strategy for developing P2X1 receptor antagonists with improved selectivity by focusing on less conserved

binding sites within the P2X receptor famil@ngoing research ia P2X1 receptor antagonist development
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will hopefully identify a compound that can serve as a tool for validating P2X1 receptor clinical indications in

animal models.

PSB-2001 ATA MRS2159 1 -
o)
o)
CF, Hok©\
2 2 a5 ] g
- N CFs OH RO o N OH
H HO™ oy I
OH o H A_OH
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Figure 1.11: Chemical structures of small molecule P2X1 receptor antagonist®2X1 receptor antagonists al
referred to by their most common abbreviated names, except for compeinaith have been assigned numbi
instead.
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Table 1.4: Pharmacological properties of P2X1 receptor antagonists

Compound Activity (IC so, M) P2X receptor selectivity Reference
MRS2159 0.008 (r) Moderate (Brown et al., 2001; Kim et al., 2001)
ATA 0.009 (r) Moderate (Obrecht et al., 2019)
PSB-2001 0.019 (h) High (Tian et al., 2020)
1 0.236 (m) Moderate (Cho et al., 2013; Jung et al., 2013, 2017)
2 14 (r) N/A (Mathiew et al., 2020)
3 0.6 (h) Low (HernandezOImos et al., 2012)
4 100 (h) N/A (Beswick et al., 2019)
5 3 (h) High (JaimeFigueroa et al., 2005)

ICs0 values are recorded in uM for P2X1 activity. The letters in the activity column designate the P2X1 receptor origin: nsdor fioouat, and h for human. P2Xeceptor
selectivityin the P2X receptor familgre categorised as follows: Poor (same or lower selectivity), Mode-di@ imes higher selectivity), and High (more than 10 times higher
selectivity).
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1.4 Justification for male contraceptiveresearch

1.4.1General information

One of the most intriguing and innovative therapeutic applications for the P2X1 receptor is its potential use as
a male contraceptive. The global high prevalence of unintended pregnancies, the limited selection of current
male contraceptives, and promisiimitial studies all suggest significant therapeutic benefits. These factors
will be discussed in detail in the following sections to justify the investigatidgheoP2X1 receptor for its

potential clinical application as a male contraceptive

1.42 Contraceptive use and its societal implications

Therewereroughly 1.9 billion women of reproductive age {49 years) in 2021 and 1.1 billion of these
women requird contraceptior{male and female contraceptiofvyheldon et al., 2020)0f that number &

million womenuseal a modern contraceptive method while therre270million womenwho hal an unmet

need for modern contraceptive methods. Unfortunately, side effects, low efficacy, lack of reversibility,

di fficulty of wuse, knowl edge of the method and a\
used by all women of reproductiage who desire to do ¢Brown et al., 1995; Egarter et al., 2013; Hall et

al., 2017) In a recent study global unintended pregnancy rates were determined to%datwiden the years

of 20101 2014(Bearak et al., 2018An unintended pregnancy is defined as a pregnancy that is either mistimed

or occurs when having a child is not desifedi Uni nt ended Pregnancy, Repr od!
While typically more common in developing nations, developed nations still experience high rates of
unintended pregnanci¢Bearak et al., 2018Jor instance, countries with higjuality healthcare and readily
available contraceptives, such as the USA and Australia, have unintended pregnancy rates of around 40%
(Finer and Zolna, 2016; Rowe et al., 2Q18hderstanding the negative outcomes of unintended pregnancies

is essential to appreciate the benefits of reducing their rates. Extensive research has explored the adverse effect:
of unintended pregnancies on individuals, families, the economy, and grieiyn et al., 1995; Cheng et

al., 2009; Gipson et al., 2008; Hall et al., 2017; Santelli et al., 2003; Sonfield et al., 2013; Tsui et al., 2010;

Yazdkhasti et al., 2015)
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For those who have an untimely or unintended pregnatytion is the last method available to terminate
the pregnancy. While safe abortions are aiisk procedurgunsafe abortions (abortions occurring in places
not up to minimal medical standards or performed by someone without proper training) carry a high risk of
serious complication§Ganatra et al., 2017; Tsui et al., 2018)obal unsafe abortion rates are at 4&80%he
total abortionswith 97% of these occurring in developing nati¢@anatra et al., 2017 one studyit was
determinedhat 13% of total maternal deaths in 2008 were attributed to abortion procddumgsO Tsuli,
2012; Department of Reproductive Health and Research, World Health Organization,|2@Xhpther or
couple choose to carry the unintended pregnancy tq teeme are increased risks of health complications for
thechild and mother. Conceiving, childbearing, and raising a child demands significant commitment, and those
who plan their pregnancies have the advantage of establishing financial, health, and care plans beforehand
(Cheng et al ., 2009; AP .Hewgvwraimivigualaad ceuplésdacird) anexpacteds , 0
pregnancies often lack such preparation, leading to potential risks to the mother, child, and family, exacerbated
by delayed realisation of the pregnancy. Research has shown that mothers experientémglashior
mistimed pregnancies are more inclined to smoke during pregnancy, have lower nutrient levels, and face
increased risks of mental health issues, unstable family relationships, and mis¢@heggeet al., 2009; Hall

et al., 2017; Yazdkhasti et al., 2015)

Teen pregnancies, heighten rigsserious harnfor both the mother and child. In 2011, America recorded
614,000 teen pregnanci€Sedgh et al., 2015A common consequence of teen pregnancy is the hindered or
delayed completion of education, directly correlating with adverse economic and social otchntes at e o0
Wor |l d Popul at.HistaricaleQiderkce suppa@rtd thicjaim, indicating that control over the timing

of births, facilitated by the female oral contraceptive, is particularly crucial for young fe{S8alefield et al.,

2013) It has contributed to improvements in the completion of secondary and tertiary education, attainment
of full-time employment, and increased earning power. One study even reported a 20% higher college
enrolment rate among those with access to the femaleantraceptivé€Bailey et al., 2012)Furthermore,

children from unintended pregnancies are more likely to drop out of high school and have mental and physical
disorders(Hall et al., 2017; Yazdkhasti et al., 2018)nintended pregnancies are more prevalent in lower
socioeconomic groups and developing nations, where insufficient resources and support systems may hinder

proper care for young childrgfBearak et al., 2018; Gipson et al., 2Q08Bhe adverse outcomes faced by
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families, mothers, and children due to unintended pregnancies underscore the urgency of reducing such

occurrences.

There is available evidendeoth historical and predictetb suggesthatnovel contraceptives are beneficial

to society. It is estimated that contraceptive use avoidef®£07 2naternal deaths from 172 countries in 2008
(Amy O Tsui, 2012)Furthermore, in 2010 it was estimated that US government investment in family planning
saved USD 13.6 billion or roughly USD 7.09 for every single dollar sfiemtst et al., 2014)While
contraceptives have historically been beneficial, the introduction of new contraceptive methods is also
significant. For instance, one study modelled the impact of men using a new male contraceptive method,
exploring various uptake scenarios. Ineomcenario, where only 10% of interested men use a male
contraceptive pill, unintended pregnancies decreased by 3.5% in the USA, 3.2% in South Africa, and 30.4%

in Nigeria(Dorman et al., 2018)

One of the elements in reducing unintended pregnancy rates revolves around whether we possess a sufficient
array of effective and safe contraceptives. A range of contraceptive methods, primarily designed for women,
are currently available and categoriseiiseveral groups: sterilisation, leagting reversible contraceptives,
shortacting hormonal methods, barrier methods, and natural methods. Sterilisation aactioggeversible
contraceptives are very effective and haviymcal use failure rate ypical use failure rate refers to the
percentage of women who get pregnant after one year of using only that contraceptive method) of less than
1% (Trussell, 2011; World Health Organization et al., 2018nfortunately, factors such as limited
availability, future pregnancy desires, side effects, and the stigma associated with surgical procedures deter
some from the utilisation of sterilisation methods and Jaciing reversible contraceptives. Skacting

hormonal methods, such as the oral contraceptive pill, have a typical use failure rate of approximately 7%
(World Health Organization et al., 2018)espite this, they are widely tolerated, with a European $inding

over 90% satisfaction among women using this me{B&duby, 201Q)However, it's crucial to acknowledge

that a significant minority of women encounter side effects that may restrict the use of hormonal
contraceptives. For instance, in two surveys, 34% and 37% of women who discontinued female oral
contraceptives by thettd month cited side effects as the reason for discontinug@osenberg and Waugh,

1998; Westhoff et al., 2007Barrier methods, including condoms, contraceptive gels, and physical blocking
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devices, exhibit varying effectiveness, with typical use failure rates ranging %wtim 28% depending on the
specific methodTrussell, 2011; World Health Organization et al., 2018)wever, they typically have
minimal side effects. Due to their relatively lower effectiveness, these methods may not be suitable for most
individuals unless used alongside another contraceptive method. The same applies to natural methods such as
calenda rhythm methods or withdrawal, which have typical use failure rates exceeding 20%. Among this
variety of contraceptive options, two are designed for males: male condoms and vasectomies. Vasectomies are
highly effective, with a failure rate of less than /1btit they are not easily reversible and require surgery
(Amory, 2020; World Health Organization et al., 2018ale condomdave the added benefit offering
some protection against sexually transmitted diseases and do not cause any significant side effects. However,
male condoms have a typical use failure rate of 13% and can interfere with sexual activity by decreasing
stimulation or arousdWorld Health Organization et al., 2018here is room for improvement in the efficacy,
userfriendliness,and thesideeffect profiles of contraceptive@aft et al., 2018)In particular, here is a

significant therapeutic gap for an effective and reversible contraceptive for men.

Public perceptions of male oral contraceptives offer valuable insights into their potential adoption and success.
The fundamental question remains: Will males choose to utilise a male oral contraceptive? In a multicultural
survey across multiple nations4-83% of males stated they would use a male oral contracdMauin et

al., 2000) Similarly, another international study found that over 55% of males would consider using a
hormonal male contracepti#leinemann et al., 2005An Australian study reported 75% of men would
contemplate using a male oral contraceptive expressing a preference for orally administered drugs over
injectables(Weston et al., 2002)Vomen demonstrate even greater interest in male contraceptives, with an
international study indicating that -R4¥% of women view male hormonal contraceptives favour@hlgsier

et al., 2000) In the same study, only a small portion of wome29%) expressed distrust in their partners'
ability to use a male hormonal contracepti@asier et al., 2000While acceptance may vary across cultures,
overall sentiment is positive, with both men and women showing enthusiasm for the prospect of new male

contraceptives, suggesting higeamand angotential for its use.
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1.4.3 Male urogenital system
Many organs, accessory organs and physiological processes are used to produce, store and transport sperm an
as such can be targets for male contraception. Therefore, the role of these organs and processes will be coverec

in detail to better understandhowa | e contraceptive candidateds funct

Males have two testes, located in the scrotum, which produce male sékieher and Schust, 2014; Jones,

2006; Plant and Zeleznik, 2015; White et al., 2013hg generation of mature spermatozoa from germ cells
takes around 74 days in humans and begins in the seminiferous tubules of the testes and finishes in the caude
epididymis where mature sperm (spermatozoa) are stored. The hypothaitaiitécy-gonadalHPG) axis is

an essential physiological pathway that controls the production of §pefiner and Schust, 2014; Plant and
Zeleznik, 2015; Singh et al., 2017; White et al., 2013Ba}ktosterone produced by Leydig cells and folicle
stimulating hormone (FSH) produced by the anterior pituitary promote mature sperm production by acting on
Sertoli cells. Sertoli cedl andLeydig cellssurrounddeveloping sperm cells in the seminiferous tubules and
stimulate spermatogenesis, spermiogenesis and supply nutrients. These processes describe the development ¢
germ cells to mature spermatozoa that involves morphological changes such as formatamnasane cap,
compacted head, and flagetiuTestosterone and inhibin a protein secreted by Sertoli cells inhibits the release

of FSH, luteinizing hormone (LH) and gonadotrophéteasing hormone (GnRH). This produces a feedback

loop in which sperm production is tightly controlled.

Ejaculation is another important process in male reproductive physiology and can be altered to induce male
infertility (Heffner and Schust, 2014; Jones, 2006; Plant and Zeleznik, 2015; White et al., 20i@a)
achieving intense excitement from psychological and physiological stimuli, ejaculation will occur. The first
phase of ejaculation is emission in which the vas deferens contracts to move sperm from the cauda epididymis
to the ejaculatory duct. At theame time the seminal vesicle, prostate, periurethral glands and bulbourethral
glands release fluids that mix in the ejaculatory duct to make semen in which the sperm are suspended. The
secretions from the seminal vesicle, prostate, periurethral gladdsuttourethral glands have a variety of

roles including, promoting mobility and motility of the spermatozoa, nourishing the spermatozoa, coagulating
and later liquefying the seminal fluid and alkalinising the seminal fluid. In a healthy male the sdurdnal f

(semen) is made up of roughly-86% of seminal vesicle secretions-3@% of prostate secretions, 5% of
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testes secretions, including spermatozoa and < 1% of secretions from the periurethral and bulbourethral glands
(Heffner and Schust, 2014; Jones, 2006; Plant and Zeleznik, 2015; White et al., Z8&3sgminal fluid is
now located in the urethra and from here coordinated muscular contractions propel sperm through the urethra
and out the penis in the phase of ejaculation called expulsion. Expulsion is controlled through a spinal reflex.
A healthy mée ejaculate should contain above 20 million sperm per mL with a typical ejaculate volume been
between 16 mL. After ejaculation spermatozoa must undergo activation, capacitation and an acrosome

reaction to gain the ability to move and fertilise an egg.

The paththatmature spermatozoa take from the epididymis to the urethra during ejaculation will be covered
in greater detail as this utilises a conduit called the vas deferens and is the target of several novel male
contraceptive concepffig. 1.12). The anatomy of the vas deferens is made up of an inner mucosal layer, a
middle muscular layer and an outer connective tissue (&psiov and Andersson, 2013; Steers, 1994e

muscular layer contains circular muscle tissue enclosed by longitudinal muscle tissue. The smooth muscle cells
that make up the muscular layer are in close proximity and are electrically coupled which can allow for swift
and coordinated contractionsf the vas deferengKoslov and Andersson, 2013; Manchanda and
Venkateswarlu, 1997 he vas deferens receives innervation from the autonomic postganglionic nerve fibres
originating from the CNS. Sympathetic neurons are responsible for stimulating the post junctional receptors
located on the vas deferens and the most important recémt@sooth muscle contraction are the ligand

gated ion channel P2X1 receptors and thp G ot e i n jaeadrenpcepwrgFigUl.12) (Koslov and
Andersson, 2013; White et al., 2013BRX1 receptors promote muscle contraction by opening and causing
an i nfl ux of cations including cal cium i mt-o t he
adrenoceptors activation stimulates calcium release from the sarcoplasmic reticulum throughithe G
signalling pathwayln smooth muscleintracellular calcium influx binds and activatealmodulin which
promotes myosin lighthain kinase to phosphorylate myosin lighin (Kuo and Ehrlich, 2015)
Phosphorylated myosin liglthain can bind actin initiating cross bridge cycling to cause contraction.
Additionally, activation of theRhokinase pathway, dtype calcium channels, and ryanodine receptors
contributes to these pathways promoting contractions of the vas def€leasy et al., 2003; Koslov and
Andersson, 2013)Significant roles have been attributed to lacgeductance andalcium ionractivated

potassium iorthannels and voltaggated delayed rectifiggotassium iorthannels in hyperpolang smooth
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muscle cells of the vas deferefifis hyperpolarisation plays a role in temporally regulating the contractility
of the vas deferenfAmobi et al.,, 2012) There is also a role ofka prej.
adrenoceptors and P2Y receptors in inhibiting release of NA and(Kd@$lov and Andersson, 2013n
humans, the vas deferens has a s l|abdgehdcdptprs domapargdta f u
P2X1 receptors yet, both are functionally significéBdnks et al., 2006)Moreover, the variation in P2X1
r ecept n-adremoneptor Bxpression across species appears minimal, as evidenced by the similarity in
vas deferens smooth muscle physiology between humans and animals satsh méce, and guinea pigs

(Banks et al., 2006)
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terminal o -
(Sympathetic =
nerves) ® b
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ATP ATP
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Figure 1.12: lllustration of the male testes and the vas deferens synapaéarious features of the male testes ¢
indicated, including a closep of the vas deferens synapse where centrally derived signals trigger the rele
noradrenaline and ATP. [J-adeesoeeptoreand R2X1regaptors)respéctvelys resa

in smooth muscle contraction. Created with BioRender.com.

1.4.4Male contraceptive research

14.4.1 Background

Research into male contraceptives faces hurdles in devising novel methods, largely due to the complex set of
requirements they must fulfil. These prerequisites encompass preserving male sexual health and libido,
guaranteeing no adverse effects on futurspoing, minimising side effects, ensuring reversibility, and
prioritising conveniencéAbbe et al., 2020)Despite these challenges, some promising male contraceptive
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candidates have emerged. Both hormonal andhoomonal methods have undergone trials in both human
and animal clinical studies, showing promising res{fisbe et al., 2020; Amory, 2020; Long et al., 2019;
Louwagie et al., 2023; Service et al., 2023pwever, despite these advances, achieving the first approval for

a novel male contraceptive remains a challenging journey.

1.4.4.2 Male contraceptive researcli hormonal

There is an assortment bbrmonalmale contraceptive candidates in development with several reaching
clinical trials (Table 15). Hormonal male contraceptives take advantage of the HPG axisppoess
steroidogenesis and spermatogenesis and achieve temporary male infertility. Initial clinical trials of hormonal
male contraceptives showed promising results using either testosterone enanthate, a weekly injectable, and
testosterone undecanoate, a mbnthjectable, with over 95% of men achieving sufficient suppression of
sperm(Abbe et al., 2020)After cessation of treatment, fertility was recovered, thus confirming reversibility

of testosterone based male contracepti®@®rld Health Organization Task Force on Methods for the
Regulation of Male Fertility, 1996No serious side effects were noted, however milder side effects such as
weight gain, acne, mood changes and changes in libido were reported. It was concluded alternative drug forms
were desirable as injections were not well received by users and fimim@vements in spermatogenic
suppression were need@dorld Health Organization Task Force on Methods for the Regulation of Male
Fertility, 1996) Since then, various hormoradsed male contraceptives have been tested, with differing levels

of success. One approach involves combining progesterone with testostasedetreatments, significantly
enhancing the efficacy in achieving severe oligasgee(Liu etal.,2008) Thi s i s due to pro
to supress GnRH secretighue et al., 2013)Other approaches have focused on enhancing the delivery
met hod, such as the devel opment-methfyll9domeebandt el or
dodecyl carbonate that are both oral male contraceptive candidates and target both androggestarbpe
receptorgThirumalai et al., 2019; Yuen et al., 2028)pth these drugs were well tolerated in short clinical

trials and demonstrated suppression of spermatogefiEsitumalai et al., 2019; Yuen et al., 2020)

Al ternativel vy, a sub der mal i m pniethyh19-nontestostergne was s y n t
developed and trialled however, did not maintain long term suppression of spermatoateis et al.,

2007) Another group has developed a transdermal gel using testosterone and nestorone which requires

administration of the gel to the shoulders déyawalt et al., 2019)Small clinical trials have determined
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that there are minimal side effects, high efficacy and that it is well tolerated. Finally, GnRH antagonists have
been developed but were expensive and typically needed to be used in combination with another class of
hormonal contraceptives to produce si#fint suppression of spermatogeneBiee most promising candidates
for male contraceptives currently are nestoramen d testoster one -ngethytlo, as
nortestosteroné 7-@odecylcarbonate and Dimethandrolone undecanoate. These options have shown good
efficacy in clinical trials due to their combined action on testosterone and progesterone, along with more

convenient dosing methods.

Research on hormonal male contraceptives is advancing, yet there are inherent challenges in developing this
type of contraceptive. In male hormonal contraceptive clinical trials arou@dbof males do not achieve
sufficient suppression of spermatogenéAlsbe et al., 2020)The reasoning for this phenomenon is unknown,
however it is theorised that in these men low levels of FSH and testosterone can maintain spermatogenesis.
There are also ethnic differences, Caucasian males have a higher odds ratisugpression, frora review

of human clinical trials of hormonal male contraceptifléa et al., 2008) It has been suggested this may be

due to differences in testicular histomorphology, hormone levels, metabolism, receptor polymorphisms or
GnRH suppressibilitgllani et al., 2011)Additionally, higher sperm concentrations, increasing age, increasing
body mass indexand increasing testosterone levels all slightly decrease rates of spermatogenic suppression
(Liu et al., 2008) There is also a phenomenon called spermatogenic rebound in w2détolmen who had
sufficiently low sperm levels during treatment will have a sudden rise in sperm levels in their ejaculate for a
short period before returning to low sperm counts. Cigrghis phenomenon is not well understood but could

result in unintended pregnancies. Another obstacle is the time requiregtessuand recover fertility. In a

review of human hormonal contraceptive research it was reported to take a median tihenohths to

achieve severe oligosperntiaiu et al., 2008) In a followup review by the same researchers, it was found

that median recovery to a typical sperm concentration (20 million sperm per mL) took 3.4 months, with
complete recovery for all participants requiring up to 24 mof(iths et al., 2006) Side effects remain a
significant concern in discussions surrounding hormonal male contraceptives. While clinical trials have
generally not reported serious adverse events, one trial was halted prematurely due to concerns about mood
changes and the potal risk of depressionBehre et al., 2016)Hopefully, there is now a clearer

understanding of why hormonal male contraceptives show promise but remain challenging to develop.
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Contraceptive . . Stage of
Target Candidates Delivery form development Reference
Testosterone Testosterone undecanoate Injectable Human trials (Nieschlag et al., 1978)
based only Testosterone enanthate Injectable Human trials (fAiContraceptive dnddcadc
azoospermia in nor mal
Health Organization Task Force on Methods fc
the Regulation of Male Fertility, 1996)
Progesterone Progestin cyproterone acetate Oral Human trials (Wang and Yeung, 1980)
based only Levonorgestrel Implant Human trials (Gui et al., 2004)
Etonogestrel Implant Human trials (Mommers et al., 2008)
Desogestrel Oral Human trials (Kinniburgh et al., 2002)
Norethisterone acetate Oral Human trials (Kamischke et al., 2002)
Testosterone and | Testosterone undecanoate and norethisterone enan Injectable Human trials (Meriggiola et al., 2005)
progesterone Testosterone and medroxyprogesterone acetate Injectable Human trials (Turner et al., 2003)
based Dimethandrolone undecanoate Injectable and oral Human trials (Thirumalai et al., 2019)
1 1-fethyt19-nortestosterond 7-dodecylcarbonate Injectable Human trials (Yuen et al., 2020)
7 Unethyl19-nortestosterone Subdermal implant Human trials (Walton et al., 2007)
Testosterone and nestorone Transdermal gel Human trials (Anawalt et al., 2019)
Gonadotropin- GnRH antagonists Injectable Human trials (Behre et al., 2001)

releasing hormone
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1.44.3 Male contraceptive researcli non-hormonal
Non-hormonal male contraceptives present some advantages over hormonal male contraceptives as they avoid
hormonal side effects, can establish efficacy quicker and are typically easier to develop into oral drug delivery.
Predominantly noitnormonal contracdiwes are at an earlier stage of drug development however, several have

made it to clinical trialsTable 16).

Numerous nothormonal contraceptive candidates aiming to target sperm function or growtthéeawe
explored, with some discontinued while others advance in developiaie (16). Gossypol, triptonideand
gendarussa are agents identified from natural products and were purported to have contraceptive efficacy
(Amory, 2020) However, in further testing both compounds did not exhibit complete reversibility and efficacy
was only moderately effective, thus have not been researched {duthery, 2020; Chang et al., 2021; Long

et al., 2019) Another male contraceptive candidate is Adjudin which causes germ cell exfoliation through
disruption of Sertoli cell junctions leading to temporary male infertflitifgeng, 2014)However, side effects

of and the difficulty of crossing the blood testes barrier pose significant barriers to advancement of this method.
Another contraceptive approach focuses on the retinoic acid receptor, governing genes crucial for
spermatogenesisn la notable study, a paatinoic acid receptor antagonist (BM89453) induced 100%
infertility in male mice(Chung et al., 2016)Upon discontinuation of treatment, fertility was restored, and
offspring of treated mice exhibited normal physiology. Another investigation introduced EP055, a novel
compound that targets EPPIN, a sperm protein present on the spermatozoa surface ldediogs of sperm

motility ( O6 Ra n d e.tThisareatment &Rilits8rapid efficacy, and preclinical studies have shown no
long-term side effects, suggesting its potential as adeanand male contraceptive. Other potential targets for
male contraceptives are currently in early stages of develdapwmigm their efficacy, safety, and reversibility

yet to be fully determined. These include a bromodomain protein important in spermatogenesis, sperm specific
ion channels such as Catsper and SLO3, and calcineurin which is important for sperm (Qatvityn et al.,

2009)

One of the most advanced rbarmonal male contraceptive candidates are vas occlusion methods called
reversible inhibition of sperm under guidance (RISUG), ADAdhd Vasalgel. These methods involve
physical block of spermatozoa transport through the vas deferens sometimes with additional effects such as
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altered local pH to disrupt spermatozoa viability. RISUG has had the most adeanugldtecclinical trials
with reversibility confirmed in nofmuman primatef_ohiya et al., 2005)Human clinical trials subsequently
progressed showing men achieved severe oligozoospermia or azoospermia-@ithonghs with minimal
side effects comparable to a vasectd®@lyarma et al., 2019ADAM is currently progressing through human
clinical trials andinitial reports suggest this method is also able to produce high effiéacierson et al.,
2023) Northormonal male contraceptives demonstrate promise for men, with a robust selection of candidates

ready for advancement into animal and human trials.
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Contraceptive Target

Candidates

Delivery form

Stage of development

Reference

Vas deferens (occlusive)

Spermatogenesis

Sperm motility

Vas deferens (contractility)

Other sperm functions or

unverified

Sertoli Cells

RISUG

Vasalgel

ADAM

Retinoic inhibitors

Bromodomain inhibitors

Triptonide

Eppin inhibitors

Calcineurin inhibitors

Catsper inhibitors, SLOS3 inhibitors
P2X1 receptor inhibitors
Uha-adrenoceptor inhibitors
Gendarussa

Gossypol

Adjudin

Surgery
Surgery
Surgery
Oral
Oral

Oral
Oral
Oral
Oral
Oral
Oral
Oral
Oral

Oral

Human trials
Animal studies
Human trials
Animal studies

Animal studies

Animal studies
Animal studies
Animal studies
Drug discovery
Animal studies
Human trials

Drug discovery

Human studies

Preclinical studies

(Sharma et al., 2019)

(Waller et al., 2017)

(Anderson et al., 2023)

(Heller et al., 1961; Noman et al., 2020)
(Matzuk et al., 2012)

(Chang et al., 2021)

(O6Rand et al ., 201
(Miyata et al., 2015)

(Carlson et al., 2009; Chéavez et al., 2014)
(Eise et al., 2022)

(Bhat and Shastry, 2020; Wang et al., 201
(Handayani, 2011)

(Coutinho, 2002)

(Chen et al., 2019)
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145Evidence oftheP 2 X1 r e ¢ e p-adeenoceptar contrdceptive efficacy
Several potent drugsharacterised by their low or suba n o mo |l ar b i n.d-adrempceptdrd, areni t y
predominantly prescribed for benign prostatic hyperplasia (BPH) or hypertefisioguro et al., 2002;
Quaresma et al., 2019) Among these Prazosin, Terazosing and
adrenoceptorglshiguro et al., 2002; Quaresma et al., 20¥®)wever, considering potential for g#rget
ef fect spaaltr enbe e ptaodrrse norck p or s, there may bie a pr
adrenoceptor antagonists. Among these, Alfuzosin and Tamsulosin demonstrate specificity, but the most
selective antagonist to date is silodagghiguro et al., 2002; Quaresma et al., 20B®&search has supported
t h e r @-hdeenooeptor thhibition in inducing male infertility, as evidenced by knockout models and more
recentsmals cal e human clinical tri al s-adrefdeeptsrantagonistacars h a
lead to temporary male infertilittBhat and Shastry, 2020; Hellstrom and Sikka, 2009, 2006; Sanbe et al.,
2007; Wang et al., 2012fFor example, three studies have demonstrated tamsulosin can cause severely
decreased sperm concentrations and anejaculation indicating reduced or a temporary loss of male fertility
(Hellstrom and Sikka, 2009, 2006; Wang etal.,, 2012JA dou bl e sbhd , npl, acama oené nt r
into silodosin determined that all participants on silodosin 8 mg had no sperm in ejaculate after taking silodosin
3 hours prior(Bhat and Shastry, 2020n the subsequent phase of the study, silodosin served as the sole
contraceptive method for 59 participants. Notably, no pregnancies were reported during this period, and there
were no dropouts due to adverse effects among the participants. While sapgessc iafadremoceptor
antagonist, alfuzosin did not affect sperm concentrations compared to placebo indicating little impact on male
fertility (Hellstrom and Sikka, 2009Notably, the successful clinical trials were conducted using tamsulosin
and silodosin, bot h esfadremdeeptorhantaganietS.| monri eg-adrghegeptdf i ¢
antagonists typically have few serious adverse effects, common side effects include asthenia, dizziness, urinary
incontinence, postural hypotension, reduced ejaculate volume, and dry(dkduiman and Crawford, 2001)
Nons p e ¢ hafadranoceptor antagonists typically have higher incidencposfural hypotension and
dizziness whiles p e ¢ iafadremoceptor have a higher incidence of abnormal ejacul@ontorsi and
Moncada, 2006; Schilit and Benzeroual, 2009; Yu et al., 20< ¥rucial to consider these side effects in the
development of a new male contraceptive and anticipate how individuals may react,taghfipse issues

are likely to affect compliance.
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While there is limited pharmacological evidence for the P2X1 receptor as a male contraaggdive recent
study establisheihhibition of P2X1 receptors using a stinging nettle leaf extract and used this same extract in
a mouse model to demonstrate partial male infer{jitige et al., 2022)t is difficult to conclusive proven
this study whether there was complete blockade of P2X1 recapteigo, hence it is possible the male
infertility rate could be increased by more potent P2X1 receptor antagdmsiher explanation for only
seeing partial male infertility is that the adrenergic component contributes slightly more to the contraction of
the human vas deferens compared to the purinergic compdneamains to be seen whether complete
blockade of P2X1 receptors using pharmacolddgieatment is enough to produce complete male infertility
as observed i n c hdadienaceptor antagonists discusséd abowentaut this would be a
significantf i ndi ng gi ven t he o0 pjpdiendcaptoriantagonist® whigénmaause sida s e o0
effects such as hypotension and anejaculation, that may limit compliahitgtion of P2X1 receptors may
produce side effects in the cardiovascular and immune system based on the expression profile of P2X1
receptors. However, P2X1 recepkmockout studies suggest these effects are likely to be iihhdryan et
al., 2000; White et al., 2013B)Vhile these initial studies show promise by suggesting thatdnisaceptive
method can be administered orally, is reversible, and may be efficacious, further validation of this concept is
necessary through am vivo animal study utilising @otentP2X1 receptoantagonisto validate the efficacy

of targeting the P2X1 receptor to produce temporary male infertility.

Page p4



Chapter 1 General Introduction

1.5 Summary and Aims

The P2X receptor family remains relatively undesearched, with many questions still unanswered regarding
their roles in physiology and pathophysiology, and how these roles can be leveraged for clinical applications.
One of these receptors, the P2X1 peteo r , a | o m-adremocepthr, reptesentsth viable target for
developing a novel male contraceptive. This field is in dire need of innovation and new treatments, given the
limited selection of current male contraceptives and the lack of receicatlpprovals. While several male
contraceptives are in development, targeting the P2X1 receptor offers distinct advantages, including
accessibility to a peripheral target, a fimrmonal approach, and suitability for oral drug delivery. Despite the
strudural success and emerging clinical applications of some P2X receptors, the P2X1 receptor has not
received comparable attentidBxperimentally determined higiesolutionstructures of the P2X1 receptor
would significantly enhance our understanding offitsction and ligand interactions. This knowledge is
crucial for developing and employing technigues to characterise ligands that bind and modulate the P2X1
receptor.Following this, the development of a suitable tool compound to validate the potential clinical
applications of the P2X1 receptaould provide a wealth ahformation for the function and therapeutic

targeting of this receptor in various physiological aathpphysiologicatontexts.

In Chapter 3, our goal was to solve the P2X1 receptor structure by adapting current methods from P2X receptor
cryo-EM studies and tailoring these techniques specifically for the P2X1 receptor. Given the uncertainties
surrounding the purification and strucal determination of the P2X1 receptor using &M, we also aimed

to optimise this process. Oaimwas to develop a consistent workflow capable of solving the P2X1 receptor
structure at high resolution. Once a successful workflow for P2X1 receptcEMywas established, we
planned to determine the structure of the P2X1 receptor bound to an avalatileeceptoantagonist to

better understand the mechanism of inhibition. In Chapter 4, we focused on characterising ligands bound to
the P2X1 receptor cry&M structures, including ATP, NF449, and metal ions, using calcium ion influx assays
and radioligand binding asgs. Mutagenesis work was intended to provide molecular details on specific
interactions and identify which P2X1 receptor residues arealifbr binding. In Chapter 5, we aimed to
validate a preliminary structwteased drug discovery approach for the P2X1 receptor and identify novel

chemical scaffolds that bind to it. Additionally, we sought to better characterise known P2X1 receptor
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antagonists and begin mapping their binding sites on the P2X1 receptor. These aims were established to guide
a more comprehensive drug discovery approach for the P2X1 receptor, incorporating structural insights with
the intention of accelerating clinicalpportunities. The overarching goal was to develop improved tool

compounds for the P2X1 receptor by leveraging its strudnfiamation.
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2.1 Materials

2.1.1 Cloning materials

VectorsPOG44 FlpRecombinase ExpressiggcDNAS/FRT/TO, and pFastBagere obtained internally from

the Monash Institute of Pharmaceutical Sciences previously purchased from Thermo Fisher Scientific
(Waltham, United Statespll gene blocks and primers were synthesised by Integrated DNA Technologies
(Coralville, USA). DH5U0 cells were maintained and
Sciences previously purchased from Thermo Fisher Scientific (Walthi8#\). Selection antibiotics
Carbenicillin, Kanamycin, Gentamicin, and Tetracycline were acquired$®igmaAldrich (St. Louis, USA).

Wizard Plus SV Minipreps DNA purification system kit were obtained from Promega (Madison, USA).
Plasmid maxi kits were obtained from QIAGEN (Venlo, Netherlands). Gibson Assembly Cloning Kit,
Monarch DNA Gel Extraction KitQ5 high fidelity PCR kit, and Gel Loading Dye Purple (6X) were purchased
from New England Biolabs (Ipswich, USA). GelRed Nucleic Acid Gel Stain was purchased from Biotium
(Fremont, USA)FUGENE HD and FUGENE 6 transfection reagent were purchased fronedg&r¢Madison,

USA).

2.1.2 Cell culture materials

HEK293 FlpIn T-Rex cells were maintained and stored internally at the Monash Institute of Pharmaceutical
Sciences previously purchased from Thermo Fisher Scientific (Massachusetts, United AAtaBedgction
antibiotics zeocin, hygromycin B, andtetracycline were acquired from Sigmddrich (St. Louis, USA).

Dul b emocdibfsi e dnedilien JOMEN) sOptiMEM reducedserummedium, head inactivatefdetal

bovine serum (FBS) were purchased from GIBCO owned by Thermo Fischer Scientific (Waltham, USA).
Poly-D-lysine was purchased from Sigi#drich (St. Louis, USA)MycoAlert mycoplasma detection kit was

obtained from Lonza (Basel, Switzerland).

2.1.3 Assay materials and compounds
Fluo-8 was purchased from Abcam (Cambridge, UK). lonomycin was purchased from Cayman Chemicals
(Ann Arbor, USA). UltimaGold liquid scintillation cocktailaspurchased from PerkinElmer Life (Waltham,

USA).PH]-U,-mbet hyl ene ATP was purchased fr o-metlenreATPek bi
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ATP, Probenecid, and dimethyl sulfoxide (DMSO) were purchased from Sipniah (St. Louis, USA).
MRS2159 was purchased from Thomas Scientific (Swedesboro, BFA)and NF449 were purchased from
Merck (Rahway, USA). All other reagents not specified were purchased from-8ignizh (St. Louis, USA)

or Merck (Rahway, Germany) and were of analytical grade.

2.2 Methods

2.21 Construct design and generation

The full-length human P2X1 sequence (WE2X1) with and without a @rminal tag (CT) containing a 3C
cleavage site followed by muGFP and an distidine sequence (P2X2T) was synthesised from Integrated

DNA Technologies (lowa, USA). Empty pFastBac amdNA5/FRT/TO plasmid were Gibson assembled

with WT-P2X1-CT and WTFP2X1 sequences. Primers were used to generate single residue mutants of the
P2X1 receptofrom the pcDNAS/FRT/TOWT-P2X1 constructusing polymerase chain reaction (PCR) Q5
high-fidelity polyme r a s e . DNA constructs were transformed in
picked, and expanded before being purified using miniprep and maxiprep purification kits. Sequencing of each
construct was conducted usir@anger sequencing performed by Australian Genome Research Facility
(Melbourne, Australia). Concentration and purity of each plasmid was measured on a NanoDrop One (Thermo

Fisher Scientific, Waltham, USA). DNA solutions were storee@atC.

2.2.2 SDSpolyacrylamide gel electrophoresis and Coomassie staining

Loadi ng dy emecaptodthariolwasmgedfvith samples and loaded onto TGX precast $4%8)
polyacrylamide gels with precisionplus proteindual colour standards. Gels were run for 30 minutes at 200

V to separate proteins in running buffer containing 0.25 M Tris, 1.9 M glycine and 0.035 M sodium dodecyl
sulfate. Gels were then stained with Coomassie blue stain and gently agitated overnight. Imagegmere tak

using a camera or a ChemiDoc imaging system-f&id, Hercules, United States).

2.2.3Mammalian tissue culture
HEK293 cells were cultured in DMEM supplemented with 10% v/v-ireattivated FBS (complete media)

and incubated at 37°C in a 5% ¢laumidified incubator. Cells reaching 80 to 95% confluency were washed
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with phosphate buffered saline (PBS) and detached using versene (PBS with 0.2 g/L EDTA). Cells were
pelleted by centrifugation at 350@r 3 minutes and then resuspended in fresh complete media to be reseeded.
Cellswere stored in a liquid nitrogen vapour phase system (In Vitro Technologies, Melbourne Australia). Prior
to any experimentation cells were grown for at least two passages and all stably transfected cell lines were
selected for by the appropriate antibidt ensure cells expressed the recepibnew cell lines were checked

for mycoplasma and other contaminations prior to experimentation or freezing.

2.2.4 Stable transfections

HEK293 FlpIn T-REX cells were grown to about 80% confluency and the media was replaced with a minimal
volume of OptiMEM reducedserum medium. Cells were transfected with a pcDNA5S/FRT/TO construct
containing an insert of WWP2X1 receptor or singleesidue mutants of the P2X1 receptor. A transfection
mixture composed of 250 L OpWMEM reducedserummedium, 0.7 pg P2X1 construct, 6.3 pg pOG44 (in a

10:1 ratio to P2X1 construct), and 28 pL FUGENE (in a 4:1 ratio to total DNA), was incubated for 30 minutes
before addition to cells. After 48 hours, selection with complete media containing 175 pug/mL of Hygromycin

B was initiated until individual colonies formed. These colonies were reseeded, expanded under selection
conditions, and preserved by freezing. To rellP2X1 receptor expression tetracycline was added at a

concentration of 150 ng/mL two days prior to experimental testing.

2.2.5Calcium ion influx

Two days prior to experimentation HEK293 cells expressing eithePRX1 or single residue mutants of the
P2X1 receptor were seeded into-Wéll flat bottom clear plates at a density of 15,000 cells per well
supplemented with 150 ng/ml of tetracycline. tha day of experimentation, a calcium buffer solution was
prepared, consisting of 150 mM NacCl, 2.6 mM KCI, 1.18 mM M@ELO, 10 mM DBglucose, 10 mM
HEPES, 2.2 mM CagH-0, and 2 mM probenecid at pH 7.4. All cell incubations were performed at 37°C in
a 26 CO humidified incubator with drug plates and tips-pesated to 37°C prior to use. Cells were washed

once with calcium bufferand subsequently, 1 mM Fhk#& was added to each well under reduced light
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conditions. Cells were incubatéor one hour and then washed

. . . Ca* 2
once with calcium buffer. Calcium buffer was added to each we .9 O it
and some wells contagd P2X1 receptor antagonists or O
compounds of interest. Cells were incubated for an additional

P2X1
minutes. Drug plates were prepared containing the calmam e TR
e ©°
. . . x ) Y
i onophore ionomycin, cont r—olmmmo/ ? o Fuorescence € P2 X 1
ondogsve @ (o]

methylene ATP. Data were recorded with excitation at 485 ni

emission at 525 nm, and an auto-offt at 515 nm on a Figure 2.1:Schematic of the intracellular
calcium influx assay at the P2X1

FlexStation 3 MultiMode Microplate Reader(Molecular receptor. Created with BioRender.com.

Devices,San Jose, California). Initial baseline readings were taken oversac2dd period, followed by
stimulation, and measurements were recorded for an additional two minutes at regular intervals. For each
condition, the maximum fluorescence value subtraateah the minimum fluorescence value was exported

and analysed using GraphPad Prism v9 (GraphPad, La Jolla, B8#rimental conditions were repeated

multiple times, with each condition run in triplicate unless otherwise spe(figd2.1).

Data were normaliselativeto response elicited bj0 uM ionomycin and adjusted so that the highest value
corresponded to 100 and the lowest value to 0. Data from increasing concentrations of P2X1 receptor agonists
were fitted to a log(agonist) nonlinear regression curve using gofoameter model, witthe top and bottom
constrained to 100 and 0, respectively. Data from increasing concentrations of P2X1 receptor antagonists were
fitted to a log(antagonist) nonlinear regression curve using gpfmaneter model, with the top and bottom
constrained to 100 and 0O, respectivdl{Cso and 1Go values were extracted from individual experiments,
grouped and plotted on column graphs. These data were analysed usingay &¢OVAwithaDunnet t 6 s
multiple comparison test to determine if there was a significant difference (<0.05) between different conditions

and the control response.

Nonlinear regressionlog(agonist) dose response (fqparameter model)
YENOEOOE G
p Tt

W 6€00 ¢4
Y
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Nonlinear regressionlog(antagonist) dose response (fparameter model)
YENOEOOE G
p T

w O0€00¢4

Where X is the log concentration of the agonist, Y is the response, and the top and both@marémum
and minimal response of the cuyvespectivelybut in most analyseare constrained to 100 and 0.43
the concentration that is capable of producing half the maximal responsesaisdth@€ concentration that is
capable of reducing the maximal response by A&k Hill slopedescribes the steepness of the cunatia

not constrained in these analyses.

2.2.6 Radioligand binding

Two days prior to experimentation HEK293 cells expressin ;

Radiolabelled
P2X1 agonist

WT-P2X1 or single residue mutants of the P2X1 receptor we
Beta

seeded in 96vell isoplates at a density of 15,000 cells per we 3 i oadlaton
supplemented with 150 ng/ml of tetracycline. A binding buffe m
solution with the following composition: 150 mM NacCl, 2.6 mM

P2X1
Receptor

KCl, 1.18 mM MgCI2.6H20, 10 mM Bjlucose, 10 mM HEPES,

2.2 mM CaCl2.H20 at pH 7.4 was prepared, and the cells we

washed twice. Subsequently, compounds of interest, ATP, aRigure 2.2: Schematic of the radioligand
binding assay at the P2X1 receptor.

then PH]-U ,-nbethylene ATP \as added to wells. ATP was Created with BioRender.com.

added i n excess (-$pecificdimflingPlates dere gentlyragitated fontloree hours at room

temperature, which association experiments determined to be appropriate for complete binding of the

radioligand Cells were then washed twice with-celd 0.9% NacCl buffer and briefly dried before the addition

of UltimaGold liquid scintillation cocktail to each well. Data were recorded on a MicroBeta c@kigte? 2)

(PerkinElmer, Waltham, USA) arrectedcounts peminute CCPM). Data analysis was conducted using

GraphPad Prism v9 (GraphPad, La Jolla, US&perimental conditions were repeated multiple times, with

each condition run in duplicate or triplicate unless otherwise spedfiidU ,-nbethylene ATP concentrations

for each experiment were checked onCarb scintillation beta counters (PerkinElmer, Waltham, USA) as

disintegrations per minute (DPM) and converted to concentration.
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Conversion of DPM to radioligand concentration

o ()] - ()
CR & Y pPTUMMNMNTNT
Where V is the vol ume iimCudelmmoleandi Ysis theltancerstrptioncof thei ¢ a

radioligand in nM.

2.2.6.1Saturation binding

Saturation assays were conducted by adding increasing concentratibtislof {nbethylene ATPNonlinear
regression one sitespecific binding curvavere fit to experimental saturation binding datath results
reported incorrectedcounts per minuteGCPM). Each condition has the nepecific binding subtracted to

calculate the specifieinding.

Nonlinear regressionone sitespecific binding curve

N RATAIA
VO ®

&
Where X is the concentration of the radioligand, Y is specific bindngax is the maximum specific binding

extrapolated from high concentrations of radioligand in Y, angsKhe binding affinity

2.2.6.2Competition binding

Competition assays were conductadthe addition of &p concentration of3H]-U ,-nethylene ATP (50
nM), with increasing concentrations of the compounds of inteiestlinear regression orsate fit K curve
were fit to experimental competition binding daita relation to the concentration and affinity &H[-U ,- b
methylene ATP with results reported dorrectedcounts per minuteGCPM). Each condition has the ron

specific bindingsubtracted to calculate the specific binding.

Nonlinear regression orste fit K

Page p3



Chapter 2 General Methods

YEn6eooéqg, .,
06 00¢d
p P

"0& 0 0 D
P BEo 0006 b

0 € QDn 0 €& Mm
Where the top and bottom represent the maximum and minimal asymptotes of th¥ euithie,concentration
of the radioligand, Y is specific binding, aBCso is the concentration that is capable of producing half the
maximal responseK; is the inhibition constant for the ligand, HotNis! the radioligand concentration in

nanomolar, and HotKdNM is the radioligand affinity in nanomolar.

2.2.6.3Kinetic dissociation

Dissociation assaysere conductethy addition ofa Kp concentration of3H]-U ,-nbethyleneATP (50 nM)

for threehours. SubsequenthlATP and compounds of interest were added at saturating concentrations (100x
their affinity) at various timepoints from 0.5 to 90 minutes. Experimental dissociation data were fit to a
nonlinear regressioindissociation one phase exponential decay curve reported in counts per QM) (

with the maximum normalised to 100%.

nonlinear regressiondissociation one phase exponential decay

®w wt 07 0 @ 07

Where X is time, Y is total binding, YO is binding at 0 minutes, N&riding () at the end of the curve, and

K is the rate constant in inverse units of Y.
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Chapter 3 Determination of the P2X1 receptor structure using €epd

3.1 Abstract

The P2X1 receptor is a trimeric ligaigated ion channel with numerous potential indications for novel drug
treatments. Unfortunately, the progress of drug discovery targeting the P2X1 receptor has been impeded by
the absence of structural information.dontrast, structures of P2X3, P2X4, and P2X7 receptors have been
successfullydeterminé using xray crystallography and, more recently, ci#l. To better understand the

P2X1 receptor, we aimed to express, purify, and determine its structure. Througkoptotess, we
encountered numerous hurdles in purification, €& imaging, and cry<eM processing, which we had to
overcome by optimising each protocol, showcasing the challenges inherent to membrane proteins. Initially,
we expressed and purified theX2L. receptor by adapting techniques outlined in the literature for related P2X
receptor subtypes. However, this approach was largely unsuccessful, necessitating modifications to the
detergent and purification conditions to improve the stability of thegktesolubilised P2X1 receptor. Initial
cryo-EM images revealed severe preferred orientation. To address this, we identified a secondary detergent,
fluorinatedfos-choline-8, which effectively mitigated the orientation bias. For the Aband P2X1 receptor,

we collected two different datasets at different secondary detergent concentrations to reduce the preferred
orientation. To verify ATP binding to the detergaaiubilised P2X1 receptor, we used an Ab&sed
luminescence assay and determined the maabéeiP2X1 receptor antagonist for competingmftind ATP,
facilitating the purification of the NF448ound P2X1 receptor. During cREM processing for the NF449

bound P2X1 receptor, we identified a desensitised and closed state of the receptatiickel$ gahibiting the
desensitised state were subsequently removed during théEBhyrocessing steps using 3D variability
analysis in Cry8PARGC leaving the desired closed NF448und state. These optimisation steps were critical

for determining the staiures of the ATRound P2X1 receptor (PDB: 9B73) and the NF&é8nd P2X1

receptor (PDB: 9B95) at 1.96 and 2.61 A resolution, respectiValse findings enhance our understanding

of P2X receptor purification and present an effective method to overcome severe preferred orientation, offering

substantial benefits for the structural discovery of proteins viaEElo
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3.2 Introduction

Navigating the path from a construct to thaifhensional membrane protein structure continues to pose
challenges, given the diverse obstacles that can arise. Furthermore, membrane proteins exhibit considerable
variation, often necessitating tailored agmioes for the different steps involveddietermininga membrane

receptor structure. Nonetheless, regamigressin singleparticle cryeelectron microscopy (cry&M) has

markedly enhanced the prospects of solving membrane proteins through this techingisevidenced by

the substantial rise in membrane proteieserminedusing cryeEM, along with the progressively higher

resolutions achieve@Piper et al., 2022)

Various methods exist for stabilising membrane receptors in an aqueous environmentEd oegoires
Membrane rimetic systems such astdrgents, nanodiscs, and amphipols have all been employed to stabilise

a range of membrane proteifi&atkeviciute et al., 2021Vithin each category, numerous options are available

to choose from. Detergents represent the most common approach, where a membrane protein is solubilised in
a detergent that has formed a micelle by surpassimgtitsal micelle concentration (CMCT.hroughouthe
solubilisation of a membrane protein, factors such as protein stability in the detergent, precipitation, detergent
or protein aggregation, and micelle formation all play pivotal roles in determining the most suitable detergent
for use with a specific memdne protein(Ratkeviciute et al., 2021)'ypically, for cryo-EM, a low CMC
detergent that appropriately stabilises the membrane protein is most imgpideanjut et al., 2021)While
detergent micelles can stablimembrane proteins in aqueous solutions, they are not always suitable due to
their lack of physiological accuracy compared to a lipid bilayer membrane. Researchers often turn to
alternative methods such as amphipols and nanodiscs for more physiologgtalnt system§Young,

2023) Amphipols are amphipathic polymers thaip aroundhe hydrophobic transmembras@mainsurface

of membrane proteins, while nanodiscs asmall lipid bilayer elementstabilised by amphipathic proteins.

These methods offer advantages over deteftigesed approaches, allowing for the resolution of lipid elements

within structures andanimprove the stability of membrane proteins.

If purification of a membrane receptor is successful, the next step is optimisingMrgonditions such as

sample vitrification and microscope parameters. Sample vitrification is the freezing of an aqueous solution
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under specific conditions to produce a thin slice of amorphous ice in which the particle resides. At this stage,
challenges such as preferred orientation, denaturation, low concentration, adherence to the grid support, and
uneven distribution of particlegften towards regions of thicker ice, can ar{8ampjut et al., 2021)
Typically, optimising particle coulitions andrefining cryecEM sample vitrificationconditionsare measures
that can enhance the quality of partiggeserved on cry&M grids. Preferred orientation is a particularly
common problem that arises during cfighl of membrane proteins, and this can be particularly frustrating as
it will cause 3D reconstructions to have poor resolution and artifacts whiett #dfie ability to accurately
model the protein. To fix this problenechniques such as tilting the grid in the microscopegusecondary
detergents, different grid supports, using a different membrane mimetic, and newer processing algorithms can
all mitigate the effects of preferred orientati@iyer et al., 2022; Fujita et al., 2023; Liu et al., 2023; Vénien
Bryan and Fernandes, 202¥evertheless, these fixes are all timmsuming and often require extensive
optimisation Following this,cryo-EM imaging of samples requires very specific microscope conditions which
must be monitored and operated by experienced technicians. The imagingBMgrals is often the stage

where various challenges that have been discussed become apparent.

Processing of membrane proteins from eBM datasets has become significantly easier in recent years with

a selection of new software packages alongside new technologiesuba&inhaled proteins to be solved at
higher resolutions with more informati¢Runjani et al., 2017; Zivanov et al., 201Bleterogeneity, once a
challenge for cryeEM, can now be extracted from datasets and frequently segmented into movies or distinct
cryo-EM maps, illustrating the flexibility of a protein, different states, or various complggésvarehasalso
streamlined many aspects of both e¢BM imaging and cry¢€eM processing, enabling faster determination of
cryo-EM structures, which is particularly important for drug discov@iyu et al., 2023)As crycEM is

further developed and optiseid, and as many of the issues discussed are resolved, it is likely to continue

growing as gowerfultechnique fodetermination oprotein structure.

The P2X receptor family stands out as a membrane receptor group that has greatly benefited from recent
advancements in cry@M. Presently, six cry@&M structures of P2X receptors have been successfully
determined notably achieving success with the P2X4 and P2X7 receptor suljiyp€arthy et al., 2019;

Shen et al., 2023; Sheng et al., 20B¥®vious research predominantly relied onay crystallography to
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elucidate P2X receptor structurasd usedrtincated receptors and receptors originating frommonan
organismgBennetts et al., 2022xperimentally determined structures exist for the P2X3, P2X4 and P2X7
receptorsoften in complex with various potent small molecule compoyAkisa and Toshimitsu, 2016; llles
et al., 2021; Mansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, 2012; Shen et al., 2023; Wang
et al., 2018) These groundbreaking studies have greatly improved our understanding of the P2X receptor
family. However crucial information is still lacking for some of the lesser studied P2X recepimieng these
receptors, the P2X1 receptor remains structurally unexplored, lacking experimentally determined structures.
The aim of this chapter was to build on existing purification and-Eiostudies of P2X receptors, adapting

them for the P2X1 receptor to develop a workflow for determining its structure usingRtyo

This chapter details the processes and optimisations involved in the purificatiecBMiiypoaging, and cryo

EM processing of the P2X1 receptor, which ultimately led to the determination efdsglution structures

of the receptor in both an ATBound deensitised state and an NF44@und closed state. Throughout the
process, several challenges typical of membrane proteins were encountered, including poor purification,
preferred orientation, and heterogeneity in eBM processing. By overcoming these ldrages, a consistent
workflow was established that can reliably determine the P2X1 receptor structure at high resolution using cryo

EM.
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3.3 Methods

3.3.1Materials

UltrAuFoil grids were purchased from Quantifoil (Jena, Germany). Lauryl maltose neopentyl glycol (LMNG),
n-dodecyt:-D-maltoside (DDM), fluorinatedos-choline-8, and cholesteryl hemisuccinates salt (CHS)

were purchased from Anatrace (Maumee, USA). TALON Metal Affinity Resin was purchased from Takara
bio (Kusatsu, Japan). Superdex 200 Increase 10/300 GL column and 6 Superose 6 Increase 10/300 GL column
were acquired from Cytiva (MarlborougtJSA). Amicon Ultral5 100 KDa molecular mass eofff
centrifugal filter unit were attained from Millipore (Burlington, USA). TGX precast (4%45%)
polyacrylamide gels and Precision Plus Protein Dual Color Standards were acquired fiaa @iercules,

USA). KinaseGlo® luminescentkinaseassay was purchased from Promega (Madison, U8A)other

reagents not specified were purchased from Sigfdech (St. Louis, USA) or Merck (Rahway, Germany)

and were of analytical grade.

3.3.2 P2X1 receptor expression and purification

Utilising the Baeto-Bac system, the pFastBac hP2RT construct was transformed into a bacmid and
transfected int&. frugiperdecells using FUGENE HD transfection reagent from Promega (Wisconsin, USA).
The P2XXCT was then expressed i frugiperdacells using baculovirus, with cell harvest conducted
approximately 60 hours pesiansfection, followed by freezing €8 0 Parification protocols were initially
derived from existing literature reports on P2X receptor purifications and subsequently apsipasiically

for the P2X1 receptofMansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, 20Q&]) pellets

were thawed and lysed using a buffer consisting of 50 mM Tris (pH 8), 1 mM EDTA, 1 mMg&uL/L
benzonase, and a protease inhibitor cocktail containing, 0.2 mM phenylmethylsulfonyl fluoride, 5 pg/ml
leupeptin, 5 pg/ml soybean trypsin inhibitor, and 0.2 mg/ml benzamidine. The resulting cell membranes were
then subjected to centrifugationdasubsequently resuspended in a solubilisation buffer comprising 50 mM
Tris (pH 8), 15% glycerol, 750 mM NacCl, 1 mM MgCI, 5 mM imidazole, 2.5 pL/Lzmrase, 0.5% Lauryl
Maltose Neopentyl Glycol (LMNG), 0.03% Cholesteryl Hemisuccinate Tris Salt (CHS), and the protease
inhibitor cocktail. The cell membranes were homogenised using a dounce and stirred for 1.5 hours. Following

this, the sample underwenghispeed centrifugation and was then bdiolind to preequilibrated Talon resin
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for 2 hours. The sample was subsequently washed with a buffer containing 50 mM Tris (pH 8), 5% glycerol,
750 mM NacCl, 20 mM imidazole, 0.01% LMNG, and 0.0006% CHS. Upon loading onto a glass column, it
was washed with 6 column volumes, and elution was pedd using elution buffer comprising 50 mM Tris
(pH 8), 5% glycerol, 100 mM NacCl, 200 mM imidazole, 0.01% LMNG, and 0.0006% CHS, collecting 5
column volumes. The sample underwent buffer exchange througgimigon Ultra15 mL 100kDa molecular
masscubffc ent ri fugal filter unit, followed by cl eavag
The cleaved sample was then passed throtighn Talon resin, and the flowthrough was collected.
Subsequently, size exclusion chromatography (SEC) was employed for purification, utilising SEC buffer
consisting of 50 mM Tris (pH 8), 100 mM NacCl, 0.01% LMNG, and 0.0006% JH&.sample was loaded
onto a preequilibrated Superdex 200 Increase 10/300 GL column, and fractions containing the trimeric P2X1
receptorwere pooledandconcentratedo 20-30 pL using an Amicon Ultrd5 mL 100 kDa molecular mass
cut-off centrifugal filter unit. Samples were then flafsbzen in liquidnitrogen andstored at8 O . Ii@tial
studies also utilised a Superose 6 Increase 10/300 GL column. This purification process yieldslibar&lrP

desensitised P2X1 receptor as determined by-EMatudies.

To obtain the NF44%ound P2X1 receptor, the aforementioned protees modified with the inclusion of

100 OM NF449, 5 OL of apyrase, and 500 OM CacCl 2 d
1-2 uL of apyrasevasincorporated into both the elution and Ni wash buffésverify sample purity and
homogeneity, each sample was loaded onto TGX precast18%) polyacrylamide gels alongside Precision

Plus Protein Dual Colour Standards. Following electrophoresis, gels were stained with Coblunasasiel

imaged with a camera.

3.3.3 KinaseGlo ATP-basedluminescent assay

To measure ATP bound to detergent purified P2X1 receptor an ATP luminescent kinase assay was used.
Detergent purified P2X1 receptor was incubated With uL of apyrasefor 20 minutego remove ATP in
solution and then heated at 70 C for f iTowestabishnut e
conditions for ATP removal from detergemirified P2X1 receptor samples, the receptor wadrpeted with

different P2X1 receptor antagonists for 2 hours, followed by-m?@ite incubation with apyras€ontrols

including ATP and ATP apyrase conditions were included in these experiments, and all incubation steps were
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carriedoutat4°CSampl es wer e plated at 20 €L total vol ume
to KinaseGlo reagent. Luminescence is recorded on a lumataoom temperaturéBMG LABTECH,

Germany) and graphed in GraphPad Prism v9. Measurements are recording in relative light units (RLU)

3.3.4 Negative staining electron microscopy

P2X1 receptor was diluted in SEC buffer without detergent to 0.05 mg/ml and applied to glow discharged (35s
at 10 mA) CF300 copper grids. Grids were subjected to multiple rounds of uranyl formate addition by touching
droplets of uranyl formate and blottirgff liquid. Stained grids were imaged on a Talos L120C 120kV
microscope (Thermo Fischer Scientific, USA). Movies were collected at 73,000x magnification. Movies were
motion and CTF corrected in Relion v3.1.2. Particles were picked from micrographs ands2€s were

generated in Relion v3.1.2.

3.3.5 Single particle cryeEM

To determine the structure of the AbBund P2X1 receptor, purified ATifound P2X1 receptor (19 mg/ml)

was supplemented with 1 mM ATP and 1 mM MgCI2 overnight before vitrification. Additionally, 0.4 mM or

1.2 mM of fluorinatedos-choline-8 was added just one minute prior to vitrification as conducted in previous
studiegKampijut et al., 2021)To determine the structure of the NF4z8und P2X1 receptor, purified NF449

bound P2X1 receptor (15.5 mg/ml) was supplemented with 100 uM NF449 overnight prior to vitrification.
Additionally, 0.3 mM of fluorinatedos-choline-8 was added one minute prior to vitrification. All samples

were pipetted at a volume of 3 pL onto UltrAufoil R1.2/1.3 300 mesh holey grids which had been glow
discharged in air at 15 mA for 180 s using a Pelco easiGlow (Ted Pella, USA). Griddungie fpozen in

liquid ethaneusing Vi tr obot Mark |11 (Thermo Fisher Scient
with 12 blot force and 2 seconds blot time. The d€Ej data were acquired at the Ramaciotti Centre for Cryo
Electron Microscopy, on a G1 300 kV Titan Krios microscofie(mo Fisher Scientific, USA) fitted with S

FEG, a BioQuantum energy filter and K3 detector (Gatan, Pleasanton, California, USA). The Krios microscope
was operated at an accelerating voltage of 300 k°
aperture, along with zetloss filtering with a slit width of 10 eV. The microscope was set to an indicated

magnification of 105,000 times in nanoprobe EFTEM mode. Data collection was assisted using aberration
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free image shift with Thermo Fisher Scientific EPU software. Additional microscope details are lisibtbin

3.1

3.3.6 CryoEM image processing and model building

Movies were collected at 0.82 A per pixel and processed through motion correction and CTF correction using
CryoSPARC v3 or v4Punjani et al., 2017)Template particle picking was conducted on motomrected

images using 2D templates of the P2X1 receptor generated from a screening Ealtagéng this, multiple

rounds of 2D and 3D classification were conducted using CryoSPARC v3 or v4 to remenasddution
particles, noise, and damaged particBsyesian polishing was applied to the AB&und P2X1 receptor in
RELION v3.1(Zivanov et al., 2018)A CryoSPARC3D variability analysis was conducted on a larger set of
NF449bound P2X1 receptor particles in clustered mode (2 clusters). This analysis was used to eliminate a
subset of particles representing a different state (desensitised) frodedinedstate (closed). The final
homogenous refinement for the A‘BBund receptor utilised 481,309 combined particles from two grids,
resulting in a 1.96 A map (FSC = 0.143). The NF#48Nnd receptor underwent noniform refinement,
yielding a 2.61 A map (FSC 6.143) flom 41,932 particles. Both maps were refined with C3 symmetry
applied.C1 symmetry maps were also generated and, apart from a small decrease in resolution, exhibited the
same shape and size as C3 symmetry ndapaitial P2X1 receptomodel wasobtained from the AlphaFold
Protein Structure Databaglumper et al., 2021; Varadi et al., 2028j rigid body fitted into th&TP-bound

P2X1 receptodensity using UCSF Chimeraeng et al., 2023)or the NF44%ound P2X1 receptor, the
ATP-bound P2X1 receptor model was used as the starting @aihtvas rigid body fitted into the NF449

bound P2X1 receptor densitilultiple rounds ofmanual model building and reapace refinement were
conducted in CoofEmsley et al., 2010dnd PHENIX(Adams et al., 2010)yespectively. Residues in the
intracellular region of the ATHBound P2X1 receptor (MG30 and L3575399) and the NF448ound P2X1
receptor (M1G30 and D3565399) were not modelled due to poor density in the-Efylomap. Model quality

was assessed usingoNProbity (Williams et al., 2018)before PDB deposition. Structure figures were
generated using ChimeraX v1.6. Each step ofctlye-EM workflow for determining the ATHBound and

NF449bound P2X1 receptor structures is detaitelig. 3.4& 3.8

Page |3



Table 3.1: Model validation and data collection metrics

Chapter 3 Determination of the P2X1 receptor structure using €epd

ATP-bound P2X1 receptor (9B73)

NF449-bound P2X1 receptor (9B95)

Data Collection

Micrographs 6178 + 4578 5837
Electron dose (£A?) 60 60
Voltage (kV) 300 300
Pixel size (A) 0.82 0.82
Defocus range 0.57 1.5 0.51.5
Symmetry imposed C3 C3
Particles (final map) 481,309 41,932
Resolution (0.143 FSC) (A) 1.96 2.61

B factor (A?) 60.7 72.9
Model Validation

Clashscore, all atoms: 6.02 7.18
Poor rotamers 3 (0.4%) 0 (0%)
Favored rotamers 837 (99.3%) 816 (98.6%)
Ramachandran outliers 0 (0%) 0 (0.00%)
Ramachandran favored 972 (100%) 945 (98.8%)
Rama distribution Zcore 0.18+0.28 -1.00 + 0.28
MolProbity scoré 1.33 1.39

Cb deviations >0.25A 0 (0.00%) 0 (0%)

Bad bonds:

Bad angles:

CaBLAM outliers

CA Geometry outliers
Cis Prolines:

Chiral volume outliers

Waters with clashes

0 /8157 (0%)
0 /11088 (0%)
6 (0.6%)

3 (0.3%)

6/ 45 (13.3%)
0/1242
3166 (4.5%)

0/ 7845 (0%)
0 /10641 (0%)
15 (1.6%)

6 (0.6%)

6 /45 (13.3%)
0/1179
0/18 (0%)
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3.4 Results

3.4.1 Optimisingpurification of the P2X1 receptor

The full-length human P2X1 receptor with at€minal tag was subcloned, expressed and harvesigd (
3.1A). The early purification efforts were guided by previous purifications of the PRXZ4, and P2X7
receptorgMansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, 201®se purification methods
follow a typical membrane purification workflow with P2X receptors solubilised uskdgdecyt-D-
maltoside (DDM) separated out using immobilised metal affinity chromatograghg purified through size
exclusion chromatographyfEmploying these purification parametdie the P2X1 receptogenerated a
heterogenous mixture as verified on size exclusion chromatography arateCoomassistained SDS
polyacrylamide gelKig. 3.1B). Notably, cleavage of the tag using 3C proteaasexceedingly slowand the
P2X1 receptor was degrading throughout the purification protdcolmprove P2X1 receptor purificatipn
DDM was substituted with Lauryl Maltose Neopentyl Glycol (LMN@hich notably improved the stability

of the P2X1 receptaand improved the efficiency of tag removab reduce impurities, an additional step of
immobilised metal affinity chromatography was performed following overnight 3C cleavage, with the protein
collected in the flowthrough while contaminants, such as the 3C entggued P2X1 receptand the tag
were separated by binding to the talon resin. These modifications resulted in a hamsogéexiure of the
P2X1 receptor as verified on size exclusion chromatography , traceé Coomassistained SDS
polyacrylamide gelKig. 3.10). Given the success other P2X receptors had achieved with purification in DDM
it was surprising that the P2X1 receptor did not exhibit the same propéfttiegver most P2X receptor
structural studies purify P2X receptors at lower concentrafieBang/ml), which were also feasible with the
P2X1 receptor in DDMMansoor et al., 2016; Shen et al., 2023; Sheng et al., 2828)ever, higher yields
(10-20 mg/ml)andpurity were achieved by switching to LMNG detergent, which ultimately was essential for
cryo-EM studies of this receptor, as discussed l&eHowing this, regative staining electron microscopy
confirmed the presence of the trimeric P2X1 receptor, with the majority of the most abundant classes
containing the P2X1 receptor in the functional trimer state, indicating its stability and homodeigeylD).

These findings demonstrated the P2X1 receptor was suftabtryeEM studies.
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Figure 3.1: Refinement of the P2X1 receptor purification. AJThe construct employed for expressing the P2
receptor containing the fulength human P2X1 receptor, and a tag with a 3C cleavage site, muGFP, and an
tag. The tag is removed during the purification procB3sCoomassie stained SBfge gel and size exclusio
chromatography trace (Superose 6 Increase 10/300 GL) of an initial P2X1 receptor purif@aionmassie stainec
SDSpage gel and size exclusion chromatography trace (Superose 6 Increase 10/300 GL) of an optimis
receptor purificatia. Significant modifications incorporated during the process included the introduction of LN
implementation of two rounds of IMAC, and removal of DD).Representative micrographs from negative stain
electron microscopy showcased the homogenous P2X1 receptor alongside 2D classifications generated
v3.1.2, with P2X1 receptezontaining classes highlighted in red boxes. An enlarged image @otassification
revealed distinct features such as the extracellular domain (ECD) and miceallesregi
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3.4.2 Optimising cryaEM conditions
Homogenous detergent solubilised P2X1 receptor was added t&khgrids, vitrified and imaged on a
transmission electron microscope. From the initial €& studies on the P2X1 receptitrwas revealethat
the P2X1 receptor exhibits severe preferred orientation in vitreous ice ofElhgrids Fig. 3.2A). The
preferred orientation of a sample is due to specific segments of the particles amhtengegatively charged
interface between air and wai(&laeser and Han, 2017; Li et al., 2020nhe method that has been used by
numerous research groups to alleviate the preferred orientation of particles in vitreous ice is the addition of
secondary detergent immediately prior to vitrificatidrmuber et al., 2018; Reddy et al., 2019; Tang et al.,
2018; Willegems and Efremov, 2018; Xu and Dang, 202B% mechanism of this effecttleeformation of a
surfactant monolayer that reduces the tendency of particles to adhere tewhéeninterfaceUsually, it's
advised to add a secondary detergent at a concentration bel@Mi@ig¢o prevent interference with the
primary detergent. However, several studies have shown that concentation<MC or bhove carstill be
viable without adverse effect@Benton et al., 2018; Willegems and Efremov, 20T@&sting revealed that
supplementing the P2X1 receptor with fluorinateddhsline8 before vitrification at a concentration below
the CMC significantly altered the receptor's orientation in vitreouqkig. 3.2B). This approach had some
drawbacks, as it led to a decrease in the concentration of the P2X1 receptorBN ajyids and caused the
receptor to prefer regions with thicker i€ig. 3.2B. To alleviate these negative effects of using secondary
detergent, a higher concentration was employ@and/ml for the ATPbound P2X1 receptor and 15.5 mg/ml
for the NF44%ound P2X1 receptdqapproximately 2 4 times higher than initial screening conditioirs)
cryo-EM studieswhich produced substantial improvements in the ice quality and particle coverage across the
cryo-EM grid. Additionally, the concentration of the secondary detergent was gptino be between 0.2 and
1.2 mM fluorinated foxcholine8, which was found to induce a reduction in the preferred orientation of the
P2X1 receptor while miniming negative effects. This concentration falls below the reported CMC of
fluorinated foscholine8 at 2.9 mM(Frotscher et al., 2015 hese optimisations were critical for determining

the P2X1 receptor structure.
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P2X1 receptor (severe preferred orientation)

N
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712 movies, ~2.4 million particles
6.5 mg/ml on UltrAuFoil 300 mesh 1.2/1.3

P2X1 receptor + secondary detergent (reduced preferred orientation)

TN PN
efede

2042 movies, ~2.7 million particles

21 mg/ml + 0.4 mM Fos-Choline-8, fluorinated
on UltrAuFoil 300 mesh 1.2/1.3

Figure 3.2: P2X1 receptor preferred orientation. A)Depiction of a vitrified cryeEM grid hole containing the
P2X1 receptor with the top orientation of the P2X1 receptor dominating. Shown is a representatisie anyage

and 2D classificationGryoSPARCv3) of the P2X1 receptor without secondary detergemse data originated fron
a sample of P2X1 receptor at a concentration of 6.5 mg/ml on UltrAufoil holey Bji&epresentation of a vitrifiec
cryo-EM grid hole containing the P2X1 receptor, supplereeéntith secondary detergent, displaying a dive
distribution of views characterised by a lower concentration and a preference for regions with thiGtesigeis a
representative cry&@M image and 2D classification (cr$®ARCv3) of the P2X1 receptor supplemented wi
secondary detergenthis dataset was derived from a sample of P2X1 receptor at a concentration of 21

supplemented with 0.4 mMuorinated bscholine-8, and applied onto UltrAufoil holey gridCreated with
BioRender.com.
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3.43 Purification and structural elucidation of the ATP-bound P2X1 receptor structure
The ATRbound P2X1 receptor was purified to a high degree of purity using the sgdipriotocol described
previously, as confirmed by the size exclusion chromatography trace and Coestaissié SDS
polyacrylamide gel(Fig. 3.3. In a screeningcryo-EM dataset of the P2X1 receptor, cigM density was
observed in the orthosteric pocket, indicating the presence of ATP, despite ATP not being included during the
receptor's purification process. This discovery aligns with observations made durimgtitiiecrystal
structures of the hP2X3 receptarP2X receptowhich shares similacharacteristicsvith the P2X1 receptor
(Mansoor et al.,, 2016)In a subsequent samplaTP and Mdl, were added at high concentrations to
determine the AT#®ound P2X1 receptor structure. From this sample cryo-EM grids were generated, one
supplemented with 1.2 mM fluorinatéds-choline8, and the other with 0.4 mM fluorinatéds-choline 8.
The 0.4 mM fluorinateflos-choline 8 dataset exhibited an abundance of top views of the P2X1 receptor in 2D
classification while the 1.2 mM fluorinatedlos-choline 8 dataset was dominated by side views of the P2X1
receptor Fig. 3.4. Conical Fourier shell correlation plots of each dataset show the contrast in views obtained
and when each dataset is combined produces a higher qualitiENrynap of the P2X1 receptor that has a
cFAR at 0.62 and a SCF at 0.81, both above the threfdrguleferred orientation. This processing strategy
helped generate a 1.96 A resolution map of the-Bdéhd P2X1 receptor (PDB: 9B73i¢. 3.5A, B. These
studies revealed several interesting findings. Firstly, even minor adjustments in theafeddfoscholine8
concentration led to significant changes in the distribution of views obtained acrossEMcgy@. Secondly,
highersecondangdetergent concentrations substantially reduced the concentration of P2X1 receptor particles
on the cryeEM grid and shifted them into thicker ice, resulting in fewer viable particles obtained from the 1.2
mM fluorinated foscholine8 grid dataset (45,06%picles) compared to the 0.4 mM fluorinated-tb®line
8 grid dataset (436,240 particl€gjg. 3.4. Finally, despite the enhancements in resolution and overall map
quality, the 1.2 mM fluorinated fesholine8 grid dataset is nassentiafor determining the P2X1 receptor
structure.The model of the ATHBound P2X1 receptor showed strong correlation with their corresponding
density maps, enabling accurate assignment of backbone, side chains, ligands, metals, glycosylation, and water
molecules at the achieved resolutidfig( 3.50). To validate the suitabilitpf applying C3 symmetry, C1

symmetry maps were generated, revealing consistent shapes and features with those observed in the original

maps Fig. 3.5B.
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Figure 3.3: Purification of the ATP-bound P2X1 receptor. A) ATP-bound P2X1 receptosize exclusion
chromatography (SEC) trace obtained using an FPLC equipped with a Sup@ddexrease 10/300 column, with
red box highlighting the 1.2 mL volume of the collected san®)€orresponding SDPage Coomassistained gel
of the collected sample off the column, run alongside the Precision Plus Protein Dual Colour Standards ladd
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Figure 3.4: Cryo-EM workflow of the ATP -bound P2X1 receptor.This workflow contains representative image
cryo-EM maps, 2D classifications, and coni€aurier Shell CorrelatiofSC summary plots. CryBM processing
was conducted in Cr\8PARCand Relion. Aconical FSC area ratiealue below 0.5 and sampling compensatior
factorvalue below 0.81 are indicative of preferred orientation.
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Figure 3.5: Validation of the ATP-bound P2X1 receptor structure.A) Local resolution C3 symmetry cryieM

map of the ATFbound P2X1 receptor, showcasing side and top views. Local resolution iscodkxt: dark blue (2
A), white (3 A), and red (4 A)B) Fourier shell correlation curve (0.143 aff) for the C3 symmetry cryM map

of the ATRbound P2X1 receptof) Conical Fourier shell correlation summary plot for the C3 symmetry-EiMo
map of the ATFbound P2X1 receptob) The ATRbound P2X1 receptor modelled into the C3 symmetry-&iyb
map.E) Local resolution C1 symetry cryecEM map of the ATFbound P2X1 receptor, showcasing side and
views.F) Fourier shell correlation curve (0.143 @ff) for the C1 symmetry cry&M map of the ATFbound P2X1

receptor.
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Chapter 3 Determination of the P2X1 receptor structure using €epd
3.4.4 ATP-based luminescence assay
An ATP-based luminescence asq#inaseGlo® assay, Promegayas validated and employed to identify
compounds or conditions that could remove bound ATP from detergent solubilised P2X1 rétgp8o84).
Importantly, although this assay could be utilised for more accurate measurements of ATP concentrations, its
primary application was to determine the presence or absence of ATP. An initial experiment was performed
to assess the luminescence levels aiféwase when exposed to ATP and to determine if -ani2Qite
incubation with apyrase could degrade ATP at these concentrations, resulting in reductions in luminescence.
I ncreasing concentrations of ATP fr om sbremeMsatdo 1 n
pretreatment with apyrase decreasdidvalues back to control levels of around 10 R{telative light units)
(Fig. 3.6B). To test if ATP bound to the P2X1 receptor could be detected using this assay, 250 nM of ATP
bound P2X1 receptor in buffer was combined with apyrase to digest any unbound ATP. Subsdbaently
solution was heated to T to degrade the P2X1 receptor and apyrase. These treatments produced a
luminescence reading of around 20,000 Riddicating that ATP was bound to theX®2receptor sample of
which the same sample had been previously used forE¥/studies and shown to have ATP bound to the

receptor(Fig. 3.6C).

To identify compounds capable of displacing ATP from the deteig@uabilised P2X1 receptor, a variety of
P2X1 receptor antagonisiacluding NF449, TNFATP, MRS2159, and ATAwere incubated with the AFP
bound P2X1 receptor and subsequently treated with apyrase digé€sitipr3.60). For the MRS2159 and
TNP-ATP treatment conditions, luminescence values exce28@@0 RLU indicating high levels of ATP
were still bound to the P2X1 recept@onversely, the NF449 and ATA treatment conditions had luminescen
readings below 200 RLU, suggesting that NF449 and ATA have the potential to competitively displeste

of the ATP bound to the P2X1 receptds outlined in section '5.4.5 Activity of P2X1 receptor antagonists'
(Fig. 5.9 and supported by literature, NF449 demonstrateshfgtency and affinity for the P2X1 receptor
compared to ATAHUIsmann et al., 2003)herefore NF449was chosen to remove ATP from the P2X1

receptor during the purification process.
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Figure 3.6: Validation of the ATP-based luminescence assa4) lllustration outlining the methodology of the ATF
baseduminescence assay, depicting the detection of bound ATP from detejebilised P2X1 receptor. Apyras
is utilised to eliminate extracellular ATP, while antagonists like NF449 can competitively displace bounB)A
Luminescence values derived from an A&sed luminescence experiment featuring increasing concentratic
ATP, and with the addition of apyrase) Luminescence values obtained from the detergent solubilisedbdliRrd

P2X1 receptor, both in the presence of apyrase and after heat tre@jnemiminescence values recorded from t
ATP-bound P2X1 receptor in the presence of various P2X1 receptor antagonists, with apyrase employed to

unbound ATPExperiments are conduct@usingle replicates from individualkperimentswith luminescence value:
reported in relative light units (RLULreated with BioRender.com.
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Chapter 3 Determination of the P2X1 receptor structure using €epd
3.4.5 Purification and structural elucidation of the NF449bound P2X1 receptor structure
The NF449bound P2X1 receptor was purified to a high purity as evidencsizdgxclusion chromatography
trace and Coomass&ained SD$olyacrylamide gelKig. 3.7A& B). To check the presence of ATP in this
sampl e, 1 ¢ M ebundP2Xliretepterdvasxamided using the ATP luminescent assay. The
results revealed only slightly elevated luminescence values compared to the buffer control, indicating minimal
leves of ATP Fig. 3.70. The NF44%ound P2X1 receptor was supplemented with 0.3 miluofinated
fos-choline 8, then vitrified and imaged. Processing followed analogous steps to those of thedidPP2X1
receptor, with the exception of the final stebgy( 3.9. Here, 3D variability in CryBPARCwas employed to
separate out a closed NF4d48und P2X1 receptor state and a desensitised NBdd®d P2X1 receptor state.
The ATRbound P2X1 receptor structure alongside previously determined P2X3 receptor structures in each
state vasused to guidehe selection of the closed state of the P2X1 recefitansoor et al., 2016)The
discovery of two receptor states was unexpected given that both th&Mryoap of the closed and

desensitised P2X1 receptor structure exhibited strong map density for most of the NF449 molecule, implying
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Figure 3.7: Purification of the NF449bound P2X1 receptor.A) NF443bound P2X1 receptor size exclusic
chromatography (SEC) trace obtained using an FPLC equipped with a Superdex 200 Increase 10/300 colur
red box highlighting the 1.2 mL volume of the collected sanp)eCorresponding SDPage Coomassistained gel
of the collected sample off the column, run alongside the Precision Plus Protein Dual Colour Standards)la
Luminescence values from an ABRased luminescence experiment of purified NFBdAnd P2X1 receptor ant
ATP-bound P2X1 receptoiResults are single replicates from individual experiments, with luminescence v
reported in relative light units (RLU).
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Figure 3.8: Processing workflow of the NF44%ound P2X1 receptor. This workflow contains representativ
images, and cry&M maps, 2D classifications. CrM processing was conducted in CBRARCand Relion.

the ligand's binding. However, this could be attributed to the method employed, where NF449 competitively

removes ATP bound to the detergent solubilised P2X1 receptor, rather than NF449 indiesegsitised

state of the P2X1 receptor, which is typically caused by activators of the P2X1 receptor.

The final cryeEM map of the NF44®ound P2X1 receptor had a cFAR value of Qiigow the value of 0,5
indicating some preferred orientation is present in the-EiMomap Fig. 3.9C). Hence, the collection of
another dataset with a higher concentration of secondary detergent similar to tHeWidPP2X1 receptor
would have likely increased the quality of the cBi@l map. Nevertheless, the map was of sufficient quality
to model an awurate structure and was solved at 2.61 A resolution (PDB: 9BRE39A & B). Furthermore,
the NF449ound P2X1 receptor structure strbngorrelaed with the cryeEM density maps, enabling
accurate assignment of backbone, side chains, NF449, glycosylation, and water molecules at the achieved
resolution Fig. 3.9D. To validate the suitability of applying C3 symmetry, C1 symmetry maps were

generated, revealing consistent shapes and features with those observed in the origitfrad)n3apE) (
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Figure 3.9: Validation of the NF449bound P2X1 receptor.A) Local resolution C3 symmetry cryi&M map of the
NF449bound P2X1 receptor, showcasing side and top views. Local resolution iscodknt: dark blue (2 A), white
(3 A), and red (4 A)B) Fourier shell correlation curve (0.143 @ff) for the C3 symmetry cry&M map of the
NF449bound P2X1 recepto€) Conical Fourier shell correlation summary plot for the C3 symmetry-EiManap

of the NF449bound P2X1 receptoD) The NF449bound P2X1 receptor ndelled into the C3 symmetry crieM

map.E) Local resolution C1 symmetry cryM map of the NF44®ound P2X1 receptor, showcasing side and
views.F) Fourier shell correlation curve (0.143 @ff) for the C1 symmetry cry&M map of the NF44®ound P2X1

receptor.
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3.5 Discussion

This chapter details the purificatioend cryeEM methodologies employed to achieve higlkolution
structures of the AT®ound and NF449ound P2X1 receptors. Although initial parameters from previously
solved P2X receptors were utiliselpurify the P2X1 receptpit became apparent that further opsation

was necessary for the P2X1 receptdbn date, P2X receptor structures were mostly solubiliaed
experimentally determineh the detergent DDM; however, more recently, nanodiscs and amphipols have
been usedo determine cry«icM structres of P2X receptoi®lansoor et al., 2016; Shen et al., 2023; Sheng

et al., 2023)Interestingly DDM did not appear to be suitable for the P2X1 recepiad it remains to be seen
whether this is due to the unique structural features of the P2X1 receptor or whether other P2X receptor
subtypes may be more stable in LMNG compared to DIDdAdate, no studies on P2X receptors havesedili

LMNG for solubilising the P2X receptor. Therefore, LMNG could prove to be a valuable detergent for
purifying various P2X receptors, not limited to the P2X1 receptus was especially important for tRX1

receptor, as using LMNG enabled its purification to a much higher concentration, necessary to counteract the
concentration reduction observed on eBM grids with high concentrations of secondary detergent. The
ATP-bound P2X1 receptor was appliedctyo-EM grids at a concentration of 19 mg/ml, while the NF449
bound P2X1 receptasample was used at 15.5 mg/ml. These concentrations were significantly higher than
those typically used for membrane proteins or in studies of other P2X receptor str(dtCasthy et al.,

2019; Piper et al., 2022; Shen et al., 20E3rthermore, the higher concentrations, likely due to increased
stability in LMNG micelles, were advantageous for purifying larger quantities of detgrgefied P2X1
receptor. This was essential for the Di#Acoded chemical library screening descrilme@hapter 5. Given

the variety of purification methods used by researchers studying P2X receptors and the specific requirements

for techniques like cry®&M, there is considerable potential for further improvement in the purification process.

Another intriguing aspect is the absence of any mention of preferred orientation in other P2X receptor cryo
EM structurestudies Local resolution maps and angular distribution plots suggest that preferred orientation
was hot a significant issue for the crgM structures of the P2X4 and P2X7 recep{MsCarthy et al., 2019;

Shen et al., 2023; Sheng et al., 2028)wever,the recent cryeEM structures of the P2X7 receptor were

determined using nanodis¢Sheng et al., 2023While those of the P2X4 receptor were determined using
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amphipolgShen et al., 2023Ysing a different mimetic system can help alleviate preferred orientation issues;
however, it's unclear if this was the specific reason why nanodiscs and amphipols were chosen for these studies
(VénienBryan and Fernandes, 2023 erhaps different P2X receptors require tailored approaches for
purification and cryeEM, which cannot always be adapted from one subtype to theTiéxtvork highlights
the complexity of membrane purification and ciighd! studies, even among similar subtypes of membrane
proteins, and how a considered and optimised approach is often required to have success in the purification of

membrane proteirgnd determination of membrane protein structure by-Efvio

The use of secondary detergent proved effective in addressing preferential orientation at the P2X1 receptor,
alternative methods such as grid tilting, different eBM grid support films, utilisation of alternative
membrane mimetics, or employing novel ggssing techniques are also viable options to tackle this challenge
(Aiyer et al., 2022; Fujita et al., 2023; Liu et al., 2023; Véseyan and Fernandes, 2023 dateno study

has analysed each of these methods comparataradyit would be useful to validate which of these methods

is best for a troublesome protein such as the P2X1 receptor. The drawbacks of using secondary detergent
include the necessity for higher protein concentration, as well as the propensity ofptartadeumulate in

regions of thicker ice. Additionally, the substantial differences observed between datasets collected with only
a slight increase ithe concentration of secondary degent suggest that this method requires precision.
However, the imaging of two different datasets on the same microscope ehivapguality highlighting

the benefits of collecting datasets under varied conditions when aiming for higher resolution or improved map
quality. It's worth noting, though, that if the information remains relatively consistent across datasets, it's well
recognised that there are diminishing returns of map resolution for increasingly large dStasetsmianiam

et al., 2016)Therefore, it is important to weigh the benefits of collecting large and varied datasets against the
associated costs and time required, and to assess whether this is essential for answering the scientific questior

at hand.

The ATRbased luminescence assay is typically used for kinase studitss chapterwe described the
adaptatiorof this technique to measure ATP bound to the P2X1 receptor and validate a method to remove
bound ATP from the P2X1 receptor. The fast desensitisation characteristics of the P2X1 and P2X3 receptor

likely cause thesdesensitisedTP-bound states to dominate from purification effgBs&nchi et al., 1999;
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Mansoor et al., 2016While the ATRbased luminescence assay was primarily employed in this study to
ascertain the presence or absence of ATP, there exists the potential to leverage this assay for detecting unknown
compounds that bind to the P2X1 receptor or for exploringlitons conducive to ATP unbinding from the
receptor. It has been proposed that acidic compartments alter the charge of crucial residues, thereby facilitating
ATP unbinding during the internalisation of P2X recep{biss et al., 2018)urther research into this crucial
part of the gating cycle is needed, as much remains to be understood abBa@Mreseptors are resensdd.
Additionally, since ATP binds to P2X receptors, this assay, typically used for kinases, is well suited for all
P2X receptors. It is effective for detecting ATP bound to P2X receptors and coattapedor assessing

ligand competition

Given the success in determining two cB# structures of the P2X1 receptor, future studies should focus on
solving structures in complex with key P2Keceptor antagonists, which hold the most promise for advancing
clinical opportunities targeting this recept@ennetts et al., 2022) eading candidates for these studies
include PSB2001, ATA, and compounds introduced by Jung élwadg et al., 2013; Obrecht et al., 2019; Tian

et al., 2020) As these potent, moderately selectigad readily availabl®2X1 ligands would requirkess
optimisation to progress as lead compounds for drug development. Solving a structure of the P2X1 receptor in
complex with any of these ligands could reveal novel binding sites or interactions, facilitating targeted
structurebased studies to improve potency, stldty, and ADME propertiesAdditionally, structures in
different states, including open and apo forms, could be solved to determine whether a sitimtar g
mechanism exists as observed in the rapidly desengif?2X3 receptofMansoor et al., 2016)n fact, the
strategy used faldeterminingthe open staté®2X3 receptor, which involved mutagenesis to generate a slowly
desensiging phenotype, could be applied to P2X1 by leveraging mutagiomsgously describethat slow
desensigation (Allsopp and Evans, 2011Df these, the P2X2 Nb mut ati on shows pr om
eightfold increasein the time taken for the maximum response to decay5bB%o with only minimal
modifications to the Merminusrequired While this study presents previously undetermined -&tyb
structures, certain limitations should be acknowledged. For example, parts ehitnd Gtermini are missing

in the P2X1 receptor structure, likely due to their dynamic nature, a challenge whhrether P2X receptor
structuregMansoor et al., 2016; Shen et al., 20E)rthermore, while secondary detergent was effective in

mitigating preferred orientation issues, alternative methods may prove more efficient or lessnisaing.
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Despite theséimitations, this study has provided an optsmdl protocol for obtaining highesolution P2X1
receptor structures, revealing critical regions such as the pore andhigain sites. This work is expected
to pave the way for further exploration of P2X1 receptor structure, enhanc&Nngiudies of he P2X

receptor family, and offer guidance for overcoming similar challenges in structural biology.
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3.6 Conclusion

This chapter describes the optimisation of purification and-Eioconditions for obtaining highesolution
structures of the AT#Bound and NF448ound P2X1 receptors. Initial purification efforts were guided by
methods used for other P2X receptors, batlifications were necessary to imprd2X1receptor stability.
Cryo-EM studies revealed severe preferred orientation of the P2X1 receptor, which was mitigated by using
secondary detergent, although this approach had limitations. Additionally, aba#sEduminescence assay

was employed to validate if ATP is bound to the P2X1 receptor and assess if P2X1 receptor antagonists could
competewith ATP. This chapterhighlights the challenges in resolving membrane protein structanes

outlines a range of techniques to address these chall@igse findings have implications for enhancing our

understanding of membrane protein el and for solving P2X receptor structures using this technique.
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4.1 Abstract

The P2X1 receptor is a trimeric ligaigated ion channel that plays a pivotal role in urogenital and immune
functions. Consequently, it offers numerous potential indications for novel drug treatments. Unfortunately, the
progress of drug discovery targetitige P2X1 receptor has been impeded by the absence of structural
information. To gain deeper insights into tteucture andinding site of the P2X1 receptor, we employed
mutagenesis studies and structural analgeishe newly determined P2X1 receptaustures described in
Chapter 3We endeavoured to validate ligands and metals identified in ouEdvystructures and determine

the molecular elements which contributetheir binding and selectivity for the P2X1 receptiructural
analysis revealed that the AT®und P2X1 receptor was in a desensitised state, with a constriction site
reducing the pore radius to 0.6 A, while the NF&4@ind P2X1 receptor was in a closed state, with a
constriction site narrowing the poredias to 1.0 A. As a result, Hostructures were found to be in rpare
conducting states. Radioligand binding assays wih-{ ,-nbethylene ATP and intracellular calcium ion
influx assays were conducted using WZX1 receptors and singtesidue P2X1 mutants, designed based on
cryo-EM structures, to investigate novel ligareteptor interactions. ATP and NF449 binding at the
orthosteric binding pocket, as well as at two potential metal ion binding sites, one within the orthosteric pocket
and the other at a central site in the exitalza domain were studied to gain a deeper understanding of how
these ligands interact with the P2X1 recepddiP interacts with numerous residues, and mutations of specific
residues, including R139, M214, and R292 to alanine, resulted in a significant reduction in ATP potency and
decreased the affinity foPH]-U ,-nbethylene ATP. As a large polar molecule, NF449 interacts with many
residues across the P2X1 receptor. Our study identified M214, K215, R139, K136, K140, and L218 as key
residues involved in ediating NF449 inhibition of the P2X1 receptor. The metal ion binding site within the
orthosteric pocket of the AFBound P2X1 receptor was found to be occupied by a magnesium ion, interacting
with residues D170 and E122. Mutations at these sites ledrigichnt reductions in receptor potency and
affinity. In contrast, the central metal ion binding site, coordinated by residue D97, showed no impact on the
function or binding of the P2X1 receptor when mutated to alanine. Several of these residuesansewed

across the P2X receptor family, offering evidence for the high potency of ATP, NF449, and magdresidm

ATP at the P2X1 receptoithis research expands our understanding of the P2X1 receptor structure at a

molecular level and opens new avenuesifailico drug design targeting the P2X1 receptor.
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4.2 Introduction

Research among the P2X receptor family has primarily focused on the P2X3, P2X4 and P2X7 (dteptors

et al., 2021)Experimentally determined structures exist for each of these P2X receptor subtypes alongside a
selection of potent and specific small molecule compoqitids et al., 2021)These groundbreaking studies

have greatly improved our understanding of the P2X receforsinstance, P2X structural studies have
elucidated the complete gating cycle of the P2X3 recéptansoor et al., 2016)dentified allosteric binding

sites in the P2X3, P2X4, and P2X7 recepi@dsira and Toshimitsu, 2016; Shen et al., 2023; Wang et al.,
2018) and revealed a unique cytoplasmic ballast in the P2X7 rec@dtCarthy et al., 2019)among
numerous other structural and functional insigbtsfortunately, some P2X receptors, including P2X1, P2X2,
P2X5, and P2X®6, still lack experimentally determined struct(Besinetts et al., 2022)his absence of
structural data limits our understanding of crucial aspects, particularly the molecular mechanisms of ligand
binding and the relationship between structure and function, which are essential for advancing drug discovery

efforts.

High-resolution structures of the P2X1 receptor could answer numerous structural, pharmacological, and
functional questions, as well as support and validate previous research on thisdajzte research studies

have some aspects of the P2X1 receptor strudilutagenesistudiesonthe P2X1 receptor have revealed a
number of residues includings8, K70, T186, N290, R292, and K3@fich are important foATP mediated
receptor activationEnnion et al.,, 2000; Roberts and Evans, 200@wever these residues are highly
conserved across P2X receptdisitagenesis and functional studgtowthat the P2X1 receptoioesundergo
conformational changes upon activation, akin to those observed in other P2X re€eptorszi et al., 2012;
Roberts et al., 2012However, what remains unclear is the binding sites and molecular interactions of P2X1
receptor ligands, and how these ligands exhibit selectivity for the P2X1 redaptecent decades, research
groups have employed structeaetivity relationship studies with known P2X1 receptor ligands or screening
methods to discover P2X1 receptor ligands. The most promising candidates includ8SBTA and the
compound series introduced by Jung €0ahg et al., 2013; Kim et al., 2001; Obrecht et al., 2019; Tian et al.,
2020) Yet, none are as potent or P2X receptor selective as an older generation P2X1 receptor antagonist,

NF449(Hulsmann et al., 2003; Kassack et al., 2004 important to note that NF449 also exhibits several
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Chapter 4 Structural insights into the P2X1 receptor
off-target effects and is a large polar molecuhaking it difficult to improve(Hohenegger et al., 1998)
Ligands such as NF449 and TMAP are proposed to be orthosteric antagonists, while ATA and PSB2001
are suggested to act allostericalifpese questions underscore some of the missing information about the P2X1
receptor that could be addressed with afégolution structure of the P2X1 receptarthischapter we aimed
to comprehensively characterise the structural elements of theEMyB2X1 receptor structures, with a

particular focus on ligands, including ATP, NF449, and metal ions.

To explore the molecular components of activation and inhibitien successfully determined the P2X1
receptor structure in an ATBound desensitised state amdN&E449bound closed state. These structures have
guided mutagenesis studies aimed at unravelling ligand binding at a molecular level at the P2X1 Téeeptor.
P2X1 receptor was investigated for its ligand binding and receptor activation using radioligand binding and
calcium ion influx assays, respectively. By comparing P2X receptor structuregm@arireental data across
various P2X receptor subtypes, we delineate the structural features and mechanistic basis fespseditigpe

interactions of the P2X1 receptor.
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4.3 Results

4.3.1 Structure and receptor state determination

As discussedn Chapter 3, the AT®ound P2X1 receptor (PDB: 9B73) and ME443bound P2X1 receptor

(PDB: 9B95) were resolved at resolutions of 1.96 A and 2.61 A, respeciifastructures of both the ATP

bound and NF44®ound P2X1 receptors exhibit a characteristic chdilk@eshape in the functional trimeric

form and a dolphitike shapeas a P2X1 monomer, consistent with other experimentally determined P2X
receptor structured-{g. 4.1) (Mansoor et al., 2016; McCarthy et al., 2019; Motoyuki and Eric, 20d2he
ATP-bound P2X1 receptor, ATP complexed with magnesiomoccupies the orthosteric binding pocket
situated between two monomers in the extracellular dofr&in 4.1A). ATP makes contacts with the lower

body and dorsal fin of one P2X1 monomer and interacts witheld domain, upper body, and left flipper of

the other P2X1 monoméFig. 4.1B). The cryecEM map of the ATFbound P2X1 receptor reveals density that

can be modédd at three of the four glycosylation sites, witladetylglucosamine model at these sit€Eig.

4.1B). Density indicates the presence of higher order glycans, although the resolution decreases significantly
after the first sugar moleculi&ely due to the highly dynamic nature of the glycosylation chain. In the NF449
bound P2X1 receptoNF449occupies the orthosteric binding pocket and, due to its larger size, extends across
one monomer towards the exterior of the recefifiy. 4.1C). NF449 makes contacts with the upper body and
head domain of one P2X1 monomer and interacts with the dorsal fin, lower body, and right flipper of the other
P2X1 monomerKig. 4.1D. The cryeEM map of the NF449ound P2X1 receptor reveals density that can

be moddied at only one of the four glycosylation sit€tg. 4.1D). N-acetylglucosamine is molled atthese

sites, indicating a reduction in modellable sites likely due to the decreased resolution of tf§anyap

compared to the ATBound P2X1 receptor cry&M map.

To define the state of each of these P2X1 receptor structures, the pore region was analysed revealing that the
ATP-bound P2X1 receptor has two gates, V344 and V347 from each monomer, which constrict the pore to its
narrowest radiusHig. 4.2A & C). Conversely, within the NF448ound P2X1 receptor structure, a residue
higher in the transmembrane domain, S337 from each monomer, constricts the pore to its narrowest radius
(Fig. 4.2B & C). Both P2X1 receptor structures were in 4pmme conducting states duettee small pore

radius, measuring 0.6 A for the AT#®und receptor and 1.0 A for the NF4d8und receptor, making it
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Chapter 4 Structural insights into the P2X1 receptor
insufficient to facilitate the transport of catiodd. 4.20 (Cooper, 2000)Structures of the P2X3 receptors
were determined in all of the general ion channel states (desensitised, apo, open, andradabedP2X3
receptor shares the fast desensitisation profile of the P2X1 receptor, making it a useful tool for comparison
(Mansoor et al., 2016J0 gain deeper insights into the pore region of the P2X1 receptor, the desensitised and
closed structures of the P2X3 receptor were compared to their equivalent P2X1 receptor stRigiuyr&&(
& F). The desensitised P2X1 and P2X3 receptor exhibited a similar wider opening at the top of the pore,
followed by a lower constriction site. This gate is controlled by two valine residues (V344 and V347) in the
P2X1 receptor and one valine residue (V334thim P2X3 receptorHg. 4.2B). The presence of thesmnd
valine residue (V347) in the P2X1 receptor results in a longer gate, while both valine residues contribute to a
much smaller pore radius, of 0.6 A, compared to 1.7 A for the P2X3 receptor. The closed P2X1 and P2X3
receptors are similar in overall pashape and size, with the closed P2X3 receptor having a slightly smaller
constriction site radius of 0.5 A compared to 1 A for the P2X1 recepigr 4.2G). The gate in these two
closed receptors is located towards the top of the pore, formed by mudsjalaes, resulting in a longer gate
region Fig. 4.2P. These subtle differences highlight the variability in the pore region between the P2X1 and
P2X3 receptors, despite their similar properties. A similar observation between the P2X1 and P2X3 receptor
structures was the absence of a modellable cytoplasampidn the desensitised and closed states, with the
cytoplasmic cap only resolved in the open state structure of the P2X3 rdddguisoor et al., 2016 hus, it
is likely that this region is highly dynamic and disordered in the desensitised and closed states of the P2X1 and

P2X3 receptors.
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ATP-Bound P2X1 Receptor

5

ATP

-':\\\ b

VA, g
/

- B Head [] Lower body [ Dorsal fin [ Fluke

-

7 Il upper body [l Right flipper [] Left flipper

Figure 4.1: Cryo-EM P2X1 receptor maps and modelsCryo-EM maps of thed) ATP-bound P2X1 receptor an
C) NF449bound P2X1 receptor, with individual chains coloured and the-EMdigand density depicted in violet
Enlarged depiction of MAATP and NF449 fitted into the cry®@M map. Structural characteristics of the monon
and trimer of the B) ATPbound P2X1 receptor and the D) NF44@und P2X1 receptor colourised to resem|
features of a dolphin. The head domain is purple, the lower body is light blue, the dorsal fin is orange, the up
is blue, the right flipper is redhe left flipper is yellow, and the fluke is green.
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Figure 4.2 Gating of the P2X1 receptor.Cartoon representation of t# ATP-bound P2X1 receptor angl)
NF449bound P2X1 receptor pore region, coloubgdnonomer. The surface volume of the pore radius is highligl
in red, white, and blue, with red indicating the area with the tightest constriction @pi@taph of the pore radiut
along the length of the pore region, with the residues responsible for constricting the pore radii highlighted.-T!
bound P2X1 receptor is depicted in red, while the NHdd@d P2X1 receptor is represented in blue. The polies
measured 0.6 A for the ATBound receptor and 1.0 A for the NF488und receptor, marked/the dotted lineD)
Overlay of the transmembrane domalkf)jsand a corresponding graph of the pore radius of the-Bauhd P2X1
receptor (red) and the desensitised state -Bdthd hP2X3 receptor (PDB: 5SVL, greeii). Overlay of the
transmembrane domai®) and a corresponding graph of the pore radius of the of the Nb@4i®d P2X1 receptol
(blue) and the closed state TMH P-bound hP2X3 receptor (PDB: 5SVQ, yellow).
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Chapter 4 Structural insights into the P2X1 receptor
4.3.2 ATP binding site
It is known that ATP exhibits high affinity and potency for the P2X1 receptis was further confirmed
with a competition radioligand binding assay and acaléwmh n f | u x a s-methylene ATiP,ragnoré) , b
stable rel ated -methdeneoATR exhibited a poleicy of 99,nflg 4.3, Table 4.} and
an affinity of 43 nMFig. 449 f or t he P2X1 r e craehylane ATP Was eomga@lilegan c y
previous studiegBianchi et al., 1999while the affinity was previously reported at a lower value of 8.1 nM,
with the differences likely due to different experimental conditivisrani et al., 2008)The cryeEM
structure of the ATHound P2X1 receptor revealed a wide range of interactions between ATP and the receptor
(Fig. 4.3A, Table 4.2. Residues K68, K70, R292, and K309 formed salt bridges with the phosphate chain of
ATP, with residus N290 and S286 additionally contributing a hydrogen bond in this region, collectively
generating a highly polar environment around the phosphate chain of ATP. The gamma phosphate of ATP
formed an ionic interaction with a magnesium ion, which in turn ertbaga diect ionic interaction with
residue D170, while also interacting with residue E122 through a water network, contributing to the highly
polar local environment around the phosphate chain of Aiing these residues, K68, K70, N290, R292,
and K309 have been previously studied through single alanine mutations, which were shown to cause
significant reductions in ATP potency compared to the ®WZK1 receptofChataigneau et al., 2013nother
critical residue was T186, which forms hydrogen bonds with the adenine ring ofulii$ing both the
backbone carbonyl and the side chain hydroxyl gréiig. @.3A, Table 4.2. Mutation of T186 hadshown
this residues israimportant component of AFRediated receptor activatiqhataigneau et al., 2013A
novelfinding, possible because of the high resolution of the-A@&hd P2X1 receptor structymeas a water
mediated hydrogen bond betweenridueR139 and the adenine ring of ATP. In addition, residue K140 formed
a hydrogen bond with the ribose sugar of ATP, while the backbone carboesicfeK68 formed a hydrogen
bond with the adenine ring of ATP. Together, residues K68, R139, and K140 form a polar pocket around the
adenine ring and ribose sugar of AResidue=188 engages in a-pi stacking ieraction with the adenine
ring, while on the opposite side of the adenine niagidueK70 participates in a giation interaction. Finally,
hydrophobic residues M214 and V229 form a small hydrophobic pocket around the adenine ring of ATP, with
part of this region being previously studied using cysteine scanning mutagenesis and shompadotastiin

ATP-mediated P2X1 receptor activatifRoberts et al., 2009)
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Chapter 4 Structural insights into the P2X1 receptor
Although most of the residues interacting with ATP in the binding site have been previously studied
(Chataigneau et al., 2013everal residues, including E122, R139, K140, D170, M214, and, 828&in
unexploredFig 4.3A). Some of these residues, E122, R139, K140, and D170 show low acndreequence
conservation across the P2X receptor family, which is uncommon in the ATP bindingigite3D). To
understand their role in ATRediated receptor activation, each of these residues was individually mutated to
alanine. Subsequently, activation of the mutated receptor was assessed using calciuomiafisaysThe
mutants R139A, M214A, E122AandD170Aa | | significantly decreased t he
methylene ATP compared to WH2X1 with a 3.5old, 7-fold, 18.5fold and 58fold decrease respectively
(Fig. 4.3B, Table 4.). In contrast, mutant S286A akd40Adi d not signi ficant-l y c¢h
methylene ATP compared to WH2X1 (ig. 4.3B, Table 4.). To validate if these mutations were driving a
change i n t h-methgléné ATiPj each muatdnt rddeptor was tested in a radioligand binding
experiment using®H]-U ,-niethylene ATP. The mutants S286A and K140A, which did not affect the potency
o f -rikth@lene ATP, exhibited binding affinity comparable to tfavT-P2X1 Fig. 4.4). Mutated residue
R139A showed a-old decrease in affinity forH]-U ,-nbethylene ATP and mutanié214A, E122A, and
D170A exhibited reduced binding affinities that were beyond the threshold that could be accurately measured
using a radioligand prob€&ig. 4.4). These findings correlate with the substantial decrease in potency observed
in the calcium activation assay for each of these mutants. This suggests that the decline in potency for the
mutants R139A, M214A, E122A, and D170Arsteat least in part from a decrease in the agonist's affinity to
bind to the mutated P2X1 receptor. Residues R139, M214, E122, and D170 emerge as significant contributors
to P2X1 receptor activation and supplement our existing knowledge of residuesitdsgon&TP-mediated
P2X1 receptor activatiofChataigneau et al., 2013Furthermore, these residues exhibit lower conservation
within the P2X receptor family compared to other interactions of the ATP binding site, implying that they
enhance the potency of ATP for the P2X1 receptor and could potentially be residues forttngeatesign of

subtypeselective orthosteric binders.
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A
ATP binding site
Note: Red text indicates residues mutated in this study
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Figure 4.3 Investigation of the ATP binding site A) Graphic of the ATP binding site, with key interactiol
illustrated as black dotted lines and nearby residues labBli&dZ) Calcium ion influx of hcreasing concentration
o f -rikethflene ATP on HEK293 cells expressing \RZX1 or single residue mutants of the P2X1 recejiiata
arenormalisedrelative to response elicitdry 10 uM ionomycin and subsequently adjusted so that the highest
corresponds to 100 and the lowest value to 0. A log(agonist) nonlinear regression curve ushpgia@foater model
is fitted to the data with the top and bottom constrained to 100 ardpkctively. Data pointgpresent the mean :
SEM, derived from4 independent experiments conductedriplicate. D) Amino acid sequence alignment ATP
binding site residueffom the human P2X1 receptor, aligned with residues from human P2X receptor sut
Residue categorisation based on properties: Hydrophobic (A, I, L, M, F, W, V, Y) in blue, positive charge (K
in red, negative charge (E, D) in magenta, polar (N, Q, S, T) in green. Special cases (C, G, P) in oran
represented in white.
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Table 4.1: Potency of wild type P2X1 and P2X1 mutant receptors.

P2X1 receptor ECso: NM (95% C))

Wild type 99 (91-108)

ATP based mutants

S286A 11001-139)
K140A 153 (107-220)
R139A U346 (224-533)
M214A U706 (530- 942)
E122A U 1 832(1365- 2460)
D170A V] 5747 (4775-6918)

NF449 based mutants

K215A 68 (45- 104)
E282A 76 (67-103)
L218T 9 (66- 140)
F188L 100(73-1398)
K136A 107 (81-142)
K136W 153 (105- 224)
R139P U787 (644-964)
R292A U 187(07(10186- 34435)

MeanEGCso v a | u e s-methyleneUATB from HEK293 cells expressir
WT-P2X1 and singleesidue mutants of the P2X1 receptongside their
respective 95% confidence intervalgalues are calculated from fou
independent experiments conducted in triplicate.

UStatistically significant (< 0.05) compared to WRX1 as calculated usin

aoneway ANOVA with a Dunnet.tdéds mu
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Figure 4.4: Saturation radioligand binding of P2X1 receptor mutants.A) Saturation radioligand binding witt
increasing concentrations OH—D ,-nbethylene ATP on HEK293 cells expressing \AWZX1 receptor or single
residue mutants of the P2X1 receptdata are measured as CCPM and converted to specific birdingnlinear
regression one site, fit;iurve is fitted to the dat@ata points represent the mean + SEM, derived BdWT) or 2

- 3 (mutants)ndependent experiments conducteduplicate B) From these experimerasfinity values of fH]-U -k
methylene ATPwere determined and plotted in a scatter.pitatiues that exceeded 300 nM were classified as
defined.
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Table 4.2: Binding interactions of ATP.

Chapter 4 Structural insights into the P2X1 receptor

P2X1 Residue ATP Interaction Distance (A)

Uphosphate Salt bridge 2.7
Lys 68 b phosphate Salt bridge 3.1

2 phosphate Salt bridge 2.8
Lys 68 L

Adenine ring Hydrogen bond 2.8

(backbonecarbonyl)

2 phosphate Salt bridge 2.7
Lys 70

2 phosphate Salt bridge 3.3
Lys 70 Adenine ring Pi-cation bond 4.8

Mg?* (H20) Hydrogen bond 2.7
Glu 122

Mg?* (H20) Hydrogen bond 2.7
Arg 139 Adenine Ring (HO) Hydrogen bond 2.9
Lys 140 Ribose sugar Hydrogen bond 3.1
Asp 170 Mg?* lonic bond 2.0
Thr 186 Adenine ring Hydrogen bond 2.8
Thr 186 o

Adenine ring Hydrogen bond 2.7

(backbone carbonyl)

Phe 188 Adenine ring Pi-Pi stacking 4.8
Met 214 Ribose sugar Hydrophobic Interaction 4.0
Val 229 Adenine ring Hydrophobic Interaction 3.63.8
Ser 286 Uphosphate Hydrogen bond 2.3*
Asn 290 b phosphate Hydrogen bond 2.8

2 phosphate Salt bridge 2.5*
Arg 292

2 phosphate Salt bridge 2.7

2 phosphate Salt bridge 2.8
Lys 309

b phosphate Salt bridge 2.9

Interactions of M@ATP with the P2X1 receptor, including hydrogen bonds {33 angstroms), salt bridges (2.4.0
angstroms), hydrophobic interactions (3.8.0 angstroms), and fation and PRPi interactions (3.5 6 angstroms).
Interactions outsidthesedistancesre indicated with an asterisk.
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Chapter 4 Structural insights into the P2X1 receptor
4.3.3 Comparison of ATP binding sites
The crycEM structure of the AT#ound P2X1 receptor revealed that ATP exhibits a remarkably similar
binding mode to the ATBound P2X3, P2X4and P2X7 receptor structures. Alignment of these structures
shows that ATP from the P2X3, P2X4, and P2X7 receptors deviate by root mean square deviations (RMSD)
of 0.70, 0.93, and 18, respectivelyFig. 4.5. Moreover, the interactions of bound ATP in the P2X1 receptor
closely resemble those in the ABBund P2X3, P2X4, and P2X7 receptor structures @.5. Despite these
consistent interactions across AbBund P2X receptor structures, it is surprising that the affinity of ATP for
the P2X receptor can vary between these subtifade 1.2. The affinity of ATP for the P2X1 receptor
ranks among the highest compared to other P2X receptors. Upon examining interactions of ATPXd the P2
receptor, it became apparent that there are additional interactions, which may account for this high affinity

(Fig. 4.95. The residues K140, D170, E122 and R139 each interact with bound ATP in the P2X1 receptor with
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Figure 4.5: ATP binding site of P2X receptorsGraphic of the ATP binding site from the hP2X1, hP2X3 (5SV
zfP2X4 (4DW1), and rP2X7 (6U9W) receptor structure, with key interactions depicted as black dotted lines,
residues are labelled. The root mean square deviation of bound ATP in the B@xtbrstructure compared to bour
ATP in the hP2X3, zfP2X4, and rP2X7 receptor structures is: 0.70, 0.93, and 1.3, respectively.
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residue K140 forming a hydrogen bond with the ribose sugar, a feature not observed in other P2X receptors.
Similarly, residues D170 and E122 interact with the adjacent magnesium ion or the water network associated
with the magnesium ion, while R139 inteisavith the adenine ring of ATP through a water molecule. The
mutagenesis data in this study highlighted the significance of D170, E122, and R139 in receptor activation
(Table 4.7). However, it is the combination of additional interactions that likelyrdmrtes to the increased

affinity of ATP for the P2X1 receptor.

4.3.4 Metal ion binding sites

ATP-bound P2X1 receptor cryieM density displayed evidence of a metal ion binding site adjacegheto
gamma phosphate of ATP. A similar cation binding site adjacent to the gamma phosphate of ATP has been
identified in crystal structures of the human P2X3 receptor and the Gulf Coast tick P2X ré@captya et

al., 2016; Li et al., 2019; Mansoor et al., 2QIB) validate this binding site within the P2X1 receptor, metal
binding parameters were utilised to calculate various factors such as valency, occupancy, geometry, and
distance otontacts Fig. 4.6A) (Gucwa et al., 2023; Handing et al., 2018; Harding et al., 2010; Zheng et al.,
2017, 2014)The metal ion was coordinated by six contacts in an octahedral gedimatity water molecules,

one to the gamma phosphate of ATP and one to DRig04.6B). Each interaction formed an ionic bond at a
distance of 2.@ngstromsKig. 4.60). The nature and qualities of these interactions suggest this site was likely
occupied by a magnesium ion. Sequence alignment of P2X1 receptor residues E122 and DXAbeaeveal
hP2X3 and hP2X4 receptors have negatively charged residues at the same (Bicatib6D). Structures of

the hP2X3 receptor have revealed magnesium and calcium ions bound at a similar site adjacent to bound ATP
interacting with a negatively charged residue and the gamma phosphate of ATP. In the P2X1 resieltes

D170 and E122, which interact with magnesiurnsjqay critical roles in ATEnediated receptor activation.

Mut ating either residue to al ani ne -meéthylene ATPEi@ant | y
4.6E& F), indicating the importance of this metal ion site ilPAMediated P2X1 receptor activation. Previous
research has established that ATP complexedawithgnesiunmon maintains high efficacy for the P2X3 and

P2X1 receptor, while P2X2 and P2X4 receptors display notably diminished responsef\id°Nlg et al.,

2019, 2013kuggesting that only some P2X receptor subtypes likely contain this cation binding site namely

P2X1 and P2X3 receptors.
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A
Atomic
Occupancy B factor Contacts Valence nVESCUM Geometry gRMSD Vacancy
Mg+ 1 89.9 (84.1) Og 2.7 0.16 Octahedral 16.1° 0
B C D
Group forming ionic Distance hp2x1 | E122 | D170
interaction with Mg2+* (R)
hP2X2 G181
4 x H,0 2.0
hP2x3 | E112 | D158
D170 2.0
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hP2X5 | G123 | S174
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hP2x7 | T124 | V173
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P2X1 (WT) 99 (91 - 108) 43 (22 -65)
E122A 1832 (1365 - 2460) Undefined
D170A 5741 (4775 - 6918) Undefined

Figure 4.6: ATP metal ion site (Magnesium ion). A)/alidation metrics from CheckMyMetaMetal Binding Site
Validation Server for the magnesium ion positioned adjacent to ATP,-cotted as follows: green for acceptab

yellow for borderline, and red for pod8) The ATP Mg2+ ion binding site modelled into the cEeM map of the
ATP-bound P2X1 receptor, with surrounding residues, ligands, and w@jeasiic interactions (1.82.5 angstroms)

and their distances with the l@/Tgon in the ATRbound P2X1 receptor structui®) Amino acid sequence alignmer
of E122 and D170 from the human P2bteptor, aligned withesidues fronthuman P2X receptor subtypes. Resid
colourisation based on properties: Hydrophobic (A, I, L, M, F, W, V, Y) in blue, positive charge (K, R, H) il
negative charge (E, D) in magenta, polar (N, Q, S, T) in green. Special cases (C, G, P) in orangpré&sapged in
white.E) Calcium influxofinc r easi ng ¢ o n-methyléne ATP bnoHEK293célls edpressing \RWZX1
or P2X1 D170A or P2X1 E122A receptor. The datanormalisedelative to response elicited &9 pM ionomycin
and subsequently adjusted so that the highest value corresponds to 100 and the lowest value to 0. A lo
nonlinear regression curve using a fparameter modeterefitted to the data with the top and bottom constrair
to 100 and 0, respectivelpata points represent the mean + SEM, derived #dmlependent experiments conduct
in triplicate F) Saturation radioligand binding with increasing concentrationd#{) ,-rbethylene ATP on HEK292
cells expressing W-P2X1 receptor or P2X1 D170A or P2X1 E122A receplataare measured as CCPM an
converted to specific binding\ nonlinear regression one site, fif éurve is fitted to the dat®ata points represen
the mean + SEM, derived from 5 (WT) or 3 (mutants) independent experiments conducted in d@)lfeatms these
experimentsEC,; and K values from individual experiments conducted on-RAX1, P2X1 D170A andP2X1
E122A receptowere listed
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Chapter 4 Structural insights into the P2X1 receptor
The cryeEM map of the ATFbound P2X1 receptor suggested there may be another metal ion site located
centrally within the extracellular domain coordinated by the D97 residue from each moRigndtq{A). In
P2X receptors, P2X4, P2X5, and P2X6 receptors possess either aspartic acid or glutamic acid at the sequence
matched residue, implying the possible presence of this metal ion site in these receptorskig. welB].
Indeed, it was previously shown that P2X4 receptors contain a metal ion bindeiglsgesame location from
the closed zfP2X4 receptor struct(ikeawate et al., 2009) o validate the presence of a possible central cation

ion located with the extracellular domain metad parameters were calculated and analysed, however no ion
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E 257 ‘S 2500+
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= 0=
1 1 = 1 = 1 N 1 o~ .2 1
-8 -7 -6 -5 -4 0 50 100 150
Log [a,B-meATP], M a,B-meATP [2,8-3H] Concentration (nM)
E
Mutants EC50, nM (95%¢I) Ki, nM (95%¢I)
P2X1 (WT) 99 (91 - 108) 43 (22-65)
D97A 123 (97 - 156) 48 (19-77)

Figure 4.7: Possible central metal ion binding siteA) Cryo-EM map and model of the ATBound P2X1 receptol
focused on a possible central metal ion site within the extracellular doB)afmino acid sequence alignment ¢
D97 from the human P2X1 receptor, aligned with residues from human P2X receptor subtypes. Residue colc
based on properties: Hydrophobic (A, I, L, M, F, W, V, Y) in blue, positive charge (K, R, H) in red, netjetige
(E, D) in magenta, polar (N, Q, S, T) in green. Special cases (C, G, P) in orange. Gaps represente@)iCakiten
influx of i ncr ea s imetgylene dTPcoa HEKRSS tellsoerpsessiog either;ABIX1 or P2X1
D97A receptor. The darenormalisedrelative to response elicited B puM ionomycin, with the highest value s
to 100 and the lowest value to 0. It was then fitted to a log(agonist) nonlinear regression curve using four pal
with the top and bottom constrained to 100 and 0, respectively. Data points represezdhe SEM, derived fronr
4 independent experiments conducted in triplicBjeSaturation radioligand binding with increasing concentratis
of [3H]-U ,-rbethylene ATP on HEK293 cells expressing \RZX1 receptor or or P2X1 D97A receptor. Date
measured®aCCPM and converted to specific binding. A nonlinear regression one site, fit Ki curve is fitted to th
Data points represent the mean + SEM, derived from 5 (WT) or 2 (mutants) independent experiments conc
duplicate.E) From these experiments E@nd K values from individual experiments conducted on-R2X1 and
P2X1 D97A receptor are listed.
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Chapter 4 Structural insights into the P2X1 receptor
could be accurately assigned. Poorer resolution in this area of th&Nryoap may have hindered solving
bound water molecules which would have better revealed the occupancy, geometry and interaction
characteristicef a metal ion in this sitd.0 investigate this site further, the D97 residue was mutated to alanine
andthe mutated P2X1 receptor wasalysed using calcium activation and radioligand binding assays. These
assays revealed thifite P2X1 D97A receptaxhibiteda similar affinity and potency foU ,-nflethylene ATP
to that of the WTP2X1 receptofFig. 4.7GE). Although the central metal ion binding site is likely affected
by the alanine mutation, alternative sites may still exist that can accommodate metal ion binding. Furthermore,
the experimental techniques used in this study have only measured the potebicylengdproperties of the
P2X1 receptor, leaving receptor gating and efficacy unexplored. Additional studies are needed to investigate

these factors and conclusively determine the roteetentral metal ion binding site.

4.3.5 NF449 binding site

NF449, a large polar molecule, is recognised for its high affinity and potency for the P2X1 rédajsimiann

et al., 2003) The activity of NF499 was tested using a competition radioligand binding assay and calcium
influx assay, demonstrating a binding affinity @6 nM (Fig. 4.8B) and an inhibitory potency of 66 nM,
respectively Table 4.3. The decrease in inhibitory potency observed compared to the previously reported
value of 0.05 nM at human WF2X1 receptors could be attributed to the utilisation of the voltage clamp
technique orXenopugaevisoocytes as opposed to cell assays on HEK293 cells expressing the P2Xdr recept
(Hulsmann et al., 2003As mentioned, NF449 adopts a distinctive orientation and engages in numerous
interactions with the P2X1 receptor within the binding dtig.(4.8A). The P2X1 receptor engages in several

salt bridge interactions with NF449, involving residues K68, K70, K136, K215, and R28%e(4.4.
Additionally, residues L72 (backbone carbonyl and amine), K140 (backbone amine), M214, C217 (backbone
amine), and N290 form hydrogen bonds with NF449. The multitude of polar interactions, particularly around
the sulfonic as of NF449, likely underpins its high affinity for the P2X1 receptor. F188 engages-joi a pi
stacking interaction with the one benzene ring of NF449, while R139 participates@atopiinteraction at
another benzene ring. Six additional residues86T¥209, C217, L218, P228, and V229, were fourdr

NF449, suggesting their involvement in hydrophobic interactions, typically around the benzene rings of NF449
(Table 4.4 Fig. 4.8A). From this structural data, it remained unclear to what extent tlikiesscontributed

to the inhibitory activity of NF449 and how they drove the selectivity of NF449 for the P2X1 receptor.
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