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Abstract

P2X7 receptors (P2X7Rs) belong to the P2X receptor family of ligand-gated ion channels
activated by extracellular ATP. The human P2X7R (hP2X7R) is implicated in numerous
debilitating disease conditions and thus represents a promising therapeutic target.
However, P2X7R structure-function relationships remain less well understood. The study
presented in this thesis used electrophysiology in conjunction with structural modelling,
molecular docking and site-directed mutagenesis to better understand the structural
basis for ligand-receptor interactions at P2X7Rs and used such structural information to

identify novel hP2X7R antagonists.

Initially, P2X7R homology models were produced based on the crystal structures of the
zebrafish P2X4R (zfP2X4R) in closed and ATP-bound states and validated through
docking and biochemical approaches. First of all, molecular docking showed that ATP
binds to the zfP2X4R and hP2X7R in a strikingly similar configuration to the crystal
structure. Secondly, docking of the antagonists AZ11645373, KN62 and SB203580
revealed a specific interaction with Phe95 in the hP2X7R that is absent in the rat P2X7R
(rP2X7R), providing structural insight into their preferential hP2X7R antagonism. Thirdly,
replacing Asp48 and lle331 with cysteine resulted in disulfide bonding that impaired
hP2X7R-mediated currents, which was reversibly restored by dithiothreitol. These
results are consistent with the transmembrane domains moving substantially apart, as
predicted by the closed and open state models. Overall, these experiments show that
homology models can yield meaningful structural information in terms of P2X7R

interactions with ATP, antagonists and receptor activation.

The second part of the study searched for P2X7R antagonists using a structure-based
approach. Virtual screening of ~100,000 compounds in the ZINC library against the ATP-
binding pocket in the hP2X7R model identified C23, C40 and C60 as structurally novel
antagonists of the hP2X7R but not the rP2X7R. These compounds inhibited the agonist-

evoked increase in intracellular Ca?" concentration ([Ca?']) with ICso values in the



vi

micromolar range. C23 and C40 also inhibited agonist-induced currents with similar
potency, but C60 did not. All three compounds suppressed large pore formation with
micromolar potency. While C23 inhibited agonist-induced [Ca?']; increase mediated by
the hP2X4R and rP2X3R, C40 and C60 were more selective towards the hP2X7R. In
conclusion, these results show C23, C40 and C60 as novel hP2X7R antagonists. Such

structure-based approaches should aid novel P2XR antagonist identification.

Finally, the models were used in combination with site-directed mutagenesis to
investigate residues influencing hP2X7R-agonist interactions. The first set of
experiments examined four residues implicated in interactions with ATP, and only the
mutation of Tyr288 to various residues significantly affected agonist sensitivity. This
Tyr288 mutation abolished receptor function, which was mainly due to impairment in
protein surface expression as shown by immunofluorescent imaging. The second set of
experiments examined several residues for their contribution in the difference in
functional expression and agonist sensitivity. Substitution of Val87 in the hP2X7R for lle

in the rP2X7R increased the maximal agonist-induced currents.

Overall, the present study provides structural insights into ligand-receptor interactions at
the P2X7Rs. It demonstrates that structure-based approaches are feasible in identifying
novel antagonists, and this has wider implications for the P2XR family and membrane

proteins as a whole.
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Chapter 1

General Introduction



1.1 General overview of purinergic signalling

Adenosine triphosphate (ATP) is a nucleoside triphosphate which is primarily recognised
as an intracellular source of energy required for a vast number of processes inside cells.
As such, it is widely referred to as the ‘energy currency of the cell’. However, ATP also
functions as a signalling molecule. This signalling role was initially identified in a study
which demonstrated that ATP released from sensory nerves led to vasodilation (Holton
and Holton, 1954). The theory of purinergic signalling was subsequently proposed by
Geoffrey Burnstock (Burnstock, 1972), although this was highly contested until the 1990s
when the genes encoding the receptors for extracellular ATP were cloned (Webb et al.,
1993; Lustig et al., 1993; Valera et al., 1994; Brake et al., 1994). Since this discovery the
field of purinergic signalling has grown, and as a result there is currently a wealth of
knowledge regarding this signalling and the purinergic receptors which mediate its

action.

1.1.1 Release and metabolism of ATP and nucleotides

Extracellular ATP release has been seen in most mammalian cell types including
astrocytes (Anderson et al., 2004), macrophages (Riteau et al., 2012), neutrophils
(Eltzschig et al., 2006), erythrocytes (Sikora et al., 2014), platelets (Hiasa et al., 2014),
hepatocytes (Gonzales et al., 2010) and neurons (Zhang et al., 2007). ATP cannot
diffuse directly through the plasma membrane and is therefore released through different
pathways. These include vesicular exocytosis, a mechanism by which ATP is commonly
released at nerve terminals (Sperlagh and Vizi, 1996) often alongside transmitters
including noradrenaline and acetylcholine (Burnstock, 2014). Additionally, membrane-
bound proteins such as connexins have also been implicated in ATP release. These
proteins act as gap junctions and the subtype connexin 43 has been connected with ATP
release from several endothelial cell lines (Leybaert et al., 2003). However, this is not a

universal mechanism as cells including erythrocytes do not express this hemichannel



(Locovei et al., 2006). Pannexin channels, in particular pannexin 1 (Panxl1), are also
associated with ATP release. This transmembrane channel has been implicated in cell
types including T cells (Schenk et al., 2008), erythrocytes (Sridharan et al., 2010), airway

epithelial cells (Ransford et al., 2009) and multiple others (Dahl, 2015).

Following ATP release, its activity is limited by ectonucleotidases. Membrane-bound
ectonucleotidases involved in the purinergic signalling cycle include those from the ecto-
nucleotide pyrophosphatase/phosphodiesterase (E-NPP) family, the ecto-nucleoside
triphosphate diphosphohydrolase (E-NTPDase) family and ecto-5'-nucleotidase
(Yegutkin, 2008). These metabolise nucleotides as shown in Figure 1.1 in order to

prevent perpetual purinergic signalling stimulated by these agonists.

1.1.2 Purinergic receptors

1.1.2.1 P1 receptors

P1 receptors (P1Rs) are a group of G-protein coupled receptors (GPCRs) with
adenosine as their endogenous ligand. There are four known receptor subtypes in this
family; A1, A2A, A2B and A3 (Burnstock, 2007). Al receptors are coupled to Gi, proteins
and their activation by adenosine or its derivatives inhibits adenylate cyclase (AC), which
in turn leads to a reduction in the amount of the second messenger cyclic AMP (cCAMP)
in the cell. The A2 receptors were definitively determined to be two separate subtypes
following their cloning and sequencing (Stehle et al., 1992). They are both mainly
coupled to Gs proteins and their activation promotes AC activity, increasing cAMP levels.
The A2B receptor is coupled to Gg, the activation of which stimulates phospholipase C
(PLC) and leads to an increase in inositol triphosphate and subsequent mobilisation of
calcium from intracellular stores. The A3 receptor also couples to this Gq protein,
although it primarily interacts with Gi,. These receptors, together, mediate a diversity of
adenosine-stimulated functions in the mammalian body (Burnstock, 2007; Fredholm et

al., 2000).
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Figure 1.1 Overview of purinergic signalling

1 corresponds to ecto-nucleotide pyrophosphatase/phosphodiesterase, 2 to ecto-nucleoside triphosphate diphosphohydrolase and 3 to ecto-5'-
nucleotidase.



1.1.2.2 P2 receptors

P2 receptors (P2Rs) are divided into two categories; P2Y receptors (P2YRs) and P2X
receptors (P2XRs). P2YRs are GPCRs of which there are eight known subtypes, P2Y1,
2, 4, 6, 11-14 (von Kugelgen and Wetter, 2000; Burnstock, 2007). Similarly to P1Rs,
P2YRs couple with G proteins (Figure 1.1) to help regulate most systems in the body
including immune, cardiovascular and nervous systems (Abbracchio et al., 2006). Based
on their coupling with second messengers and sequence homology, P2YRs are split into
two subfamilies. The first comprises P2Y1, 2, 4, 6 and 11 which are coupled with G4 and
stimulate PLC as described for P1Rs above. P2Y11Rs also couple to Gs, which promotes
AC activity. The second subfamily (P2Y12-14) is coupled to G; proteins but conversely
acts by inhibiting AC. This interaction with second messengers is stimulated by various
extracellular nucleotides. P2Y1, 12 and 13 are primarily activated by ADP, P2Y2 and 11
by ATP, P2Y6 and 14 by UDP, P2Y2 and 4 by UTP and P2Y14 by UDP-glucose (von

Klgelgen and Hoffmann, 2016; Jacobson et al., 2015).

In contrast, P2XRs are ligand-gated ion channels. Mammalian cells express seven
genes encoding different P2XR subunits, P2X1-P2X7 (North, 2002), which form trimeric
homomeric and heteromeric receptors (Jiang, 2012). All seven subunits of the P2XR
family can form functional homomeric receptors when studied in heterologous
expression systems (Jones et al., 2004; North, 2002), although the ability of P2X6 to
form trimers is extremely poor (Barrera et al., 2005; Aschrafi et al., 2004). In addition,
seven heteromeric receptors have been characterised; P2X1/2, P2X1/4, P2X1/5,
P2X2/3, P2X2/5, P2X2/6 and P2X4/6 (Torres et al., 1998b; Lé et al., 1998; Lé et al.,
1999; Brown et al., 2002; Nicke et al.,, 2005; Compan et al., 2012). This family of
receptors is expressed in various tissues and cells, where they mediate diverse

physiological functions of ATP.
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Figure 1.2 Length of P2XR subunits

The relative lengths of each receptor subtype subunit is shown as the number of amino
acids.



1.2 The P2X family of receptors
1.2.1 P2X receptor structure

The seven human P2XR subunits vary in length from 377 (P2X6) to 595 (P2X7) amino
acids (North, 2002) (Figure 1.2) but share the same membrane topology. Prior to the
elucidation of the first P2XR structure, understanding of the structure of these proteins
was largely speculative as their primary sequence lacks significant homology with other

ATP-binding proteins or ligand-gated ion channels.

1.2.1.1 Crystallisation

A huge step forward came when the crystal structure of the zebrafish P2X4 receptor
(zfP2X4R) was published in the closed, apo, state at a resolution of 3.1 A (Kawate et al.,
2009). This was followed by further crystal structures of the zfP2X4R produced in both
the ATP-bound state (2.8 A) and a higher resolution closed state structure (2.9 A) (Hattori
and Gouaux, 2012). This group screened zfP2X4R constructs for stability; the higher
resolution structures were determined from a construct starting at Ser28 and ending at
Lys365 (Figure 1.3), lacking the intracellular N- and C-termini (Figure 1.4), and
containing four mutations (AN27/AC24/N78K/N187R). This construct had similar ATP-

binding and gating activities to the wild-type (WT) receptor (Hattori and Gouaux, 2012).

More recently, this breakthrough has been supplemented by additional crystal structures.
The first of these was of a P2XR from the Gulf Coast tick Amblyomma maculatum, which
was published in the presence of both ATP and zinc ion at 2.9 A. The construct that was
crystallised to produce this structure lacked 23 residues from the N-terminus and 7 from
the C-terminus, based on the deletions seen in the zfP2X4R structure, and contained
N171Q and C374L mutations. Electrophysiological analysis showed this construct to
behave in a similar manner to the WT receptor (Kasuya et al., 2016). In addition, a further
publication outlined the first mammalian P2XR structure. This was of the human P2X3
receptor (hP2X3R) in the apo, ATP-bound/open pore, ATP-bound/desensitised and two

antagonist-bound closed states at 2.8-3.6 A. These structures, as well as providing



zDP2X4 NEGYQDTD-TVLSSVSTKVEGIALTETS ————ELG———ERIWDVADYIIPPQEDGSFEVL 105
hP2¥1 ERGYOTSS-GLISSVSVKLEGLAVT —————— QLPGLGEPOQVWDVADYVEFPRQGDNSEFVVM 103
hP2¥2 QRSYQESETGPESSIITKVEGITTS ——————————— EHRVWDVEEYVEPPEGGSVESII 111
hP2¥3 ERAYOVREDTAIESSVVTKVEKGSGLY ———————————— ANRVMDVSDYVTEPPQGTSVEVII 93
hp2x4 ERGYQETD-SVVSSVITKVEGVAVT——————— NTSELGFRIWDVADYVIPAQEENSLEVM 102
hPZ¥5 ERGYQODVDTSLOSAVITKVEGVAFT —————— NTSDLGOQRIWDVADYVIPRQGENVEFEVV 104
hPZ2XE FERGYQERDLEPQFSIITKLEKGVSVT——————— QIKELGNRELWDVADFVEEPPQGENVFELV 103

hB2X7 DELYQRKE-PVISSVHTEKVEGIAEVEEEIVENGVRELVHSVEFDTADYTEFPLOQG-NSFEVM 105
rBP2¥7 DELYQRKE-PLISSVHTEKVEKGVAEVTENVTEGGVTELVHGIFDTADYTLELOG-NSFEFVM 105
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hP2Z¥1 THEIVIPROTOQGYCAEHPE—GGICKEDSGCTPGRARREAQGIRTGECVAFNDTVE-TCE 1z0
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hP2¥3 TEMIVTENQMOGFCPESE—ERYRCVSDSQC-—GPERLPGGGILTGRCVN-YSSVLRTCE 148
hp2x4 THVILTMNQTOQGLCPEIPDA-TTVCESDASCTAGSAGTHENGVSTGRCVAFNGEVE-TCE 1&0
hp2¥5 THNLIVITPNQRONVCAENEGIPDGACSEDSDCHAGEAVTAGNGVETGRCLERGNLARGTCE 164
hPZ¥E THNEFLVTPAQVOQGRCPEHEPSVEPLANCWVDEDCPEGECGTHSHGVETGQCVVFNGTHR-TCE 162
hp2X7 THNEFLETEGQEQRLCPEYPTR-RTLCSSDRGCEEGWMDEPOSREGIOTGRCVVHEGNQR-TCE 163
rbP2¥7 THYLESEGQEQRLCPEYPSR-GROQCHSDOGCIKGWMDEQSREGIOTGRCIPYDOKRKE-TCE 1e3

zP2K4 VLSWCPLERIVDEPNPPLLADAERFTVLIKNNIRYPEFNFNERNILPNINSSYLTHCVES 223

hp2¥1 IFGWCEVEVDDDIPEPALLREAENFTLFIKNSISFPRFEVNRRNLVEEVNAAHMETCLEH 220
hP2¥Z VEGWCPVEDGASVESQFLGT-MAPNFTILIKNSIHYPRFHESKEGN - TADRTDGYLERCLEFH 229
hP2¥3 IQGWCPTEVDT-VETPIMM-EAENFTIFIKNSIRFFLFNFEREGNLLPNLTARDMETCREFH 2086
hp2¥4 VARWCEVEDDTHVEPQPAFLEAAENFTLLVENNIWY PEFNEFSEENILPNITTTYLESCIYD 220
hp2¥5 IFAWCPLETSS-REPEEPFLEERAEDFTIFIKNHIRFPEFNFSENNVMDVEDRSFLESCHEG 223
hPZ2Xe& IWSWCEVESGV-VEPSRPLLAQAONEFTLF IKNTVTIFSEEFNEFSKENALETWDPTYFEHECRYE 221
hP2¥7 VSRWCPIEAVEEAPRPALLNSAENFTVLIKNNIDFPGHNYTTRNILPGLNIT-———-CTFH 219
rb2X7 IFAWCPAREEGREAPRPALLRSAENFTVLIKNNIDEFPGHNYTTENILPGMNIS————-CTEFH 219

zP2K4 ERETDPDCPIFRLGDIVGEAEEDFOIMAVRGGVMGVOIRWDCDLDMEPOQSWCVPRYTFRELD 283
hP2¥1 ETLHPLCPVEFOLGYVVOESGONFSTLAERGGVVGITIDWHCDLDWHVEHCRPIYEFHGLY 280
hp2¥2 ETLHEPLCEVFQLGYVVOESGONFSELAHRGGVIGVIINWDCDLDLEASECNEEYSFRELD 289
hP2X3 PODEDPFCPILRVGDVVEFAGODFARLARTGGVLGIKIGWVCDLDEAWDQCIPRYSETRLD 266
hp2x4 ARTDPFCPIFRLGEIVENAGHSFODMAVECGGIMGIQVNWDCNLDEARSLCLPRYSFRRELD 280
hP2ZX5 PE-NHYCPIFRLGESIVRWAGSDFODIALRGGVIGINIEWNCDLDEARSECHPHYSFSELD 283
hPZ¥E POFSPYCPVFRIGDLVAKAGGTFEDLALLGGEVGIRVHRNDCDLDTGDSGCWPHY SFQLAOE 281
hp2X7 ETONPOQCPIFRLGDIFRETGDNEFSDVAIQGGIMGIEIYWDCNLDEWFHHCRPEYSFRELD 279
rB2¥7 ETWNPQCPIFRLGDIFQEIGENFTEVAVOGGIMGIEIYWDCNLDSWESHRCQPEY SFRRELD 279

zP2K4 NEDPDNNVAPGYNFREFAEKY YENSDGTETRTLIKGYCIRFDVMVEGQAGEFNT
hp2X1 E---ERNLSPGENFREARHEVEN-GTNYRHLFKVFGIRFDILVDGEAGEFDL
hp2¥2 — PEHVPASSGYNFRFAKYYEKIN-GTTTRTLIKAYGIRIDVIVHGQAGEFSL
hp2X3 SVEERSEVSPGYNFRFARY YRMENGSEYRTLLKAFGIRFDVLVYGNAGEFNT
hp2x4 TRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLIKAYSIRFDIIVEFGEAGEFDI
hB2X5 NE-LSEESVSSGYNFREFARY YRDAAGVEFRTLMKAYGIRFDVMVNGEGAGEES
hpzZ¥e - ———————— KESYNFRTATHWWEQPGVEARTLLKLYGIRFDILVTGQAGKFGL
hp2¥7 DETTNVELY PGYNFRYAKY YKE-NNVEERTLIKVFCIRFDILVEFGTGGEFDT
rP2¥7 DEYTNESLFPGYNFRYAKYYRE-NGMEERTLIKAFGVRFDILVEGTGGEFDT
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Figure 1.3 Sequence alignment of P2XR subunits

Sequences of the extracellular region of P2XR subunits. Core ATP binding residues are
shown in magenta and conserved cysteines forming disulfide bonds are highlighted in
yellow.



insights into states not seen before in crystal structures, were less truncated and

therefore give an insight into N- and C-terminus structure (Mansoor et al., 2016).

1.2.1.2 P2X receptor architecture

P2XR subunits are largely extracellular, with two transmembrane (TM) domains and
intracellular N- and C-termini (Hattori and Gouaux, 2012; Kawate et al., 2009; Mansoor
et al., 2016). When the first crystal structure was published the subunit shape was
likened to that of a dolphin leaping from the ‘sea’ of lipid bilayer, a comparison now
entrenched in P2XR-related literature (Figure 1.4A). These subunits assemble into
trimers, evidence for which was provided by blue native polyacrylamide gel
electrophoresis (Nicke et al., 1998), atomic force microscopy (Barrera et al., 2005) and
electron microscopy (Young et al., 2008) before confirmation by the zfP2X4R structure
(Hattori and Gouaux, 2012; Kawate et al., 2009). These subunits intertwine to form
chalice-shaped trimers (Figure 1.4B) which have extensive contact interfaces, the three
major points of contact being body to body, head to body, and left flipper to dorsal fin.
The subunits interlock in three-fold symmetry perpendicular to the cell membrane with
each subunit wrapping around its neighbour with a right-handed twist, in contrast to the
TM helices which twist in an anticlockwise direction (Hattori and Gouaux, 2012; Kawate
et al., 2009; Mansoor et al., 2016). The extracellular domain is large and protrudes ~70
A from the membrane. This domain is hydrophilic, glycosylated and cysteine-rich, with
ten conserved cysteine residues (North, 2002) which are all involved in disulfide bonds.
These bonds are formed between Cys117-Cys165, Cys126-Cys149, Cys132-Cys159,
Cys217-Cys227, and Cys261-Cys270 (as in the P2X1R) (Figure 1.3), and are required
for receptor trafficking to the cell membrane. Disruption of the Cys261-Cys270 or
Cys117-Cys165 bond together with a mutation in another conserved cysteine (C126A,
C149A, C159A, or C217A) has been shown to severely reduce trafficking (Ennion and

Evans, 2002; Hattori and Gouaux, 2012; Kawate et al., 2009; Ennion and Evans, 2001).
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Extracellular

Figure 1.4 P2XR structure

(A) The zfP2X4R crystal structure, with sections coloured to indicate the dolphin
nomenclature. (B) Structure of the zfP2X4R viewed parallel to the membrane with each
of the three subunits in a different colour. (C) The transmembrane domains as viewed
from the intracellular side. Residues involved in channel gating are shown as blue
spheres.



11

1.2.1.3 Transmembrane domains

Each P2XR subunit has two TM domains, TM1 and TM2. These a-helical domains
extend ~28 A across the membrane and in the apo state are oriented approximately
antiparallel to each other at an angle of around 45° from the membrane (Figure 1.4A).
The TM domains form a central agueous ion-conducting pathway. Channel opening is
facilitated by the direct coupling of beta sheets in the lower body domain to TM1 and
TM2, as their outward flexing causes TM1 and TM2 to expand outward and open the
pore (Mansoor et al., 2016). TM2 is the innermost TM region and defines the closed state
of the channel by forming a physical barrier to limit ion flow (Figure 1.4C). Studies have
shown that mutating residues in TM2 affects the spontaneous gating, unitary
conductance, and rectification characteristics of the P2X2R (Cao et al., 2009; Cao et al.,
2007). Additionally, P2X2Rs can be optically activated by introducing light-activated
azobenzene molecules into TM2 (Browne et al., 2014). The width of the ion conducting
pathway is determined at its narrowest part at residue Ala347 (in the zfP2X4R) (Figure
1.4C), and in the open state the ion-conducting pathway width is delineated by residues

with Ca atoms 6.4 A from the central axis (Hattori and Gouaux, 2012).

In contrast, TM1 domains are located at the periphery and are less involved in forming
the central pore. Studies have shown that mutating residues in TM1 to Cys and modifying
them with methanethiosulfate (MTS) reagents does not have a significant effect,
although it does at the TM2 domain (Li et al., 2008; Browne et al., 2010). Even though
TML1 side chains are not directly involved in the ion permeation pathway (Li et al., 2010),
residues Tyr43 and GIn52 in the P2X2R (Tyr4d5 and Asp54 in zfP2X4R) have been
shown to influence calcium permeability (Samways et al., 2008; Samways and Egan,
2007) (Figure 1.4C). Furthermore, introducing cysteines at Val48 in TM1 and 11328 in
TM2 of the P2X2R (Val50 and 11e336 in zfP2X4R, Figure 1.4C) forms a disulfide bond
which inhibits P2X2R-mediated current. This current is restored when the bond is

reduced (Jiang et al., 2001). Together, this also illustrates a role for TM1 in P2XR gating.
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1.2.1.4 Intracellular domains

Until very recently, understanding of the structure of the intracellular N- and C-termini in
P2XRs has been speculative due to the truncated nature of the zfP2X4R crystal
structures. However, the hP2X3R structure was solved with the majority of the
intracellular domains intact. This is a very variable domain, the C-terminus in particular,
accounting for much of the variation in subunit length (Figure 1.2). These regions form a
domain named the ‘cytoplasmic cap’. They anchor the TM domains in order to allow a
change in the TM2 helical pitch upon receptor activation, as well as providing a lateral
exit pathway for ions. It is suggested that the stability of the folding-unfolding transition
of this cytoplasmic cap is directly linked to rate of desensitisation, and that P2XR
subtypes that desensitise faster may have a less stable domain (Mansoor et al., 2016).
Indeed, previous mutagenesis studies have shown the intracellular termini to largely
determine P2XR deactivation kinetics (Boué-Grabot et al., 2000; Allsopp and Evans,

2011).

1.2.1.5 ATP binding site

The ATP-bound zfP2X4R structure verified early studies based on ATP dose-response
(DR) curves which proposed that these channels open in response to ATP binding to
three identical, non-interacting sites (Bean, 1990). Evidence shows that they can also
activate with only two ATP molecules bound (Stelmashenko et al., 2012). Before the
elucidation of this structure, the ATP binding site was not clear as P2XR protein
sequences do not contain a typical ATP binding consensus sequence such as the Walker
motif (Walker et al., 1982). However, the exact ATP binding site and the residues
involved in binding were clarified in 2012 (Hattori and Gouaux, 2012) and corroborated
in 2016 (Mansoor et al.,, 2016). The ATP binding pocket is located at the interface
between two subunits, which was first suggested following disulfide cross-linking studies
in the P2X1R (Marquez-Klaka et al., 2007), with the binding site at the top of this pocket
(Figure 1.5A). Ten residues from two subunits are vital for ATP binding; four hydrophilic

residues (Lys70, Lys72, Thr189, and Lys193) and three hydrophobic residues (Leu191,
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Figure 1.5 ATP binding in the zfP2X4R

(A) The inter-subunit ATP binding pocket in the zfP2X4R, highlighted in green. (B)
Expanded view of the zfP2X4R ATP binding site with the amino acids involved in binding
labelled. Residues contributed by different subunits are highlighted in different colours
and hydrogen bonding interactions are shown as dashed lines.
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Leu2l7, and lle232) come from the first subunit, whilst three hydrophilic residues
(Asn296, Arg298, and Lys316) come from the second (Hattori and Gouaux, 2012)
(Figure 1.5B). Of these, the hydrophilic residues are conserved and are required for
P2XR activation (Wilkinson et al., 2006; Worthington et al., 2002; Adriouch et al., 2008),
whereas the three hydrophobic residues vary in their presence in the mammalian P2XRs.
Interestingly, the P2X7R has no equivalent residue to Leu217 in the zfP2X4R (Figure

1.3).

It is fortunate that ATP-bound structures are available due to the unusual conformation
that this ligand adopts in the binding site, with ATP bent in a tight U-shape and the -
and y-phosphates folded towards the adenine ring. The negative charge of the
phosphate groups appears important for hydrogen bonding interactions, for example
mediating interactions between Lys70 and oxygen atoms on the a, B and y phosphate
groups, Lys316 and the B-phosphate and Lys72, Arg298 and Lys316 with the y-
phosphate (Figure 1.5B). The adenine of the ATP, in contrast, forms hydrogen bonds
with Thr189, Lys70 and Thr189. The ribose ring also appears to interact via hydrophobic

interactions with Leu217 in the dorsal fin.

1.2.2 Agonists

All P2XRs are activated by the physiological agonist ATP, which stimulates these
receptors in a subtype-specific manner. ATP activates both homomeric and heteromeric
P2XRs at concentrations ranging from nanomolar to micromolar, except for the P2X7R
which is less sensitive and requires high micromolar to millimolar concentrations. Whilst
there are currently no identified subtype-specific agonists, many ATP analogues activate
particular P2XR subtypes with varying levels of specificity. One such analogue is 2'(3')-
O-4-benzoylbenzoyl-ATP (BzATP). This modified ribose derivative contains two
additional benzoyl groups (Figure 1.6) and activates the P2X7R in the micromolar range

(Surprenant et al., 1996; Young et al., 2007). BzZATP can also activate the P2X1R and
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Figure 1.6 Common P2XR agonists
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P2X2R (North and Surprenant, 2000). A second is a,3-methylene-ATP (aB-MeATP)
(Figure 1.6), which strongly activates P2X1Rs and P2X3Rs (Valera et al., 1994; Lewis
et al., 1995; Bianchi et al., 1999) but is ineffective at the P2X2R, P2X5R, P2X6R, and
P2X7R up to 100 pM (Collo et al., 1996; Brake et al., 1994; Surprenant et al., 1996). af-
MeATP has varied effects at P2X4Rs from different species, acting as a partial agonist
of the human and mouse isoforms but as an antagonist of the rat isoform (Jones et al.,
2000; Wang et al.,, 1996). Furthermore ATPyS, which has one phosphate oxygen
substituted for sulfur (Figure 1.6), activates all P2XRs except the P2X7R (Evans et al.,

1995; Brake et al., 1994, Lewis et al., 1995; Collo et al., 1996).

1.2.3 Antagonists and inhibitors

The P2XR family, a widely expressed group of membrane proteins with ties to extensive
diseases in humans (outlined in section 1.2.6), is a prime candidate for the development
of subtype-specific inhibitors. Common P2XR antagonists are described below and their

structures are shown in Figure 1.7.

1.2.3.1 Suramin and its analogues

Suramin, along with pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid tetrasodium
salt (PPADS), was one of the first compounds to demonstrate P2XR antagonism (Dunn
and Blakeley, 1988). It is nonselective and competitive, with varying efficacy across the
P2XR subtypes (Table 1.1) as well as the P2YRs (Charlton et al., 1996). Suramin has
been modified to produce antagonists with more favourable characteristics. The first of
these was NF023, a competitive P2X1R antagonist which is less potent at the P2X2R,
P2X3R and P2X4R (Lambrecht, 1996; Soto et al., 1999). Another analogue, NF110, is
potent at the P2X1R but more effective at the P2X3R, inhibiting both in the nanomolar
range (Hausmann et al., 2006). NF279 is a further inhibitor (Damer et al., 1998) with high
affinity for the P2X1R, P2X2R and P2X3R but only mediates partial P2X4R inhibition

(Rettinger et al., 2000; Klapperstuck et al., 2000). NF449 is the most potent commercially



Table 1.1 Common P2XR antagonists

Receptor | Suramin PPADS TNP-ATP IPsl PSB-1011 | A-317491 | 5-BDBD References
hP2X1 1-5,0.9 1-5,1.8 0.006 11 (Bianchi et al., 1999; Ennion et al., 2000;
<30, 0.09, Bagi et al., 2011; Evans et al., 1995; King et
rP2X1 <10 01 0.003 0.4 al., 1999; Virginio et al., 1998)
(Bianchi et al., 1999; Brake et al., 1994,
rP2Xx2 1-5, 33 1-5,3.8 2 0.079 8 (human) Evans et al., 1995; Bagi et al., 2011,
Virginio et al., 1998)
hP2X3 <100 5.1 0.097 (Bagi et al., 2011; Bianchi et al., 1999;
Chen et al., 1995; King et al., 1999; Virginio
rP2X3 0.8,3 36,15 0.0009 2.8 0.5 et al., 1998)
0.016 . o
rP2X2/3 0.8 1.3 0.007 1 (Bagi et al., 2011; Virginio et al., 1998)
(human)
hP2X4 <100 <100 1.5,15 >100 05,12 (Donnelly-Roberts and Jarvis, 2007; Balazs
rP2X4 >100 <100 15 Potentiate >10 et al., 2013; Virginio et al., 1998; King et al.,
mP2X4 >100 105 1999; Bagqi et al., 2011)
hP2X5 2.9 0.2
(Bo et al., 2003a; Collo et al., 1996)
rP2X5 4 2.6
rP2X6 >100 >100 (Collo et al., 1996)
hP2X7 <100 4.6 >100
(Baqi et al., 2011; Virginio et al., 1998)
rP2X7 >30 >10

The value for each compound is presented as the ICso in pM.
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available version of these analogues. It is a P2X1R-specific antagonist effective at
nanomolar concentrations and can inhibit the P2X3R, but requires significantly higher
concentrations to inhibit the P2X3R, P2X7R, P2Y1R and P2Y2R (Rettinger et al., 2005;

Hulsmann et al., 2003). These analogues have been a valuable source of inhibitors.

1.2.3.2 PPADS and pyridoxal-based compounds

PPADS was an early nonselective P2R inhibitor which generally has similar or greater
potency than suramin. It acts at the P2X1R, P2X2R, P2X3R, and P2X5R (Table 1.1), as
well as the P2Y2R and P2Y4R (Lambrecht et al., 1992; Gever et al., 2006; McLaren et
al., 1994). It is usually a non-competitive antagonist with slow onset and reversal of
action (Lambrecht et al., 1992). PPADS is an imperfect inhibitor so, as with suramin,
structural analogues have been generated to improve selectivity and potency. One such
analogue, PPNDS, specifically inhibits P2X1Rs more effectively than PPADS, with an
ICso of 14 nM (Lambrecht et al., 2000). It can also inhibit the P2X7R at higher
concentrations. Additionally, MRS2159 and MRS2220 represent two derivatives with
P2X1R specificity. MRS2159 is a reversible antagonist with an ICsp of 9 nM at the P2X1R,
which is less potent at the rP2X2R and rP2X3R with ICsos of 11.9 and 0.14 pM,
respectively (Kim et al., 2001b). MRS2220 similarly binds reversibly and surmountably,
inhibiting the P2X1R with an ICso of 10.2 pM. It also inhibits the rP2X3R but less
effectively, with an ICso of 58.3 uM. Despite being less potent, MRS220 shows greater
subtype specificity than MRS2159, not inhibiting the P2Y1R, P2X2R, P2X4R or P2X6R

(Jacobson et al., 1998).

1.2.3.3 TNP-ATP

A modified analogue of ATP, 2',3'-0-(2,4,6-trinitrophenyl)ATP (TNP-ATP) has selectivity
for the P2X1R, P2X2/3R and P2X3R (Virginio et al., 1998). This antagonist inhibits
currents from cells expressing these receptors with 1Cses close to 1 nM, but is 1000-fold

less effective at the P2X2R, P2X4R and P2X7R (Balazs et al., 2013; Virginio et al., 1998).
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It also only minimally inhibits hP2X5R-mediated currents (Bo et al., 2003a) (Table 1.1).
An NMR study recently suggested TNP-ATP to block the channel by closing ion
conductance pathways instead of stabilising the closed state of the channel (Minato et
al., 2016). However, the recent hP2X3R structure showed it to bind deeply in the ATP
binding site and prevent movement of the extracellular domain necessary for channel

opening, therefore stabilising the receptor in the apo state (Mansoor et al., 2016).

1.2.3.4 IPsl

P1,P5-bis(5"-inosyl) pentaphosphate (IPsl) was initially identified as an inhibitor of P2XRs
in synpatosomes of the rat cerebral cortex and the guinea-pig vas deferens (Pintor et al.,
1999; Pintor et al., 1997; Hoyle et al., 1997). Further characterisation showed this
compound to act primarily at the P2X1R, where it has an ICso of 3 nM at the rat receptor.
This compound also inhibits the rP2X3R, although 900-fold less potently with an ICsg of
2.8 UM. Interestingly it potentiates the rP2X4R (King et al., 1999) whilst being inactive at

the P2X2/3R (Honore et al., 2002) (Table 1.1).

1.2.3.5 PSB-1011

A P2X2R-specific antagonist has only relatively recently been made available, when a
study of structurally modified anthraquinone derivatives found a number of potent
selective antagonists. The most effective was disodium 1-amino-4-[3-(4,6-
dichloro[1,3,5]triazine-2-ylamino)-4-sulfophenylamino]-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonate (PSB-1011). PSB-1011 strongly inhibits the rP2X2R, but
is 5-6 fold less effective at the P2X1R and P2X3R and inactive at the P2X4R and P2X7R.
This inhibitor shows selectivity for the P2X2R over the P2X2/3R and, as such, is a useful

tool to distinguish between the two (Bagi et al., 2011) (Table 1.1).

1.2.3.6 A-317491

A-317491 is a competitive P2XR antagonist which exhibits specificity for the P2X3R and
P2X2/3R. This compound blocks hP2X3R- and hP2X2/3R-mediated currents at

nanomolar concentrations and the application of 10 uM A-317491 causes complete and
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reversible inhibition (Jarvis et al., 2002). Its action at other subtypes is variable, showing
significantly less activity at the human P2X1R, P2X3R, P2X4R, P2X7R and P2Y2R
(Table 1.1). Of these, it is most potent at the P2X1R where it acts with an ICso of 11 uM
(Jarvis et al.,, 2002). Similarly to TNP-ATP, an hP2X3R crystal structure showed A-
317491 to act at the ATP binding pocket by preventing movement necessary for
activation and thereby locking the receptor in the closed state. This compound has been
shown to inhibit various pain states in in vivo tests (McGaraughty et al., 2003; Jarvis et

al., 2002; Wu et al., 2004).

1.2.3.7 5-BDBD

Past studies of the P2X4R have encountered difficulties due to the lack of specific
inhibitors and the insensitivity of this subtype to nonspecific antagonists such as PPADS
and suramin (Garcia-Guzman et al.,, 1997; Jones et al, 2000). However, the
benzodiazepine derivative 5-(3-Bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-
diazepin-2-one (5-BDBD), which was developed to treat arteriosclerosis and restenosis
via P2X4R antagonism (Fischer et al., 2004), effectively inhibits P2X4R-mediated
currents (Donnelly-Roberts et al., 2008). This initial data was hidden by a patent, but
fortunately a more recent study characterised this antagonist in depth. ATP-induced
hP2X4R-mediated currents are blocked competitively by 5-BDBD (Balazs et al., 2013)
with a similar potency to TNP-ATP at the human subtype, although investigation of
different species is required. Functional studies suggest that this antagonist is also
effective at P2X4Rs from different species, for example in the guinea pig cochlea (Wu et
al.,, 2011) and mouse teratocarcinoma cells (Kwon, 2012), although further

characterisation is required.

1.2.3.8 Trimethoprim derivatives

Two derivatives of the antibacterial agent trimethoprim have more recently been
identified as having P2XR inhibitory activity. The first of these was RO-3, which inhibits

the P2X3R and P2X2/3R at submicromolar concentrations and is selective for these
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Table 1.2 P2XR expression

Receptor Regions of expression References
(Burnstock, 2008; Elneil et al., 2001;
Bladder, smooth muscle, small
Gachet, 2008; Inscho et al., 2003;
P2X1 arteries, platelets, dorsal horn
Petruska et al., 2000; Vial and Evans,
spinal neurons
2000)
(Greenwood et al., 1997; Hausmann
CNS, autonomic and sensory and Schmalzing, 2012; Nori et al.,
P2X2
ganglia, retina, smooth muscle 1998; Song et al., 2012; Vulchanova
et al., 1997)
Sensory neurons, spinal cord, (Kaan et al., 2010; North, 2002;
P2X3
cardiac muscle Usoskin et al., 2015)
(Bo et al., 2003b; Boumechache et al.,
CNS, endothelial cells, immune
P2X4 2009; Inoue et al., 2004; Yamamoto et
cells, cardiac muscle, brain
al., 2006)
(Collo et al., 1996; Creed et al., 2010;
Spinal cord, sensory ganglia,
P2X5 Glass et al., 2000; Kobayashi et al.,
bladder, gut, thymus
2013)
CNS, spinal cord, cardiac (Banfi et al., 2005; Collo et al., 1996;
P2X6 muscle, kidney distal de Baaij et al., 2014; Kobayashi et al.,
convoluted tubule 2013)
Immune cells, salivary glands, | (Grol et al., 2009; North, 2002; Novak
P2X7 pancreas, osteoclasts, et al., 2010; Sperlagh and llles, 2014;
osteoblasts, CNS Surprenant et al., 1996)

An outline of the main areas of expression of each receptor as determined by mRNA
expression and/or functional properties of the receptors in cells and tissues. It is not an
exhaustive list.
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subtypes (Ford et al., 2006). The second is AF-353, a non-competitive antagonist with
300-fold specificity for the P2X3R which has been shown to inhibit receptor-mediated
calcium influx and currents in the nanomolar range (Gever et al., 2010). This orally
bioavailable compound has already proven effective in rat models of bone cancer pain

(Kaan et al., 2010).

1.2.5 Physiological functions

P2XR function is widely varied and often linked to its expression. The expression of this
receptor family has been documented in a variety of tissues and cells, as summarised in

Table 1.2.

1.2.5.1 P2X1

The P2X1R is expressed in the urinary bladder (Longhurst et al., 1996; Valera et al.,
1994). This directly links to functional studies which implicate this receptor as being
important in bladder contractility. Inward currents and contractions were abolished in
smooth muscle from the bladder of P2X1R knockout mice (Vial and Evans, 2000) and a
ketamine-induced increase in P2X1R expression led to an increase in urination
frequency (Meng et al., 2011). In addition, P2X1R influence on contractile responses in
the vas deferens has been seen. It is expressed in the vas deferens (Valera et al., 1994),
and P2X1R-null mice have ~90% reduction in male fertility. This is due to reduced
contraction of the vas deferens in response to sympathetic nerve stimulation, causing
less sperm to be propelled into the ejaculate (Mulryan et al., 2000). Reduced P2X1R
expression has been shown to decrease male mouse fertility in further studies

(Kauffenstein et al., 2014; White et al., 2013).

P2X1R mRNA has also been identified in the small muscle layers of small arteries and
arterioles (Valera et al., 1994). Receptor knockout or inhibition has shown its importance

in the autoregulation of blood flow in the kidney (Inscho et al., 2003; Osmond and Inscho,
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2010). Furthermore, it has been implicated in thrombosis. P2X1R knockout mice exhibit
reduced collaged-induced platelet aggregation and a lowered mortality rate compared to
wild-type (WT) mice, who developed acute vascular occlusion (Hechler et al., 2003).
Conversely, overexpression of P2X1Rs in mice enhanced platelet secretion and
aggregation (Oury et al., 2003) and thrombosis in knockout mice was restored by the
infusion of platelets and neutrophils from WT mice (Darbousset et al., 2014). The P2X1R
is additionally implicated in promoting neutrophil chemotaxis. Neutrophils from knockout
mice move more slowly (Lecut et al., 2009) as these receptors are involved in promoting
neutrophil activation (Lecut et al., 2012). As such, the range of action of the P2X1R is

clear.

1.2.5.2 P2X2

The P2X2R is involved in relatively few physiological functions. However, it is expressed
throughout the CNS including parasympathetic, sensory, enteric and retinal neurons
(Zhong et al., 1998; Thomas et al., 1998; Zhou and Galligan, 1996) and plays a role in
chemosensory signalling. Cells expressing the P2X2R are excited by hypoxia and
hypercapnia (Prasad et al., 2001). P2X2R knockout mice also have reduced ventilator
responses to hypoxia; the conduction of arterial oxygen levels from cells of the carotid
body to the brainstem was diminished due to impaired carotid sinus nerve function (Rong
et al., 2003). This receptor is also involved in taste transduction, and P2X2R deficient
mice cannot taste NaCl or the artificial sweetener SC45647 (Eddy et al., 2009). They
also show reduced behavioural responses to sweeteners, glutamate and bitter
substances, and these stimuli do not elicit a response from gustatory nerves (Finger et
al., 2005). The P2X2R is additionally expressed in the ear, mainly in the cochlea and
primary auditory neurons (Housley et al., 1999; Jarlebark et al., 2000). This subtype is
important in reducing hearing sensitivity in response to elevated sound levels (Housley
et al., 2013) and has been implicated in contributing to the kinetics of purine-mediated

sound transduction in the ear (Morton-Jones et al., 2015).
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1.2.5.3 P2X3

The P2X3R has been strongly linked to neuropathic and inflammatory pain states, which
is reflective of its expression in sensory neurons (Chen et al., 1995). P2X3R knockout in
mice causes enhanced thermal hyperalgesia in chronic inflammation (Souslova et al.,
2000), and its knockdown from the dorsal root ganglion (DRG) and dorsal horn of the
spinal cord by siRNA diminished pain responses in rats in models of both agonist-evoked
and chronic neuropathic pain (Dorn et al., 2004). Furthermore, downregulation of this
receptor by antisense oligonucleotides in the rat lumbar DRG reduced pain-related

behaviour in neuropathic and inflammatory pain models (Barclay et al., 2002).

The P2X3R is also involved in the urinary bladder reflex. Mice deficient in this receptor
exhibited urinary bladder hyporeflexia, with decreased urination frequency and increased
bladder capacity in addition to reduced pain-related behaviour in response to ATP and
formalin injection (Cockayne et al., 2000). It is further suggested to influence peristalsis
in the small intestine. Inhibited gastrointestinal transit in ileal segments from P2X3R-null
mice has been demonstrated as a result of this receptor’s participation in neural
pathways mediating peristalsis (Bian et al., 2003). However, a further study found ATP-
induced contractions in colon segments from P2X3R knockout mice to be similar to the

WT (DeVries et al., 2010) and so further research is necessary to clarify this discrepancy.

1.2.5.4 P2X4

P2X4Rs are expressed on neurons (Burnstock, 2013; Ho et al., 2014) and have been
implicated in neuropathic pain sensation. P2X4R expression in the spinal cord increases
following nerve injury, and administration of either TNP-ATP or P2X4R antisense
oligodeoxynucleotide inhibits tactile allodynia after nerve injury (Inoue et al., 2004; Tsuda
et al., 2003). Additionally, a role in long-term potentiation (LTP) has been seen in the
mouse hippocampus. P2X4R knockout mice have diminished LTP compared to the WT,

and Ivermectin which selectively potentiates P2X4R currents was shown to increase LTP
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(Sim et al., 2006). The ATP-induced LTP of C-fibre-evoked field potentials in the spinal

dorsal horn has also been shown to involve this receptor (Gong et al., 2009).

The ability of blood vessels to adapt to environmental change relies on endothelial cells
sensing and responding to blood flow. The P2X4R is key in vascular remodelling;
knockout mice have abnormal endothelial cell responses to fluid shear stress, for
example calcium influx, and suppressed vessel dilation in response to an acute increase
in blood flow. Conversely, these mice showed no decrease in blood vessel size in
response to a sudden decrease in blood flow (Yamamoto et al., 2006). Together, this

indicates a role for the P2X4R regulating flow-sensitive mechanisms.

1.2.5.5 P2X5

The P2X5R is expressed in various regions, including satellite cells of the skeletal muscle
(Ryten et al., 2002). There is evidence that this receptor is involved in the differentiation
of satellite cells into mature multinucleated muscle fibres. P2X5R inhibition in satellite
cells prevents proliferation, increases muscle cell differentiation and increases the rate

of myotube formation, demonstrating its role in directing cell fate (Ryten et al., 2002).

1.2.5.6 P2X6

The P2X6R is the only subunit that is almost unable to form functioning homomeric
receptors (Barrera et al., 2005). However, there is evidence that expression of the
functional P2X6R is dependent on its glycosylation (Jones et al., 2004). Possibly due to
this, evidence for physiological functions of this subtype is limited. Its expression in the
distal convoluted tubule of the kidney led to its role in ATP-mediated signalling in the
kidney being investigated. However, P2X6R knockout mice were found to have a normal
phenotype compared to WT suggesting no role for the P2X6R in renal electrolyte
transport (de Baaij et al., 2016). As such the physiological function for this homomer is

still not known.



27

1.2.5.7 P2X7

The expression and physiological functions of the P2X7R are outlined in sections 1.3.4

and 1.3.5, respectively.

1.2.6 Diseases

1.2.6.1 P2X1

As discussed above, the P2X1R has a role in bladder contractility, male fertility, blood
flow regulation and thrombosis. There is little evidence for the involvement of this
receptor in disease states in humans, although it has been tentatively linked to
cardiovascular disease. P2X1R mRNA is upregulated in the hearts of rats suffering
congestive heart failure and in the atria of human patients suffering from dilated
cardiomyopathy (Musa et al., 2009), but downregulated in rat mesenteric arteries
(Malmsjo et al., 1999). However, this receptor has been suggested as a drug target for
a nonhormonal, reversible male contraceptive due to the fact that the P2X1R inhibition
causes 100% male infertility with no negative effects on sexual behaviour or sperm

function (White et al., 2013).

1.2.6.2 P2X2

The P2X2R is involved in few disease states. Sensory nerve endings of inflamed skin
have increased P2X2/3 heteromer expression (Hamilton et al., 2001) and P2X2/3R
antagonists have been shown to reduce nocifensive behaviour in animal models of
chronic pain (Gum et al., 2012; Hansen et al., 2012; Kaan et al., 2010). As such, this

subunit has been suggested as a potential therapeutic target for pain treatment.

There is also strong evidence associating P2X2R malfunction with hearing loss. This
receptor is expressed in the cochlea of the inner ear (Table 1.2), and sustained loud
noise induces upregulated P2X2R expression (Wang et al., 2003). P2X2R knockout mice

have progressive hearing loss (Housley et al., 2013; Yan et al., 2013). In humans,
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genetic linkage studies have shown the 178G>T polymorphism causing the loss-of-
function V60L mutation to be significantly connected with the DFNA41 form of deafness
in two unrelated Chinese families. These families had greater high-frequency hearing
loss after exposure to noise when young (Blanton et al., 2002). In addition, the 1057G>C
polymorphism which causes the G353R mutation has been significantly associated with

autosomal dominant hearing loss in an Italian family (Faletra et al., 2014).

1.2.6.3 P2X3

As introduced above, the P2X3R plays a role in pain sensory functions. In addition to
physiological pain, its link with bone cancer pain has been widely explored. P2X3R
expression is upregulated in DRG neurons in rats inflicted with a model of bone cancer,
where the animals suffered cancer-related pain which was attenuated by the intrathecal
or local injection of A-317491 (Wu et al., 2012). A-317491 was also shown to reduce
nerve injury and chronic inflammatory nociception in rat models (Jarvis et al., 2002).
Additionally, oral administration of AF-353 to rats inflicted with a model of bone cancer
pain led to the prevention and reversal of bone cancer pain behaviour (Kaan et al., 2010).
As with the P2X2/3R, P2X3R inhibitors have also shown to be effective in reducing pain

from inflammatory skin conditions in rats (Hamilton et al., 2001).

The role of the P2X3R in visceral sensory function has also led this receptor to be
implicated in inflammatory bowel disease (IBD). IBD is characterised by colorectal
hypersensitivity, which is virtually absent in P2X3R knockout mice in a murine model of
zymosan-induced hypersensitivity (Shinoda et al., 2009). P2X3R expression in DRG
neurons was increased in a rat model of colitis (Wynn et al., 2004), and in colon extracts
from human IBD patients (Yiangou et al., 2001). Furthermore, PPADS applied to mice
infected with a model of postinfectious bowel disease inhibited afferent sensitivity to
intestinal distention (Rong et al., 2009). Administration of A-317491 in rats suffering from
a model of acute colitis also dose-dependently reversed visceral hypersensitivity,
although not completely (Deiteren et al., 2015). Overall, whilst there is evidence for

P2X3R involvement in IBD, more evidence for its role in human disease is desirable.
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1.2.6.4 P2X4

The P2X4R is expressed in endothelial cells, and its activation in response to fluid shear
stress ultimately results in vasodilation (Yamamoto et al., 2000). Knockout of this
receptor in mice suppresses vessel dilation in response to acute increase in blood flow
(Yamamoto et al., 2006). It thus has a connection to blood pressure regulation. The loss-
of-function 1248A>G polymorphism in the P2X4R gene coding for the Y315C mutation
is a potential risk factor for high pulse pressure, as determined in a genotyping study of
two Australian cohorts consisting of 430 and 2874 subjects, respectively (Stokes et al.,

2011).

This subtype has also been connected to age-related macular degeneration (AMD).
Degeneration of the macula in the retina is a major cause of blindness in the elderly (Ting
et al., 2009) and a study of Caucasian AMD patients found a strong association between
the 1248A>G polymorphism and increased AMD risk (Gu et al., 2013). This is thought to
be linked to P2X4R expression on macrophages, which clear debris in the retina. As
mentioned above, the P2X4R is additionally implicated in chronic pain states, although

evidence for the involvement of this receptor in human pain diseases is lacking.

1.2.6.5 P2X5 and P2X6

The P2X5 and P2X6 receptors are involved in few currently known physiological
processes, in the case of the P2X6R due to largely not forming functioning homomers.

As such these proteins have not been convincingly implicated in disease states.

1.2.6.6 P2X7

The P2X7R is the member of the P2XR family which is predominantly implicated in

pathological conditions. Its role in disease is described in detail in 1.3.6.
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1.3 The P2X7 receptor

Originally, the P2X7R was given its own separate classification as a P2Z receptor. This
was after a receptor which was similar to, but distinct from, P2XRs and P2YRs was
connected to ATP-induced membrane permeabilisation (Falzoni et al., 1995; Gordon,
1986). This matter was settled when the P2X7R was cloned from the rat brain and
experiments showed it to cause ATP-dependent lysis of macrophages by large pore
formation (Surprenant et al., 1996). To date P2X7Rs from several species have been
cloned; the rat (Surprenant et al., 1996), human (Rassendren et al.,, 1997), mouse
(Chessell et al., 1998), guinea pig (Fonfria et al., 2008) and dog (Roman et al., 2009) as
well the non-mammalian bony fish seabream (L6pez-Castejon et al., 2007) and Xenopus
laevis (Paukert et al., 2002). Mammalian P2X7R subunits are 595 amino acids long,
except for in the guinea pig which lacks one residue. These P2X7Rs, and others from
species such as the rhesus macaque monkey (Bradley et al., 2011b), have also been

characterised pharmacologically.

The P2X7R described in this chapter is focussed on the full length receptor. However,
there are also several naturally occurring splice variants with structural differences.
These are named P2X7A-K, P2X7A being the full length protein. One of the best
characterised is P2X7B, which has a similar tissue distribution to P2X7A
(Cheewatrakoolpong et al., 2005) but due to a premature stop codon lacks the last 171
amino acids and therefore has no C-terminus. Due to this truncation, P2X7B can form
ion channels but does not have the large pore forming functionality described in section
1.3.1.2 (Adinolfi et al., 2010). Other splice variants are less well characterised. P2X7C-
F lack various exons coding for sections of the extracellular domain and are non-
functional. P2X7G and H are also non-functional but contain an additional exon which
means they do not have a TM1 domain (Cheewatrakoolpong et al., 2005). In contrast,
P2X71 contains the uncommon loss-of-function 1513A>C (E496A) mutation. This gives
rise to a null allele which abolishes pore formation (Skarratt et al., 2005). A further splice

variant, P2X7J, was originally identified in cervical cancer cells. This is a severely
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truncated P2X7R 258 amino acids in length, missing the C-terminus, TM2, and the distal
third of the extracellular loop. It is non-functional and does not bind ligands, although it
does heteroligomerise with WT subunits. It has been suggested that this antagonises
the apoptosis initiated by the full-length receptor in cancer cells (Feng et al., 2006).
Finally, P2X7K is the most recently characterised splice variant which was identified in
the rat gene (Nicke et al., 2009). Variations in both the N-terminus and TM1 domain give
it a sensitivity to BzATP 8-fold higher than at P2X7A in addition to much slower
deactivation kinetics, increased rates of dye uptake and membrane blebbing. This splice
variant is not inactivated in GlaxoP2X7 -/- mice, which has caused some ambiguity in
studies of the P2X7R as described in section 1.3.4 (Nicke et al., 2009). As of yet P2X7K

has not been identified in humans.

1.3.1 Unique receptor properties of P2X7

Different P2XR subtypes have unique characteristics, for example the P2X5R which is
an anomaly due to its significant permeability to chloride ions (Bo et al., 2003a).
However, the P2X7 subtype is distinctive in numerous ways which distinguish it from the

others in the family.

1.3.1.1 Agonist response

The first of these characteristics is its response to agonists. P2X1-6 are stimulated by
submicromolar concentrations of ATP. In contrast, the P2X7R is significantly less
sensitive to this native agonist and requires submillimolar to millimolar concentrations of

ATP to activate it (North and Barnard, 1997) as further described in section 1.3.2.

1.3.1.2 Pore formation

During short-term activation (over seconds), the P2X7R acts as an ion channel which
conducts cations such as calcium, sodium and potassium. However, prolonged
activation over many seconds or minutes increases receptor permeability, allowing

molecules up to 900 Daltons in size into the cell (Steinberg et al., 1987). Whilst this pore-
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forming function is primarily attributed to the P2X7R, it also occurs in the P2X2R,
P2X2/3R, P2X2/5R and P2X4R (Li et al., 2015). N-methyl-D-glucamine (NMDG) and
fluorescent dyes such as YO-PRO-1, Lucifer yellow and ethidium can enter and are
commonly used to study this receptor function (Wei et al., 2016). This fascinating
functionality has been the subject of much investigation, and yet to date a mechanism
that satisfactorily explains the current evidence has not been proposed. Two main
methods are used to investigate pore formation, this first of which is to carry out patch
clamp recording with sodium and NMDG as the intracellular and extracellular cations,
respectively. Subsequently analysing the current reversal potential can give an indication
of membrane permeability to the large molecule NMDG (Khakh et al., 1999). The second
is to measure the intracellular accumulation of fluorescent dyes such as YO-PRO-1 or

ethidium by fluorescence microscopy (Roger et al., 2010b).

There are two prominent theories concerning how the P2X7R forms this large pore
(Alberto et al., 2013; North, 2002); either that the ion channel dilates to accommodate
larger molecules or that a different protein is recruited to act as the pore. The ‘pore
dilation’ hypothesis was devised as a result of the increase in permeability to NMDG and
YO-PRO-1 of cells expressing the P2X7R (Virginio et al., 1999b). However, more
recently a study has shown that prolonged stimulation of such cells can lead to an
increase in permeability to YO-PRO-1 but not NMDG. This, in addition to evidence that
deletion of a cysteine-rich microdomain in the C-terminus prevents the reversal potential
shift (indicating NMDG permeability) but not YO-PRO-1 uptake, is an indication that
separate pathways mediate the entry of NMDG and YO-PRO-1 into P2X7R-expressing

cells (Jiang et al., 2005).

The theory that a separate protein is recruited to act as the large pore is largely centred
on Panxl1. This is a membrane channel (Dahl and Locovei, 2006) implicated in pore
formation. It is highly expressed in human and mouse monocytes, macrophages and
astrocytes and co-immunoprecipitates and interacts with the P2X7R. Furthermore,

Panx1 siRNA or Panx1 inhibiting peptides block P2X7R-mediated dye uptake and IL-1
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processing. Because of this, there is plentiful evidence to implicate Panx1 (Pelegrin and
Surprenant, 2006). However, this is refuted in studies which have shown the pore to be
unaffected by Panxl knockout (Alberto et al., 2013) or inhibition with carbenoxolone or
inhibitory peptides (Bhaskaracharya et al., 2014). Additionally, recent evidence shows
that the P2X7R ion channel can dilate to form the pore (Browne et al., 2013). Together,
it appears that the pore dilation hypothesis is the more likely of the two most prominent
theories proposed to date, although substantial further study is required before a

concrete conclusion can be drawn.

1.3.1.3 Structure

The P2X7R has the same overall structure that is described in section 1.2.1. However,
one notable difference is that its intracellular C-terminus is 200 amino acids longer than
those of the other P2XRs (Surprenant et al., 1996). This domain interacts with different
proteins (Gu et al., 2009; Kim et al., 2001a) and is required for the formation of the large
pore (Surprenant et al., 1996), as is TM2 (Sun et al., 2013). Furthermore, whilst all P2XR
subunits form homomeric receptors and P2X1-6 form heteromers, the P2X7R is believed
to form homotrimers alone (Nicke, 2008; Boumechache et al., 2009). Whilst there is
some evidence for structural and functional interaction between P2X7 and P2X4 subunits
(Guo et al., 2007), whether these subunits form functional heterotrimers is yet to be

determined.

The P2X7R also undergoes a number of post-translational modifications. The first of
these is N-linked glycosylation, where sugar moieties are covalently attached to specific
amino acids. There are several glycosylation sites in the P2X7R, consisting of Asn187,
Asn202, Asn213, Asn241 and Asn284 in the human isoform (Lenertz et al., 2010). There
is evidence that the C-terminus of the receptor is important for mediating the proper
processing of N-linked glycosylation modifications. Mutating Arg578 within the trafficking
domain of the C-terminus leads to defective P2X7R modification in the endoplasmic

reticulum, causing reduced receptor activity and presence at the cell surface (Wickert et
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al., 2013). This is an indication of the importance of these post-translational modifications

in determining P2X7R function.

The P2X7R additionally undergoes palmitoylation, during which fatty acids such as
palmitic acid are covalently attached to cysteines. This process is also mediated by the
C-terminus. Mutation of intracellular cysteines abolishes P2X7R palmitoylation and leads
to protein retention in the endoplasmic reticulum, resulting in a decrease in cell surface
expression (Gonnord et al., 2009). This post-translational modification has also been
shown to promote P2X7R association with lipid rafts (Robinson et al., 2014), which play
an important role in the organisation of signalling pathways such as the P2X7R-mediated

inflammatory response (Robinson and Murrell-Lagnado, 2013).

One further modification is ADP-ribosylation, whereby the ADP-ribosyltransferase (ART)
ecto-enzyme ART2.2 covalently attaches ADP-ribose to the extracellular domain of the
P2X7R. This attachment occurs at Arg125 in the ‘head’ region (Figure 1.4A) at the
interface of two receptor subunits (Adriouch et al., 2008; Hattori and Gouaux, 2012). The

effect of this modification is described in further detail in section 1.3.2.

1.3.1.4 Facilitation

The P2X7R displays current facilitation in response to repeated agonist application,
which is unique in that the other P2XRs desensitise (North, 2002). The underlying
mechanism has been shown to be a result of a distinct calcium- and calmodulin-
dependent process (Roger et al., 2008). However, facilitation at the human receptor is
5-fold slower than at the rat receptor. Investigation of chimeric rat/human receptors has
demonstrated that the hP2X7R shows only calcium-dependent facilitation due to it
lacking the calmodulin binding domain present in the C-terminus of the rP2X7R (Roger
et al., 2010a). The basis of this facilitation has been in part described by the mathematical
modelling of ATP binding at the P2X7R and its kinetics. A sixteen-state Markov model
developed by the Stojilkovic group suggested that P2X7Rs with one or two ATP

molecules bound slowly transition to a desensitised state, whereas those with three ATP
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binding sites occupied switch to a sensitised or dilated state (Khadra et al., 2013). Such

modelling has been a useful tool in expanding our understanding of P2X7R function.

1.3.2 Agonists

Of the P2XRs, the P2X7R has a distinctive agonist profile. As mentioned above, all
P2XRs are activated by ATP, but the P2X7Rs have 30-100 times lower sensitivity to ATP
compared to the others and require submillimolar concentrations for activation. In
contrast, BzATP is commonly used in studies as it stimulates the P2X7R with
approximately 30-fold higher potency than ATP (Surprenant et al., 1996; Bianchi et al.,
1999; Young et al., 2007). Interestingly, there is a difference in the sensitivity of the
hP2X7R to these two agonists compared to other species. The ECsy of ATP at the
hP2X7R was approximately 10-fold greater than at the rP2X7R and for BZATP this was
25-fold greater (Rassendren et al., 1997). Compared to this, the rhesus macaque
monkey P2X7R (rmP2X7R) was approximately half as sensitive to both ATP and BzATP
as the hP2X7R (Bradley et al., 2011b) and the mouse P2X7R has a similar sensitivity to
ATP compared to the human receptor but requires almost double the concentration of
BzATP (Chessell et al.,, 1998). Of the species that have been characterised
pharmacologically, the dog receptor response most resembles that of the human
(Roman et al., 2009). Studies have identified two residues, Asp284 and Lys127, that
affect the species-dependent difference in agonist potency between rat and mouse.
Asp284 alone fully accounted for the 10-fold difference in ATP sensitivity, whereas
Asp284 and Lys127 together affected the 100-fold difference in BZATP sensitivity (Young

et al., 2007).

The hP2X7R is also activated by ADP-ribosylation. This is an enzyme-catalysed post-
translational modification which involves the covalent attachment of ADP-ribose from the
coenzyme nicotinamide adenine dinucleotide (NAD) to Arg125. This process is catalysed

by ADP-ribosyltransferases (ARTS), specifically the subtype ART2.2. The addition of the
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bulky, negatively charged ADP-ribose usually inactivates proteins by sterically blocking
their interactions with their targets. However, P2X7 is activated due to the fact that ADP-
ribose shares a common adenine-ribonucleotide moiety with ATP. Attaching this moiety
to Argl25 brings ADP-ribose into close proximity with the ATP binding site, thereby

activating the channel (Adriouch et al., 2008; Hattori and Gouaux, 2012).

1.3.3 Antagonists

The structures of the P2X7R antagonists described here are shown in Figure 1.8.

1.3.3.1 Oxidised ATP

An early P2X7R antagonist was oxidised ATP (0ATP), which irreversibly blocks the
P2X7R at micromolar concentrations provided cells are incubated with it for at least two
hours (Murgia et al., 1993; Surprenant et al., 1996). As such, oATP was used in early

studies but has since been replaced with the more effective inhibitors described below.

1.3.3.2 AZ11645373

AZ11645373 is a non-competitive P2X7R antagonist identified through high throughput
screening. It has slow onset of inhibition ranging up to several minutes for lower
nanomolar concentrations. Inhibition is slowly reversible, with full recovery taking up to
30 minutes after washout of higher concentrations (Stokes et al., 2006; Michel et al.,
2009). This antagonist can inhibit receptor functions including P2X7R-evoked membrane
currents, large pore formation and IL-1(3 release (Stokes et al., 2006). AZ11645373 is
species specific and inhibits the human (Stokes et al., 2006), rhesus monkey (Bradley et
al., 2011b) and dog (Roman et al., 2009) P2X7Rs potently, the mouse and guinea-pig
receptors weakly and does not inhibit the rat receptor (Michel et al., 2009). In the species
in which this compound is most effective, AZ11645373 has potency in the low nanomolar

range (Stokes et al., 2006).
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1.3.3.3 Coomassie brilliant blue G

Coomassie brilliant blue G (BBG) is a non-competitive inhibitor of P2X7Rs, acting with
an ECso of 10 and 200 nM at the rat and human receptors, respectively (Jiang et al.,
2000a). This antagonist has also been shown to have an ICso of 20 nM at the guinea pig
receptor (Fonfria et al., 2008). BBG prevents membrane blebbing and large pore
formation in rP2X7R-expressing cells and has been shown to be largely specific to the
P2X7R, inhibiting the P2X2R with a lower efficacy (Jiang et al., 2000a). BBG is a
structural analogue of a Food and Drug Administration-approved food dye and has been

proposed in several studies as a potential basis for drug development.

1.3.3.4 A-740003

A-740003 is a highly selective P2X7R antagonist which acts competitively and reversibly.
It is effective in blocking BzATP-evoked IL-18 release and large pore formation in human
THP-1 cells (Honore et al., 2006) and its structural modification has been explored in
attempts to produce a novel tracer of P2X7R-mediated neuroinflammation (Janssen et
al., 2014). This is a further example of a P2X7R inhibitor which exhibits species
specificity. It acts potently at the human and rat isoforms, being effective in the low
nanomolar range, whilst in others such as the mouse it is slightly less effective (Donnelly-

Roberts et al., 2009).

1.3.3.5 SB203580

SB203580 was initially identified as a mitogen activated protein kinase inhibitor. Further
study showed that this compound is also a non-competitive hP2X7R antagonist which
has no effect at the rat nor mouse P2X7Rs (Michel et al., 2006). However, it inhibits the
hP2X7R fairly weakly with an ICso of approximately 6 pM. Mutagenesis studies have
identified an amino acid which determines the species specificity of this compound. The
residue at position 95 is phenylalanine in the human receptor and leucine in the rat, and
FO5L mutation into the human receptor vastly reduced SB203580 inhibition (Michel et

al., 2008). The importance of residue at this position in species difference of SB203580



Table 1.3 Common P2X7R antagonists

Species | 0ATP | AZ11645373 | BBG | A-740003 | SB203580 | KN-62 | A-438079 | Emodin References
(Stokes et al., 2006; Michel et al., 2009;
y 0.005-0.09, 0.2, 0.0 04 6 0.013, 0122 5 Jiang et al., 2000a; Honore et al., 2006;
uman : A4-4, : . - Mi
0.034 03 0.02 Donnelly-Roberts et al., 2909, Mlchel-et
al., 2006; Gargett and Wiley, 1997; Liu
et al., 2010)
Rhesus
0.023 0.086 0.297 (Bradley et al., 2011b)
monkey
Dog 0.039 0.05 Partial 0.01 (Michel et al., 2009; Roman et al., 2009)
(Stokes et al., 2006; Jiang et al., 2000a;
0.2,0.5, | Honore et al., 2006; Donnelly-Roberts
Rat >10 0.01 0.018 >10 >100 0.31,0.32 3.4 et al., 2009; Michel et al., 2006;
' Humphreys et al., 1998; McGaraughty
et al., 2007; Liu et al., 2010)
(Murgia et al., 1993; Michel et al., 2009;
Mouse 30 1.45 <100 | 0.75,1.73 >10 >100 0.79, 0.55 Donnelly-Roberts et al., 2009; Michel et
al., 2006)
Guinea-pig 1.15 0.023 0.131 (Michel et al., 2009; Fonfria et al., 2008)

The value for each compound is presented as the ICso in pM.

39




40

is shown in structural analysis of ligand-receptor interactions (see chapter 3).

1.3.3.6 KN-62

KN-62 was initially identified as a calcium/calmodulin-dependent protein kinase I

(CaMKIl) inhibitor (Tokumitsu et al., 1990; Hidaka and Yokokura, 1996) and was

subsequently shown to inhibit the P2X7R. KN-62 is potent at the human and mouse
P2X7R where it completely inhibits function at 500 nM, but is ineffective at the rat
orthologue (Gargett and Wiley, 1997; Humphreys et al., 1998). Inhibition has a slow
onset, over a period of several minutes, and is only partially reversible upon washout
(Gargett and Wiley, 1997). KN-62 potency increases markedly when the incubation
period is prolonged (Donnelly-Roberts et al., 2009). This compound inhibits ATP-induced
cation influx, large pore formation and phospholipase D activation (Gargett and Wiley,
1997). Interestingly, KN-62 completely inhibits both ATP and BzATP-mediated currents,
but only partly inhibits ethidium uptake stimulated by BzATP whilst fully inhibiting that

stimulated by ATP (Humphreys et al., 1998).

1.3.3.7 KN-62 derivatives

KN-62 was the first small molecule P2X7R antagonist that was identified, and as such
has been maodified in order to develop new inhibitors. KN-04 is a structural analogue of
KN-62 which inhibits the P2X7R without affecting CaMKIl (Humphreys et al., 1998).
Further structural modification of KN-62 was carried out by Baraldi et al, who produced
several inactive or weak antagonists (Baraldi et al., 2000; Baraldi et al., 2002) before
introducing different phenyl-substituted piperazine moieties which resulted in a number
of effective inhibitors. Compound 63, the most potent, had an I1Cso of 1.3 nM (Baraldi et

al., 2003).

In addition to these compounds, a frequently used KN-62 structural analogue is A-
438079 (Nelson et al., 2006). This is a competitive antagonist capable of blocking
calcium flux in human and rat recombinant P2X7 cell lines, large pore formation and IL-

1B release in human THP-1 cells (Nelson et al., 2006) as well as BzATP-induced currents
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in DRG cells and IL-1P release in macrophages (McGaraughty et al., 2007). A-438079
has an 1Cso of 320 nM at the rat receptor but does not inhibit the P2X1, P2X2, P2X2/3,
P2X4, P2Y1 and P2Y2 receptors as determined by a calcium influx assay (McGaraughty

et al., 2007).

1.3.3.8 Emodin

A relatively recent P2X7R-specific antagonist is Emodin, an anthraquinone derivative
extracted from Rheum ofiicinale Baill (Chinese rhubarb). This compound reduces ATP-
induced death in rat macrophages with an ICso of 0.2 uM, and strongly inhibits ATP-
induced pore formation as well as BzATP-evoked currents in HEK293 cells transfected
with the rP2X7R with an 1Cso of 3.4 yM (Liu et al., 2010). This compound is effective in
antagonising P2X7R physiological functions including IL-1 secretion, ROS production
and phagocytosis in rat macrophages (Zhu et al., 2014) as well as inhibiting the

invasiveness of human cancer cells (Jelassi et al., 2013) (Table 1.3).

1.3.3.9 Nucleoside reverse transcriptase inhibitors

Nucleoside reverse transcriptase inhibitors (NRTIs) are used to treat HIV. Recently, the
NRTI stavudine has been demonstrated to have anti-inflammatory activity by blocking
Alu RNA- or LPS/ATP-induced caspase-1 activation which leads to NLRP3
inflammasome activation (see section 1.3.5.1). This is independent of its reverse
transcriptase inhibition and, interestingly, appears to preferentially (although not
completely) block large pore formation by P2X7R whilst not affecting the ion channel
(Fowler et al., 2014). Further pharmacological characterisation of the activity of this
compound on the P2X7R is desirable but its efficacy in animal models of retinal pigment
epithelium degeneration, graft-vs-host disease, liver inflammation and tumour

angiogenesis is promising (Jiang, 2015; Fowler et al., 2014).

1.3.3.10 JNJ- compounds

Recently, a series of brain-penetrating P2X7R antagonists have been developed

(Letavic et al., 2013). One of these is JNJ-42253432, which acts at the human, rat and
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mouse P2X7Rs with ICses ranging from 3-78 nM in calcium flux, IL-1B release and
electrophysiology assays. It also improves rat models of hyperactivity but not neuropathic
pain or inflammatory pain (Lord et al., 2014). Additionally, the same study showed that
JNJ-47965567 is highly selective and inhibits the human, macaque, dog, rat and mouse
subtypes with 1Cses of 5-63 nM in the cell-based assays. It is also effective in animal
models of CNS pathology (Bhattacharya et al., 2013) and as such has been utilised in

studies of epilepsy (Jimenez-Pacheco et al., 2016; Jimenez-Mateos et al., 2015).

1.3.4 Expression

The P2X7R is widely expressed in mammals. It has been located by reverse transcription
polymerase chain reaction (RT-PCR) and functional analysis in cells of hematopoietic
origin such as B and T lymphocytes, microglia, macrophages, monocytes and mast cells
(Coutinho-Silva et al., 1999; Greenberg et al., 1988; Hickman et al., 1994; Hughes et al.,
2007). P2X7R expression has also been detected in salivary glands, the pancreas,
pituitary glands, epithelia, osteoclasts and osteoblasts, liver, heart, thymus, vas deferens
and DRG (Tenneti et al., 1998; Luo et al., 1999; Stojilkovic et al., 2010; Groschel-Stewart
et al., 1999; Grol et al., 2009; Rassendren et al., 1997; Queiroz et al., 2003; Chen et al.,
2012b). This wide-ranging expression reflects the variety of physiological processes and

diseases in which this receptor has been implicated (see sections 1.3.5 and 1.3.6).

Further to this, antibodies raised against amino acids 576-595 of the rat receptor subunit
have been used to demonstrate P2X7R expression at presynaptic terminals in synapses
of the peripheral and central nervous systems (Armstrong et al., 2002; Deuchars et al.,
2001; Sperlagh et al.,, 2002). However, controversy has arisen with respect to the
specificity of the antibodies used in these studies. A study investigating P2X7R
expression in rodent brain neurons found that antibodies targeting different receptor
epitopes could not detect similar expression patterns in various brain areas (Sim et al.,

2004). Western blots from brain tissue from two P2X7R knockout mice, GlaxoP2X7 -/-
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(Chessell et al., 2005) and Pfizer P2X7 -/- (Solle et al., 2001), showed P2X7R-sized
bands (Sim et al., 2004). It has been suggested that these antibodies could detect splice
variants which have escaped deletion in the knockout mice, for example the P2X7K
splice variant which was not deleted in the GlaxoP2X7 -/- mouse (Nicke et al., 2009) and
P2X7 C-terminal truncated variants, 13B and 13C, which were not deleted in the Pfizer
P2X7 -/- mouse (Masin et al., 2012). This complicates studies into P2X7R expression,

although a functional role for this receptor in neurons is clear (see section 1.3.5.4).

1.3.5 Physiological functions

1.3.5.1 Cytokine release

The P2X7R plays a pivotal role in the processing and release of interleukin-13 (IL-13)
(Ferrari et al.,, 2006), a pro-inflammatory cytokine which mediates host-defence
responses to injury and infection (Netea et al., 2010). The NLRP3 inflammasome is a
multiprotein complex vital for the processing and activation of IL-13 (Guo et al., 2015).
Prior to activation, NLRP3 requires two separate steps. The first of these is for a stimulus
such as lipopolysaccharide (LPS) binding to the toll-like receptor 4, which induces the
expression of biologically inactive pro-IL-1p. The second is for a signal which can activate
NLRP3 and cause formation of the inflammasome complex, such as a P2X7R-mediated
drop in intracellular potassium (Karmakar et al., 2016; Franceschini et al., 2015). This
allows caspase-1 to process the inactive precursor pro-IL-1p by proteolytic cleavage
(Brough and Rothwell, 2007; Ferrari et al., 2006) and results in the secretion of
biologically active or mature IL-1B. The absence of the P2X7R in knockout mice leads to
a lack of post-translational processing of pro-IL-13 present in macrophages, which is not
released in its mature form (Solle et al., 2001). In addition, LPS-dependent IL-1( release
in microglial cells is inhibited by oATP (Ferrari et al., 1997). In human monocytes, the
loss-of-function E496A mutation results in significantly impaired release of the

proinflammatory cytokine IL-18 (Sluyter et al., 2004a) and a marked reduction in IL-1
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release (Sluyter et al., 2004b). In contrast, P2X7Rs containing the gain-of-function
mutations Q460R and A348T correlate with increased IL-1f secretion from LPS-primed

monocytes (Stokes et al., 2010).

1.3.5.2 Cell death

Sustained exposure of immune cells to high concentrations of extracellular ATP results
in necrotic or apoptotic cell death dependent on P2X7R activity (North, 2002; Burnstock,
2002). Necrosis is the premature death of cells and is characterised by loss of cell
membrane integrity, resulting in the leakage of intracellular materials into the
extracellular milieu (Berghe et al., 2014). Apoptosis is a form of programmed cell death
featuring specific changes within the cell including nuclear condensation and
fragmentation, cell shrinkage and membrane blebbing (Ouyang et al., 2012). The
intercalating agent propidium iodide (PI) has been used to stain dead cells to
demonstrate ATP-induced cell death in murine thymocytes (Le Stunff et al., 2004) and
Jurkat cells (Aguirre et al., 2013) as well as that stimulated by amyloid  peptide in glial

cells (Wakx et al., 2016).

P2X7R activation also affects cell morphology. Large morphological changes and
membrane blebbing in response to extracellular ATP have been observed in P2X7R-
transfected HEK293 cells (Virginio et al., 1999a) as well as cells which endogenously
express the P2X7R such as macrophages (Verhoef et al., 2003; Perregaux and Gabel,
1994) and dendritic cells (Ferrari et al., 2000). Membrane blebbing is one of the most
prominent hallmarks of apoptosis (Mills et al., 1998; Coleman et al., 2001) and is thought
to be a result of cytoskeletal rearrangement in which the P2X7R plays a role. Application
of high-dose BzATP to P2X7R-expressing cells causes disassembly of focal adhesion
complexes resulting from a loss of the membrane-cytoskeletal interactions, clustering of

a-tubulin and the redistribution of F-actin (Mackenzie et al., 2005).

A further characteristic of apoptosis is DNA fragmentation (Gavrieli et al., 1992). ATP

application causes DNA fragmentation in the mouse microglial cell line N13 but not when
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lower concentrations of ATP or other nucleotides are applied (Ferrari et al., 1999). This
phenomenon is also seen in mesangial cells, where it can be induced by BzATP and
inhibited by oATP (Schulze-Lohoff et al., 1998), and in P2X7R-expressing cell lines
including cervical epithelial cells (Wang et al., 2004a), gingival epithelial cells (Yilmaz et
al., 2008) and thymocytes (Le Stunff et al., 2004). Overall, P2X7R involvement in cell

death is one of its more interesting characteristics from a pharmaceutical perspective.

1.3.5.3 Cell proliferation

The P2X7R has also been shown to be involved in cell proliferation. Increased
proliferation is seen in human T lymphocytes stimulated with BzZATP or ATP (Baricordi
et al., 1996). Cells transfected with P2X7R cDNA also proliferate in serum-free medium,
whilst cells lacking this receptor do not. Similarly, incubation of P2X7R-expressing cells
with oATP or the ATP hydrolysing enzyme apyrase abolishes any proliferation increase
(Baricordi et al., 1999). The presence or absence of serum in the cell media appear to
determine whether ATP causes P2X7R-mediated cell proliferation or death.
Furthermore, microglial cell exposure to LPS prevents proliferation and causes
differentiation. This correlates with reduced P2X7R expression. Similarly, P2X7R
inhibition by oATP, KN62 and BBG or knockdown by siRNA decrease cell proliferation,
demonstrating that reduced P2X7R activity is important in the antiproliferative effect of

LPS in microglia (Bianco et al., 2006).

Mitochondria play a central role in cell proliferation (Antico Arciuch et al., 2012). P2X7R
transfected cells exhibit physiological changes in their mitochondria including increased
resting mitochondrial potential, increased basal mitochondrial calcium and increased
cellular ATP content. P2X7R expression also confers the ability to grow in serum-free
medium (Adinolfi et al., 2005). This depends on large pore formation, as proliferation is
abolished in cells expressing the P2X7R missing the C-terminal tail (Smart et al., 2003).
The group conducting this study theorised that tonic P2X7R activity causes a constant
‘leak’ of calcium across the mitochondrial membrane, increasing basal metabolic activity

and stimulating ATP synthesis. This pathway may allow cell proliferation in the absence
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of serum. The cell death induced by high concentrations of ATP could be due to
increased calcium influx to the mitochondria leading to calcium overload, fragmentation

of the mitochondrial network and apoptosis (Adinolfi et al., 2005).

1.3.5.4 Neuronal function

The P2X7R is present at presynaptic terminals in synapses of both the peripheral and
central nervous systems (Armstrong et al., 2002; Deuchars et al., 2001; Sperlagh et al.,
2002). Deuchars et al showed by whole-cell patch clamp of rat spinal cord slices that
P2X7R activation caused excitation of CNS neurons through glutamate release. BzATP
application also caused depolarisation of neurons which was inhibited by oATP and BBG
(Deuchars et al., 2001). ATP also stimulates GABA and glutamate release in mouse
hippocampal slices which can be prevented by PPADS and BBG, a phenomenon
virtually absent in P2X7R-deficient mice (Papp et al., 2004). Additionally, exposure of
mouse brainstem slices to BzATP elicits excitatory postsynaptic currents (EPSCs) in
hypoglossal motor neurons which are prevented by BBG (Ireland et al., 2004). P2X7R
expression in rat cerebrocortical glutamatergic nerve terminals is also important for
calcium-dependent vesicle release which contributes to glutamate release (Marcoli et
al., 2008). A further study found that P2X7Rs expressed on presynaptic terminals of
mossy fibre synapses in the rat hippocampus mediated inhibition of neurotransmission
when stimulated by BzATP, which was blocked by oATP (Armstrong et al., 2002).
Similarly, BzZATP application in mouse hippocampal mossy fibre CA3 synapses was
shown to depress field potentials (Kukley et al., 2004). However, contradictorily, this
depression was not altered by P2X7R knockout in mice but was blocked by the Al
receptor antagonist DPCPX (Kukley et al., 2004). As such the role of P2X7Rs in mossy-

fibre CA3 synapses is a subject that would benefit from further investigation.

1.3.5.5 Neuron-glial interactions

The P2X7R is also implicated in the interaction between neurons and glial cells. One

study found that the P2X7R provides a route for excitatory amino acid release from
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astrocytes. L-glutamate and D-aspartate were released from astrocytes stimulated with
BzATP more potently than ATP, which was amplified by low divalent cation medium and
blocked by PPADS and oATP (Duan et al., 2003). Astrocytes also release
neurotransmitters in a manner that is activated preferentially by BzATP over ATP, whilst
being blocked by BBG and absent in P2X7R null mice (Suadicani et al., 2006).
Additionally, ATP released after electrical stimulation of DRG activates P2X7Rs
expressed on satellite cells wrapped around each DRG neuron, initiating communication
between glial cells and the neuronal somata. P2X7R activation can also cause the
emission of tumour necrosis factor a, which in turn affects P2X3R responses in order to
increase the excitability of DRG neurons (Zhang et al., 2007). A further study showed
that P2X7R activation in satellite cells causes ATP release, which in turn activates the
P2Y1 receptor and down-regulates P2X3R expression in DRG neurons to mitigate

P2X3R-mediated pain (Chen et al., 2008).

1.3.5.6 Bone homeostasis

The P2X7R is expressed on osteoclasts and osteoblasts (Table 1.2). P2X7R signalling
is also required for calcium signalling between the two cell types and, therefore, also
bone formation and remodelling (Jgrgensen et al., 2002). A link between the P2X7R and
osteoclasts is seen in functions including apoptosis (Ohlendorff et al., 2007),
multinucleated cell formation (Gartland et al., 2003a) and NF-kB activation (Korcok et
al., 2004). In osteoblasts the P2X7R activates downstream extracellular signal-regulated
kinases which follow fluid flow to induce ATP and stimulate mineralisation (Panupinthu

et al., 2007; Panupinthu et al., 2008; Li et al., 2005; Okumura et al., 2008).

Several studies have been carried out to examine the effect of P2X7R knockout in mice
on bone homeostasis, although the results have often been contradictory due to their
use of knockout mice that in fact still express various P2X7R variants. These animals
have been shown to exhibit impaired periosteal bone formation and increased trabecular
bone resorption (Ke et al., 2003). However, a subsequent study found no obvious

skeletal phenotype (Gartland et al., 2003b). Syberg et al showed that mice with P2X7Rs
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containing the loss-of-function P451L mutation had weaker femurs and lower levels of
the bone resorption marker C-telopeptide collagen compared to WT, in addition to their
macrophages having less large pore-forming activity in osteoclasts (Syberg et al.,
2012b). The same group investigated several strains of P2X7R knockout mice and found
that, overall, receptor knockout contrarily led to mice with higher bone mineral density
and increased bone strength compared to WT mice (Syberg et al., 2012a; Orriss et al.,
2011). Overall this implicates the P2X7R as being involved in bone metabolism in a

multifaceted manner, although in vivo studies are differing and require further research.

1.3.6 P2X7 receptor in disease

The P2X7R is a desirable target for the development of therapeutic compounds due to
its relation to various diseases. The characteristics of the P2X7R mean that if its activity
is affected, either by alterations in its levels of expression or function, the downstream
effects can trigger a variety of conditions. It must also be noted that non-synonymous
single nucleotide polymorphisms (NS-SNPs) are an important factor in connecting this
receptor to disease. The P2XR genes (the P2RX gene family) are highly polymorphic
and the hP2X7R in particular contains a large number of NS-SNPs. These
polymorphisms have been identified as a genetic factor which impacts the susceptibility
of individuals to a series of conditions. NS-SNPs relevant to disease are summarised in

Table 1.4.

1.3.6.1 Pain

Altered P2X7R function is linked to chronic pain conditions (Sorge et al., 2012; Donnelly-
Roberts and Jarvis, 2007; Chessell et al.,, 2005). P2X7R-mediated IL-1B release
mediates numerous downstream events related to pain (Ren and Torres, 2009), and
P2X7 knockout in mice has been shown to interrupt cytokine signalling cascades and
consequently diminish IL-13 processing (Labasi et al., 2002). As such, P2X7 null mice

lack both inflammatory and neuropathic hypersensitivity in response to mechanical and



Table 1.4 Disease-associated NS-SNPs in the P2RX7 gene

Nucleotide | Amino acid : -
Implicated conditions References
change change
370T>V A76V Multiple sclerosis (Oyanguren-Desez et al., 2011)
474G>A G150R Osteoporosis (Husted et al., 2013; Wesselius et al., 2013)
Multiple sclerosis, chronic pain, severe © b tal 2011 S Cal. 2012: Geisti Cal
sepsis, yanguren-Desez et al., ; Sorge et al., ; Geistlinger et al.,
489C>T H155Y _ psis. 2012; Emsley et al., 2014)
child febrile seizures
835G>A R270H Chronic pain (Sorge et al., 2012)
946G>A R307Q Osteoporosis (Gartland et al., 2012; Jgrgensen et al., 2012)
Osteoporosis, anxiety disorder, (Husted et al., 2013; Jgrgensen et al., 2012; Wesselius et al., 2013;
1068G>A A348T toxoplasmosis Erhardt et al., 2007; Jamieson et al., 2010)
1096C>G T357S Osteoporosis (Gartland et al., 2012)
Osteoporosis: severe sepsis. binolar (Husted et al., 2013; Jgrgensen et al., 2012; Wesselius et al., 2013;
1405A>G Q460R . P » PSIS, bIp . | Geistlinger et al., 2012; Barden et al., 2006; Lucae et al., 2006; McQuillin
disorders and major depressive disorders S
et al., 2008; Hejjas et al., 2009)
Osteoporosis, tuberculosis, (Gartland et al., 2012; Husted et al., 2013; Jagrgensen et al., 2012;
1513A>C E496A _ _ Ohlendorff et al., 2007; Wesselius et al., 2013; Fernando et al., 2007;
cardiovascular risks Nifio-Moreno et al., 2007; GidIof et al., 2012)
1729T>A 1568N Osteoporosis (Gartland et al., 2012; Jgrgensen et al., 2012; Ohlendorff et al., 2007)

Table adapted from (Caseley et al., 2014). *Association with bipolar disorders and major depressive disorders is refuted by the following studies: (Green

et al., 2009; Grigoroiu-Serbanescu et al., 2009).
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thermal stimuli, but have normal pain responses (Chessell et al., 2005).

P2X7R-specific antagonists are effective in in vivo pain models. oATP relieves
inflammatory pain when applied locally to arthritic rat paws (Dell’Antonio et al., 2002),
A740003 dose-dependently reduces neuropathic pain in rats in the spinal nerve
ligationmodel, chronic constriction injury of the sciatic nerve and vincristine-induced
neuropathy (Honore et al., 2006). Similarly, A438079 is anti-allodynic in these three rat
models of neuropathic pain (McGaraughty et al., 2007). In addition to animal models, a
large-scale genetic study in humans has identified the gain-of-function H155Y and loss-
of-function R270H mutations to confer greater or reduced sensitivity to chronic pain,

respectively (Sorge et al., 2012) (Table 1.4).

1.3.6.2 Affective mood disorders

Mood disorders encompass illnesses including major depressive disorder (MDD), bipolar
disorder (BD) and anxiety disorder (AD). A large scale genetic study initially identified
the P2RX7 gene as a locus of interest with respect to mood disorders (Shink et al., 2005),
and subsequent studies have been carried out with opposing results. The 1405A>G and
1068G>A polymorphisms, resulting in Q460R and A348T mutations respectively, have
been implicated in the pathogenesis of BD (Barden et al., 2006; Lucae et al., 2006;
McQuillin et al., 2008; Hejjas et al., 2009), MDD (Hejjas et al., 2009) and AD (Erhardt et
al., 2007). However, other studies found no link (Green et al.,, 2009; Grigoroiu-
Serbanescu et al., 2009; Sklar et al., 2008; Sklar et al., 2011). As such whilst there is

evidence for a connection with affective mood disorders, much of this is contradictory.

A link between the P2X7R and mood disorders is possible due to its expression on
astrocytes and microglia in the CNS (Rappold et al., 2006; Kukley et al., 2001; Sperlagh
et al., 2006) in conjunction with its role in calcium signalling and neurotransmitter release
(Wang et al., 2002; Sperlagh et al., 2002). Changes in intracellular calcium have been
reported in patients suffering from mood disorders (Andreopoulos et al., 2004). However,

there is contradictory evidence regarding the effects of the Q460R and A348T mutations
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on receptor function, as they appear to cause no clear loss- or gain-of-function effects

(Roger et al., 2010b; Cabrini et al., 2005; Bradley et al., 2011a).

1.3.6.3 Bone diseases

The P2X7R has been linked to osteoporosis and bone fracture risk. Osteoporosis causes
a progressive loss of bone mineral density (BMD) and deterioration of the
microarchitecture of bone, increasing fracture risk (Kanis et al., 1994). P2X7 knockout in
mice reduces cortical bone content, periosteal bone formation and periosteal
circumference in femurs (Ke et al., 2003), as well as diminishing the effect of mechanical
loading on periosteal bone formation (Li et al., 2005). Furthermore, P2X7 knockout mice
do not lose BMD in an inflammation-mediated osteoporosis model, whereas WT mice

exhibit loss of BMD, bone strength and trabecular microarchitecture (Kvist et al., 2015).

Human genotyping studies have linked NS-SNPs in the P2RX7 gene with bone disease.
Generally, loss-of-function mutations correlate with lower BMD and increased fracture
risk. The loss-of-function mutations 1513A>C (E496A) and 1729T>A (I568N) have been
associated with increased vertebral fracture rate (Ohlendorff et al., 2007) and rate of
bone loss (Jgrgensen et al., 2012). 946G>A (R307Q) is linked to lower spine BMD
(Gartland et al., 2012) and increased bone loss (Jgrgensen et al., 2012). 474G>A
(G150R) correlates with lower hip BMD in both men and women (Husted et al., 2013)
and 1513A>C (E496A) leads to decreased BMD in the hip and lower lumbar spine in
women and in the lower hip in men (Husted et al., 2013) (Table 1.4). Similarly, the loss-
of-function P451L in mice increased susceptibility to osteoporosis (Syberg et al., 2012b).
Conversely the gain-of-function mutations 1068G>A (A348T) and 1405A>G (Q460R) are
associated with increased BMD and lower vertebral fracture incidence (Jgrgensen et al.,
2012; Husted et al., 2013; Wesselius et al., 2013). These effects seem to be mainly
determined by 1068G>A in men and the 1405A>G and 1513A>C polymorphisms in
women (Husted et al., 2013). It is apparent that the P2X7R has a complex but clear link

to bone disease.
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1.3.6.4 Neurodegenerative diseases

The P2X7R has been implicated in neurodegenerative (ND) diseases. This includes
multiple sclerosis (MS), an ND disease of the CNS which causes inflammation, axonal
degeneration and white matter lesions with demyelination (Sobel, 2015). In mice,
sustained P2X7R activation induces MS-like lesions. Furthermore, treatment of mice
inflicted with the chronic experimental autoimmune encephalomyelitis (EAE) model of
MS with BBG or oATP diminished demyelination and reduced neurological symptoms
(Matute et al., 2007). P2X7R null mice subjected to the EAE model also have a 4-fold
reduced incidence rate of disease compared to WT mice (Sharp et al., 2008). However,
in contrast a study using the EAE model showed that P2X7R-null mice were more
susceptible to developing MS (Chen and Brosnhan, 2006). In humans, the 370T>C and
489C>T NS-SNPs, corresponding to the gain-of-function A76V and H155Y mutations
respectively, have been linked to increased MS susceptibility (Oyanguren-Desez et al.,
2011). The 946G>A NS-SNP, which causes the R307Q loss-of-function mutation, has
been linked with a protective effect against MS and the resulting neuroinflammation (Gu
et al., 2015). As such the evidence available is in parts conflicting, but does suggest that

this receptor plays a role in MS pathogenesis.

As well as MS, the P2X7R has been linked to Alzheimer’s disease (AD). Animal studies
have shown that the P2X7R is upregulated in models of this disease; this is seen in the
Tg2576 transgenic mouse model carrying an APP(K670N,M671L) double mutation
(Parvathenani et al., 2003) and the APPswe/PS1dE9 mouse model (Lee et al., 2011) as
well as rats injected with amyloid peptide AB42 (McLarnon et al., 2006). Furthermore,
P2X7 blockade in vivo in mouse models has been shown to be neuroprotective. BBG
administration into the AB42-injected rat hippocampus attenuates gliosis as well as being
neuroprotective (Ryu and McLarnon, 2008) and treatment of J20 hAPP transgenic mice

with BBG reduced the incidence of amyloid plaques (Diaz-Hernandez et al., 2012).

Furthermore, the P2X7R has also been implicated in affecting patient recovery following

spinal injury. Acute spinal cord injury (SCI) displays an immediate loss of tissue at the
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site of injury and a subsequent second injury which causes further tissue damage. In rat
models of SCI, oATP or PPADS application significantly improved their recovery (Wang
et al., 2004b). A later study found that the BBG administration in a model of thoracic SCI
in rats reduced damage to the spinal cord and improved motor recovery, implicating the
P2X7R as a promising target for SCI treatment in humans (Peng et al., 2009). Relatedly,
the P2X7R is also associated with the induction, but not maintenance, of morphine
tolerance. Its protein levels are upregulated in the spine following chronic exposure to
morphine. In rat models of morphine tolerance intrathecal administration of BBG reduced
their tolerance and prevented P2X7R upregulation and microglial activation, as did
siRNA knockdown of spinal cord P2X7R (Zhou et al., 2010). This is linked to a
mechanism in the spine whereby chronic morphine application causes interaction
between glia and neurons in the spine through a signalling pathway involving the P2X7R,

IL-18, the N-methyl-D-aspartate receptor and protein kinase Cy (Chen et al., 2012a).

1.3.6.5 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a debilitating disorder characterised by chronic inflammation
of the joints (Arnett et al., 1988). In an animal study of RA, mice were injected with a
panel of four monoclonal antibodies generated against type Il collagen, then injected with
LPS to induce RA-like symptoms. WT mice displayed a severe arthritic phenotype within
7 days of LPS injection, with significant paw swelling and inflammation. In contrast, P2X7
knockout mice were much less likely to develop RA symptoms and when they did these
symptoms were less severe and present in fewer limbs (Labasi et al., 2002). In addition
in humans, the H155Y gain-of-function mutation has been identified as conferring
enhanced function to P2X7Rs expressed on lymphocytes from patients with RA

(Portales-Cervantes et al., 2012). Together this suggests a role for the P2X7R in RA.

1.3.6.6 Infection

The P2X7R is expressed on macrophages, where its activation causes the destruction

of pathogens such as Toxoplasma gondii (T. gondii), a protozoan parasite that can cause
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toxoplasmosis (da Silva and Langoni, 2009). P2X7R activation in macrophages by ATP
and BzATP prevents the increase of the T. gondii parasite load which is prevented by
pre-treatment with BBG, and also induces reactive oxygen species (ROS) production
which is part of the host defence mechanism (Corréa et al., 2010). P2X7R knockout mice
infected with this parasite were more susceptible to developing toxoplasmic ileitis (Miller
et al.,, 2015). In humans, macrophages from patients expressing the loss-of-function
E496A P2X7R were less capable of ATP-induced T. gondii removal (Lees et al., 2010),
whereas patients with the 1068G>A SNP expressing the gain-of-function A348T
mutation were less susceptible to congenital toxoplasmosis resulting from infection in

utero (Jamieson et al., 2010).

The P2X7R also has connections to the removal of the tuberculosis-causing
Mycobacterium tuberculosis. This predominantly replicates in macrophages, which can
also Kill the bacteria by producing ROS or reactive nitrogen species (Chan et al., 1992).
Human macrophage exposure to ATP and BzATP initiated killing of intracellular bacteria
which was prevented by oATP, suramin and KN62 (Lammas et al., 1997), and
macrophages pre-incubated with oATP or in media containing elevated magnesium had
an inhibited tuberculocidal effect (Kusner and Adams, 2000; Kusner and Barton, 2001).
However, genetic association studies are contradictory; a link between E496A and
tuberculosis susceptibility was seen in Southeast Asian (Fernando et al., 2007) and
Mexican populations (Nifio-Moreno et al., 2007) but not in Gambian (Li et al., 2002),
Chinese (Xiao et al.,, 2009) and Asian Indian subjects (Sambasivan et al., 2010).
However, meta-analysis has concluded that E496A is a significant factor in Asian

populations (Wu et al., 2014).

1.3.6.7 Cancers

Increased P2X7R expression has been reported in cancers including thyroid papillary
carcinoma (Solini et al., 2008), prostate cancer (Slater et al., 2004a), breast cancer

(Slater et al., 2004b; Xia et al., 2015; Jelassi et al., 2013; Jelassi et al., 2011; Roger et
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al., 2015), uterine epithelial cancers (Li et al., 2006), neuroblastoma (Raffaghello et al.,
2006) and chronic lymphocytic leukaemia (CLL) (Adinolfi et al., 2002). However, the
connection between CLL and the P2X7R has been the most widely investigated. CLL is
the most common form of leukaemia in Western countries and is characterised by the
proliferation and accumulation of neoplastic B lymphocytes in the blood, lymph nodes,
bone marrow and spleen (Rozman and Montserrat, 1995). ‘Indolent’ CLL displays no
disease progression, whereas ‘evolutive’ CLL requires cytotoxic therapy due to its rapid
progression. A higher level of P2X7R expression in lymphocytes and increased calcium
influx in response to ATP has been seen in patients suffering from evolutive CLL
compared to the indolent variant (Adinolfi et al., 2002). There have also been
investigations exploring the connection between the loss-of-function E496A
polymorphism and CLL susceptibility. The prevalence of E496A in CLL patients was
found to be three-fold greater than in lymphocytes from control patients (Wiley et al.,
2002) and E496A-positive patients had a significantly longer CLL survival rate (Thunberg
et al., 2002). However, this link has subsequently been refuted (Zhang et al., 2003;
Starczynski et al.,, 2003; Nickel et al.,, 2004; Sellick et al., 2004). A further study
suggested that this connection may be limited to Indian populations and that this
polymorphism may affect the disease progression of familial rather than sporadic CLL
(Dao-Ung et al., 2004). As such the connection with CLL may benefit from investigation
accounting for nuance in populations with respect to patient background and form of

CLL.

1.3.7 P2X7 ligands as potential therapeutics

The P2X7R is a desirable drug target due to its connection with multiple debilitating
conditions as discussed above. As such, great efforts have been made to develop small
molecules which can specifically target the P2X7R. hP2X7R-specific compounds have
been developed by pharmaceutical companies to treat chronic conditions such as RA,
osteoarthritis and chronic obstructive pulmonary disease (Arulkumaran et al., 2011,

Bartlett et al., 2014). However, the progress of drugs developed to target this receptor
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has been limited once they reach phase 1 and 2 clinical trials. These include CE-224535,
developed by Pfizer to treat osteoarthritic pain of the knee (Pfizer, 2008) as well as RA
(Stock et al.,, 2012), AZD9056 developed by AstraZeneca to treat the signs and
symptoms of RA (Keystone et al., 2012) and GSK1482160 produced by GlaxoSmithKline
as a treatment for chronic inflammatory pain (Ali et al., 2013). Trials testing these
compounds for the treatment of arthritis have subsequently been discontinued due to
their lack of efficacy compared to control groups rather than because of adverse effects
caused by these compounds. However, there are more recent developments in this field
which have proven to be more promising. The orally active P2X7R inhibitor AZD9056,
which is indistinguishable from the placebo group in the treatment of RA, has been
shown in a phase 2a clinical trial to be effective in the treatment of moderate to severe
Crohn’s disease (Eser et al., 2015). This progress is an indication that the P2X7R has
promise as a therapeutic target and that efforts towards uncovering new inhibitors which

act specifically at this receptor are worthwhile.

1.4 Aims of this study

The P2X7R exhibits many unique properties within the P2X family of receptors and many
of these properties are inexorably linked to the interaction of this protein with its ligands.
The conserved ATP binding residues have been identified, although residues outside of
this central group have been explored to a lesser extent for their influence on ATP
binding. Additionally the species-specific response to BzATP in P2X7Rs is much less
understood and could hugely benefit from further in-depth investigation. As well as these
factors regarding agonist interaction with the P2X7R, there are a number of P2X7R-
specific antagonists available to us. However, as yet there are none which have been
discovered using a directed structural approach and their sites of interaction with the
receptor are often largely speculative. As such, the investigation discussed in this thesis
aimed to investigate the structural basis of ligand-receptor interactions at the P2X7R and

apply such information in search for new P2X7R antagonists.
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The aims of this study were:

1. To generate structural models of P2X7Rs from different species based on the
zfP2X4R crystal structures and to determine the validity of these models with
further experiments.

2. Use a structural approach to carry out virtual screening experiments, followed by
measurement of their effects on agonist-induced calcium responses, to identify
novel antagonists of the P2X7R and to characterise the actions of identified
antagonists on P2X7R function.

3. To investigate residues other than the conserved ATP binding residues in the
interaction between agonists and the P2X7R.

4. To explore a select subset of residues for their contribution to the species-specific

activity and agonist sensitivity of the human and rat P2X7Rs.

In order to achieve these aims, a multidisciplinary approach was adopted. This
encompassed in silico techniques including homology modelling, molecular docking and
virtual screening, which were followed by molecular biology techniques such as site-
directed mutagenesis and heterologous expression of point mutant receptors, which
subsequently paved the way for experiments including patch-clamp recording and

calcium imaging.
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Chapter 2

Materials and Methods
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2.1 Chemicals, reagents and solutions
2.1.1 Chemicals and reagents

General chemicals or reagents were commercially obtained at the appropriate grade
from Sigma, unless otherwise stated. The custom designed compounds EC-001, EC-

002 and EC-003 were synthesised by Enamine.

2.1.2 Solutions

All solutions were prepared using Milli-Q deionised water (summarised in Table 2.1). All
solutions involved in DNA and cell culture processes were sterilised by autoclaving or

syringe filtering.

2.1.3 Enzymes and kits for nucleic acid preparations

DNA restriction and modification enzymes and DNA polymerases were purchased from
New England Biolabs, Promega, Stratagene or QIAGEN. Plasmid DNA mini- and midi-
preparation kits, gel DNA extraction kits and PCR purification kits were purchased from

QIAGEN. All enzyme buffers were supplied with the enzymes as shown in Table 2.2.

2.1.4 Antibodies

Antibodies were sourced as indicated in Table 2.3.

2.1.5 E. coli strains and growth medium

Competent E. coli cells were purchased from Agilent or Bioline. XL10-Gold
ultracompetent (Agilent) or a-select bronze efficiency (Bioline) cells were used to amplify
plasmids for site-directed mutagenesis and XL1-Blue supercompetent cells (Agilent)

were used for transformation of ligation products. Competent E. coli cells were prepared
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as described in section 2.3. Powders for E. coli growth medium and agar plates were

purchased from Sigma (see Table 2.1).

2.1.6 Cell culture media and transfection reagents

HEK293 cells and HEK293 cells stably expressing C-terminal EE-tagged hP2X7R
(Rassendren et al., 1997) and rP2X7R (Surprenant et al., 1996), hP2X4R (Garcia-
Guzman et al., 1997) and rP2X3R (Lewis et al., 1995) were provided by Dr Lin-Hua
Jiang, University of Leeds. HEK293 cells stably expressing C-terminal His-tagged
hP2X7R were produced during the present study. Dulbecco's Modified Eagle Medium
(DMEM), DMEM/F12, foetal bovine serum (FBS), trpsin/EDTA, Optimedia and

Lipfectamine2000® reagent were purchased from Invitrogen (Table 2.1).

2.1.7 Plasmids and oligonucleotides

cDNAs encoding the WT hP2X7 (Rassendren et al., 1997) and rP2X7 (Surprenant et al.,
1996) subcloned in pcDNA3.1, were available in Dr Lin-Hua Jiang’s lab.
Oligonucleotides/primers were custom made by Sigma, Integrated DNA Technologies or
Invitrogen. As specifically indicated, some plasmids encoding point mutations generated

from previous lab members were used in this study.

2.2 Molecular simulation methods
2.2.1 Homology modelling of P2X receptors

Structural models of the P2XRs were produced based on the crystal structure of the
zfP2X4R in the closed and ATP-bound open states (Protein Data Bank code 4DWO0 and
4DW1, respectively) using Modeller version 9.12 (Eswar et al., 2006). One hundred
models were generated for each model, and the five with the lowest energy were

analysed using MolProbity (Davis et al., 2007). Those with the greatest percentage of
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Table 2.1 Solutions and media used in the present study

DNA preparation

10 mg/ml Ethidium

bromide (EtBr)

Dissolved in 10 mM Tris pH 8.0, and 1 mM EDTA, pH 8.0

TAE buffer

40 mM Tris-acetate, 1 mM EDTA, pH 8.0

Buffer P1

(resuspension buffer)

50 M Tris-HCI, pH 8.0, 10 mM EDTA, 100 pg/ml RNase A,

stored at 4°C

Buffer P2 (lysis buffer)

200 mM NaOH, 1% sodium dodecyl sulfate (SDS)

Buffer P3

(neutralisation buffer)

3 M potassium acetate, pH 5.5

Buffer QBT

(equilibration buffer)

750 mM NacCl, 50 mM 3-(N-morpholino)propanesulfonic

acid (MOPS), 15% isopropanol, 0.15% triton X-100, pH 7.0

Buffer QC (wash

buffer)

1 M NacCl, 50 mM MOPS, 15% isopropanol, pH 7.0

Buffer QF (elution

1.25 M NaCl, 50 mM Tris-HCI, pH 8.5, 15% isopropanol

buffer)
Buffer EB 10 mM Tris-HCI, pH 8.5
Buffer N3 4.2 M HCI, 0.9 M potassium acetate, pH 4.8
Buffer PE 10 mM Tris-HCI pH 7.5, 80% ethanol
Buffer PB 5 M Gu-HCI, 30% isopropanol
Buffer QG 5.5 M guanidine thiocyanate, 20 mM Tris-HCI, pH 6.6
10 mM Bis-Tris-Propane-HCI, 10 mM MgClz, 1ImM
NEBufferl
dithiothreitol (DTT), pH 7.0

50 mM NacCl, 10 mM Tris-HCI, 10 mM MgClz, 1 mM DTT,

NEBuffer2
pH 7.9

100 mM NacCl, 50 mM Tris-HCI, 10 mM MgCl;, 1 mM DTT,

NEBuffer3

pH 7.9
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NEBuffer4

50 mM potassium acetate, 20 mM Tris-acetate, 10 mM

magnesium acetate, 1 mM DTT, pH 7.9

NEBuffer EcoRlI

100 mM Tris-HCI, 50 mM NacCl, 10 mM MgCl,, 0.025%

Triton X-100, pH 7.5

2X Quick ligase buffer

66 mM Tris-HCI, 10 mM MgClz, 1 mM DTT, 1 mM ATP,

7.5% polyethylene glycol, pH 7.6

1% DNA agarose gel

1% agarose (w:v) dissolved in TAE buffer

6x DNA gel loading

2.5% Ficoll®-400, 11 mM EDTA, 3.3 mM Tris-HCI, 0.017%

buffer SDS, 0.015% bromophenol blue, pH 8.0
DNA gel electrophoresis
EtBr 10 mg/ml EtBr dissolved in Milli-Q H.O
TAE buffer 40 mM Tris-acetate, 1 mM EDTA, pH 8.0

1% agarose gel

1% agarose (w/v) dissolved in TAE buffer

6 x loading buffer

0.25% bromophenol blue (w/v), 40% sucrose (w/v)

PCR

10x PfuUltra DNA

polymerase buffer

200 mM Tris-HCI, pH 8.8, 100 mM (NH4)2S0O4, 100 mM KCl,

1% Triton X-100 (v/v), 1 mg/ml BSA

10 mM dNTP mix

Diluted 100 mM stock of dATP, dCTP, dGTP and dTTP

10 x cutsmart buffer

50 mM potassium acetate, 20 mM Tris-acetate, 10 mM

magnesium acetate, 100 ug/ml BSA, pH 7.9

E. coli cell growth medium

LB medium

10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl

LB agar plate

1% (w:v) agar added to LB medium before autoclaving and
supplementing with ampicillin (100 pg/ml) before setting in

100 mm dishes

Cell growth medium
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HEK?293 cell culture

medium

DMEM supplemented with 10% fetal bovine serum (FBS)

Dulbecco’s
phosphate-buffered

saline (dPBS)

2.7 mM KCI, 1.5 mM KH2POQO4, 136.9 mM NaCl, 8.9 mM

Na:HPO4

10 x Trypsin-EDTA

5 g/l trypsin, 2 g/l EDTAe4Na, 8.5 g/l NaCl resolved in

phosphate buffered saline (PBS)

Antibiotics

Ampicillin (50 mg/ml) dissolved in water and sterilised with a

Ampicillin
0.22 pl filter
G418 (20 mg/ml) dissolved in water and sterilised with a

G418

0.22 ul filter
Immunocytochemistry
10 mM NaxHPO4, 2 mM KH2PO,, 2.7 mM KCl and 137 mM
PBS

NaCl, pH 7.4

Zamboni's fixative

15% (v/v) picric acid and 5.5% (v/v) formaldehyde in PBS

PBS-T

0.4% (v/v) Triton X-100 dissolved in PBS

Blocking solution

10% (v/v) goat serum in PBS-T

Antibody dilution

buffer

Blocking solution with the indicated concentration of

antibody

Calcium imaging

Standard buffer

solution (SBS)

134 mM NacCl, 5 mM KCI, 1.2 mM MgCl, and 1.5 mM CacCl,,

8 mM glucose, 2.4 mM HEPES, pH 7.4

Loading buffer

SBS containing 1 pM Fura2-AM and 0.01% (v:v) pluronic

acid

YOPRO1 uptake assay
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147 mM NacCl, 2 mM KCI, 0.3 mM CacCl,, 10 mM HEPES,
Assay buffer
22 mM glucose, pH 7.3

Assay buffer containing 1 uM YO-PRO-1 and either
YOPRO1 buffer
dimethyl sulfoxide (DMSO) or the test compound

Patch-clamp recording

Standard extracellular | 147 mM NaCl, 10 mM HEPES, 13 mM glucose, 2 mM KCI,

solution 1 mM MgCl; and 2 mM CaCl,, pH 7.3

147 mM NacCl, 10 mM HEPES, 23 mM glucose, 2 mM KCI
Low divalent solution
and 0.3 mM CacCl;, pH 7.3

Intracellular solution 145 mM NacCl, 10 mM HEPES and 10 mM EDTA, pH 7.3

Table 2.2 Conditions and buffers for digestions

Restriction reaction (for
Restriction enzyme Buffer for digestion
20 pl reaction system)
EcoRl NEBuffer 1 10 U enzyme
Hindlll NEBuffer 2 10 U enzyme
Pmel NEBuffer 4 10 U enzyme

Table 2.3 Dilutions of antibodies

Primary antibody

Antibody Source Concentration

Mouse anti-EE Covance 1:1000

Secondary antibody

Goat anti-mouse FITC Sigma 1:2000
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residues in allowed regions of the Ramachandran plot were selected for use in further
investigations. The non-conserved loop region between the 2 and B3 strands was

modelled de novo using the ModLoop server (Fiser et al., 2000).

2.2.2 Molecular docking simulations

Prior to docking studies, the structures of ligands to be docked were produced in
Maestro. Energy minimisation of each ligand structure was carried out in Maestro as a
pre-set function of the program. Docking studies were carried out in AutoDock version
4.2 (Morris et al., 2009). The target cavity file for each docking simulation consisted of a
50 A sphere surrounding a central point in the extracellular domain. Affinity grid files were
generated using the auxiliary program AutoGrid. The ATP molecule bound within the
binding site in the crystal structure was used as the centre of these grids. One starting
conformation was used of each small molecule docked, as determined by the energy
minimisation in Maestro. The ‘detect root’ function in AutoDock was used to automatically
select the central ‘fixed portion’ around which the small molecule was given flexibility with

no constraints. 100 docking conformations were produced during each run.

2.2.3 Virtual screening of compounds

eHiTS version 12 (Zsoldos et al., 2007) software was used for virtual screening. The
cavity file, in which the screening was carried out, was produced in SPROUT (Gillet et
al., 1995) and consisted of a 10 A sphere using the ATP molecule bound within the
binding site as the centre of the sphere. The ZINC Omega database (Irwin et al., 2012),
a free database containing ~100,000 structurally diverse compounds, was docked to the
active site. 500 of the best eHIiTS scoring compounds were further scored in SPROUT
and assessed for suitability as potential inhibitors. PyMOL (DeLano, 2002) was used for

the visual inspection of results and later graphical representations.
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2.3 Molecular biology methods
2.3.1 Bacterial cell heat shock transformation

20-50 pl aliquots of competent cells (plasmid DNA amplification using a-select bronze
efficiency from Bioline or XL10-Gold ultracompetent cells from Agilent, or PCR and
ligation products using XL1-Blue Supercompetent cells from Agilent) were thawed on ice
and 0.5-1 ul of 100 ng/ul plasmid DNA, or 2-5 pl PCR product added. Cells were
incubated on ice for 30 min, then heat shocked at 42°C for 45 s and incubated on ice for
2 min. 1 ml of pre-warmed LB media was added and the mixture incubated at 37°C with
shaking at 200 revolutions per minute (rpm) for 60 min. Cells were collected by brief
centrifugation and the cell pellet resuspended in 100 ul LB media. The cell suspension
was spread on an agar plate containing 100 pg/ml ampicillin and incubated at 37°C

overnight. Plates were subsequently stored at 4°C.

2.3.2 Preparation of plasmid DNA

2.3.2.1 Small scale isolation of plasmid DNA

For small scale preparation of plasmid DNA (up to 20 ug), the QIAprep spin Miniprep kit
was used (Table 2.1) following the suggested protocol as described below. LB growth
media (5 ml) containing 100 pug/ml ampicillin was inoculated with a single colony of
transformed E. coli cells and incubated overnight at 37°C with shaking (250 rpm). Cells
were collected by centrifugation using a bench-top centrifuge at 13,000 rpm (~17,900 g)
for 3 min at room temperature (RT) and the pellet resuspended in 250 pl of chilled buffer
P1 by pipetting. Cells were lysed by addition of 250 pl of buffer P2 followed by gentle
inversion of the tube. 350 pl of buffer N3 was added and the resulting cell debris cleared
by centrifugation (13,000 rpm/~17,900 x g for 10 min at RT). The supernatant was
applied to a QIAprep spin column by pipetting, which was centrifuged (13,000
rpm/~17,900 x g for 1 min at RT). The flow-through was discarded and the column

washed by addition of 750 pl of buffer PE followed by centrifugation (13,000 rpm/~17,900
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x g for 1 min at RT). The flow-through was discarded and the DNA eluted by the addition
of 50 ul of buffer EB (elution buffer). The column was incubated for 1 min at RT, and then
centrifuged (13,000 rpm/~17,900 x g for 1 min at RT). This final step was repeated to

ensure complete elution of DNA. Plasmid DNA was stored at -20°C.

2.3.2.2 Large scale isolation of plasmid DNA

For large scale DNA preparation (up to 100 ug), the Qiagen Midiprep kit was used (Table
2.1) following the suggested protocol as described below. LB growth media (10 ml)
containing 100 ug/ml ampicillin was inoculated with a single colony of transformed E. coli
cells and incubated for 8 hours (hrs) at 37°C with shaking (250 rpm). This culture was
diluted in 90 ml of LB growth media containing 100 pg/ml ampicillin and cultured
overnight at 37°C with shaking (250 rpm). Cells were harvested by centrifugation (13,000
rpm/6000 x g for 15 min at 4°C). The supernatant was removed and the pellet
resuspended in 4 ml of buffer P1 by pipetting, then lysed by the addition of 4 ml of buffer
P2 followed by gentle inversion of the tube. This mixture was incubated at RT for 5 min.
4 ml of chilled buffer P3 was added to the tube, which was then incubated on ice for 15
min. The cell debris was cleared by two separate centrifugation steps; 30,000
rpm/=20,000 x g (for 30 min at 4°C followed by 30,000 rpm/=20,000 x g for 15 min at
4°C. The supernatant was removed and applied to the QIAGEN-tip 100, which had been
pre-equilibrated by the addition of 4 ml buffer QBT, and allowed to enter by gravity flow.
The tip was washed with 2 x 10 ml of buffer QC. The DNA was eluted with 5 ml of buffer
QF and then precipitated by the addition of 3.5 ml of RT ispopropanol. The precipitated
DNA was collected by centrifugation (30,000 rpm/=20,000 x g for 30 min at 4°C) and the
supernatant removed. The DNA pellet was washed with 2 ml of RT 70% ethanol, then
centrifuged (20,000 rpm/220,000 x g for 10 min at 4°C). The supernatant was removed
and the pellet air-dried for 5-10 min, then redissolved in in 500 pl EB buffer. The plasmid

DNA was stored at -20°C.
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2.3.3 Site-directed mutagenesis

Primers were designed to introduce point mutations into the P2X7R (Table 2.4). Primers
were between 25-46 bases with 10-15 bases either side of the mutation. The PCR mix
contained 1.5 pl of each primer (10 uM), 5 ul of 10x PfuUltra DNA polymerase buffer, 1
pl ANTP mix (10 mM), 1 ul of P2X7 DNA (100 ng/ul), 1 pl PfuUltra DNA polymerase, and
was adjusted to a final volume of 50 pl using water. PCR was carried out in an Eppendorf
thermocycler. The PCR runs consisted of the following steps; 96°C for 60 s, then 18
cycles consisting of 96°C for 50 s, 60°C for 50 s, 68°C for 14 min, a final step of 68°C for
30 min. A mixture consisting of 15 ul PCR product, 4 pl 10 x cutsmart buffer (Table 2.1),
0.5 pl Dpnl digestion enzyme (10 U) (Table 2.2) with the final volume adjusted to 40 pl
with water. The mixture was incubated at 37°C for 60 min. 2-5 pl of the digested PCR
product was transformed into competent E. coli cells (section 2.3.1) and small-scale
isolation of plasmid DNA performed (section 2.3.2.1). The mutation was confirmed by

commercial sequencing (Beckman Coulter Genomics).

2.3.4 Generation of a C-terminal His-tagged human P2X7 receptor
construct

In order to add a His-tag to hP2X7, a 100 ul PCR reaction was set up containing 10 pl of
each of the hP2X7-His primers (Table 2.4) (10 pM), 10 pl of 10x PfuUltra DNA
polymerase buffer, 4 pl dNTP mix (10 mM), 2 pl of human P2X7R cDNA in pcDNA3.1
(100 ng/ul), 1 pl PfuUltra DNA polymerase, and was adjusted to a final volume using
water. PCR was carried out in an Eppendorf thermocycler. A program was run consisting
of the following steps; 30 cycles consisting of 94°C for 40 s, 65°C for 1 min, 72°C for 1
min/0.5 kb followed by a final step at 72°C for 10 min. Phosphate groups were added at
the 5’ end of the DNA products to allow them to join with other DNA sequences by ligation
using T4 polynucleotide kinase (PNK) (New England Biolabs). A reaction with a total

volume of 20 pl was set up consisting of 0.5-1 pl of 10 U/ul T4 PNK, 2 pl of 10 x PNK
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Table 2.4 Sequences of the primers used in this study

Name

5’ to 3’ sequence

A44C forward

CTTTTCCTACGTTTGCTTTTGTCTGGTGAGTGACAAGCTG

A44C reverse

CAGCTTGTCACTCACCAGACAAAAGCAAACGTAGGAAAAG

D48C forward

CTTTGCTCTGGTGAGTTGCAAGCTGTACCAGCGG

D48C reverse

CTTTGCTCTGGTGAGTTGCAAGCTGTACCAGCGG

158C forward

CGGAAAGAGCCTGTCTGCAGTTCTGTGCACACC

158C reverse

GGTGTGCACAGAACTGCAGACAGGCTCTTTCCG

S60C forward

GAGCCTGTCATCAGTTGTGTGCACACCAAGGTG

S60C reverse

CACCTTGGTGTGCACACAACTGATGACAGGCTC

175C forward

CAGAGGTGAAAGAGGAGTGCGTGGAGAATGGAGTG

175C reverse

CACTCCATTCTCCACGCACTCCTCTTTCACCTCTG

K81C forward

GATCGTGGAGAATGGAGTGTGCAAGTTGGTGCACAGTGTC

K81C reverse

GACACTGTGCACCAACTTGCACACTCCATTCTCCACGATC

187V forward

GTTAGTACACGGCGTCTTCGACACGGCCG

187V reverse

CGGCCGTGTCGAAGACGCCGTGTACTAAC

R125A forward

CCGAGTATCCCACCGCCAGGACGCTCTGTTC

R125A reverse

GAACAGAGCGTCCTGGCGGTGGGATACTCGG

R125Q forward

CGAGTATCCCACCCAAAGGACGCTCTGTTC

R125Q reverse

GAACAGAGCGTCCTTTGGGTGGGATACTCG

R126A forward

GAGTATCCCACCCGCGCGACGCTCTGTTCCTC

R126A reverse

GAGGAACAGAGCGTCGCGCGGGTGGGATACTC
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R126N forward

GAGTATCCCACCCGCCAGACGCTCTGTTCCTC

R126N reverse

GAGGAACAGAGCGTCTGGCGGGTGGGATACTC

R126Q forward

GTATCCCACCCGCCAGACGCTCTGTTC

R126Q reverse

GAACAGAGCGTCTGGCGGGTGGGATAC

1331C forward

CGGAGGAAAATTTGACATTTGCCAGCTGGTTGTGTACATC

1331C reverse

CGGAGGAAAATTTGACATTTGCCAGCTGGTTGTGTACATC

W139S forward

GTTGTAAAAAGGGATCGATGGACCCGCAGAG

W139S reverse

CTCTGCGGGTCCATCGATCCCTTTTTACAAC

Q143H forward

GATGGATGGACCCGCATAGCAAAGGAATTCAGAC

Q143H reverse

GTCTGAATTCCTTTGCTATGCGGGTCCATCCATC

Q143R forward

GATGGATGGACCCGCGGAGCAAAGGAATTC

Q143R reverse

GAATTCCTTTGCTCCGCGGGTCCATCCATC

P177C forward

GAGGCAGTGGAAGAGGCCTGTCGGCCTGCTCTCTTGAAC

P177C reverse

GTTCAAGAGAGCAGGCCGACAGGCCTCTTCCACTGCCTC

Y288A forward

CACCAACGTGTCCTTGGCCCCTGGCTACAACTTC

Y288A reverse

GAAGTTGTAGCCAGGGGCCAAGGACACGTTGGTG

Y288E forward

CCACCAACGTGTCCTTGGAGCCTGGCTACAACTTCAG

Y288E reverse

CTGAAGTTGTAGCCAGGCTCCAAGGACACGTTGGTGG

Y288F forward

CCACCAACGTGTCCTTGTTCCCTGGCTACAAC

Y288F reverse

GTTGTAGCCAGGGAACAAGGACACGTTGGTGG

Y288S forward

CACCAACGTGTCCTTGAGCCCTGGCTACAACTTC

Y288S reverse

GAAGTTGTAGCCAGGGCTCAAGGACACGTTGGTG
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Y288V forward

CACCAACGTGTCCTTGGTCCCTGGCTACAACTTC

Y288V reverse

GAAGTTGTAGCCAGGGACCAAGGACACGTTGGTG

V304C forward

CAGATACGCCAAGTACTACAAGGAAAACAATTGTGAGAAACG

GAC

V304C reverse

GTCCGTTTCTCACAATTGTTTTCCTTGTAGTACTTGGCGTATC

TG

F313C forward

CGTTTTGACATCCTGGTTTGTGGCACCGGAGGAAAATTTG

F313C reverse

CAAATTTTCCTCCGGTGCCACAAACCAGGATGTCAAAACG

L320C forward

GGGATCCGTTTTGACATCTGCGTTTTTGGCACCGGAGG

L320C reverse

CCTCCGGTGCCAAAAACGCAGATGTCAAAACGGATCCC

hP2X7-His1 GCTAGCCGCTGTGTTCATCG
hP2X7-His2 CAACCAGAGGAGATACAGC
hP2X7-His3 GGAAAATTTGACATTATCCAGC
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buffer, 2.5 mM ATP (final concentration), 1-2 ug of DNA and water to adjust the final
volume. The reaction was incubated at 37°C for 1 hr and the DNA subsequently cleaned

using a QlAquick PCR purification kit.

DNA was then digested with Hindlll (Table 2.2) to produce sticky ends to ensure insertion
of the P2X7 cDNA/PCR product in the correct orientation. DNA was digested in a 10-100
ul volume containing DNA, 10 x restriction buffer, 1 pl Hindlll (10 U), and water to adjust
the final volume. Digestion was carried out at 37°C for 1 hr. After agarose gel
electrophoresis (as described below), DNA was extracted using the QIAquick gel
extraction kit according to the suggested protocol. T4 DNA ligase (New England Biolabs)
was used to carry out ligation of hP2X7-His cDNA and the pcDNA3.1 vector, which was
also digested with Hindlll as described above, in order to produce the hP2X7-His
plasmid. A reaction with total volume 20 ul was set up with 2 pl DNA ligase (10 U), 2 ul
10 x T4 DNA ligase buffer and 1-2 ug of DNA product in a molar ratio of 1:3. The reaction
was incubated at 16°C overnight, and 5 ul of ligation product was used for transformation

as described above (section 2.3.1).

2.3.5 Gel electrophoresis

DNA samples were analysed using agarose gel electrophoresis. A 1% agarose gel
solution (Table 2.1) was produced by heating in a microwave. When the gel had cooled
to approximately 60°C, EtBr was added to a final concentration of 0.5 pug/ml. The solution
was poured into gel cast with a comb inserted and left to cool. A 6 pl DNA sample was
prepared (1 pl of plasmid, 1 pl 6 x DNA loading buffer and 4 pl water). Samples were
loaded into wells alongside a well containing either a 1 kb or 100 bp DNA ladder
depending on the sample. Gel electrophoresis was carried out at 70 V for 90 min and
visualised by fluorescence under UV light in a gel doc XR quantity system (Biorad, UK).
To quantify the DNA vyield, a 2 pl sample of plasmid DNA was measured using the

Nanodrop 2000 (ThermoFisher Scientific).
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2.3.6 Mammalian HEK?293 cell culture and transfection

2.3.6.1 Preparation of frozen cell stocks

Frozen cells were kept in liquid nitrogen and, when required, upon thawing quickly at

37°C, added to a T25 culture flask containing 5 ml of culture medium. The cells were
incubated overnight, the DMSO-containing media replaced and the cells grown to
confluency and maintained as described below. In order to replace used cell stocks, cells
with a low passage number were frozen in liquid nitrogen. Cells were grown in a T75
flask and grown to confluence then collected by trypsinisation as described below. The
cell media was removed and the cell pellet resuspended in 1 ml FBS containing 10%
DMSO (v/v) and pipetted into a vial. The vial was placed into a box containing

isopropanol, and frozen at -80°C overnight before being transferred into liquid nitrogen.

2.3.6.2 Maintenance of HEK293 cells

Native HEK293 cells and HEK293 cells stably expressing the hP2X7R or rP2X7R,
rP2X3R or hP2X4R were cultured in DMEM supplemented with 10% FBS at 37°C and
5% CO,, under humidified conditions. Cells were cultured in T25 flasks and passaged
once confluent. To passage cells, media was removed and the cells washed with 3 ml
PBS. The PBS was removed and 1 ml of trypsin added and the cells incubated at 37°C
for 2 min. 2 ml of culture media was added and the cells collected by centrifugation at
1000 rpm for 5 min. 10-20% of cells were added to a new T25 flask depending on the

frequency of use.

2.3.6.3 Transient transfection of HEK293 cells

WT and mutant P2X7Rs were heterologously expressed in HEK293 cells by transient
transfection with Lipofectamine™ 2000. Cells were transfected in 6-well plates at 70-
80% confluency (~10° cells). For each transfection, 0.1 pug of GFP plasmid and 1 pg of
plasmid for P2X7 were diluted in 100 pl of transfection medium in one 1.5 ml eppendorf
and 3 pl of Lipofectamine-2000 into 100 pl of transfection medium in a second eppendorf.

These tubes were incubated for 5 min at room temperature. The contents of the two
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tubes were combined and incubated at room temperature for 20 minutes. 800 pl of

culture medium was added and the entire mixture transferred to the cells.

2.3.6.4 Generation of a hP2X7-His stable cell line

HEK293 cells were transiently transfected with the hP2X7-His plasmid (generation
described in section 2.3.4) in 6-well plates as described above in DMEM supplemented
with 10% FBS. The transfected cells were cultured for two days and the media was
changed to DMEM supplemented with 10% FBS and 400 pg/ml G418. Cells were
cultured in the presence of G418 for 1-2 weeks, with G418 being replaced every 2-3
days, following which cells were trypsinised and individual islands of cells plated in 96-
well plates and grown until confluent. Cells were trypsinised and plated in a T25 flask

and grown until confluent.

2.3.7 Calcium imaging

Compounds identified by virtual screening were tested for activity at P2XRs using a
FlexStation Il (Marshall et al., 2005). Human or rat P2X3R, P2X4R or P2X7R stably
expressing HEK293 cells were prepared in a poly-D-lysine-coated 96-well plate, with
50,000 cells per well, 24 hrs prior to use. The cell plate was prepared for use in the
FlexStation by removing the media and rinsing the cells once with SBS (Table 2.1). 100
ul of loading buffer made of SBS containing 1 pM Fura2-AM and 0.01% (v:v) pluronic
acid was added to each well. The plate was incubated at 37°C for 45 min, rinsed once
with SBS, after which 160 pl of SBS containing either control DMSO or a compound were
added to each well. The plate was incubated at 37°C for a further 30 min. Cells were
excited at 340 nm and 380 nm alternatively and the emission at 510 nm recorded using
the FlexStation. The ratio of fluorescence intensity (Fsso/Fss0) was used to indicate the
intracellular Ca?* concentration. Basal Ca?* level was recorded for 60 seconds prior to
exposure of cells to 100 or 300 uM BzATP or 100 mM ATP as specified and recording

was continued for a further 120 seconds.
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2.3.8 YOPROL1 uptake

YO-PRO-1 uptake was mainly recorded using the FlexStation as described in a previous
study (Cankurtaran-Sayar et al., 2009). HEK293 cells expressing the hP2X7R were
plated in poly-D-lysine coated 96-well plates, with 50,000 cells per well 24 hrs prior to
use. Cells were rinsed with assay buffer (Table 2.1). 80 pl of assay buffer containing 1
MM YO-PRO-1 and either DMSO or the test compound was added to each well and the
plate was incubated at 37°C for 20 min. Cells were excited at 485 nm and the emission
at 530 nm recorded using the FlexStation. Recordings lasted 120 s and BzATP was
added at 20 s to a final concentration of 300 uM. The maximal changes in F530 were

used for quantitative analysis.

YO-PRO uptake was also examined using single cell imaging. Cells were plated in 24-
well plates, with 20,000 cells per well 24 hrs prior to use. 1 mM ATP alone or with the
indicated antagonists in addition to YOPROL1 at a final concentration of 1 yM and DAPI
to 1 yg/ml were added into the cell culture media. The plate was incubated at 37°C for
30 min. Cells were imaged using an EVOS FL cell imaging system (Life Technologies).
Cells stained with YOPRO1 were counted in one randomly selected field for each well,
and this value was presented as the percentage of the total number of cells as identified

by DAPI staining in the same field. ImageJ was used for cell counting.

2.3.9 Pl cell death assay

Cells were plated in six well-plates, with 40,000 cells per well 24 hrs prior to use. ATP at
a final concentration of 3 mM, by itself or with the test compounds indicated at the
concentrations shown, were added to the culture media in each well. The plate was
incubated at 37°C and 5% CO: for 6 hrs. Pl was added to a final concentration of 5 pug/ml
in addition to 1 pg/ml DAPI 30 min prior to imaging and the plate was incubated for a
further 30 min. Cells were imaged using an EVOS FL cell imaging system (Life

Technologies). For each well, Pl-stained cells were counted in one randomly selected
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field and presented as the percentage of the total number of cells identified by DAPI

staining in the same field. Cell counting was carried out using ImageJ.

2.3.10 Immunostaining

HEK293 cells transfected in 35 mm dishes as described above were seeded onto 13 mm
cover slips with 20,000 cells per slip and incubated overnight. Cells were gently rinsed
with 500 pl PBS, left for 5 min before being briefly incubated with a mixture of 500 pl PBS
and 500 pl Zamboni’s fixative solution (15% (v/v) picric acid and 5.5% (v/v) formaldehyde
in PBS). This mixture was immediately removed before cells were fixed with 500 pl
Zamboni’s fixative solution alone at RT for 1 hr. Cells were washed 3 times with 500 pl
PBS which was added, left for 5 min, removed and the subsequent wash added
immediately. Following this cells were incubated with blocking solution (10% (v/v) goat
serum in PBST (0.4% (v/v) Triton X-100 dissolved in PBS)) for 1 hr at RT. Mouse anti-
EE primary antibody was added into the blocking solution at a dilution of 1:1000 and cells
were incubated at 4°C overnight. Cells were washed in PBS 3 times as described above,
then incubated in blocking solution containing goat anti-mouse fluorescein
isothiocyanate (FITC) IgG secondary antibody at 1:5000 for 1 hr at RT. The cells were
washed once in PBS and twice in water, then cover slips were mounted onto microscope
slides with SlowFadeGold Antifade mountant with DAPI (Invitrogen) and stored at 4°C.

Images were captured using a Zeiss LSM 880 upright microscope ZEN imaging software.

2.4 Electrophysiology
2.4.1 Solutions used for agonist-induced current recordings

Standard extracellular solution was used during recordings (Table 2.1). P2X7Rs are
strongly inhibited by divalent cations (Surprenant et al., 1996; Virginio et al., 1997). This,
in addition to their low sensitivity to ATP, means that it is often necessary to make

electrophysiological recordings in extracellular solutions containing low concentrations
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of divalent cations in order to elicit a greater current response. Therefore, unless
otherwise stated, electrophysiological recordings were carried out in low divalent
extracellular solution (Table 2.1). Intracellular solution was included in the pipette (Table
2.1). ATP stock solution (100 mM) was prepared in extracellular solution and adjusted to
pH 7.3 with 4 M NaOH, and BzATP stock solution (100 mM) was prepared in water.
Stock solutions of antagonists (AZ11645373 to 10 mM and all custom compounds to 100

mM) were prepared in DMSO.

2.4.2 Preparation of cells for patch-clamp recording

HEK293 cells prepared in 35 mm petri dishes were co-transfected with both the plasmid
containing the P2X7R and eGFP as described in section 2.3.6, or HEK293 cells stably
expressing EE- or His-tagged P2X7Rs were used. Cells were plated onto glass

coverslips 24 hrs following transfection, and used 12-24 hrs later.

2.4.3 Preparation of recording and reference electrodes

Pipettes used for recording were made from borosilicate glass capillaries with an outer
diameter of 1.5 mm and an inner diameter of 1.12 mm (World Precision Instruments).
Pipettes were pulled in two stages by a vertical puller (PP-830, Narishige Scientific
Instruments) to produce a tip of approximately 1 um, which had a resistance of 3-5 MQ
when placed in recording solutions. When used for recordings, pipettes were filled with
intracellular solution (Table 2.1) and mounted onto a headstage (CV203BU, Axon
instruments) via an AgCl coated Ag wire, which was in turn connected to a Axopatch
200B amplifier (Molecular Devices). The reference electrode was an AgCl pellet, which
was immersed in the extracellular solution and connected to the ground via the

headstage.
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2.4.4 Patch-clamp recording

For transiently transfected HEK293 cells, single cells identified under UV light to be
eGFP positive were used. The micropipette was lowered into the bath solution and
manoeuvred using the head stage until it was seen through the microscope to have come
into contact with the surface of the cell. Suction was applied to the cell membrane through
a syringe connected via a tube to the pipette until a seal was formed, and additional
suction applied until the membrane was broken and the whole-cell configuration was
achieved. Cells were kept at a holding potential of -80 mV. During recordings a rapid
solution changer (RSC-160, Biologic Sciences Instruments) was used in order to apply
the agonists or antagonists indicated during recordings for the time shown in individual
experiments. The recording chamber was connected to a solution drain driven by a

gravity feed at a rate of 5 ml min™.

Prior to carrying out experiments, it was necessary to ensure that current facilitation as
seen in the P2X7R did not affect the results obtained through patch-clamp recording. In
order to avoid this, a low concentration of agonist was applied for 4 s at 2 min intervals
until the current amplitude remained consistent. Following this, dose-response (DR)
curves of agonists were obtained by applying increasing concentrations of the agonist
for 4 s at a time with 2 min intervals in between. When constructing dose-inhibition curves
of antagonists, the same protocol was used with the exception that during the 2 min
interval the cell was bathed in extracellular solution containing the antagonist. For the
novel antagonists in this study, the antagonist was also included in the agonist-containing
solution applied for 4 s due to their fast washout. When producing DR curves, membrane
currents were analysed with pClamp 10.3 software (Axon instruments) and the peak

current subsequently used to produce DR curves.

The agonist concentrations evoking half activation (ECso) were derived by using Origin

to fit the data from each independent experiment to the Hill equation:

R = Rmax/[1 + (ECso/[A])]
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where Rmax is the maximal response (ionic currents or dye uptake) for each case, R is

the response induced by given agonist concentrations ([A]) and n is the Hill coefficient.
The antagonist concentrations evoking half inhibition (ICso) were derived by using Origin
to fit the data from each independent experiment (Ca?* response and YOPRO1 uptake)

or cells (current) to the Hill equation:
| =100/(1+([BJ/1Cs0)")

where | is the agonist-induced current following exposure to identified concentrations of
antagonist ([B]) and expressed as the percentage of the control responses and n is the

Hill coefficient. The solid line shown in the figures represent the fitting of mean data.

2.4.5 Statistical analysis

All data are presented as mean + standard error of the mean (SEM). The number of
independent experiments is indicated by ‘n’. Student's t-test was used for two groups
and one-way analysis of variance test and Tukey’s post hoc test for more than two
groups, and a probability (p) value of <0.05 was considered significant. Data was

analysed and figures were prepared in Origin (version 9.1).
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Chapter 3

Homology Modelling of the Human P2X7 Receptor
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3.1 Introduction

Understanding the structure of proteins is often a vital step in underpinning structure-
function relationships. Initially, understanding of the P2XR family structure was gained
by computer analysis of their primary sequences which predicted the largely extracellular
nature of the protein, in addition to the TM domains and intracellular N- and C- termini
(Valera et al., 1994; Brake et al., 1994). This, as well as later studies which utilised
experimental methods to investigate the accuracy of these conclusions (Torres et al.,
1998a; Newbolt et al., 1998; Jiang et al., 2000b) clarified the distinctive structure of the
P2XRs which was unlike any other ligand-gated ion channel studied at the time. A
significant shift in the field of P2XR structure followed the publication of the zfP2X4R
crystal structure to 3.1 A, showing that these receptors were trimeric with subunits
resembling the shape of a dolphin (Figure 1.4) (Kawate et al., 2009). A second
publication by the same group in 2012 detailed the structure of the ATP-bound open
state at 2.8 A, as well as a higher resolution structure in the closed state at 2.9 A (Hattori

and Gouaux, 2012).

There is a considerable degree of sequence identity between the zfP2X4R and the
mammalian P2X7Rs, therefore the former could be used to produce P2X7R homology
models (the hP2X3R structure was published after the completion of this study and
therefore was not used in homology modelling). Indeed, there are numerous examples
of this structure guiding in-depth structure-based studies of P2XRs based on homology
models which have been used to shed light on previous experimental evidence (Browne
et al., 2010), form the basis of disulfide locking experiments to probe the movements of
these proteins (Jiang et al., 2003; Marquez-Klaka et al., 2009; Stelmashenko et al., 2014)
and aid the engineering of light-activated P2X2Rs (Browne et al., 2014). However, before
designing further experiments using these models it is vital to ensure that they are
representative of the protein in its native state. This chapter details the production of
P2X7R models based on the zfP2X4R structures and the tests carried out to validate

these models. A combination of in silico and in vitro experiments is described.
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3.2 Results
3.2.1 Production of homology models based on the crystal structure

In order to provide a structural basis for designing further experiments to better
understand ligand-receptor interactions and receptor activation at the P2X7R, the first
step was to construct P2X7R homology models. Fortunately, the closed and ATP-bound
open state zfP2X4R structures published in the last decade (Kawate et al., 2009; Hattori
and Gouaux, 2012) mean it is possible to produce P2X7R models using the zfP2X4R
sequence as the basis. The human and rat isoforms of the P2X7R have 80% sequence
identity with each other and 50-56% sequence identity with the zfP2X4R (Bradley et al.,
2011b). The sequence alignment used to produce the P2X7R models in this study is
shown in Figure 3.1A. Models in the closed and open states (Protein Data Bank codes
4DWO0 and 4DW1, respectively) were made using Modeller version 9.12 (Figure 3.1B
and C). One hundred models were generated for each state and those with the greatest
percentage of residues in allowed regions of the Ramachandran plot selected from the
five with the lowest energy. Analysis with MolProbity showed these models to have 98.8-

99.6% of residues in allowed regions.

These homology models show distinct differences between the closed and open states
(Figures 3.1B and C, 3.2). The upper body domain (Figure 1.4) remains relatively rigid
between the closed and open states (Figure 3.2A). In contrast, there is considerable
conformational change in the lower body domain of the receptor. When this receptor is
activated, the rotation of the lower body domain leads to a considerable movement of
the TM domains and the subsequent dilation of the central ion-permeating pathway
(Figure 3.2B). In addition to this central pore, the lateral fenestrations through which ions
have been predicted to move through the receptor (Samways et al., 2011; Kawate et al.,

2011; Hattori and Gouaux, 2012; Mansoor et al., 2016) widen markedly (Figure 3.2C).

Further to these obvious larger movements, the models illustrated some of the more

subtle rearrangements of the subunits, assuming the P2X7R has the same approximate
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A

P2X4_Danio MSESVGCCDSVSQCFFDYYTSKILIIRSKKVGTLNRFTQALVIAYVIGYVCVYNKGYQDTDTVLSSVSTKVKGIALTNTS-~ELG==~~~ LLAD 88
4DWO GTLNRFTQALVIAYVIGYVEVYNKGYQDTDTVLSSVTTKVKGIALTKTS--ELG——-—— LLAD 88
4DwW1 RFTQALVIAYVIGYVCVYNKGYQDTDTVLSSVTTKVKGIALTKTS=-ELG===== LLAD 88
P2X7_Hs MPACCSCSD-=--~ VFQYETNKVTRIQSMNYGTIKWFFHVIIFSYVC-FALVSDKLYQRKEPVISSVHTKVKGIAEVKEEIVENGVKKLVLLNS 88
P2X7_rat MPACCSWND====~ VFQYETNKVTRIQSVNYGT IKWILHMTVFSYVS-FALMSDKLYQRKEPLISSVHTKVKGVAEVTENVTEGGVTKLVLLRS 88
P2X4_Danio AENFTVLIKNERIWDVADYIIPPQEDGSFFQEDGSFFVLTNMIITTNQTQSKCAENPTPASTCTSHRDCKRGFNDARGDGVRTGRCVSYSASVK 160
4DWO AERFTVLIKNERIWDVADYIIPPQEDGSFFQEDGSFFVLTNMIITTNQTQSKCAENPTPASTCTSHRDCKRGFNDARGDGVRTGRCVSYSASVK 160
4DW1 AERFTVLIKNERIWDVADYIIPPQEDGSFFQEDGSFFVLTNMIITTNQTQSKCAENPTPASTCTSHRDCKRGFNDARGDGVRTGRCVSYSASVK 160
P2X7_Hs AENFTVLIKNHSVFDTADYTFPLQGN-SFFQGN-SFFVMTNFLKTEGQEQRLCPEYPTRRTLCSSDRGCKKGWMDPQSKGIQTGRCVVHEGNQK 160
P2X7_rat AENFTVLIKNHGIFDTADYTLPLQGN-SFFQGN-SFFVMTNYLKSEGQEQKLCPEYPSRGKQCHSDQGCIKGWMDPQSKGIQTGRCIPYDQKRK 160

P2X4_Danio TCEVLSWCPLEKIVDPPNPPNIRYPKFNFNKRNILPNINSSYLTHCVFSRKTDPDCPIFRLGDIVGEAEEDFQIMAVHGGVMGVQIRWDCDLDM 268

4DWO TCEVLSWCPLEKIVDPPNPPNIRYPKFNFNKRNILPNINSSYLTHCVFSRKTDPDCPIFRLGDIVGEAEEDFQIMAVRGGVMGVQIRWDCDLDM 268
4DW1 TCEVLSWCPLEKIVDPPNPPNIRYPKFNFNKRNILPNINSSYLTHCVFSRKTDPDCPIFRLGDIVGEAEEDFQIMAVRGGVMGVQIRWDCDLDM 268
P2X7_Hs TCEVSAWCPIEAVEEAPRPANIDFPGHNYTTRNILPGLNIT---~CTFHKTQNPQCPIFRLGDIFRETGDNFSDVAIQGGIMGIEIYWDCNLDR 264
P2X7_rat TCEIFAWCPAEEGKEAPRPANIDFPGHNYTTRNILPGMNIS===~CTFHKTWNPQCPIFRLGDIFQEIGENFTEVAVQGGIMGIEIYWDCNLDS 264
P2X4_Danio PQSWCVPRYTFRRLDNKDPDNNVAPGYNFRFAKYYKNSDGTETRTLIKGYGIRFDVMVFGQAGKFNIIPTLLNIGAGLALLGLVNVICDWIVL 361
4DWO0 PQSWCVPRYTFRRLDNKDPDNNVAPGYNFRFAKYYKNSDGTETRTLIKGYGIRFDVMVFGQAGKFNIIPTLLNIGAGLALLGLVNVICDWIVL 361
4DW1 PQSWCVPRYTFRRLDNKDPDNNVAPGYNFRFAKYYKNSDGTETRTLIKGYGIRFDVMVFGQAGKFNIIPTLLNIGAGLALLGLVNVICDWI-— 361
P2X7_Hs WFHHCRPKYSFRRLDDKTTNVSLYPGYNFRYAKYYKE-NNVEKRTLIKVFGIRFDILVFGTGGKFDIIQLVVYIGSTLSYFGLAAVFIDFLID 356
P2X7_rat WSHRCQPKYSFRRLDDKYTNESLFPGYNFRYAKYYKE-NGMEKRTLIKAFGVRFDILVFGTGGKFDIIQLVVYIGSTLSYFGLATVCIDLIIN 356

Figure 3.1 Homology models of the hP2X7 receptor and ATP binding

(A) Sequence alignment of the zfP2X4 sequence (P2X4_Danio), the sequence of the
zfP2X4R protein used to determine the closed (4DWO0) and open (4DW1) state structures
and the human (P2X7_Hs) and rat (P2X7_rat) P2X7R. Residues involved in ATP binding
are shown in magenta. (B) The trimeric hP2X7R structure with the receptor shown in the
closed state, showing the whole receptor (top) and the extracellular view (bottom). (C)
As in (B) for the ATP-bound hP2X7R. Bound ATP molecules are depicted as spheres.
(D) Zoomed in view of the ATP binding site in the hP2X7R with ATP bound, showing the
interactions of ATP with the nine vital amino acids highlighted in magenta in (A), three of
which are from one subunit (in green) and six from the adjacent subunit (cyan).
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Figure 3.2 Differences between closed and open models of the hP2X7R

The hP2X7R in the closed state is shown on the left and in the open state on the right.
(A) Extracellular view of the hP2X7R. (B) Intracellular view of the hP2X7R. (C) Side view
of the lower body B-sheet and TM domains. (D) Side view of the head domain.
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conformational shifts as the P2X4R. For example, the slight ‘jaw tightening’ in the head
domain is important in receptor activation (Jiang et al., 2012) and the end states of this
movement can be discerned in the P2X7R homology models (Figure 3.2D). These
distinct differences between the closed and ATP-bound P2X7R models reflect the large

number of conformational changes in the receptor accompanying its activation.

3.2.2 Model validation by ATP docking

One method of determining the accuracy of homology models was to evaluate them with
respect to existing experimental evidence. The ATP binding site of the P2XR family was
previously unknown, even after receptors were sequenced, due to the lack of a
conventional ATP binding sequence such as the Walker motif. The zfP2X4R structure
solved in the open, ATP-bound state definitively revealed the ATP binding site (Hattori
and Gouaux, 2012). Consequently, comparing the results from molecular docking of ATP
to the homology model with the known mechanism of ATP binding in the crystal structure

can be used to test the validity of docking experiments in the P2XR.

This was firstly used to investigate the accuracy of the molecular docking approach in
the zfP2X4R. ATP was docked to the extracellular region of the open state zfP2X4R
model using AutoDock, a widely used and highly refined commercial software package
(Morris et al., 2009). When docking experiments are carried out, the results are often
analysed by considering both the docking conformation which has the lowest predicted
binding energy and the one with the highest number of molecules in a very similar
conformation (the highest populated). Each of these populations was identified from the
output histogram from AutoDock (Figure 3.3A). In the case of ATP docking these were
two separate populations. Despite the size of the protein, molecular docking accurately
identified the ATP binding site as being within the binding pocket as shown in the crystal
structure for both the lowest energy and highest populated conformations (Figure 3.3B

and C). Moreover, the conformation of the ATP molecule predicted by these experiments
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Figure 3.3 Predicted ATP binding in the open state zfP2X4R model

(A) Molecular docking output histogram showing the predicted energy binding scores of
each docking conformation. (B) The trimeric zfP2X4R structure in the open state with
ATP molecules shown as spheres. (C) Binding conformation of ATP in the zfP2X4R as
determined by crystallography. (D and E) The ATP binding conformation with the lowest
predicted binding energy expected in the open state zfP2X4R model (D) and the overlay
with the zfP2X4R crystal structure ATP (cyan) (E). (F and G) The ATP binding
conformation from the highest populated result expected in the open state zfP2X4R
model (F) and the overlay with the zfP2X4R crystal structure ATP (cyan) (G).
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showed remarkable similarity. The ATP docking predicted to have the lowest binding
energy was in a similar conformation to that seen in the crystal structure (Figure 3.3D
and E). Whilst the lowest binding energy ATP pose was bent in the opposite direction as
in the zfP2X4R structure, the overall orientation of the ATP was essentially the same.
The triphosphate chain protruded further into the binding pocket than in the crystal
structure but two of the three phosphate groups aligned in the same region, and the
ribose and adenine groups matched closely (Figure 3.3E). The ATP pose from the
highest populated group showed greater similarities to the ATP as determined in the
zfP2X4R crystal structure compared to the lowest energy conformation (Figure 3.3F and
G). The adenine and ribose groups aligned almost exactly, as did two of the three
phosphate groups. Overall the form of the ATP was very similar, bent in a very distinctive
‘U’ shape (Figure 3.3F), which due to the constraints of this unnatural position seems to
be an unlikely prediction to make were it not in the context of this binding site. Taken as
a whole, these predictions provide compelling evidence for the effectiveness of the
molecular docking approach when used in P2XR models. This was a good indication
that experiments carried out in AutoDock would be potentially useful in further tests

involving hP2X7R homology models.

Further evidence for the usefulness of the molecular docking method, as well as the first
indication for the validity of the homology model, was provided by ATP docking to the
hP2X7R model. The ATP binding site in the hP2X7R model was accurately determined
by molecular docking (Figure 3.4). As with the docking in the zfP2X4R model, the binding
poses predicted to have the lowest binding energy (-14.6 kcal/mol) and the highest
populated (-13.4 kcal/mol) were two distinct populations. Each shared characteristics
with the ATP binding position as determined by the zfP2X4R crystal structure. The pose
with the lowest predicted binding energy (Figure 3.4A) had an orientation slightly different
to that of the crystal structure with the ATP molecule bent in a less constrained ‘U’ shape
and the ribose and adenine groups protruded in a different direction. However, there was

considerable overlap between the triphosphate chains (Figure 3.4B). Similarly, the ATP
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Figure 3.4 Predicted ATP binding in the open state human P2X7R model

(A and B) The ATP binding conformation with the lowest predicted binding energy
expected in the open state hP2X7R model (B) and the overlay with the zfP2X4R crystal
structure ATP (cyan). (C and D) The ATP binding conformation from the highest
populated result expected in the open state hP2X7R model (C) and the overlay with the
zfP2X4R crystal structure ATP (cyan) (D).
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pose from the highest populated group (Figure 3.4C) had a third phosphate which
overlapped with its counterpart in the crystal structure. The ribose group also displayed
similarity to the crystal structure, although the adenine was oriented in the opposite
direction (Figure 3.4D). Whilst there were numerous differences between the binding
poses of the docked ATP in the hP2X7R and the ATP seen in the zfP2X4R crystal
structure, there were also similarities. This, along with AutoDock’s ability to identify the
ATP binding site within the large extracellular domain, provides a level of validation for

both the docking approach and the hP2X7R model.

3.2.3 Model validation by antagonist docking

As further validation of the homology models, three P2X7-specific antagonists were
docked to the P2X7R models. These were AZ11645373, KN62 and SB203580, which all
display species specificity by acting as strong hP2X7R inhibitors but lacking activity at
the rP2X7R (Michel et al., 2006; Humphreys et al., 1998; Stokes et al., 2006). Previous
studies have shown that this species specificity is largely due to the Phe residue at
position 95 (Phe95) in the hP2X7R. This residue is a leucine in the rP2X7R and affects
the efficacy of all three of these antagonists at the hP2X7R. This has been shown
experimentally; mutating Phe95 in the hP2X7R to Leu greatly reduces their inhibitory
activity, and introducing the reciprocal mutation into the rP2X7R variably affects their
inhibition but generally improves the ability of these compounds to block rP2X7R function

(Michel et al., 2008; Michel et al., 2009).

SB203580, AZ11645373 and KN62 were docked to homology models of the human and
rat P2X7Rs using a sphere centred on the ATP binding site containing all the residues
within 30 A of ATP. Docking to the hP2X7R revealed a common binding region for the
antagonists proximal to the ATP binding site (Figure 3.5A). Residues in this region which
come into immediate contact with the docked inhibitors include the hydrophobic Phe95,

Tyr295, Tyr299 and Tyr300 as well as the positively charged Lys297, which likely play a
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Figure 3.5 Predicted antagonist binding in human and rat P2X7Rs

(A) Predicted SB203580 binding site in relation to the known ATP binding site shown in
the whole hP2X7R receptor (left) and in the ATP binding pocket (right). Residues
proximal to the antagonist binding site are shown in purple. (B) Sequence alignment of
the first 360 amino acids of the rat and human P2X7Rs. Residues within 8 A of the ligand
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Figure 3.6 Residues predicted to contribute to antagonist species specificity

(A) Predicted binding site of SB203580 in relation to the known ATP binding site shown
in the ATP binding pocket. (B-D) Docking of SB203580 (B), AZ11645373 (C) and KN62
(D) in the human (purple) and rat (orange) P2X7 receptors, respectively. Residues
Phe95 and Leu95 as well as docked inhibitors are depicted in stick format. Each Phe95
or Leu95 residue shown is contributed by a separate P2X7R monomer.
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role in determining the orientation of bound antagonists such as those docked in this
study. However, sequence alignment of the residues within 8 A of the predicted binding
site demonstrates that Phe95 is the only non-conserved residue between the human and
rat isoforms which could interact with the antagonists (Figure 3.5B). As such, Phe95
appears of the most interest with respect to the species-specific activity of these
antagonists. In the human isoform, Phe95 is predicted to form pi-stacking interactions
with the aromatic rings in the compounds (Figure 3.6). However, the rat isoform of the
receptor has Leu95 which lacks an aromatic side chain and is therefore unable to form
this stacking interaction with the compounds. As a result, docking of these molecules
onto the rP2X7R model displays lower binding affinities as well as notably different
binding poses within this site, suggesting that the change from Phe95 to Leu95 lowers
the affinity of these antagonists for the rP2X7R due to the lack of stacking interactions

rather than affecting binding.

In addition to carrying out molecular docking with non-competitive antagonists, further
evidence for the accuracy of the P2X7R homology models was provided via the docking
of the competitive antagonist A740003 which acts at the ATP binding site (Honore et al.,
2006). Docking this compound to the hP2X7R homology model predicted its binding site
to overlap with that of ATP (Figure 3.7). Whilst the binding site of this compound (Figure
3.7A) is predicted to be somewhat closer to the a5 alpha helix than the ATP molecule
(Figure 3.7B), there is still an overlap between A740003 and the phosphate groups of
ATP and this inhibitor is predicted to interact very much within the ATP binding site. This
docking also gives some indication of residues which may contribute towards the P2X7R
specificity of this antagonist (Figure 3.7). These include E173, Q248 and Y288. In the
case of E173 and Y288, the other P2XR subtypes either have no equivalent or have
residues which are small and uncharged (Figure 1.3), which could be a vital difference
in the binding pocket when coordinating the interaction of A740003 with the P2X7R. In
addition, Q248 may have an influence as the homology model predicts it to be in close

proximity with the bound antagonist (Figure 3.7). The other P2XR subtypes largely have
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Figure 3.7 Predicted A740003 binding site in relation to the ATP binding site

(A) Predicted antagonist binding site showing A740003 in relation to the known ATP
binding site shown in the closed state hP2X7R ATP binding pocket. (B) ATP binding
within the ATP binding site in the hP2X7R as determined by ATP docking to the closed-
state model. Conserved ATP binding residues from one subunit are shown in green and
those from the other in cyan, and potential residues contributing to P2X7R specificity
shown in yellow.
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Figure 3.8 Location of pairs of residues for disulfide locking experiments

(A) Homology model of the hP2X7R with pairs of residues which were mutated in this
study coloured to correspond with (B) and the names of the residues labelled. (B)
Expanded views of the pairs of amino acids indicated in (A) with sidechains indicated
and distances between the CB atoms in both the closed (left) and open (right) states
detailed.
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arginine or lysine residues at this position (Figure 1.3), which could interfere with
antagonist binding due to their positive charge. Overall, docking known antagonists to

the hP2X7R model provides a further indication that this model is a valid and useful tool.

3.2.4 Validation by disulfide linking

Cysteine-based cross-linking is a commonly employed technique and is highly valuable
when investigating the movements of proteins and their interactions, either between
adjacent regions of the same protein or between two proteins in close proximity. It is also
valuable when validating protein models, as this method can be used to show regions
which are in close proximity to each other as predicted by homology models. Mutating
residues to cysteine has been utilised in the study of ion channel gating (for example the
P2X2R (Jiang et al., 2001), the GABAAR (Kash et al., 2003) and K, channels (Elliott et
al., 2004), subunit stoichiometry of the P2X2/3R (Jiang et al., 2003), the inter-subunit
ATP-binding site in the P2XR (Marquez-Klaka et al., 2009; Marquez-Klaka et al., 2007)
and in studies of agonist-induced conformational changes in the P2X1R (Roberts et al.,
2012), P2X2R (Stelmashenko et al., 2014) and P2X3R (Stephan et al., 2016). The same
approach was enlisted to identify pairs of residues which would lock the hP2X7R into a
closed conformation and be later sensitive to oxidative release, to provide validation of

our homology model.

Structural models of the hP2X7R in both the closed and open states showed
conformational changes that occur during receptor activation across various regions; the
head, upper and lower body of the extracellular domain in addition to the TM a-helices
(Figure 3.8A and B). Several pairs of residues which are predicted to migrate from being
in close proximity to being distant from each other when changing from the closed to the
open state illustrate these conformational changes. Pymol was used to calculate the
distances between the CB atoms of these residues in the closed and open states (Figure

3.8B). The CB-CB distance in the closed state is predicted to be 5-7 A, whereas the
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Figure 3.9 Functional assays characterising cysteine single mutants

(A) Representative patch-clamp recording traces of whole-cell currents evoked by 300
UM BzATP from HEK293 cells expressing the wild-type (WT) or indicated single mutant
receptors. (B) Bar chart summary of current amplitude from HEK293 cells transfected
with the WT hP2X7R or single mutants. (C) Representative patch-clamp recording traces
of whole-cell currents evoked by 300 uM BzATP from HEK293 cells expressing the WT
or indicated double mutant receptors. (D) Summary of BzZATP-induced currents for WT
or double mutant receptors. *, p < 0.05; **, p < 0.01; *** p < 0.005 compared to the WT
hP2X7R. 3-6 cells were recorded for each condition.
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Figure 3.10 Functional assays characterising single cysteine mutants

(A) Representative traces of whole-cell recordings showing BzATP-induced currents
evoked from HEK293 cells expressing the WT or indicated single mutant receptors prior
to and during exposure to 10 mM DTT. (B) Bar chart summary of the effects of DTT
exposure on WT or mutant hP2X7Rs. BzZATP-induced currents after 10 min exposure to
DTT (grey bar) are expressed as a percentage of the current induced immediately prior
to DTT treatment (black bar).
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CB-CB distance is predicted to increase to 11-15 A during the transition from the closed
to open state (Figure 3.8B). Specifically these pairs consisted of the Lys81 and Val304
(K81/Vv304) residues in the upper body, 158/F311 and S60/L320 in the lower body, and
A44/1331 and D48/1331 at the outer ends of the TM1 and TM2 domains (Figure 3.8A),
half of each pair being contributed by a different subunit. In addition, I75/P177 in the
head are predicted to move from 9 A in the closed state to 14 A in the open state within
the same subunit (Figure 3.8B). Single and double cysteine mutations were introduced
into the hP2X7R at these positions and whole-cell patch-clamp recording used to assess
the functionality of cells expressing both the single and double mutants compared to the
WT receptor (Figure 3.9). Cells expressing these mutants were exposed to 300 uM
BzATP, a super-maximal concentration at the WT receptor (Liu et al., 2008). The current
amplitude elicited by the single mutants varied greatly. Cells expressing D48C and
P177C single mutants displayed no current, indicating that these single mutants were
non-functional (Figure 3.9A and B). The following nine single mutants had wide-ranging
responses; A44C significantly increased the current amplitude, with an average current
of 12.8 + 2.4 nA compared to 5.8 + 2.1 nA in the WT, whereas K81C and L320C
significantly decreased it in comparison to the WT hP2X7R (Figure 3.9A and B). This is
interesting in terms of indicating which residues which may be critical in receptor function.
In the case of the six double mutants, only A44C/I331C gave rise to sizeable BzATP-
induced currents. I58C/F313C elicited noticeable, but very small, currents (Figure 3.9C
and D). The lack of response from several double mutants could be attributed to the lack
of, or drastically reduced functionality displayed by many of the single mutants, in

particular K81C, P313C and P177C (Figure 3.9A and B).

Subsequently, cells expressing the WT receptor or the single or double mutants were
exposed to 300 uM BzATP before and after incubation with 10 mM DTT, which can
reduce disulfide bonds introduced into P2XRs (Stelmashenko et al., 2014, Jiang et al.,
2003; Marquez-Klaka et al., 2009), and the BzATP-induced currents evoked from patch-

clamped cells were compared. Whilst the current amplitude differed between the single
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Figure 3.11 Functional assays characterising double cysteine mutants

(A) Representative traces of whole-cell recordings showing BzATP-induced currents
evoked from HEK293 cells expressing the WT or indicated double mutant receptors prior
to and during exposure to 10 mM DTT. (B) Bar chart summary of the effects of DTT
exposure on WT or mutant hP2X7Rs. BzZATP-induced currents after 10 min exposure to
DTT (grey bar) are expressed as a percentage of the current induced immediately prior
to DTT treatment (black bar). *, p < 0.05. 3-6 cells were recorded in each case.
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mutants, the WT receptor and single mutants did not exhibit a significant difference in
current amplitude prior to and post-DTT application (Figure 3.10). This reducing agent
did not affect functional single mutants such as 1331C, nor did it mediate a current
increase in cells expressing non-functional single mutants such as D48C (Figure 3.10A).
However, patch-clamped cells expressing the double mutants treated with 10 mM DTT
showed a range of responses (Figure 3.11). No effect was seen in cells expressing the
A44C/1331C, I58C/F313C, S60C/L320C and 175C/P177C double mutants (Figure 3.11).
However, the application of DTT to cells transfected with the D48C/I1331C mutant led to
a considerable progressive increase in current amplitude (Figure 3.11A). D48 and 1331
are predicted in the model to have CB atoms which are 5.0 A apart in the closed state
and 12.6 A in the open state and are located at the outermost point of the TM domains
at the point closest to the extracellular domain of TM1 and TM2, respectively (Figure
3.8). After 8 minutes of DTT treatment the current amplitude reached a steady state
which was 64 + 12% of that mediated by the WT receptor (Figure 3.11A), an increase of
2556 + 19 % compared to before DTT addition which rapidly reversed following 6 minutes
of washout (Figure 3.11). DTT treatment of cells expressing the K81C/V304C double
mutant also led to a significant increase in current amplitude compared to that elicited
prior to BzATP treatment. However, the current amplitude was still much smaller than
that seen in the WT receptor even following DTT exposure (Figure 3.11A). The currents
from these functional double mutants displayed similar features to those from the WT
receptor despite being of smaller amplitude. Together these results provide further
evidence for the importance of the movement of the TM regions during activation in the
functioning of the P2X7R ion channel, as well as providing some validation for the

homology models used in this study.
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3.3 Discussion

In this chapter, the production and validation of hP2X7R homology models was
described. Models of the trimeric hP2X7R and rP2X7R in the closed (Figure 3.1B) and
ATP-bound open states (Figure 3.1C) were produced and the residues involved in ATP

binding in the P2X7R were found to be in the expected regions (Figure 3.1D).

Two in silico methods were used to test the validity of the P2XR homology models and
whether they reflect the protein in its native state in addition to testing the molecular
docking approach. The first was docking ATP to the zfP2X4R homology model, which
accurately pinpointed the position of the agonist binding site within the large extracellular
domain (Figure 3.3A). Both the lowest predicted binding energy (Figure 3.3C and D) and
highest populated binding modes (Figure 3.3E and F) showed considerable similarity to
the ATP binding determined in the zfP2X4R crystal structure (Figure 3.3B), particularly
the highest populated binding mode which overlapped well with the crystal structure
(Figure 3.3F). This is a valuable indication that molecular docking in the model is able to
accurately represent known binding modes of ATP. Moreover, the ability of the virtual
docking method to accurately place the ATP molecule in the ATP binding site in the
hP2X7R (Figure 3.4) provides further validation for both the docking approach and for

the hP2X7R homology model.

In addition to agonists, docking of P2X7R antagonists was used to show how valuable
the P2X7R models can be in the design of future experiments. The first group examined
was a trio of non-competitive antagonists, SB203580, AZ11645373 and KN62, which are
active against the human isoform of the P2X7R but not the rat (Michel et al., 2006;
Humphreys et al., 1998; Stokes et al., 2006). Docking revealed a common binding site,
proximal to the ATP binding site and buried within the receptor (Figure 3.5A and Figure
3.6A). This docking, as well as giving new insights into the binding mode of these
antagonists, provides validation of the hP2X7R model and the molecular docking

techniques due to the predicted interactions involving Phe95 (Figure 3.6A-D). Phe95 has
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been shown to be pivotal in determining the ability of these compounds to inhibit the
hP2X7R, as substituting this residue in the hP2X7R for the Leu found in the rP2X7R
greatly reduces the efficacy of these inhibitors (Michel et al., 2008; Michel et al., 2009)
whereas introducing the L95F mutation into the rP2X7R allows SB203580 and KN62 to
inhibit rP2X7R-mediated responses (Michel et al., 2008). The pi-stacking interactions
predicted by this experiment between the ring structures in the inhibitors and the
aromatic side chain in Phe95 provide an explanation for the species-specific activity of
these antagonists (Figure 3.6B-D). Furthermore, the agreement between the docking
carried out here and previous experimental evidence indicates that a combining the

P2X7R homology model with AutoDock is a useful approach for further tests.

As well as the non-competitive antagonists, further authentication of the hP2X7R model
was provided by docking the competitive antagonist A740003 (Honore et al., 2006). This
inhibitor was predicted to bind within the ATP binding pocket, overlapping considerably
with the established ATP binding site (Figure 3.7). This further shows that molecular

docking in the homology model corresponds nicely with prior experimental evidence.

In addition to in silico methods, an approach was adopted in which a combination of
cysteine-based cross-linking and patch-clamp recording was used to probe
conformational changes in the receptor. Disulfide locking is useful for bridging the gap
between the snapshots seen in protein structures and their behaviours in native
environments. Six pairs of residues located across the head, upper and lower body and
outer ends of the TM domains predicted to undergo considerable movement when
transitioning between the closed and open states were mutated to cysteine (Figure 3.8).
Several of the single and double mutants were non-functional or exhibited largely
impaired responses (Figure 3.9). DTT treatment did not restore the function of any of the
single mutants which had impaired function, nor did it restore the function of the non-
functional double mutants I58C/F313C, S60C/L320C and I75C/P177C (Figure 3.10 and

11). It is possible that these mutations affect the receptor in ways which lead to
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deficiencies in protein synthesis, membrane trafficking, activation or several of these

simultaneously.

Of the double mutants, A44C/I331C displayed the largest currents, although these were
still much smaller than those seen in the WT hP2X7R (Figure 3.9C and D). The
A44C/1331C mutant was unaffected by DTT treatment (Figure 3.11), suggesting that it is
unlikely that disulfide bond formation impedes the ion channel from opening. In contrast
to A44C/I331C, the D48C/1331C mutant was almost non-functional in the presence of a
disulfide bond (Figure 3.9C and D) but had a progressive increase in BzATP-induced
current amplitude during DTT treatment (Figure 3.11A). In the steady state the current
amplitude reached more than half of that seen in the WT receptor, which was rapidly
reversed upon washout (Figure 3.11A). This suggests that Asp48 and Ile331 form an
inter-subunit disulfide bond in the closed state which ‘locks’ the receptor in place to the
extent that it does not allow the opening of the channel until this bond is reduced, as
described in previous studies for the rP2X2R, rP2X2/3R and hP2X3R (Jiang et al., 2001,
Jiang et al., 2003; Stelmashenko et al., 2014; Stephan et al., 2016). The disparity
between A44C/I331C and D48C/I1331C is interesting because of their shared 1331C
residue. As the distances between these residues in the closed and open states are
comparable in magnitude (Figure 3.8B), the likely lack of A44C/I1331C disulfide bond may
reflect the accessibility of the Ala44 compared to Asp48; in the hP2X7R model Ala4d4 is
predicted to be nestled more deeply in the TM1 alpha helix which might prevent its ability

to form disulfide bonds as effectively (Figure 3.8A).

In addition to these mutants, Lys81 and Val304 in the upper body of the hP2X7R were
mutated to produce K81C/V304C. DTT significantly enhanced BzATP-induced currents
in cells expressing K81C/V304C, although the current remained very small (Figure 3.11).
This suggests the formation of a disulfide bond between K81C and V304C in the
receptors that were trafficked to the cell surface, which agrees with the predicted
movement of these residues further away from each other when transitioning from the

closed to the open ion channel states (Figure 3.8B). The results of these disulfide linking
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experiments provide evidence to support the notion that conformational changes in the
upper part of the extracellular and the outer ends of the TM domains are crucial for
hP2X7R activation, as well as proposing that these models may be representative of the

receptor within the membrane.

Overall, the various validation studies carried out on the hP2X7R model in this chapter
suggest that this model is a good approximation of the protein in its native state. As a
result, further experiments based around in silico antagonist design were performed and

are described in the following chapters.
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Chapter 4
Identification of Novel Human P2X7 Receptor Antagonists

Using a Structure-Based Approach
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4.1 Introduction

The ability to specifically block the activity of the protein of interest is a vital component
of ion channel investigation. As such, having a large arsenal of tools with which to study
hP2X7R function, in particular potent and specific antagonists, is fundamental. Whilst
huge strides have been made in the discovery of P2X7R-specific antagonists (Guile et
al., 2009; Lambertucci et al., 2015; Subramanyam et al., 2011), increasing the range of
structures available by introducing novel compounds with diverse characteristics is one
particular way to aid in the study of the P2X7R. In addition to being important in P2X7R
research, widening the pool of compounds that can block this receptor is important in a

therapeutic context as these inhibitors can form the basis for novel drugs.

The P2X7R is implicated in a large number of diseases, and the large pore forming
function of this receptor is of particular relevance with respect to human disease (Sorge
et al., 2012; Fowler et al., 2014). As a result the P2X7R is a desirable drug target and
P2X7R-specific antagonists have been taken to clinical trials. After many years of
disappointment following antagonists proving ineffective in clinical trials, promising
progress has been made recently with the orally active P2X7R inhibitor AZD9056. In a
phase 2a trial this antagonist has shown promise in treating moderately to severely active
Crohn’s disease (Eser et al., 2015). As such, increasing the diversity of structures
available for the development of therapeutic compounds has been shown to be

increasingly valuable.

Considering the importance of identifying novel P2X7R-specific blockers, exploring
different methods of antagonist discovery is a valuable area of investigation. Previously,
P2X7R-specific antagonists have predominantly been discovered using high throughput
methods involving screening large libraries of compounds against the receptor. Whilst
this technique has been successful thus far, it is still both time consuming and expensive.
Therefore, exploring methods to make this process more efficient can prove to be

massively beneficial. Utilising a structure-based approach can potentially provide an
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alternative and cost effective approach, which will be useful particularly when
researchers do not have access to the large resources available to pharmaceutical
companies. Fortunately, the crystal structure of the zfP2X4R (Hattori and Gouaux, 2012;
Kawate et al., 2009) means that a rational approach can now be used to discover novel

inhibitors through the use of homology modelling and virtual screening.

In this chapter, the pharmacological characteristics of a series of novel hP2X7R
antagonists identified using a structure-based approach were investigated. The ability of
these compounds to inhibit P2X7R functions and the structural basis of the antagonistic

effects of these compounds is described.

4.2 Results
4.2.1 Compound identification by structure-based virtual screening

In order to explore the potential of a structure-based approach in the identification of
P2X7R antagonists, homology models produced as described in chapter 3 were used as
a template. These homology models included the ATP binding site as determined by the
zfP2X4R, and the main residues identified as playing a role in ATP binding were almost
completely conserved in the hP2X7R models. The bound ATP molecule in the structure
was used as the centre of a 10 A sphere in which virtual screening was carried out
(Figure 4.1A). Comparison of the zfP2X4R and the hP2X7R sequences (Figure 4.1B)
showed a 62% amino acid sequence identity between these receptors within the 10 A
sphere. The atypical nature of this ATP binding pocket in the hP2X7R made it an ideal
target to perform virtual screening experiments, whereby toxicity through promiscuous
binding to more typical ATP binding pockets is reduced. The ZINC12 chemical library of
approximately 100,000 commercially available, structurally diverse compounds (Irwin et
al., 2012) were screened against the ATP binding site-containing sphere (Figure 4.1A)
in eHits (eg. Figure 4.1C) and a corresponding energy binding score was predicted for

each. For the 50 compounds with the highest scores, 42 that could be sourced
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zfP2X4R MSESVGCCDSVSQCFFDYYTSKILI IRSKKVGTLNRFTQALVIAYVIGYVCVYNKGYQDTDTVLS TNTS=~ELG====~ 1 88
B hP2X7 MPACCSCSD====~ VFQYETNKVTRIQSMNYGTIKWFFHVIIFSYVC~FALVSDKLYQRKEPVIS] VKEEIVENGVKKLV' 88
zfP2X4R [ERI EDGSFF ITTNQTQSKCAENPRPRSTCTSHRDCKRGF /RTGRCVSYSASVK 160
hP2X7 HSV SN-SFEF FRKTEGQEQRLCPEY 'LCSSDRGCKKGHI IQTGRCVVHEGNQK 160
zfP2X4R TCEVLSWC PNPPNIRYPKFNFN LP YLT! KTDP! SEAEEDFQI GVMGVQIRWDCDLDM 268
hP2X7 TCEVSAWC PRPANIDFPGHNYT LPC - [KTONP [RETGDNFSDV. GIMGIEIYWDCNLDR 264

zfP2X4R POSWCVPRYTFRRLDEKDP KYYKNSDGTETR' /PGOAGKFNIIPTLLNIGAGLALLGLVNVICDWIVL 361
hP2X7 WFHHCRPKYSFRRL! KYYKE~NNVEKR’ FGTGGKFDIIQLVVYIGSTLSYFGLAAVFIDFLID 356

Figure 4.1 Homology models of the hP2X7R and ATP binding

(A) Homology model of the hP2X7R in the apo state, lacking the intracellular domains,
with an ATP molecule bound to one of the three inter-subunit binding pockets as
determined by molecular docking. The 10 A sphere that formed the basis of virtual
screening is highlighted in green. An expanded view of ATP bound as predicted by
molecular docking experiments within the hP2X7R binding pocket is shown. (B)
Sequence alignment of the zfP2X4R and hP2X7R, with the 10 A sphere highlighted in
green and core ATP binding residues in magenta. (C) The three top-ranked compounds
from the ZINC12 database predicted to bind most favourably to the hP2X7R ATP binding
site and their anticipated conformations.
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commercially had predicted energy binding scores ranging from -4 to -10.5 kcal/mol.
These values are comparable to those predicted for known hP2X7R antagonists
including AZ11645373 (-10.8 kcal/mol), SB203580 (-8.75 kcal/mol) and KN-62 (-5.2
kcal/mol) as reported in our recent study (Caseley et al., 2015). These top 42 compounds

were assessed experimentally against the P2X7R.

Chemicals were screened in the first instance by calcium measurement using the
FlexStation carried out in HEK293 cells stably expressing the human and rat P2X7R.
These compounds were applied at 10 uM and initially none showed agonist activity at
the P2X7R. However, two compounds were capable of blocking P2X7R-mediated
calcium responses induced by 300 uM BzATP. These compounds were C23 and C40
(ZINC12 database numbers ZINC67825876 and ZINC58368839, respectively), which
had an initial predicted docking score of -7.1 kcal/mol and -5.5 kcal/mol, respectively.
Both compounds exhibited strong inhibition of the hP2X7R and reduced BzATP-induced
calcium responses by 73.2 £ 2% and 84.3 £ 7%, respectively (Figure 4.2). This is in
contrast to all the other compounds which had no or minimal effect, as illustrated by C10
(ZINC19868610) (Figure 4.2). This inhibition by C23 and C40 was slightly greater than
the 28.5 + 5% hP2X7R inhibition by BBG and the 81.9 + 5% inhibition by AZ11645373

(Stokes et al., 2006).

In addition to the human isoform, assessment of these 42 compounds against HEK293
cells stably expressing the rP2X7R showed that, whilst some of these 42 compounds
had minimal effects on BzATP-induced calcium responses, none had a significant effect
on rP2X7R activity (Figure 4.2). BBG was used as a positive control and strongly
inhibited BzATP-induced Ca?' responses, whereas AZ11645373 was much less
effective (Figure 4.2). C23 and C40 had no significant effect at the rP2X7R. The BzATP-
induced calcium responses observed in rP2X7R-expressing cells were 100.2 £ 21% and
88.2 + 2% of the untreated control response when cells were incubated with C23 and

C40, respectively.
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Figure 4.2 Effects of 42 compounds on calcium responses

(A) Representative FlexStation recording traces from HEK293 cells expressing the
hP2X7R (top) and the rP2X7R (bottom) indicating calcium responses following the
application of 300 uM BzATP after 60 s. The control response is shown in black and the
response following incubation with the indicated compounds in red, with AZ11645373
and BBG used at 200 nM and C10, C23 and C40 used at 10 uM as indicated above. (B)
Summary of the initial screen of 42 compounds and their effects on calcium responses
mediated by the hP2X7R (black) and the rP2X7R (grey). Results are presented as the
mean + SEM, from 8-12 wells of cells from 3 independent experiments.
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Figure 4.3 Effects of C23 and C40 on hP2X7R-mediated calcium responses

(A) Representative BzATP-induced calcium responses from HEK293 cells stably
expressing the hP2X7R treated with either C23 (left) or C40 (right) at the indicated
concentrations. (B) DR relationship curves for hP2X7R currents following exposure to
C23 (left) and C40 (right). Each data point represents mean + SEM from 4 cells from 3-
4 independent experiments. The solid lines in B and D are fits of the data to the Hill
equation. The ICso for C23 and C40is 5.1 uM = 0.3 pM and 4.8 + 0.8 uM, respectively.
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4.2.2 Effects of C23 and C40 on the human and rat P2X7R

The properties of the initial hits, C23 and C40, were characterised in greater depth using
both calcium measurement and patch-clamp recording. Measurement of BZATP-induced
calcium responses from cells stably expressing the hP2X7R was carried out using a
FlexStation. Figure 4.3A shows examples of BzATP-induced calcium responses from
cells incubated with increasing concentrations of C23 and C40, from 0.1 to 10 yM. The
corresponding DR curves (Figure 4.3B) produced by fitting the accumulated FlexStation
data to the Hill equation indicates that C23 inhibits calcium responses with an I1Cso of 5.1

+ 0.3 uM, whilst C40 inhibits this same response with an ICs of 4.8 + 0.8 uM.

Whole-cell patch-clamp recordings of BzZATP-induced currents from HEK293 cells stably
expressing the hP2X7R revealed that the blocking by C23 and C40 at the receptor was
reversible upon washout, with maximal currents elicited following a three minute washout
period (Figure 4.4A). The fit of data to the Hill equation showed that C23 and C40 inhibits
hP2X7R currents with an 1Csp of 0.35 £ 0.3 uM and 1.2 + 0.1 pM, respectively (Figure
4.4B). The small differences in potency may be due to the methods used to apply the
compounds and to measure the P2X7R mediated responses as the two assays inspect
different effects of the compounds. Calcium response measurement examines the
addition of inhibitors to the receptor in the closed state, whereas patch-clamp recording
investigates the effect of applying the compounds to the channel in the open state and

is accumulative.

4.2.3 Identification and characterisation of structurally similar
compounds

Compounds sharing common structural features with C23 and C40 were identified
through the ZINC12 database. 31 compounds with =2 80% structural similarity as
determined by the ZINC website were tested against the human and rat P2X7R at 10

MM using the FlexStation as described above. Of the 31 compounds screened, C60
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Figure 4.4 Effects of C23 and C40 on hP2X7R-mediated currents

(A) Representative BzATP-induced currents from HEK293 cells stably expressing the
hP2X7R treated with either C23 (top) or C40 (bottom) at the indicated concentrations.
(B) DR relationship curves for hP2X7R currents following exposure to C23 (left) and C40
(right). Each data point represents mean + SEM from 4 cells from 3-4 independent
experiments. The solid lines in B and D are fits of the data to the Hill equation. The I1Cso
for C23 and C40is 0.35+ 0.3 uM and 1.2 + 0.1 pM, respectively.
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Figure 4.5 Effects of C60 on BzATP-induced P2X7R responses

(A) Summary of the effects of 31 C23 analogues on hP2X7R (black) and rP2X7R (grey)
calcium responses. (B) Example traces of BzATP-induced calcium responses at the
concentrations of C60 indicated and the corresponding DR curve. (C) Example traces of
BzATP-induced currents at the concentrations of C60 indicated and the corresponding
DR curve. (D) Representative recordings of YO-PRO-1 uptake in the presence of the
indicated concentrations of C60 and the corresponding DR relationship curve. Each data

point represents the mean

+ SEM from 8-12 wells of cells from 3-5 independent

experiments (calcium response and YO-PRO-1 dye uptake) and 4 cells from 3-4
experiments (currents). The solid lines in B, C and D are fits to the Hill equation. The ICso
for (B) and (D) is 3.2 £ 0.2 pM and 0.3 = 0.04 uM, respectively.



115

(ZINC12 database number ZINC09315614) showed antagonistic activity by blocking the
calcium response elicited by 300 uM BzATP by 91 * 4% in hP2X7R-expressing cells and
66 + 22% in rP2X7R-expressing cells (Figure 4.5A). Determination of a concentration-
response relationship curve of the BzATP-induced calcium response showed C60 to
have an ICso of 3.2 + 0.2 uyM at the hP2X7R (Figure 4.5B). However, when whole-cell
patch-clamp recordings were carried out, C60 had no inhibitory effect (Figure 4.5C).
Even when applied at concentrations of 30 uM, which almost completely abolished
BzATP-induced calcium responses (Figure 4.5B), no antagonism was seen and yet the
hP2X7R current was almost completely inhibited by subsequent application of C23

(Figure 4.5C).

Prolonged P2X7R activation leads to large pore formation (Surprenant et al., 1996, Yan
et al., 2008). This is an alternative route for P2X7R-mediated calcium entry, and as such
C60 was tested for its effects on the pore rather than the ion channel opened during
short term activation. HEK293 cells stably expressing the hP2X7R were stimulated with
BzATP for 120 s and the intracellular accumulation of the 629 Da cationic fluorescent
dye YO-PRO-1 was measured, as this dye is only able to enter the cell when the large
pore is open. C60 potently blocked this dye uptake in a dose-dependent manner with an
ICs0 Of 0.3 £ 0.04 uM (Figure 4.5D). Investigation of YO-PRO-1 uptake into single cells
showed C60 to significantly inhibit this uptake. 62 £ 12% of cells exposed to ATP alone
exhibited YO-PRO-1 fluorescence, whereas only 33 + 6% of cells co-incubated with 5
MM C60 did (Figure 4.6). This near halving of individual cells exhibiting YO-PRO-1 uptake
provides further evidence for the specific inhibition of the hP2X7R-dependent large pore

by C60.

4.2 .4 Effects of C23, C40 and C60 on P2X7R mediated cell death

The three hits C23, C40 and C60 are potent antagonists of the hP2X7R. Previously

established P2X7R antagonists have been shown to protect cells including macrophages
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Figure 4.6 Inhibition of YO-PRO-1 uptake in single cells by C60

(A) Representative bright field and fluorescent images showing all cells, DAPI stained
cells and YO-PRO-1 stained cells, respectively, under the indicated conditions. Scale
bar is 400 uM. (B) Summary of YO-PRO-1 staining under the indicated conditions.
Results are presented as mean + SEM from 4 independent experiments. ** P< 0.01
significantly different from control.
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Figure 4.7 Effects of C23, C40 and C60 on hP2X7-mediated cell death

(A) Representative bright field and fluorescent images showing all cells, DAPI stained cells and PI stained dead cells respectively under the conditions
indicated. Scale bar is 100 uM. (B) Summary of cell death under the conditions indicated. Results are presented as mean + SEM from 4 independent
experiments. ** P< 0.01 significantly different from control.
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(Le Feuvre et al., 2002), astrocytes (Salas et al., 2013) and microglia (Eyo et al., 2013)
against ATP-mediated cell death, as prolonged P2X7R activation causes membrane
blebbing and subsequent cell death (Chow et al., 1997; Di Virgilio et al., 1998). HEK293
cells stably expressing the hP2X7R were exposed to millimolar concentrations of ATP
for extended periods in order to determine whether C23, C40 and C60 could protect cells
following pre-treatment with these compounds (Figure 4.7). Pl staining assays showed
that incubation of cells with ATP for 6 hrs led to a significant degree of cell death, with
78 £ 3% of cells stained by Pl compared to 5 + 1% of untreated control cells. Cells pre-
treated with C23 at 3 uM and 10 pM reduced the percentage of cell death to 44 + 3%
and 29 £ 3%, respectively. Similarly, pre-treatment of cells with C40 at 3 uM and 10 uM
reduced the percentage of Pl stained cells to 43 + 2% and 30 + 3%, respectively. C60
was shown to be less effective at preventing cell death; at 10 uM 45 * 5% of cells were
Pl stained, whereas incubation with 30 uM C60 only reduced this to 37 £ 2%. The
reduction under all these conditions reached statistical significance (Figure 4.7). These
results provide evidence supporting the ability of the novel antagonists identified in this
study to inhibit ATP-induced cell death as previously described for P2X7R antagonists
such as A438079 (Haanes et al., 2012) and BBG (Notomi et al., 2011). The compounds
vary in their ability to affect this function of the P2X7R; C23 and C40 seem to be the most
effective, whereas C60 is less so. All three compounds appear to act in a dose-

dependent manner in order to act protectively at hP2X7R-expressing cells.

4.2.5 P2X subtype selectivity of C23, C40 and C60

Whilst there are a number of general P2XR antagonists, studies often preferentially
utilise those with specificity for a particular subtype. The P2X4R has the highest degree
of sequence identity with the P2X7R (~40%) and the two are co-expressed in numerous
cell types (Xiang and Burnstock, 2005; Ma et al., 2006; Guo et al., 2007), which suggests

that this receptor is the most likely candidate to also be inhibited by C23, C40 and C60.
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Figure 4.8 Influence of novel antagonists on different P2XRs

(A) Representative traces of calcium responses in HEK293 cells stably expressing the
hP2X7R, hP2X4R and rP2X3R in response to 100 uM BzATP, 100 uM ATP and 100 uM
ATP respectively in the absence or presence of 10 uM C23, C40 and C60 as indicated.
(B) Summary of inhibition of the hPX7R (white bar), hP2X4R (grey bar) and rP2X3R
(black bar). Results are presented as mean = SEM from 8-12 wells of cells from 3-5
independent experiments. * p<0.05, ** p<0.01, NS, not significant compared no

antagonist.
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Figure 4.9 Notable structural features of novel antagonists

Structures of the three novel hP2X7R antagonists and the EC-001, EC-002 and EC-003
compounds described in this study. The common structural elements between C23, C40
and C60 are highlighted; A, an NO; group, B, an N-methyl amide group and C, a bulky
ring structure. The structural modifications made in EC-001, EC-002 and EC-003 are
also shown.
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Compound activity was assessed against HEK293 cells stably expressing the hP2X4R
as well as the rP2X3R (Figure 4.8). C40 and C60 showed little to no block of agonist-
induced calcium responses mediated by both the hP2X4R and rP2X3R. C40 reduced
hP2X7R-mediated calcium response by 84 + 8% compared to 24 + 6% and 4 + 14% in
the rP2X3R and hP2X4R respectively, whereas C60 reduced calcium response in the
hP2X7R by 91 + 5% compared to 33 £ 15% and 17 = 4% in the rP2X3R and hP2X4R.
These antagonists show a clear selectivity for inhibition of the hP2X7R (Figure 4.8A). In
comparison, C23 significantly blocks all three P2XRs tested, decreasing calcium
responses in cells expressing the hP2X7R, rP2X3R and hP2X4R by 73 + 2%, 66 + 6%
and 46 + 14% at 10 uM (Figure 4.8B). As such, C23 appears to act as a less selective
antagonist, although inhibition caused by C40 and C60 is much more selective and acts
primarily on the P2X7R. This suggests that C40 and C60 are of greater use in terms of

study of the P2X7R specifically.

4.2.6 Structure-activity relationship studies of the novel antagonists

C23, C40 and C60 demonstrate some common structural features. Each compound
features an NO_ group (A), a central moiety consisting of an N-methyl amide group (B)
and a large ring structure (C) (Figure 4.9). These aspects of the compound structures
may be important in antagonist binding to the hP2X7R extracellular domain. A further
three compounds were designed based around the common scaffold of the novel
antagonists in order to investigate the importance of particular pharmacophore elements

of the three structures (Figure 4.9). These compounds were bought from Enamine.

From these new structures, it is apparent that the NO, group (A, Figure 4.9) is not vital
for the inhibitory activity of these compounds. EC-001, in which the NO- group in the C40
structure was replaced with NH., blocks 91 + 1% of hP2X7R-mediated calcium response
compared to C40 which blocked 71 + 9% (Figure 4.10). EC-001 was a more effective

antagonist than all three of the initial hits. However, the replacement of this group with
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Figure 4.10 Effects of structurally altering the novel antagonists

(A) Representative FlexStation recording traces from HEK293 cells expressing the
hP2X7R indicating calcium responses in response to the application of 300 uM BzATP
after 60 s, with the control response shown in black and the compound response shown
in red. The compounds indicated were applied at 10 uM. (B) Summary of inhibition
resulting from application of 10 uM EC-001, EC-002 and EC-003 compared to C23, C40
and C60. Results are presented as mean + SEM. from 8-12 wells of cells from 3-5
independent experiments.
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CHs as in EC-002 greatly reduced the block of the BzZATP-induced calcium response by
approximately half that of C40, 35 + 7% (Figure 4.10). This suggests that the ability to
hydrogen bond in this group may play an important role in compound binding to the

P2X7R.

Further to this, the size of the ring structures (C, Figure 4.9) was altered in order to
determine whether the bulk in this region of the compound contributes to interactions
between the antagonist and the receptor. EC-003 is a similar structure to C23 and C40
except for the ring structure (C) being replaced by an alternative ring moiety, in this
instance a benzene ring. EC-003 reduced calcium responses in hP2X7R-expressing
cells by 4 + 6%, exhibiting no significant antagonism of the receptor and supporting the
idea that a hydrophobic group of a size larger, or possibly less flat, than a benzene ring

is critical in the interaction of these inhibitors with the hP2X7R (Figure 4.10).

4.3 Discussion

The information presented in this chapter shows the application of a structure-driven
approach to identify four novel antagonists of the hP2X7R; C23, C40, C60 and EC-001
(Figure 4.1 to 4.5, 4.9 and 4.10). These compounds are able to inhibit physiological
functions of the P2X7R such as agonist-induced large pore formation and cell death
(Figure 4.6 and 4.7), although interestingly C60 specifically affects large pore formation
(Figure 4.5). This study is the first to date to make use of the structural information
available from the previously published crystal structure of the zfP2X4R in order to make

selective P2XR antagonists.

The compound database in this study was screened against the hP2X7R ATP binding
site, and as such it is highly likely that the antagonists discovered are competitive and
interact with the orthosteric binding site. This could be considered a disadvantage due
to the fact that competitive antagonism is surmountable and, if high enough levels of

agonist are present, a higher concentration of antagonist must be applied to compensate.
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In a therapeutic context this could be dangerous as administering higher concentrations
of drug can lead to adverse side effects. However, the identification of competitive
P2X7R antagonists means that a structure-based approach can be applied in order to
reduce both the time and resources used. Such as approach means that antagonist

discovery is much more efficient.

Two of the antagonists identified in this study showed subtype specificity for the P2X7R
over other receptors including the P2X3R and the P2X4R (Figure 4.8). This specificity is
vital for the development of therapeutic compounds, as P2XRs are expressed widely
throughout the body (North, 2002). Whilst it would be advantageous to test these
antagonists on additional members of the P2XR family, C40 and C60 did not inhibit the
hP2X4R which shares the highest degree of sequence identity with the hP2X7R,
suggesting that it is unlikely that these inhibitors strongly block other P2XR subtypes
(although this is speculative and further experimentation would be beneficial). In contrast,
C23 significantly inhibits both the hP2X4R and the rP2X3R in addition to the hP2X7R,
indicating that this compound may interact with further members of the P2XR family and

lacks selectivity.

The P2X7R has the ability to form large pores following sustained stimulation with an
agonist. This pore allows permeability to large cations and fluorescent dyes of sizes up
to 900 Da (Surprenant et al., 1996) and is crucial for the release of the inflammatory
cytokine IL-1B, linking the P2X7R with the pathogenesis of diseases including chronic
inflammatory and neuropathic pain and the aged-related macular degeneration
responsible for loss of vision in the elderly. As such, the ability of C60 to preferentially
block large pore formation as opposed to the small ion-conducting channel in hP2X7R-
expressing cells is potentially exciting in terms of future drug development (Figure 4.5).
The ~630 Da fluorescent dye YO-PRO-1 is unable to pass through the P2X7R when it is
acting as an ion channel, which means the prevention of YO-PRO-1 entry by C60
provides evidence for the inhibition of large pore formation in the hP2X7R by this

compound. However, there are some aspects of C60 activity which mean that it is not
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entirely clear whether this compound acts exclusively at the large pore and as such
alternative explanations must be considered. Inhibition of calcium responses occurs
rapidly after addition of the agonist (Figure 4.5), which complicates this explanation since
large pore formation is known to occur after prolonged stimulation of the P2X7R. It may
be that other factors influence the ability of C60 to inhibit the receptor. One possibility is
that the different assays used in this study show some variation in the concentration of
calcium in their buffers; patch clamping was carried out in low divalent solution with
calcium concentrations of 0.3 mM compared to the 1.5 mM calcium used when
measuring calcium responses. From this it could be suggested that calcium may act as
a co-factor for high affinity C60 binding to the protein. On the other hand, YO-PRO-1
uptake was measured in a buffer containing 0.3 mM calcium which complicates this
explanation. Further investigation of the effect of the calcium content of assay buffers to
C60 would be hugely beneficial in this regard, as would conducting the experiments
shown in this chapter using P2X7R mutants which lack large pore forming activity. If C60
does indeed preferentially block the large pore, it may prove valuable in further
mechanistic investigation of the P2X7R. It is a widely debated issue whether the large
pore is mediated by the receptor itself or if activation of the receptor causes the large
pore to open via a separate protein (Wei et al., 2016; Alberto et al., 2013). The ability of
C60 to specifically block this large pore formation provides a further facet of evidence to
suggest a distinct mechanism for large pore formation in the P2X7R from its ion channel

function.

As well as its subtype specificity, C23, C40 and C60 show species specificity in that they
inhibit the human but not rat P2X7R. This is a common pattern within P2X7R-specific
antagonists and includes inhibitors including KN62 (Humphreys et al.,, 1998),
AZ11645373 (Stokes et al., 2006) and SB203580 (Michel et al., 2006). These
compounds were screened against the ATP binding region and as such it is likely that
they act as competitive antagonists, with the difference between binding in the human

and rat receptors possibly being caused by a variation in residues localised to the ATP



126

Figure 4.11 Residues which may influence compound-receptor interactions

(A) C23 docked to the P2X7R showing Tyr288 from the human receptor in cyan and
Phe288 from the rat receptor in green. Conserved ATP binding residues are shown in
orange. (B) C23 docked to the receptor with residues thought to interact with the
antagonists shown in cyan. Conserved ATP binding residues are shown in orange. (C)
The novel compounds C23, C40 and C60 (from left to right) shown docked as predicted
by eHits to the hP2X7R, with potentially influential residues highlighted as sticks.
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binding region. For example, the residue at position 288 is a Tyr in the hP2X7R but Phe
in the rP2X7R. The homology model of the P2X7R on which this study is based predicts
the Tyr residue to be flipped further out into the ATP binding pocket in the hP2X7R
(Figure 4.11A) which may be caused by its OH group, which would clash with other
residues in the receptor if it were to be in the same orientation as Phe in the rP2X7R.
The size of the area of the binding pocket with which the antagonists can interact appears
to be increased by the additional protrusion introduced by this particular conformation of
the side chain of Tyr288. Such structural differences provide a potential explanation for
why these compounds interact preferentially with the hP2X7R. Position 288 is occupied
by Ser in all other P2XR subtypes except for the P2X6R, which has no equivalent residue
(Figure 1.3). This may provide some explanation for the specificity of these compounds

for the P2X7R subtype.

The three antagonists are structurally similar in several ways. They have a common
central moiety consisting of an N-methyl amide group (B, Figure 4.9) in addition to a
prominent NO, group at one end of the molecule (A, Figure 4.9) and bulky ring structures
at the other (C, Figure 4.9). The recurrence of these common elements suggest that
these components form the basis of this group of antagonists. When the NO: group in
C40 is replaced with NH2, the inhibitory activity of the resulting compound is greatly
increased, as seen in EC-001 (Figure 4.9 and 4.10). Conversely, replacing this group to
CHjs as in EC-002 rendered the resulting compound much less effective (Figure 4.9 and
4.10), signifying that the ability to hydrogen bond is an important component of these
inhibitors. This may be due to its ability to interact with residues in the receptor, for
example GIn143 in the ATP binding pocket which appears ideally situated to form a
hydrogen bond with this group (Figure 4.11B). In addition to this nitrogen-containing
group, the size of the ring structures (C, Figure 4.9) may be important in mediating ligand-
receptor interactions. Replacement of the cycloheptane group or the benzo-fused five
membered heterocyclic group, found in C23 and C40 structures respectively, with a

benzene ring produced a compound with no hP2X7R antagonistic activity (Figure 4.10).
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This clearly signifies that the bulk of these groups relative to the benzene ring may be
important in allowing these compounds to interact with the receptor. In addition, Tyr288
in the hP2X7R could be important in forming the pocket in which the ring structures from
C23, C40 and C60 (C, Figure 4.9) nestle. In addition, visual assessment of the structures
in this study suggests that the central common moiety is important. This may be due to
the flexibility of the central linker, which would allow the antagonists to adopt the bent
conformation predicted to be necessary for ligand binding (Figure 4.11). Further analysis
of antagonist binding using the homology model in this way has provided suggestions
for important aspects of the compound structures described in this study which could aid
the future development of even more effective antagonists. As such, these antagonists

form the basis of a potentially exciting novel group of hP2X7R antagonists.

Taken as a whole, the results discussed here detail the discovery of several novel
hP2X7R antagonists by a structure-based approach. Interestingly, it describes the first
P2X7R inhibitor to preferentially inhibit large pore formation mediated by this receptor

without having an effect on the ion channel function.
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Chapter 5

Identification of Residues Influencing P2X7-ligand Interactions
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5.1 Introduction

The P2X7R is a prominent mediator of purinergic signalling, being activated by ATP
within the body (Surprenant et al., 1996), and a promising drug target with involvement
in a number of disorders (North and Jarvis, 2013). Having a thorough understanding of
ligand binding to the P2X7R is a subject of great interest. Agonist binding to the P2XR
family was first determined with any level of certainty when the ATP-bound zfP2X4R
crystal structure was solved (Hattori and Gouaux, 2012). However, prior to this a number
of mutagenesis studies provided valuable insights into gross regions, as well as
individual residues, which are important in ligand binding to the P2X7R. In the P2X7R
there are nine core residues identified in playing a direct role in ATP binding which are
contributed from two adjacent subunits. The first subunit provides four hydrophillic
residues, Lys64, Lys66, Thr189 and Lys193, and two hydrophobic residues, Leul191 and
lle228 (the P2X7R does not possess an equivalent residue to Leu217 in the zfP2X4R
structure at this subunit). The second subunit contributes three hydrophilic residues,
Asn292, Arg294, and Lys311 (Figure 5.1). These residues have been shown to be
fundamental in the stimulation of P2X7R activity by ATP (Worthington et al., 2002;
Schwarz et al., 2009; Browne et al., 2010; Jiang et al., 2013). In addition to the essential
residues, there are further sections of the P2X7R surrounding the ATP binding site which
have an influence on receptor activation. For example, Asn284 in the rP2X7R has been
shown to account for the higher sensitivity of this receptor to ATP and Asn284 in

combination with Lys127 governs its higher sensitivity to BzATP (Young et al., 2007).

In order to investigate additional, previously unexplored residues which may play a role
in agonist interactions with the P2X7R, potentially influential amino acids were identified
using the P2X7R homology models and these residues were subjected to site-directed
mutagenesis. Patch-clamp recording was subsequently used to analyse the function of
these mutants. This chapter details three residues which were identified to have
separate, distinct effects on the hP2X7R. The effects of these mutations on receptor

function and expression are described.



131

hp2X1 EKGYQTSS-GLISSVSVELRGLAVT-——-———— QLPGLGPQVWDVADYVFPAQGDNSFVVM 103
hP2X2 QKSYQESETGPESSIITRVRGITTS———————————— EHKVWDVEEYVKPPEGGSVFSIT 111
hP2X3 EKAYQVRDTAIESSVVTRVRGSGLY -———————————— ANRVMDVSDYVTPPQGTSVEVII 93
hp2X4 EKGYQETD-SVVSSVITKVRKGVAVT -—————— NTSKLGFRIWDVADYVIPAQEENSLEVM 102
hP2X5 KKGYQDVDTSLOSAVITEKVRGVAFT-—————— NTSDLGQRIWDVADYVIPAQGENVFEVV 104
hP2X6 KKGYQERDLEPQFSITITKLRGVSVT ——————— QIKELGNRLWDVADFVKPPQGENVFFLV 103

hP2X7 DKLYQRKE-PVISSVHTKVKGIAEVKEEIVENGVKKLVHSVFDTADYTFPLQG-NSFFVM 105
rP2X7 DKLYQRKE-PLISSVHTKVRKGVAEVTENVTEGGVTKLVHGIFDTADYTLPLQG-NSFFVM 105

hp2X1 TNFIVTPKQTQGYCAEHPE—GGICKEDSGCTPGRAKRKAQGIRTGKCVAFNDTVK-TCE 160
hp2X2 TRVEATHSQTQGTCPESIRVHNATCLSDADCVAGELDMLGNGLRTGRCVPYYQGPSKTCE 171
hP2X3 TKMIVTENQMQGFCPESE—EKYRCVSDSQC--GPERLPGGGILTGRCVN-YSSVLRTCE 148
hp2x4 TNVILTMNQTQGLCPEIPDA-TTVCKSDASCTAGSAGTHSNGVSTGRCVAFNGSVK-TCE 160
hP2X5 TNLIVTPNQRONVCAENEGIPDGACSKDSDCHAGEAVTAGNGVKTGRCLRRGNLARGTCE 164
hP2X6 TNFLVTPAQVQGRCPEHPSVPLANCWVDEDCPEGEGGTHSHGVKTGQCVVENGTHR-TCE 162
hp2X7 TNFLKTEGQEQRLCPEYPTR-RTLCSSDRGCKKGWMDPQSKGIQTGRCVVHEGNQK-TCE 163
rp2x7 TNYLKSEGQEQKLCPEYPSR-GKQCHSDQGCIKGWMDPQSKGIQTGRCIPYDQKRK-TCE 163

hP2X1 IFGWCPVEVDDDIPRPALLREAENFTLFIKNSISFPRFKVNRERNLVEEVNAAHMKTCLFH 220
hp2X2 VFGWCPVEDGASVSQFLGT-MAPNFTILIKNSIHYPKFHFSKGN-IADRTDGYLKRCLFH 229
hP2X3 IQGWCPTEVDT-VETPIMM-EAENFTIFIKNSIRFPLFNFEKGNLLPNLTARDMKTCRFH 206
hP2X4 VAAWCPVEDDTHVPQPAFLKAAENFTLLVRKNNIWYPKENFSKERNILPNITTTYLKSCIYD 220
hP2X5 IFAWCPLETSS-RPEEPFLKEAEDFTIFIKNHIRFPKFNFSKNNVMDVKDRSFLKSCHFG 223
hP2X6 IWSWCPVESGV-VPSRPLLAQAQNFTLEIKNTVTFSKFNFSKSNALETWDPTYFKHCRYE 221
hp2X7 VSAWCPIEAVEEAPRPALLNSAENFTVLIKNNIDFPGHNYTTRNILPGLNIT----CTFH 219
rp2x7 IFAWCPAEEGKEAPRPALLRSAENFTVLIKNNIDFPGHNYTTRNILPGMNIS——-—--CTFH 219

hP2X1 KTLHPLCPVFQLGYVVQESGONFSTLAEKGGVVGITIDWHCDLDWHVRHCRPIYEFHGLY 280
hp2x2 KTLHPLCPVFQLGYVVQESGONFSELAHKGGVIGVIINWDCDLDLPASECNPKYSFRRLD 289
hP2X3 PDKDPFCPILRVGDVVKFAGQDFAKLARTGGVLGIKIGWVCDLDKAWDQCIPKYSFTRLD 266
hp2X4 AKTDPFCPIFRLGKIVENAGHSFQDMAVEGGIMGIQVNWDCNLDRAASLCLPRYSFRRLD 280
hp2X5 PEK-NHYCPIFRLGSIVRWAGSDFQDIALRGGVIGINIEWNCDLDKAASECHPHYSFSRLD 283
hP2X6 PQFSPYCPVFRIGDLVAKAGGTFEDLALLGGSVGIRVHWDCDLDTGDSGCWPHYSFQLQE 281
hp2X7 KTQNPQCPIFRLGDIFRETGDNFSDVAIQGGIMGIEIYWDCNLDRWFHHCRPKYSFRRLD 279
rP2X7 KTWNPQCPIFRLGDIFQEIGENFTEVAVQGGIMGIEIYWDCNLDSWSHRCQPKYSFRRLD 279

hP2X1 E-——ERNLSPGFNFRFARHFVEN-GTNYRHLFKVFGIRFDILVDGKAGKFDI 328
hp2X2 — PKHVPASSGYNFRFAKYYKIN-GTTTRTLIKAYGIRIDVIVHGQAGKFSL 338
hp2X3 SVSEKSSVSPGYNFRFAKYYKMENGSEYRTLLKAFGIRFDVLVYGNAGKFNI 318
hP2X4 TRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLIKAYGIRFDIIVFGKAGKFDI 332
hp2X5 NEK-LSKSVSSGYNFRFARYYRDAAGVEFRTLMRAYGIRFDVMVNGKGAGKFES 334
hP2X6  -———————- KSYNFRTATHWWEQPGVEARTLLEKLYGIRFDILVTGQAGKFGL 324
hp2X7 DKTTNVSLYPGYNFRYAKYYKE-NNVEKRTLIKVFGIRFDILVFGTGGKFDI 330
rp2X7 DKYTNESLFPGYNFRYAKYYKE-NGMEKRTLIKAFGVRFDILVFGTGGKFDI 330

Figure 5.1 Sequence alignment of the human P2XRs and the rat P2X7R

Alignment of P2XR subunit sequences relevant to this study as determined by Clustal
Omega. The ATP binding residues are shown in pink and the residues investigated in
this chapter are highlighted in yellow.
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5.2 Results
5.2.1 Effect of Arg126 mutation on hP2X7R-mediated currents

As outlined in chapter 3, homology models of the P2X7R can be used as a tool to make
predictions about the location of different residues and the movement of the protein.
Therefore, as a first approach, hP2X7R models were used to identify amino acids that
may influence receptor-agonist interactions. These residues were identified by
examining the ATP binding pocket in both the agonist-free closed states and the ATP or
BzATP-bound open states, where docking experiments identified the likely binding sites
of these two agonists. The first of these residues was an arginine at position 126 in the
hP2X7R (Arg126). Arg126 is adjacent to Arg125, which plays a vital role in the gating of
the P2X7R by ADP ribosylation (Adriouch et al., 2008) and Lys127, which when paired
with Asn284 partly determines the sensitivity of the rP2X7R to ATP and BzATP (Young
et al., 2007) (Figure 5.1). This amino acid overhangs the ‘entrance’ to the ATP binding
pocket (Figure 5.2A). The large, positively charged side chain of Arg126 may aid binding
due to its potential to attract the phosphate group of both ATP and BzATP. As such,
Argl126 was substituted by site-directed mutagenesis for the uncharged residue alanine

to determine whether this may be the case.

Patch-clamp recording of cells transfected with the R126A hP2X7R mutant was used to
investigate the effects of this mutation on receptor currents (Figure 5.2B and C). These
recordings showed BzATP-evoked currents to be similar in the WT and R126A mutant
receptor; both the maximal current (7268 + 744 pA and 6242 + 1244 pA for the WT and
R126A receptors, respectively) and ECso values (39 £ 2 uM and 45 + 6 uM for the WT
and R126A receptors, respectively) were not significantly different (Figure 5.2D).

Because of this lack of effect, there was no further investigation of this residue.

5.2.2 Effect of mutating Trp139 on hP2X7R-mediated currents

The second residue to be mutated was the Trp residue at position 139 (Trp139) (Figure
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Figure 5.2 Summary of the effect of mutating Arg126 on hP2X7R function

(A) Location of Arg126 in the hP2X7R shown in green (left) and expanded views showing
its location in relation to the predicted binding site of ATP (middle) and BzATP (right). (B)
Representative traces of BzATP-evoked currents from cells transfected with the WT or
R126A hP2X7R. (C) Mean BzATP dose-response (DR) relationship curves of currents
from cells expressing the WT or R126A hP2X7R. The solid lines are fits of the data to
the Hill equation. (D) Bar chart summary of the mean current amplitudes evoked from
cells transfected with the WT or R126A hP2X7R by 300 uM BzATP and the mean ECsg
for BZATP. NS, not significant compared to WT hP2X7R.
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Figure 5.3 Summary of the effect of mutating Trp139 on hP2X7R function

(A) Location of Trp139 in the hP2X7R shown in orange (left) and expanded views
showing its location in relation to the predicted binding site of ATP (middle) and BzATP
(right). (B) Representative traces of BzATP-evoked currents from cells transfected with
the WT or W139S hP2X7R. (C) Mean BzATP DR relationship curves of currents from
cells expressing the WT or W139S hP2X7R. The solid lines are fits of the data to the Hill
equation. (D) Bar chart summary of the mean current amplitudes evoked from cells
transfected with the WT or W139S hP2X7R by 300 pM BzATP and the mean ECs, for
BzATP. NS, not significant compared to WT hP2X7R.
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5.1). As with Arg126, Trp139 is located at the ‘entrance’ to the ATP binding pocket
(Figure 5.3A). This amino acid was mutated in order to determine whether it could
influence the access of agonists to the binding pocket. This residue is fully conserved
across the P2X7Rs from different species but in other subtypes varies greatly, consisting
of Glu, Ser, Pro, or Lys (Figure 5.1). Trp139 was mutated to the smaller serine to
establish whether the large bulk of the Trp residue influences ligand binding. Evaluation
using patch-clamp recording also showed the BzATP-evoked currents from the W139S
hP2X7R mutant to be similar to the WT (Figure 5.3B and C). The maximal current (7268
*+ 744 pA and 5857 + 429 pA for the WT and R126A receptors, respectively) and ECsg
values (39 £ 2 uM and 37 = 7 uM for the WT and R126A receptors, respectively) were

not significantly different (Figure 5.2D). This residue was also not studied further.

5.2.3 Effect of mutating GIn143 on hP2X7R-mediated currents

GIn143 is found in close proximity to Trp139 and is present in P2X7Rs from all species
except for the guinea pig, where it is Lys. GIn143 is located more centrally in the ATP
binding pocket, close to the area where the adenine ring is predicted to bind by docking
experiments (Figure 5.4A). The orientation of this residue in the P2X7R is indicated in
the model to be angled in such a way that it leads to a sizeable ‘dip’ in the available ATP
binding pocket, reducing the potential interaction between the agonist and the receptor
surface. Site-directed mutagenesis was used to mutate GIn143 to two different residues;
His as seen in the hP2X4R and hP2X6R (Q143H) (Figure 5.1), and Arg (Q143R) which
was used to test whether introducing a consistent positive charge at this position would

affect receptor activation.

Q143R and Q143H hP2X7R mutant function was characterised by patch-clamp
recording. Figures 5.4 and 5.5 show the response of each of these mutants to BZATP

and ATP, respectively. The Q143H current response to BzZATP and ATP was comparable
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Figure 5.4 Effect of mutating GIn143 on BzATP-evoked currents

(A) Location of GIn143 in the hP2X7R shown in cyan (left) and expanded views showing
its location in relation to the predicted binding site of ATP (middle) and BzATP (right). (B)
Representative traces of BzATP-evoked currents from cells transfected with the WT,
Q143H or Q143R hP2X7R. (C) Mean BzATP DR relationship curves of currents from
cells expressing the WT or W139S hP2X7R. The solid lines are fits of the data to the Hill
equation. (D) Bar chart summary of the mean current amplitudes evoked from cells
transfected with the WT, Q143H or Q143R hP2X7R by 300 uM BzATP and the mean
ECso for BZATP. * p<0.05, NS, not significant compared to the WT hP2X7R.
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to the WT receptor (Figure 5.4B and C and 5.5A and B, respectively). The maximal
mutant current was 5382 + 243 pA in response to BzATP and 4821 + 853 pA to ATP,
showing no significant difference from the WT (Figure 5.4D and 5.5C). However, the
maximal currents elicited by BzZATP and ATP from the Q143R mutant were 3108 + 165
pA for BzZATP and 3021 + 570 pA for BzATP, 54% and 53% of the WT hP2X7R current
respectively (p<0.05). From this it appears that the introduction of a histidine residue
does not affect the receptor response, whereas Q143R reduces the receptor function by

approximately half.

In addition, the DR data was analysed to determine the ECso for BZATP and ATP. The
ECso for the WT hP2X7R was 37.8 £ 5.8 uM for BzZATP and 0.9 + 0.3 mM for ATP. These
values for both the Q143R and Q143H mutants were very similar, indicating no
statistically significant different in sensitivity to these two ligands (Figure 5.4D and 5.5C).
Together, this data indicates that the introduction of an Arg residue at position 143
resulted in a loss of hP2X7R function which did not occur when this residue was replaced
with His, although neither of these mutations had an impact on the agonist sensitivity of

the receptor.

5.2.4 Effect of mutating Tyr288 on hP2X7R-mediated currents

The residue at position 288 is a Tyr in the hP2X7R. The predicted binding modes of ATP
and BzATP appear to require these agonists to bend around this residue, as the bulk of
the aromatic side chain protrudes into the binding pocket (Figure 5.6A). It is therefore
possible that Tyr288 plays a role in facilitating the agonist binding position in the hP2X7R.
In other subtypes of the P2XR, this position is occupied by Ser, which has a much smaller
side chain (Figure 5.1). This may contribute in part to the difference in agonist affinity
between the P2X7R and other P2XRs, allowing ATP or BzATP to adopt a conformation
which is not constrained by the bulk of Tyr288. In order to test whether this is the case,

this residue was mutated to several alternatives by site-directed mutagenesis. Ser, Gly,
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Figure 5.5 Effect of mutating GIn143 on ATP-evoked currents

(A) Representative traces of ATP-evoked currents from cells transfected with the WT,
Q143H or Q143R hP2X7R. (B) Mean ATP DR relationship curves of currents from cells
expressing the WT or W139S hP2X7R. The solid lines are fits of the data to the Hill
equation. (C) Bar chart summary of the mean current amplitudes evoked from cells
transfected with the WT, Q143H or Q143R hP2X7R by 10 mM ATP and the mean ECso
for ATP. * p<0.05, NS, not significant compared to the WT hP2X7R.
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Phe and Val (Y288S, Y288G, Y288F and Y288V) were introduced to study the effect of

introducing amino acids with side chains of varying sizes.

The effect of mutating Tyr288 on the hP2X7R response to both ATP and BzATP was
tested, and substitution of this residue for alternative amino acids with smaller side
chains showed a similar response for both of these agonists. Each had extremely small
responses which could only be seen in response to high concentrations of these agonists
(300 uM BzATP or 10 mM ATP) (Figure 5.6 and 5.7) and as such mutating Tyr288 to
Gly, Ser or Val essentially abolished the current response in the hP2X7R. The Y288G,
Y288S and Y288V mutants elicited currents of 120 + 41, 115 + 53 and 101 + 22 pA in
response to 300 uM BzATP, respectively (Figure 5.6B-D) and 75 + 25, 115+ 53 and 111

+ 24 pAin response to 10 mM ATP, respectively (Figure 5.7A-C).

The influence of the Y288F mutation on receptor activity was investigated by a
combination of patch-clamp recording and immunofluorescent staining. The size of the
side chain of the Tyr residue makes it appear in the homology model of the hP2X7R that
this bulk may play a role in determining the conformation that agonists adopt when
binding to the ATP binding site (Figure 5.6A). As such Tyr288 was mutated to Phe which
has a side chain of comparable bulk to that of Tyr in order to determine whether the
Y288F substitution could recover some, or all, of the lost hP2X7R activity. This would be
expected, as in the rat isoform of the P2X7R residue 288 is a Phe (Figure 5.1). In
response to ATP, the current elicited from the Y288F hP2X7R receptor was comparable
to that of the other mutants with a maximal current of 140 £ 61 pA (Figure 5.7C). This is
an indication that Phe does not help to restore receptor function in this instance. In
contrast, when exposed to high concentrations of BzZATP the Y288F hP2X7R mutant
exhibited a noticeable, though not statistically significant, current. In response to 300 uM
BzATP an average current amplitude of 294 + 48 pA was observed (Figure 5.6D) which,
whilst being almost 3 times the size of the largest current induced from the other mutants,

was still less than 10% of the control WT hP2X7R-expressing cells.
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Figure 5.6 Effect of mutating Tyr288 on BzATP-evoked currents

(A) Location of Tyr288 in the hP2X7R shown in yellow (left) and expanded views showing
its location relative to the predicted binding site of ATP (middle) and BzATP (right). (B)
Representative traces of BzATP-evoked currents from cells transfected with the WT or
mutant hP2X7R. (C) Mean BzATP DR curves of currents from the WT or mutant
hP2X7R. Solid lines are fits of the data to the Hill equation. (D) Bar chart summary of the
mean current from cells transfected with the WT or mutant hP2X7R by 300 uM BzATP
and the mean ECs for BzZATP. ** p<0.01, NS, not significant compared to WT hP2X7R.
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Figure 5.7 Effect of mutating Tyr288 on ATP-evoked currents

(A) Representative traces of ATP-evoked currents from cells transfected with the WT or
indicated mutant hP2X7R. (B) Mean ATP DR relationship curves of currents from cells
expressing the WT or indicated mutant hP2X7R. The solid lines are fits of the data to the
Hill equation. (D) Bar chart summary of the mean current amplitudes evoked from cells
transfected with the WT or indicated mutant hP2X7R by 10 mM ATP and the mean ECso
for ATP. ** p<0.01, NS, not significant compared to WT hP2X7R.
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Further to this, the DR data was assessed to determine whether these mutations
influenced the ECso of ATP and BzATP. The ATP ECso value was 1.9 + 0.4 mM for hP2X7
WT, 3.4+ 1.0 mM for Y288G and 1.8 £ 1.1 mM for Y288S respectively (p<0.01), and 4.2

+ 0.4 mM for Y288V and 4.4 + 0.5 mM for Y288F (not significant) (Figure 5.7C).

Conversely the BzATP ECso value was 38.6 = 9.1 pM for hP2X7 WT, 6.6 = 1.9 uM for
Y288G and 3.0 £ 0.7 uM for Y288S respectively (not significant), and 54.1 + 12.2 uM for
Y288V and 33.1 £ 8.8 uM for Y288F which were different from the WT (p<0.01) (Figure
5.6D). Mutating Tyr288 seems to have a varying effect on agonist sensitivity depending
on the agonist and the residue that Tyr is substituted for; there appears to be an inverse
effect on the sensitivity of each mutant depending on whether it is exposed to ATP or
BzATP. This may be due to the maximal current being so small for the mutants, meaning
that the ECso calculations could be skewed. It is also possible that there are different

molecular interactions occurring not obvious when exploring the homology model.

5.2.5 Effect of mutating Y288 on P2XR expression

In order to explore potential reasons for the loss of function seen in Y288V and Y288F
hP2X7R mutants, cells were stained by immunocytochemistry to examine the subcellular
distribution of the protein in P2X7R-transfected HEK293 cells. Due to the unreliable
nature of anti-P2X7 antibodies in identifying different isoforms of the receptor (Anderson
and Nedergaard, 2006), an alternative antibody was used for the staining. Both the WT
and mutant receptors in this study possessed a C-terminal EYMPME (EE) tag, and as
such an anti-EE antibody which has previously been shown to be effective in the
identification of EE-tagged P2X7R proteins (Bradley et al., 2011a; Roger et al., 2010a)
was used to explore the location of WT and mutants P2X7Rs. Figure 5.8 shows
representative images illustrating the effect of introducing the Y288V or Y288F mutation

into the hP2X7R on subcellular localisation.
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Figure 5.8 Effect of mutating Y288 on receptor expression

Representative confocal images of fluorescently stained HEK293 cells transfected with
either the WT or mutant P2X7R as indicated, determined using an anti-EE antibody. The
scale bar is 10 pm.
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Immunostaining of the WT rP2X7R was shown to be localised primarily to the cell
membrane, with minimal fluorescence throughout the rest of the cell compared to the
WT hP2X7R which was much more widely distributed throughout the whole of the cell.
In comparison to these WT receptors, introduction of the Y288V mutation into the
hP2X7R appears to lead to reduced levels of the protein at the cell surface and cause
brighter focal points. It is possible that mutating the Tyr288 residue has an impact on the
trafficking of the receptor to the cell surface, which would provide an explanation for why
these mutant receptors show only a minimal current even when high concentrations of

agonists were applied.

5.2.6 Impact of introducing reciprocal mutations from the human to
rat receptor on BzATP-induced currents

Further to the residues which were designed above based on the P2X7R homology
model, additional residues were investigated based on the difference in sequence
between the human and rat isoforms of the receptor (Figure 5.1). As introduced above,
the rP2X7R is significantly more sensitive to activation by ATP and BzATP compared to
the hP2X7R. Previously residues have been identified which are pivotal for mediating
this difference in sensitivity but it is possible that there are additional ones which have
an influence on this aspect of P2X7R activation. As such, a series of mutants were
produced throughout the hP2X7R which substituted residues found in the human isoform
of the receptor with that in the rat. These plasmids were kindly provided by Helen Bradley
who previously worked in the Jiang group. As with the previous batch of mutants, an
initial screen was carried out in order to determine which of the mutations may make the

hP2X7R more sensitive to activation by BzATP.

Patch-clamp recording of HEK293 cells expressing the 13 mutants available revealed a
range of responses (Figure 5.9A), a large number of which were reduced, whilst only

one mutant appeared to result in a significant increase in BZATP-induced hP2X7R-
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Figure 5.9 Electrophysiological screen of reciprocal human-to-rat mutations

(A) Representative current traces of BzATP-evoked currents from HEK293 cells
expressing the WT hP2X7R, the WT rP2X7R or mutant hP2X7Rs as indicated. (B) Bar
chart summary of the mean current amplitudes evoked from cells transfected with the
WT hP2X7R, the WT rP2X7R or the indicated mutant by 300 uM BzATP. Values are
taken from 6 recordings from 3-4 individual cells. * p<0.05, ** p<0.01, NS, not significant
* compared to WT hP2X7R.
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mediated currents (Figure 5.9B). This was V87I, which displayed a mean maximal
current of 15021 + 3371 pA in contrast to 7268 + 744 pA displayed by the WT hP2X7R
(p<0.05). The degree to which the V871 hP2X7R response was increased in this initial
screen was comparable to the WT rP2X7R, so to further investigate this further in-depth

functional studies were carried out as described below.

5.2.7 Effect of mutating residue 87 on hP2X7R-mediated currents

From the initial screen of residues which may have an effect on the species-specific
response of the human and rat P2X7Rs, the V87| mutation in the hP2X7R was
particularly interesting. The introduction of this mutation into the human receptor
significantly increased the average maximal current response to 300 uM BzATP
compared to the WT hP2X7R (Figure 5.9). The contribution of this residue to species-
mediated differences in P2X7R response to BzATP was further investigated by both
patch-clamp recording (Figure 5.10 and 5.11) and immunofluorescent staining (Figure
5.12) of both human and rat mutant P2X7Rs. Application of BzATP to the V871 hP2X7R
mutant elicited a current which was significantly larger than the WT hP2X7R at all
concentrations, whilst being smaller than that seen at the WT rP2X7R. Conversely, the
187V rP2X7R mutant displayed a current that was smaller than the WT rP2X7R whilst
being larger than the WT hP2X7R at all concentrations (Figure 5.10A and B), indicating
that this residue may play a partial role in determining the response of the receptor to

BzATP.

The BzATP DR data from these electrophysiological tests was further analysed in order
to determine the average maximal responses and ECsy of each of these receptors.
Figure 5.10A-C shows, the maximal currents mediated by WT and mutant P2X7Rs; 3712
* 430 pA for WT hP2X7R and 5761 + 846 pA for V871 hP2X7R, which was significantly
larger (p<0.05), whilst these values were 9828 + 1576 pA for the WT rP2X7R, and 8007

+ 976 pA for 187V rP2X7R. Whilst the current response for the WT rP2X7R was larger
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Figure 5.10 Effect of V871 and 187V on BzATP-evoked currents

(A) Representative traces of BzZATP-evoked currents from HEK293 cells expressing the
WT receptor or mutant indicated. (B) Mean BzATP DR relationship curves of currents
from cells expressing the WT P2X7R compared with the indicated mutant. The solid lines
are fits of the data to the Hill equation. (C) Bar chart summary of the mean current
amplitudes evoked from cells transfected with the WT hP2X7R or the indicated mutant
by 300 uM BzATP and the mean ECs, for BZATP. * and # p<0.05, ** p<0.01, NS, not
significant, * is compared to WT hP2X7R and # to the WT rP2X7R.
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Figure 5.11 Effects of V87l and 187V on ATP-evoked currents

(A) Representative traces of ATP-evoked currents from HEK293 cells expressing the WT
receptor or mutant indicated. (B) Mean ATP DR relationship curves of currents from cells
expressing the WT P2X7R compared with the indicated mutant. The solid lines are fits
of the data to the Hill equation. (C) Bar chart summary of the mean current amplitudes
evoked from cells transfected with the WT hP2X7R or the indicated mutant by 10 mM
ATP and the mean ECs for BzZATP. * and # p<0.05, NS, not significant, * is compared to
WT hP2X7R and # to the WT rP2X7R.
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compared to the 187V rP2X7R, this difference was not significant (Figure 5.10C). This
indicates a considerable effect of introducing the human residue into the rat receptor and
vice versa on BzATP-evoked responses, although this difference is primarily seen in the

human-to-rat mutation.

Similarly, the ECso value for each receptor varied. For BZATP these values were 42.1 +
7.6 uM for WT hP2X7R, 31.8 = 4.8 uM for V871 hP2X7R, 8.1 £ 1.8 uM for WT rP2X7R
and 6.2 £ 1.7 uM for 187V rP2X7R (Figure 5.10C). It has been previously shown that the
hP2X7R is less sensitive to activation by BzATP when compared to the rP2X7R
(Rassendren et al., 1997). However, in the case of these mutants the substitution of the
residue at position 87 for the reciprocal amino acid did not seem to have a significant
effect on the ECso of BZATP. The ECso from the WT hP2X7R and the V871 hP2X7R are
comparable, as are those from the WT rP2X7R and the 187V rP2X7R. It is interesting
that the V87] mutation in the hP2X7R can increase the maximal response without

affecting the sensitivity to BzZATP (Figure 5.10B and C).

In order to determine whether this was a BzATP-specific effect, these same tests were
carried out with ATP as the agonist. DR curves produced from patch-clamp recording
data (Figure 5.11A and B) gave an initial indication that this mutation had an effect on
the receptor response to ATP as well as BzATP; the maximal response of the V87l
hP2X7R mutant to ATP was slightly increased compared to the WT hP2X7R (5524 +
523 pA and 4386 + 455 pA, respectively), and although this was to a lesser degree to
that seen with BzZATP-evoked responses it was significant (p<0.05). Similarly, the 187V
rP2X7R mutant led to a decrease in the maximal response to ATP compared to the WT
rP2X7R (6346 + 767 pA and 7901 + 682 pA, respectively), although again this difference
was not as prominent as when cells were exposed to BzATP and was not significant
(Figure 5.11C). As such these mutations appear to have an effect on the P2X7R
response to ATP, though this is less prominent than the effect on the response to BzZATP.
As described for BzATP, the ECso values for each receptor in response to ATP were

analysed. For ATP these values were 0.6 £ 0.09 mM for WT hP2X7R, 0.6 + 0.2 mM for
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Figure 5.12 Effect of mutating residue 87 on P2X7R expression

Representative confocal images of fluorescently stained HEK293 cells transfected with
either the WT or mutant P2X7R as indicated, determined using an anti-EE antibody. The
scale bar is 10 yM.
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V871 hP2X7R, 0.2+ 0.01 mM for WT rP2X7R and 0.3 + 0.02 mM for I87V rP2X7R (Figure
5.11C). Again, the human isoform of this receptor has been previously shown to be less
sensitive to activation by ATP compared to the rat (Rassendren et al., 1997), but as
shown above for BzATP the ECso from the WT and mutant receptors for each species
showed no significant difference. The value for the WT hP2X7R and the V87] hP2X7R
are alike, as are those from the WT rP2X7R and the 187V rP2X7R, even more so than in
the case of the BzATP values (Figure 5.11C). This lack of effect on the sensitivity of the
P2X7R to both agonists indicates that the effect that results from this mutation is not a
BzATP-specific effect, but it does seem to influence the change in response to BzZATP

more prominently compared to ATP.

5.2.8 Effect of introducing V871 and 187V on P2X7R expression

As for the Y288 hP2X7R mutants above, cells transfected with either the human or rat
WT P2X7R or the V871 hP2X7R or 187V rP2X7R were investigated by immunostaining
using an anti-EE antibody. This was done to determine whether the increased current
response seen in the V871 mutation-containing hP2X7R or the rP2X7R containing the
inverse mutation was due to an alteration in the level of receptor expression at the cell
surface. The subcellular localisation of each of these receptors as determined by these
tests is shown in figure 5.12. The WT hP2X7R fluorescence was diffuse and distributed
throughout the cell, compared to the fluorescence from the WT rP2X7R which was
mainly restricted to the cell membrane. Both the V871 hP2X7R and the 187V rP2X7R did
not show any particular deviation from the pattern of membrane decoration seen in their
WT counterparts. In the case of the 187V rP2X7R staining it could be argued that a small
amount of additional fluorescence is visible surrounding the nucleus which may suggest
that this mutation has some small influence on the levels of this protein seen at the cell
membrane, however it appears that mutating the residue at position 87 overall does not

have a particular effect on the cell membrane levels of the P2X7R.
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5.3 Discussion

In this chapter, several residues are described that influence the activation of the
hP2X7R by ATP and/or BzATP, in particular those at positions 143, 288 and 87 (Figure
5.3). Mutating GIn143 or Tyr288 mutation drastically reduced hP2X7R-mediated currents
in response to both ATP and BzATP (Figure 5.4-7). In contrast, the V871 mutation in the
hP2X7R and the reciprocal 187V mutation in the rP2X7R was demonstrated to partially
contribute to the species-specific reaction of these receptors to agonists (Figure 5.10
and 5.11). The introduction of the Q143R mutation into the hP2X7R led to an
approximately half reduction in both ATP and BzATP-evoked current amplitude (Figure
5.4 and 5.5). This suggests a common mechanism underlying this reduction in current in
response to both agonists. However, interestingly the Q143H hP2X7R mutant had similar
current characteristics to the WT. His is present at this position in a number of receptor
subtypes (Figure 5.1), and the similar level of functionality between the Q143H and the
WT hP2X7R suggests that the NH; group in the side chain of these residues may interact
with the agonist in a manner which can be disrupted by the introduction of a positive

charge at this position.

Mutation of Tyr288 in the human P2X7R receptor almost abolished the currents elicited
from the receptor (Figure 5.6 and 5.7). This was true of both ATP and BzATP, similarly
suggesting a common mechanism causing this insensitivity. This mechanism appears to
be a disruption of receptor trafficking to the cell surface as, compared to the WT human
and rat receptors, the hP2X7R mutant fluorescence was seen in the cytosol rather than
localising to the cell membrane. It is also possible that this protein was unfolded, causing
it to become stuck in inclusion bodies (Figure 5.8). However, this explanation is
complicated due to the fact that the rat isoform of the P2X7R possesses a Phe at this
position (Figure 5.1). As such this raises the question as to how the rP2X7R is so highly
expressed at the cell membrane despite its Phe288 residue, which is possibly due to
complementary mutations elsewhere in the structure. Further investigation of protein

expression would be required to answer this question, ideally with Phe288 rP2X7R
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A

Figure 5.13 Location of residue 87 in the hP2X7R and rP2X7R

Homology model of the hP2X7R showing the location of V87 (orange) and 187 (green)
as located in the rP2X7R and position in relation to the ATP binding site. Residues in
close proximity to V87 are shown in cyan.
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mutants in addition to the Tyr288 hP2X7R mutants examined above. For the time being,
it could be speculated that the residue at this position has a different impact on the human
and rat isoforms of the P2X7R, possibly due to the different combinations of residues in
these receptors with the rat receptor compensating for this change through other
complementary mutations. Furthermore, inspection of residues surrounding Tyr288 in
the hP2X7R suggests that the OH group in the side chain may be important due to its
ability to H-bond. The region of the receptor in which this residue is located is a relatively
unstructured, unformed area which could be stabilised by H-bonds formed between
Tyr288 and surrounding residues such as nearby lysines; there is a possibility that this
interaction in the hP2X7R could be important for the formation of this particular ATP

binding site.

Further to these two residues, Val87 in the hP2X7R was determined to have an important
role in the species-specific response of P2X7Rs to agonists, though not solely to BZATP.
The hP2X7R is significantly less responsive to both ATP and BzATP than the rP2X7R
(Rassendren et al., 1997). When lle from the rP2X7R was introduced at position 87 in
the hP2X7R, the current elicited by both agonists was significantly larger than in the WT
receptor. Conversely, introducing Val at position 87 in the rP2X7R reduced the agonist-
induced current (Figure 5.10 and 5.11). This did not appear to be due to an effect on
surface expression (Figure 5.12), although study of the P2X7R homology models did not
immediately suggest a reason for why these small, hydrophobic residues would have
such a remarkable impact on protein function. Val87 and Ile87 are located behind the
ATP binding site, towards the top of the 'head' region of the subunit (Figure 5.13). Whilst
this region does not move much during receptor activation, the ‘jaw closing' motion of the
head has been shown to be an important factor in the initiation of P2X7R function (Jiang
et al., 2012). The location of residue 87 in the receptor suggests that this mutation could
influence this aspect of receptor activation, although this is speculative and would require

substantial further investigation.
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Overall this chapter further establishes the value of a structure-based investigation of the
P2X7R enabled by homology models, as highlighted in previous chapters, as well as

providing a valuable insight into the structural basis of receptor function.
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Chapter 6

General Discussion and Conclusions
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6.1 General discussion and conclusions

The data presented in this thesis has provided valuable insights into the molecular basis
of ligand binding in the P2X7R, as well as demonstrating the value of structure-based
methods in identifying new ligands. In this chapter, the conclusions gained from these

experiments will be summarised and the future direction of these studies introduced.

The high sequence similarity and identity with the zfP2X4R has allowed the production
of homology models of the mammalian P2XRs. Such models have been used as a basis
for structural investigations of P2XRs by providing more definitive insights into structure-
function relationships inferred from site-directed mutagenesis (Marquez-Klaka et al.,
2009; Stelmashenko et al., 2014; Browne et al., 2010; Browne et al., 2014). Homology
models of the P2X7R were produced as described in chapter 3, and experiments have
provided validation of these models as well as further insights into P2X7R function. The
first of these experiments was molecular docking using P2X7R agonists. Docking ATP
to the open state zfP2X4R crystal structure showed considerable similarity between the
conformation of the docked molecule and that in the crystal structure. The same docking
in the open state hP2X7R model identified the ATP binding site with slightly less
accuracy, but with considerable similarities between the docked conformation and that
of the zfP2X4R structure. Validation was additionally achieved by docking non-
competitive P2X7R antagonists with species specific activity, in particular AZ11645373,
KN-62 and SB203580 for which there was little understanding of the molecular
mechanism of their action. However, in chapter 3 the binding site was shown to be
proximal to the ATP binding site and this importantly involves the Phe95 which
determines the species-specific inhibition of the compounds tested (Michel et al., 2008;
Michel et al., 2009). Docking showed Phe95 in the hP2X7R to form pi-stacking
interactions between the Phe side chain and the ring structures in the inhibitors which
are lost when this residue is replaced with Leu as in the rP2X7R (Figure 1.3). This is
supported by the fact that AZ11645373 potently inhibits the human, rhesus monkey and

dog P2X7Rs, which have Phe95, but acts weakly or not at all at the mouse, guinea-pig
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and rat P2X7Rs, which have Leu95. This provides a valuable insight into the molecular
mechanism of action for these P2X7R antagonists as well as validating the model and
docking approach. This part of the work has been published in Bioorganic and Medicinal

Chemistry Letters (Caseley et al., 2015).

Disulfide locking of residues identified using the hP2X7R homology models identified two
interacting pairs from the six studied across various domains. Several of the single and
double mutants had impaired receptor function, though two pairs displayed BzATP-
induced currents that were restored by DTT application. These were K81C/V304C and
D48C/I1331C, although the current from the K81C/V304C double mutant remained very
small even after DTT treatment. Currents from the D48C/I331C mutant reached more
than half the amplitude of that from the WT hP2X7R after incubation with DTT and rapidly
reduced during DTT washout. This is comparable to a previous study, which similarly
found disulfide bonds formed between pairs of amino acids in the TM domains to inhibit
agonist-evoked currents prior to DTT reduction (Stelmashenko et al., 2014). In addition
to the snapshots provided by the closed and open state zZfP2X4R crystal structures,
these experiments demonstrate the importance of relative movement between the first
and second TM domains for receptor activation in the dynamic protein. As such the
models in chapter 3 have been shown to be effective in experimental design as well as
reflecting the protein in its native state, although they are by no means perfect and would

stand to benefit from additional refinement.

The model validation carried out in chapter 3 gave confidence that in silico docking could
be used to identify potential antagonists. Virtual screening of ~100,000 compounds with
varied chemical structures initially identified three novel antagonists; C23, C40 and C60
(chapter 4). These all act with micromolar potency at the hP2X7R but not the rP2X7R,
as determined by calcium imaging, patch-clamp recording, cell death and YO-PRO-1
uptake assays. They also variably antagonise different subtypes in that C40 and C60
exhibit preferential inhibition of the hP2X7R over the rP2X3R and hP2X4R. Structural

modification of these initial hits not only provided valuable insights into the molecular
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basis of their binding to the receptor but also identified two further antagonists. Of these,
EC-001 was potent and proved more effective than the initial three. It is therefore evident
that further structure-activity relationship studies are necessary to optimise these
compounds and improve their potency and specificity (and possibly their metabolic
stability for in vivo studies). However, despite this, it is clear that the compounds
identified here are valuable novel antagonists of the hP2X7R. Interestingly, these were
the first to be identified by a structure-based approach rather than functionally screening
large compound libraries, which is often inefficient and costly. This ground-breaking
implementation of structure-based ligand discovery in P2XRs has demonstrated the
importance of such an approach for this family of receptors. These results have been

published in Biochemical Pharmacology (Caseley et al., 2016).

Arguably the most interesting of the novel antagonists is C60. This compound has no
inhibitory effect on the hP2X7 ion channel but selectively blocks hP2X7R-mediated large
pore formation. The large pore is a key mediator of conditions including osteoporosis
(Syberg et al., 2012b), chronic pain (Sorge et al., 2012) and age-related macular
degeneration (Fowler et al., 2014) and thus selectively targeting this receptor function is
desirable in the treatment of such diseases. Until this study, none of the published
antagonists have been capable of specifically blocking large pore formation whilst
sparing the ion channel function. As such, this compound will be advantageous in
studying this function as well as possibly forming the basis of future therapeutic

compounds.

Residue Tyr288 in the hP2X7R has been of particular interest throughout the course of
this study. Its mutation has a marked impact on receptor function in response to both
ATP and BzATP (chapter 5). This is most likely due to an effect on receptor trafficking to
the cell surface, as its expression appeared to be located in the cytosol rather than in the
plasma membrane as seen in the WT. Tyr288 was initially chosen for investigation due
to its close proximity to the ATP binding site, which made it appear that it may directly

influence agonist binding. Despite the fact that the side chain properties of Tyr and Phe
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are very similar, when Tyr288 was mutated to Phe the resultant Y288F mutant was
shown to exhibit reduced membrane expression levels. This is interesting due to the fact
that there is a Phe at this position in the rP2X7R. Why this residue does not affect the
expression of the rat subtype, and why the Y288F mutation uniquely affects the human
receptor is intriguing. As it stands, if Tyr288 is indeed important in ensuring normal
hP2X7R trafficking to the cell surface, it may achieve this by interacting with adjacent
residues to maintain a conformation which facilitates trafficking. It is possible that Tyr288
could stabilise the area it is in by forming H-bonds between the OH group of this residue

and nearby residues such as lysines, thereby influencing the structure.

Tyr288 was also implicated as being the most likely residue to affect the species-specific
activity of the novel antagonists in chapter 4. The P2X7R homology models show the
Tyr288 side chain to protrude further into the ATP binding pocket than the equivalent
Phe288 in the rP2X7R, which could increase the area of interaction available between
the compounds and the binding pocket. This residue is likely to affect species specificity,
as there are few residues close to the predicted antagonist binding site which differ
between the human and rat isoforms. However, although the homology models used in
this study were demonstrated in chapter 3 to be valid representations of the protein in its
native state, the side chains of individual residues may not be entirely accurate. As such,
conclusions such as these are speculative and require further investigation, for example

by additional site-directed mutagenesis.

Amino acids in the hP2X7R, which is less sensitive to ATP and BzZATP compared to the
rP2X7R (Rassendren et al., 1997), have previously been identified as determining this
species-specific agonist response. Val87 (11e87 in the rP2X7R) appears to be one such
residue, which like Tyr288 has an intriguing impact on hP2X7R function in that
introducing the reciprocal mutation between the human and rat isoforms increased the
maximal current response in the human and conversely decreased it in the rat. Some
residues influence P2X7R-mediated responses by affecting surface expression. For

example, substituting His155 in the hP2X7R for Tyr in the rP2X7R causes an increase
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in surface expression and subsequently higher ATP-induced currents, and vice versa in
the rP2X7R (Bradley et al., 2011a). However, immunofluorescence imaging suggests
that this was not the case with Val87. It is more likely that mutation of Val87 affects the
single-channel function of the hP2X7R. This is similar to residue 348 which increases
hP2X7R-mediated response when the equivalent rP2X7R amino acid is introduced, by
affecting the conductance and opening probability of the receptor (Bradley et al., 2011a).
Whilst this appears the most likely explanation for the effect of the V871 mutation, the
exact mechanism underlying this change is unclear. The position of V87 at the top of the
‘head’ region of the receptor suggests that it may be involved in the vital ‘jaw closing’
motion of the head during receptor activation (Jiang et al., 2012). However, both Val and
lle are similar small, uncharged residues makes it difficult to predict, without further

experimental work, why this residue has such an effect.

In conclusion, the study presented in this thesis demonstrates that homology models of
the P2X7R are hugely beneficial in the targeted design of experiments for investigating

the molecular basis for ligand-receptor interactions.

6.2 Future work

This study has provided substantial information concerning ligand binding in the P2X7R,
and has built a platform from which future experiments could be designed. These are
described below in addition to further avenues which would be potentially beneficial to

investigate.

6.2.1 Subtype specificity of novel antagonists

The novel antagonists described in chapter 4 have varying degrees of subtype
specificity. However, testing of these compounds against the human P2X1R, P2X2R,
P2X3R, P2X5R or P2X6R is highly desirable as such information would allow a more

comprehensive conclusion to be drawn with regards to their specificity. Additionally, it
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would be interesting to determine whether the novel antagonists have any activity at the

P2YRs.

6.2.2 Molecular basis of novel antagonist binding

As part of this study, EC-001, EC-002 and EC-003 were designed, custom synthesised
by Enamine and tested. Further structure-activity relationship studies would provide a
more comprehensive view of the molecular basis of their specific binding to the hP2X7R
as well as identification of more potent and selective antagonists. In addition, further EC-
compounds (as well as EC-001, -002 and -003) were designed. Testing further structural
analogues of the identified antagonists would provide a more comprehensive view of the
molecular basis of their binding to the hP2X7R as well as potentially providing more
understanding of their species specificity. In addition to producing compounds with
modified structures, the basis of antagonist binding to the P2X7R could be probed by
site-directed mutagenesis. Residues implicated in affecting the subtype or species
specifity of the novel antagonists were Tyr288 and GIn143 in the hP2X7R. Patch-clamp
recording and calcium imaging of cells heterologously expressing mutations of these

residues would provide the molecular mechanisms of antagonism.

6.2.3 Novel antagonist effects on P2X7R physiological function

As introduced in chapter 1, the P2X7R is crucial in mediating ATP-induced production of
IL-18 from immune cells. Therefore, experiments to explore the effectiveness of the novel
antagonists in suppressing ATP-induced IL-1 production would be valuable. Moreover,
the P2X7R has been implicated in a diversity of disease conditions. In particular, as
described above, several conditions are related to P2X7R-dependent large pore
formation. Experiments using these novel antagonists, particularly C60, may inform the

significance of P2X7-dependent ion channel and large pore in pathogenesis.

6.2.4 Developing further P2X7R antagonists

The structure-based approach described in chapter 4 proved very effective in discovering

a series of novel P2X7R-specific antagonists. These had several common structural
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elements, and as such have the potential to form the basis of a new family of structurally
similar antagonists. However, buying custom compounds such as those used in this
study can prove to be expensive and this is a limiting factor. Ideally, researchers
specialising in chemistry would be able to explore a wider range of structural
modifications of this family of compounds. The testing of a larger number of compounds
containing the common central moiety highlighted in this study may reveal a plethora of
effective P2X7R antagonists. Additional antagonists may possess more drug-like
characteristics and, as a result, be candidates for future development into therapeutic

compounds for the treatment of diseases such as Crohn’s disease.

6.2.5 Mechanism of P2X7R large pore inhibition by C60

As described in chapter 4, C60 was able to specifically inhibit the large pore that forms
upon prolonged P2X7R stimulation. However, there is some ambiguity surrounding this
conclusion, in particular the fact that the inhibition of calcium responses occurred rapidly
after agonist addition even though large pore formation follows prolonged P2X7R
stimulation. Further study of this phenomenon would be beneficial, for example using a
P2X7R variant such as that containing the R307Q mutation which lacks the ability to
form large pores to determine whether calcium responses were still inhibited by C60.
Varying the extracellular concentration of calcium in experiments would also answer

whether calcium acts as a co-factor for binding of this compound to the protein.

6.2.4 Tyr288 in surface expression

The subcellular localisation of the mutants in chapter 5 with the largest impact on
hP2X7R function (Tyr288 and Val87) was tested by confocal microscopy. It would be
beneficial to assess their surface expression by further techniques to draw a more
definitive conclusion due to limitations in using immunocytochemistry to assess surface
expression. These include the rapid photobleaching seen in such experiments,
especially when taking multiple images of the same cell, in addition to the potential for

artefacts that may be introduced by the process of chemically fixing the cells. Combining
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biotin labelling and Western blotting would give a more quantifiable indication of the
expression levels of these proteins. Furthermore, as mutating Tyr288 in the hP2X7R
appears disrupt either receptor trafficking or folding, determining which of these is the

case would be useful.

6.2.5 V87 effect on receptor function

Of the P2X7R residues mutated in chapter 5, the effect at position 87 is the most difficult
to explain. Study by confocal microscopy suggested that the receptor surface expression
is not affected by mutating this residue, and the similarity in side chain characteristics
between Val in the hP2X7R and lle in the rP2X7R do not suggest an obvious explanation
for their influence on agonist sensitivity. These residues may affect ‘jaw closing’ in the
head during P2X7R activation, and as such it could prove beneficial to mutate these
residues to others with differing characteristics as well as those in surrounding regions

with which they may interact.

6.2.6 hP2X7R structure determination

The HEK293 cell line stably expressing the His-tagged hP2X7R used in this study was
initially produced for another distinct purpose. The His tag was introduced to facilitate
the purification of hP2X7R protein using nickel column purification for the structural
biology study of the hP2X7R using cryo-electron microscopy (cryo-EM) as carried out for
other membrane proteins (Liao et al.,, 2013; Twomey et al., 2016; Wu et al., 2016).
However, this particular aspect of the project was more time consuming than initially
anticipated. Experiments that would be the most beneficial to carry out with the HEK293
hP2X7-His stable cell line produced during this study would be to explore further
methods of membrane protein purification. Previously, cell preparation has been carried
out through cell sonication in both RIPA buffer and a NaCl-containing buffer made in-
house. The detergent present was DDM and, as the detergent used in such experiments
is known to be an integral factor on the success of membrane protein purification, further

detergents such as sodium dodecyl sulfate could be explored. An alternative method
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such as the use of SMA lipid particles (SMALPSs), which act as ‘cookie cutters’ in the lipid
membrane and have been shown to be effective as a tool for isolating proteins in a near-
native lipid environment (Postis et al., 2015) may also be fruitful. Additionally, only very
small-scale protein purification using Talon resin was attempted. Possibly more
favourable results would be achieved if this purification was scaled up to avoid the loss
of the already low levels of protein gained in smaller samples. Nonetheless, generation
of the His-tagged hP2X7 receptor would be very useful for further structural investigation

as well as functional studies of the receptor.

The P2X family of receptors are involved in diverse vital functions mediated by
extracellular ATP. This project to set out to specifically target the P2X7R for inhibitor
design and to this end a homology model has been created and validated by functional
and in silico studies. This has resulted in a number of novel antagonists being developed
with specific activity at the hP2X7R. These antagonists may be useful in developing
therapeutic compounds. As described above, the P2X7R is a desirable drug target,
particularly with respect to its large pore forming function which is related to pathologies.
C60 in particular therefore has the potential to treat conditions due to its ability to
specifically inhibit this large pore formation. Further development of these compounds
with the aim of producing drugs capable of treating human conditions is an obvious next
step for these novel antagonists. In the long term it is hoped that this will work will
underpin future inhibitor design programs against the P2X7R and the wider P2XR family,

potentially even further membrane proteins.
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