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Abstract

P2X receptors are non-selective ATP-gated ion channels. ATP can act as a neurotransmitter and activate
P2X receptors, allowing the passage of small cations into the cell, causing membrane depolarisation
and ultimately increasing intracellular calcium levels. Functional P2X receptors are trimeric, formed by
the association of three subunits around a common pore. Seven pore-forming subunits have been
cloned and characterised in mammals, named P2X1-P2X7. Amongst them, the P2X4 receptor subtype
is involved in numerous biological responses, contributing to ATP-mediated neurotransmission,
neuroinflammation, and other inflammatory responses. P2X4 receptors can also modulate normal
function and disease development in various organs, namely the heart, lungs, kidneys, and liver. Hence,
P2X4 receptors have remarkable therapeutic potential for the treatment of neuropathic pain and
cardiovascular disease, for example. Over the past fifteen years, there has been a growing interest in
identifying possible heteromeric P2X subunit arrangements, combining different P2X subunits to
constitute a functional channel pore. While the existence of heteromeric P2X2/3 receptors is well
established, the composition of other P2X heteromers and the interaction between distinct trimeric
receptors remains controversial.

This project aims to gain biochemical and functional evidence of human P2X4 subunit interactions. To
do so, we developed a novel experimental strategy that combined functional calcium mobilisation
assays to assess the effects of human P2X ‘dead receptor’ tools (i.e., double lysine-to-alanine mutants
that generate a non-functional human P2X subunit) on the human P2X4 receptor activity, and Western
blotting and co-immunoprecipitation assays to verify physical protein-protein interactions.

Our data revealed that human P2X1, P2X5, and P2X6 dead receptor tools exert a dominant negative
effect on the human P2X4 receptor ATP-evoked calcium responses, compromising the ATP binding
pocket and indicating that functional subunit interactions occurred. Analysis of protein expression and
co-immunoprecipitation assays also suggested the formation of functional interactions between
human P2X4 subunits and P2X1, P2X5, and P2X6 subunits. These data revealed that functional human
P2X1/4, P2X4/5, and P2X4/6 heteromeric receptors can exist in this heterologous system. Human P2X2
dead receptor tools did not affect the human P2X4 ATP-evoked calcium responses, yet protein data
showed a positive interaction between P2X2 and P2X4 subunits. These results supported interaction
between homomeric P2X2 and P2X4 receptors rather than between subunits. Human P2X3 dead
receptor tools did not affect the human P2X4 receptor ATP-evoked calcium responses and did not co-
immunoprecipitate with P2X4 subunits, indicating that no functional heteromeric interactions occurred
and that a heteromeric P2X3/4 receptor is unlikely. Human P2X4 receptor ATP-evoked calcium
responses were affected when co-expressed with human P2X7 dead receptor tools due to a reduction
in P2X4 receptor cell surface expression. Furthermore, human P2X4 and P2X7 subunits did not co-
immunoprecipitate. These results indicate that a functional human P2X4/7 heteromer is unlikely,
although their expression patterns seem to be intertwined.

This thesis has contributed to the understanding of novel functional interactions of the human P2X4
receptor and critically interpreted previous and current P2X4 heteromerisation studies. However,
further research is required to decipher whether human P2X4 subunits form functional interactions
between subunits and/or trimeric receptors. Unravelling the multimeric organisation of human P2X4
receptors will deepen our understanding of ATP signalling in health and disease and open new routes
for the development of more selective therapeutics.
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BzATP 2'(3")-0-(4-benzoylbenzoyl)adenosine 5'-triphosphate
C-term Carboxy-terminus

Ca Calcium ions

CaCl, Calcium chloride

cAMP Cyclic adenosine monophosphate

Carbachol Carbamylcholine

Cav-1 Caveolin-1

CHO Chinese hamster ovary

CNS Central Nervous System

CO; Carbon dioxide

ColP Co-immunoprecipitation

CTP Cytidine 5’-triphosphate

CVD Cardiovascular disease

DAMP Danger-associated molecular patterns

DAPI 4',6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Media

DMSO Dimethyl sulfoxide

dNTP Deoxynucleoside triphosphate

DTT Dithiothreitol

E. coli Escherichia coli

ELISA Enzyme-linked immunosorbent assay

ENaC Epithelial sodium channel

eNOS Endothelial nitric oxide synthase

FBS Foetal bovine serum
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Fura-2 AM LB
GABA
GPCR
HCI
HEPES
hP2XR
HRP
IVM

K+
KCC2
KClI

KLD
KO

LB
LGIC
LPS
MCS
Mg2+
MgCl,
N-term
Na*
nAChR
NaCl
NaOH
NDP
NF-kB
NLRP3
NMP
NO
NRK
NTP
O/N
ori
P2XR
P2YR
PAM
PAMP
PBS
PCR
Pen/Strep
PFA
PLC-B
PPADS
PRR
PSB-12054
PSB-12062

Fluorescence Resonance Energy Transfer

Fura 2-AM Loading Buffer

y-aminobutyric acid receptors

G-protein coupled receptor

Hydrogen chloride
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Human P2X receptor

Horseradish peroxidase

Ivermectin

Potassium ions

Potassium-chloride co-transporter 2
Potassium chloride

Kinase, ligase and Dpnl enzyme mix
Knockout

Luria Bertani

Ligand-gated ion channel

Bacterial lipopolysaccharides
Multiple Cloning Site

Magnesium ions

Magnesium chloride
Amino-terminus

Sodium ions

Nicotinic acetylcholine receptor

Sodium chloride

Sodium hydroxide

Nucleoside 5’-diphosphate

Nuclear factor kappa-light-chain-enhancer of activated B cells
NLR family pyrin domain containing 3
Nucleoside 5’-monophosphate

Nitric oxide

Normal rat kidney cells

Nucleoside 5’-triphosphate

Overnight

Origin of replication

P2X receptor

P2Y receptor

Positive allosteric modulator
Pathogen-associated molecular pattern
Phosphate-buffered saline

Polymerase Chain Reaction
Penicillin/streptomycin antibiotic solution
Paraformaldehyde

Phospholipase C-
Pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid
Pattern-recognition receptor
N-(benzyloxycarbonyl)phenoxazine
N-(p-methylphenylsulfonyl)phenoxazine
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PVDF

RA

rP2XR

rom

RT

SBS

SDS
SDS-PAGE
SNARE
SNP

SOC
TEMED
TGN

™
TNP-ATP
Tris

uDP
UDP-glucose
UTP

WT
zfP2XR
aB-MeATP
y-imidoATP

Polyvinylidene difluoride

Rheumatoid arthritis

Rat P2X receptor

Revolutions per minute

Room temperature

Salt-buffered saline

Sodium Dodecyl Sulphate

SDS polyacrylamide gel electrophoresis

Soluble N-ethylmaleimide-sensitive factor attachment protein receptors

Single nucleotide polymorphism

Super optimal broth with catabolite repression outgrowth media

Tetramethylethylenediamine

trans-Golgi network

Transmembrane domain

2’,3’-0-(2,4,6- trinitrophenyl)-ATP
Tris(hydroxymethyl)aminomethane
Uridine 5’-diphosphate

Uridine 5’-diphosphate-glucose

Uridine 5’-triphosphate

Wild-type

Zebrafish P2X receptor
a,B-methyleneadenosine 5'-triphosphate
Adenosine-5’-[y-(propargyl)-imido]triphosphate
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1.1 lon channels

lon channels are macromolecular pores embedded in the cell membrane that allow ion exchange
between the intracellular and the extracellular environment. Multiple ion channel types can coexist
within the same cell, and each cell can express a different selection of ion channels, creating highly

regulated networks and signalling pathways (Hille, 2001; Alberts et al., 2017).

Based on the stimulus they respond to, ion channels are divided into three superfamilies: mechano-
sensitive ion channels, voltage-gated ion channels, and ligand-gated ion channels (Alberts et al., 2017).
The ion channel response is called ‘gating’ as it opens or closes its pore. An open pore is permeable, a
property that allows the rapid passage of small ions across the cell membrane according to their
electrochemical gradient, passively diffusing from a higher ion concentration to a lower ion
concentration compartment. Some of their functions include: controlling cell volume, shaping electrical
signals, regulating secretion processes, and modulating the activity of other channels and other

intracellular molecules by allowing the passage of ‘messenger’ calcium ions into the cell (Hille, 2001).

lons play a central role in electric transmission across the nervous system. Thus, are predominantly
expressed on membranes of excitable cells, such as neurons and muscle cells (Alberts et al., 2017). lonic
movement can be explained as an electric current across the cell membrane, affecting the resting
membrane potential. Membrane potential is defined by electrical charge differences across a
membrane. In resting circumstances, the membrane potential is approximately -60mV as the
intracellular space contains fewer positive ions than the extracellular milieu. Passive ionic movement
through ion channels makes the largest contribution to the generation of electric potential across the
cell membrane (Alberts et al., 2017).

The fundamental task of a nerve cell is to receive, conduct, and transmit electrical signals. A common
example used to explain this function is how the nervous system controls the contraction of a muscle
fibre during an activity. Neurons are often extremely elongated and must maintain and conduct
electrical signals from the neuron cell body toward its distant targets. The Central Nervous System (CNS)
sends a strong wave of pulse-like electrical signals called ‘action potentials’, which can carry a message
rapidly and without attenuation to the muscle motor nerves, for example. This stimulus causes an influx
of positive ions in the intracellular space, shifting the membrane potential to a less negative value which
causes membrane ‘depolarisation’. Voltage-gated ion channels detect these significant changes in
membrane potential and open, causing further depolarisation until, within a fraction of a millisecond,
the membrane potential reaches the equilibrium of sodium ions across the cell membrane,
approximately +50mV. When the net sodium charge is almost zero, the cell undergoes ‘repolarisation’
through fast and automatic inactivation of sodium channels and opening voltage-gated potassium
channels, causing potassium ions to move out of the cell. Thereby, the cell membrane can return to its
resting membrane potential in about two milliseconds. Neighbouring regions of the axon membrane
detect these changes in membrane potential and go through the same cycle. This way, the electric

signal sent from the CNS to a particular nerve terminal is regenerative and self-propagating. When they
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reach the nerve terminal at the neuromuscular junction, a non-electrical response is generated. This
final transduction causes a membrane potential change and secretion of neurotransmitters, hormones,
enzymes, and other signalling molecules, which open or close calcium-permeable ion channels
expressed on the nearby muscle cells, for example. This calcium influx determines the ultimate cellular

response, for example, muscle contraction (Alberts et al., 2017).

1.1.1 Mechanically-gated ion channels

Our ability to feel touch and hear sounds comes from the activation of ion channels that respond to
mechanical stimuli, such as skin contact, sound waves, food texture, gravity, proprioception, muscle
stretch, and blood and air flow. These stresses affect cell membranes and their associated components
and activate mechanically-gated ion channels. Mechanosensitive ion channels are divided into five
families: epithelial sodium channels (EnaC; touch, pH, and mechanical forces), transient receptor
potential channels (TRP; light, heat, smell, pain, and mechanical forces), mechanosensitive two pore-
domain potassium channels (K2P; heat, touch, and mechanical forces), Piezo ion channels (pain, touch,
hearing, and mechanical forces), and mechanosensitive channels of the transmembrane protein
16/Anoctamin (TMEM16/Ano) superfamily (hearing, and mechanical forces). Mechanosensitive ion
channels convert physical stimuli to electrical signals, allowing sensory neurons to generate a response
within a millisecond (Ranade et al., 2015; Jin et al., 2020).

1.1.2 Voltage-gated ion channels

Voltage-gated ion channels open and close in response to membrane potential changes and include:
voltage-gated potassium channels (set the resting potential, repolarise the cell membrane and allow
generation of spontaneous trains of action potentials, and regulate the overall excitability of the cell),
sodium channels (regulate the spike initiation of an action potential, inactivate rapidly to propagate
electric signals), calcium channels (supply ‘activator’ calcium ions in fast synaptic transmissions for quick
neurotransmitter release, and dominate long synaptic transmissions in secretory glands and endocrine
organs, where a maintained electric signal is required), and chloride channels (contribute to membrane
repolarisation and stabilise the resting membrane potential, they also play major roles in regulating
intracellular pH) (Hille, 2001; Alberts et al., 2017).

Unlike voltage-gated sodium channels, voltage-gated calcium channels do not inactivate rapidly,
maintaining an influx of calcium ions during long synaptic responses that are required for hormone
secretion, for example. This property is due to a positive reversal potential for calcium ions, which
means their extracellular concentration is much higher than their intracellular one, much larger than
the reversal potential for sodium ions. As described above, calcium channels also serve as the link to
transduce electrical signals into non-electrical cellular responses. Hence, calcium ions are crucial to
terminate cellular excitation and supply intracellular ‘messengers’ capable of regulating many cell
functions (Hille, 2001; Alberts et al., 2017).
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1.1.3 Ligand-gated ion channels

Ligand-gated ion channels (LGIC) allow the passage of ions across the cell membrane in response to
endogenous or exogenous ligands. Neurotransmitter-gated ion channels are LGICs specialised in
mediating fast synaptic transmissions in response to a specific chemical ligand, the neurotransmitter.
Acetylcholine, glutamate, y-aminobutyric acid, glycine, serotonin, and ATP are some examples of known
neurotransmitters. Each of these neurotransmitters can activate their respective receptors, allowing
the passage of ions across the cell membrane, affecting the cell membrane potential, and ultimately
leading to a cellular response, such as neuron synapsis or neurotransmitter release. There are three
classes of ligand-gated ion channels, defined by their molecular architecture: Cys-loop receptors,

ionotropic L-glutamate receptors, and P2X receptors (Alexander et al., 2011).

Pentameric receptors represent the first class of LGICs and are frequently called Cys-loop receptors.
Each subunit consists of four transmembrane domains (TM), with a characteristic closed loop in the
extracellular ligand binding domain and extracellular amino-terminus (N-term) and carboxy-terminus
(C-term). Cys-loop receptors are further divided into two groups: cation permeable (i.e., nicotinic
acetylcholine receptors (nAChR), 5-hydroxytryptamine receptors (5-HT), and zinc-activated ion
channels (ZAC)), and anion permeable (i.e., y-aminobutyric acid receptors (GABA) and glycine
receptors) (Sine & Engel, 2006; Alexander et al., 2011).

The second class of LGICs are the tetrameric ionotropic glutamate receptors. Each subunit comprises
an extracellular N-terminus, three transmembrane domains with a re-entrant loop between TM1 and
TM3, an extracellular ligand binding domain, and an intracellular C-terminus. lonotropic glutamate
receptors are divided into three subtypes named after their selective dicarboxylic amino acid ligand: a-
amino-3-hydroxy-5-methyl-4-isoxalone propionic acid (AMPA or GluA), N-methyl-D-aspartate (NMDA
or GluN), and kainate (GluK) (Alexander et al., 2011).

Lastly, the third class of LGICs are the trimeric P2X receptors which respond to the neurotransmitter
ATP. Seven P2X receptor subtypes have been recently cloned and named P2X1 to P2X7 (North, 2002).
Each subunit has only two transmembrane domains, with intracellular C-term and N-term domains
separated by a large, glycosylated, and disulphide-rich extracellular ligand binding domain (Kawate et
al., 2009; section 1.2.2.2).

Nicotinic acetylcholine, 5-hydroxytryptamine, zinc-activated, ionotropic glutamate, and P2X receptors
are cation-permeable ion channels and contribute to excitatory neurotransmission and synapse. In
contrast, GABA and glycine receptors are anion permeable and are involved in inhibitory
neurotransmission responses, repolarising a depolarised cell and stabilising its resting membrane
potential (Alexander et al., 2011). While most Cys-loop and ionotropic glutamate receptors can
assemble as heteromers within each class of LGIC, little is known about P2X subunit assembly
(Alexander et al., 2011; Saul et al., 2013). Heteromeric receptors result from combining different pore-
forming receptor subunits to form a functional ion channel. These multiple combinations result in a

wide range of neurotransmitter-gated ion channels with different pharmacological and physiological
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properties and expression patterns throughout the nervous system and other tissues, highlighting the

importance of understanding their specific molecular structure and their therapeutic potential.

1.2 Purinergic signalling: ATP as a neurotransmitter

Adenosine 5'-triphosphate (ATP) is widely recognised for its vital role in cellular metabolism, where it
acts as a ubiquitous enzyme cofactor during biosynthesis and as a cellular energy source. The idea that
ATP and other extracellular nucleotides and nucleosides can act as signalling molecules was first
proposed by Professor Geoffrey Burnstock under the purinergic nerve hypothesis in the early 70s
(Burnstock, 1972). Despite previous evidence supporting this concept (Drury & Szent-Gyorgyi, 1929;
Emmelin & Feldberg, 1948; Holton, 1959; Paton & Vane, 1963; Burnstock et al., 1970), it remained

controversial for many years until it was established and recognised by the scientific community.

ATP is constantly produced within cells through cellular respiration and glycolysis. In neutral solutions,
ATP molecules are ionised and exist primarily as free ATP anions (ATP*), but in the presence of
physiological levels of magnesium ions (Mg?*), the majority of ATP molecules exist as MgATP? anions
in both extracellular and intracellular compartments (Li et al., 2013). Additionally, ATP molecules are
large and negatively charged and cannot simply diffuse across the plasma membrane. Cell damage (e.g.,
damaged endothelial and smooth muscle cells following vessel wall injury) and cell death (apoptotic or
necrotic cells) lead to the uncontrolled release of ATP and other large cytosolic molecules to the
extracellular space (Cook & McCleskey, 2002). ATP can also be constitutively released in the
extracellular space and mediate autocrine regulatory signalling (Lazarowski et al., 2000). Exocytosis
following mechanical or chemical stimulation is thought to be the method by which ATP, alone or in
combination with other neurotransmitters, is released to the extracellular milieu by neurons and
secretory cells, such as endocrine cells and platelets (Yegutkin, 2014). But it can also be released
through ATP-permeable ion channels and transporters, namely connexin (Cx) hemichannels, pannexin
1 (PANX1), calcium homeostasis modulator 1 (CALHM1), volume-regulated anion channels (VRACs), and
maxi-anion channels (MACs) (Fig 1.1; Taruno, 2018). P2X7 receptors have also been proposed as
possible ATP-release channels, although these studies have been hindered because P2X7 ion channels
are also activated by ATP itself (Johnsen et al., 2019). There are still unknown physiologically important

ATP release mechanisms to be discovered.

Ectonucleotidases, such as nucleoside triphosphate diphosphohydrolase-1 (CD39) and ecto-5'-
nucleotidase (CD73), can hydrolyse these extracellular nucleotides into intermediate metabolites and
nucleosides. Thus, the concentration of extracellular nucleotides and their mediated physiological
functions are also highly regulated by these enzymes (Yang & Liang, 2012). Finally, nucleosides can be

transported back into the cell or directly inactivated, closing the cycle (Yegutkin, 2008).

The term purinergic signalling was proposed as a form of extracellular signalling mediated by purine
and pyrimidine nucleosides and nucleotides (Fig 1.2) interacting with specific cellular receptors, namely

P1 and P2 receptor families (Fig 1.3; Burnstock, 1990; Ralevic & Burnstock, 1998). There is a growing
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body of evidence for purinergic implications in many biological processes, including maintenance of
homeostasis, modulation of vascular tone, regulation of immune responses and inflammation, pain
transmission, and cancer development. (Donnelly-Roberts et al., 2007; Beamer et al., 2016; Burnstock,
2016; Di Virgilio et al., 2018).

1.2.1 P1receptors

P1 receptors are G-protein coupled receptors (GPCR) activated by the nucleoside adenosine. Thus, they
are also referred to as adenosine receptors (AR). P1 receptors are further divided into four subtypes,
namely A1, A2A, A2B, and A3 (Fig 1.3). They all have seven putative transmembrane domains with an
extracellular amino-terminus (N-term) and an intracellular carboxy-terminus (C-term). While the
residues within the transmembrane domains are involved in ligand binding, the intracellular loops of
each segment can interact with the appropriate G protein (Burnstock, 2007). Al and A3 receptors can
couple to Ga; proteins, causing a reduction of adenylate cyclase (AC) activity and therefore preventing
the accumulation of intracellular cAMP (cyclic adenosine 5’-monophosphate). Gas proteins can bind to
A2A and A2B receptors leading to opposite actions (Burnstock, 2007; Abbracchio et al., 2008).

1.2.2 P2 receptors

On the other hand, P2 receptors are activated by nucleotides and are classified into two distinct

subfamilies known as P2X and P2Y receptors (Burnstock & Kennedy, 1985).

1.2.2.1 P2Y receptors

P2Y receptors (P2YR) share a common feature with P1 receptors in that they are GPCRs. These
receptors also have seven transmembrane domains connected by intracellular and extracellular loops,
with an extracellular N-terminus and an intracellular C-terminus (Burnstock, 2007). The first P2Y
receptor to be cloned was the P2Y1 subtype isolated from a chick brain in 1993 (Webb et al., 1993).
Since then, eight subtypes have been cloned and characterised in mammals: P2Y1, P2Y2, P2Y4, P2Y6,
and P2Y11-14 (Von Kigelgen & Hoffmann, 2016). P2Y receptors can be separated into two groups:
P2Y1-like and P2Y12-like receptors. P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors couple to Gog
proteins and activate phospholipase C-B (PLC-B) to produce inositol triphosphate (IPs) and
diacylglycerol (DAG), ultimately increasing intracellular calcium levels. In contrast, P2Y12, P2Y13, and
P2Y14 receptors are Ga; protein-coupled receptors which lead to a reduction of intracellular cAMP. Gas
proteins can also bind to P2Y11 receptors and activate AC. The ability of adenosine and uridine
nucleotides to activate P2Y receptor subtypes varies. For example, P2Y11 is activated by ATP, ADP
(adenosine 5’-diphosphate) is the sole agonist of P2Y1, ADP can also activate P2Y12 and P2Y13, ATP
and UTP (uridine 5’-triphosphate) are equipotent agonists of P2Y2 and P2Y4, UDP (uridine 5’'-
diphosphate) binds to P2Y6 and P2Y14, and UDP-glucose (uridine 5’-diphosphate-glucose) can only
activate P2Y14 receptors (Fig 1.3; Abbracchio et al., 2006; Von Kiigelgen & Hoffmann, 2016).
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1.2.2.2 P2Xreceptors

P2X receptors (P2XR) are ligand-gated ion channels that open in response to the binding of extracellular
ATP. Seven P2X receptor subtypes have been identified in mammals, i.e., P2X1-7 (North, 2002). The
first to be cloned were the P2X1 (Valera et al., 1994) and P2X2 subtypes (Brake et al., 1994) from rat
vas deferens and pheochromocytoma cells (PC12), respectively. P2X receptors share a common
topology consisting of two transmembrane domains, with short intracellular amino- and carboxy-
termini, separated by a large, glycosylated, and disulphide-rich extracellular domain (Fig 1.4; Kawate et
al., 2009). The structure of each P2X subunit has been compared to the shape of a leaping dolphin
consisting of the head, body, right and left flippers, dorsal fin, and fluke (Fig 1.4A). As described in
section 1.1.3, P2X receptors have a distinctive structure amongst other ligand-gated ion channel
families. P2X receptors are trimeric, formed by the association of three subunits with an overall chalice-
like structure (Kawate et al., 2009; North, 2016). In summary, ATP-mediated activation of P2X receptors
induces conformational changes, which result in gate opening, allowing the passage of cations (e.g.,
sodium (Na*), potassium (K*), and calcium (Ca?*)) across the plasma membrane (Fig 1.3; Kawate et al.,
2011; Samways et al.,, 2011, 2012). Subsequently, this cation influx initiates different downstream
signalling events, ultimately causing membrane depolarisation and increased cytoplasmic calcium levels

(Samways et al., 2014).

23



Introduction | Chapter 1

[MgATP*] =~10nM

a ¢ . ~
¢ © gur® o o ©%g¢
" ¢® e* . .
VN VN VN VN VN
Out '
In
Cchemichannels  PANXT CALHM1 VRAGS MAGs
Eppgurpz- = +169~185 mV

[MgATP#]=1~10 mM

Fig 1.1. ATP-permeable ion channels and transporters. The approximate physiological MgATP%
concentrations are 1-10mM intracellularly [MgATP*]; and 10nM extracellularly [MgATP?],. The
calculated equilibrium potential of MgATP? is approximately 169-185mV. Five channel families mediate
ATP release: connexin (Cx) hemichannels, pannexin 1 (PANX1), calcium homeostasis modulator 1
(CALHM1), volume-regulated anion channels (VRACs), and maxi-anion channels (MACs). ATP can also
be released via exocytosis and secretion upon mechanical or chemical stimuli and as a consequence of

cell damage or cell death (not shown in the figure). Adapted from Taruno, 2018.
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Fig 1.2. General structure of nucleosides, nucleotides, and nucleobases. Nucleosides belong to a class
of organic compounds composed of a nitrogen-containing heterocyclic nucleobase, either a purine
(adenine, guanine) or a pyrimidine (cytosine, uracil, thymidine), and a five-carbon sugar called ribose.
The nucleobase is bound to the ribose, through a B-glycosidic bond. R represents the position where
the ribose binds to in each nucleobase. Nucleotides originate from the phosphorylation of nucleosides
at the 5’ hydroxyl group of the sugar moiety. Three different types of nucleotides can be formed
depending on how many phosphate groups are added to the phosphate tail, namely nucleoside 5’-

mono, -di, or -triphosphate.
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Fig 1.3. Schematic representation of P1, P2X, and P2Y receptors, and their intracellular signalling
pathways. Nucleotides are released into the extracellular space and can bind to P2X and P2Y receptors,
or can be broken down by ectonucleotidases (blue arrows) into intermediate metabolites and
nucleosides. For example, adenosine is the degradation product of ATP, ADP, and AMP, and can bind
to adenosine receptors (P1). ATP can activate ionotropic P2X receptors allowing the entry of Ca%" and
Na* ions into the cell. In addition to endogenous ATP, metabotropic P2Y receptors can also respond to
ADP, UTP, UDP, and UDP-glucose nucleotides. Both P1 and P2Y receptors are GPCRs and lead to

different downstream effects depending on which G-protein binds to them. Adapted from Yang & Liang,
2012.
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1.3 P2X4 receptors

The P2X4 receptor is part of the P2X ligand-gated ion channel family, introduced in sections 1.1.3 and
1.2.2. The P2X4 receptor was first cloned and characterised in 1996 from the rat brain (Soto et al., 1996)
and one year later from the human brain (Garcia-Guzman et al., 1997). Since the focus of this thesis is
to explore functional P2X4 subunit interactions, a comprehensive overview of P2X4 receptor structure
and agonist binding site, activation and gating mechanisms, expression and trafficking patterns,

pharmacological profile, and physiological roles is discussed here.

1.3.1 P2X4 receptor structure and ATP binding site

Since P2X receptors do not share homologous sequences with other known ligand-gated ion channels,
functional and biochemical studies were first used to explore their molecular structure. The first
biochemical evidence that P2X ion channels form a trimeric structure was reported by Nicke et al. for
P2X1 and P2X3 receptors in Xenopus laevis oocytes (Nicke et al., 1998). This architecture was later
confirmed when the crystal structures of a truncated zebrafish P2X4 receptor (zfP2X4) were published,
first in the absence of ATP (Kawate et al., 2009) and successively bound to ATP molecules (Hattori &
Gouaux, 2012). Their findings revealed a chalice-shaped global structure with three subunits interacting
and twisting around each other, forming inter- and intra-subunit interfaces. A P2X4 subunit consists of
two transmembrane domains (TM1 and TM2) with short intracellular N-term and C-term segments
connected by a large, glycosylated, and disulphide-rich extracellular domain (Kawate et al., 2009). This
original dolphin-like folding allowed a clear distinction between its different structural segments (Fig
1.4A). TM1 and TM2 are associated with the dolphin fluke and are structured as a-helices with the TM1
located outside the TM2. The ion pore is delineated by the association of three tilted TM2 a-helices.
The large ectodomain is compared to the main body of the dolphin. It has a B-sheet structural
organisation stabilised by five disulphide bonds formed by ten highly conserved cysteine residues (Fig
1.4A; Ennion & Evans, 2002a). The head, dorsal fin, and lateral flippers diverge from the dolphin’s body
and are structurally more flexible. The extracellular domain also contains seven putative N-glycosylation
sites, although only two are strictly required for robust receptor formation, that is the formation of a

functional homotrimeric receptor expressed at the cell membrane (Fig 1.4B; Rettinger et al., 2000).

Both apo state and ATP-bound crystal structures served as templates for the analysis and interpretation
of previous biochemical and functional studies, in particular, the large body of mutagenesis-based
structure-function data regarding the ATP binding site and the P2X channel opening mechanism (Young,
2010; Habermacher et al., 2016). The P2X receptor ATP binding pocket is located at the interface of
two adjacent subunits comprising the head and left flipper of one subunit and the dorsal fin of the other
(Fig 1.5). There are three potential ATP-biding pockets in a trimer, as there are three interfaces (Fig
1.4C). The early statement that three ATP molecules were required to activate the receptor (Bean,
1990) was refuted when posterior studies proposed a positive cooperation binding mechanism rather
than independent binding of ATP molecules (Jiang et al., 2003). Their study showed that occupancy of

only one binding site of a P2X receptor did not induce channel opening but produced a conformational
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change that strongly influenced the binding of the second and third ligand molecules (Jiang et al., 2003).
After the zebrafish P2X4 receptor ATP-bound structure was released, a mutagenesis-based study
confirmed this cooperation principle by showing that the binding of two ATP molecules was sufficient

to gate P2X receptors (Chataigneau et al., 2013).

The residues found within the ATP-binding cavity are tightly clustered and orchestrate several
hydrophobic interactions, and hydrogen and salt bridge bonds with the ATP molecule. In the following
lines, | summarise the residues involved in ATP molecule coordination using the zebrafish P2X4 receptor
numbering and Figure 1.5B as a reference. The adenosine base is deeply inserted into the ATP-binding
pocket. It interacts with lysine K70 (subunit 2 in Figure 1.5B) and threonine T189 (subunit 2) by
hydrogen bonds and with leucine L191 (subunit 2) and isoleucine 1232 (subunit 2) residues by
hydrophobic interactions. The ribose moiety is solvent-accessible and forms hydrophobic interactions
with leucine 1217 (subunit 2). The long triphosphate tail of the ATP molecule folds in a U-shaped
structure when bound to the receptor. Its negatively charged phosphate groups form salt bridges and
hydrogen bonds with several basic and polar residues from the upper and lower domains of the two
subunits, i.e., K70, K72, K316, N296, and R298 (Hattori & Gouaux, 2012). Lysine K70 (subunit 2) has a
key location in the receptor and coordinates the oxygen atoms of a-, -, and y-phosphate groups of the
ATP molecule. Lysine K316 (subunit 1) and asparagine N296 (subunit 1) mediate additional interactions
with B-phosphate groups, while K72 (subunit 2), arginine R298 (subunit 1) and K316 (subunit 1)
participate in the coordination of the y-phosphate group (Fig 1.5B; Hattori & Gouaux, 2012;
Chataigneau et al., 2013). Lysine residues at positions K70 (subunit 2) and K316 (subunit 1) were
identified as critical residues for ATP molecule recognition and binding, and such role is highly
conserved in the history of P2X receptor evolution (Jiang et al., 2000; Chataigneau et al., 2013; Fountain
et al., 2007).
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Fig 1.4. Crystal structure of the zebrafish P2X4 receptor in an ATP-bound state. (A) Cartoon

representation of the dolphin-like folding of a zfP2X4 subunit comprising the body, head, dorsal fin,

right and left flippers, fluke, and C- and N-termini domains. Disulphide bonds (S51-5) are indicated,

three of which are located in the head domain. This structure was obtained from the predicted

AlphaFold zfP2X4 subunit model (AlphaFold repository, accession number F8W463) and shows a

predicted juxtamembrane position for the intracellular N- and C-termini, not present in the published

truncated zfP2X4 crystal structures (Kawate et al., 2009; Hattori & Gouaux, 2012). (B) Front view of the

truncated zfP2X4 receptor crystal structure bound to ATP and embedded in a lipidic bilayer (grey dotted
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area). N-glycosylation sites are indicated for the sugar ligands NAG (N-acetylglucosamine) and
mannotriose  (a-D-mannopyranose-(1-3)-a-D-mannopyranose-(1-3)-[a-D-mannopyranose-(1-6)]3-D-
mannopyranose-(1-4)-2-acetamido-2-deoxy-B-D-glucopyranose-(1-4)-2-acetamido-2-deoxy-B-D-

glucopyranose) to residues N88 and N188 of each subunit, respectively. (C, D) Top and bottom views
of the truncated zfP2X4 receptor channel pore when bound to ATP, respectively. (C) Three ATP
molecules bound to the intersubunit binding pockets of the zfP2X4 receptor are indicated. (B-D) These
structures were obtained from the Swiss-model repository (PDB accession number 4DW1). Each
subunit is shown in a cartoon representation and in a different colour (blue, green, and pink), and all

ligands are shown in a ball and stick representation.
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Fig 1.5. The P2X4 receptor ATP-binding pocket and key residues involved in ligand recognition. (A)
Surface representation of the truncated zfP2X4 receptor crystal structure highlighting the ATP-binding
pocket between the subunits 1 (green) and 2 (blue). Each subunit is shown in a surface representation
and in a different colour (blue, green, and pink), and the ATP molecule is shown in a ball and stick
representation. (B) Close-up view of the ATP-binding pocket located in the interface between the
subunits 1 (green) and 2 (blue) and key residues involved in the recognition and binding of the ATP
molecule. K70 (subunit 2) coordinates interactions with the adenosine base and the triphosphate tail,
while K316 (subunit 1) interacts with beta and gamma phosphate groups of the ATP molecule. T189
(subunit 2), L191 (subunit 2), and 1232 (subunit 2, not shown) form interactions with the adenine base,
L217 (subunit 2, not shown) with the ribose moiety, and K72 (subunit 2), N296 (subunit 1), and R298
(subunit 1) with the different phosphate groups. Hydrophobic interactions and hydrogen bonds are
represented as blue dashed lines, and salt bridge bonds as yellow dashed lines. Each subunit is shown
in afaded charge representation, the ATP molecule in a ball and stick representation, and the key amino
acid residues in a liquorice representation. Both structures were obtained from the Swiss-model

repository (PDB accession number 4DW1).
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1.3.2 P2X4 receptor activation and gating mechanism

The gating of P2X4 receptors can be explained in five steps: ATP binding, jaw-like tightening of the ATP
binding pocket, flexing of the lower body regions, expansion of the lateral fenestrations, and pore
opening. First, the ATP-binding pocket accommodates the molecule by closing the gap between the
head of one subunit and the dorsal fin of the adjacent one in a jaw-like motion, while the left flipper
from the first subunit is pushed outwards. Overall, upon ATP binding, the lower body segments of each
P2X4 subunit draw away from each other and rotate, causing an expansion of the extracellular
vestibule, which in turn induces a shift of the outer ends of the TM2 a-helices, opening the pore in an
anticlockwise iris-like motion (Hattori & Gouaux, 2012). In 2016, the X-ray crystal structure of a human
P2X3 receptor in apo, ATP-bound, and desensitised states allowed visualisation of the cytoplasmic
residues truncated in the previous zebrafish P2X4 structures (Mansoor et al., 2016). These structures
confirmed the P2X receptor gating mechanism and showed the formation of a new domain called the
‘cytoplasmic cap’ in the ATP-bound state, consisting of two N-term and one C-term B-sheet sequential
elements (Fig 1.6; Mansoor et al., 2016). This cytoplasmic cap provides structural stability to the gated
receptor and is almost certainly disassembled in the closed and desensitised states of the receptor (Fig
1.6; Mansoor et al., 2016).

A common feature of most signalling membrane receptors is receptor desensitisation. In P2X receptors,
channel desensitisation determines signal transduction changes over time and regulates
responsiveness in the sustained presence of ATP. The desensitised state represents the transition from
an agonist-bound open state to an agonist-bound closed state. It is followed by agonist unbinding and
the conformational changes from the agonist-free to the resting closed state. Desensitised and open
P2X receptor states are structurally different. In the desensitised state, the TM2 domain rotates and
shrinks, closing the pore and causing the overall architecture of the receptor to rotate upwards and
inwards. For this recoil movement to occur, Mansoor et al. proposed that the cytoplasmic cap must
disassemble or become flexible to release the ‘anchor’ that fixed the TM2 in place (Mansoor et al.,
2016).

P2X receptors are non-selective cation channels and are predominantly permeable to sodium,
potassium, and calcium ions. The overall expansion of the extracellular vestibule creates an ample space
between two adjacent subunits allowing the passage of cations through the plasma membrane via
lateral fenestrations (Fig 1.6; Kawate et al., 2011; Samways et al., 2011, 2012; Hattori & Gouaux, 2012).
These cations pass through the pore but do not exit the protein lumen from the bottom surface of the
cytoplasmic gap because the orifice along this axis is too small. Instead, the putative pathway for ion
egress is through triangular-shaped cytoplasmic fenestrations formed by the cytoplasmic cap and the
TM2 segments from adjacent subunits and located within the limits of the lipidic cell membrane (Fig
1.6; Mansoor et al., 2016).

Under physiological conditions, P2X4 receptor gating causes the entry of sodium and calcium ions which
ultimately cause membrane depolarisation and an elevation in cytoplasmic calcium levels (Samways et

al., 2014). This membrane depolarisation is sufficient to cause the onset of action potentials in excitable
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cells and initiate other calcium-dependent signalling processes in excitable and non-excitable cells
(Samways et al., 2014).

Prolonged exposure to ATP and consequent sustained activation of P2X2, P2X4, and P2X7 receptors
had the effect of permeating the channels to much larger ions, including the synthetic organic cation
N-methyl-D-glucamine (NMDG"*) and the propidium dye YO-PRO1 (North, 2002; Peverini et al., 2018).
Two main hypotheses have been considered for the formation of this large channel pore. One involves
the recruitment of a supporting protein, namely pannexin-1 hemichannel (PANX1), and the other
suggests the existence of an intrinsic and slow ‘pore dilation” mechanism (Kanellopoulos et al., 2021).
In 2015, the paradigm changed as research showed that gradual pore dilation was not necessary to
permeate large cations. Instead, an intrinsic and immediate dye-permeable pore was formed due to a
conformational and orientational change (Li et al., 2015). Evidence supporting and contrasting these
mechanisms has been found. Thus, a combined mechanism might be possible (Peverini et al., 2018).
The physiological role of P2X receptor permeation to larger ions has been proposed as a pathway for
the release of large molecules, such as ATP itself (Johnsen et al., 2019) and spermidine, an intracellular
polyamine involved in cell growth, division, and proliferation (Peverini et al., 2018), and even as a

potential mechanism for drug delivery (Peverini et al., 2018).
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Apo state Open state Desensitized state

Fig 1.6. Schematic representation of the P2X receptor gating cycle. Activation of P2X receptors by ATP
induces a cascade of conformational changes of the receptor which result in channel opening, thus
allowing the passage of small cations through the channel pore via lateral fenestrations and exiting the
protein lumen through cytoplasmic fenestrations, located within the boundaries of the cell membrane.
The ‘helical recoil’ desensitisation mechanism switches the receptor from an ATP-bound open state to
an ATP-bound closed state, which is followed by ligand unbinding and structural rearrangements to

reset the receptor back to its resting state. Adapted from Mansoor et al., 2016.
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1.3.2.1 Expression and trafficking of the P2X4 receptor

P2X4 receptors are one of the predominant subtypes expressed in vascular smooth muscle cells,
vascular endothelial cells, neurons, microglia, and macrophages and monocytes, and their expression
at the plasma membrane is critical for the responsiveness of these cells to extracellular ATP (Yamamoto
et al., 2000b; Tsuda et al., 2003; Guo et al., 2004; Layhadi et al., 2018). After protein synthesis, P2X
proteins undergo post-translational folding and other post-translational modifications, such as
disulphide bond formation, glycosylation of the extracellular domain, and specific subunit assembly
(discussed in section 1.3.4.6) to gain activity and traffic to their final destinations (Nicke et al., 1998;
Kaczmarek-Hajek et al., 2012). P2X polypeptides enter the endoplasmic reticulum through a protein
translocon in an unfolded state (Ojemalm et al., 2013). The folding of P2X polypeptides is dependent
upon the residues located near the cytoplasmic limits of the TM1 and TM2 domains. The TM1 domain
initially integrates into the endoplasmic reticulum translocon membrane (Ojemalm et al., 2013). Then,
TM1 residues form orchestrated interactions with TM2 residues to integrate the TM2 domain into the
endoplasmic reticulum translocon membrane and form a P2X monomer, which can subsequently
assemble with other P2X monomers to form a trimer (Ojemalm et al.,, 2013). Thus, membrane
positioning of both TM domains is crucial for an efficient P2X subunit trimerisation and the ability of
P2X receptors to exit the endoplasmic reticulum translocon and be delivered to the cell membrane.
Finally, P2X receptors are trafficked to the plasma membrane constitutively or through a regulated
vesicle exocytosis pathway, like other functional ion channels and membrane proteins (Kaczmarek-
Hajek et al., 2012).

P2X4 receptors expressed on the cell surface form non-selective cation channels, as previously
explained. However, P2X4 receptors in microglia, macrophages, and vascular endothelial cells are
predominantly localised intracellularly in lysosomes (Fig 1.7; Qureshi et al.,, 2007). Lysosomes are
subcellular organelles that contain cytoplasmic material and digestive enzymes and are involved in
processing unwanted substances from inside of the cell as well as foreign substances, such as bacteria,
viruses, or other antigens. Therefore, for most ligand-gated ion channels, delivery to lysosomes
represents an endpoint in their trafficking and function within the cell. However, this is not the case for
P2X4 receptors. P2X4 receptors located at the lysosomal membrane orient their extracellular domain
facing their acidic lumen and still retain their functionality (Qureshi et al., 2007; Murrell-Lagnado &
Frick, 2019). P2X4 receptors can subsequently traffic to phagosomes and move out to the plasma
membrane, which suggests they could have roles within these intracellular compartments as well as at
the plasma membrane (Qureshi et al., 2007). It is thought that P2X4 receptors resist rapid enzymatic
degradation because of their N-linked glycans, which even show partial resistance to treatment with
endoglycosidase H (endo H; Qureshi et al., 2007). There are two routes for P2X4 trafficking to the
lysosomes: i) direct translocation from the trans-Golgi network to lysosomes and late endosomes, and
ii) endocytosis of membrane-expressed receptors. The C-term tyrosine and N-term dileucine motifs are
responsible for lysosomal targeting and rapid internalisation of surface-expressed P2X4 receptors
(Qureshi et al. 2007). The traffic to and from the cell membrane is highly dynamic and whether the

P2X4 receptor remains within lysosomal compartments or not is dependent on the cell type and
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environmental factors, such as lysosomal pH, presence of ATP, and cell damage (Qureshi et al., 2007;
Murrell-Lagnado & Frick, 2019). Lysosome fusion with developing phagosomes can also deliver proteins
and other molecules to the cell membrane and has been proposed as another mechanism to regulate

P2X4 receptor expression and function (Murrell-Lagnado and Frick, 2019).

1.3.2.2 Polymorphisms of P2X4 receptors

Genetic polymorphisms may lead to a gene sequence variation that is neutral or promotes the gain or
loss of protein function. Polymorphisms can occur in genes encoding human P2X receptors. Single
nucleotide polymorphisms (SNP) are the most common type of genetic variation in humans and
represent the difference of only one nucleotide in a gene sequence. For example, a guanine SNP at the
3" splice site of exon 10 of the human P2X5 gene results in the exclusion of exon 10 and causes loss of
function of the P2X5 receptor (Kotnis et al., 2010). This splice variant is the most common form of P2X5
receptors in humans and will be discussed later in this thesis (Chapter 4, section 4.2.1.3; Chapter 5,
section 5.2.4.4; Bo et al.,, 2003; King, 2022). The human P2X7 gene contains at least eight non-
synonymous SNPs that can affect P2X7 receptor function, the highest number amongst the P2X ion

channel family (Fuller et al., 2009; Kaczmarek-Hajek et al., 2012).

The human P2X4 gene contains four non-synonymous SNPs (Stokes et al., 2011; Kaczmarek-Hajek et
al., 2012). For example, the presence of guanine instead of adenine in the human P2X4 gene caused a
loss of channel function that could be associated with higher blood pressure risk (Stokes et al., 2011).
This particular SNP changes the protein sequence by substituting a tyrosine for a cysteine residue at
position 315 and is thought to impair channel function by forming aberrant disulphide bonding,
destabilising the overall receptor structure and possibly disrupting the ATP binding pocket (Stokes et
al., 2011). The other three non-synonymous SNPs found did not affect the human P2X4 channel
function (Stokes et al., 2011).
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Fig 1.7. Cell surface and subcellular trafficking of P2X4 receptors. P2X4 receptors are expressed at the
cell membrane, where they respond to extracellular ATP stimuli. But, P2X4 receptors are mostly
expressed intracellularly at the lysosomal membrane. P2X4 receptors can translocate to the lysosomes
following receptor internalisation by endocytosis (1), or direct lysosome targeting after protein
formation in the trans-Golgi network (TGN; 2). Lysosomal exocytosis has been proposed as another
mechanism to regulate P2X4 receptor expression and function, as well as, a mechanism to release ATP
back to the extracellular space (3). P2X4 receptor trafficking to and from the cell membrane is highly
dynamic and whether it remains on the lysosomal compartments or not is dependent on the cell type
and environmental factors, such as lysosomal pH, presence of ATP, and cell damage. Adapted from

Sophocleous et al., 2022.
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1.3.3 P2X4 receptor pharmacology

Pharmacological tools are regularly used to investigate the role of ATP signalling mediated by P2X
receptors. These pharmacological tools include agonists, antagonists, and allosteric modulators, which
stimulate or inhibit the P2X receptor activity. The expression of P2X receptors in heterologous systems
is a powerful tool to characterise the pharmacological profile of each receptor subtype (North, 2002).
Furthermore, these small molecules can be used as templates for the development of high-affinity and
subtype-selective compounds, which are required not only to assess their physiological function in
native systems but also can be exploited as potential therapeutic agents. The human P2X4
pharmacological profile is investigated and discussed later in this thesis (Chapter 3, section 3.2.2;
Chapter 5, section 5.2.2).

1.3.3.1 Agonists

The primary agonist of all homomeric and heteromeric P2X receptors is ATP. However, it acts differently
depending on the sensitivity of each receptor subtype. The P2X4 receptor is one of the most sensitive
subtypes as it is functional at nanomolar concentrations of ATP. Other molecules have been reported
to activate P2X4 receptors, such as CTP (cytidine 5’-triphosphate), AP4A (diadenosine tetraphosphate)
and other ATP analogues, namely 2-MeSATP (2-(methylthio)adenosine 5'-triphosphate), ap-MeATP
(a,B-methyleneadenosine  5'-triphosphate), BzATP  (2'(3')-O-(4-benzoylbenzoyl)adenosine  5'-
triphosphate), y-imidoATP (adenosine-5'-[y-(propargyl)-imido]triphosphate), and ATP-y-S (adenosine-
5'-0-(3-thio-triphosphate)). By contrast, P2X receptors are weakly or not activated by the breakdown
products of ATP, namely ADP, AMP (adenosine 5’-monophosphate), and adenosine; and UTP, UDP, and
UDP-glucose, further corroborating the importance of the interaction between the three phosphate
groups and the residues within the agonist-binding pocket to activate the receptor (Coddou et al., 2011;
Chataigneau et al., 2013).

1.3.3.2 Positive allosteric modulators

An allosteric modulator is a molecule that can bind to a secondary binding site of a receptor. A positive
allosteric modulator (PAM) enhances the binding affinity of the receptor agonist when it is present and,
thus, increases receptor activity and its responses. These secondary binding sites are referred to as
allosteric sites and are different to the main orthosteric sites, where the endogenous agonist binds to

activate the receptor.

Ivermectin (IVM) is a natural product obtained from the fermentation processes of Streptomyces
avermitilis bacteria and is used in human and veterinary medicine as an antiparasitic agent (Chen &
Kubo, 2018). Ilvermectin was discovered by Satoshi Omura and William C. Campbell, who were awarded
the 2015 Nobel Prize in Physiology of Medicine. It was also included on the Model List of Essential
Medicines of the World Health Organization (Chen & Kubo, 2018). Ivermectin is a mixture of two
macrocyclic lactone derivatives known as avermectins Bla and Blb, and it is widely recognised as a

positive allosteric modulator of P2X4 receptors (Priel & Silberberg, 2004). Ivermectin shows selectivity
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for P2X4 receptors over other P2X receptor subtypes (Khakh et al. 1999) but also acts as a positive
allosteric modulator of other ion channels, namely GABA, a7 nicotinic acetylcholine, and glycine
receptors (Chen & Kubo, 2018). The is some debate about the specific P2X4 receptor IVM binding site.
Different studies showed evidence for two possible and distinct IVM binding sites, one located at the
upper region of the transmembrane domains (Priel & Silberberg, 2004; Silberberg et al., 2007; Latapiat
etal., 2017; Pasqualetto et al., 2018) and the other on top of the extracellular entry to the channel pore
(Chen & Kubo, 2018; Weinhausen et al., 2022).

1.3.3.3 Antagonists

For a long time, research in the purinergic field has been hampered by the lack of subtype-selective
antagonists. Previously, researchers relied on broad-spectrum and non-selective antagonists, such as
Suramin, PPADS (pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid), and TNP-ATP (2’,3’-0-(2,4,6-
trinitrophenyl)-ATP). PPADS has been shown to inhibit the human P2X4 receptor fully, whilst Suramin
appears to have non-specific effects at high concentrations (Garcia-Guzman et al., 1997; Jones et al,,
2000; North & Surprenant, 2000).

Recent advances in the development of P2X4 receptor-selective antagonists include a benzodiazepine
derivative called 5-BDBD (5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro(3,2-e]-1,4-diazepin-2-one),
the N-substituted phenoxazine derivatives PSB-12054 (N-(benzyloxycarbonyl)phenoxazine) and PSB-
12062 (N-(p-methylphenylsulfonyl)phenoxazine), and the phenylurea derivative BX-430 (1-(2,6-
dibromo-4-isopropyl-phenyl)-3-(3-pyridyl)urea) (Fischer et al., 2004; Hernandez-Olmos et al., 2012; Ase
et al, 2015). The most recent ones, BAY-1797 (N-[4-(3-chlorophenoxy)-3-sulfamoylphenyl]-2-
phenylacetamide) and NC-2600 (developed by Nippon Chemiphar, no information on structure or
preclinical data), are orally active and display antinociceptive and anti-inflammatory effects (Werner et
al., 2019; Inoue, 2021; D’Antoniogiovanni et al., 2022). Besides, the completion of phase | clinical trials
for NC-2600 as a P2X4 receptor antagonist for the treatment of chronic cough and neuropathic pain
seems promising (Sonnenreich, 2021; Inoue, 2021). Natural products, like Taspine, have also started to
emerge from high throughput screenings as selective P2X4 antagonists. Taspine is the active molecule
found in the resin of Croton lechleri plants, which is used by Amazonian tribes for its cicatrising and anti-

inflammatory properties (Bin-Nadzirin et al., 2021).

Currently approved antidepressants, such as paroxetine and fluvoxamine, were shown to inhibit ATP-
evoked rat and human P2X4 receptor-mediated responses and produced antiallodynic effects in a rat
model of neuropathic pain (Nagata et al., 2009). Statins are the most common cholesterol-lowering
drugs. Some, like fluvastatin, have inhibitory effects on P2X4 receptor function, possibly through their
cholesterol-depleting activity, which can alter P2X4 receptor trafficking and its stability at the cell
membrane (Li & Fountain, 2012; Robinson & Murrell-Lagnado, 2013).

1.3.3.4 Other P2X4 modulators

Divalent cations, including zinc (Zn?*), magnesium (Mg?*), copper (Cu?*), cadmium (Cd?*), and mercury

(Hg?*), were reported to modulate P2X4 receptors. For example, zinc and cadmium ions potentiated
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P2X4 receptor activity, while copper and mercury ions inhibited P2X4-mediated ATP currents (Acufia-
Castillo et al., 2002). Magnesium ions were reported to play a role in stabilising intersubunit
interactions, favouring the active state of P2X4 receptors. Exchanging magnesium ions for potassium
ions, which have higher extracellular physiological concentrations, permitted channel closing, most

likely due to weaker subunit coupling (Immadisetty et al., 2022).

High concentrations of protons make the cellular environment acidic (pH<6.5), which negatively
modulates P2X4 receptor activity, whereas a more basic pH, above physiological pH levels, potentiates
P2X4 channel activity (Qureshi et al., 2007). Since intracellular P2X4 receptors are predominantly
located in acidic lysosomes, pH has been proposed as a major regulator of lysosomal P2X4 receptor
activity (Frick & Murrell-Lagnado, 2019).

1.3.4 Physiological roles of the P2X4 receptor

P2X4 receptors are ubiquitously expressed throughout the body, which explains their involvement in
many biological processes, including maintenance of vascular tone, regulation of inflammation, and
modulation of pain transmission (Fig 1.8; Suurvali et al.,, 2017). It is present in neurons and
neuroendocrine cells from the central and peripheral nervous systems, spinal cord microglia, vascular
endothelial cells, vascular smooth muscle cells, cardiomyocytes, epithelial cells lining the airways and
lungs, hepatocytes, and liver Kupffer cells (Yang & Liang, 2012; Suurvili et al., 2017). In addition, it is
not only expressed at the cellular membrane but also intracellularly in lysosomes and other acidic

compartments, as we have seen in section 1.3.2.1 (Fig 1.7; Qureshi et al., 2007; Xu et al., 2014).
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Fig 1.8. Pleiotropic effects of P2X4 receptor-mediated signalling. P2X4 receptors are ubiquitously
expressed throughout the body and contribute to ATP-mediated neurotransmission in perisynaptic
regions of hippocampal neurons, neuroinflammation in microglial cells, and other inflammatory
responses via inflammasome activation. P2X4 receptors can also modulate normal function and disease
development in various organs, including the heart, lungs, kidneys, and liver. Image obtained from

Kanellopoulos et al., 2021.
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1.3.4.1 Nervous system

The essence of neuronal function is to generate outputs in response to electric stimuli. Synapses are
the primary site of ATP consumption. ATP mediates fast excitatory synaptic transmission in some
regions of the Central Nervous System (CNS) and cell-to-cell communication in the peripheral nervous
system through the activation of P2X receptors (Burnstock & Kennedy, 2011). P2X2 and P2X3 receptors
are widely expressed in the CNS and account for practically all sensory nerve excitation mediated by
ATP (Lewis et al., 1995; Cockayne et al., 2005). Nonetheless, there is some evidence that P2X4 receptors
are widely expressed in neurons, neurosecretory cells, and microglia of the central and peripheral
nervous systems, where they also play a role in ATP-mediated synapses (Rubio & Soto, 2001; Burnstock
& Kennedy, 2011).

A fascinating property of the mammalian brain is its synaptic plasticity, the capacity of the brain to
change and adapt to new information. Synaptic plasticity refers to the strengthening or weakening of
pre-existing synapses in response to increases and decreases in their activity, respectively. P2X4
receptors expressed in microglia may be involved in synaptic plasticity by releasing substances that can
directly act on presynaptic terminals to regulate neurotransmitter release, namely ATP. In this way,
P2X4 receptor knockout (KO) mice produced significantly lower calcium responses upon repeated
stimulation with ATP in mice hippocampal neurons, which was further confirmed when ivermectin
increased ATP-evoked calcium responses in wild-type mice (George et al., 2016). Also in mice
hippocampal neurons, P2X4 receptors were found to be concentrated at the perisynaptic region of
presynaptic and postsynaptic membranes (Rubio & Soto, 2001). Furthermore, bacterial
lipopolysaccharides (LPS)-stimulated microglia induced release of ATP and brain-derived neurotrophic
factor (BDNF), which triggered presynaptic P2X4 receptors and modulated synaptic plasticity in mice

hippocampal neurons (George et al., 2016).

Neuropathic pain is a common consequence of damage to the nervous system, and its causes are
divided into four categories: disease, injury, infection, and loss of limb. It is described as persistent pain
arising from a modification of pain processing pathways in the spinal cord. It is also known as allodynia,
hypersensitivity, or chronic pain. ATP can act on the P2X4 receptors expressed in neurons during pain
signalling, highlighting its potential as a therapeutic target to alleviate neuropathic pain (Tsuda et al.,
2013; Stokes et al., 2017). After peripheral nerve injury, damaged sensory neurons cause the activation
of microglia in the spinal cord, which change their morphology and gene expression and increase in cell
number. These activated microglia upregulate gene expression of P2X4 receptors. Subsequent
activation of P2X4 receptors by extracellular ATP contributes to the production and release of cytokines
and other inflammatory mediators, such as brain-derived neurotrophic factor (BDNF). The release of
BDNF causes an altered transmembrane anion gradient in sensory neurons through the downregulation
of the neuronal potassium-chloride co-transporter 2 (KCC2). The increase of intracellular chloride
anions induces membrane depolarisation of these sensory neurons and shifts the GABA-mediated
responses from inhibition to excitation, ultimately resulting in hyperexcitability of these neurons and,

thus, triggering neuropathic pain. These results were also proven in P2X4 receptor KO mice, which
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showed reduced or no pain-related behaviours after peripheral nerve injury compared to wild-type
mice (Tsuda et al., 2013; Stokes et al., 2017). Thus, P2X4 receptors play a central role in neuropathic

pain caused by injury to peripheral nerves.

Recent studies propose that P2X4 receptors are involved in the development of neuroinflammatory
and neurodegenerative diseases, like multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease.
All of them are demyelinating diseases in which myelin, the protective covering surrounding nerve
fibres, breaks down, nerves and nerve fibres become frayed, and ultimately neurons die. Potentiation
of P2X4 receptors by ivermectin improved oligodendrocyte-mediated remyelination of neurons in a
mouse model of multiple sclerosis (Zabala et al., 2018). Similarly, in a dopamine-depletion mouse model
of Parkinson’s disease, the potentiation of P2X4 receptors by ivermectin enhanced motor behaviour in
the presence of levodopa, a therapeutic agent used for the treatment of Parkinson’s disease, whereas
P2X4 receptor KO mice exhibited an attenuated levodopa-induced motor behaviour (Khoja et al., 2016).
Future advances in the selective stimulation of P2X4 receptors to modulate neuroinflammatory
responses and promote the repair of myelin damage seem promising routes to develop drugs for the

treatment of neurogenerative diseases.

Excessive alcohol use can cause neurological disorders, which can be mild, moderate, or severe. Lasting
changes in the brain caused by alcohol misuse perpetuate alcohol use disorder and make individuals
vulnerable to relapse. Some studies demonstrated that P2X4 is involved in alcohol use disorder
(Gofman et al.,, 2014; Lowe et al., 2020). Excessive alcohol use was linked to enhanced
neuroinflammation, upregulating P2X4 receptors and promoting microglial activation, which induced
the release of pro-inflammatory mediators and peripheral macrophage recruitment into the CNS in a
mouse model of chronic alcohol consumption (Gofman et al., 2014; Lowe et al., 2020). Hence, P2X4

receptors represent a possible target for the prevention of alcohol use disorder (Franklin et al., 2014).

1.3.4.2 Cardiovascular system

Cardiovascular disease (CVD) is the leading cause of death globally (about 30%). CVD refers to all
illnesses that affect the heart and blood vessels. P2X4 receptors are involved in endothelium-
dependent changes in vascular tone and blood flow, emphasising its potential as a therapeutic target

for the treatment of hypertension, atherosclerosis, and other CVD-related symptom:s.

Shear stress regulates P2X4 receptor expression in vascular endothelial cells, which might play a central
role in modulating cellular responses to changes in blood flow (Yamamoto et al., 2000a). In vascular
endothelial cells, ATP-mediated activation of P2X4 receptors ultimately causes an increase in
intracellular calcium levels, which stimulates the activity of the endothelial nitric oxide synthase (eNOS),
leading to nitric oxide (NO) production and its release to the extracellular space. Nitric oxide can act at
membrane receptors expressed on neighbouring smooth muscle cells resulting in a reduction of
intracellular calcium levels. In consequence, the vascular smooth muscle cells relax, causing
vasodilation. This mechanism was confirmed in P2X4 receptor KO mice, which not only displayed

reduced quantities of NO and higher blood pressure phenotypes but also showed markedly impaired
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flow-dependent vascular remodelling compared to wild-type mice (Yamamoto et al., 2006).
Additionally, as mentioned in section 1.3.2.2, a P2X4 receptor loss of function SNP led to decreased ATP
binding and was associated with high blood pressure in humans (Stokes et al., 2011). The role of P2X4

receptors in maintaining flow-induced vasodilatation is vital in physiological vascular homeostasis.

Other studies reported that extracellular ATP could cause a modest increase in contractility and
cytosolic calcium levels in cardiomyocytes. In transgenic mice overexpressing cardiac P2X4 receptors,
this contractility was enhanced without causing cardiac hypertrophy or failure. The proposed
mechanism was that P2X4-mediated intracellular calcium increase might activate calcium-dependent
proteins in close vicinity of the receptor, possibly eNOS, which would increase NO production and
disperse the amount of calcium surrounding the sarcoplasmic reticulum, enhancing its loading and,
thus, cardiac function in these mice (Yang & Liang, 2012). Later studies by the same group determined
that P2X4-mediated intracellular calcium increase induced eNOS activity and confirmed a
cardioprotective role for P2X4 receptors during heart failure in conditional cardiac-specific P2X4

receptor KO mice models (Yang et al., 2014).

1.3.4.3 Respiratory system

P2X4 receptors are expressed in epithelial cells lining the airways and lungs. In particular, P2X4
receptors are expressed in alveoli which are found at the end of bronchioles and are responsible for
gas exchange (Miklavc et al., 2013). There are two main alveolar cell types: alveolar type | and alveolar
type Il cells. Alveolar type | cells cover the majority of the alveolar surface and are responsible for
efficient gas exchange between the alveolus and the pulmonary capillaries (Wirsching et al., 2020).
Whereas alveolar type Il cells synthesise, store, and release pulmonary surfactant into the alveolar
lumen, reducing surface tension and optimising the conditions for gas exchange (Wirsching et al., 2020).
P2X4 receptors are expressed at the cell membrane of alveolar type Il cells and intracellularly in their
lamellar bodies (Miklavc et al., 2013). Lamellar bodies are large acidic organelles that store pulmonary
surfactants. P2X4 receptors expressed on these lamellar bodies promote exocytosis, facilitating
surfactant and ATP release in alveolar type Il cells. The released ATP can then act in an autocrine manner
and activate P2X4 receptors increasing intracellular calcium levels (Fois et al., 2018a). Fusion-activated
calcium entry can promote exocytosis of other lamellar bodies and fluid reabsorption, which helps
maintain an optimal environment for efficient gas exchange and lung function (Fois et al., 2018b;

Kanellopoulos et al., 2021).

P2X4 receptor expression is elevated in asthmatic patients and in the asthmatic disease mouse model.
Asthma is a chronic lung condition that occasionally causes breathing problems. Asthma is caused by
airway inflammation upon exposure to allergens or smoke. Selective blocking of P2X4 receptors
alleviated many asthmatic symptoms (e.g., eosinophilia, inflammation, and mucus production; Chen et
al., 2016; Zech et al., 2016). In contrast, P2X4 receptor stimulation enhanced the allergic reaction in an
allergen-induced airway inflammation mice model (Chen et al., 2016; Zech et al., 2016). Consequently,

P2X4 receptors can be therapeutic drug targets against asthma and other airway diseases.

44



Introduction | Chapter 1

1.3.4.4 Immune system

Inflammation is a protective immune response to harmful stimuli, such as pathogens or cell death, and
is tightly regulated. Insufficient inflammation can lead to persistent infection of pathogens, while
excessive inflammation can cause chronic or systemic inflammatory diseases (e.g., rheumatoid arthritis
(RA) and multiple sclerosis (MS)). Pathogen-associated molecular patterns (PAMPs), derived from
invading pathogens, and danger-associated molecular patterns (DAMPs), induced as a result of
endogenous stress, are recognised by pattern-recognition receptors (PRRs). Activation of PRRs by
PAMPs or DAMPs triggers downstream signalling cascades and initiates an immune response.
Inflammasomes are clusters of cytoplasmic proteins that assemble in the cytosol after detecting stress
or infection threats. P2X4 and P2X7 receptors activate NLRP3 (NLR family pyrin domain containing 3)
inflammasomes (Dunton et al., 2018; Han et al., 2020). NLRP3 inflammasomes require a PAMP signal,
like bacterial lipopolysaccharides (LPS) and a DAMP signal, such as extracellular ATP, for activation.
NLRP3 activation leads to transcription of NF-kB (nuclear factor k-light-chain-enhancer of activated B
cells) and upregulation of genes encoding pro-inflammatory molecules and other proteins for
inflammasome assembly. Maturation and secretion of these pro-inflammatory cytokines and
chemokines (i.e., IL-1p and IL-18) result in pyroptosis, an inflammatory form of cell death (Kanellopoulos
etal, 2021).

Some implications of NLRP3 activation are exacerbated ischemic acute kidney injury (AKl) and the
development of rheumatoid arthritis (RA). Acute kidney injury is a major healthcare challenge as there
are no effective preventive or curative measures for its treatment. AKl is frequently developed after
renal ischemia and reperfusion injury in patients undergoing a cardiac, vascular, or liver transplant (Han
et al., 2020). In this study, P2X4-deficient mice showed significantly attenuated NLRP3 inflammasome
signalling after renal ischemia and reperfusion injury compared to wild-type controls (Han et al., 2020).
Similarly, rheumatoid arthritis is another chronic inflammatory response caused by severe joint
damage. In both human patients and in the RA mouse model, downregulation of P2X4 receptors by
antisense RNA suppressed the production of pro-inflammatory cytokines, improving joint inflammation
and reducing joint destruction (Li et al., 2014). Therefore, limiting the inflammatory response by

selectively blocking P2X4 receptors could be a potential therapy in clinical ischemic AKIl and RA.

The most extreme response of the immune system to an infection is sepsis. Sepsis is a life-threatening
medical emergency and occurs when an existing infection triggers an inflammatory chain reaction
throughout the body. The extracellular levels of ATP increase during sepsis, acting on P2X4 receptors
and initiating an immune response against bacterial antigens. In chronic inflammation and autoimmune
disease, increased P2X4 receptor activity aggravates tissue damage, as described above. However, the
potentiation of P2X4 receptor activity protected against organ damage and improved survival rates in

a mouse model of sepsis (Csdka et al., 2018).
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1.3.4.5 Digestive system

The liver has a unigue capacity among other organs to regenerate itself after damage. A liver can regrow
to its average size even after removing up to 90% of it. Hepatectomy is a surgical procedure performed
to treat various liver diseases, such as the removal of benign and malignant hepatic tumours,
intrahepatic stones, liver infection, and cirrhosis. This operation is incredibly challenging because of the
liver’s unique anatomic architecture and causes several postoperative complications, including fever,
infections, haemorrhage, bile leakage, and even liver failure (Jin et al., 2013). Extracellular ATP levels
rise in blood and bile and contribute to liver regeneration after partial hepatectomy in rats and mice
(Gonzales et al., 2010; Besnard et al., 2016). P2X4 receptors are expressed in hepatocytes and Kupffer
cells, the resident macrophages of the liver. These P2X4 receptors are fundamental for the
maintenance of liver functions and may be the target of released ATP upon hepatectomy procedures
to induce liver regeneration (Gonzales et al., 2010; Besnard et al., 2016). P2X4 receptor KO mice
displayed slow liver regeneration, hepatocyte necrosis, and impaired biliary system function after
hepatectomy (Besnard et al., 2016). P2X4 receptor KO mice also showed reduced release of ATP and
other lysosomal enzymes (Besnard et al., 2016). So, P2X4 receptors contribute to liver regeneration and

biliary homeostasis during postsurgical liver regeneration.

As mentioned in section 1.3.4.1, P2X4 receptors are associated with alcohol use disorder. Excessive
alcohol drinking not only causes damage to the brain but also affects the liver and can lead to alcohol-
related liver disease and, ultimately, cirrhosis. Selective inhibition of P2X4 receptors alleviated alcohol-
induced inflammation in mice bone marrow-derived macrophage (BMDM) cells and in the livers of fatty
liver disease mice models (Xia et al., 2022). In other words, P2X4 receptors may induce the activation
of NLRP3 inflammasomes, exacerbating inflammatory responses, while inhibiting P2X4 expression

could effectively block alcohol-related liver disease.

1.4 Aim and objectives

Over the past fifteen years, there has been a growing interest in how P2X subunits arrange to form
functional channels. Like other ligand-gated channels, P2X receptors can form by homo- or hetero-
oligomeric subunit assembly (North, 2002). To date, six P2X purinergic homotrimeric receptors have
been described in humans. The human P2X6 homotrimer is considered a silent receptor, as ATP evoked
no currents in Xenopus laevis oocytes and HEK293 cells (North, 2002). Yet little is known about the
possible existence of functional human P2X heteromers. In 1999, a biochemical study predicted eleven
possible P2X heteromers using co-immunoprecipitation assays (Torres et al., 1999). However, only
seven have been functionally tested, and just the P2X2/3 heteromer has been fully established and
confirmed in human cell models (Saul et al., 2013; Burnstock, 2018). An in-depth discussion about P2X
receptor heteromerisation and their association with other ion channels and proteins is provided in

Chapter 4 (section 4.1) of this thesis.
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Different approaches have been taken to probe the existence of P2X heteromers, but the majority of
evidence was gained through electrophysiological studies using recombinant and native rodent models.
Thus, there is a significant research gap regarding which human P2X receptor subtypes can form
functional heteromers and if so, what are their subunit stoichiometries and physiological relevance. As
with other ligand-gated ion channels, the subunit composition of P2X receptors defines not only their
pharmacological properties but also their functional roles in physiological and pathophysiological

processes, which can ultimately lead to the development of more selective therapeutics.

As mentioned above, the research community exclusively recognises the P2X2/3 heteromeric receptor
because of its distinct pharmacological profile, resulting from the combination of P2X2 and P2X3
homomeric channel properties (Lewis et al., 1995). In 2006, Wilkinson et al. proposed and used the
‘dead receptor’ hypothesis to find out the subunit stoichiometry of the rat P2X2/3 heterotrimeric
receptor (Wilkinson et al., 2006). Their hypothesis was based on the concept that at least two agonist
binding sites are required for P2X channel activation (Jiang et al., 2003), so the occupancy of only one
binding site would not induce channel opening. This theory was later confirmed when the X-ray crystal
structures of the zebrafish P2X4 receptor (zfP2X4) in the closed and ATP-bound states were released
(Kawate et al., 2009; Hattori & Gouaux, 2012), and the ATP binding site was scrutinised by site-directed
mutagenesis and electrophysiological analysis (Chataigneau et al., 2013). Lysines at positions K72 and
K316 (zebrafish P2X4 numbering) were identified as critical residues for ATP molecule recognition and
binding, and such role appeared to be highly conserved in the P2X receptor evolution (Jiang et al., 2000;
Chataigneau et al., 2013; Fountain et al., 2007). Thus, we sought to use double lysine-to-alanine non-
functional P2X mutants as ‘dead receptor’ tools to probe for human P2X4 heteromeric assembly. More

details on the dead receptor hypothesis are described in section 3.1 of Chapter 3.

As described in section 1.3 of this chapter, the human P2X4 receptor is expressed primarily in cells and
tissues of the vascular, immune, and central nervous systems. It is involved in physiological and
pathophysiological processes (e.g., maintenance of blood pressure, modulation of pain signalling, and
regulation of inflammation). Hence, the human P2X4 receptor is a promising drug target for treating
neuropathic pain and cardiovascular disease. Understanding its stoichiometry and protein assembly is

key for the development of more selective therapeutics.

Thus, the major aim of this thesis is to gain biochemical and functional evidence of which human P2X

subunits can interact with human P2X4 subunits. The following objectives were set:

1. To provide a reliable and reproducible method for the study of human P2X4 subunit assembly.
Human astrocytoma cells were used as a cell line model and human P2X double mutant
subunits as ‘dead receptor’ tools to investigate P2X4 receptor function by intracellular calcium
mobilisation measurements and to assess protein expression levels and physical protein-
protein interactions by Western blotting and co-immunoprecipitation assays.

2. To systematically examine functional interactions of the human P2X4 wild-type subunit with
other human P2X subunits following the proposed approach, contrasting potential candidates

with current literature views.
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2.1 Materials and reagents

All reagents used throughout this study were purchased from ThermoFisher Scientific (Loughborough,
UK), also the distributors for Applied Biosystems, Corning, Fisher Scientific, Gibco, and Invitrogen.
Reagents purchased from other suppliers will be detailed throughout this chapter. Lists of commonly

used drugs are provided in the following Tables 2.1, 2.2, and 2.3.
Table 2.1. List of exogenous nucleotides and ligands.

Compound Supplier Concentration (uM) Vehicle Reference

ATP Abcam 0.01-300 Water Burnstock, 2007
of3-MeATP Sigma 0.01-100 Water Jones etal., 2000
2-MeSATP Tocris 0.01-100 Water Garcia-Guzman et al., 1997

BzATP Sigma 0.01-100 Water Abdelrahmanetal., 2017

AP4A Sigma 0.01-300 Water Abdelrahmanetal., 2017

ATP-y-S Tocris 0.01-300 Water Micheletal., 1997
y-imidoATP Sigma 0.01-100 Water Abdelrahmanetal., 2017

CTP Sigma 0.01-100 Water Garcia-Guzman et al., 1997

Carbachol Sigma 100 Water Burnettetal. 2011

Water, deionised water.

Table 2.2. List of broad-spectrum purinergic receptor antagonists.

Compound Supplier Concentration (uM) Vehicle Reference

PPADS Sigma 0.1-100 Water Jonesetal.,, 2000
Suramin Sigma 0.01-100 Water Jonesetal., 2000
TNP-ATP Tocris 0.1-100 Water Abdelrahmanetal.,, 2017

Water, deionised water.

Table 2.3. List of human P2X4 selective antagonists.

Compound Supplier Concentration (uM) Vehicle Reference

BAY-1797 ;ZTC?;dcgei 0.03-10 DMSO Werner et al., 2019
5-BDBD Tocris 0.01-30 DMSO Bidula et al., 2021
BX-430 Tocris 0.03-30 DMSO Aseetal., 2015

PSB-12062 Sigma 0.01-20 DMSO Hernandez-Olmos et al., 2012
Taspine _oantacruz 0.01-30 DMSO  Bin-Nadzirin et al., 2021

Biotechnology

DMSO, dimethyl sulfoxide.
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2.2 Cell culture

All cell culture techniques were performed under strict sterile conditions in a Class Il Microbiology
Safety Cabinet.

2.2.1 Human 1321N1 astrocytoma cells

1321N1 is a human astrocytoma cell line isolated in 1972 as a sub-clone of the 1181N1 cell line, which
in turn was isolated from the parent line U-118 MG, a cell line derived from a human glioma (Macintyre
et al, 1972). 1321N1 cells are a suitable model for studies of neurological diseases. 1321N1 cells have
an astral-like morphology, grow in adhesion, and form interconnections as the cell density increases.
This cell line was available in-house and will be referred to as the 1321N1 parental astrocytoma cell line

throughout this study.

Another human 1321N1 astrocytoma cell line stably expressing the human P2X4 receptor was also
available in the laboratory. This cell line was generated from stable transfection of the human P2X4
receptor gene into the 1321N1 parental astrocytoma cell line. This cell line will be denoted as the

human P2X4 stable astrocytoma cell line throughout this study.

2.2.1.1 General maintenance and cell passage

The 1321N1 parental and human P2X4 stable astrocytoma cell lines were cultured in Dulbecco’s
Modified Eagle Media containing high glucose (4.5g/L) and L-Glutamine (DMEM; Lonza, UK),
supplemented with 10% foetal bovine serum (FBS; HyClone™, UK) and 1% penicillin/streptomycin
antibiotic solution containing 50U/mL of Penicillin and 50ug/mL of Streptomycin (Pen/Strep). This

combination will be referred to as DMEM complete growth media.

All cells were cultured under rigorous sterile conditions and maintained in 75cm? uncoated tissue
culture flasks (T75) or multi-well plates in a humidified environment at 37°C in the presence of 5%
carbon dioxide (CO,). These conditions will be stated as cell culture conditions throughout this report.
Cells were sub-cultured when approximately 70-80% confluence was reached. Before splitting the cells,
cells were briefly rinsed twice with sterile phosphate-buffered saline (PBS; Lonza, UK) to remove non-
adherent cells, debris, and serum traces. Then, cells were dispersed from the bottom of the flask using
Trypsin-EDTA (Lonza, UK) and collected at approximately 260x g for 5 minutes. The cell pellet was
resuspended in DMEM complete growth media and counted using a Neubauer haemocytometer. Cells
were then diluted into new T75 culture vessels at a density of approximately 2x10* cells/mL for cell line

maintenance or seeded for experimental use.

2.2.1.2 Cryopreservation and thawing

First or early passage 1321N1 parental and human P2X4 stable astrocytoma cells that were not required
for immediate experiments were stored in liquid nitrogen for future use. This was attained by detaching
cells from their culture flasks using Trypsin-EDTA and pelleting them at 260x g for 5 minutes. Human

1321N1 astrocytoma cells were then resuspended in cryopreservation media, which consisted of 63%
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[v/v] DMEM, 27% [v/v] FBS, and 10% [v/v] DMSO (dimethyl sulfoxide; Sigma-Aldrich, UK). Cells were
immediately transferred to cryovials (Nunc, Sigma-Aldrich, UK) at an approximate density of 1x10°
cells/mL. The cryovials were then placed in a Mr Frosty™ freezing container containing isopropanol to
achieve a cooling rate of 1°C/min while stored at -80°C overnight (O/N). Finally, the cryovials were

transferred to a liquid nitrogen tank at -196°C for long-term storage.

When required for experimental use, cryovials were taken from the liquid nitrogen tank and kept in dry
ice before rapid thawing in a 37°C water bath. The cryovials were decontaminated by spraying with 70%
ethanol, and from this point, all operations were carried out under strict aseptic conditions. The
defrosted cells were immediately diluted in DMEM complete growth media and centrifuged at 260x g
for 5 minutes to remove the freezing media. The pellet was resuspended in fresh culture media and
placed in a T75 culture flask. Cells were grown in cell culture conditions until 70-80% confluency was

reached, at which point, cell passage was performed as aforementioned.

2.3 DNA constructs

Human P2X receptor pcDNA 3.1 (+) constructs were purchased from Biomatik (Ontario, Canada)
containing epitope tags in the carboxy-terminus (C-term) immediately upstream of the stop codon
‘TGA’ or ‘TAA’. The oligopeptide sequences used were ‘EYMPME’ for EE, ‘DYKDDDDK’ for FLAG, and
‘YPYDVPDYA’ for HA epitopes. All sequences were optimised for high expression in mammalian cells
according to the human codon usage bias and included the Kozak consensus sequence ‘GCCACC’ right
before the start codon ‘ATG’ to encourage the translation and increase the expression of the protein of
interest. The cloning of each gene was done at the 5’ EcoRl and 3’ Xhol restriction sites ‘GAATTC” and
‘CTCGAG’, respectively, which were located within the Multiple Cloning Site (MCS) of the pcDNA 3.1 (+)
backbone vector. The human P2X1-7 receptor nucleotide and peptide sequences can be found in Annex
1.Aand the oligonucleotide and oligopeptide sequences of each epitope tag used can be found in Annex
1.B. We also purchased a pcDNA 3.1 (+) plasmid containing the a7 nicotinic acetylcholine receptor (a7
nAChR) gene insert from Addgene (Teddington, UK). The manufacturer did not provide cloning

information. A list of all DNA constructs used can be found in Table 2.4.

The structure of a pcDNA 3.1 (+) vector is shown in Figure 2.1. Some common features include: i) human
cytomegalovirus (CMV) immediate early promoter for high recombinant protein expression in
mammalian cells, ii) T7 bacteriophage promoter for mRNA synthesis in bacterial cells, iii) the Multiple
Cloning Site (MCS) which contains the gene of interest, iv) bovine growth hormone (bGH)
polyadenylation signal, v) simian virus 40 (SV40) mammalian promoter with its origin of replication (ori)
and polyadenylation signal, vi) aminoglycoside phosphotransferase mammalian selection gene which
confers resistance to neomycin (NeoR), kanamycin (KanR), and G418 (Geneticin), vii) B-lactamase
bacterial selection gene (bla) and promoter which confer resistance to ampicillin and other related

antibiotics, and viii) a pcDNA 3.1 bacterial origin of replication (ori).
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P:mpR promoter

pcDNA3.1-P2X4-HA
6595 bp

Sv40 o

Fig 2.1. Map of a pcDNA 3.1 (+) vector encoding the human P2X4 gene with a C-terminus HA epitope.
This pcDNA 3.1 vector contains a bacterial origin of replication (ori) and a simian virus 40 (SV40)
mammalian origin of replication. The Human cytomegalovirus (CMV) immediate early promoter and
the T7 bacteriophage promoter allow high expression of the gene of interest (human P2X4 HA-tagged)
in mammalian and bacterial cells, respectively. The bovine growth hormone polyadenylation signal
(bGH poly(A)) and the SV40 polyadenylation signal terminate gene transcription and ensure mRNA
stability. The aminoglycoside phosphotransferase gene confers resistance to neomycin (NeoR),
kanamycin (KanR), and G418 (Geneticin) and can be used for mammalian selection. The B-lactamase
bacterial selection gene (bla) confers resistance to ampicillin (AmpR) and other related antibiotics. The
bla promoter is encoded upstream of the AmpR gene. The f1 bacteriophage ori is a benign remnant of
the original plasmid. The total length of the pcDNA 3.1 (+) plasmid encoding the human P2X4 HA-tagged

gene is 6595 base pairs (bp). Image produced using the SnapGene software.
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Table 2.4. List of gene constructs purchased.

Geneinsert Geneinsert C-term Bacterial Mammalian

name size (bp) epitope  resistance selection MENEE ]

Sgli’z - - Ampicillin G418 Addgene
CHRNA7 1511 - Ampicillin G418 Biomatik
hP2X1 WT 1218 EE Ampicillin G418 Biomatik
hP2X2 WT 1434 EE Ampicillin G418 Biomatik
hP2X3 WT 1212 EE Ampicillin G418 Biomatik
hP2X4 WT 1185 EE Ampicillin G418 Biomatik
hP2X5 WT 1353 EE Ampicillin G418 Biomatik
hP2X6 WT 1344 EE Ampicillin G418 Biomatik
hP2X7 WT 1806 EE Ampicillin G418 Biomatik
hP2X1 WT 1224 FLAG Ampicillin G418 Biomatik
hP2X2 WT 1440 FLAG Ampicillin G418 Biomatik
hP2X3 WT 1218 FLAG Ampicillin G418 Biomatik
hP2X4 WT 1191 FLAG Ampicillin G418 Biomatik
hP2X5 WT 1359 FLAG Ampicillin G418 Biomatik
hP2X6 WT 1350 FLAG Ampicillin G418 Biomatik
hP2X7 WT 1812 FLAG Ampicillin G418 Biomatik
hP2X1 WT 1227 HA Ampicillin G418 Biomatik
hP2X2 WT 1443 HA Ampicillin G418 Biomatik
hP2X3 WT 1221 HA Ampicillin G418 Biomatik
hP2X4 WT 1194 HA Ampicillin G418 Biomatik
hP2X5 WT 1362 HA Ampicillin G418 Biomatik
hP2X6 WT 1353 HA Ampicillin G418 Biomatik
hP2X7 WT 1815 HA Ampicillin G418 Biomatik

bp, base pair.
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2.3.1 Generation of P2X double mutant receptors

Wild-type (WT) human P2X1-7 constructs containing a C-term FLAG tag were used as DNA templates
to generate the required double lysine-to-alanine non-functional mutants. Lysine (K) to alanine (A)
substitutions were introduced by mutagenic Polymerase Chain Reaction (PCR) using the Q5 site-

directed mutagenesis kit (New England BiolLabs, UK) for rapid and site-specific DNA mutagenesis.

2.3.1.1 Primer design

Lysine (K) to alanine (A) substitutions were introduced in corresponding positions K67 and K313
(numbering referred to the human P2X4 WT protein sequence) in all human P2X1-7 WT constructs.
These substitutions were created by incorporating an ‘AAG” (coding for K) to ‘GCC’ (coding for A)
mismatch in the centre of the mutagenic forward primer, including at least ten complementary
nucleotides on the 3’ end of the mutation. The reverse primer was designed so that the 5’ ends of the
two primers annealed back-to-back and its sequence was 100% complementary to the complementary
strand. Mutagenic primer sequences were constructed using the New England BiolLabs online design
software, NEBaseChanger™ (NEBaseChanger.neb.com). All primers were acquired in a lyophilised form
and were reconstituted at 100uM in molecular biology-grade water (HyClone™, UK). For experimental
use, primers were further diluted to 10uM. 100uM primer stocks and 10uM working solutions were
stored at -20°C until required. The primer sequences used and the specific amino acid and codon

positions for each receptor subtype can be found in Table 2.5.

2.3.1.2 Polymerase Chain Reaction (PCR)

Mutagenic PCRs were carried out to obtain the human P2X1-7 double mutant receptors. Firstly, C-term
FLAG-tagged WT DNA sequences were used as an initial template to produce a single K67A mutant DNA
for each human P2X receptor subtype (numbering referred to the human P2X4 WT peptide sequence).
Then, the K67A single mutant DNA was used as a template to introduce the second K313A mutation
(also corresponding to the human P2X4 WT protein sequence enumeration), thus generating all human
P2X1-7 double mutant constructs. Each reaction was performed in a thin-walled PCR tube containing:
1X Q5 Hot Start High-Fidelity 2X Master Mix, 0.5uM of corresponding forward and reverse primers,
20ng of template DNA, and molecular biology grade water to get a total volume of 25uL. The Q5 Hot
Start High-Fidelity 2X Master Mix contained the polymerase buffer (not detailed by the manufacturer),
deoxynucleoside triphosphates (dNTPs), magnesium ions (Mg?*), and the Q5 Hot Start High-Fidelity
DNA Polymerase. PCR reactions were performed in a thermocycler (Veriti, Applied Biosystems, UK) with
the following thermal profile: Initial denaturation at 98°C for 30 seconds, followed by 25 cycles of
denaturation at 98°C for 10 seconds, annealing at different temperature conditions according to each
human P2X subtype for 30 seconds, and extension at 72°C for 5 minutes to allow robust amplification
of the DNA, and finalised with 2 minutes at 72°C for the final extension. The annealing temperatures
for each set of primers are specified in Table 2.5. The extension time was calculated according to the
DNA polymerase reading speed of 30 seconds/Kb and approximately 7Kb of total plasmid length. All

PCR products obtained were used immediately or stored at 4°C until required.
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Table 2.5. Numbering of human P2X1-7 lysine (K) to alanine (A) substitutions and their respective AAG
codon positions (bp). Detailed sequences for each mutagenic primer set and the annealing
temperatures used for PCR.

Mutant  AAG (bp) Primer sequence (5’ — 3’) Ta (°C)
hP2X1 F CGTGTCTGTGgccCTCAAGGGACTCG
214 - 216 50
[K68A] R CTGCTAATGAGGCCGCTA
F CCACCTCTTCgccGTGTTCGGCATTAG
hP2X1 937 939 g 60
[K309A] R CGGTAGTTTGTTCCGTTC
hP2X2 F TATTATCACAgccGTGAAGGGAATTACAACATCTGAGCAC
253 — 255 60
[K81A] R GAAGACTCAGGCCCGGTC
hP2X2 F CACACTGATCgccGCTTACGGCATTAGAATTG
967 — 969 60
[K319A] R CGTGTGGTGGTTCCGTTA
hP2X3 F TGTGGTGACAgccGTGAAGGGCAG
199 — 201 50
[K63A] R GAGGACTCAATAGCGGTG
hP2X3 F CACACTGCTCgccGCTTTCGGAATTAGATTCGACG
907 — 909 60
[K299A] R CGGTACTCGCTGCCGTTC
hP2X4 F CGTGACCACAgcCGTGAAGGGAGTGG
211-213 50
[K67A] R CTAGACACCACGGAGTCG
hP2X4 F CACACTGATTgccGCTTACGGAATTAGATTCGACATTATTGTG
949 — 951 60
[K313A] R CGCTGCTCGTTTCCAGCG
hP2X5 17— 210 F CGTGATCACAgccGTGAAGGGCGTG 50
[K69A] R GCGGACTGGAGAGATGTG
hP2X5 F CACACTCATGgccGCTTACGGAATTAGATTCGACG
952 — 954 60
[K314A] R CGGAACTCCACTCCAGCG
hP2X6 F TATTATTACAgccCTGAAGGGGGTGTCCG
244 — 246 50
[K78A] R GAGAACTGTGGCTCCAGG
hP2X6 F AACACTCCTGgccCTGTACGGCATTAGATTCG
K315 955 — 957 60
R CTAGCCTCCACTCCTGGC
F CGTGCACACAgccGTGAAGGGAATC
hP2X7 202 — 204 9 50
[K64A] R CTAGAAATCACTGGCTCC
hP2X7 F CACACTGATTgccGTGTTCGGAATTAGGTTC
943 — 945 60
[K311A] R CGCTTCTCCACGTTGTTC
bp, base pair.
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2.3.1.3 Kinase, Ligase, Dpnl treatment and enrichment

The amplified product was then treated with a unique enzyme mix containing kinase, ligase, and Dpnl
(KLD) enzymes. This combination allowed efficient phosphorylation of linear DNA, rapid circularisation
of the PCR product, and removal of the plasmid template DNA by Dpnl digestion of adenine-methylated
‘GATC sites. 1L of PCR product was mixed with 1X of 2X KLD Reaction Buffer, 1X of 10X KLD Enzyme
Mix, and molecular grade water to achieve a total volume of 10uL. The mixture was incubated for 30

minutes at room temperature (RT) to obtain the mutated plasmid.

2.4 High-efficiency transformation of plasmid

Following KLD treatment, the enriched product was transformed into competent Escherichia coli (E.
coli) cells for DNA extraction and sequence verification and long-term plasmid storage. 50uL of high-
efficiency competent E. coli cells (strain number C2987H; New England Biolabs, UK) were thawed on
ice for 10 minutes. Then, 5uL of the KLD mixture were added to the cells, gently mixed with a pipette
tip, and incubated for 30 minutes on ice. Afterwards, cells were heat-shocked at 42°C for 30 seconds
and immediately incubated for five more minutes on ice. Finally, the transformed cells were further
incubated for 1 hour at 37°C in 450uL of Super Optimal broth with Catabolite repression outgrowth
media (SOC; New England Biolabs, UK), thus allowing recovery and initial expression of the antibiotic

resistance enzyme B-lactamase.

After incubation and under sterile conditions, 50uL and 200uL of the E. coli culture were spread onto
two pre-warmed Luria Bertani (LB) agar plates supplemented with 100ug/mL of ampicillin and
incubated facing down O/N at 37°C. A single colony from each plate was selected and inoculated in
10mL of LB broth supplemented with 100ug/mL ampicillin. These cultures were left gently shaking at
200 revolutions per minute (rpm) O/N at 37°C for DNA isolation.

2.4.1 Generation of Escherichia coli competent cells

High-efficiency competent E. coli cells were purchased from New England BiolLabs (strain number
C2987H; UK). C2987H cells were streaked on an LB agar plate and incubated O/N at 37°C. Single colonies
of E. coli were inoculated into 10mL of LB broth and expanded O/N at 37°C and 200rpm. Then 1mL of
cell culture was added onto 4mL of LB broth and left to grow for two more hours at 37°C and 200rpm.
To make E. coli C2987H glycerol stocks for long-term storage, 600uL of cells were mixed with 400uL of
50% sterile glycerol and flash-frozen in dry ice before storing the cryovials at -80°C. The remaining E.
coli cells grown were collected by centrifugation at 805x g for 10 minutes at 4°C. Pelleted cells were
gently resuspended in a cold 0.1M CaCl; (calcium chloride) solution. Finally, 50uL of E. coli C2987H

competent cells were aliquoted and kept at -80°C ready to use when required.
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2.4.2 LB broth and agar preparation

To make Luria Bertani (LB) broth media, 10g of LB broth powder were dissolved in 500mL of distilled
water according to the manufacturer’s recommendation in a Duran bottle and sterilised by autoclaving.

The sterile LB broth solution was stored at room temperature for future use.

To prepare the LB agar plates, 10g of LB agar powder were dissolved in 250mL of distilled water as per
the manufacturer’s instructions in a Duran bottle and sterilised by autoclaving. 100ug/mL of ampicillin
were added aseptically into lukewarm LB agar and mixed to ensure a homogeneous solution.
Immediately after, approximately 20mL of agar were carefully pipetted in sterile Petri dishes. The plates
were left to solidify in the Class Il Microbiology Safety Cabinet at room temperature and then stored at

4°C for up to two weeks.

2.5 Preparation of glycerol stocks, DNA extraction, and sequencing

Prior to DNA extraction from the transformed E.coli cultures, 1.2mL from each culture tube and 400uL
of 50% sterile glycerol were added into cryotubes in a sterile setting for long-term storage. These
glycerol stocks were clearly labelled and kept at -80°C for future experimental use. Glycerol stock

preparation was done twice for each purchased or mutated plasmid.

Following the growth of bacteria, the transformed E.coli cultures were centrifuged at 805x g for 20
minutes at RT, and the clear supernatant was discarded. Gentle lysis of the cells, solubilisation of DNA,
and removal of contaminants (proteins, RNA, and other macromolecules) were performed using E.Z.N.A
Plasmid Mini Kit | (Omega Bio-Tek, UK) according to the manufacturer’s protocol. The extracted DNA
plasmids were then quantified using Nanodrop spectrophotometry (NanoDrop® ND-1000 UV-Vis
Spectrophotometer, Agilent, UK) and NanoDrop 1000c software. For nucleic acid quantification, the

software used a modified Beer-Lambert equation:

B A x50
‘=70

Where c is the nucleic acid concentration in ng/uL, A is the absorbance in absorbance units, 50 is the
extinction coefficient for double-stranded DNA in ng-cm/uL, and b is the path length in cm. For the
NanoDrop 1000 Spectrophotometer, path lengths of 1.0 and 0.2mm were used as detailed in the user
manual. The absorbance was read at 260 and 280nm, with the ratio 260/280 used to assess the purity
of nucleic acids. A 260/280 ratio value of 1.8 was considered pure for DNA samples. A secondary
measure for DNA purity was the absorbance ratio at 260 and 230nm, which controls for unwanted
organic compound contamination, namely salt, peptides, or phenol remains. The 260/230 ratio values

were often higher than the respective 260/280 values and fell in the 2-2.2 range.

Finally, 5uL at 100ng/uL of each purified plasmid were sent for sequencing for plasmid verification

(Source Bioscience Sequencing, Cambridge, UK). Samples were sequenced from both strands using
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CMV or bGH primers for sense and antisense DNA chain readings, respectively. All DNA samples were
kept at -20°C.

2.6 Transient transfection of parental 1321N1 astrocytoma cells

Human 1321N1 cells are known to be devoid of P2X receptors (Communi et al., 1996). Cell transfection
is a standard methodology used to introduce foreign DNA into cells. It enables the study of gene
function and regulation and recombinant protein production in mammalian cells. The previously
mentioned 1321N1 astrocytoma cell line that stably expresses the human P2X4 receptor was created
by stable transfection of the human P2X4 gene in 1321N1 parental cells. For stable transfection,
introduced DNA is integrated into the host genome and sustains transgene expression over time, even
after host cells replicate and divide. In contrast, transiently transfected genes are only expressed for a
limited time and are not integrated into the host genome. Therefore, they are not passed down through

cell division.

1321N1 parental cells were regularly tested for biological contamination to guarantee a healthy and
viable culture before transfection and were used between passages P4 and P12 for optimal cell
transfection. 1321N1 cells were always kept at 70-80% confluency and were seeded in 96-well plates
at 12,500 cells/well and kept for 24 hours in cell culture conditions before transfection. Cells were
allowed to adhere to the bottom of the wells and to expand until a 70-80% monolayer was formed.
Cells that were too confluent squeezed together, visually changed morphology, reducing their original
size, and underwent contact inhibition resulting in poor uptake of DNA and decreased expression of
the transfected gene. However, too few cells in the culture resulted in poor growth without cell-to-cell
contact. The key to ensuring optimal confluency was reliably achieved at the time of transfection was
to maintain a standard splitting and seeding protocol from experiment to experiment. It is important

to note that some cell death was inevitable regardless of the transfection method used.

There are three main types of transfection methods: biological (i.e., virus-mediated transfection, also
known as transduction), chemical (i.e., cationic polymer, lipid, amino acid), and physical (i.e., direct
microinjection, biolistic particle delivery, electroporation). My selections were three different chemical
reagents described in the following passages 2.6.1, 2.6.2, and 2.6.3. Human P2X4 plasmid DNA was
prepared, as explained in section 2.5. DNA vyields of approximately 30ug with a 260/280 ratio of 1.8
were obtained routinely from 10mL bacterial cultures. Opti-MEM™ | Reduced-Serum Medium (Opti-
MEM; Gibco™, Life Technologies, UK) is an improved Minimal Essential Media (MEM) widely
recommended for cationic lipid transfection reagents and was used as transfection media for all three
methodologies. All transfection procedures, including DNA and chemical reagent preparations, were

done under strict sterile conditions.

The ideal approach was determined empirically and was selected for: high transfection efficiency, low
cell toxicity, accessibility and convenience, and reproducibility. To assess human P2X4 WT transfection,

intracellular calcium mobilisation assays were carried out as outlined in the methods section 2.8. The
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optimisation process is detailed later in Chapter 3 (Tables 3.1 and 3.2) of this thesis, showing the specific

transfection conditions used and their graded efficiencies.

2.6.1 TurboFect

TurboFect Transfection Reagent (TurboFect) is a cationic polymer that interacts with DNA to form small,
stable, and highly diffusible complexes which are readily endocytosed and ruptured in the cytosol,
releasing the DNA and allowing it to translocate to the nucleus. TurboFect was provided as a sterile

aqueous solution and stored at 4°C.

TurboFect and DNA dilutions were immediately prepared before cell transfection. Firstly, human P2X4
WT DNA was diluted to the desired final amounts per well in sterile 1.5mL Eppendorf tubes with 100uL
Opti-MEM. Secondly, TurboFect was vortexed and added into each diluted DNA tube. The
TurboFect/DNA complexes were incubated for 15’ at RT. Meanwhile, DMEM complete growth media
was replaced with 180uL/well of fresh DMEM complete growth media. After incubation, 20uL of
TurboFect/DNA complex were added carefully into each well following the desired layout. The 96-well
plate was gently rocked and incubated for 48 hours in cell culture conditions before assessing human
P2X4 WT transfection.

2.6.2 X-tremeGENE

X-tremeGENE™ HP DNA Transfection Reagent (X-tremeGENE; Roche, UK) is a multi-component reagent
that forms a complex with DNA and then transports the complex into the cells. X-tremeGENE was

supplied in a sterile 80% ethanol solution and stored at -20°C.

Before starting the transfection protocol, X-tremeGENE was warmed to RT and vortexed. DNA was
diluted in 100pL of Opti-MEM in a sterile 1.5mL Eppendorf tube and gently pipetted up and down to
mix. X-tremeGENE was added to the diluted DNA, and each condition was incubated for 15 or 30’ at
RT. In the meantime, the DMEM complete growth media was replaced with 100uL/well of fresh DMEM
complete growth media. Afterwards, 5 or 10uL of each X-tremeGENE:DNA ratio were added dropwise
into each well, according to the desired layout, and the plates were gently swirled to ensure even
distribution. Six hours post-transfection, each well was topped-up with 100uL of fresh DMEM complete
growth media. Finally, cells were incubated for 48 hours before measuring human P2X4 WT receptor

activity.
2.6.3 Lipofectamine 2000

Lipofectamine™ 2000 Transfection Reagent (Lipofectamine 2000) is a cationic lipid that forms
liposomes containing the DNA of interest. These vesicles can easily fuse with the cell membrane due to
their lipidic nature and release genetic material into the cell. This process is also known as lipofection,
and it is extensively referenced in the literature as a reliable cell transfection method. Lipofectamine

2000 was provided as a sterile aqueous solution and stored at 4°C.
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In this case, two separate Eppendorf tubes were used for DNA and Lipofectamine 2000 preparations.
The human P2X4 WT plasmid was diluted in Opti-MEM and mixed by pipetting up and down. Likewise,
Lipofectamine 2000 was vortexed before use and diluted into desired concentration in Opti-MEM.
Calculations for final amounts of plasmid DNA and Lipofectamine 2000 were always done with a 10%
surplus, accounting for pipetting errors. This process was done slowly and avoided touching any plastic
tube walls. Both tubes were incubated for five minutes at RT. From here, three different approaches

were taken as the protocol was perfected with time:

a. Initially, equal volumes were mixed and further incubated for 5 minutes at RT. Meanwhile, old
DMEM complete growth media was replaced with 190uL/well of fresh DMEM complete growth
media. Then, slowly and dropwise, 10uL of transfection complex were added into each well.

b. Secondly, equal volumes of plasmid and Lipofectamine 2000 were mixed by gentle pipetting up
and down and incubated for 20 minutes at RT. Again, old media was replaced with 190uL/well
of fresh DMEM complete growth media and 10ulL of transfection complex were added into
each well.

c. Finally, equal volumes were mixed by gentle pipetting cautiously, not touching the plastic walls
of any tube, and left at RT for 20 minutes to form the transfection complexes. This time, cells
were deliberately washed twice with DMEM media without antibiotics supplemented only with
10% FBS (DMEM transfection media) and 150uL of DMEM transfection media were added into
the wells. After incubation, 50uL of the transfection complex were ejected into the wells

dropwise, aiming not to touch any plastic walls. Plates were lightly rocked side to side.

As detailed later in Table 3.1, sometimes the transfection media was replaced with DMEM complete
growth media 6 hours post-transfection. All plates were left in cell culture conditions for 48 hours until

assessment. The optimised transient transfection protocol used is summarised in Table 2.6.

2.7 Transient co-transfection of 1321N1 parental astrocytoma cells

Transient co-transfection of 1321N1 parental cells was done using the Lipofectamine 2000 transfection
reagent. For calcium mobilisation experiments, cells were seeded at 1.25x10* cells per well in a 96-well
plate and left in cell culture conditions for approximately 24 hours when cells reached 70-80%
confluency. Different sterile Eppendorf tubes were used for plasmid combinations and Lipofectamine
2000 preparations. Calculations for final amounts of plasmid DNA and Lipofectamine 2000 were also
done with a 10% surplus, accounting for pipetting errors. 200ng of each plasmid of interest per well
were diluted in Opti-MEM and combined by pipetting. 0.5uL of Lipofectamine 2000 per well were
diluted in Opti-MEM prudently mixed without touching the walls. Both tubes were incubated for 5-10
minutes at RT. Equal volumes of Lipofectamine 2000 dilution and each plasmid combination were mixed
and further incubated for 25-30 minutes at RT to allow the formation of the co-transfection complexes.
Then, cells were washed twice in DMEM transfection media, and 150uL/well of DMEM transfection
media were added. After incubation, 50uL of the transfection complex mixture were added into each

well in a dropwise manner and plates were carefully rocked side to side. Transfection media was
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replaced with DMEM complete growth media approximately six hours after transfection. Plates were
left in cell culture conditions for 48 hours before experimentation. The optimised transient co-

transfection protocol used is summarised in Table 2.6.

2.7.1 Scaled-up transient co-transfection of 1321N1 parental astrocytoma cells

The transient co-transfection of 1321N1 parental cells protocol was scaled up to a 6-well plate format
for protein expression and protein interaction studies (Table 2.6). First, approximately 1.25x10°
cells/well were seeded in a 6-well plate. Cells were grown in cell culture conditions for 36 hours until
80% confluency was reached. Then 4000ng of each plasmid per well were diluted in Opti-MEM and
mixed in a 15mL sterile Falcon tube. Similarly, 10uL of Lipofectamine 2000 per well were carefully
combined with Opti-MEM in another 15mL sterile Falcon tube. Again, final amounts of plasmid DNA
and Lipofectamine 2000 were calculated for a 10% surplus to account for pipetting errors. Both tubes
were incubated separately for five minutes at RT. Equal volumes of Lipofectamine 2000 and DNA
preparations were gently combined by pipetting up and down, aiming not to touch any plastic surfaces,
and further incubated for 25-30 minutes at RT. DMEM complete growth media was removed, and cells
were washed twice in DMEM transfection media. Cells were left in 1700uL/well of transfection media,
and 300uL of desired transfection complex solution were added smoothly and dropwise into each well.
Plates were gently rocked side to side. Finally, the transfection media was replaced with DMEM
complete growth media approximately six hours post-transfection. Cells were left in cell culture

conditions for 48 hours before experimentation.

Table 2.6. Optimised protocol outline for transient transfection and co-transfection of human 1321N1
parental astrocytoma cells. All amounts are given on a per well basis.

One plasmid Two plasmids
Component 96-well 96-well 6-well
Number of cells 12,500 12,500 12,500
Final Lipofectamine 2000 0.5uL 0.5uL 10puL
Final DNA 200ng 200ng +200ng 4000ng +4000ng
Opti-MEM for each dilution 25uL 25ul 150uL
Final DNA/reagent complex 50uL 50uL 300puL
DNA/reagent complex formation 25-30' 25-30' 25-30'
Final volume 200uL 200pL 2mL
Pen/Strep present? No No No
Media change 6h 6h 6h
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2.8 Calcium mobilisation assay

Calcium mobilisation assays were performed to detect intracellular calcium changes upon activation of
purinergic and muscarinic receptors present in 1321N1 astrocytoma cells. Fura-2 is a ratiometric
fluorescent dye which binds to free intracellular calcium. Its membrane-permeable derivative called
Fura-2 acetoxymethyl (AM) ester (Abcam, Cambridge, UK) was used to load the 1321N1 astrocytoma
cells (Grynkiewicz et al.,, 1985). The acetoxymethyl (AM) moiety allows Fura-2 to cross the cell
membrane. Once in the cytosol, the AM group is cleaved by cellular esterases, resulting in a negatively
charged fluorescent dye that remains inside the cell. This allows the formation of Fura-2 and calcium
intracellular complexes. Fura-2 has a constant emission peak at 510nM and changes its excitation peak
from 380nm to 340nm in response to calcium binding. Consequently, the fluorescence measurement
at 510nm with two excitation wavelengths (340nm for calcium-bound states and 380nm for calcium-
free states) allowed us to quantify and represent the change in intracellular calcium levels as a
fluorescence ratio, F ratio (340/380). Using the F ratio increases the accuracy and reproducibility of
results because it limits photobleaching effects and counteracts variables, including cell thickness and

differing local Fura-2 concentrations (Grynkiewicz et al., 1985).

2.8.1 Calcium mobilisation buffers

Salt-buffered saline (SBS) physiological solution was prepared in deionised water. It contained (mM):
130 sodium chloride (NaCl), 5 potassium chloride (KCI), 1.2 magnesium chloride (MgCl5), 1.5 calcium
chloride (CaCly), 8 D-(+)-glucose, and 10 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid).
SBS was titrated to physiological pH 7.3-7.4 with sodium hydroxide (NaOH) and made up to a volume
of 1L. The solution was thoroughly mixed by magnetic stirring before measuring its osmolality.
Osmolality was measured using a K-7400S Semi-Micro Osmometer (Knauer, Germany) and measured
the number of solute particles dissolved in 1Kg of water. It can also be called osmolarity when calculated
for 1L of water. This value is important because it affects the electrolyte-water balance of the cells.
Osmotic equilibrium is reached when the number of solutes is equal between the intracellular and the
extracellular environment. This equilibrium is maintained through osmosis, the diffusion of water
molecules from a low solute concentration area to a higher concentration area. In an isotonic solution,
the flow of water in and out of the cell happens at the same rate. Once the solution was homogenous,
150uL of SBS were pipetted into a 1.5mL Osmometer Eppendorf tube (Knauer, Germany). This tube
was carefully attached to the measuring head, which in turn was balanced on the osmometer device.
The osmometer uses a freezing point approach which is proportional to the osmotic pressure of a
solution. The osmolality can be directly read from the display screen given in mOsm. The physiological
serum osmolality is approximately 300mOsm. The SBS solution usually gave hypoosmotic values of 260-
280mOsm. Incubating the 1321N1 astrocytoma cells with a hypotonic solution would cause them to
swell due to an influx of water molecules into the cells, potentially bursting. D-mannitol was used to

adjust the SBS osmolality following this calculation:
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1Kg amOsmol 1mmol D — mannitol 1mol 182.17g
X X =

1L =b
1L 1Kg 1mOsmol *1000mmol ™~ 1mol 4

Were g are the mOsmol left to achieve a 300mOsm molality, and b the amount of D-mannitol required,
calculated in grams. The D-mannitol was then weighed, added to the SBS solution, and thoroughly
mixed before measuring the osmolality again for further adjustments until the value displayed was
about 300mOsm.

Finally, the Fura-2 loading buffer (Fura-2 AM LB) solution was made of SBS supplemented with 0.01%
[w/v] of pluronic acid F-127 and 2pug/mL of Fura-2 AM (Abcam, Cambridge, UK). A 1mg/mL Fura-2 AM
stock was prepared in DMSO, aliquoted, and kept at -20°C in an opaque box until required. Fura-2 AM

was always freshly added at the time of experimentation.

2.8.2 Intracellular calcium measurements

Human P2X4 stable 1321N1 astrocytoma cells were seeded at an initial cell density of 2.5x10* cells/well
in a 96-well plate. Cells were maintained in cell culture conditions O/N, allowing cells to adhere to the
bottom of the wells and form a confluent monolayer. When cells were ready for experimentation,
DMEM complete growth media was removed, and cells were carefully washed with SBS and loaded
with Fura-2 AM LB for 1 hour at 37°C while protected from the light. After incubation, cells were washed
twice with SBS. All buffers were pre-warmed to 37°C. When applicable, cells were incubated with
antagonists or vehicle control for 30 minutes at 37°C before starting the assay. Finally, cells were placed
in a FlexStation 3 microplate reader (Molecular Devices, UK), which recorded the dual-excitation
(340nm and 380nm) single-emission (510nm) fluorescence ratio for the Fura-2 dye as detailed above.
Readings were taken every 3 seconds over 250 seconds. After 20 seconds, cells were challenged with
50uL of receptor agonists (nucleotides or carbamylcholine (Carbachol)), administered automatically by
the FlexStation 3 device. The same procedure was followed for transiently transfected 1321N1 parental
astrocytoma cells 48 hours post-transfection. One-second sampling was used to detect human P2X3

activity. All experiments were performed at 37°C.

F ratio (340/380) values were used to quantify the change in intracellular calcium levels at every time
point and were exported from the SoftMax Pro FlexStation 3 software (version 5.4.5; Molecular
Devices, UK) as trace data. Peak and area under the curve values were also exported. For details

regarding the data analysis, see section 2.13.1.

2.9 Western blotting

Western blotting is a widely used molecular biology technique to separate and identify different
proteins present in a sample. This technique involves gel electrophoresis to separate proteins by
molecular weight. These are then transferred to a membrane, where the proteins of interest can be

recognised by specific antibodies and detected by chemiluminescence.
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2.9.1 Protein extraction and sample preparation

When ready for experimentation, cells were washed twice with ice-cold PBS pH 8.0. Cell scrapers were
used to harvest the cells of each well and were transferred into 1.5mL Eppendorf tubes. Cells were
pelleted by centrifugation at 4,000x g for 20 minutes at 4°C and the supernatant was discarded. The
cell pellet was resuspended in 20pL of ice-cold solubilisation buffer (150mM NaCl, ImM MgCl;, ImM
CaCly, 2% [v/v] Triton X-100, 20mM Tris-HCl pH 7.6) supplemented with 1X EDTA-free protease inhibitor
cocktail (Complete™ tablets, Roche, UK) and homogenised for two hours in a rotating wheel at 4°C.
Homogenates were cleared to remove cell debris at 12,000x g for 20 minutes at 4°C. Finally, the
resulting supernatant was collected, and the total protein concentration of each sample was assessed
using the colourimetric Pierce™ BCA protein assay (Sigma-Aldrich, UK), according to the manufacturer’s

instructions. Protein yields of 100ug per well were routinely obtained.

Whole-cell protein samples were prepared by mixing 25ug of total protein extract with 4ul of 5X sample
buffer (240mM Tris-HCl pH 6.8, 12% [w/v] Sodium Dodecy! Sulphate (SDS), 30% [v/v] glycerol, 0.05%
[w/v] bromophenol blue) containing 50mM dithiothreitol (DTT) in a final volume of 20uL, and boiled
for 10 minutes at 96°C.

2.9.2 SDS polyacrylamide gel electrophoresis and membrane transference

The SDS polyacrylamide gel was composed of a 5% stacking gel (125mM Tris pH 6.8, 5% [v/v] acrylamide
30% 37.5:1, 0.1% [w/v] SDS, 0.05% [v/v] ammonium persulphate (APS), 0.1% [v/v]
tetramethylethylenediamine (TEMED)) and a 10% resolving gel (375mM Tris pH 8.8, 10% [v/V]
acrylamide 30% 37.5:1, 0.1% [v/v] SDS, 0.05% [v/v] APS, 0.05% [v/v] TEMED). Samples were loaded
along with the Precision Plus Dual Colour Bio-Rad protein ladder (Bio-Rad Laboratories, UK) and ran in
1X electrophoresis buffer (25mM Tris, 192mM glycine, 0.1% [w/v] SDS) at 90V until the dye front
surpassed the bottom of the stacking phase, and then at 120V until the dye front reached the lower

end of the resolving phase.

Once the SDS polyacrylamide gel electrophoresis (SDS-PAGE) finished, proteins were transferred to an
Immobilon-P polyvinylidene difluoride (PVDF) membrane (0.45um pore size; Millipore, UK) using the
mini trans blot module (Bio-Rad Laboratories, UK) containing ice-cold transfer buffer (25mM Tris,
192mM glycine, 20% [v/v] methanol) at 90V for 90 minutes in the cold room at 4°C.

2.9.3 Membrane blocking, protein detection, and visualisation

When proteins were completely transferred, PVDF membranes were incubated with a blocking solution
containing PBST (1X PBS, 0.1% [v/v] Tween-20 (Sigma-Aldrich, UK)) and 5% [w/v] semi-skimmed milk
for a minimum of 1 hour at RT on a rocking platform. Then, membranes were incubated with the
relevant primary antibodies diluted in PBST and 5% [w/v] semi-skimmed milk O/N on a tube rolling

platform in the cold room at 4°C.

The following day, membranes were washed thrice with PBST for 10 minutes at RT on a rocking platform

and incubated with the pertinent horseradish peroxidase (HRP) conjugated secondary antibodies,
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diluted in blocking solution, for two hours at RT. Afterwards, membranes were washed three more
times with PBST for 10 minutes at RT on a rocking platform before visualisation. Finally, membranes
were incubated in Pierce™ ECL Western blotting solution for two minutes and developed using the
ChemiDoc™ Imaging System (Bio-Rad Laboratories, UK) which used the ImageLab software (version
6.1; Bio-Rad Laboratories, UK). Tables 2.7 and 2.8 contain the complete list of primary and secondary
antibodies used, respectively. Further details about Western blot image data analysis are provided in
section 2.13.2.

If re-probing was required, the PVDF membranes were incubated in stripping buffer (0.2M NaOH) for
40 minutes at RT with gentle rocking, washed thrice in PBST for 10 minutes, and re-blocked before

applying other primary antibodies.

2.10 Biotinylation assay

Biotinylation refers to the covalent labelling of proteins with biotin, and it is used to capture and analyse
membrane proteins with streptavidin-coated beads. The protocol proposed by Young (2020) was

followed and adapted for 1321N1 human astrocytoma cells and the experimental system used.

At the time of experimentation, cells were washed twice with ice-cold PBS pH 8.0 and treated with
0.5mg/mL of biotin solution (EZ-Link™ Sulfo-NHS-LC-Biotin dissolved in 1X PBS pH 8.0) for one hour at
4°C. After, cells were washed twice with ice-cold PBS-TG (1X PBS pH 8.0, 25mM Tris, 192mM glycine)
to quench the crosslinking reaction. These procedures were always done in the cold room to prevent
protein degradation. Then, protein extraction and quantification were performed as explained above
(section 2.9.1). To capture the biotin-labelled proteins, 80ug of protein extract were mixed with 25ulL
of streptavidin agarose resin (pre-washed and purged twice in ice-cold solubilisation buffer) in a final
volume of 500uL of ice-cold solubilisation buffer supplemented with 1X EDTA-free protease inhibitor
cocktail. The samples were incubated O/N on a rotator disk at 4°C. The following day, the streptavidin-
biotin-protein complexes were washed and purged three times in the cold solubilisation buffer. Finally,
the biotinylated proteins were eluted in 25uL of sample buffer containing 50mM DTT and boiled for 10
minutes at 96°C. Western blotting was performed as formerly described in sections 2.9.2 and 2.9.3. The

antibodies used can be found in Tables 2.7 and 2.8.

2.11 Co-immunoprecipitation assay

Co-immunoprecipitation (Co-IP) is commonly used for the detection of intact protein complexes by
using an antibody that binds to a target protein, which is believed to be a part of a larger complex of

proteins or ligands. Thus, it is utilised to study physical protein-to-protein interactions.

Whole-cell protein extracts were obtained and quantified as described in section 2.9.1. 4uL of
appropriate primary antibodies were added to 80ug of total protein samples in a 500uL final volume of
solubilisation buffer supplemented with 1X EDTA-free protease inhibitor cocktail (1:125 dilution). To

precipitate target proteins, samples were incubated O/N on a rotator disk at 4°C. Protein G

65



Materials and methods | Chapter 2

Dynabeads™ (2.8um superparamagnetic beads) were vortexed and sensibly washed twice with
solubilisation buffer using a magnetic separation rack (Dynal® MPC™-S Magnetic Particle Concentrator).
The antigen-antibody immunocomplexes from the day before were added to 25ulL of pre-cleared
protein G Dynabeads™ and incubated for 2 hours on a rotator disk at RT. Subsequently,
immunoprecipitates were methodically washed three times in the solubilisation buffer for one minute
on ice using the magnetic separation rack. Immunoprecipitates were firstly eluted using 25uL of elution
buffer (0.2mM glycine pH 2.8) and secondly using 25uL of sample buffer containing 50mM DTT. All
samples were boiled at 96°C for 10 minutes. Finally, Western blotting was performed as detailed above
(sections 2.9.2 and 2.9.3). The antibodies used can also be found in Tables 2.7 and 2.8.

2.12 Immunocytochemistry

Immunocytochemistry is another technique used to assess the presence of specific proteins in cultured
cells and was used to determine cell transfection efficiency under a fluorescent microscope. Human
1321N1 parental cells were transiently transfected in a 96-well plate, as aforementioned. Twenty-four
hours later, cells were carefully peeled off by gentle resuspension in 100uL/well of PBS. Pre-autoclaved
sterile 10mm glass coverslips were each placed in the wells of a 24-well plate. Then, 30uL of cell
suspension were placed on top of each coverslip and left in cell culture conditions for 4 hours to attach
to the surface of the coverslip. Subsequently, each well was topped up with DMEM complete growth

media to prevent the cells from drying out.

The following day, 48 hours post-transfection, cells were washed twice in PBS and fixed with 4% [w/v]
paraformaldehyde pH 7.4 (PFA) for 15 minutes at RT. The PFA was washed off twice with PBS for 5
minutes at RT. Cells were permeabilised with 0.25% [v/v] Triton X-100 for 10 minutes at RT. Cells were
washed three times in PBS for 5 minutes at RT. Non-specific binding was blocked with 1% [w/v] of
bovine serum albumin (BSA) for a minimum of 45 minutes on a rocking platform at RT. Next, cells were
incubated with rabbit anti-P2X4 C-terminus epitope (Alomone Labs, Israel), mouse anti-FLAG (Sigma-
Aldrich, UK), or rabbit anti-a7 nAChR (Alomone Labs, Israel) primary antibodies (1:1000 in 1% [w/v] BSA;
Table 2.7) O/N on a rocking platform at 4°C. Cells incubated without primary antibodies were used as

controls for non-specific secondary antibody staining.

The excess primary antibody was removed by washing thrice in PBS for 10 minutes. Cells were
incubated with appropriate goat anti-mouse Alexa Fluor 488 or donkey anti-rabbit Alexa Fluor 488
conjugated secondary antibodies (Abcam, UK; 1:1000 in 1% [w/v] BSA; Table 2.8) for 2 hours on a
rocking platform at RT while protected from the light. After incubation, cells were washed three more
times in PBS for 10 minutes. Finally, cells were mounted onto glass microscope slides using
Fluoroshield™ mounting media with DAPI (4',6-diamidino-2-phenylindole; Abcam, UK) and sealed with
clear nail varnish. Cell visualisation was done under the Zeiss Apotome Imager M2 microscope (Axiovert
200M; Zeiss, Cambridge, UK) equipped with a Zeiss AxioCam HRm, and fluorescent images were
acquired using the Axiovision 4.8 software. Exposure settings for the green (Alexa Fluor 488) and blue

(DAPI) channels remained constant throughout imaging.
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Table 2.7. List of primary antibodies used for immunocytochemistry and Western blotting.

Name

a-a7 nAChR
a-EE tag
a-EE tag
a-EE tag
a-FLAG tag
a-FLAG tag
a-HA tag
a-His tag
a-P2X4 CT
a-P2X4 EC

a-Bactin

Host

Rb
Rb
Rb
Rb
Ms
Ms
Rb
Ms
Rb
Rb
Ms

Conjugated

HRP

Manufacturer

Alomone Labs
Millipore
Bethyl Labs
Cell Signalling
Sigma-Aldrich
ThermoFisher
ThermoFisher
ThermoFisher
Alomone Labs
Alomone Labs

Sigma-Aldrich

Commercial
reference

ANC-007
AB3788
A190-111A
2448S
F1804
MA1-91878
SG77
11533923
APR-002
APR-024
A3854

Application

WB, ICC
WB
WB
WB

WB, ICC
WB
WB
WB

WB, IcC
WB
WB

Dilution

1/1000
1/10-1000
1/10-1000
1/10-1000

1/1000

1/1000

1/1000

1/1000

1/1000

1/1000

1/4000

CT (C-terminus), EC (extracellular), HRP (horseradish peroxidase), ICC (immunocytochemistry),

Ms (mouse), Rb (rabbit), WB (Western Blot)

Table 2.8. List of secondary antibodies used for inmunocytochemistry and Western blotting.

Host Target Conjugated Manufacturer C;T;:;:ial Application  Dilution
Gt a-Ms AF488 Abcam ab150113 ICC 1/1000
Dy o-Rb AF488 Abcam ab150073 ICC 1/1000
Gt a-Ms HRP ThermoFisher 15271378 WB 1/1000
Gt o-Rb HRP ThermoFisher 15217664 WB 1/1000
Gt a-Ms F(ab’); HRP Abcam ab5887 WB 1/2000
Gt a-Rb F(ab’), HRP Abcam ab6112 WB 1/2000
Gt GMstight HRP Jackson 115-035-174 WB 1/1000

chain ImmunoResearch

AF488 (Alexa Fluor 488), Dy (donkey), Gt (goat), HRP (Horseradish peroxidase), ICC
(immunocytochemistry), Ms (mouse), Rb (rabbit), WB (Western Blot)
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2.13 Data and statistical analysis

All data and statistical analysis were performed using Excel (Microsoft Corporation) and OriginPro
software (Origin Lab version 9.95, UK). Data distribution was tested using a Shapiro-Wilk test for
normality of the mean and Levene’s test for equality of variances. Data that followed a parametric
distribution were analysed with 2-tailed student’s t-tests. Non-parametric datasets were assessed using
Mann-Whitney tests. The threshold for statistical significance was considered for P values lower than
0.05 throughout (*P <0.05, ** P <0.01, *** P <0.001).

In this thesis, all data are expressed as mean + SEM (Standard Error of the Mean). All experiments were
performed in triplicates or quintuplets (technical repeats within one experiment) and repeated three

to five times, as indicated by the ‘N’ number of biological repeats in every figure legend.

2.13.1 Calcium mobilisation assay data analysis

As mentioned in section 2.8.2, the changes in intracellular calcium levels upon cell stimulation with
exogenous nucleotides and Carbachol were quantified as F ratio (340/380) values for every time point
over 250s and were exported from the SoftMax Pro FlexStation 3 software (version 5.4.5; Molecular
Devices, UK) as trace data. Peak and area under the curve (AUC) values were also exported from the

same software for data and statistical analysis.

It is important to note that data normalisation to stated values was applied to control for inter-
experimental variation and thus, obtain more representative datasets. For the pharmacological
characterisation of the human P2X4 receptor, all agonist concentration-response and time-response
data were normalised to the maximal response to 30uM ATP, and all antagonist concentration-
response and time-response data were normalised to respective 1.5uM ATP submaximal responses in
the presence of vehicle control (SBS or 0.5% [v/v] DMSO). For calcium mobilisation assays performed
on transiently transfected 1321N1 parental astrocytoma cells, there often was plate-to-plate variation
due to differences in cell transfection efficiency. To minimise the effects of this variation, data were
normalised to respective maximal 100uM Carbachol responses as an internal control for cell viability

and transfection efficiency within each plate.

Trace data values were quantified as the difference between the highest and the lowest calcium
response (max-min) at each time point. Any negative values recorded before the 20s time point, when
the automatic addition of exogenous nucleotides or Carbachol occurred, were considered blank
responses and were replaced by zeroes before normalisation. Trace data points were then normalised

as described above and plotted against time.

Peak values represented the maximal response magnitude over the 250s. Although the SoftMax Pro
FlexStation 3 software was used to export the peak data values, all trace data were manually checked
to avoid plotting outlier or artefact peak values. Any exported peak value obtained past the 70s time
point was considered a fluorescence outlier or artefact and was manually changed for the peak value

obtained between the 20s and 70s time frame. These were considered more accurate peak calcium
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responses for the human P2X4 receptor and were thereby used for peak data and statistical analysis.
All peak data were represented as concentration-response curves, where the peak calcium responses
were plotted against the common logarithm (Logio) of each concentration tested and were individually

fitted using a modified Hill equation (Hill1 function on the OriginPro software) as outlined below:

n

Y = START + (END — START)W

Where k represents the Michaelis constant and n is the number of cooperative sites. The ECso (half

maximal effective concentration) and ICso (half maximal inhibitory concentration) values were obtained

according to the fitted curve and were equal to the k value in the Hilll equation.

The area under the curve (AUC) is another value provided by the SoftMax Pro FlexStation 3 software.
AUC values are defined as the integral of the intracellular calcium response as a function of time. Thus,
AUC data encompasses both the initial response and the sustained calcium response phase over the
recorded 250s, representing the net calcium movement upon application of exogenous compounds.
The AUC data analysis was carried out as the peak data analysis but was only performed in specific cases
where effects on the sustained calcium response phase could have been missed by solely analysing

peak data.

All calcium mobilisation statistical analysis was performed as described at the beginning of section 2.13.

2.13.2 Western blot image data analysis

Western blot image analysis was used to semi-quantify the relative amount of each protein of interest
and compare the different protein expression levels between experimental conditions. A Western blot
image is composed of pixels which contain signal intensity information. The signal emitted by the
protein of interest in an image can be measured as the total signal intensity information for all the pixels
contained within that band. Therefore, this signal is directly proportional to the amount of protein
present in that band. Images obtained from the Imagelab software (version 6.1; Bio-Rad Laboratories,

UK) were saved as JPG files and analysed with the Fiji image processing software (Fiji Is Just Image)

version 1.53; Scilava, UK).

The rectangular tool was used to draw a box around the protein of interest band, including all of the
band intensity signal with the minimal amount of surrounding background. The total pixel intensity for
that band was then measured using the command Ctrl+M in Fiji. The same box size was used for all the
lanes in each Western blot image therefore, the size of the box was set for the largest protein of interest
band and moved across the blot to obtain all the required measurements. Background measurements
for each lane were also taken using the same size box but positioned just above the protein of interest
band. Thus, each protein band had its unique level of background. All measurements were copied into

Excel and data was transformed as detailed below.

A white pixel has an intensity value of zero and a black pixel has an intensity value of 255. The total pixel

intensity values for each protein of interest and background bands were inverted by subtracting each
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measurement from 255. Then, the net amount of protein was quantified by subtracting the inverted
background from the inverted protein values, giving a more accurate measure of the amount of signal
intensity that came from the protein of interest in each lane. To minimise protein expression variability
between experiments, all net protein values were suitably normalised to B-actin loading controls as

detailed below.

For the normalisation of whole-cell Western blots, the net amount of protein of interest was divided by
the net amount of net whole-cell B-actin loading controls in each lane. To obtain the relative cell surface
protein of interest expression levels in biotinylation experiments, the net cell surface protein values
were normalised to the respective net whole-cell B-actin loading controls. Similarly, for co-
immunoprecipitation assays, the relative immunoprecipitated protein expression levels were obtained
by normalising each net immunoprecipitated protein against its respective net whole-cell B-actin
loading control. Thus, the expression levels of each protein of interest were expressed as ratio values
relative to the corresponding whole-cell B-actin loading controls, reducing variability caused by protein

loading errors and potential differences in transient protein expression levels between experiments.

Finally, all Western blot image data were plotted as column graphs using the OriginPro software and

statistical analysis was carried out as detailed in the beginning of section 2.13.
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3.1 Introduction

Over the past fifteen years, there has been a growing interest in how P2X subunits arrange to form
functional channels. Different approaches have been taken to probe the existence of P2X heteromers.
These included: i) biophysical methods looking at the channel structure, dynamics, or permeation
properties with spectroscopy, electrophysiology, and calcium imaging assays; ii) biochemical methods
such as Western blotting and immunoprecipitation, and iii) molecular biology techniques like genetic
engineering to form P2X concatemers. However, the answers to which human P2X receptors can form

functional heteromers remain controversial.

So far, only the P2X2/3 heteromeric receptor has been established and accepted by the purinergic
signalling community. The P2X2/3 receptor is slowly desensitising and af-MeATP-sensitive, resulting
from the combination of P2X2 and P2X3 homomeric channel properties, respectively. This
pharmacologically distinct profile has been observed in both human and rodent heterologous and
native systems (Lewis et al., 1995; Saul et al., 2013; Burnstock, 2018). However, further investigations
were required to elucidate the P2X2/3 receptor subunit stoichiometry. Does it contain one P2X2
subunit and two P2X3 subunits or two P2X2 subunits and one P2X3 subunit? Does the explicit subunit

composition affect channel function? Does it impact its pharmacological properties?

Wilkinson et al. published an electrophysiological approach to answer some of these questions and
provide information about the subunit assembly of the P2X2/3 heteromeric receptor (Wilkinson et al.,
2006). They used HEK293 cells transiently transfected with rat P2X2 and rat P2X3 DNA constructs and
proposed what they called the ‘dead receptor’ hypothesis (Wilkinson et al., 2006). The dead receptor
hypothesis was based on two concepts proposed earlier by the same research group. Firstly, they
identified that lysines at positions K70 and K316 (zebrafish P2X4 numbering) were critical for ATP
molecule recognition and binding, and therefore channel function (Jiang et al., 2000). In addition, the
occupancy of at least two agonist binding sites was required for P2X channel activation (Jiang et al,,
2003). This second study suggested that the occupancy of only one binding site would not induce
channel opening and was the foundation of the proposed dead receptor hypothesis. Both concepts
were confirmed when the X-ray crystal structures of the zebrafish P2X4 receptor in apo and ATP-bound
states were released (Kawate et al., 2009; Hattori & Gouaux, 2012), and the ATP binding site was
scrutinised by mutagenesis and electrophysiological analysis (Chataigneau et al., 2013). These two
lysines are highly conserved among P2X receptor subtypes and through P2X receptor evolution
(Fountain et al., 2007). K70 and K316 (zebrafish P2X4 numbering) mediate the coordination of the
adenosine base and the triphosphate tail of the ATP molecule (Fig 1.5B) and are located in the agonist
binding pocket at the interface between two subunits. In this way, the K70 (zebrafish P2X4 numbering)
of one subunit and the K316 (zebrafish P2X4 numbering) of another are involved in the same agonist
binding interface (Fig 1.5B). In 2006, their idea was to block the agonist binding sites by mutating the
corresponding key lysines K69 and K308 in the rat P2X2 receptor and K63 and K299 in the rat P2X3

receptor to alanine residues and generating what they called ‘dead receptors’. The function of the
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heteromeric P2X2/3 receptor, when lysine-to-alanine mutations were introduced, depended greatly on
whether they were in the P2X2 or the P2X3 subunit, as described below (Wilkinson et al., 2006).

When HEK293 cells were co-transfected with P2X3 wild-type subunits and P2X2 single mutant subunits,
the P2X2/3 receptor function was rescued (Fig 3.1A). However, when HEK293 cells were co-transfected
with P2X2 wild-type subunits and single mutant P2X3 subunits, this rescue did not occur (Fig 3.1A).
These results suggested that a wild-type P2X3 subunit could rescue the function of a P2X2 receptor
with a single lysine-to-alanine mutation, but not vice versa (Wilkinson et al., 2006). Furthermore, the
P2X2/3 receptor function was completely abolished when both ectodomain lysines were mutated in
the same P2X2 subunit (Fig 3.1A). Thus, a wild-type P2X3 subunit could rescue the activity of a single
P2X2 mutant but not of a double P2X2 mutant subunit (Wilkinson et al., 2006). But, what did these data

mean in terms of the stoichiometry of rat P2X2/3 receptors?

The failure to rescue receptor function in the P2X2 subunit with both lysines mutated by wild-type P2X3
subunits demonstrated that only one dead P2X2 subunit was enough to block receptor function. Thus,
they proposed a 1:2 subunit organisation in favour of the P2X3 subunit. Following this proposed subunit
stoichiometry, the presence of a single dead P2X2 subunit would still provide for two functional agonist
binding sites able to recognise the agonist molecule and activate the receptor (Fig. 3.1B, left and middle
panels; Wilkinson et al., 2006). However, a double-dead P2X2 subunit would prevent agonist binding at
two sites and therefore, the binding of just one agonist molecule would not be enough to overcome
the energy barrier to change the receptor conformation and consequently, gate the channel (Fig. 3.1B,
right panel; Wilkinson et al., 2006).

The research community gained new information on the agonist binding mechanism and the roles of
these key ectodomain lysine residues in P2X receptor gating thanks to the work carried out by Wilkinson
et al. and confirmed in later investigations. It is crucial to investigate the subunit organisation of all P2X
receptors because it will build on our understanding of ATP signalling in physiologically relevant
systems, give us insights on novel P2X receptor subtypes which may have different pharmacological

properties, and open new routes for the development of more selective therapeutics.

In addition, Wilkinson et al. provided a method to functionally differentiate between subunit assemblies
in rat P2X2/3 receptors. Thereby, their dead receptor hypothesis could be expanded into the seven P2X
receptor subtypes to find novel functional heteromeric interactions and their subunit arrangements,
unveiling potential differences in receptor pharmacology and ion channel properties. Thus, we sought
of using the dead receptor hypothesis to investigate functional interactions of the human P2X4 receptor
by intracellular calcium assays and complement these data with physical protein-protein interaction
studies. Figure 3.1C shows a visual representation of the dead receptor hypothesis using human P2X4
receptors. There is evidence that human P2X4 receptors can form functional homotrimers (North,
2002; Coddou et al., 2011; llles et al, 2021). According to the hypothesis of the dead receptor, a
homomeric human P2X4 wild-type receptor would have three available agonist-binding sites and could
produce a calcium response when the agonist is applied (Fig 3.1C, left panel). Potential interactions

between human P2X4 wild-type and P2X4 dead subunits would limit the functional agonist-binding sites
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to one, which would not be sufficient to gate the receptor (Fig 3.1C, middle panel). So, when P2X4 wild-
type subunits are co-expressed with other human P2X dead receptor subunits, the effects observed in
the agonist-evoked intracellular calcium responses could help us detect potential human P2X4 subunit
interactions (Fig 3.1C, right panel). If interactions occurred, the functional agonist-binding sites would
be limited, thus a reduction in agonist-evoked calcium responses would be observed compared to
human P2X4 wild-type homotrimeric receptors. If no interactions occurred, the agonist-evoked calcium
responses would not be altered compared to human P2X4 wild-type homotrimeric receptors. Figure
3.2 illustrates the sequence alignment between the rat P2X2 (rP2X2) and the human P2X1-7 receptors
(hP2X1-7) and highlights the corresponding conserved residues that participate in the binding of ATP.
Equivalent lysine residues in positions K69 and K308 of the rat P2X2 were mutated to alanine residues
to produce the human P2X1-7 dead receptors as advised in the dead receptor hypothesis (Annex 2

contains the complete sequence alignments).

Wilkinson et al. used HEK293 cells as their model system for the co-transfection of rat P2X2 and P2X3
receptor constructs and patch-clamp electrophysiology studies. HEK293 cells are efficient transfection
hosts, but they express endogenous ATP-sensitive receptors such as P2Y1, P2Y2, and P2Y4 (Fischer et
al., 2003, 2005). For studies of P2X receptor activity using patch-clamp electrophysiology, these
endogenous receptors do not represent a problem as they are GPCRs and do not contribute to cation
influx so, any changes in current measurements upon ATP stimulation would be due to the activation
of the transfected P2X receptors. However, these GPCRs cause a large increase in intracellular calcium
levels when activated by ATP and thus, the contribution of transfected P2X receptors to these responses
is difficult to isolate when performing intracellular calcium mobilisation experiments (Fischer et al,,
2003). Consequently, we thought of using human 1321N1 astrocytoma cells which are void of
endogenous ATP-activated receptors (Communi et al., 1996). This unique feature meant that applying
ATP and other analogues would not give endogenous calcium responses that could mask the specific
P2X receptor-mediated intracellular calcium responses. To use the dead receptor hypothesis, P2X
receptors would have to be transfected and expressed in these cells in the same way they were in
HEK293 cells by Wilkinson et al.

This chapter entails the secrets of how to successfully transfect P2X4 receptors in human 1321N1
astrocytoma cells and provides proof-of-concept data for the use of dead receptors as tools to explore

functional human P2X4 subunit interactions.
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Fig 3.1. Visual representation of the dead receptor hypothesis. (A-B) Co-expression of rat P2X2 and
P2X3 subunits in HEK293 cells by Wilkinson et al. (2006). (A) Currents evoked by the application of af-
MeATP. P2X3 WT subunits completely rescued channel function when co-expressed with P2X2 [K69A]
and P2X2 [K308A] single mutants, but not with the P2X2 [K69A, K308A] double mutant. In contrast,
P2X2 WT subunits did not rescue channel function when co-expressed with either P2X3 [K63A] or P2X3
[K299] single mutants. (B) Schematic illustration of the proposed P2X2/3 heteromer subunit
stoichiometry and the available ligand-binding sites. Each subunit is represented as an ellipse with two
circles inside (corresponding to each TM domain). The solid circles indicate the substitution of lysine
for alanine residues and the arrows indicate the a-MeATP-binding pockets. A single P2X2 mutant
provided two aB-MeATP-binding sites and P2X2/3 receptor function was rescued (left and middle
panels), whilst a P2X2 double-dead mutant only had one aB-MeATP-binding site which was not enough
to gate the P2X2/3 receptor (right panel). (C) Visual representation of how dead receptor tools can
affect intracellular calcium responses. A homomeric human P2X4 receptor with three available ATP-
binding sites (arrows) produces a calcium response when the agonist is applied (left panel). The
presence of a P2X4 [K67A, K313A] dead subunit, limits the functional ATP-binding sites to one, which is
not sufficient to gate the receptor (middle panel). The effects we observe in intracellular calcium
measurements can help us detect potential human P2X4 subunit interactions when co-expressed with
other human P2X dead receptor subunits (right panel). If interactions occur, the functional agonist-
binding sites will be limited, thus a reduction in ATP-evoked calcium responses will be observed. If no

interactions occur, the ATP-evoked calcium responses will not be altered.
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hP2X1WT FLYEKGYQTSSG-LISSVSVKLKGLAVTQ-——---—-— LPGLGPQVWDVADYVFPAQGDNSF 100
hP2X2WT FIVQKSYQESETGPESSIITKVKGITTSE-——————————— HKVWDVEEYVKPPEGGSVF 108
YP2X2WT FIVOKSYQDSETGPESSIITKVKGITMSE-——==-=———-—-—— DKVWDVEEYVKPPEGGSVV 96

hP2X3WT FLHEKAYQVRDTATIESSVVTKVKGSGLYA-——————————— NRVMDVSDYVTPPQGTSVF 90

hP2X4WT FVWEKGYQETDSV-VSSVTTKVKGVAVTN-———--—-— TSKLGFRIWDVADYVIPAQEENSL 99

hP2X5WT FLIKKGYQDVDTSLQSAVITKVKGVAFTN-——-—-— TSDLGQRIWDVADYVIPAQGENVE 101
hP2X6WT LLAKKGYQERDLEPQFSIITKLKGVSVTQ-—-———-—- IKELGNRLWDVADEVKPPQGENVE 110
hP2X7WT LVSDKLYQRKEP-VISSVHTKVKGIAEVKEEIVENGVKKLVHSVFDTADYTFPLOG-NSF 102

JEORE HEEE HEE R

hP2X1WT GLYE---EKNLSPGFNFRFARHFVE-NGTNYRHLFKVEGIRFDILVDGKAGKFDIIPTMT 333
hP2X2WT RLDPKH--VPASSGYNFRFAKYYKINGTT-TRTLIKAYGIRIDVIVHGQAGKFSLIPTII 343
YP2X2WT RLDPKY--DPASSGYNFRFAKYYKINGTTTTRTLIKAYGIRIDVIVHGQAGKFSLIPTIT 332
hP2X3WT RLDSVSEKSSVSPGYNFRFAKYYKMENGSEYRTLLKAFGIRFDVLVYGNAGKENIIPTITI 323
hP2X4WT RLDTRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLIKAYGIRFDIIVFGKAGKFDIIPTMI 337
hP2X5WT RLDNK-LSKSVSSGYNFRFARYYRDAAGVEFRTLMKAYGIRFDVMVNGKAGKFSIIPTITI 338
hP2X6WT LQE————————— KSYNFRTATHWWEQPGVEARTLLKLYGIRFDILVTGQAGKFGLIPTAV 339
hP2X7WT RLDDKTTNVSLYPGYNFRYAKYYKE-NNVEKRTLIKVFGIRFDILVFGTGGKFDIIQLVV 335

ek kk Kk .. * ke k e kKhkKk ok e ok K * Kk Kk .k

Fig 3.2. Clustal-Omega Multiple Sequence Alignment of rat P2X2 and human P2X1-7 receptors. Residues
in bold are the key lysines in positions K69 and K308 (rat P2X2 numbering) that were mutated to
generate the human P2X1-7 dead receptor tools. Residues highlighted in grey are conserved charged
and polar amino acids K69, K71, N288, R290, R304, and K308 (rat P2X2 numbering), and underlined
residues correspond to strongly conserved amino acid properties S65 (rat P2X2 numbering). These
residues were chosen based on the ATP-binding scrutiny performed by site-directed mutagenesis and

electrophysiology techniques (Jiang et al., 2000).
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3.1.1 Aim and objectives

This thesis chapter aims to provide a reliable and reproducible method for studying human P2X4
subunit assembly. This new approach combined the techniques mentioned above and pharmacological
tools with the firm intention to provide clarity on the P2X multimerisation matter. The specific

objectives to fulfil were:

1. To optimise the transfection procedure for 1321N1 parental astrocytoma cells with human
P2X4 receptors.

2. To confirm that the model system accurately represented human P2X4 receptor activity and
its pharmacological properties.

3. Todemonstrate that human P2X4 subunits interact to form a functional homomeric channel
using dead receptor tools.

4. To validate the experimental system as a well-rounded approach for evidencing human P2X

heteromeric interactions.
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3.2 Results

3.2.1 Transient transfection and expression of the human P2X4 receptor in a heterologous

system

Using human 1321N1 astrocytoma cells as the model to assess homo- and heteromeric assembly of
human P2X4 subunits had beneficial and adverse aspects. Human 1321N1 cells are void of endogenous
purinergic receptors (Communi et al., 1996). Therefore, the application of extracellular nucleotides
would not trigger any intracellular calcium responses. To explore human P2X4 receptor interactions
using the dead receptor hypothesis, the human P2X4 receptor must be successfully transfected and
expressed in these cells in a similar way as P2X2 and P2X3 receptors were transfected in HEK293 cells

by Wilkinson et al. Ironically, these cells are poor transfection hosts (Fig 3.3).

Several factors can influence the outcome of transfection experiments: i) the transfection method
chosen and the amount of reagent used, ii) the DNA quality and quantity, iii) the health and viability of
the cell line, iv) passage number, v) cell confluency, and vi) the presence or absence of serum and
antibiotics in the media. A thorough optimisation process of 1321N1 astrocytoma cell transfection was

required to find the perfect balance between cell viability and high transfection efficiency.

1321N1 parental cells were regularly tested for biological contamination to guarantee a healthy and
viable culture before transfection and were used between passages P4 and P12 for optimal transient
cell transfection (Fig 3.4). 1321N1 cells were always kept at 70-80% confluency at the time of
transfection. Cells that were too confluent squeezed together, visually changed morphology, reducing
their original size, and underwent contact inhibition resulting in poor uptake of DNA and decreased
expression of the transfected gene. However, too few cells in the culture resulted in poor growth
without cell-to-cell contact. The key to ensuring optimal confluency was reliably achieved at the time
of transfection was to maintain a standard splitting and seeding protocol from experiment to
experiment. It is important to note that some cell death was inevitable regardless of the transfection

method used.

There are three main types of transfection methods: biological (i.e., virus-mediated transfection, also
known as transduction), chemical (i.e., cationic polymer, lipid, amino acid), and physical (i.e., direct
microinjection, biolistic particle delivery, electroporation). Three chemical transfection reagents were
tested, including TurboFect, X-tremeGENE and Lipofectamine 2000 (described earlier in sections 2.6.1,
2.6.2, and 2.6.3 of Chapter 2).

Firstly, TurboFect was not a suitable transfection reagent, as shown in Figure 3.5. Carbachol-evoked
control responses through endogenous muscarinic receptors expressed in 1321N1 human astrocytoma
cells showed that the presence of TurboFect at 0.2, 0.4 and 0.6uL combined with either 100ng, 200ng
or 300ng of human P2X4 WT FLAG-tagged plasmid DNA did not affect cell viability (Fig 3.5B). However,
the application of 30uM ATP did not evoke any intracellular calcium influx responses (11.9+1.29% for

200ng and 0.4uL; Fig 3.5A and B). Moreover, transfection using higher amounts of TurboFect (1uL,
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1.2ul and 2pL) combined with either 100ng, 200ng or 300ng of human P2X4 WT FLAG-tagged plasmid
had major cytotoxicity effects in 1321N1 human astrocytoma cells as represented by no ATP-evoked
responses or Carbachol-evoked control responses (Fig 3.5C and D). These data inferred low and

unsuccessful cell transfection rates using TurboFect as a transfection reagent.

Secondly, small ATP-evoked responses were observed 48 hours post-transfection using 1000ng of
human P2X4 WT FLAG-tagged plasmid combined with 6ulL of X-tremeGENE transfection reagent
(30.0+5.86%; Fig 3.6A and B). Similar results were obtained when 1321N1 human astrocytoma cells
were transiently transfected using 2000ng of plasmid and 5ulL of X-tremeGENE reagent (34.5+1.64%,
p>0.05; Fig 3.6A and B). Different initial cell densities and transfection complex incubation times were
tested to determine their effect on ATP-evoked calcium responses in transiently transfected 1321N1
human astrocytoma cells. A significant reduction of ATP-evoked calcium responses was evidenced
when seeding 1.25x10* cells per well 24 hours before transfection. Thus, a lower cell number could not
counteract the cytotoxicity effects caused by the presence of 1000ng of plasmid DNA and 6puL of X-
tremeGENE (46.54£3.21% vs 11.6+2.20%, p<0.001; Fig 3.6A and B). An equivalent outcome was obtained
using 2000ng of plasmid DNA and 5puL of X-tremeGENE (44.3+3.99% vs 6.83+2.18%, p<0.001; Fig 3.6A
and B). Each transfection reagent requires different incubation times to form the DNA-reagent
complexes before cell transfection. According to the manufacturer, once desired amounts of X-
tremeGENE and plasmid DNA are mixed, a 15-minute incubation period is necessary. Increasing this
time to 30 minutes did not improve cell transfection efficiency, as shown in Figures 3.6C and 3.6D
(42.14£2.61% vs 22.4+1.52% for 1000ng and 6pL, p<0.001).
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hP2X4 WT hP2X4 [K67A, K313A] a7 nAChR

DAPI

Control Control Control

Fig 3.3. Human 1321N1 parental astrocytoma cells are poor transfection hosts. Immunocytochemical
staining for human 1321N1 astrocytoma cells transiently transfected with either hP2X4 WT, hP2X4

DAPI

[K67A, K313A], or a7 nAChR receptors. Images were taken at 20X augmentation and scale bars
represent 25um. Details on staining can be found in Chapter 2 (section 2.12). Images were

representative of three independent experiments (N=3).
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Fig 3.4. The effect of passage on the magnitude of 30uM ATP-evoked calcium responses in human P2X4

stably and transiently transfected 1321N1 astrocytoma cells. Averaged 30uM ATP-evoked intracellular

calcium responses in human P2X4 stably (A) and transiently transfected (B) 1321N1 astrocytoma cells.

Data were represented as mean + SEM (N=3).

81



The hypothesis of the dead receptor and validation of the experimental system | Chapter 3

Al Bl
100 [AGONIST]
100ng
I 200ng % - -@- - 100uM Carbachol
300n ®- - 30uM ATP
5] I 300ng ﬁ:
50 -

[ o c IR

Average peak Ca®* response (%)
&
1

QRN ool (TP I NS

25% Ca®*
|

J—
—_
0 T T T

0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

$

TurboFect (pL)
1.00 o
100ng [AGONIST]
I 200ng
- 300ng --0-- 100uM Carbachol

0.75 1 30uM ATP

0.50

0.25 4

—_ =
—_
0.00 <

TurboFect (pL)

Average peak Ca?* response (F ratio)

Fig 3.5. TurboFect was not a suitable reagent for transient transfection of human P2X4 WT in 1321N1
parental astrocytoma cells. (A, C) Comparison of average peak Ca?* responses upon stimulation with
30uM ATP using various transfection conditions. Final hP2X4 WT plasmid DNA amounts were expressed
in ng per well and final TurboFect transfection reagent amounts were expressed in uL per well. (B, D)
Example of averaged time-resolved intracellular Ca%* responses elicited by 30uM ATP (closed circles)
compared to Ca?* influx caused by 100uM Carbachol application as a cell viability control (open circle
with dot) in 1321N1 astrocytoma cells transiently transfected with either 200ng of plasmid and 0.4ulL
of TurboFect (B) or 100ng of plasmid and 1.2uL of TurboFect (D). (A, B) Data were normalised to the
maximal response to 100uM Carbachol. (C, D) Raw data were obtained from SoftMax Pro Flex Station

3 software. All data were represented as mean + SEM (N=3).
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Fig 3.6. X-tremeGENE reagent had low success rates for transient transfection of human P2X4 WT in
1321N1 parental astrocytoma cells. (A) Comparison of average peak Ca?* responses upon stimulation
with 30puM ATP using various transfection conditions. Final hP2X4 WT plasmid DNA amounts were
expressed in ng per well and final X-tremeGENE transfection reagent amounts were expressed in pL
per well. (B) Example of averaged time-resolved intracellular Ca?* responses elicited by 30uM ATP in
1321N1 astrocytoma cells transiently transfected with either 1000ng of plasmid and 6uL of X-
tremeGENE (light grey circles) or 2000ng of plasmid and 5ulL of X-tremeGENE (middle grey circles). All

data were normalised to the maximal response to 100uM Carbachol. Data were represented as mean
+ SEM (N=5).
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Fig 3.7. Changes in initial cell density and transfection complex incubation times did not improve the
transfection efficiency and success rates of X-tremeGENE. (A, C) Comparison of different initial cell
seeding densities effects (A) and transfection complex incubation times (C) on average peak Ca?*
responses upon stimulation with 30uM ATP. Final hP2X4 WT plasmid DNA and X-tremeGENE
transfection reagent amounts were expressed on a per-well basis. (B) Averaged time-resolved
intracellular Ca?* responses elicited by 30uM ATP in 1321N1 astrocytoma cells transiently transfected
with 1000ng of plasmid and 6pL of X-tremeGENE at either 2.50x10* (closed light grey circles) or
1.25x10* (open light grey circles) initial seeding densities. (D) Averaged time-resolved intracellular Ca?*
responses elicited by 30uM ATP in 1321N1 astrocytoma cells transiently transfected with 1000ng of
plasmid and 6L of X-tremeGENE with a prior 15-minute (closed light grey circles) or a 30-minute (light
grey circles with a cross) incubation period. All data were normalised to the maximal response to 100uM
Carbachol. Data were represented as mean + SEM (N=3).
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Finally, Lipofectamine showed medium transfection efficiency rates that were highly improved by
optimisation processes (Fig 3.8 and 3.9). Following the manufacturer’s recommendations, various
amounts of Lipofectamine 2000 and human P2X4 WT FLAG-tagged plasmid DNA were tested. The
biggest ATP-evoked intracellular calcium responses were obtained using 200ng or 300ng of plasmid
mixed with 0.5ulL of Lipofectamine 2000 (72.8+6.28% and 56.7+4.80%, respectively, p>0.05; Fig 3.8A
and B). The same conditions were tested in parallel using either 1.25x10* or 2.5x10* cells per well as
initial cell densities. Data showed that increasing initial cell numbers did not correlate with more
noticeable ATP-evoked calcium responses or more efficient cell transfection. The ATP-evoked maximal
calcium responses were significantly reduced by roughly 35% and 15% when cells were seeded at
2.5x10* cells per well and transiently transfected using 200ng or 300ng of plasmid DNA with 0.5uL of
Lipofectamine 2000, respectively (p<0.001 and p<0.05, correspondingly; Fig 3.9A and B). Furthermore,
data showed that 200ng of human P2X4 WT FLAG-tagged DNA and 0.5uL of Lipofectamine 2000
transfection conditions were consistently giving the biggest ATP-evoked calcium responses compared
to 300ng of DNA and 0.5ulL of Lipofectamine 2000 (76.145.76% vs 62.5+2.13%, p<0.05; Fig 3.9A).
According to the manufacturer, antibiotics in the cell culture media and Lipofectamine 2000
transfection reagent could cause cytotoxicity effects and lower transfection efficiencies. As mentioned
before, transfection complex incubation times vary depending on the reagent used. Lipofectamine
2000 and DNA mixtures are typically incubated only for 5 minutes at room temperature. Even though
ATP and Carbachol-induced calcium responses obtained were already highly efficient and suggestive of
healthy cells, removing the antibiotics from the DMEM complete growth media, as well as increasing
the transfection complex incubation time to 20 minutes, significantly improved cell transfection
efficiency, increasing the ATP-evoked calcium responses by approximately 30% (61.56+3.00% vs
89.1+3.98%, p<0.05; Fig 3.9C and D).

Whole-cell and cell membrane expression levels for human P2X4 WT FLAG-tagged subunits were
assessed by biotinylation and Western blotting to ensure transient cell transfection produced high
amounts of the protein of interest. Protein detection revealed two bands at 60KDa and 120KDa. The
former corresponded to the human P2X4 monomeric molecular weight and showed higher expression
levels at whole-cell levels than at cell surface (1.43+0.24au vs 0.48+0.15au, respectively, p<0.05; Fig
3.10A and B). There are various possibilities to explain the 120KDa bands: i) most likely corresponded
to folding and assembly artefacts of the overexpressed protein, ii) to highly glycosylated protein, or iii)
to protein oligomerisation. Interestingly, the expression levels of these higher bands were significantly
higher at the cell surface rather than at whole-cell levels (0.43+0.18 au vs 1.16+0.17au, respectively,
p<0.05; Fig 3.10A and B). In addition, the 120KDa form predominated over the 60KDa at cell surface
levels (p<0.05; Fig 3.10B).
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Fig 3.8. Successful transient transfection of human P2X4 WT in 1321N1 parental astrocytoma cells using
Lipofectamine 2000 reagent. (A) Comparison of average peak Ca’* responses upon stimulation with
30uM ATP using various transfection conditions. Final hP2X4 WT plasmid DNA amounts were expressed
in ng per well and final Lipofectamine 2000 transfection reagent amounts were expressed in L per
well. (B) Averaged time-resolved intracellular Ca?* response elicited by 30uM ATP in 1321N1
astrocytoma cells transiently transfected with either 200ng or 300ng of plasmid and 0.5uL of
Lipofectamine 2000. All data were normalised to the maximal response to 100uM Carbachol. Data were

represented as mean + SEM (N=5).
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Fig 3.9. Optimisation of human P2X4 WT transient transfection protocol in 1321N1 parental
astrocytoma cells using Lipofectamine 2000 reagent. (A) Comparison of different initial cell seeding
densities effects on average peak Ca?* responses upon stimulation with 30uM ATP. Final hP2X4 WT
plasmid DNA and Lipofectamine 2000 transfection reagent amounts were expressed on a per-well
basis. (B) Averaged time-resolved intracellular Ca?* responses elicited by 30uM ATP in 1321N1
astrocytoma cells transiently transfected with 200ng of plasmid and 0.5uL of Lipofectamine 2000 at
either 1.25x10* (closed grey circles) or 2.50x10* (open grey circles) initial seeding densities. (C)
Comparison of different transfection complex incubation times on average peak Ca* responses upon
stimulation with 30uM ATP. Final hP2X4 WT plasmid DNA and Lipofectamine 2000 transfection reagent
amounts were expressed on a per-well basis. (D) Averaged time-resolved intracellular Ca?* responses
elicited by 30uM ATP in 1321N1 astrocytoma cells transiently transfected with 200ng of plasmid and
0.5uL of Lipofectamine 2000 with a prior 5-minute (closed grey circles) or a 20-minute (closed black

circles) incubation period. All data were normalised to the maximal response to 100uM Carbachol. Data
were represented as mean = SEM (N=5).
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Fig 3.10. Whole-cell and cell surface expression levels of human P2X4 WT FLAG-tagged subunits in
transiently transfected 1321N1 parental astrocytoma cells. (A) Representative immunoblot for hP2X4
WT FLAG-tagged protein (top) and B-actin loading control (bottom). Molecular weight size standards
were indicated in KDa. Lane 1 corresponded to a whole-cell sample, lane 2 to cell surface protein lysate,
and lane 3 was a negative control for biotin labelling. (B) Comparison of densitometric analysis of hP2X4
WT FLAG-tagged protein levels relative to loading control for whole-cell and cell surface lysates. Data

were represented as mean + SEM (N=3).
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The complete cell transfection optimisation process for human 1321N1 parental astrocytoma cells was
summarised in Tables 3.1 and 3.2. All reagents and specific transfection conditions used were detailed
and graded depending on cell viability effects and ATP-evoked maximal calcium responses obtained.
The ideal approach was determined empirically and was selected for: high transfection efficiency, low
cell toxicity, accessibility and convenience, and reproducibility. Table 2.6 (Chapter 2) summarises the

optimised procedure and conditions for transient transfection of 1321N1 parental astrocytoma cells.

Table 3.1. Summary of the conditions used to transiently transfect human 1321N1 parental

astrocytoma cells using Turbofect and X-tremeGENE reagents.

Reagent Number Final Final Incubation Complex Media C"EI.I , ca® Success?
of cells DNA (ng) reagent (uL) time (L) change (h) viability® assay (h)
TurboFect 12500 100 0.2,04,0.6 15 20 - 2 48 Fail
TurboFect 12500 100 1,1.2,2 15 20 - 0 48 Fail
TurboFect 12500 200 0.2,0.4,0.6 15 20 - 2 48 Fail
TurboFect 12500 200 1,12,2 15' 20 - 0 48 Fail
TurboFect 12500 300 0.2,0.4,0.6 15' 20 - 2 48 Fail
TurboFect 12500 300 1,1.2,2 15' 20 - 0 48 Fail
X-tremeGENE 25000 1000 3 15' 5 6 (top-up) 3 48 Fail
X-tremeGENE 25000 1000 5 15' 5 6 (top-up) 3 48 Low
X-tremeGENE 25000 1000 6 15' 5 6 (top-up) 2 48 Medium
X-tremeGENE 12500 1000 6 15' 5 6 (top-up) 1 48 Fail
X-tremeGENE 25000 1000 6 30' 5 6 (top-up) 2 48 Low
X-tremeGENE 25000 2000 3 15' 5 6 (top-up) 3 48 Low
X-tremeGENE 25000 2000 5 15' 5 6 (top-up) 3 48 Medium
X-tremeGENE 12500 2000 5 15' 5 6 (top-up) 1 48 Fail
X-tremeGENE 25000 2000 5 30' 5 6 (top-up) 2 48 Low
X-tremeGENE 25000 2000 6 15' 5 6 (top-up) 2 48 Low
X-tremeGENE 25000 2000 7 15' 5 6 (top-up) 2 48 Low
X-tremeGENE 12500 2000 7 15' 5 6 (top-up) 1 48 Fail
X-tremeGENE 25000 3000 6 15' 5 6 (top-up) 2 48 Low
X-tremeGENE 12500 3000 6 15' 5 6 (top-up) 2 48 Fail
X-tremeGENE 25000 1000 3,5,6 15' 10 6 (top-up) 0 48 Fail
X-tremeGENE 25000 2000 3,5,6 15' 10 6 (top-up) 0 48 Fail

Number of cells, final DNA, and final reagent amounts are given in a per-well basis. ® Cell viability ranking: O (cell death), 1 (40%

confluency), 2 (70% confluency), 3 (confluent monolayer); “ Success ranking: fail (no responses), low (0.2 F ratio ), medium
(0.4 F ratio orinconsistencies), high (0.6 F ratio and consistency throughout).
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Table 3.2. Summary of the conditions used to transiently transfect human 1321N1 parental
astrocytoma cells using the Lipofectamine 2000 reagent.

Number
of cells

12500

12500

12500

12500

12500

12500

12500

12500

25000

12500

12500

25000

25000

12500

12500

12500

25000

12500

12500

25000

25000

12500

Final
DNA

(ng)
100

100
100
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300

400

Final
reagent (uL)

0.3

0.5

0.3

0.5

0.5

0.5

0.8

0.8

0.3

0.5

0.8

0.8

0.5

Incubation Complex Pen/Strep

time present?

5

5

g

5

g

20

20'

5

5|

5

5|

5

5|

5

5|

20'

(ML)

10

10

10

10

10

10

50

10

10

10

10

10

10

10

10

10

10

10

10

10

10

50

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Media
change

(h)

6

Cell
viability

®

2

Ca

assay (h)

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

48

2+

Success”

Low
Low
Low
Low
Medium-High
Medium-High
High
Low
Low
Medium
Medium
Medium
Medium
Low
Medium
Low
Low
Medium
Medium
Medium
Medium

High

Number of cells, final DNA, and final reagent amounts are given in a per-well basis. The optimised conditions are highlighted in

bold. ¢ Cell viability ranking: O (cell death), 1 (40% confluency), 2 (70% confluency), 3 (confluent monolayer); “ Success
ranking: fail (no responses), low (0.2 F ratio ), medium (0.4 F ratio orinconsistencies), high (0.6 F ratio and consistency
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3.2.2 Pharmacological characterisation of the human P2X4 receptor in a heterologous

system

3.2.2.1 ATP-evoked calcium responses in 1321N1 astrocytoma cells stably expressing the

human P2X4 receptor

Activation of P2X4 ionotropic receptors leads to a temporary elevation of intracellular calcium levels
due to small cation ion entry from the extracellular space. To ascertain whether the human P2X4
receptors stably expressed in 1321N1 astrocytoma cells were functionally active, exogenous ATP was

applied and real-time changes in intracellular calcium levels were monitored.

ATP evoked a concentration-dependent increase in intracellular calcium levels, reaching the maximal
response amplitude at a concentration of 30uM (Table 3.3; Fig 3.11). ATP had a half maximal effective
concentration (ECso) of 0.74+0.18uM. Figure 3.7B depicts time-resolved intracellular calcium responses
upon human P2X4 receptor activation with 30uM ATP. ATP induced an initial rapid calcium response
that slowly decayed to a sustained elevated phase (approximately 60% above baseline). P2X4 receptors
have been reported to have a slow desensitisation phase, as well as P2X2 receptors (North &
Surprenant, 2000). Furthermore, ATP did not evoke endogenous calcium responses in untransfected
1321N1 parental cells (Fig 3.12), confirming that ATP-evoked calcium responses recorded were due to
the presence of human P2X4 receptors. Carbachol was used as a control for cell viability since 1321N1
astrocytes express M3 and M5 muscarinic acetylcholine receptors (Bayon et al., 2007; Burnett et al,,
2011). Accordingly, Carbachol evoked an intracellular calcium increase which decayed to approximately

30% above baseline over the recorded time period (Fig 3.12).
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Fig 3.11. ATP mediated a Ca®" response in human P2X4 1321N1 stable astrocytoma cells in a
concentration-dependent manner. (A) ATP concentration-response curves for the peak magnitude of
intracellular Ca?* influx. (B) Averaged time-resolved intracellular Ca?* influx elicited by 30uM ATP. All
data were normalised to the maximal response observed in the majority of replicates, which was the

response to 30uM ATP. Data were represented as mean + SEM (N=7).
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Fig 3.12. ATP did not cause an endogenous Ca?* response in 1321N1 parental astrocytoma cells.
Averaged time-resolved intracellular Ca®* response elicited by 30uM ATP (closed circles) compared to
Ca?* influx caused by 100uM Carbachol application as a cell viability control (open circles). All data were

normalised to the maximal response to 100uM Carbachol. Data were represented as mean + SEM
(N=3).
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3.2.2.2 Agonist-evoked calcium responses in 1321N1 astrocytoma cells stably expressing the

human P2X4 receptor

The effects of exogenous CTP and different ATP analogues were measured to characterise the
pharmacological profile of the human P2X4 receptor heterologously expressed in 1321N1 astrocytoma

cells.

Application of CTP, 2-MeSATP, a,B-MeATP, BzATP and y-imidoATP evoked a calcium response in human
P2X4 receptor stable 1321N1 astrocytoma cells (Table 3.3; Fig 3.13). It is important to note a significant
rightward shift in the agonist concentration-response curves compared to ATP stimulation control. ATP
and all compounds tested were then ranked in order of potency (ECsp): ATP (0.74+0.18uM) > 2-MeSATP
(1.66£0.24uM) >> o,B-MeATP (6.52+0.69uM) = BzATP (10.7+2.44puM) > CTP (20.0£4.22uM) = y-
imidoATP (20.3+1.59uM). Furthermore, all five triggered the maximal calcium influx response at a
concentration of 100uM whilst ATP produced its maximal effects at 30uM. Analysis was also performed
to rank them in order of efficacy: ATP (100%) >> y-imidoATP (84.0+5.01%) > CTP (66.8+5.76%) = 2-
MeSATP (57.945.51%) > BzATP (35.0+3.82%) >> o, B-MeATP (14.8+2.43). y-imidoATP evoked the largest
increase in intracellular calcium levels after ATP. However, its effects were only evident at 30uM and
100uM concentrations making it also the less potent compound for human P2X4 receptor activation,
together with CTP. The human P2X4 receptor desensitisation phase after the application of 100uM y-
imidoATP was typically sustained over time at approximately 40% above baseline (Fig 3.13J). CTP and
2-MeSATP had similar efficacy values for human P2X4 receptor activation, and both caused this
receptor to slowly desensitise over time (approximately 30% above baseline; Fig 3.13B and D). The
latter was also ranked the most potent ATP analogue. BzATP and a,B-MeATP induced the smallest
intracellular calcium responses in human P2X4 stable 1321N1 astrocytoma cells but placed third in the
human P2X4 potency rank. BzATP caused the human P2X4 receptor to slowly desensitise at
approximately 20% above baseline (Fig 3.13H). Besides, a,f-MeATP maintained the human P2X4
receptor activated throughout the recorded time period at approximately 15% above baseline levels,
suggesting this compound affected the desensitisation of the human P2X4 receptor (Fig 3.13F). In
addition, intracellular calcium responses were not reported after applying either ATP-y-S or AP4A at

any of the concentrations tested (Fig 3.14).
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Table 3.3. Summary of agonist-evoked responses via human P2X4 receptors stably expressed in 1321N1

astrocytoma cells.

Agonist ECso (UM) Pvalue  Emax (M)  Efficacy (%) P value
ATP 0.74+0.18 30 100+0.00 <0.01
CTP 20.0+¢4.22 <0.01 100 66.81£5.76 <0.01
2-MeSATP 1.66£0.24  <0.05 100 57.945.51 <0.01
a,B-MeATP 6.52¢0.69 <0.01 100 14.812.43 <0.01
BzATP 10.742.44  <0.05 100 35.0£3.82 <0.01
y-imidoATP 20.3x1.59 <0.001 100 84.0+£5.01 <0.01
ATP-y-S / / / / /

AP4A / / / / /

Statistical analysis was performed against 30uM ATP-evoked calcium
responses in SBS.
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Fig 3.13. Pharmacological characterisation of the human P2X4 receptor in 1321N1 stable astrocytoma
cells. Concentration-response curves for the peak magnitude of intracellular Ca%* entry evoked by (A)
CTP (N=7), (C) 2-MeSATP (N=5), (E) aB-MeATP (N=7), (G) BzATP (N=5), (1) y-imidoATP (N=5). Averaged
time-resolved intracellular Ca* responses elicited by (B) 100uM CTP (N=7), (D) 100puM 2MeSATP (N=5),
(F) 100uM aB-MeATP (N=7), (H) 100uM BzATP (N=5), (J) 100uM y-imidoATP (N=5). Agonists were also
tested at 300uM concentrations for all calcium mobilisation assays but showed smaller responses
compared to the calcium responses mediated by 100uM concentrations of agonist (these data points
were not shown as the Hilll function would not fit the sigmoidal curve). All data were normalised to

the maximal response to 30uM ATP. Data were represented as mean + SEM.
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Fig 3.14. Application of ATP-y-S and AP4A did not induce Ca®* responses in 1321N1 astrocytoma cells
stably expressing human P2X4 receptors. Lack of intracellular Ca?* influx evoked by (A) ATP-y-S and (C)
AP4A at various concentrations. Averaged time-resolved intracellular Ca?* responses elicited by 30uM
ATP compared to (B) 30uM ATP-y-S and (D) 30uM AP4A. All data were normalised to the maximal
response to 30uM ATP. Data were represented as mean + SEM (N=3).
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3.2.2.3 Investigating the inhibitory effects of broad-spectrum P2X receptor antagonists in
human P2X4 receptor stable 1321N1 astrocytoma cells

Broad-spectrum P2 antagonists proved to be and still are useful pharmacological tools for
understanding the P2X4 ion channel function and its physiological roles. These molecules were tested
to corroborate the pharmacological profile of heterologously expressed human P2X4 receptors in
1321N1 astrocytoma cells. To investigate the inhibitory effects of broad-spectrum P2 receptor
antagonists on human P2X4 receptor activity, 1321N1 stable astrocytoma cells were incubated for 30
minutes with varying drug concentrations and stimulated with 1.5uM ATP. This sub-maximal ATP
concentration was determined by extrapolating the ECgo value from the ATP-evoked concentration-
response curve for the human P2X4 receptor (1.51+0.28uM; Fig 3.11A).

Human P2X4 receptors displayed sensitivity to the broad-spectrum antagonists TNP-ATP and PPADS
but not Suramin (Table 3.4; Fig 3.15 and 3.16). The presence of Suramin did not cause any significant
inhibitory effects on the ATP-evoked calcium response even at high concentrations ranging from 10uM
to 100uM (Fig 3.16A). The average maximal response to ATP, even in the presence of 100uM Suramin,
was about 102.1+2.38% compared to vehicle control responses (p>0.05; Fig 3.16). As Suramin is
commonly used as a general P2 receptor antagonist, these results suggest that the human P2X4
receptor is relatively insensitive to blockade by the conventional antagonist. TNP-ATP and PPADS are
known non-selective P2X antagonists. In contrast to Suramin, both TNP-ATP and PPADS inhibited the
human P2X4-evoked intracellular calcium response to ATP in a concentration-dependent manner (Fig
3.15A and C). The half maximal inhibitory concentration (ICsp) values obtained were 16.6+4.71uM and
33.8+16.6uM, respectively (p>0.05). The two compounds attained a complete blockage of the calcium
response at a concentration of 100uM (Fig 3.15). To fully characterise their mode of action, the effects
of 100uM TNP-ATP and 100uM PPADS on an ATP concentration-response curve were analysed. ATP
provoked a concentration-dependent calcium influx in the presence of 100uM TNP-ATP (Fig 3.17A and
B). Its presence did not affect the ATP-evoked maximal response at 30uM compared to the control
(96.8+4.08%, p>0.05; Fig 3.17B) but caused a substantial rightward shift of the curve, significantly
increasing the ATP ECso value to 10.1+2.18uM (p<0.05; Fig 3.17A). Thus, TNP-ATP demonstrated
competitive inhibition of human P2X4 receptors stably expressed 1321N1 astrocytoma cells. On the
other hand, 100uM PPADS caused a significant reduction of ATP-evoked calcium responses at
concentrations ranging from 1uM to 30uM, reaching only a 43.1+7.53% maximal response amplitude
at 30uM (p<0.01; Fig 3.17C and D), whilst ATP potency remained unchanged (0.81+0.27uM, p>0.05; Fig
3.17C). These data suggested that PPADS inhibited human P2X4 receptors stably expressed in 1321N1

astrocytoma cells in a non-competitive fashion.
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Fig 3.15. Broad-spectrum P2X receptor antagonists inhibited the Ca?* response to ATP in 1321N1
astrocytoma cells stably expressing human P2X4 receptors. Inhibition concentration-response curves
for the peak magnitude of intracellular Ca?* entry evoked by 1.5uM ATP in the presence of (A) TNP-ATP
(N=5) and (C) PPADS (N=5). Averaged time-resolved intracellular Ca** responses to ATP in the presence
(open shapes) and absence (closed circles) of (B) 100uM TNP-ATP (N=5) and (D) 100uM PPADS (N=5).
All data were normalised to respective 1.5uM ATP responses in the presence of vehicle control. Data

were represented as mean + SEM.
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Fig 3.16. Broad-spectrum P2X receptor antagonist Suramin did not affect the ATP-mediated Ca*
response in 1321N1 cells stably expressing human P2X4 receptors. (A) Peak magnitude of intracellular
Ca?" influx evoked by 1.5uM ATP in the presence of Suramin at various concentrations. (B) Averaged
time-resolved intracellular Ca®* responses to ATP in the presence (open shapes) and absence (closed
circles) of 100uM Suramin. Data were normalised to 1.5uM ATP responses in the presence of vehicle

control. Data were represented as mean + SEM (N=5).
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Fig 3.17. Inhibitory effects on ATP-induced Ca?* responses after treatment with TNP-ATP and PPADS in

131N1 astrocytoma cells stably expressing human P2X4 receptors. Comparison of concentration-

response curves for the peak magnitude of intracellular Ca?* entry upon stimulation with ATP in the
presence of (A) 100uM TNP-ATP (N=3) and (C) 100uM PPADS (N=3) versus ATP alone (N=7). Averaged
time-resolved intracellular Ca?* responses to 30uM ATP in the presence (open shapes) and absence
(closed circles) of (B) 100uM TNP-ATP (N=3) and (D) 100uM PPADS (N=3). All data were normalised to

respective maximal responses to 30uM ATP. Data were represented as mean + SEM.
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3.2.2.4 Investigating the inhibitory effects of selective P2X4 receptor antagonists in 1321N1

astrocytoma cells stably expressing the human P2X4 receptor

A lack of selective antagonists has hampered research into P2X4 receptors. Recent advances in small
molecule development revealed more potent and selective P2X4 receptor antagonists. These new
commercially available drugs were tested to complete the pharmacological profile of heterologously
expressed human P2X4 receptors in 1321N1 astrocytoma cells. All five antagonists were not soluble in
deionised water or SBS but in DMSO instead (Table 2.3). DMSO is a polar aprotic solvent that dissolves
both polar and nonpolar compounds, and it is the most widely used organosulfur solvent in research.
Rigorous control of human P2X4 receptor activation by ATP in the presence of DMSO as the vehicle
control was performed before proceeding with the pharmacological study. The presence of DMSO at
0.5% (v/v) did not alter the human P2X4 receptor response to exogenous ATP, preserving its potency
(0.81+0.05uM; p>0.05) and efficacy values (102.1+4.28% at 30uM ATP, p>0.05) compared to control
(Fig 3.18). The ATP ECgy concentration also remained unchanged (1.73+£0.13uM vs 1.51+0.28uM,
p>0.05; Fig 3.18).

All five selective antagonists tested BAY-1797, BX-430, PSB-12062, 5-BDBD, and Taspine significantly
reduced the ATP-evoked calcium response in a concentration-dependent manner (Table 3.5; Fig 3.19).
The ICso values were then extrapolated from inhibition concentration-response curves (Fig 3.19A, C, E,
G, and ) and statistically compared between them to obtain a potency rank of selective and broad-
spectrum antagonists for the human P2X4 receptor: BAY-1797 (0.21+0.07uM) = PSB-12062
(0.24£0.04uM) = BX-430 (0.4240.16uM) > 5-BDBD (1.31+0.28uM) = Taspine (1.54+0.33uM) > TNP-ATP
(16.6£4.71uM) = PPADS (33.8416.6uM). The human P2X4 receptor displayed similar sensitivity to
blockage by BAY-1797, PSB-12062 and BX-430 with sub-micromolar potency values and causing
complete inhibition of ATP-evoked calcium responses at concentrations of 10uM, 10uM, and 20uM,
respectively (Fig 3.19A-F). The effects of maximal inhibitory concentrations (Imax) on ATP-evoked
concentration-response curves were also measured to understand their mode of action. The presence
of 10uM BAY-1797 and 20uM PSB-12062 significantly reduced the ATP-evoked maximal calcium
responses by approximately 76% (p<0.001; Fig 3.20A and B) and 36% (p<0.001; Fig 3.20E and F) upon
application of 30uM ATP, respectively. PSB-12062 also caused a rightward shift of the concentration-
response curve, significantly increasing the ATP potency value to 2.64+0.94uM (p<0.05; Fig 3.20E)
whereas BAY-1797 significantly reduced the ATP potency value to 0.16+0.03uM (p<0.001; Fig 3.20A).
These results suggested that both PSB-12062 and BAY-1797 act as negative allosteric modulators of the
human P2X4 receptor. Surprisingly, the presence of 10uM BX-430 entirely stopped ATP from
elucidating a calcium response at any concentration tested (2.76+4.22% at 30uM ATP, p<0.001; Fig
3.20C and D), suggesting a non-competitive and irreversible mode of inhibition. 5-BDBD and Taspine
were second best on the human P2X4 inhibition potency rank and caused their maximal inhibitory
effects at 30uM concentrations (Fig 3.19G-J). Amongst all compounds tried, Taspine was the only
molecule derived from a natural product. It acted as a non-competitive antagonist for the human P2X4
receptor and inhibited the 30uM ATP-evoked maximal calcium responses by approximately 67%
(p<0.001; Fig 3.201 and J) without affecting its affinity for ATP (ECsp 1.10£0.67uM, p>0.05; Fig 3.20l).
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Finally, 5-BDBD caused a significant rightward shift of the ATP-evoked calcium response, significantly
reducing its affinity for ATP (ECs0 5.83+0.32uM, p<0.01; Fig 3.20G), but did not change the ATP efficacy
reaching the maximal response at 30uM (90.1+8.22% vs vehicle control, p>0.05; Fig 3.20G and H).
These data revealed a competitive mode of action for 5-BDBD at human P2X4 receptors heterologously

expressed in 1321N1 astrocytoma cells.
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Fig 3.18. 30-minute incubation with the organic solvent DMSO did not affect human P2X4 receptor
sensitivity to ATP in stable 1321N1 astrocytoma cells. (A) Concentration-response curves for the peak
magnitude of intracellular Ca?* influx evoked by ATP in the presence (grey circles) and absence (closed
circles) of 0.5% (v/v) DMSO. (B) Averaged time-resolved intracellular Ca** responses to 30uM ATP in the
presence (grey circles) and absence (closed circles) of 0.5% (v/v) DMSO. All data were normalised to

the maximal response to 30uM ATP without DMSO. Data were represented as mean + SEM (N=6).
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Fig 3.19. Selective antagonism of the human P2X4 receptor inhibited the Ca?* response to ATP in
1321N1 stable astrocytoma cells. Inhibition concentration-response curves for the peak magnitude of
intracellular Ca?* entry evoked by 1.5uM ATP in the presence of (A) BAY-1797 (N=5), (C) BX430 (N=5),
(E) PSB-12062 (N=5), (G) 5-BDBD (N=5), () Taspine (N=5). Averaged time-resolved intracellular Ca*
responses to ATP in the presence (open shapes) and absence (closed circles) of (B) 10uM BAY-1797
(N=5), (D) 10pM BX430 (N=5), (F) 20uM PSB-12062 (N=5), (H) 30uM 5-BDBD (N=5), (J) 30uM Taspine
(N=5). All data were normalised to respective 1.5uM ATP responses in the presence of vehicle control.

Data were represented as mean + SEM.

107



The hypothesis of the dead receptor and validation of the experimental system | Chapter 3

A. B.

. 100 [30uM ATP]
= _

8 p —e— Vehicle control
S ] --&-- 10uM BAY-1797
8 ]

"]

2
gi g

5] 50 <

o ]

E 4

5]

[

o 4

o 25

=] 4

o

]

> &

< 1 8

0 7 §
T T T T T T 1
-8 7 % -5 -4
Lg[ATP] (M)

ekok *kkk
- 100 sk
é : - [30uM ATP]
P ]
g 4 L ]
75 o
g_ 4 - *%¥
@ i
@
e i
&N 50 1 +
o ]
x i
g i —e— Vehicle control
a ) co-- :
o sl &-- 10uM BX-430
=4 J
g )
o i
< 1 ! h
0- s s ¢ & ¢ 5 @ 8
1 Y
T T T T T T T T T T 1
-8 -7 -6 5 -4 3 €0s

Lg[ATP] (M)

tr
™

100 -] [30uM ATP]

g ]

Py J

g ]

5 754

a J

7] J

b ]
:'m 50 ]

o ]

x J

©

b 1

o J

() 25 o

.? J

5 4 —=&— Vehicle control
> 1 ] -—&-- 20uM PSB-12062
< 1 o] n

0 _4 E
T T T T 1
-8 -7 -6 5 4
Lg[ATP] (M)

108



The hypothesis of the dead receptor and validation of the experimental system | Chapter 3

G. H.

[30uM ATP]

g
|

75 o

50

25

—=e— Vehicle control

i
“a el - -#-- 30uM 5-BDBD
R
]

Average peak Ca®* response (%)

g
1

[30uM ATP]

—=&— Vehicle control
- -t-- 30uM Taspine

~
wn
1

Average peak Ca®* response (%)
] g
1 1

o
|

Lg[ATP] (M)

Fig 3.20. Inhibitory effects on ATP-evoked Ca?* responses after treatment with various selective human
P2X4 receptor antagonists in 1321N1 stable astrocytoma cells. Comparison of concentration-response
relationship for the peak magnitude of intracellular Ca** responses in the presence of (A) 10uM BAY-
1797 (N=3), (C) 10uM BX430 (N=3), (E) 20uM PSB-12062 (N=3), (G) 30uM 5-BDBD (N=3), and (I) 30uM
Taspine (N=3) versus vehicle control (N=6). Averaged time-resolved intracellular Ca?* responses to
30uM ATP in the presence (open shapes) and absence (closed circles) of (B) 10uM BAY-1797 (N=3), (D)
10uM BX430 (N=3), (F) 20uM PSB-12062 (N=3), (H) 30uM 5-BDBD (N=3), and (J) 30uM Taspine (N=3).
All data were normalised to respective maximal responses to 30uM ATP in the presence of vehicle

control. Data were represented as mean + SEM.
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Table 3.4. Effects of broad-spectrum antagonists on the ATP-evoked responses via human P2X4

receptors stably expressed in 1321N1 astrocytoma cells.

Antagonists  1Csg (LM)

TNP-ATP 16.6+4.71
PPADS 33.8%£16.6
Suramin /

Imax (LM)
100
100

/

ECso (LM)

10.1£2.18

0.81+0.27
/

P value

<0.05

ns

Efficacy (%)

96.8+4.08

43.1+7.53
/

P value

ns

<0.01

Mode of action
C
NC
/

C, competitive; NC, non-competitive; ns, non-significant. Statistical analysis was performed against
1.5uM ATP-evoked calcium responses in SBS.

Table 3.5. Effects of human P2X4 selective antagonists on the ATP-evoked responses in stable 1321N1

astrocytoma cells.

Antagonists  1Csg (LM)
BAY-1797 0.21+0.07
BX-430 0.42+0.16
PSB-12062 0.24+0.04
5-BDBD 1.31+0.28
Taspine 1.54+0.33

Imax (LM)
10
10
20
30
30

ECso (LM)
0.16+0.03
/
2.64+0.94
5.831£0.32
1.10£0.67

P value
<0.001
/
<0.05
<0.01

ns

Efficacy (%)
25.2+£3.11
2.7614.22
65.714.79
90.148.22
35.8£10.1

P value
<0.001
<0.001
<0.001
ns

<0.001

Mode of action
NC
NC
NC
C
NC

C, competitive; NC, non-competitive; ns, non-significant. Statistical analysis was performed against
1.5uM ATP-evoked calcium responses in SBS containing 0.5% [v/v] of DMSO.
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3.2.3 The hypothesis of the dead receptor and validation of the experimental system

3.2.3.1 Mutations of conserved ectodomain lysine residues caused a significant loss of

function at human P2X4 receptors

The human P2X4 receptor is formed by the association of three pore-forming subunits. Thus, three
P2X4 monomers must combine to form a functional homotrimeric channel. Following the dead
receptor hypothesis, if an interaction occurred between human P2X4 WT and human P2X4 [K67A,
K313A] double mutant subunits, a significant reduction in channel function would become evident (Fig
3.1). Originally, we sought to use the human P2X4 WT stable 1321N1 astrocytoma cell line to analyse
the effects of conserved lysine residue mutations on channel function because these cells were poor
transfection hosts, and the methodology was adjusted for transfection of only one plasmid DNA.
Thereby, 1321N1 astrocytoma cells stably expressing the human P2X4 receptor were transiently
transfected with human P2X4 [K67A, K313A] dead subunits. To do so, | followed the optimised transient

transfection method outlined in section 3.2.1.

Biotinylation and Western blotting showed high protein expression levels of the human P2X4 [K67A,
K313A] FLAG-tagged dead subunits in whole-cell (1.04£0.23au) and cell membrane (0.90+0.25au)
lysates (p>0.05; Fig3.21A and B). Furthermore, FlexStation 3 data showed a small but significant
reduction of the intracellular calcium response evoked by 30uM ATP when human P2X4 [K67A, K313A]
dead subunits were transiently transfected in human P2X4 WT stable 1321N1 astrocytoma cells
(66.745.33% vs pcDNA 3.1 plasmid control, p<0.01; Fig 3.22A and D). Transient transfection of human
P2X4 [K67A] and human P2X4 [K313A] single lysine-to-alanine mutants also significantly reduced the
intracellular calcium responses to 30uM ATP by approximately 35% and 42%, respectively (p<0.01 for
both vs pcDNA 3.1 plasmid control; Fig 3.22B and D). The observed reduction of the ATP-evoked calcium
response could be a consequence of a restricted expression of human P2X4 wild-type proteins,
compromised by the additional gene and protein expression of the human P2X4 dead subunits. To
ensure that double lysine-to-alanine mutations represented a true loss of function of the human P2X4
receptor activity and were not due to a reduction of wild-type channel expression, a control for protein
expression was carried out. Transient transfection of a different ligand-gated ion channel, i.e., human
a7 nicotinic acetylcholine receptor (a7 nAChR), did not affect the ATP-evoked intracellular calcium
response in 1321N1 astrocytoma cells stably expressing human P2X4 WT receptors (88.9+5.35%,
p>0.05 vs pcDNA 3.1 plasmid control; Fig 3.22C and D).

However, by using stable 1321N1 cells, the identification of functional human P2X4 receptor variants
may have been precluded, particularly if the dead receptor tools exhibited lower protein expression
levels at the cell membrane compared to an overexpressed human P2X4 WT receptor, thus covering
their real effects in channel function. Therefore, the results obtained could have been over- or under-
estimated, and the failure rate may have been higher than expected. Consequently, | wanted to use the
human 1321N1 parental astrocytoma cells as the experimental model organism to explore human P2X4

heteromerisation, ensuring fair protein expression competition between wild-type and double
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mutants, thereby reducing the pre-screening bias and improving the standard of the research. Further
transient transfection of human 1321N1 parental astrocytoma cells tests were timely to determine the
most efficient conditions to co-transfect two different plasmids into these cells. To control for gene and
protein expression bias towards either wild-type or dead subunits, i) all genes were purchased in the
same backbone vector pcDNA 3.1 (+) and contained a strong human cytomegalovirus (CMV) immediate
early promoter for high recombinant protein expression in mammalian cells, and ii) equal amounts of
both wild-type and double mutant plasmids were introduced into the cells. To determine the maximal
amount of plasmid DNA for successful cell co-transfection whilst maintaining cell viability, | used the

protocol determined in section 3.2.1.
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Fig 3.21. Whole-cell and cell surface expression levels of human P2X4 [K67A, K313A] transiently
transfected in human P2X4 WT stable 1321N1 astrocytoma cells. (A) Representative immunoblot for
hP2X4 [K67A, K313A] FLAG-tagged protein, with corresponding B-actin loading controls. Molecular
weight size standards were indicated in KDa. Lane 1 corresponded to the whole-cell sample, lane 2 to
cell surface protein lysate, and lane 3 was a negative control for biotin labelling. (B) Comparison of
densitometric analysis of hP2X4 [K67A, K313A] FLAG protein levels relative to loading control for whole-

cell and cell surface lysates. Data were represented as mean = SEM (N=3).
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Fig 3.22. Mutations of conserved ectodomain lysine residues caused a minor loss of function at human
P2X4 receptors. (A — C) Pairs of averaged time-resolved intracellular Ca?* influx elicited by 30uM ATP in
hP2X4 WT stable 1321N1 astrocytoma cells transiently transfected with (A) hP2X4 [K67A, K313A]
double dead mutant (open circles), (B) hP2X4 [K67A] (dark grey circles) and hP2X4 [K313A] (light grey
circles) single mutants, and (C) human a7 nicotinic acetylcholine receptor (nAChRa7, grey squares)
compared to pcDNA 3.1 plasmid control responses (closed circles). (D) Comparison of peak magnitude
of intracellular Ca%* responses induced by 30uM ATP at hP2X4 WT, hP2X4 lysine mutant receptors, and
human a7 nicotinic acetylcholine receptor (nAChRa7). All data were normalised to respective maximal
30uM ATP responses in the presence of pcDNA 3.1 as a plasmid control. Data were represented as
mean + SEM (N=7).
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Human 1321N1 parental astrocytoma cells transiently transfected with either 200ng or 400ng of human
P2X4 WT DNA per well had identical ATP-evoked intracellular calcium responses (81.3+7.65% vs
88.9+4.90%, respectively, p>0.05; Fig 3.23A and C), suggesting doubling the amount of plasmid DNA
did not alter transfection efficiency or cell viability. According to the hypothesis of the dead receptor,
200ng would correspond to the human P2X4 WT plasmid and the other 200ng to the double mutant
plasmid, thereby totalling 400ng per well. Final amounts of 150ng and 300ng of human P2X4 WT
plasmid were also tested using the improved transfection methodology, but the ATP-evoked calcium
responses obtained were significantly different between them (58.7+3.95% vs 81.8+2.90%,
respectively, p<0.01; Fig 3.23B and C). It is important to note a significant improvement in transfection
efficiency following the new optimised transfection protocol even when using 300ng of plasmid and
0.5uL of Lipofectamine 2000 compared to initial transfection conditions (81.8+2.90% vs 62.5+2.13%,
p<0.001; Fig 3.23C and 3.5A, respectively). Nonetheless, these results meant that using 150ng of each
wild-type and double mutant plasmids totalling 300ng per well of plasmid DNA would probably increase

data variability and contribute to protein expression differences, affecting the strength of the study.

Consequently, 1321N1 parental astrocytoma cells were successfully co-transfected with 200ng of
human P2X4 WT EE-tagged and 200ng of human P2X4 [K67A, K313A] FLAG-tagged subunits. The 30uM
ATP-evoked calcium response was significantly reduced by about 50% in the presence of human P2X4
dead subunits compared to human P2X4 WT co-transfected with pcDNA 3.1 as a plasmid control
(54.3+4.27%, p<0.01; Fig 3.24A and C). Cells transiently co-transfected with human P2X4 WT EE-tagged
subunits, and either human P2X4 WT FLAG-tagged subunits or human a7 nicotinic acetylcholine
receptors (nNAChRa7) responded to 30uM ATP comparably to plasmid control (106.0+7.15% and
109.2+7.04%, respectively, p>0.05 between them and vs plasmid control; Fig 3.24). To conclude, the
human P2X4 loss of function was more evident using the co-transfection approach and was the gateway
to validate the hypothesis of the dead receptor in this heterologous system. Despite all
recommendations taken, the system was still biased towards one concentration of one particular
agonist, namely 30uM ATP. To rule this pre-screening bias out and ensure a more robust yet practical
data collection, we analysed the effects of dead receptor tools on human P2X4 WT channel function

using ATP concentration-responses instead.
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Fig 3.23. Determination of the maximal amount of plasmid DNA for successful transient co-transfection
of 1321N1 parental astrocytoma cells using Lipofectamine 2000. (A, B) Pairs of averaged time-resolved
intracellular Ca®* response elicited by 30puM ATP in 1321N1 astrocytoma cells transiently transfected
with (A) 200ng and 400ng of hP2X4 WT plasmid, and (B) 150ng and 300ng of hP2X4 WT plasmid. (C)
Comparison of average peak Ca?* responses upon stimulation with 30uM ATP using different amounts
of plasmid DNA. Final hP2X4 WT plasmid DNA amounts were expressed in ng per well. All data were

normalised to the maximal response to 100uM Carbachol. Data were represented as mean + SEM

(N=5).
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Fig 3.24. Mutations of conserved ectodomain lysine residues caused a significant loss of function at
human P2X4 receptors. (A — C) Pairs of averaged time-resolved intracellular Ca% influx elicited by 30uM
ATP in 1321N1 parental astrocytoma cells transiently co-transfected with hP2X4 WT EE in combination
with (A) hP2X4 WT FLAG (light grey circles) or hP2X4 [K67A, K313A] double dead mutant (half moon
circles), and with (B) human a7 nicotinic acetylcholine receptor (nAChRa7, grey squares) compared to
co-transfection with pcDNA 3.1 plasmid control responses (closed circles). (C) Comparison of peak
magnitude of intracellular Ca?* responses induced by 30uM ATP at hP2X4 WT, hP2X4 lysine mutant
receptors, and human a7 nicotinic acetylcholine receptor (nAChRa7). All data were normalised to

respective maximal 30uM ATP responses in the presence of pcDNA 3.1 as a plasmid control. Data were
represented as mean + SEM (N=5).
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3.2.3.2 Human P2X4 WT subunits interacted and formed functional homotrimeric receptors

As a first step into exploring the heteromeric assembly of human P2X4 receptors, we wanted to
determine whether human P2X4 subunits could indeed form homotrimers. To test this, | used co-
immunoprecipitation assays where human P2X4 WT constructs were tagged with two different epitope
tags, namely HA and FLAG, and co-transfected into 1321N1 parental astrocytoma cells. One human
P2X4 subunit was immuno-precipitated using the appropriate anti-tag antibody (for example, anti-
FLAG), and the precipitate was analysed by Western blot using the other anti-tag antibody (anti-HA). If
interaction occurred between human P2X4 WT HA and FLAG-tagged subunits, a P2X4-specific band

would be present in the co-immunoprecipitate lane.

Initially, we purchased all human P2X1-7 WT plasmids with a FLAG tag and an EE tag, so co-
immunoprecipitation assays would be assessed using anti-FLAG and anti-EE antibodies. Firstly,
antibodies targeting both C-terminal epitopes were assessed by Western blot to determine human
P2X4 specificity and best working conditions. Human P2X4 WT FLAG-tagged proteins transiently
expressed in 1321N1 astrocytoma cells were specifically detected at 60KDa by the anti-FLAG
unconjugated antibody but not by the anti-FLAG HRP conjugated antibody (Fig 3.25A). The latter
detected unspecific bands at approximately 75KDa, even in untransfected 1321N1 cell controls (Fig
3.25A). Figure 3.25B-D showed unspecific binding of anti-EE tag antibodies from various manufacturers
(i.e., Cell Signalling, Merck, and Bethyl Labs) in both 1321N1 astrocytoma cells stably and transiently
expressing human P2X4 WT EE-tagged receptors.

Before changing all EE-tagged plasmids, we considered using the commercially available anti-P2X4
antibodies. However, both anti-P2X4 intracellular and extracellular epitope antibodies lacked specificity
in human P2X4 WT transiently transfected 1321N1 astrocytoma cells. The former detected a P2X4-
specific band at 60KDa but also detected unspecific bands at lower molecular weights, even in
untransfected 1321N1 cell controls (Fig 3.26). The latter did not detect any bands, probably because of

the denaturation of the extracellular epitope under the conditions used (Fig 3.26).

Lastly, | tried an anti-HA tag antibody which presented specificity for human P2X4 WT HA-tagged
proteins transiently expressed in 1321N1 astrocytoma cells and detected it at approximately 60KDa,
too (Fig 3.27). Thus, we purchased the remaining human P2X subtypes containing an HA C-terminal tag.
These data not only provided information about which antibodies to use but also ensured that the
presence of C-terminal epitope tags did not alter human P2X4 WT expression patterns. To summarise,
| used human P2X4 WT HA-tagged constructs combined with other P2X FLAG-tagged subunits for

interaction studies.

To ensure that human P2X4 WT HA-tagged subunits also retained their functional integrity, intracellular
calcium responses evoked by various concentrations of ATP were measured in 1321N1 parental
astrocytoma cells transiently co-transfected with human P2X4 WT HA and pcDNA 3.1 plasmid control
(Fig 3.28). The ATP concentration-response curve gave a half maximal effective concentration (ECso) of

2.40+0.79uM which was higher compared to the value obtained in human P2X4 WT stable cells
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(0.74+0.18uM, p<0.05; Fig 3.28A and 3.11A). Transiently transfected human P2X4 WT HA-tagged
conserved its kinetic properties over time with a sustained desensitisation phase at approximately 60%

of the maximal response (Fig 3.28B).
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Fig 3.25. Determination of antibody specificity and protein titration in 1321N1 astrocytoma cells stably
expressing human P2X4 WT receptors. (A) Representative immunoblot for hP2X4 [K67A, K313A] FLAG-
tagged protein transiently transfected in 1321N1 hP2X4 stable astrocytoma cells using 1:1000 Ms a-
FLAG HRP-conjugated (top) and 1:1000 Ms a-FLAG unconjugated primary antibody (middle) primary
antibodies, and for B-actin loading control (bottom). (B) Representative immunoblot for hP2X4 WT EE-
tagged protein stably expressed in 1321N1 cells using 1:1000 Rb a-EE primary antibody (top, Cell
Signalling) and for B-actin loading control (bottom). Lanes for A and B blots corresponded to:
untransfected 1321N1 parental cells (1, 50ug protein lysate), hP2X4 WT EE-tagged 1321N1 stable
1321N1 astrocytoma cells transiently transfected with either pcDNA 3.1 plasmid control (2, 50ug
protein lysate), nAChRa7 (3, 50ug protein lysate), or hP2X4 [K67A, K313A] FLAG-tagged (4, 100ug
protein; and 5, 50ug protein lysate) (N=3). (C) Rb a-EE antibody (Cell Signalling) titration using 50ug of
protein lysate from hP2X4 WT EE-tagged stable 1321N1 astrocytoma cells (top) with respective B-actin
loading control (bottom). Miniblots corresponded to 1:50, 1:100, 1:250, 1:500, and 1:1000 Rb a-EE
antibody dilutions (N=1). Lanes corresponded to: ladder (1) and 50ug of whole-cell lysates. (D) Other
Rb a-EE antibodies from Merck (top) and Bethyl Labs (bottom) were unspecific in 1321N1 parental
astrocytoma cells transiently transfected with hP2X4 WT EE. Lanes corresponded to: 25ug (1), 50ug (2)
and 80ug (3) of hP2X4 WT EE transients; and 25ug (4), 50ug (5) and 80ug (6) of 1321N1 untransfected

parental protein lysates (N=2). Molecular weight size standards were indicated in KDa.
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Fig 3.26. Lack of specificity for Ms a-P2X4 C-terminus (C-term) and Ms a-P2X4 extracellular (EC)
antibodies in 1321N1 astrocytoma cells transiently transfected with human P2X4 WT EE tagged
receptors. Representative immunoblots for hP2X4 WT EE-tagged protein transiently transfected in
1321N1 cells using 1:500 Ms a-P2X4 C-term (left panel) and 1:500 Ms a-P2X4 EC epitope (right panel)
with respective B-actin loading controls. Lanes corresponded to: hP2X4 WT EE transients (1, 25ug
protein lysate; 3, 50ug protein lysate) and 1321N1 untransfected parental cells (2, 25ug protein lysate;
4, 50ug protein lysate). Molecular weight size standards were indicated in KDa (N=2).
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Fig 3.27. Determination of antibody specificity and protein titration in 1321N1 astrocytoma cells
transiently expressing human P2X4 WT HA-tagged receptors. (A) Representative immunoblot for hP2X4
WT HA-tagged protein transiently transfected in 1321N1 parental cells using 1:1000 Ms a-HA (top) and
for B-actin loading controls (bottom). Lanes corresponded to: hP2X4 WT HA transients (1, 25ug protein
lysate; 2, 50ug protein lysate) and 1321N1 untransfected parental cells (3, 25ug protein lysate; 4, 50ug

protein lysate). Molecular weight size standards were indicated in KDa (N=2).
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Fig 3.28. ATP evoked a Ca?* response via human P2X4 WT receptors transiently transfected in 1321N1

parental astrocytoma cells in a concentration-dependent manner. (A) ATP concentration-response

curves for the peak magnitude of intracellular Ca?* influx in 1321N1 parental astrocytoma cells

transiently co-transfected with hP2X4 WT HA-tagged receptors and pcDNA 3.1 plasmid control. (B)

Averaged time-resolved intracellular Ca?* influx elicited by 30uM ATP. All data were normalised to

respective maximal 100uM Carbachol responses. Data were represented as mean + SEM (N=5).
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Subunit interaction is essential to form a functional P2X4 ion pore. Co-immunoprecipitation studies
were performed to assess human P2X4 WT homo-oligomeric assembly using human P2X4 WT HA and
FLAG-tagged constructs transiently co-transfected in 1321N1 astrocytoma cells. Input lanes
corresponded to whole-cell lysate controls before immunoprecipitation and ensured that the detection
of protein complexes was due to specific interaction with the precipitated protein and not because they
were already present at high levels in the original lysate. The human P2X4 WT HA-tagged protein was
immunoprecipitated using an anti-HA antibody and analysed with an anti-FLAG antibody for interaction
blots. Data showed a positive interaction between human P2X4 WT HA and FLAG-tagged subunits,
detecting a major P2X4-specific 60KDa band, corresponding to its monomeric protein weight, and a
heavier band at approximately 120KDa (Fig 3.29A). Similar results were obtained when human P2X4
WT FLAG subunits were pulled down using anti-FLAG antibodies. A positive immunocomplex with
human P2X4 WT HA subunits was detected using the anti-HA antibody (Fig 3.29B). To ensure the
immunoprecipitation process worked, | also analysed the precipitates with the antibody used for
protein pull-down. For example, if anti-FLAG antibodies were used for human P2X4 WT FLAG-tagged
immunoprecipitation, then anti-FLAG antibodies would be used to blot for precipitated human P2X4
WT FLAG-tagged proteins, and vice versa. Distinct 50KDa bands and fainter 25KDa bands were detected
in all precipitation lanes and even for interaction blots when immunoprecipitation was done using the
anti-FLAG antibody (Fig 3.29A and B). Following the immunoprecipitation protocol, before SDS-PAGE
and Western blotting, all precipitates were eluted and boiled. This elution and denaturation process
causes all proteins and antibodies present in the precipitated complex to detach and lose their tertiary
and secondary structures. Therefore, the antibodies break down into their structural constituents,
namely heavy and light chains, with molecular weights of 50KDa and 25KDa, respectively. To verify that
those background bands corresponded to antibody denaturation and not to unspecific protein
detection, | used untransfected 1321N1 parental cell lysates and performed immunoprecipitations
using both anti-HA and anti-FLAG antibodies. Figures 3.29C and D confirmed denaturation of antibodies
was occurring by the detection of 50KDa and 25KDa bands using anti-rabbit and anti-mouse HRP
conjugated secondary antibodies, respectively. These secondary antibodies are routinely used in
Western blotting and detect both heavy and light chains of the primary antibody used for blotting and
denatured antibody parts in immunoprecipitation studies. The human P2X4 monomeric molecular
weight, as well as the other P2X subunits, is close to that of heavy antibody chains. Consequently, using

those secondary antibodies could cause misinterpretation of immunoprecipitation data.

To surpass this problem, | tested other HRP-conjugated secondary antibodies to reduce non-specific
signals while detecting interaction complexes. The first option was to use secondary antibodies that
only detect the IgG light chain because their molecular weight is far apart. Detection of 25KDa bands
would not affect the interpretation of P2X immunoprecipitation data. Anti-rabbit light chain antibody
detected high molecular weight bands of approximately 250KDa and 150KDa and did not reduce
background signals at 50KDa, masking the human P2X4 WT HA-tagged specific band (Fig 3.30A). In the
same way, the anti-mouse light chain antibody failed to detect human P2X4 WT FLAG-tagged proteins
specifically, yet it detected higher bands at 250KDa and 150KDa and a fainter 50KDa band too (Fig
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3.30B). Next, | sought to use an IP detection reagent called VeriBlot which should only detect native IgG
proteins allowing the detection of (co-)immunoprecipitated proteins without masking them with heavy
and light antibody chain bands. However, it did not detect any human P2X4 WT FLAG-specific bands
and still showed faint background signals at 50KDa and 25KDa (Fig 3.30C). Finally, another option was
to use F(ab’),fragment HRP conjugated secondary antibodies. F(ab’); antibody fragments are
generated by pepsin enzyme digestion of full-size antibodies, removing most of the Fc region
(crystallisable fragment) while leaving the two antigen-binding (ab’) parts intact and linked by
disulphide bonds. These antibodies only recognise the F(ab’), fragments of either rabbit or mouse
immunoglobulin G, thus avoiding recognition of denatured antibody parts in the immunoprecipitated
samples, namely Fc regions or heavy and light antibody chains. Both anti-mouse and anti-rabbit F(ab’),
HRP conjugated secondary antibodies specifically detected human P2X4 WT FLAG and HA-tagged
proteins at 60KDa respectively, and completely removed the 50KDa background signal (Fig 3.30D and
E). Higher molecular weight bands were detected at 110KDa and 150KDa, most likely corresponding to
residual F(ab’), fragments and full-sized 1gG proteins in immunoprecipitated samples, respectively.
Nevertheless, these higher background signals would not affect the interpretation of P2X co-
immunoprecipitation data. To conclude, all co-immunoprecipitates were then analysed using 1:1000
anti-FLAG and anti-HA primary antibodies and detected with 1:2000 anti-mouse F(ab’), and anti-rabbit

F(ab’), HRP conjugated secondary antibodies, respectively.
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Fig 3.29. Common HRP-conjugated secondary antibodies detecting heavy and light antibody chains
were not a good choice for co-immunoprecipitation studies in transiently co-transfected 1321N1
parental astrocytoma cells. (A) Representative immunoblots for transient hP2X4 WT HA- and FLAG-
tagged proteins after immunoprecipitation using Rb a-HA, and developed using 1:1000 Gt a-Ms (H+L)
HRP for interaction blot (top) or 1:1000 Gt a-Rb (H+L) for pull-down control (bottom). Lanes 1-3
corresponded to immunoprecipitated protein complexes and lane 4 was an IgG negative control for
immunoprecipitation without antibody. (B) Representative immunoblots for transient hP2X4 WT HA-
and FLAG-tagged proteins after immunoprecipitation using Ms a-FLAG, and developed using 1:1000 Gt
a-Rb (H+L) HRP-conjugated antibodies for interaction blot (top) or 1:1000 Gt a-Ms (H+L) HRP-
conjugated antibodies for pull-down control (bottom). Lanes 1-3 corresponded to immunoprecipitated

protein complexes and lane 4 was an IgG negative control for immunoprecipitation without antibody.
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Note background bands detected at 50KDa and 25KDa in immunoblots A and B. (C, D) Representative
pull-down control miniblots in 1321N1 untransfected parental astrocytoma cells for a-HA and a-FLAG
antibodies after immunoprecipitation using a-HA or a-FLAG antibodies, and developed using 1:1000 Gt
a-Rb (H+L) or Gt a-Ms (H+L) HRP-conjugated secondary antibodies, respectively. Miniblot lanes
corresponded to: 50ug 1321N1 untransfected whole protein lysate (1), 1321N1 untransfected
immunoprecipitated complex (2), and 1gG negative control for immunoprecipitation without antibody
(3). Note background bands were still detected at 50KDa and 25KDa. Molecular weight size standards
were indicated in KDa (N=3).
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Fig 3.30. Determination of which secondary antibodies to use for co-immunoprecipitation studies in
transiently co-transfected 1321N1 parental astrocytoma cells. (A, B) Representative pull-down control
immunoblots for transient hP2X4 WT HA- and FLAG-tagged proteins after immunoprecipitation using
a-HA or a-FLAG antibodies, and developed using 1:2000 Gt a-Rb Light (L) chain or Gt a-Ms L chain HRP-
conjugated secondary antibodies, respectively. Lanes 1-3 corresponded to immunoprecipitated protein
complexes and lane 4 was an IgG negative control for immunoprecipitation without antibody. Note
background bands detected at 250KDa, 150KDa, and 25KDa in immunoblots A and B; and no P2X4
specific bands detected in B. (C) Representative pull-down control immunoblot for transient hP2X4 WT
HA- and FLAG-tagged proteins after immunoprecipitation using a-FLAG antibody, and developed using
1:2000 Veriblot reagent. Note background bands were detected at 50KDa and 25KDa and no P2X4-

specific bands were detected. (D, E) Representative pull-down control immunoblots for transient hP2X4
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WT HA- and FLAG-tagged proteins after immunoprecipitation using a-HA or a-FLAG antibodies, and
developed using 1:2000 Gt a-Rb F(ab’); or Gt a-Ms F(ab’), HRP-conjugated secondary antibodies,
respectively. Lanes 1-3 corresponded to immunoprecipitated protein complexes and lane 4 was an 1gG
negative control for immunoprecipitation without antibody. Note no background bands were detected

at 50KDa or 25KDa. Molecular weight size standards were indicated in KDa (N=3).
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Following this new protocol, co-immunoprecipitation studies were repeated to accurately assess
human P2X4 WT homo-oligomeric assembly using human P2X4 WT HA and FLAG-tagged constructs
transiently co-transfected in 1321N1 parental astrocytoma cells. The human P2X4 WT FLAG-tagged
protein was immunoprecipitated using an anti-FLAG antibody and analysed with an anti-HA antibody
for interaction blots. Data showed a positive interaction between human P2X4 WT FLAG and HA-tagged
subunits (Fig 3.31A and B). A major P2X4-specific 60KDa band corresponding to its monomeric protein
weight and a heavier band at approximately 120KDa were detected (Fig 3.31A). Densiometric analysis
showed no significant differences between whole-cell (1.81+0.53au) and co-immunoprecipitated
(1.74+0.47au) expression levels of human P2X4 WT HA-tagged subunits (p>0.05; Fig 3.31B). Reciprocate
human P2X4 WT HA-tagged pull-down using an anti-HA antibody, and analysis of protein interaction
with an anti-FLAG antibody were assessed for completeness. Results also showed a positive interaction
between human P2X4 WT HA and FLAG-tagged subunits (Fig 3.31C and D). Bands at 60KDa and 120KDa
were detected, and another heavier band at approximately 180KDa (Fig 3.31C). Similarly, the
densiometric analysis showed no significant differences between whole-cell (0.41+0.10au) and co-
immunoprecipitated (1.16+0.40au) expression levels of human P2X4 WT FLAG-tagged subunits (p>0.05;
Fig 3.31D). Note a smaller but not significantly different amount of human P2X4 FLAG-tagged protein
at whole-cell input levels compared to human P2X4 HA-tagged protein levels when co-expressed
together (p>0.05; Fig 3.31). The most probable explanation for this would be different antigen-antibody
affinity rather than protein expression competition in this heterologous system. Nevertheless, the
amount of human P2X4 WT FLAG and HA-tagged protein interaction complex was equivalent using

either combination of pull-down and immunoblotting antibodies (p>0.05; Fig 3.31).
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Fig 3.31. Homomeric interaction of human P2X4 WT subunits in transiently co-transfected 1321N1
parental astrocytoma cells. (A) Representative immunoblot for hP2X4 WT HA-tagged protein after
immunoprecipitation using anti-FLAG antibody, and for the B-actin loading control. (B) Comparison of
densitometric analysis of hP2X4 WT HA-tagged protein level relative to loading control for input and
co-immunoprecipitated complexes. (C) Representative immunoblot for hP2X4 WT FLAG-tagged protein
after immunoprecipitation using anti-HA antibody, and for the B-actin loading control. (D) Comparison
of densitometric analysis of hP2X4 WT FLAG-tagged protein level relative to loading control for input
and co-immunoprecipitated complexes. Molecular weight size standards were indicated in KDa. Lanes
1-3 corresponded to whole-cell protein lysates and lanes 4-7 to immunoprecipitated protein
complexes. Lane 7 was an IgG negative control for immunoprecipitation without antibody. Data were

represented as mean + SEM (N=3).
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3.2.3.3 Proof of concept demonstrated human P2X4 WT subunits interact with human P2X4
[K67A, K313A] dead subunits

Original evidence that human P2X4 [K67A, K313A] dead subunits caused a significant loss of human
P2X4 wild-type channel function, as well as proof that human P2X4 subunits underwent homo-
oligomeric assembly, were used as starting points to further validate the dead receptor hypothesis in
this heterologous system. Hence, the proof of concept consisted in demonstrating i) a reduction of
human P2X4 WT activity in the presence of human P2X4 [K67A, K313A] dead subunits upon application
of various concentrations of ATP and ii) a physical interaction between human P2X4 WT and human
P2X4 [K67A, K313A] proteins.

Whole-cell and cell membrane expression levels for human P2X4 WT HA-tagged and human P2X4
[K67A, K313A] FLAG-tagged subunits were assessed by biotinylation and Western blotting so that the
proof of concept could be interpreted with confidence. Figure 3.32A showed high expression of human
P2X4 WT HA-tagged protein at 60KDa for both whole-cell (1.48+0.39au) and cell surface lysates
(0.92+0.27au, p>0.05; Fig 3.32B). Moreover, there were no significant differences in the whole-cell
(1.34+0.36au) and cell-surface lysates (0.77+0.26au) when human P2X4 WT HA was co-transfected with
human P2X4 [K67A, K313A] FLAG-tagged subunits (p>0.05; Fig 3.32B). It is critical to note that human
P2X4 [K67A, K313A] FLAG-tagged dead subunits were also highly expressed at both whole-cell
(0.93+0.11au) and cell surface levels (0.99+0.17au, p>0.05; Fig 3.32A). However, co-expression with
human P2X4 WT HA-tagged subunits significantly reduced its expression at the cell membrane
(0.5940.05au vs 1.27+0.26 whole-cell control, p<0.05; Fig 3.32B). Higher molecular weight species were
also detected at 120KDa and 180KDa for both human P2X4 WT HA-tagged and P2X4 [K67A, K313A)]
FLAG-tagged, which seemed to be the preferred states for the human P2X4 WT protein at the cell
membrane (Fig 3.32).

Furthermore, calcium mobilisation assays were performed in 1321N1 cells transiently co-transfected
cells to evaluate the dead receptor theory and complement previous data (section 3.2.3.1). Results
showed that transient co-transfection of human P2X4 WT HA-tagged and human P2X4 [K67A, K313A]
FLAG-tagged dead subunits significantly reduced the ATP-evoked calcium response compared to
human P2X4 WT HA-tagged transiently transfected with plasmid control in 1321N1 parental
astrocytoma cells (Fig 3.33). This reduction occurred in a concentration-dependent manner from
300nM to 300uM ATP concentrations (p<0.01 and p<0.001, respectively; Fig 3.33A). Maximal inhibitory
effects were reached at a 30uM ATP concentration with a nearly 60% reduction of the calcium response
(24.241.58% vs 82.1+1.77% plasmid control, p<0.001; Fig 3.33) whilst still maintaining a sustained
desensitisation phase over time (approximately 20% above baseline; Fig 3.33B). Nevertheless, the
human P2X4 WT ATP potency was not affected when co-transfected with human P2X4 [K67A, K313A]
dead subunits (1.11+0.30uM, p>0.05; Fig 3.33A).

Finally, interactions between human P2X4 WT and human P2X4 [K67A, K313A] dead subunits occurred
in co-immunoprecipitation assays (Fig 3.34). Both anti-FLAG and anti-HA immunoprecipitates showed
human P2X4-specific protein bands at 60KDa, plus a higher band at 120KDa. Anti-FLAG pull-down and
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anti-HA analysis also detected a 180KDa band. It is key to note that expression levels of human P2X4
WT HA-tagged proteins were significantly reduced in the precipitate complex lane (0.69+0.18au)
compared to input control (1.58+0.22au) when human P2X4 [K67A, K313A] FLAG-tagged was used for
protein pull-down (p<0.05; Fig 3.34B). However, when human P2X4 WT HA-tagged was used for
immunoprecipitation, human P2X4 [K67A, K313A] FLAG-tagged protein levels remained unchanged
compared to input control (1.62+0.42au vs 0.78+0.45au, respectively, p>0.05; Fig 3.34D). These data
supported the different antigen-antibody affinity explanations, like in the co-expression of human P2X4
WT HA and WT FLAG-tagged proteins (Fig 3.31).
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Fig 3.32. Whole-cell and cell surface expression levels of human P2X4 WT and human P2X4 [K67A,
K313A] subunits in transiently co-transfected 1321N1 parental astrocytoma cells. (A) Representative
immunoblot for hP2X4 WT HA-tagged protein (top), hP2X4 [K67A, K313A] FLAG-tagged protein
(middle), and B-actin loading control (bottom). Molecular weight size standards were indicated in KDa.
Lanes 1-3 corresponded to whole-cell samples and lanes 4-7 to cell surface protein lysates. Lane 7 was
a negative control for biotin labelling. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged
(top) and hP2X4 [K67A, K313A] FLAG-tagged (bottom) protein levels relative to loading control for

whole-cell and cell surface lysates. Data were represented as mean + SEM (N=3).
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Fig 3.33. The human P2X4 [K67A, K313A] dead subunit had a dominant negative effect on human P2X4
WT ATP-induced Ca? responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A)
ATP concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence
(half moon circles) and absence (closed circles) of hP2X4 [K67A, K313A]. (B) Averaged time-resolved
intracellular Ca?* influx elicited by 30uM ATP in the presence (half moon circles) and absence (closed
circles) of hP2X4 [K67A, K313A]. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean + SEM (N=5).
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Fig 3.34. Human P2X4 WT subunits interacted with human P2X4 [K67A, K313A] dead subunits in
transiently co-transfected 1321N1 parental cells. (A) Representative immunoblot for hP2X4 WT HA-
tagged protein afterimmunoprecipitation using anti-FLAG antibody, and for the B-actin loading control.
(B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative to loading
control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for hP2X4
[K67A, K313A] FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-
actin loading control. (D) Comparison of densitometric analysis of hP2X4 [K67A, K313A] FLAG-tagged
protein level relative to loading control for input and co-immunoprecipitated complexes. Molecular
weight size standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and
lanes 4-7 to immunoprecipitated protein complexes. Lane 7 was an IgG negative control for immuno-

precipitation without antibody. Data were represented as mean + SEM (N=3).
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3.2.3.4 Dead receptor tools demonstrated functional interactions between human P2X2 and
human P2X3 subunits

The dead receptor hypothesis proved to be a good model to detect and validate human P2X4
homomeric interactions in transiently co-transfected 1321N1 parental astrocytoma cells. Before
exploring possible functional human P2X4 heteromeric interactions, | wanted to demonstrate if the
experimental system could also accurately identify the existence of the well-established P2X2/3
heteromer. As mentioned in the introduction, each P2X receptor subtype has a different
pharmacological profile. ATP activates P2X2 and P2X3, but its analogue af3-MeATP activates only the
P2X3 subtype. P2X3 is also known for its fastest desensitisation amongst the P2X family of receptors,
whilst P2X2 has a slow desensitisation phase. Thereby, P2X2/3 heterotrimers distinctly respond to af-
MeATP and present a gradual desensitisation phase over time. The hypothesis is based on the concept
that only one dead subunit is necessary to block or reduce channel activation completely. Literature
previously suggested a 1:2 subunit stoichiometry for the rat P2X2/3 heteromer in favour of the P2X3
subtype (Wilkinson et al., 2006). Thus, | co-transfected 1321N1 parental astrocytoma cells with human
P2X2 [K81A, K319A] FLAG-tagged dead subunits and human P2X3 WT HA-tagged subunits.

Similarly, protein expression levels for both human P2X2 and human P2X3 subtypes were assessed to
confirm that the presence of C-terminal epitope tags did not alter their protein expression patterns and
to confidently interpret the intracellular calcium mobilisation data and the protein interaction studies.
Results showed high expression levels for human P2X3 WT HA-tagged at both whole-cell and cell-
surface levels (1.34+0.30au and 1.81+0.16au, respectively, p>0.0.5; Fig 3.35A and B). Human P2X2 WT
FLAG-tagged subunits were also substantially expressed at a whole-cell level (1.78+0.47au) and to a
lesser but not significant extent at the cell membrane (1.13+0.13au, p>0.05; Fig 3.35C and D).
Moreover, human P2X2 [K81A, K319A] FLAG-tagged dead subunits were equally expressed at whole-
cell (1.7440.23au) and cell membrane levels (1.45+0.17au, p>0.05; Fig 3.35E and F). Cell surface

expression levels of human P2X2 wild-type and double mutant subunits were also akin (p>0.05).

To determine the effects of human P2X2 [K81A, K319A] dead subunits on the human P2X3 WT agonist-
induced calcium responses, | initially performed calcium mobilisation assays on 1321N1 parental
astrocytoma cells transiently co-transfected with human P2X2 WT FLAG-tagged and human P2X3 WT
HA-tagged subunits. Data showed a concentration-dependent calcium response to a,f-MeATP with a
potency of 36.2+12.0uM (Fig 3.36A). Additionally, the receptor activation profile was characteristic of
that previously reported for rat and human P2X2/3 heteromeric receptors: a maximal calcium response
reaching 44.4+5.23% of peak magnitude upon application of 100uM a,-MeATP and a slow
desensitisation phase over time at about 35% above baseline (Fig 3.36C; Wilkinson et al., 2006; Kowalski
et al., 2015)). AB-MeATP did not activate human P2X2 WT receptors transiently transfected in 1321N1
parental astrocytoma cells (Fig 3.36E and F). As expected, 100uM ATP also evoked a calcium response
in 1321N1 parental astrocytoma cells transiently co-transfected with human P2X2 WT FLAG-tagged and
human P2X3 WT HA-tagged subunits reaching 104+2.18% of peak magnitude upon agonist application

with a high sustained desensitisation phase over time (Fig 3.36D). Besides, maximal agonist-evoked
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calcium responses were significantly different when using either 100uM ATP or 100uM af-MeATP
(p<0.001; Fig 3.36B), making ATP a more efficacious agonist in activating human P2X2/3 receptors.

In agreement with the hypothesis of the dead receptor (Fig 3.1), the presence of human P2X2 [K81A,
K319A] dead subunits completely blocked the human P2X3 WT afB-MeATP-evoked calcium influx in a
concentration-independent manner in transiently co-transfected 1321N1 parental cells as shown in
Figures 3.36A—C. Maximal effects were observed at 100uM a-MeATP concentrations with a complete
calcium response reduction compared to the human P2X2 WT and human P2X3 WT control
combination (2.4243.08%, p<0.001; Fig 3.36B and C). Similarly, the calcium response evoked by 100uM
ATP was also completely abolished when human P2X2 [K81A, K319A] dead subunits were present
(4.35+£2.29%, p<0.001; Fig 3.36B and D).

The human P2X2 WT FLAG-tagged protein was immunoprecipitated using an anti-FLAG antibody and
analysed with an anti-HA antibody for interaction with human P2X3 WT HA-tagged subunits.
Immunoblots showed major human P2X3-specific 60KDa bands in input and immunoprecipitated lanes
corresponding to its monomeric protein weight and suggestive of a positive interaction with human
P2X2 WT subunits (Fig 3.37A and B). Densiometric analysis showed a significant reduction in human
P2X3 WT HA protein expression levels before (1.53+0.16au) and after co-immunoprecipitation
(0.68+0.17au, p<0.05; Fig 3.37B) possibly due to reduced antibody affinity during anti-FLAG pull-down.
Reciprocate human P2X3 WT HA-tagged pull-down with anti-HA antibody and analysis of protein
interaction with anti-FLAG antibody were also performed. Results also showed a positive interaction
between human P2X2 WT FLAG-tagged and human P2X3 WT HA-tagged subunits (Fig 3.37C and D).
Bands at approximately 70KDa were detected corresponding to the human P2X2 monomeric molecular
weight (Fig 3.37C). In contrast, the densiometric analysis showed no significant differences between
whole-cell (0.7040.18au) and co-immunoprecipitated (0.96+0.13au) expression levels of human P2X2
WT FLAG-tagged subunits (p>0.05; Fig 3.37D). Moreover, there were no significant differences between
co-immunoprecipitated levels of human P2X2 WT FLAG-tagged and P2X3 WT HA-tagged monomeric
proteins (0.96+0.13au and 0.68+0.17au, respectively, p>0.05; Fig 3.37).
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Fig 3.35. Whole-cell and cell surface expression levels of human P2X3 WT, human P2X2 WT, and human
P2X2 [K81A, K319A] subunits in transiently co-transfected 1321N1 parental astrocytoma cells. (A, C, E)
Representative immunoblot for (A) hP2X3 WT HA-tagged protein, (C) hP2X2 WT FLAG-tagged protein,
and (E) hP2X2 [K81A, K319A] FLAG-tagged protein, with corresponding B-actin loading controls.

Molecular weight size standards were indicated in KDa. Lane 1 corresponded to whole-cell samples,

hP2X2 [K81A, K319A]
level 70KDa (au)

lane 2 to cell surface protein lysates, and lane 3 was a negative control for biotin labelling. (B, D, F)
Comparison of densitometric analysis of (B) hP2X3 WT HA, (D) hP2X2 WT FLAG, and (F) hP2X2 [K81A,
K319A] FLAG protein levels relative to loading control for whole-cell and cell surface lysates. Data were

represented as mean + SEM (N=3).
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Fig 3.36. Validation of the hypothesis of the dead receptor as a good tool to probe for functional human
P2X heteromers. (A — D) The hP2X2 [K81A, K319A] dead subunit had a dominant negative effect on
hP2X3 WT ATP and ap-MeATP-induced Ca?* responses in transiently transfected 1321N1 parental cells.
(A) ap-MeATP concentration-response curve for the peak magnitude of intracellular Ca?* influx in the
presence (half diamonds) and absence (closed diamonds) of hP2X2 [K81A, K319A]. (B) Comparison of
average peak Ca%* responses mediated by 100uM ATP and 100uM aB-MeATP in the presence and
absence of hP2X2 [K81A, K319A]. (C, D) Averaged time-resolved intracellular Ca%" influx elicited by
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100uM aB-MeATP (C) and 100uM ATP (D) in the presence (half diamonds) and absence (closed
diamonds) of hP2X2 [K81A, K319A]. (E, F) ap-MeATP did not induce a Ca®* response via hP2X2 WT
transiently transfected 1321N1 parental cells. (E) af-MeATP concentration-response curve for the peak
magnitude of intracellular Ca® influx. (F) Averaged time-resolved intracellular Ca?* influx elicited by
30uM aB-MeATP (closed triangles) compared to Ca?* influx caused by 100uM Carbachol as a cell
viability control (open circles). All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean = SEM (N=5).
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Fig 3.37. Heteromeric interaction of human P2X2 WT and human P2X3 WT subunits in transiently co-

transfected 1321N1 parental astrocytoma cells. (A) Representative immunoblot for hP2X3 WT HA-

tagged protein afterimmunoprecipitation using anti-FLAG antibody, and for the B-actin loading control.

(B) Comparison of densitometric analysis of hP2X3 WT HA-tagged protein level relative to loading

control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for hP2X2 WT

FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin loading

control. (D) Comparison of densitometric analysis of hP2X2 WT FLAG-tagged protein level relative to

loading control for input and co-immunoprecipitated complexes. Molecular weight size standards were

indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to

immunoprecipitated protein complexes. Lane 7 was an IgG negative control for immunoprecipitation

without antibody. Data were represented as mean + SEM (N=3).
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3.3 Discussion

3.3.1 Successful transient transfection of 1321N1 parental astrocytoma cells with the human

P2X4 receptor

To explore functional interactions of the human P2X4 receptor expressed in 1321N1 parental
astrocytoma cells, it is necessary to carry out cell transfection efficiently. Unfortunately, these cells
show a particular resistance to transfection (Fig 2.2). A thorough optimisation process of cell
transfection was performed to successfully transfect and express the human P2X4 receptor in human
1321N1 parental astrocytoma cells. An optimised gene sequence for the human P2X4 wild-type
receptor containing a C-terminal FLAG tag and cloned into a pcDNA 3.1 backbone vector was used for
transfection into 1321N1 parental astrocytoma cells. Human 1321N1 astrocytoma cells are void of
endogenous purinergic receptors (Communi et al., 1996). Thus, the application of extracellular ATP did
not trigger any endogenous intracellular calcium responses (Fig 3.12). Thereby, any ATP-evoked
intracellular calcium response was treated as an indirect measure of human P2X4 receptor activity and

transfection efficiency.

A 2011 study compared and optimised five different nonviral transfection methods in human 1321N1
astrocytoma cells and found that microporation was the most efficient technique for transgene delivery
into these cells (Marucci et al., 2011). However, this physical transfection method had advantages and
limitations. For example, high transfection efficiency (95%) and low cell mortality were achieved by
microporation (Marucci et al., 2011). But this laborious procedure requires a commercial buffer and a
specific electroporator machine (Microporator) by which only a few cells can be transfected, making it
a low throughput and expensive technique, so not as accessible and convenient as other chemical
methods. This group also tested other chemical methods for human 1321N1 astrocytoma cell
transfection. These were: calcium phosphate, Arrest-In, FUGENE and Lipofectamine, which gave 40%,
78%, 70% and 50% transfection efficiencies, respectively (Marucci et al.,, 2011). There are many
commercially available products to chemically transfect cells which are easier to use and can also get
high transfection efficiencies, although it is variable depending on cell type and conditions. To date,

there is no ideal method for plasmid transfection into human 1321N1 parental astrocytoma cells.

In this thesis, we proposed a reliable and consistent transient transfection protocol using the cationic
lipid Lipofectamine 2000 reagent (Fig 3.8 and 3.9; Table 3.2). Several factors influence the outcome of
transfection experiments: i) the transfection method chosen and the amount of reagent used, ii) the
DNA quality and quantity, iii) the health and viability of the cell line, iv) passage number, v) cell
confluency, and vi) the presence or absence of serum and antibiotics in the media. Some of these
factors were controlled for as detailed in Chapter 2, section 2.6, such as providing a healthy and viable
cell culture and keeping working cell passages from P4 to P12 for optimal cell transfection (Fig 2.3).
Specifically, three different chemical transfection reagents (namely, TurboFect, X-tremeGENE and
Lipofectamine 2000) were tested to transfect the human P2X4 wild-type gene into human 1321N1

parental astrocytoma cells. The optimisation process is detailed in Tables 3.1 and 3.2, showing the
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specific transfection conditions used and their graded efficiencies. The graded system was useful to
empirically determine the ideal approach selected for high transfection efficiency, low cell toxicity,

reagent accessibility and convenience, and experiment reproducibility.

TurboFect transfection reagent showed high toxicity effects in human astrocytoma cells (Fig 3.5C and
D; Table 3.1) and poor transfection efficiency (11.9+1.29% for 200ng of plasmid and 0.4pL of reagent;
(Fig 3.5A and B; Table 3.1). The X-tremeGENE transfection technique had low success rates and was
inconsistent among experiments with ATP-evoked calcium responses ranging from 30.0+5.86% to
46.5+3.21% using the same transfection conditions (Fig 3.6 and 3.7; Table 3.1). Results suggested that
the best condition was the combination of 200ng of plasmid DNA and 0.5uL of Lipofectamine 2000,
changing the medium after six hours of transfection, which showed 72.8+6.28% ATP-evoked
intracellular calcium responses (Fig 3.8) whilst maintaining cell viability (Table 3.2). After lowering the
initial seeding density to 1.25x10* cells per well, increasing the Lipofectamine 2000-DNA complex
incubation time to 20 minutes, and removing the antibiotics from the cell culture media, higher
transfection efficiency rates were consistently achieved (89.1+3.98%; Fig 3.9; Table 3.2). In general,
antibiotics can be present in the media for transient transfection, but because cationic lipid reagents
such as Lipofectamine 2000 increase cell permeability, they might also increase the amount of
antibiotics delivered into the cells, resulting in cytotoxicity effects and lower transfection efficiencies
(according to the manufacturer ThermoFisher Scientific, UK). The study mentioned above did not
mention details regarding cell culture media used nor transfection complex incubation times for any

transient transfection technique investigated (Marucci et al., 2011).

Human P2X4 subunit-specific protein bands were identified at 60KDa molecular weight by anti-FLAG
immunoblotting at both whole-cell and cell surface levels, further verifying a successful human P2X4
receptor transfection in human astrocytoma cells (Fig 3.10). The human P2X4 receptor subunit has a
theoretical molecular weight of 44KDa and contains seven putative N-glycosylation sites, although only
two are strictly required for robust receptor formation (Rettinger et al., 2000). The band detected at
approximately 60KDa is therefore considered a glycosylated P2X4 subunit (Hu et al., 2002). The lower
human P2X4-specific 44KDa band was not detected under the sample conditions we used: i) the
solubilisation buffer contained 2% Triton X-100 which is a non-ionic detergent used for milder protein
extraction, and ii) the final concentration of SDS detergent in the sample buffer was 2.4%. The results
obtained using these conditions agree with previously published data and support glycosylation as a
necessary modification in maintaining detergent solubility properties of P2X receptors (Hu et al., 2002).
A Western blotting sample buffer containing 0.5-1.3% SDS may provide mild enough conditions to
conserve the non-glycosylated P2X4 receptors. Higher molecular weight species of 120KDa were also
shown at both whole-cell and cell surface levels (Fig 3.10). Other recombinant and native human P2X4
protein expression studies reported greater molecular weight species of 120KDa and 180KDa under
denaturing and reducing conditions and were suggested to be multimeric receptors (Bergmann et al,,
2019; Glass et al., 2002). Accordingly, the higher 120KDa band is interpreted to be a human P2X4 dimer
formed by subunit multimerisation (Nicke et al., 2005). A Western blotting lysis buffer containing 1%
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Triton X-100 might provide mild enough conditions for detecting the 180KDa band, thought to be the

trimeric human P2X4 receptor form.

These results evidenced that successful and reproducible transient transfection of human astrocytoma
cells is possible, overcoming a major problem related to the investigation of P2X receptor properties.
HEK293 cells have been the most frequent cell model used to assess the role of recombinant P2X
receptors in inducing changes in intracellular calcium levels because they are good transfection hosts.
Nevertheless, HEK293 cells endogenously express other P2 receptor subtypes, namely P2Y1, P2Y2 and
P2Y4, which also respond to ATP and other extracellular nucleotides (Fischer et al., 2003, 2005), causing
large intracellular calcium changes and potentially interfering with P2X receptor-mediated calcium
signals (He et al., 2003). Excitable mouse gonadotropin-releasing hormone-secreting cells (GT1) are
void of endogenous P1 and P2 receptors and can be used as another alternative cell line to study the
activity of purinergic P2X receptors (Koshimizu et al., 1998; He et al., 2003). However, the majority of
the research in P2X heteromerisation has been done using rodent model systems (Table 4.1).
Therefore, the human 1321N1 astrocytoma cell model was a more suitable system to provide new

insights into the human P2X heteromerisation matter.

3.3.2 Heterologously expressed human P2X4 receptor accurately reflected its specific

pharmacological properties

The focus of this section was to study the pharmacology of human P2X4 receptors to define the
accuracy of using human P2X4 receptors heterologously expressed in human 1321N1 astrocytoma cells
as our model system. The reader should be aware that many recognised properties of P2X4 and other
P2X receptors are based on data from recombinant channels, and variables such as ECsp and [Cso
estimates depend on the experimental conditions employed (e.g., cell type, receptor orthologue, stable
electrophysiological or calcium influx conditions), as well as in establishing data analysis fundamentals.
With these limitations in mind, the data discussed here will be put in context with current knowledge

of P2X4 pharmacology.

As previously discussed, the human 1321N1 astrocytoma cell line is a suitable cell line model for
studying the pharmacology of recombinant human P2X4 receptors. In Figure 3.8, we demonstrated that
ATP did not evoke any intracellular calcium responses in these cells. Previous literature revealed that
human 1321N1 astrocytoma cells endogenously express other receptors, such as M3 and M5
muscarinic acetylcholine receptors (Bayon et al., 1997; Burnett et al., 2011). These receptors are G-
protein coupled receptors activated by the neurotransmitter acetylcholine. Like P2X receptors, their
activation ultimately causes an increase in intracellular calcium levels. There are non-selective
muscarinic receptor agonists commercially available, such as carbamylcholine (Carbachol). Carbachol
was used as a positive control for cell viability, ensuring the correct interpretation of calcium data in
human 1321N1 parental astrocytoma cells (Fig 3.12). Cells transiently and stably expressing human
P2X4 receptors presented concentration-dependent intracellular calcium responses upon ATP
stimulation (Fig 3.28 and 3.11, respectively). Comparable results were obtained from transient and

stable human astrocytoma cells: i) the maximal amplitude of intracellular calcium influx was evoked by
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30uM ATP concentrations, ii) the ATP potency values were 2.40+0.79uM and 0.74+0.18uM,
respectively (p<0.05), and iii) ATP induced an initial rapid calcium response that slowly decayed to a
sustained elevated phase over time (approximately 60% above baseline; Fig 3.28 and 3.11). These data
agree with previous studies on recombinant human P2X4 receptor ATP-evoked intracellular calcium
responses, which stated ATP half maximal effective concentrations (ECso) in the low micromolar range,
e.g., 6.32uM and 0.73uM in human 1321N1 astrocytoma cells (Bianchi et al., 1999; Abdelrahman et al,,
2017), 7.4uM in Xenopus laevis oocytes (Garcia-Guzman et al., 1997), and 1.4puM in HEK293 cells (Jones
et al., 2000). Moreover, the human P2X4 receptor subtype was reported to have a slow desensitisation
phase, as well as human P2X2 receptors (Bianchi et al., 1999; North & Surprenant, 2000; North, 2002).
These results confirmed that the calcium responses caused by ATP application were due to the
expression of human P2X4 receptors and not to the presence of other endogenous receptors in human

1321N1 astrocytoma cells and added value to our transient transfection technique.

Homomeric human P2X4 receptors are activated most efficiently by ATP but can also be partially
activated by CTP and other ATP analogues. All compounds tested were ranked in order of potency (ECso)
as follows: ATP (0.74+0.18uM) > 2-MeSATP (1.66+0.24puM) >> af-MeATP (6.52+0.69uM) = BzATP
(10.742.44uM) > CTP (20.0£4.22uM) = y-imidoATP (20.3+1.59uM) (Fig 3.11 and 3.13; Table 3.3). These
agonist-evoked intracellular calcium responses showed a similar potency profile to that reported for
human and rat P2X4 receptors transiently expressed in Xenopus laevis oocytes: ATP >> 2-MeSATP > CTP
> aB-MeATP (Garcia-Guzman et al., 1997; Soto et al., 1996). Furthermore, all five compounds evoked
the maximal calcium influx responses at a concentration of 100uM whilst ATP produced its maximal
effects at 30uM. Data analysis allowed us to rank them in order of efficacy (maximal response): ATP
(100%) >> y-imidoATP (84.045.01%) > CTP (66.845.76%) = 2-MeSATP (57.9+5.51%) > BzATP
(35.04£3.82%) >> aB-MeATP (14.8+2.43). Partial agonism was reported for CTP and 2-MeSATP, but no
significant responses were detected for af-MeATP at human P2X4 receptors transiently transfected in
Xenopus laevis oocytes (Garcia-Guzman et al., 1997). By definition, a partial agonist has lower efficacy
than a full agonist and induces a sub-maximal activation when occupying the total receptor population.
Thus, it cannot produce the maximal response regardless of the concentration required. Our data also
shared similarities with two original studies using human 1321N1 astrocytoma cells stably expressing
human P2X4 receptors. The first study used intracellular calcium influx and electrophysiology assays to
determine the human P2X4 pharmacological profile in stable human astrocytoma cells and found that
2-MeSATP and BzATP were equally as potent as ATP (5.66uM and 6.31uM vs 6.32uM, respectively) but
did not completely activate the human P2X4 channel (80% of ATP response for both), and af-MeATP
functioned as a weak partial agonist (ECso value of 5.08uM and 50% of ATP response; Bianchi et al.,
1999). The second study used intracellular calcium influx and radioligand binding assays and showed
sub-micromolar potencies for ATP (0.73uM), 2-MeSATP (0.28uM), BzATP (0.51uM) and ap-MeATP
(0.81uM) while y-imidoATP had an ECsg value of 6.56uM at activating human P2X4 receptors
(Abdelrahman et al., 2017). In contrast, this second report found all compounds to be full agonists
compared to ATP (Abdelrahman et al., 2017). In addition, no significant responses (<5-10% of ATP
evoked response) were detected at any concentration tested (from 0.01uM to 300uM) of AP4A and
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ATP-y-S (Fig 3.14). These data were in contrast with the two previous reports. The first showed partial
agonism of both APA4 and ATP-y-S at human P2X4 receptors stably expressed in human astrocytoma
cells with ECsp values of 6.2uM and 4.96uM, mediating sub-maximal calcium responses of 59% and 61%
compared to the ATP-evoked responses, respectively (Bianchi et al., 1999). The second reported full
agonism of AP4A with an ECsp value of 0.14uM but did not test ATP-y-S (Abdelrahman et al., 2017). ATP-
v-S is widely used as a non-hydrolyzed ATP analogue and later experiments | performed using mouse
P2X4 receptors stably expressed in 1321N1 astrocytoma cells showed that ATP-y-S did cause a
concentration-dependent influx of calcium acting as a partial agonist with micromolar potency (data
not shown). These experiments worked as a positive control to show that ATP-y-S worked in the
conditions tested and also emphasised the importance of characterising the P2X4 receptor activity and
pharmacological profiles in different species. Diadenosine polyphosphates are naturally found in the
central nervous system and act as neurotransmitters activating P2X2 and P2Y1 receptors and other
non-ATP sensitive receptors, ultimately causing an increase in intracellular calcium levels (Pintor et al.,
1996, 1997). AP4A was later tested in 1321N1 astrocytoma cells stably expressing the mouse P2X4
receptor but did not evoke any intracellular calcium responses either (data not shown). Although these
data do not rule out the possibility that AP4A could activate human P2X4 receptors, are suggestive of

other mechanisms by which these signalling molecules may mediate their physiological effects.

We also examined the effects of broad-spectrum P2 antagonists and P2X4 selective antagonists to
characterise the human P2X4 pharmacological profile further. Recombinant human P2X4 receptors
displayed sensitivity to the broad-spectrum antagonists TNP-ATP and PPADS but not to Suramin (Fig
3.15 and 3.16; Table 3.4). A previous report found that Suramin had poor inhibitory effects at human
P2X4 receptors when expressed in Xenopus laevis oocytes, with a half maximal inhibitory concentration
(ICso) value of 178.1uM (Garcia-Guzman et al., 1997), while others also failed to show human P2X4
receptor inhibition by Suramin when expressed in human astrocytoma and HEK293 cells (Bianchi et al.,
1999; Jones et al.,, 2000). In agreement, these data suggest that human P2X4 receptors are relatively
insensitive to blockade by the conventional antagonist Suramin. TNP-ATP and PPADS are known non-
selective P2X antagonists. In contrast to Suramin, both TNP-ATP and PPADS inhibited the human P2X4-
mediated intracellular calcium response to ATP in a dose-dependent manner with potency (ICsp) values
of 16.6+4.71uM and 33.8+16.6uM, respectively (Fig 3.15; Table 3.4). TNP-ATP demonstrated a
competitive inhibition mode of action, shifting the human P2X4 receptor ATP potency value to
10.142.18uM (p<0.05 vs 0.74+0.18uM) without affecting its effectivity (96.8+4.08%, p>0.05; Fig 3.17A
and B; Table 3.4). Others found that human P2X4 receptors were blocked more effectively with TNP-
ATP (ICso values of 1.4uM and 1.5uM) also in a competitive manner when expressed in human
astrocytoma and HEK293 cells, respectively (Abdelrahman et al., 2017; Balazs et al., 2013). On the other
hand, PPADS did not affect the ATP potency value (0.81+0.27uM, p>0.05), but it caused a significant
reduction in ATP-evoked maximal calcium responses (43.1+7.53%, p<0.01), indicating that PPADS acted
as a non-competitive inhibitor of the recombinant human P2X4 receptor (Fig 3.17C and D; Table 3.4).
PPADS also proved to be an effective inhibitor of human P2X4 receptors with ICso values of 27.5uM and

9.6uM when expressed in Xenopus laevis oocytes and HEK293 cells, respectively (Garcia-Guzman et al.,
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1997; Jones et al., 2000). Contrarily, another study reported no inhibitory effects of PPADS at human

P2X4 receptors when expressed in human astrocytoma cells (Bianchi et al., 1999).

Indeed, sensitivity to broad-spectrum antagonists has been used to define P2X4-mediated responses,
but it is not the most effective way to discern between P2X receptor subtypes in native systems. Recent
advances in the development of new small molecules that selectively target the P2X4 receptor subtype
are more powerful tools for investigating the role of P2X4 receptors in heterologous and native systems.
All five selective antagonists tested BAY-1797, BX-430, PSB-12062, 5-BDBD, and Taspine significantly
reduced the ATP-mediated calcium response in a concentration-dependent manner (Table 3.5; Fig
3.19). The complete potency rank of selective and broad-spectrum antagonists for the human P2X4
receptor obtained was BAY-1797 (0.21+0.07uM) = PSB-12062 (0.24+0.04uM) = BX-430 (0.42+0.16uM)
> 5-BDBD (1.31%0.28uM) = Taspine (1.54+0.33uM) > TNP-ATP (16.6+4.71uM) = PPADS (33.8+16.6uM),
confirming broad-spectrum antagonists to be the worst to effectively and selectively inhibit human

P2X4 receptors.

The first P2X4 inhibitor 5-BDBD was described by Bayer in 2004 (Fischer et al., 2004) but had modest
effects on other P2X receptors (Coddou et al., 2019). The potency results for 5-BDBD obtained in the
present study at the human P2X4 receptor (ICsp of 1.31+0.28uM; Fig 3.19G-H; Table 3.5) are well in
agreement with the literature potency values of 0.35uM and 0.78uM obtained in transfected human
astrocytoma cells (Abdelrahman et al., 2017; Bidula et al., 2022) and of 1.5uM when expressed in
HEK293 cells (Balazs et al., 2013). Our data suggested that 5-BDBD may competitively inhibit the human
P2X4 receptors since ATP affinity was compromised (ECsp 5.83+0.32uM, p<0.01), but no significant
reduction of the ATP response maxima was observed (90.1+8.22%, p>0.05; Fig 3.20G-H; Table 3.5).
Previously, 5-BDBD also showed a significant rightward shift of the ATP-evoked calcium responses at
human and rat P2X4 receptors with ECso values of 11.2uM and 15.9uM, respectively, whilst the
magnitude of response was unaffected when expressed in HEK293 cells (Balazs et al., 2013; Coddou et
al., 2019). However, in 2017 an allosteric mode of action was proposed after radioligand binding assays
showed weak displacement of [**S]JATP-y-S upon 5-BDBD in human astrocytoma cells (Abdelrahman et
al., 2017). Therefore, we cannot exclude the possibility that 5-BDBD decreases the ligand-binding
affinity of the human P2X4 channels by allosteric modulation. These results were verified in human
P2X4 receptor stable astrocytoma cells where the presence of 30uM 5-BDBD caused a 68% reduction
of ATP response maxima, as well as a significant increase in ATP potency (10uM; Bidula et al., 2022).
Their study proposed a negative allosteric action of 5-BDBD by intersubunit interactions in the body
region of the human P2X4 receptor (Bidula et al., 2022). This is not totally unexpected, and there is
evidence that compounds that are apparently competitive antagonists are, in fact, negative allosteric
modulators (Zhang et al., 2015; Gao & Jacobson, 2017). It is important to mention that our data analysis
showed significant reductions of ATP response maxima at all other concentrations tested (0.3uM to
10uM; Fig 3.20G), so increasing the ‘N’ number would probably bring down the 30uM ATP-evoked
calcium responses, agreeing with the growing evidence to support an allosteric mode of action of 5-
BDBD.
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5-BDBD provided a starting point to develop more potent and selective antagonists for this receptor.
Indeed, recently discovered BAY-1797, PSB-12062, and BX-430 were the most potent selective
antagonists for human P2X4 receptors with sub-micromolar ICso potency values (Fig 3.19A-F; Table 3.5).
BAY-1797 and PSB-12062 significantly reduced the ATP-mediated maximal calcium responses by 76%
and 36%, respectively (p<0.001 for both), but only PSB-12062 caused a rightward shift of the dose-
response curve significantly increasing the ATP potency value to 2.64+0.94uM (p<0.05; Fig 3.20A-B and
E-F; Table 3.5). These results suggested that PSB-12062 acted as a negative allosteric modulator and
BAY-1797 acted as a non-competitive inhibitor of the human P2X4 receptor agreeing with current
observations (Hernandez-Olmos et al., 2012; Ase et al., 2015; Sophocleous et al., 2020). PSB-12062 was
first described in 2012 and showed effective allosteric inhibition of human P2X4 receptors with a
potency of 1.38uM in stable human astrocytoma cells (Hernandez-Olmos et al., 2012). BAY-1797
showed highly effective non-competitive inhibition of human P2X4 receptors and little to no inhibitory
effects on other P2X receptor subtypes, with 1Cso values of 0.21uM and 0.10uM when expressed in
HEK293 and human astrocytoma cells and reducing the ATP-evoked responses by approximately 25%
and 55% in HEK293 and human astrocytoma cells, respectively (Werner et al., 2019). In addition, the
presence of 10uM BX-430 entirely stopped ATP from evoking a calcium response at any concentration
tested (2.76+4.22% at 30uM ATP, p<0.001; Fig 3.20C-D), also suggesting a non-competitive allosteric
mode of action. In 2015, high-throughput screening of a compound library identified BX-430 as a
selective non-competitive human P2X4 antagonist (ICso of 0.54uM) with no effect on rat and mouse
P2X4 orthologs expressed in HEK293 cells (Ase et al., 2015). Later, the same group proposed an
allosteric binding site for BX-430 in the pre-TM2 upper body region of the human P2X4 receptor (Ase
et al, 2019).

Natural products have also been a valuable source of P2X4 modulators, such as lvermectin. Taspine, an
alkaloid extract of the plant Croton lechleri, is used in traditional medicine by Amazonian tribes for
wound healing and was recently identified as an inhibitor of the human P2X4 receptors with anti-
inflammatory properties (Bin Nadzirin et al., 2021). Characterisation studies demonstrated Taspine
selectivity for inhibiting human P2X4 activity in a non-competitive manner (ICso of 1.54+0.33uM; Fig
3.191-) and 3.16l-J; Table 3.5) over P2X2, P2X3, P2X2/3 or P2X7 receptor subtypes (Bin Nadzirin et al.,
2021). In this study, Taspine and 5-BDBD showed similar half-maximal inhibitory concentrations
(p>0.05; Table 3.5). We proposed that Taspine indirectly suppressed the human P2X4 receptor by
inhibition of the PI3-kinase and depletion of phosphoinositides (PI) rather than through direct

antagonism of the receptor (Bin Nadzirin et al., 2021).

However, all these selective human P2X4 antagonists are poorly water-soluble. While dilution in the
organosulfur solvent DMSO, had no effects on the ATP-evoked intracellular calcium responses (Fig
3.18), analogues of these inhibitors or new small molecules with greater water solubility would make

better and easier-to-use pharmacological tools for both in vitro and in vivo use.

In summary, recombinant human P2X4 receptors were distinguished for their partial activation with

nucleotide analogues other than ATP and their complete inhibition by the competitive inhibitor TNP-
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ATP and the negative allosteric modulators PPADS, BAY-1797, PSB-12062, BX-430, 5-BDBD, and

Taspine.

To conclude, our results showed that intracellular calcium signals accurately reflected the human P2X4
receptor-specific pharmacology. Thereby, any ATP-evoked intracellular calcium response will be

treated as an indirect measure of human P2X4 receptor activity in the following discussed arguments.

3.3.3 The use of dead receptor tools as a reliable experimental system to evidence functional

homo- and hetero-oligomeric human P2X subunit interactions

The publication of the X-ray crystal structures of the closed and ATP-bound zebrafish P2X4 receptor
(Kawate et al., 2009; Hattori & Gouaux, 2012) served as templates for the analysis and interpretation
of previous work. In particular, for the large body of mutagenesis-based structure-function data
regarding the ATP binding site and P2X channel opening mechanism (For reviews see Young, 2010 and
Habermacher et al., 2016). Lysine residues at positions K70 and K316 (zebrafish P2X4 receptor
numbering) were identified as key residues for ATP molecule recognition and binding, and such role
was highly conserved in the P2X receptor evolution (Jiang et al.,, 2000; Chataigneau et al., 2013;
Fountain et al., 2007). It was confirmed that the P2X receptor ATP binding pocket is located at the
interface of two adjacent subunits comprising the head and left flipper of one subunit and the dorsal
fin of another (Fig 1.5). So, there are three potential ATP-biding pockets in a functional P2X trimer.
Initially, it was believed that three ATP molecules were required to activate the receptor (Bean, 1990).
Later studies revealed that occupancy of only one binding site of the P2X receptor did not induce
channel opening but produced a conformational change that strongly influenced the binding of the
second and third ligand molecules, suggestive of positive cooperation rather than independent binding
(Jiang et al., 2003). This principle was confirmed by a mutagenesis-based study of the ATP binding site
after the zebrafish P2X4 receptor ATP-bound structure was released, which showed that the binding of

two ATP molecules was sufficient to gate the receptors (Chataigneau et al., 2013).

As previously mentioned, the P2X2/3 heteromeric receptor is exclusively recognised by the research
community because of its distinct pharmacological profile resulting from the combination of P2X2 and
P2X3 homomeric channel properties (Lewis et al., 1995). In 2006, Wilkinson et al. proposed and used
the dead receptor hypothesis to find out the subunit stoichiometry of the rat P2X2/3 heterotrimer (Fig
3.1; Wilkinson et al., 2006). Their hypothesis was based on three concepts mentioned above: i) lysines
in positions K70 and K316 (zebrafish P2X4 receptor numbering) are crucial for the recognition and
binding of ATP molecules, ii) at least two agonist binding sites are required for P2X channel activation
and iii) occupancy of only one agonist binding site does not induce channel opening (Fig 3.1). Single
lysine-to-alanine mutations in K63 and K299 residues for the rat P2X3 prevented P2X2/3 channel
function in HEK293 cells. Wild-type rat P2X3 rescued the P2X2/3 receptor function when co-expressed
with rat P2X2 [K69A] and [K308A] single lysine-to-alanine mutants, but not when both residues were
mutated (Fig 3.1; Wilkinson et al., 2006). These data suggested a 1:2 subunit stoichiometry favouring
the P2X3 subunit (Wilkinson et al., 2006). Their results agreed with a preceding analysis of P2X subunit

arrangements that used engineered cysteine substitutions at the outer ends of the transmembrane
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domain to join P2X2 and P2X3 subunits by disulphide bonds (Jiang et al., 2003). Considering these
experiments were carried out during the pre-structure time, we can firmly say these data greatly
contributed to the current knowledge that K70 and K316 residues (equivalent zebrafish P2X4 receptor

numbering) from two different subunits interact with the ATP molecule and coordinate agonist binding.

Before exploring possible functional human P2X4 heteromeric interactions, | first wanted to
demonstrate if the proposed dead receptor hypothesis could accurately identify the human orthologue
of the well-established P2X2/3 heteromer. This study showed that aB-MeATP evoked slow-
desensitising intracellular calcium responses in a concentration-dependent manner in human 1321N1
astrocytoma cells transiently co-transfected with human P2X2 wild-type and human P2X3 wild-type
subunits, but no responses were observed when only the human P2X2 wild-type subunit was present
(Fig 3.36). Experiments to exemplify an aB-MeATP-evoked intracellular calcium influx in human
astrocytoma cells transiently transfected with human P2X3 wild-type subunits were also carried out.
Although the FlexStation 3 device's quickest 1-second sampling settings were set, they were not fast
enough to detect any human P2X3 receptor-mediated calcium responses. The human P2X3 receptor
subtype is characterised for having the fastest desensitisation among the human P2X family of
receptors within the millisecond range (Garcia-Guzman et al., 1997; Bianchi et al., 1999). This probably
justifies why we could not detect its activity in the FlexStation 3 device, but we could see it in whole-
cell patch-clamp electrophysiology experiments (Richards et al., 2019). Our lab previously reported
intracellular calcium responses upon application of af-MeATP in human P2X3 stable astrocytoma cells
using 1-second sampling (Bin Nadzirin et al., 2021). In this study, we could only detect human P2X3
wild-type channel activity when transiently co-expressed with human P2X2 wild-type subunits. These
arguments suggested that despite achieving high protein expression amounts of human P2X3 wild-type
subunits at both whole-cell and cell membrane levels (Fig 3.35A-B), our transient transfection protocol
highly optimised for human P2X4-mediated calcium responses required further improvement to obtain
aB-MeATP-evoked calcium signals for the human P2X3 wild-type receptor. Nevertheless, our results
align with the characteristic P2X2/3 heterotrimer pharmacological profile, previously identified as a
sustained response to af-MeATP (Lewis et al., 1995). ATP evoked an intracellular calcium response
twice as big as the one evoked by af-MeATP in human 1321N1 parental astrocytoma cells transiently
co-transfected with human P2X2 and human P2X3 wild-type subunits (p<0.001; Fig 3.36B). Altogether,
these results indicated that ATP fully activates both human P2X2 and P2X3 wild-type receptors, but its
analogue af-MeATP activates only the human P2X3 subtype acting as a partial agonist of the human
P2X3 subtype. Whole-cell and cell surface expression levels of human P2X2 wild-type and P2X2 [K81A,
K319A] dead subunits were comparable between them and to human P2X3 wild-type subunit
expression levels (Fig 3.35). Substitutions of K81 and K319 of the human P2X2 receptor (equivalent to
the K69 and K308 positions in rat P2X2 receptors) by alanine residues caused a significant loss of
channel function, resulting in a 100-fold reduction in channel sensitivity to both a-MeATP and ATP (Fig
3.36A-D). These results inferred that a wild-type P2X3 subunit did not rescue channel function when
co-expressed with a human P2X2 [K81A, K319A] dead subunit, suggesting that the human P2X2 double

mutant subunit had a dominant negative effect in channel function. Our data aligned with the findings
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of Wilkinson et al. in the rat orthologue (Wilkinson et al., 2006). Moreover, physical subunit interactions
were observed for human P2X3 wild-type with human P2X2 wild-type proteins (Fig 3.37A-B). In
agreement with this, no human P2X3 wild-type proteins were detected when the extracts of cells
separately transfected with human P2X2 FLAG-tagged wild-type or P2X3 HA-tagged wild-type subunits
were subjected to the anti-FLAG purification procedure. Reciprocate co-immunoprecipitation data also
showed positive interaction bands for human P2X2 wild-type subunits when co-expressed with human
P2X3 wild-type subunits but not when individually transfected after anti-HA purification (Fig 3.37C-D).
Both functional and biochemical data results insinuated that the formation of heteromeric complexes
between human P2X2 and P2X3 wild-type subunits possibly occurred. Experiments to confirm physical
interaction between human P2X2 [K81A, K319A] dead subunits and human P2X3 wild-type subunits

should be pursued for completion.

The two main limitations of this study are: i) the FlexStation 3 device provides an averaged intracellular
calcium influx measurement from a confluent cell culture and ii) the gene expression of transient co-
transfection methods has an unpredictable nature. The recorded responses potentially came from cell
populations with different receptor expression profiles, including: human P2X2 homomers, human
P2X3 homomers, mixed human P2X2 and P2X3 homomers, human P2X2/3 heteromers, mixed human
P2X2 and P2X2/3 receptors, and mixed human P2X3 and P2X2/3 receptors, and inevitably some
untransfected cells. Considering these limitations, we cannot make any assumptions about subunit
arrangements in this experimental system. Initially and as detailed in the hypothesis of the dead
receptor, it was assumed that P2X2/3 receptors consisted of two P2X3 subunits and one P2X2 subunit
(Jiang et al., 2003; Wilkinson et al., 2006), but the inverse subunit combination was later shown to be
functional in heterologous expression systems, opening the possibility of flexible P2X2/3 subunit
assembly determined by the relative subunit availability (Kowalski et al., 2015). Further work to

elucidate human P2X2/3 heteromeric subunit stoichiometry is required.

In conclusion, these data verified the use of dead receptors as reliable tools to prove the existence of
functional and physical human P2X2 and P2X3 subunit interactions and confirmed that both
ectodomain lysines K70 and K316 (equivalent zebrafish P2X4 receptor numbering) were crucial for
agonist recognition and receptor activation, agreeing with previous publications (Jiang et al., 2000,
2003; Wilkinson et al., 2006; Chataigneau et al., 2013).

Before exploring possible functional human P2X4 heteromeric interactions, the next goal was to
demonstrate that human P2X4 subunits functionally and physically interacted to form a functional
homomeric channel using dead receptor tools. We have seen that ATP evoked intracellular calcium
responses in a concentration-dependent manner through stably expressed human P2X4 wild-type
receptors (Fig 3.11), as well as through transiently transfected human P2X4 wild-type receptors (Fig
3.28). Moreover, we claimed that our heterologous system accurately reflected the human P2X4

pharmacological properties in section 5.2.2.

The corresponding lysines in positions 67 and 313 of the human P2X4 subunit (equivalent to the K69

and K308 positions in rat P2X2 receptors) were substituted by alanine residues as per the hypothesis of
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the dead receptor (Fig 3.1). Initial experiments reported a small but significant reduction of the human
P2X4 ATP-evoked calcium responses when the dead subunit was transiently expressed in the stable cell
line (35% reduction vs plasmid control, p<0.01; Fig 3.22A and D). Similar results were observed when
human P2X4 [K67A] and human P2X4 [K313A] single alanine mutants were transiently transfected into
human P2X4 wild-type stable astrocytoma cells (35% and 42% reduction, respectively, p<0.01 for both
vs plasmid control; Fig 3.22B and D). Although these data seemed promising, we faced two big concerns

using human 1321N1 astrocytoma cells stably expressing human P2X4 receptors as our model.

Firstly, the observed reductions of the ATP-evoked calcium responses could be a consequence of a
restricted expression of human P2X4 wild-type proteins due to additional gene and protein expression
of transiently transfected human P2X4 dead subunits. Besides, human P2X4 [K67A, K313A] FLAG-tagged
dead subunits were highly expressed at whole-cell and cell surface levels when transiently transfected
in human P2X4 stable astrocytoma cells (1.04+0.23au and 0.90+0.25au, respectively, p>0.05; Fig 3.21).
Precisely, gene expression is controlled on two levels. First, transcription is controlled by limiting the
amount of mMRNA produced from a particular gene. The second level of control is through post-
transcriptional events that regulate the translation of mRNA into proteins. To ensure that single and
double lysine-to-alanine mutations represented a true loss of human P2X4 receptor function and were
not due to a reduction of wild-type channel expression at the cell membrane, a control for protein
expression was carried out. Transient transfection of a different ligand-gated ion channel, i.e., human
a7 nicotinic acetylcholine receptor (a7 nAChR), did not affect the ATP-induced intracellular calcium
response in 1321N1 astrocytoma cells stably expressing human P2X4 WT receptors (88.9+5.35%,
p>0.05 vs plasmid control; Fig 3.22C-D). Whole-cell Western blots to detect the protein expression of
human a7 nicotinic acetylcholine receptors were unsuccessful. We used a rabbit anti-nAChRa7 (1:1000,
ANC-007 from Alomone Labs) targeting an extracellular epitope which could have been denatured
under the conditions used. Other studies reported low expression levels of human a7 nicotinic
acetylcholine receptor when transfected in HEK293 cells, even when co-expressed with RIC-3, an
associated protein required for efficient receptor folding, assembly, and functional expression of
homomeric human a7 nAChR receptors (Gong et al., 2016). This group used a different antibody from
Santa-Cruz Biotechnology (SC-5544) which was discontinued and we could not try. Intracellular calcium
measurements could not detect signals generated by the opening of a7 nAChR receptors in response
to 100uM acetylcholine. Using high concentrations of another agonist (i.e., nicotine at 100uM, 300uM
and 1mM) could prove the functional activity of a7 nAChR receptors as it was previously reported in
HEK293 cells (Gong et al., 2016). Co-transfection of human a7 nAChR receptors with RIC-3 would
perhaps improve our functional data. Nevertheless, we were able to show expression of human a7
nAChR receptors in immunocytochemistry assays which aligned with expression patterns shown by
other studies (Gong et al.,, 2016) and supported that native protein structure was necessary for
recognition of the extracellular epitope by the antibody we used (Fig 2.2). These results were
fundamental to correctly interpret the role of ectodomain lysine residues in human P2X4 subunits and

receptor function.
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And secondly, important antibody specificity issues were encountered when we wanted to detect
human P2X4 wild-type subunit expression, as detailed in Chapter 3, section 3.2.3.2. The stably
expressed human P2X4 wild-type receptor had a small EE tag at the C-terminal end, which would be
used for co-immunoprecipitation studies. Immunoblotting with rabbit anti-EE (Cell Signalling)
antibodies did not detect any human P2X4 EE-tagged protein bands at various concentrations (Fig 3.25B
and D). We thought the issue might have been that the stable receptor contained a different tag.
However, sequencing analysis confirmed the presence of the nucleotide sequence
“GAATATATGCCGATGGAA” (5'-3’), which corresponds to the EYMPME peptide sequence, also called
EE tag. Two rabbit anti-EE antibodies (Merck and Bethyl Labs) also failed to detect human P2X4 specific
protein bands (Fig 3.25D). As claimed previously, the heterologously expressed human P2X4 wild-type
receptor accurately represented its receptor-specific pharmacological profile, so the issue had to be
the antibody itself. We then considered using the commercially available anti-P2X4 antibodies to
demonstrate the presence of human P2X4 wild-type proteins and for co-immunoprecipitation assays.
However, both anti-P2X4 intracellular and extracellular epitope antibodies lacked specificity for human
P2X4 wild-type receptors in transiently transfected 1321N1 astrocytoma cells (Fig 3.26). The former
detected high expression of 60KDa bands corresponding to the human P2X4-specific glycosylated
molecular weight (Hu et al., 2002) but also detected lower molecular weight unspecific bands of
approximately 50KDa, 45KDa and 37KDa, in transiently transfected and untransfected parental
astrocytoma cell lysates (Fig 3.26). The latter did not detect any human P2X4 specific bands, most likely
because of the denaturation of the extracellular epitope under the conditions used (Fig 3.26). These
options were discarded because all failed to detect clear human P2X4-specific protein bands in human
1321N1 astrocytoma cells. Reducing the amount of antibody used could have removed these unspecific
bands. However, | used 1:125 antibody dilutions for protein pull-down in co-immunoprecipitation
assays and thus, this antibody would not have been an option to get a clean immunoprecipitated band.
Furthermore, it would have been more difficult to prove a functional interaction between human P2X4
subunits for the hypothesis of the dead receptor proof-of-concept. Finally, we purchased a human P2X4
plasmid containing a HA C-terminus tag instead. The mouse anti-HA tagged antibody specifically
detected the 60KDa band for glycosylated human P2X4 receptors transiently expressed in human
1321N1 parental cells while no background signals were observed (Fig 3.27). These data not only
provided information about which antibodies to use but also ensured that the presence of a HA C-

terminal epitope tag did not alter human P2X4 wild-type protein expression.

Considering these limitations, the identification of functional human P2X4 receptor variants may have
been hampered by using stable 1321N1 cells, particularly if the dead receptor tools exhibited lower
protein expression levels at the cell membrane compared to an overexpressed human P2X4 wild-type
receptor or vice versa, thus covering their real effects in channel function. Therefore, the results
obtained could have been misestimated. Moreover, there was no suitable antibody to purify stably
expressed human P2X4 wild-type receptors specifically, compromising the critical biochemical study of
this thesis. Consequently, | optimised transient co-transfection of human 1321N1 parental astrocytoma

cells as the new experimental system and used human P2X4 WT HA-tagged constructs combined with

154



The hypothesis of the dead receptor and validation of the experimental system | Chapter 3

other P2X FLAG-tagged subunits for functional protein interaction studies. Doubling the amount of
plasmid DNA did not alter transfection efficiency or cell viability as human 1321N1 parental
astrocytoma cells transiently transfected with either 200ng or 400ng of human P2X4 wild-type plasmid
DNA showed identical ATP-evoked intracellular calcium responses (81.3%7.65% vs 88.9+4.90%,
respectively, p>0.05; Fig 3.23).

Furthermore, transient co-transfection of human P2X4 wild-type and P2X4 [K67A, K313A] dead subunits
into human 1321N1 parental astrocytoma cells showed an approximately 50% reduction of the 30uM
ATP-evoked calcium responses, which was much greater compared to previous observations in stable
astrocytoma cells (Fig 3.24). Co-transfection with human a7 nicotinic acetylcholine receptors did not
affect the intracellular calcium responses mediated by human P2X4 wild-type receptors (109.2+7.04%,
p>0.05 vs plasmid control; Fig 3.24). Despite all recommendations taken, the system was still biased
towards one concentration of one agonist, namely 30uM ATP. To rule this pre-screening bias out and
ensure a more robust yet practical data collection, we analysed the effects of dead receptor tools on
human P2X4 channel function using ATP concentration-response curves instead. Analysing ATP
concentration-response data not only improved the strength of the study but also provided us with
more information regarding potential effects on the human P2X4 wild-type ATP efficacy and potency
values. Significant human P2X4 wild-type loss of function when human P2X4 [K67A, K313A] subunits
were transiently co-transfected in parental astrocytoma cells became evident at various concentrations
of ATP extending from 300nM to 300uM (p<0.01 and p<0.001, respectively; Fig 3.33). Maximal
inhibitory effects were also reached at a 30uM ATP concentration with a nearly 60% reduction of the
calcium response (p<0.001 vs plasmid control; Fig 3.33). Co-transfection of human P2X4 [K67A, K313A]
did not affect the human P2X4 wild-type ATP ECso (1.11+0.30uM vs 2.40+0.79uM for plasmid control,
p>0.05; Fig 3.33A). This information suggested that the number of functional human P2X4 receptors at
the cell membrane was not affected by co-transfection with human P2X4 dead subunits, as the affinity
for ATP remained unchanged. These aligned with our dead receptor hypothesis, where dead subunits
would analogously act like non-competitive inhibitors of the human P2X4 wild-type receptor,
suppressing its activity by restricting the number of available ATP binding sites (Fig 3.1). In addition,
both human P2X4 HA-tagged wildtype subunits and P2X4 [K67A, K313A] FLAG-tagged dead subunits
were highly expressed at whole-cell and cell surface levels in parental astrocytoma cells (Fig 3.32).
Expression levels of human P2X4 dead subunits were comparable to previous data obtained in stable
human P2X4 astrocytoma cells (Fig 3.21). While human P2X4 wild-type expression levels remained
constant when co-expressed with human P2X4 dead subunits, confirming our previous statement, a
smaller amount of monomeric human P2X4 [K67A, K313A] dead receptors was detected at the cell
membrane when co-expressed with human P2X4 wild-type subunits (Fig 3.32). These data allowed us
to demonstrate the suspected different protein expression patterns, which were a primary concern of
this study. This apparent reduction is possibly explained by an increment in the expression of human
P2X4 [K67A, K313A] higher molecular weight species at the cell membrane that were not observed
previously in stable cells. As discussed in section 5.2.1, these greater molecular weight species of

120KDa and 180KDa were considered human P2X4 dimeric and trimeric receptors formed by subunit
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multimerisation, respectively (Bergmann et al., 2019; Glass et al., 2002). Cells regulate the number of
receptor molecules in the plasma membrane. Another potential explanation for reduced expression of
60KDa human P2X4 [K67A, K313A] would be impaired trafficking to the cell membrane as
malfunctioning proteins can be detected and retained in the endoplasmic reticulum by a phenomenon
called ‘quality control’ (Nicke et al., 1998; Hammond & Helenius, 1995; Sun & Brodsky, 2019). The
120KDa and 180KDa higher molecular weight proteins were also observed at the cell membrane
fractions for human P2X4 wild-type subunits, where functional/trimeric P2X4 receptors were expected
to form (Nicke et al., 2005; Young et al., 2008; Kawate et al., 2009). An extra band was also detected
for human P2X4 [K67A, K313A] dead receptors of just over 250KDa. There are two possibilities to
explain these much heavier bands: i) they corresponded most likely to folding and assembly artefacts
of the overexpressed protein, or ii) they corresponded to tetrameric interactions. Although further
experiments are required for clarification, we hypothesised that artificial protein aggregation occurred
and that the resulting mass was retained in the stacking phase of the SDS-PAGE gel over the formation

of an unlikely tetrameric P2X4 channel (Nicke et al., 1998).

Overall, we interpreted that a wild-type P2X4 subunit did not completely rescue channel function when
co-expressed with a human P2X4 [K67A, K313A] dead subunit, suggesting that the human P2X4 double
mutant subunit had a dominant negative effect in channel function. Comparable results were observed
when co-expressed with human P2X4 [K67A] and P2X4 [K313A] subunits, suggesting that both lysine
residues have equivalent roles. These claims partially agree with the original hypothesis of the dead
receptor, where the first lysine was found to be critical for P2X2/3 channel function and the second one
slightly less so (Wilkinson et al., 2006). We concluded that the effects of these lysine residues are likely
to not be independent and that an interaction occurs between K67 and K313 in order to gate the human
P2X4 receptor. Moreover, the particular effects of lysine-to-alanine mutations might differ depending

on the P2X receptor subtype.

Finally, human P2X4 wild-type HA-tagged proteins formed interaction complexes with both human
P2X4 wild-type FLAG-tagged proteins (Fig 3.31) and human P2X4 [K67A, K313A] FLAG-tagged dead
subunits (Fig 3.34). In agreement with this, no human P2X4 wild-type HA-tagged proteins were detected
when anti-FLAG purification was performed on samples separately transfected with human P2X4 FLAG-
tagged wild-type or dead subunits, or P2X4 HA-tagged wild-type subunits (Fig 3.31A-B and 3.32A-B).
Reciprocate co-immunoprecipitation data also showed positive interaction bands for human P2X4
FLAG-tagged wild-type and dead subunits when co-expressed with human P2X4 HA-tagged wild-type
subunits but not when transfected individually after anti-HA purification (Fig 3.31C-D and 3.34C-D). The
relative amount of human P2X4 HA-tagged wild-type subunits and human P2X4 FLAG-tagged wild-type
subunits in the 60KDa protein interaction complex was equivalent using either combination of pull-
down and immunoblotting antibodies (p>0.05; Fig 3.31). Similarly, comparable amounts of human P2X4
HA-tagged wild-type subunits and human P2X4 [K67A, K313A] FLAG-tagged dead subunits were present
in the 60KDa co-immunoprecipitated complex (p>0.05; Fig 3.34). Nevertheless, a significant reduction
of human P2X4 wild-type HA-tagged proteins in the precipitate complex lane compared to input control
was observed (p<0.05; Fig 3.34A-B) while co-immunoprecipitated human P2X4 [K67A, K313A] FLAG-
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tagged protein levels remained unchanged compared to input control (p>0.05; Fig 3.34C-D). We
proposed that these differences result from variability in co-transfection efficiency between
experiments combined with differences in antigen-antibody affinities and protein expression patterns
in our model system. Firstly, our data showed no significant differences between human P2X4 wild-
type and human P2X4 dead subunits at whole-cell and cell surface levels (Fig 3.32). Secondly, total cell
extracts were used for co-immunoprecipitation studies, so differences in cell surface expression levels
would not have affected our results. Thirdly, anti-FLAG antibodies might have a lower affinity for their
epitope compared to anti-HA antibodies causing a lower amount of human P2X4 dead subunits to be
precipitated, so fewer amounts of human P2X4 wild-type proteins would be present in the interaction
complex compared to input control but not vice versa (Fig 3.34). Fourthly, there was an increment in
higher molecular weight species in the co-immunoprecipitated lane, possibly accounting for some
reduction of the 60KDa monomeric band. These higher interaction complexes observed at 120KDa and
180KDa suggested that the possible formation of dimeric and trimeric receptors also occurred
(Bergmann et al., 2019; Glass et al., 2002). Moreover, another study revealed that only one wild-type
subunit was required for receptor retention at the plasma membrane, while two wild-type subunits
were needed for channel function (Chaumont et al., 2004), possibly justifying some of the higher
molecular weight human P2X4 dead subunit species observed at the cell membrane (Fig 3.32). These
suggest that some monomeric, dimeric, and trimeric protein interactions between wild-type and dead
subunits occurred, aligning with what we observed in Figure 3.34 (Bergmann et al., 2019; Glass et al,,
2002). Both functional and biochemical data results indicated the possible formation of homomeric
complexes between human P2X4 HA-tagged wild-type and P2X4 FLAG-tagged wild-type subunits, as
well as ‘homomeric’ complexes formed by human P2X4 HA-tagged wild-type and P2X4 [K67A, K313A)]
FLAG-tagged dead subunits.

As discussed before, there is no easy way to interpret these data as the FlexStation 3 instrument
measures an average calcium influx response of a confluent well. Human P2X4 receptors assemble as
trimers to form a functional ion channel, so transient co-transfection of human P2X4 wild-type subunits
and human P2X4 dead subunits could result in different receptor expression profiles. These could be:
human P2X4 wild-type homomers, human P2X4 [K67A, K313A] homomers, mixed human P2X4 wild-
type and P2X4 [K67A, K313A] homomers, human P2X4 WT/P2X4 [K67A, K313A] receptors, mixed
human P2X4 wild-type homomers and P2X4 WT/P2X4 [K67A, K313A] receptors, and inevitably some
untransfected cells. Therefore, the present analysis cannot distinguish between different numbers of
ligand binding sites and different degrees of intersubunit cooperativity in the heteromeric versus the
homomeric channels. However, it gives a solid starting point to elucidate potential human P2X4

functional subunit interactions.

Taken together, these results i) provided a meticulous transient co-transfection protocol for successful
heterologous co-expression of purinergic receptors in human astrocytoma cells, ii) supported human
1321N1 parental astrocytoma cells as a better cell line model to study the effects of dead subunits on

the human P2X4 wild-type ATP-evoked calcium responses over the human P2X4 stable astrocytoma cell
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line, iii) verified the use of dead receptor tools as a well-rounded experimental system to elucidate

potential homo- and hetero-oligomeric human P2X subunit interactions.
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4.1 Introduction

P2X receptors have a trimeric structure, where three different subunits assemble around a common
pore to form a functional ion channel. These subunits can be the same P2X subtype and form
homotrimers, or they can be different and form P2X heterotrimers. Current genetic, biochemical, and
physiological evidence indicates that all P2X subtypes can form homotrimers, excluding the P2X6
receptor subtype. Thus, six P2X homotrimeric receptors have been described in mammals (North, 2002;
Burnstock, 2018). Initial evidence for the formation of functional P2X heteromers was obtained from
the co-expression of the slow desensitising and aB-MeATP-insensitive P2X2 receptor with the fast
desensitising and a-MeATP-sensitive P2X3 receptor (Lewis et al., 1995). Their combination resulted in
a novel P2X receptor pharmacological profile: a slowly desensitising and ap-MeATP-sensitive P2X2/3
heteromeric receptor, merging properties from both homomers (Lewis et al.,, 1995). From here,
evidence regarding P2X heteromerisation started to emerge. The first systematic analysis of co-
expressed HA- and FLAG-tagged rat P2X subunits in HEK293 cells predicted eleven possible P2X
heterotrimeric receptors using co-immunoprecipitation assays (Torres et al., 1999). However, only
seven heteromeric receptors have been characterised using electrophysiology techniques in rodent
models: P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/5, P2X2/6, and P2X4/6 (Table 4.1; Saul et al., 2013).
According to this study, all P2X subtypes can organise as heterotrimeric receptors except the P2X7
receptor subtype. From these, the P2X1/5 and P2X2/3 receptors have been unambiguously
characterised as heteromeric P2X receptors in native rodent tissues, and only the P2X2/3 heteromeric
receptor has been functionally established in humans and is widely accepted by the research
community (Table 4.1; Saul et al., 2013; Burnstock, 2018).

In the following paragraphs, | describe the information in Table 4.1, which summarises current findings
involving the most functionally characterised P2X heteromers and the experimental systems employed,
specifically which biochemical or functional assays and model organisms were used. Most P2X
heteromeric receptors reported so far are defined by the combination of the pharmacological
characteristics of each constituent subunit. The slowly desensitising subunit usually dominates the
kinetic properties of the heteromer. Whereas the subunit with a higher affinity for the agonist and/or

antagonist used greatly influences the ligand-binding sensitivity of the proposed heteromer.

Heterologously expressed P2X1 and P2X2 subunits can generate heteromeric receptors at the plasma
membrane with a suggested 2:1 stoichiometry in favour of the P2X1 subunit (Brown et al., 2002;
Aschrafi et al.,, 2004). The heteromeric P2X1/2 receptor followed similar P2X1 homomeric
pharmacological characteristics, including a rapid desensitisation phase, but displayed pH sensitivity,
resembling the P2X2 homomeric receptor (Aschrafi et al., 2004; Marquez-Klaka et al., 2009). Calvert
and Evans contemplated the existence of P2X1/2 heteromeric receptors in mouse superior cervical
ganglion neurons given that af-MeATP stimulation showed mixed pharmacological profiles suggestive
of a heterogenous P2X receptor population (Calvert & Evans, 2004). Nevertheless, these
pharmacological profiles have not been completely characterised, and no definite evidence exists for

native P2X1/2 heteromeric assembly.
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Initial co-purification experiments failed to show an interaction between rat P2X1 and P2X4 subunits in
HEK293 cells (Lé et al., 1998; Torres et al., 1999). However, a P2X1/4 heteromeric interaction was later
observed by co-purification and subsequent Blue Native polyacrylamide gel electrophoresis (BN-PAGE)
analysis in Xenopus laevis oocytes (Nicke et al., 2005). The heteromeric assembly of P2X1 and P2X4
subunits resulted in a functional channel with high sensitivity to aB-MeATP and a slow desensitisation
profile, properties similar to homomeric P2X1 receptors and homomeric P2X4 receptors, respectively.
In addition, heteromeric P2X1/4 receptors were blocked by Suramin and TNP-ATP (Nicke et al., 2005).
P2X1 homomeric receptors are sensitive to Suramin inhibition but not P2X4 homomeric receptors.
Other studies also presented P2X1/4 functional electrophysiological data in rodent (Kennedy et al.,
2007; Harhun et al,, 2014) and human (Conant et al., 2008; Nichols et al., 2014) vascular smooth muscle

cells. This combination is further discussed later in this chapter (sections 4.2.1.1 and 4.3.1).

Smooth muscle cells and some immune cells express P2X1 and P2X5 receptors, which raises the
possibility of a functional heteromeric subunit interaction. Expression of heteromeric P2X1/5 receptors
displayed P2X1-like sensitivity to aB-MeATP and a non-desensitising phase similar to functional
homomeric P2X5 currents (Torres et al., 1998, 1999; Haines et al., 1999; Lé et al., 1999; Surprenant et
al., 2000). Cells expressing P2X1/5 receptors were more sensitive to ATP than those only expressing the
homomeric receptors (Surprenant et al., 2000). There is pharmacological evidence suggesting the
existence of P2X1/5 heteromers in rodent native systems, such as guinea pig mesenteric arteries

(Surprenant et al., 2000) and mouse cortical astrocytes (Lalo et al., 2008).

Heteromeric P2X2/3 receptors exhibit pharmacological properties similar to those of P2X3 homomers,
including sensitivity to af-MeATP and a similar rank order of agonist potencies (Koshimizu et al., 2002).
They can be distinguished from homomeric P2X3 receptors by their slow desensitisation phase
(Koshimizu et al., 2002). P2X2/3 receptors are the best-characterised P2X heteromeric receptors to
date. There is solid evidence for P2X2/3 receptor expression in vivo in sensory neurons and its functional
role in sensory neurotransmission (Lewis et al., 1995; Cockayne et al., 2005). Table 4.1 only contains
initial and more recent findings that prove the existence of native P2X2/3 heteromeric receptors. This

heteromeric combination has been thoroughly discussed in Chapter 3 (sections 3.1, 3.2.3.4, and 3.3.3).

Besides co-immunoprecipitation studies (Torres et al., 1999), biochemical evidence for the possible
existence of a rat P2X2/5 heteromeric receptor was provided by an enzyme-linked immunosorbent
assay (ELISA) that measured the increase in plasma membrane expression of a trafficking-deficient P2X2
subunit by co-expression with a wild-type P2X5 subunit, and vice versa (Compan et al.,, 2012). In
addition, measured distances in Bioluminescence Resonance Energy Transfer (BRET) and Bimolecular
Fluorescence Complementation (BiFC) studies were sufficiently close to suggest P2X2 and P2X5 protein
interactions (Compan et al., 2012). However, there is no conclusive data for the existence of P2X2/5

heteromers yet.

No evidence for functional human P2X6 homomeric receptors has been found to date, and it is
therefore considered a ‘silent” subunit in humans (llles et al., 2021). There is a growing belief that the

P2X6 subunit might only contribute to functional channels when other P2X subunits are present,
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namely P2X2 and P2X4 (Torres et al.,, 1999). A flexible expression-dependent P2X2/6 subunit
stoichiometry was initially observed by Atomic Force Microscopy (AFM; Barrera et al., 2005). But later,
a 2:1 subunit stoichiometry consisting of two P2X2 subunits and one P2X6 subunit was suggested using
biochemical and functional analysis of heterologously expressed P2X2/6 receptors (Hausmann et al,,
2012). ATP-induced fast activating and slowly desensitising P2X2-like currents when both subunits were
co-expressed in Xenopus laevis oocytes and showed a more convincing novel P2X2/6 heteromeric
phenotype when sensitivity to AP4A was lost and inhibition by Suramin caused biphasic currents at pH
6.5, given that AP4A acts as a full agonist at homomeric P2X2 receptors and P2X6 receptors are
insensitive to blockade by Suramin (King et al. 2000). Nevertheless, there is no clear proof for the

presence of functional heterotrimeric P2X2/6 assemblies in native cells or tissues.

Rat P2X4 and P2X5 subunits co-immunoprecipitated when heterologously expressed in HEK293 cells
(Torres et al., 1999) and in Xenopus laevis oocytes (Compan et al., 2012) but have not been further
investigated. Functional interactions between human P2X4 and P2X5 subunits are discussed later in this
thesis chapter (sections 4.2.1.3 and 4.3.4).

Co-immunoprecipitation of P2X4 and P2X6 subunits was observed in Xenopus laevis oocytes and rat
hippocampal neurons (Lé et al., 1998; Torres et al., 1999; Khakh et al., 1999). The functional properties
of P2X4/6 receptors are difficult to interpret because the differences between homomeric P2X4
receptors and P2X4/6 receptors are minor and the two groups that managed to express a functional
P2X6 homotrimer showed controversial data regarding its sensitivity to af-MeATP (Collo et al., 1996;
Jones et al., 2004). Similar cellular distribution and internalisation patterns between P2X4 and P2X4/6
receptors in primary cultures of rat neurons were also reported (Bobanovic et al., 2002). Still, it is
currently unclear whether native P2X4 and P2X6 channels can exist as heteromers. Sections 4.2.1.1 and

4.3.5 in this thesis chapter examine functional interactions between human P2X4 and P2X6 subunits.

There is controversial data regarding interactions between P2X4 and P2X7 receptors. The original co-
immunoprecipitation screening using recombinant HEK293 cells failed to show positive protein
interaction between rat P2X4 and P2X7 subunits (Torres et al., 1999). A later study in 2013 also
performed in a heterologous system, presented electrophysiological evidence that P2X7 subunits were
not able to combine with other P2X subunits (Saul et al., 2013). Thus, P2X7 were the only P2X receptors
unable to form heterotrimers (Saul et al., 2013; Burnstock, 2018). The only study that showed a physical
interaction between heterologous rat P2X4 and P2X7 proteins was published in 2007 (Guo et al., 2007).
Guo et al. also provided initial electrophysiological evidence for a functional heteromeric P2X4/7
receptor by co-expressing dominant-negative and non-dominant-negative P2X4 mutants with P2X7
wild-type receptors. However, the suggested pharmacological properties were only characterised using
ivermectin and TNP-ATP, both effectively acting at homomeric P2X4 receptors (Guo et al., 2007). No
P2X7-specific pharmacological tools were used to differentiate homomeric P2X7 from heteromeric
P2X4/7 receptors in their study. Guo et al. successfully showed co-immunoprecipitation of P2X4 and
P2X7 proteins from mice bone marrow-derived macrophages (BMDM) but the combination was not

further analysed in such cells (Guo et al.,, 2007). Similarly, other studies have shown a more likely
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physical interaction between P2X4 and P2X7 homotrimers in rodents but none have further
investigated the physiological implications of such an arrangement (Nicke, 2008; Boumechache et al.,
2009; Antonio et al., 2011). Additional examination of human P2X4 and P2X7 receptor interactions is
discussed later in sections 4.2.1.4 and 4.3.6 of this chapter.

Finally, three studies speculated the formation of heterotrimeric P2X receptors formed by the
association of P2X2, P2X4, and P2X6 subunits with P2X2 homomer-like electrophysiology properties
and with the P2X6 subunit acting as a linker between the other two subunits (Hugel & Schlichter, 2000;
Rubio & Soto, 2001; Antonio et al., 2009). Additionally, P2X2, P2X4, and P2X6 subunits colocalised in
rat spinal cord dorsal horn neurons, rat Purkinje neurons, and rat Leydig cells (Hugel & Schlichter, 2000;
Rubio & Soto, 2001; Antonio et al.,, 2009). Their conclusions were later confirmed by positive co-
purification of P2X2, P2X4, and P2X6 subunits and by Atomic Force Microscopy imaging (Antonio et al,,
2014).
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Table 4.1. Current biochemical and functional evidence for P2X receptor heteromerisation.

Heteromer Biochemical evidence Functional evidence

Model organism

Reference

ColP - HEK293 (rat), X. laevis (rat) Torres et al., 1999; Aschrafiet al., 2004
BN-PAGE Eohvs X, laevis (rat) Aschrafi et al., 2004; Marquez-Klaka et
P2X1/2 Py ' al., 2009
- Ephys X. laevis (rat) Brown et al., 2002
- Ephys, ca® imaging Mice SCG neurons Calvert & Evans, 2004
ColP, BN-PAGE Ephys X. laevis (rat) Rettinger et al., 2000; Nicke et al., 2005
- Ephys, Ca?" imaging Rat middle cerebral arteries Harhun et al., 2014
P2X1/4 Guinea pig urinary bladder and vas Kennedy et al., 2007
deferens SMCs
- Ephys -
Human coronary arteries Conant et al., 2008
Human omental arteries Nichols et al., 2014
T tal., 1998 and 1999; Lé et al.,
ColP Ephys HEK293 (rat), X, laevis (rat) orres €t a an ceta
1999
CHOK1 (rat), HEK293 (rat) Haines et al., 1999; Surprenant et al.,
P2X1/5 ¢ 2000
- Ephys ) ) ) .
Guinea pig mesenteric arteries Surprenant et al., 2000
Mouse cortical astrocytes Lalo et al., 2008
ColP Ephys HEK293 (rat) Lewis et al., 1995; Torres et al., 1999
BN-PAGE Ephys, Ca?* mobilisation HEK293 (human), X. laevis (human) Hausmann et al., 2012
P2X2/3 HEK293 (rat) Jiang et al., 2003; Wilkinson et al., 2006
- Ephys Mice DRG and SCG neurons, urinary Cockavne et al. 2005
bladder nerves and SMCs Y '
ColP - HEK293 (rat) Torres et al., 1999
P2X2/5 ColP, ELISA, BRET, and
B'T:C, ! san Ephys HEK293 (rat), X. laevis (rat) Companetal., 2012
i
ColP - HEK293 (rat) Torres et al., 1999
P2X2/6 BN-PAGE Ephys, Ca** mobilisation HEK293 (human), X. laevis (human) Hausmann et al., 2012
AFM - HEK293 (rat), NRK (rat) Barrera et al., 2005
- Ephys X. laevis (rat) King et al., 2000
P2X4/5 ColP - HEK293 (rat), X. laevis (rat) Torres et al., 1999; Compan et al., 2012
ColP Ephys HEK293 (rat), X. laevis (rat) Léetal., 1998; Torres et al., 1999
P2X4/6 HEK293 (rat), X. laevis (rat), rat
- Ephys ) (rat), X. laevis {rat), ra Khakh et al., 1999
hippocampal neurons
ColP (subunits) Ephys HEK293 (rat), NRK (rat), mice BMDM Guo et al. 2007
ColP and BN-PAGE
O_ ah ) - X. laevis (rat), rat DRG neurons Nicke, 2008
(dimeric homotrimers)
P2X4/7 ColP (dimeri
olP { |rnenc - Rat microglia, mice BMDM Boumechache et al., 2009
homotrimers)
ColP, PLA, and AFM )
OF, PLA ana Al - HEK293 (rat) Antonio et al. 2011
(dimeric homotrimers)
Eohvs Rat spinal cord dorsal horn neurons, Hugel & Schlichter, 2000; Rubio & Soto,
P2X2/4/6 Phy rat Purkinje cells, and rat Leydig cells 2001; Antonio et al., 2009

AFM, ColP

HEK293 (rat)

Antonio et al., 2014

AFM, atomic force microscopy; BMDM, bone marrow-derived macrophages; BiFC, bimolecular fluorescence complementation; BN-PAGE, blue
native polyacrilamide gel electrophoresis; BRET, bioluminiscence resonance energy transfer; ColP, co-immunoprecipitation; DRG, dorsal root
ganglia; ELISA, enzyme-linked immunosorbent assay; Ephys, electrophysiological recordings; PLA, in situ proximity ligation assay; SCG, superior
cervial ganglion; SMC, smooth muscle cell; VSMC, vascular smooth muscle cell; X. laevis, Xenopus laevis oocytes.
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Other than homomeric and heteromeric subunit interactions to form a functional P2X receptor,
transient or permanent interactions with associated proteins can also occur and contribute to the
diversity in P2X receptor properties and their signalling roles. As introduced in section 1.3.2.1, P2X
receptors undergo protein folding and post-translational modifications before trafficking to the
membrane. Proteins involved in P2X receptor synthesis and maturation, such as glycosylation enzymes
and chaperones, can transiently interact with P2X receptors. Proteins that participate in the trafficking
and stabilisation of the receptor at the cell membrane and other intracellular membranes comprising
adaptor, anchoring, and scaffolding proteins, can also transiently interact with P2X receptors. In the
case of P2X4 receptors, membrane targeting is mediated by proteins of the SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptors) family, and receptor internalisation is
dependent on clathrin and dynamin proteins (Kaczmarek-Hajek et al., 2012). The C-term tyrosine motif
is crucial for receptor internalisation, as reviewed in section 1.3.2.1. The adapter protein 2 (AP2)-
clathrin adapter protein complex interacts with the C-term tyrosine motif and regulates receptor
internalisation (Royle et al., 2005). This endocytic motif also appears to be involved in cAMP-dependent
P2X4 receptor phosphorylation by protein kinase A, suggesting that receptor internalisation might be
regulated by phosphorylation and that a transient interaction between P2X4 receptors and protein
kinase A also occurs (Brown & Yule, 2010). Caveolae-associated proteins, such as caveolin-1 (Cav-1),
are scaffolding proteins essential for the formation of caveolae in cell membranes, small invaginations
formed during endocytosis and membrane trafficking processes (Kong et al., 2021). In a murine
preosteoblast-like cell line, P2X7 receptor activation induced Cav-1-dependent caveolae formation and
suppression of Cav-1 increased P2X7 receptor-mediated calcium signalling, suggesting that caveolae
may be necessary for regulating the expression of membrane proteins involved in bone formation
(Gangadharan et al., 2015). However, more research is needed to provide evidence of direct interaction

between Cav-1 and P2X receptors.

Once the P2X receptor is fully matured, its properties can be modified by intracellular signalling
molecules. For example, a conserved protein kinase C phosphorylation site is found at the N-terminus
of P2X receptors and might be indirectly involved in receptor desensitisation properties (Ennion &
Evans, 2002b). Furthermore, P2X receptor properties and signalling roles can be modified by
interactions between different P2X receptor subtypes, which have been described for P2X2 with P2X4
and P2X6 receptors (Hugel & Schlichter, 2000; Antonio et al., 2009, 2014) and between P2X4 and P2X7
receptors (Nicke, 2008; Boumechache et al., 2009; Antonio et al., 2011; Table 4.1).

In addition, functional and physical interactions between P2X receptors and other ion channels have
also been revealed, frequently involving the P2X receptor C-terminus region (Kaczmarek-Hajek et al.,
2012). For example, P2X2 receptors co-immunoprecipitated and showed close Fluorescence Resonance
Energy Transfer (FRET) proximity signals with GABA receptors in recombinant HEK293 cells and mice
spinal cord neurons (Shrivastava et al.,, 2011). P2X2 receptor activation downregulated the GABA
receptor surface expression levels in both systems (Shrivastava et al.,, 2011). Similar results were
obtained for GABA receptors interacting with P2X3 and P2X4 receptors in rat dorsal root ganglia and

mice hippocampal neurons, respectively (Toulmé et al., 2007; Jo et al., 2011). In all cases, inhibitory
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crosstalk effects were observed when ATP and GABA were co-applied, suggesting that interactions
between their respective receptor channels may play a critical role in regulating and shaping synaptic
transmission (Toulmé et al., 2007; Jo et al, 2011; Shrivastava et al., 2011). Furthermore,
electrophysiological current recordings showed non-additive responses upon co-stimulation of P2X2
and a4B2 nicotinic acetylcholine receptors (nAChR) in HEK293 cells. FRET assays showed proximity
signals between P2X2 receptors and a4f2 nAChR heterologously expressed in HEK293 cells and
endogenously expressed in rat hippocampal neurons (Khakh et al., 2005). Also, physical and functional
evidence for interaction between P2X2 and 5-HT3 serotonin-gated receptors was obtained in
recombinant and native systems (Boué-Grabot et al., 2003). Simultaneous activation of both native
receptors evoked non-additive currents, suggesting crosstalks between ATP-gated and serotonin-gated

ion channel signalling in guinea pig myenteric neurons (Boué-Grabot et al., 2003).

Finally, coupling with other ion channels and membrane proteins can also impact P2X receptor-
mediated signalling roles. Epithelial sodium channels (ENaC) are expressed in epithelial cells lining the
nephrons and are primarily involved in the reabsorption of sodium ions in the kidney. ENaC channels
are structurally the closest proteins to P2X receptors. They are also trimeric, and each subunit is formed
by two a-helix transmembrane domains connected by a large extracellular domain with the N- and C-
termini located in the cytosol (Noreng et al., 2018). Co-expression of recombinant ENaC channels with
various P2X receptors (i.e., P2X2, P2X4, P2X2/6, P2X4/6) resulted in mutual regulation of channel
trafficking in Xenopus laevis oocytes (Wildman et al., 2005). Applying ATP resulted in a reduction of
amiloride-evoked ENaC currents, primarily due to a reduction in surface expression of ENaC channels,
demonstrating a functional relation between certain P2X receptors and ENaC channels (Wildman et al.,
2005). P2X receptors can also couple with acid-sensing ion channels (ASIC), which belong to the trimeric
ENaC channel family and detect changes in pH. For example, ATP stimulation through P2X2, P2X4, and
P2X5 receptors mediated the activation of ASIC3 channels in rat dorsal root ganglia sensory neurons
(Birdsong et al., 2010). FRET analysis showed that only the P2X5 subtype was close enough to form a
molecular complex with ASIC3, which was further confirmed by co-localisation immunoreactivities in
rat dorsal root ganglia sensory neurons (Birdsong et al., 2010). These findings suggested a possible
signalling interplay between P2X receptors and ASIC3 channels during ischemic pain, caused when
blood and oxygen flow are restricted in a part of the body (Birdsong et al., 2010). More recently, physical
and functional evidence for a novel protein complex formed by the association of rat P2X3 receptors
and rat ASIC3 channels was reported in recombinant CHO (Chinese hamster ovary) cells, Xenopus laevis
oocytes, and in native rat dorsal root ganglia sensory neurons (Stephan et al., 2018). This P2X3/ASIC3
complex modulated local mechanic hyperalgesia in a pH-dependent manner, as shown in rat paw

withdrawal experiments (Stephan et al., 2018).

In conclusion, P2X4 receptors are expressed in many cell types and contribute to physiological and
pathophysiological processes, as described in section 1.3.4. Understanding human P2X4 subunit
assembly and potential interactions with other associated proteins is crucial for its therapeutic
exploitation. Our current knowledge of P2X4 receptor involvement in health and disease is based on its

distinct pharmacological properties among other P2X receptor subtypes. However, only a few native
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receptors have been identified that exactly resemble the pharmacological characteristics of
recombinant homomeric P2X4 receptors, which are relatively insensitive to af-MeATP (Coddou et al.,
2011). These differences might be justified by unknown receptors formed by the heteromeric assembly
of P2X4 subunits with other P2X subunits or with other associated proteins. These differences also raise
some concerns and question the current paradigm of ATP signalling pathways and the effects mediated
through P2X4 receptors. For example, is the production of nitric oxide (NO) in vascular endothelial cells
promoted by homomeric P2X4 receptors or heteromeric P2X4 receptors, i.e., P2X1/4 receptors? Is the
observed overall cardioprotective effect due to stimulation of homomeric P2X4 receptors or
heteromeric P2X4 receptors, i.e., P2X4/6 receptors? Furthermore, the generation of P2X4 receptor
knockout mice helped decipher and confirm its many functions in vivo by comparing differences in
phenotypical and pharmacological properties with wild-type mice. These studies also draw attention to
other research matters. For example, does the P2X4 knockout mice model lack homomeric P2X4
receptors and/or other P2X4-containing heteromeric receptors? A deeper exploration of the human

P2X4 subunit stoichiometry and interaction with other proteins can solve these uncertainties.

This chapter reveals potential human P2X4 heteromeric interactions, opening novel investigation lines

within the purinergic research field.

4.1.1 Aim and objectives

This chapter aims to thoroughly puzzle out functional human P2X4 subunit interactions using the

experimental system established in Chapter 3. The specific objectives to achieve were:

1. To validate whole-cell and membrane expression of dead receptor tools in transiently co-
transfected human 1321N1 parental astrocytoma cells.

2. To explore the effects of dead receptor tools on the human P2X4 wild-type ATP-evoked
responses using intracellular calcium mobilisation assays.

3. To analyse physical protein-protein interactions by co-immunoprecipitation and Western
blotting.

4. Toassess any alterations in human P2X4 wild-type surface and total protein expression levels

due to transient co-transfection with dead receptor tools.
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4.2 Results

4.2.1 Probing functional interactions of the human P2X4 receptor for ATP

The use of dead receptor tools proved to be a good experimental system to detect and validate human
P2X homo- and heteromeric interactions in transiently co-transfected 1321N1 parental astrocytoma
cells. To explore functional human P2X4 heteromeric interactions, intracellular calcium responses from
1321N1 parental astrocytoma cells transiently co-transfected with human P2X4 wild-type subunits and
human P2X1-7 double lysine-to-alanine mutant subunits were recorded. Functional data were
complemented with whole-cell and cell surface protein expression studies and co-immunoprecipitation

assays to unravel potential human P2X4 subunit interactions.

Before screening for functional human P2X4 subunit interactions using ATP, whole-cell and cell
membrane expression levels for all human P2X1-7 dead receptor tools were assessed by biotinylation
and Western blotting. These results were fundamental to confirm that the presence of C-terminal
epitope tags did not alter their functional properties and to interpret both intracellular calcium

mobilisation and protein interaction datasets confidently.

Results showed high expression levels for human P2X1 [K68A, K309A] at both whole-cell and cell surface
levels (0.85+0.13au and 0.63+0.02au, respectively, p>0.0.5; Fig 4.1A-B). A faint heavier band at
approximately 120KDa was once observed at the whole-cell level (0.14au; Fig 4.1A). Human P2X2 [K81A,
K319A] subunits were also greatly expressed at a whole-cell level (0.97+0.34au) and at the cell
membrane (0.55+0.19au, p>0.05; Fig 4.1C-D). Human P2X3 [K63A, K299A] dead subunits were equally
expressed at whole-cell (0.55+0.15au) and cell membrane levels (0.45+0.05au, p>0.05; Fig 4.1E-F).
Heavier bands at 120KDa were detected at both whole-cell and cell membrane lysates, too
(0.45+0.04au and 0.48+0.01au, respectively, p>0.05; Fig 4.1E). Whole-cell and cell surface expression
levels of human P2X5 [K69A, K315A] dead subunits were also comparable (1.08+0.16au and
0.88+0.16au, respectively, p>0.0.5; Fig 4.1G-H). A noticeable band was detected once at the cell surface
level of approximately 150KDa (0.68au; Fig 4.1G). Human P2X6 [K78A, K315A] dead subunits were
weakly expressed at both whole-cell (0.32+0.17au) and cell surface levels (0.23+0.10au, p>0.05; Fig
4.11-)). Finally, human P2X7 [K64A, K311A] dead subunits were highly expressed at both whole-cell and
cell surface levels (1.11+0.28au and 0.61+0.04au, respectively, p>0.0.5; Fig 4.1K-L). 150KDa bands were
also detected at whole-cell (0.16+0.06au) and cell surface levels (0.49+0.18au, p>0.05; Fig 4.1K).
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Fig 4.1. Whole-cell and cell surface expression levels of human P2X dead subunits in transiently co-

hP2X7 [K64A, K311A]
level 70KDa (au)

transfected 1321N1 parental astrocytoma cells. (A, C, E, G, |, K) Representative immunoblots for (A)
hP2X1 [K68A, K309A], (C) hP2X2 [K81A, K319A], (E) hP2X3 [K63A, K299A], (G) hP2X5 [K69A, K314A], (1)
hP2X6 [K78A, K315A], and (K) hP2X7 [K64A, K311A], with corresponding B-actin loading controls.
Molecular weight size standards were indicated in KDa. Lanes 1 corresponded to whole-cell samples,
lanes 2 to cell surface protein lysates, and lanes 3 were negative controls for biotin labelling. (B, D, F,
H, J, L) Comparison of densitometric analysis of (B) hP2X1 [K68A, K309A], (D) hP2X2 [K81A, K319A], (F)
hP2X3 [K63A, K299A], (H) hP2X5 [K69A, K314A], (J) hP2X6 [K78A, K315A], and (L) hP2X7 [K64A, K311A]
protein levels relative to loading control for whole-cell and cell surface lysates. Data were represented
as mean = SEM (N=3).
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4.2.1.1 Human P2X4 subunits formed functional interactions with human P2X1 and human
P2X6 subunits

Presence of human P2X1 [K68A, K309A] dead subunits had a dominant negative effect on human P2X4
WT ATP-evoked intracellular calcium responses in a concentration-dependent manner. High
concentrations of ATP, i.e., 10uM, 30uM, 100uM and 300uM, evoked significantly smaller calcium
responses in 1321N1 parental astrocytoma cells transiently co-transfected with human P2X4 wild-type
and human P2X1 [K68A, K309A] dead subunits compared to plasmid control (p<0.01, p<0.01, p<0.05,
and p<0.001, respectively vs corresponding plasmid control responses; Fig 4.2A). The maximal response
plateaued at 3uM, 10uM, and 30uM ATP concentrations, but the greatest reduction of ATP efficacy
was achieved at 30uM ATP (nearly 50%) compared to respective pcDNA 3.1 control responses
(43.0£7.03% vs 82.1+£1.77%, p<0.01; Fig 4.2). Human P2X1 receptors are known to be fast desensitising
amongst the P2X receptor family (North, 2002). However, the 30uM ATP-evoked calcium response was
sustained at 35% above baseline levels over the recorded time, suggesting conservation of the slow
desensitisation characteristics of the human P2X4 receptors (Fig 4.2B). A significant reduction was also
observed upon stimulation with 0.3uM ATP of about 80% of the equivalent plasmid control response
(3.97+3.46% vs 20.1+£3.99%, p<0.05; Fig 4.2A). In addition, the ATP potency value was not affected by
the presence of human P2X1 [K68A, K309A] dead subunits (1.58+0.26uM, p>0.05 vs 2.40+0.79uM for
plasmid control; Fig 4.2A).

Whole-cell and cell surface protein expression levels of both human P2X4 WT HA-tagged and human
P2X1 [K68A, K309A] FLAG-tagged subunits were assessed to determine any changes associated with
subunit co-expression, ensuring a correct interpretation of the calcium mobilisation data. Both human
P2X4 WT and human P2X1 [K68A, K309A] dead subunits were highly expressed in transiently co-
transfected 1321N1 parental astrocytoma cells with pcDNA 3.1 plasmid control, detecting major whole-
cell protein bands at 60KDa corresponding to each subunit monomeric weight (1.80+0.18au for human
P2X4 WT vs 1.06+0.26au for human P2X1 [K68A, K309A], p>0.05; Fig 4.3A and B). Moreover, their
whole-cell expression levels did not change when co-expressed together (1.34+0.06au vs human P2X4
WT alone, p>0.05; 1.06+0.27au vs human P2X1 [K68A, K309A] alone, p>0.05; Fig 4.3A and B). Human
P2X4 WT subunits were equally expressed at cell surface levels both in combination with pcDNA 3.1
plasmid control (0.81+0.15au) and with human P2X1 [K68A, K309A] dead subunits (0.39+0.08au,
p>0.05; Fig 4.3A and B). Human P2X1 [K68A, K309A] dead subunits were also equally detected at the
cell membrane both in combination with pcDNA 3.1 plasmid control (0.59+0.13au) and with human
P2X4 WT subunits (0.54+0.04au, p>0.05; Fig 4.3A and B). An expected reduction between whole-cell
and cell surface expression levels of human P2X4 WT subunits co-expressed with human P2X1 [K68A,
K309A] dead subunits was observed (1.34+0.06au vs 0.39+0.08au, p<0.01; Fig 4.3B). However, it did
not occur for human P2X1 [K68A, K309A] dead subunit expression levels (1.06+0.27au vs 0.54+0.04au,
p>0.05; Fig 4.3B). Expression of human P2X4 WT subunits and P2X1 [K68A, K309A] dead subunits was
the same when co-expressed together at the cell membrane (0.39+0.08au vs 0.54+0.04au, respectively,
p>0.05) and at whole-cell levels (1.34+0.06au vs 1.06+0.27au, respectively, p>0.05). Higher molecular
weight bands were also detected at 120KDa and 180KDa for both human P2X4 WT and human P2X1
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[K68A, K309A] dead subunits (Fig 4.3A, C and D). Whole-cell human P2X4 WT subunits showed higher
expression levels at 60KDa when combined with human P2X1 [K68A, K309A] dead subunits compared
to 120KDa (1.34+0.06au vs 0.08+0.04au, respectively, p<0.001) and to 180KDa relative expression
levels (0.03+0.01au vs 60KDa, p<0.001). At the cell surface, expression of human P2X4 WT subunits was
similar at 60KDa and 120KDa (0.39+0.08au vs 0.21+0.03au, respectively, p>0.05), but only the 60KDa
form predominated over the 180KDa relative expression levels (0.08+0.04au, p<0.05 vs 60KDa; and
p>0.05 vs 120KDa). Whole-cell human P2X1 [K68A, K309A] dead subunits were equivalently expressed
at 60KDa and 120KDa when combined with human P2X4 WT subunits (1.06+0.27au vs 0.24+0.13,
respectively, p>0.05) and the 60KDa form predominated over the 180KDa relative protein expression
levels (0.14+0.06au, p<0.05 vs 60KDa; and p>0.05 vs 120KDa). All 60KDa, 120KDa and 180KDa protein
bands were equally detected at the cell membrane for human P2X1 [K68A, K309A] (0.54+0.04au for
60KDa vs 0.23+0.13au for 120KDa, p>0.05; and 0.19+0.23au for 180KDa, p>0.05 vs 60KDa and p>0.05
vs 120KDa).

Initial co-immunoprecipitation assays were also carried out to reveal physical protein-protein
interactions using human P2X4 WT HA-tagged constructs transiently co-transfected with human P2X1
WT FLAG-tagged dead subunits in 1321N1 parental astrocytoma cells. Following the protocol detailed
in Chapter 3, human P2X1 WT subunits were immuno-precipitated using anti-FLAG tag antibodies, and
the precipitate was analysed by Western blot using anti-HA antibodies. If an interaction occurred
between human P2X4 WT HA-tagged and P2X1 WT FLAG-tagged subunits, a P2X4-specific band would
be present in the co-immunoprecipitate lane. Indeed, human P2X4 WT subunits co-
immunoprecipitated with human P2X1 WT subunits as a 60KDa band was detected in the
immunoprecipitate lane (0.38+0.04au; Fig 4.4A and B). Whole-cell input controls showed similar human
P2X4 WT expression levels when co-transfected with human P2X1 WT subunits (1.13+0.15au vs
1.41+0.11au plasmid control, p>0.05; Fig 4.4A and B). The human P2X4 WT relative amount in the co-
immunoprecipitate lane was significantly smaller than its input protein co-expression control levels
(0.38+0.04au vs 1.13+0.15au, respectively, p<0.01; Fig 4.4A and B). The input controls corresponded to
whole-cell protein samples prior to protein pull-down and ensured correct sample preparation and
Western blotting procedures, as well as adequate interpretation of co-immunoprecipitation data.
Higher 180KDa bands were also detected in whole-cell and co-immunoprecipitation lanes (Fig 4.4A).
Reciprocate human P2X1 WT FLAG-tagged pull-down using the anti-FLAG antibody, and analysis of
protein interaction with anti-HA antibody were also assessed for completeness. A positive protein-
protein interaction was also detected at approximately 60KDa corresponding to human P2X1 WT
monomeric weight (0.42+0.11au; Fig 4.4C). Again, whole-cell input controls showed similar human
P2X1 WT expression levels when co-transfected with human P2X4 WT subunits (1.06+0.13au vs
1.64+0.48au plasmid control, p>0.05; Fig 4.4C and D) and the co-immunoprecipitated expression levels
were significantly smaller than the corresponding human P2X1 WT input co-expression control levels
(0.42+0.11au vs 1.06+0.13au, respectively, p<0.05; Fig 4.4C and D). Both human P2X4 WT and P2X1 WT
subunits were equally expressed in the co-immunoprecipitate lane (0.38+0.04au vs 0.4240.11au,

respectively, p>0.05; Fig 4.4B and D).
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Co-immunoprecipitation assays were also performed to detect protein interaction between human
P2X4 wild-type subunits and human P2X1 [K68A, K309A] dead subunits. Figure 4.5 showed a positive
interaction between human P2X4 WT and P2X1 [K68A, K309A] dead subunits when either anti-FLAG or
anti-HA antibodies were used for protein pull-down (Fig 4.5A and C). A significant reduction in protein
expression was detected for human P2X4 WT co-immunoprecipitated complex compared to
corresponding co-transfected input control (0.19+0.07au vs 1.06+0.10au input control, p<0.01; Fig 4.5A
and B). However, no changes in human P2X1 [K68A, K309A] dead subunits were observed compared to
co-expression input control (0.38+0.12au vs 0.64+0.16au, p>0.05; Fig 4.5C and D). Co-expression of
human P2X4 WT subunits with human P2X1 [K68A, K309A] dead subunits did not affect whole-cell input
controls compared to co-transfection with pcDNA 3.1 plasmid control (1.06+£0.10au vs 1.35+0.13au,
respectively, p>0.05; Fig 4.5A and B) and vice versa, co-expression of human P2X1 [K68A, K309A] dead
subunits with human P2X4 WT subunits did not affect whole-cell input controls compared to co-
transfection with pcDNA 3.1 plasmid control (0.64+0.16au vs 0.48+0.17au, respectively, p>0.05; Fig
4.5C and D). Co-immunoprecipitated protein levels for human P2X4 WT and human P2X1 [K68A, K309A]
dead subunits were statistically the same (0.19+0.07au and 0.38+0.12au, respectively, p>0.05; Fig 4.5B
and D). Despite the apparently weaker detection of 60KDa interaction bands for human P2X4 WT and
P2X1 [K68A, K309A] combinations, the complex expression levels were comparable to the ones
obtained for human P2X4 WT and P2X1 WT combinations (p>0.05 for both anti-FLAG and anti-HA
immunoprecipitates). Notably, human P2X1 [K68A, K309A] dead subunits were consistently expressed
compared to human P2X1 WT subunits when co-transfected with pcDNA 3.1 plasmid control
(0.48+0.17au vs 1.64+0.48au, respectively, p>0.05) and when co-transfected with human P2X4 WT
subunits (0.64+0.16au vs 1.06+0.13au, respectively, p>0.05).
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Fig 4.2. The human P2X1 [K68A, K309A] dead subunit had a dominant negative effect on human P2X4

WT ATP-evoked Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A)

ATP concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence
(half-full squares) and absence (closed circles) of hP2X1 [K68A, K309A]. (B) Averaged time-resolved
intracellular Ca?* influx elicited by 30uM ATP in the presence (half-full squares) and absence (closed
circles) of hP2X1 [K68A, K309A]. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean + SEM (N=5).
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Fig 4.3. Whole-cell and cell surface expression levels of human P2X4 WT and human P2X1 [K68A, K309A]
subunits in transiently co-transfected 1321N1 parental astrocytoma cells. (A) Representative
immunoblot for hP2X4 WT HA-tagged protein (top), hP2X1 [K68A, K309A] FLAG-tagged protein
(middle), and B-actin loading control (bottom). Molecular weight size standards were indicated in KDa.
Lanes 1-3 corresponded to whole-cell samples and lanes 4-7 to cell surface protein lysates. Lane 7 was
a negative control for biotin labelling. (B — D) Comparison of densitometric analysis for bands at (B)
60KDa, (C) 120KDa, (D) and 180KDa of hP2X4 WT HA-tagged (top) and hP2X1 [K68A, K309A] FLAG-
tagged (bottom) protein levels relative to loading control for whole-cell and cell surface lysates. Data

were represented as mean + SEM (N=3).
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Fig 4.4. Human P2X4 WT subunits co-immunoprecipitated with human P2X1 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-actin
loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative
to loading control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for
hP2X1 WT FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin
loading control. (D) Comparison of densitometric analysis of hP2X1 WT FLAG-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. Molecular weight size
standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to
immunoprecipitated protein complexes. Lane 7 was an 1gG negative control for immunoprecipitation

without antibody. Data were represented as mean + SEM (N=3).
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Fig 4.5. Human P2X4 WT subunits co-immunoprecipitated with human P2X1 [K68A, K309A] subunits
when transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot
for hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-
actin loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. (C) Representative
immunoblot for hP2X1 [K68A, K309A] FLAG-tagged protein after immunoprecipitation using anti-HA
antibody, and for the B-actin loading control. (D) Comparison of densitometric analysis of hP2X1 [K68A,
K309A] FLAG-tagged protein level relative to loading control for input and co-immunoprecipitated
complexes. Molecular weight size standards were indicated in KDa. Lanes 1-3 corresponded to whole-
cell protein lysates and lanes 4-7 to immunoprecipitated protein complexes. Lane 7 was an |gG negative

control for immunoprecipitation without antibody. Data were represented as mean + SEM (N=3).
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As previously described, out of seven different P2X receptor subtypes, only six can form functional
homotrimeric receptors in humans (North, 2002). Over the past 30 years, just two groups have been
able to express functional rat P2X6 homomeric receptors (Collo et al., 1996; Jones et al., 2004). Both
studies showed ATP-evoked current responses with a slow desensitisation phase for the rat P2X6
receptor in transiently transfected HEK293 cells. Jones et al. also demonstrated that rat P2X6
recombinant expression and channel function depended on subunit glycosylation (Jones et al., 2004).
There is no functional evidence for human P2X6 homomeric receptors to date. Thus, it is considered a

“silent” subunit in humans (llles et al., 2021).

Human 1321N1 parental astrocytoma cells transiently co-transfected with human P2X4 WT and human
P2X6 [K78A, K315A] dead subunits behaved similarly to the ones co-transfected with human P2X1
[K68A, K309A] dead subunits instead. Thereby, the presence of human P2X6 [K78A, K315A] dead
subunits had a dominant negative effect on the ATP-evoked intracellular calcium responses at
concentrations of 0.3uM, 10uM, 30uM, 100uM, and 300uM compared to ATP-evoked intracellular
calcium responses in cells transiently co-transfected with human P2X4 WT and pcDNA 3.1 plasmid
control (p<0.05, p<0.01, p<0.01, p<0.01, and p<0.001 vs corresponding plasmid control responses; Fig
4.6A). In the same way, 30uM ATP evoked the maximal calcium influx of 58.845.80%, which was nearly
30% smaller than the human P2X4 WT with pcDNA 3.1 plasmid control response (p<0.01 vs 82.1+1.77%
for plasmid control; Fig 4.6) and that response was also sustained over time at approximately 40%
above baseline (Fig 4.6B). However, the biggest reduction effect was observed at 300uM ATP, reaching
only a 10.7+4.20% peak calcium response compared to 49.0+5.36% for the corresponding 300uM ATP
plasmid control response (approximately 78% reduction, p<0.001; Fig 4.6A). Again, the half maximal
effective concentration remained the same in the presence and absence of human P2X6 [K78A, K315A]
dead subunits (5.20+£2.64uM vs 2.40+0.79uM for plasmid control, p>0.05; Fig 4.6A).

Co-immunoprecipitation data revealed a positive interaction between human P2X4 WT HA-tagged and
human P2X6 WT FLAG-tagged subunits in transiently co-transfected 1321N1 parental astrocytoma
cells. When anti-FLAG antibodies were used for protein pull-down, specific human P2X4 WT 60KDa
bands were detected in whole-cell input controls (1.58+0.38au for human P2X4 WT alone and
1.47+0.34au for human P2X4 WT co-expressed with human P2X6 WT, p>0.05; Fig 4.7A and B). The
expression levels of human P2X4 WT HA-tagged subunits in the anti-FLAG immunoprecipitation
complex lane remained unchanged compared to co-transfected input controls (0.72+0.22au vs input
control, p>0.05; Fig 4.7A and B). Human P2X6 WT proteins were also detected at approximately 60KDa
for input controls (0.26+0.07au for human P2X6 WT alone and 0.30+0.08au for human P2X6 WT co-
expressed with human P2X4 WT, p>0.05; Fig 4.7C and D). It is important to mention that human P2X6
WT expression levels were significantly lower than human P2X4 WT expression levels in transiently co-
transfected 1321N1 parental astrocytoma whole-cell lysates (p<0.05; Fig 4.7). Accordingly, when anti-
HA antibodies were used for protein pull-down, a 60KDa band corresponding to human P2X6 WT FLAG-
tagged subunits was detected in the co-immunoprecipitation lane (0.78+0.48au, p>0.05 vs input
control; Fig 4.7C and D). Both human P2X4 WT and human P2X6 WT subunits were equally expressed
in the co-immunoprecipitate lane (0.72+0.22au vs 0.78+0.48au, respectively, p>0.05; Fig 4.7B and D).
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Consequent studies of human P2X4 WT surface and total protein expression levels in the presence and
absence of human P2X6 [K78A, K315A] dead subunits, as well as co-immunoprecipitation assays of
human P2X4 WT HA-tagged subunits with human P2X6 [K78A, K315A] FLAG-tagged dead subunits, still
need to be performed as human P2X6 [K78A, K315A] dead subunits showed poor expression levels in

1321N1 parental astrocytoma cells (Fig 4.11-J and 4.7C-D).
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Fig 4.6. The human P2X6 [K78A, K315A] dead subunit had a dominant negative effect on human P2X4

WT ATP-evoked Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A)

ATP concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence
(half-full pentagons) and absence (closed circles) of hP2X6 [K78A, K315A]. (B) Averaged time-resolved

intracellular Ca?* influx elicited by 30uM ATP in the presence (half-full pentagons) and absence (closed

circles) of hP2X6 [K78A, K315A]. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean = SEM (N=5).
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Fig 4.7. Human P2X4 WT subunits co-immunoprecipitated with human P2X6 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-actin
loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative
to loading control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for
hP2X6 WT FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin
loading control. (D) Comparison of densitometric analysis of hP2X6 WT FLAG-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. Molecular weight size
standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to
immunoprecipitated protein complexes. Lane 7 was an 1gG negative control for immunoprecipitation

without antibody. Data were represented as mean + SEM (N=3).
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4.2.1.2 Human P2X4 subunits did not form functional interactions with human P2X2 or
human P2X3 subunits

Transient co-transfection of human P2X2 [K81A, K319A] dead subunits with human P2X4 WT subunits
did not affect the ATP-evoked calcium responses at any concentration tested, reaching a maximal
intracellular calcium influx at 30uM (72.1+£5.68% vs 82.1+1.77% for plasmid control, p>0.05; Fig 4.8).
The 30uM ATP-evoked intracellular calcium response was sustained over time at nearly 60% above the
baseline level, which followed the same desensitisation profile as the human P2X4 WT with pcDNA 3.1
plasmid control responses (Fig 4.8B). The ATP potency value for human P2X4 WT transiently co-
transfected with human P2X2 [K81A, K319A] remained unchanged compared to plasmid control
(1.3240.03uM vs 2.40£0.79uM, p>0.05; Fig 4.8A).

Similarly, transient co-transfection of human P2X3 [K63A, K299A] dead subunits with human P2X4 WT
subunits did not affect the ATP-evoked calcium responses at concentrations ranging from 10nM up to
100uM ATP. The maximal intracellular calcium influx was attained at a concentration of 30uM ATP,
comparable to the one obtained for human P2X4 WT with pcDNA 3.1 plasmid control (74.5+£10.1% vs
82.1+1.77% for plasmid control, p>0.05; Fig 4.9). The response was also sustained over time at
approximately 60% above baseline following the desensitisation characteristics of the human P2X4 WT
with pcDNA 3.1 plasmid control response (Fig 4.9B). It is important to note that there was a 52%
reduction of intracellular calcium responses evoked by 300uM ATP compared to human P2X4 WT
subunits co-transfected with pcDNA 3.1 plasmid control (24.0+3.13% vs 49.0£5.36%, respectively,
p<0.01; Fig 4.9A and 4.10B). However, the ATP potency value was not affected by the presence of
human P2X3 [K63A, K299A] dead subunits compared to co-transfection of human P2X4 WT with pcDNA
3.1 plasmid control (1.32+0.03uM vs 2.40+0.79uM, p>0.05; Fig 4.9A).

As detailed in section 2.13.1 (Chapter 2), peak calcium responses were quantified as the difference
between the highest and the lowest y-axis values and represented the maximal response magnitude.
The area under the curve (AUC) is another value provided by the FlexStation 3 software. It is defined as
the integral of the intracellular calcium response as a function of time. AUC data encompasses both the
initial response and the sustained calcium phase over the recorded period of time, representing the net
calcium movement upon application of ATP in this case. Consequently, analysis of the area under the
curve was performed to detect any possible effects missed by solely analysing peak data. If significant
differences in AUC data were found, further analysis of the decay rate (1) of the calcium responses was
guantified for completeness. The decay rate represented the decline in efficacy of the ATP-evoked
calcium responses over time and was used as an indicative measure to detect potential effects on the

desensitisation phase of the human P2X4 receptor.

The presence of both human P2X2 [K81A, K319A] (AUC 7.83+1.31%) and human P2X3 [K63A, K299A]
(AUC 5.13+2.44%) dead subunits significantly reduced the net calcium movement upon 300uM ATP
application compared to plasmid control (22.7+£3.18%, p<0.01 for both vs plasmid control; Fig 4.10).
The human P2X4 WT and P2X2 [K81A, K319A] transients showed a 24.59+1.51s decay rate (p>0.05 vs
28.53+1.17s for plasmid control; Fig 4.10A), whereas the human P2X4 WT and human P2X3 [K63A,
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K299A] transients presented a 12.82+2.01s decay rate (approximately 55% faster than plasmid control,
p<0.001 vs 28.53+1.17s for plasmid control; Fig 4.10B). Moreover, both 300uM ATP-evoked calcium
responses decayed to baseline levels over the recorded period of time (Fig 4.10). P2X2 and P2X4
receptors are characteristicamongst the P2X receptor family for their slow desensitisation phase where
the intracellular calcium response is sustained over time, whereas P2X3 receptors are known for having

the fastest channel desensitisation along with the P2X1 subtype (North, 2002).

Surprisingly, human P2X4 WT HA-tagged subunits co-immunoprecipitated with human P2X2 WT FLAG-
tagged subunits in transiently co-transfected 1321N1 parental astrocytoma cells (Fig 4.11A). Whole-cell
input controls showed no significant differences when human P2X4 WT subunits were co-transfected
with either pcDNA 3.1 plasmid control or human P2X2 WT subunits (p>0.05, 1.62+0.13au vs
1.4340.09au, respectively; Fig 4.11A and B). However, expression levels of human P2X4 WT in the co-
immunoprecipitated complexes were significantly reduced compared to co-transfected input control
(0.91+0.01au, p<0.05 vs input control; Fig 4.11A and B). Reciprocate human P2X4 WT HA-tagged
subunit pull-down and immunoblot detection using anti-FLAG antibodies showed positive interaction
bands at approximately 70KDa corresponding to the human P2X2 WT subunit protein weight
(0.28+0.02au, p>0.05 vs input control; Fig 4.11C and D). Similarly, there were no differences in whole-
cell input control expression levels when human P2X2 WT subunits were transiently co-transfected with
pcDNA 3.1 plasmid control or combined with human P2X4 WT subunits (p>0.05, 1.16+0.36au vs
0.46+0.15au, respectively; Fig 4.11C and D). The human P2X4 WT subunit expression levels were three
times larger than the amount of human P2X2 WT subunits in the co-immunoprecipitated complexes
(p<0.001), and the same occurred for whole-cell input controls when both subunits were co-expressed
(p<0.01).

In contrast, human P2X4 WT subunits did not co-immunoprecipitate with human P2X3 WT subunits in
transiently co-transfected 1321N1 parental astrocytoma cells (0.16+0.04au, p<0.001 vs input control;
Fig 4.12A and B) and vice versa, human P2X3 WT subunits did not form a co-immunoprecipitate
complex with human P2X4 WT subunits (0.12+0.05au, p>0.05 vs input control, Fig 4.12C and D).
Although a faint 60KDa band could be perceived in the co-immunoprecipitate lane for human P2X4 WT
HA-tagged subunits, its expression levels were the same as the anti-FLAG immunoprecipitation controls
for samples containing only human P2X3 WT FLAG-tagged subunits with pcDNA 3.1 plasmid
(0.02+40.01au vs 0.16+0.04au, p>0.05) and as the IgG negative control samples where no antibody was
added during immunoprecipitation (0.01+0.00 vs 0.16+0.04au, p>0.05; Fig 4.12A and B).
Correspondingly, a dim human P2X3 WT FLAG-tagged specific band was also noticeable at 60KDa in the
co-immunoprecipitate lane, but its expression was equal to the anti-HA immunoprecipitation control
for samples containing only human P2X4 WT HA-tagged subunits with pcDNA 3.1 plasmid (0.02+0.00au
vs 0.1240.05au, p>0.05) and to the IgG negative control samples where no antibody was added during
immunoprecipitation (0.03+0.03 vs 0.12+0.05au, p>0.05; Fig 4.12C and D). Human P2X4 WT subunit
whole-cell expression levels were equivalent in the presence and absence of human P2X3 WT subunits
(0.96+0.08au vs 1.16+0.09, respectively, p>0.05; Fig 4.12A and B). Similarly, there were no differences

in whole-cell expression levels when human P2X3 WT subunits were co-expressed with pcDNA 3.1
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plasmid control or with human P2X4 WT subunits (0.73+0.14au vs 0.47+0.07au, respectively, p>0.05;
Fig 4.12C and D). In co-transfected samples, human P2X3 WT subunits were two times less expressed
than human P2X4 WT subunits at a whole-cell level (p<0.01).
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Fig 4.8. The human P2X2 [K81A, K319A] dead subunit did not affect the human P2X4 WT ATP-evoked

Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A) ATP concentration-

response curves for the peak magnitude of intracellular Ca?* influx in the presence (half-full triangles)

and absence (closed circles) of hP2X2 [K81A, K319A]. (B) Averaged time-resolved intracellular Ca%* influx

elicited by 30uM ATP in the presence (half-full triangles) and absence (closed circles) of hP2X2 [K81A,

K319A]. All data were normalised to respective maximal 100uM Carbachol responses. Data were

represented as mean + SEM (N=5).
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Fig 4.9. The human P2X3 [K63A, K299A] dead subunit did not affect the human P2X4 WT ATP-evoked
Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A) ATP concentration-
response curves for the peak magnitude of intracellular Ca?* influx in the presence (half-full triangles)
and absence (closed circles) of hP2X3 [K63A, K299A]. (B) Averaged time-resolved intracellular Ca%* influx
elicited by 30uM ATP in the presence (half-full triangles) and absence (closed circles) of hP2X3 [K63A,

K299A]. All data were normalised to respective maximal 100uM Carbachol responses. Data were
represented as mean + SEM (N=5).
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Fig 4.10. Effects of human P2X2 [K81A, K319A] and human P2X3 [K63A, K299A] dead subunits on the
human P2X4 WT desensitisation phase in transiently co-transfected 1321N1 parental astrocytoma cells.
Pairs of averaged time-resolved intracellular Ca%* influx responses elicited by 300uM ATP in the
presence (half-full triangles) and absence (closed circles) of (A) hP2X2 [K81A, K319A] or (B) hP2X3
[K63A, K299A] dead subunits. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean = SEM (N=5).
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Fig 4.11. Human P2X4 WT subunits co-immunoprecipitated with human P2X2 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-actin
loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative
to loading control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for
hP2X2 WT FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin
loading control. (D) Comparison of densitometric analysis of hP2X2 WT FLAG-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. Molecular weight size
standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to
immunoprecipitated protein complexes. Lane 7 was an 1gG negative control for immunoprecipitation

without antibody. Data were represented as mean + SEM (N=3).
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Fig 4.12. Human P2X4 WT subunits did not co-immunoprecipitate with human P2X3 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-actin
loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative
to loading control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for
hP2X3 WT FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin
loading control. (D) Comparison of densitometric analysis of hP2X3 WT FLAG-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. Molecular weight size
standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to
immunoprecipitated protein complexes. Lane 7 was an 1gG negative control for immunoprecipitation
without antibody. Note the immunoblots shown here showed poor interaction bands. The other blots

showed no co-immunoprecipitated bands (not shown). Data were represented as mean + SEM (N=3).
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4.2.1.3 Human P2X4 subunits formed functional interactions with human P2X5 subunits

containing exon 10

Homotrimeric P2X5 receptors have been previously reported to have limited roles in humans, with only
14% of individuals likely to form functional homomeric channels (Bo et al., 2003). The only human P2X5
cDNAs reported are missing exon 10 (human P2X5a) or exons 3 and 10 (human P2X5b), both non-
functional channels (North, 2002). Analysis of the human genome showed a G>T polymorphism in the
gene encoding the P2X5 receptor. Sequences with thymidine (T) will be recognised during mRNA
processing and will be translated to a ‘full-length” P2X5 receptor. However, sequences with a guanine
(G) at this position will be read as a consensus for RNA splicing during mRNA processing and will be
translated to a P2X5 receptor that does not include exon 10. Exon 10 is 22 amino acids long toward the
C-terminus from the inner end of the second transmembrane domain. Human P2X5 receptors
containing all exons showed high expression levels in HEK293 cells and produced robust currents upon
application of ATP (Bo et al., 2003). Because our experimental system was based on functional and
biochemical evidence of P2X heteromerisation, we used the full-length human P2X5 receptor cloned in
a pcDNA 3.1 backbone vector. The wild-type sequence was used as a template for generating the

human P2X5 dead receptor tool.

Calcium mobilisation data showed a significant reduction of ATP-evoked peak calcium responses in
1321N1 parental astrocytoma cells co-transfected with human P2X4 WT and human P2X5 [K69A,
K314A] dead subunits at high ATP concentrations of 30uM, 100uM, and 300uM (p<0.001, p<0.01, and
p<0.001 vs corresponding plasmid control responses; Fig 4.13A). The calcium response plateaued at
3uM, 10uM, and 30uM ATP concentrations, with the maximal calcium response being 60.8+4.69% at
10uM ATP (p>0.05 vs 77.9+6.54% for plasmid control; Fig 4.13A). The greatest difference was observed
at 300uM of nearly 80% calcium response reduction compared to human P2X4 WT with pcDNA 3.1
plasmid control responses (10.3+3.10% vs 49.0+5.36%, respectively, p<0.001; Fig 4.13). For comparison
with the other P2X dead receptor tools, Figure 4.13B showed a 45% reduction of the 30uM ATP-evoked
peak calcium response in the presence of human P2X5 [K69A, K314A] dead subunits (48.1+3.83% vs
82.1+1.77% plasmid control response, p<0.001) and a low sustained desensitisation phase over time
(approximately 30% above baseline level). Similarly, co-transfection of human P2X5 [K69A, K314A] dead
subunits did not change the ATP potency value compared to human P2X4 WT subunits co-transfected
with pcDNA 3.1 plasmid control (1.76+0.43uM, p>0.05; Fig 4.13A).

The presence of human P2X5 [K69A, K314A] dead subunits significantly reduced the amount of human
P2X4 WT at the cell surface by approximately 43% compared to human P2X4 WT transiently co-
transfected with pcDNA 3.1 plasmid control (0.45+0.05au vs 0.7940.02au, respectively, p<0.01; Fig
4.14A and B). In contrast, whole-cell expression levels remained unchanged (1.28+0.15au vs
1.46+0.24au, respectively, p>0.05; Fig 4.14A and B). Human P2X5 [K69A, K314A] dead subunits were
equally expressed at the cell surface when transiently co-transfected with human P2X4 WT subunits
compared to plasmid control (0.22+0.01au vs 0.30+0.05au, respectively, p>0.05; Fig 4.14A and B).

However, whole-cell expression levels of human P2X5 [K69A, K314A] dead subunits were reduced by
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approximately 46% when co-expressed with human P2X4 WT subunits compared to plasmid control
(0.9840.10au vs 1.80+0.20au, respectively, p<0.05; Fig 4.14A and B). As expected, both human P2X4
WT and human P2X5 [K69A, K314A] subunits were less expressed at the cell membrane compared to
whole-cell controls when co-expressed together (p<0.01 for both vs respective controls; Fig 4.14A and
B). Expression of human P2X4 WT subunits was double that of human P2X5 [K69A, K314A] dead
subunits when co-expressed together at the cell membrane (0.45+0.05au vs 0.22+0.01au, respectively,
p<0.05) but comparable at whole-cell levels (1.28+0.15au vs 0.98+0.10au, respectively, p>0.05). Higher
bands were also detected at proximately 120KDa and 180KDa for human P2X4 WT subunits and 150KDa
and just over 250KDa for human P2X5 [K67A, K314A] dead subunits (Fig 4.14A, C and D). Whole-cell
human P2X4 WT subunits showed higher expression levels at 60KDa when combined with human P2X5
[K67A, K314A] dead subunits compared to 120KDa (0.45+0.05au vs 0.23+0.04au, respectively, p<0.05)
and to 180KDa relative expression levels (0.11+0.01au vs 60KDa, p<0.01). Comparable results were
obtained for human P2X4 WT subunits expression at the cell surface where bands at 60KDa
predominated over 120KDa (1.28+0.15au vs 0.16+0.02au, respectively, p<0.01) and 180KDa relative
expression levels (0.14+0.01au vs 60KDa, p<0.05). Whole-cell human P2X5 [K69A, K314A] dead subunits
were also more expressed at 70KDa when combined with human P2X4 WT subunits (0.98+0.10au for
70KDa vs 0.04+0.01 for 150KDa, p<0.05; and 0.15+0.08au for 250KDa vs 70KDa, p<0.01). However, both
human P2X5 [K69A, K314A] expression levels at 70KDa and 250KDa were higher at the cell surface
(0.22+40.01au for 70KDa vs 0.05+0.04au for 150KDa, p<0.01; and 0.18+0.10au for 250KDa vs 70KDa,
p>0.05).

Co-immunoprecipitation assays showed positive interactions between human P2X4 WT HA-tagged and
human P2X5 WT FLAG-tagged subunits. There were no significant changes in human P2X4 WT whole-
cell expression levels when transiently co-transfected with human P2X5 WT subunits compared to
plasmid control (0.99+0.03au vs 1.24+0.09au, respectively, p>0.05; Fig 4.15A and B). Human P2X5 WT
subunits were equally expressed at whole-cell input levels in combination with human P2X4 WT
subunits compared to pcDNA 3.1 plasmid control (0.59+0.09au vs 0.78+0.12au, respectively, p>0.05;
Fig 4.15C and D). Human P2X4 WT subunits were equally expressed in the co-immunoprecipitate lane
compared to co-transfected input controls (0.68+0.11au vs 0.99+0.03au, p>0.05; Fig 4.15A and B) as
well as human P2X5 WT subunits (0.71+0.05au vs 0.59+0.09au input control, p>0.05; Fig 415B and D).
Relative expression levels of human P2X4 WT and human P2X5 WT subunits were the same in co-
immunoprecipitated bands (0.68+0.11au vs 0.71+0.05au, respectively, p>0.05; Fig 4.15B and D).

Co-immunoprecipitation assays using 1321N1 parental astrocytoma cells transiently co-transfected
with human P2X4 WT HA-tagged subunits and human P2X5 [K69A, K314A] FLAG-tagged dead subunits
were also performed. Human P2X4 WT subunits co-immunoprecipitated with human P2X5 [K69A,
K314A] dead subunits when anti-FLAG antibodies were used for protein pull-down (Fig 4.16A). Whole-
cell input controls showed a reduction in human P2X4 WT expression levels when co-transfected with
human P2X5 [K69A, K314A] dead subunits (0.81+0.03au vs 1.10+0.08au plasmid control, p<0.05; Fig
4.16A and B). The relative amount of co-immunoprecipitated human P2X4 WT protein was significantly

reduced by approximately 62% compared to co-transfected input control (0.31+0.01 vs 0.81+0.03au,
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p<0.001; Fig 4.16A and B). A reduction in protein expression levels was also observed for whole-cell
human P2X5 [K69A, K314A] dead subunit levels compared to pcDNA 3.1 plasmid control (0.92+0.05au
vs 1.41+0.12au, respectively, p<0.05; Fig 4.16C and D). Co-immunoprecipitated human P2X5 [K69A,
K314A] protein expression levels after anti-HA antibody pull-down were significantly smaller compared
to co-transfected input control (about 47% reduction, 0.49+0.08au vs 0.92+0.05au, respectively,
p<0.05; Fig 4.16C and D). As per human P2X4 WT and P2X5 WT co-immunoprecipitation studies, no
differences in protein expression levels were registered between co-immunoprecipitated human P2X4
WT subunits and P2X5 [K69A, K314A] dead subunits (p>0.05; Fig 4.16B and D). The detection of a strong
interaction band was consistent, and the complex expression levels were comparable to the ones
obtained for human P2X4 WT and P2X5 WT combinations (p>0.05 for both anti-FLAG and anti-HA
immunoprecipitates). It is also important to mention that human P2X5 [K69A, K314A] dead subunits
were more expressed than human P2X5 WT subunits when co-transfected with pcDNA 3.1 plasmid
control (1.41+0.12au vs 0.7840.12au, respectively, p<0.05) and when co-transfected with human P2X4
WT subunits (0.92+0.05au vs 0.59+0.09au, respectively, p<0.05).
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Fig 4.13. The human P2X5 [K69A, K314A] dead subunit had a dominant negative effect on human P2X4

WT ATP-evoked Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A)

ATP concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence
(half-full diamonds) and absence (closed circles) of hP2X5 [K69A, K314A]. (B) Averaged time-resolved

intracellular Ca%* influx elicited by 30uM ATP in the presence (half-full diamonds) and absence (closed

circles) of hP2X5 [K69A, K314A]. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean = SEM (N=5).
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Fig 4.14. Whole-cell and cell surface expression levels of human P2X4 WT and human P2X5 [K69A,
K314A] subunits in transiently co-transfected 1321N1 parental astrocytoma cells. (A) Representative
immunoblot for hP2X4 WT HA-tagged protein (top), hP2X5 [K69A, K314A] FLAG-tagged protein
(middle), and B-actin loading control (bottom). Molecular weight size standards were indicated in KDa.
Lanes 1-3 corresponded to whole-cell samples and lanes 4-7 to cell surface protein lysates. Lane 7 was
a negative control for biotin labelling. (B — D) Comparison of densitometric analysis for bands at (B)
60KDa, (C) 120KDa, (D) and 180KDa of hP2X4 WT HA-tagged (top) and hP2X5 [K69A, K314A] FLAG-
tagged (bottom) protein levels relative to loading control for whole-cell and cell surface lysates. Data

were represented as mean = SEM (N=3).
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Fig 4.15. Human P2X4 WT subunits co-immunoprecipitated with human P2X5 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-actin
loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative
to loading control for input and co-immunoprecipitated complexes. (C) Representative immunoblot for
hP2X5 WT FLAG-tagged protein after immunoprecipitation using anti-HA antibody, and for the B-actin
loading control. (D) Comparison of densitometric analysis of hP2X5 WT FLAG-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. Molecular weight size
standards were indicated in KDa. Lanes 1-3 corresponded to whole-cell protein lysates and lanes 4-7 to
immunoprecipitated protein complexes. Lane 7 was an 1gG negative control for immunoprecipitation

without antibody. Data were represented as mean + SEM (N=3).
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Fig 4.16. Human P2X4 WT subunits co-immunoprecipitated with human P2X5 [K69A, K314A] subunits
when transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot
for hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and for the B-
actin loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level
relative to loading control for input and co-immunoprecipitated complexes. (C) Representative
immunoblot for hP2X5 [K69A, K314A] FLAG-tagged protein after immunoprecipitation using anti-HA
antibody, and for the B-actin loading control. (D) Comparison of densitometric analysis of hP2X5 [K69A,
K314A] FLAG-tagged protein level relative to loading control for input and co-immunoprecipitated
complexes. Molecular weight size standards were indicated in KDa. Lanes 1-3 corresponded to whole-
cell protein lysates and lanes 4-7 to immunoprecipitated protein complexes. Lane 7 was an |gG negative

control for immunoprecipitation without antibody. Data were represented as mean + SEM (N=3).
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4.2.1.4 Human P2X7 subunits altered human P2X4 receptor function but did not form

interaction complexes with human P2X4 subunits

Human 1321N1 parental astrocytoma cells transiently co-transfected with human P2X4 WT and human
P2X7 [K64A, K311A] dead subunits behaved similarly to the ones co-transfected with human P2X4
[K67A, K313A] dead subunits instead. Thereby, the presence of human P2X7 [K64A, K311A] dead
subunits had a dominant negative effect on the ATP-evoked intracellular calcium influx transiently co-
transfected 1321N1 parental astrocytoma cells. This 70-80% reduction occurred in a concentration-
dependent manner within a 0.3uM to 300uM concentration range compared to human P2X4 WT with
pcDNA 3.1 plasmid control responses (p<0.05 and p<0.001 vs corresponding plasmid control responses,
respectively; Fig 4.17A). The maximal calcium influx response was observed at 10uM ATP, reaching a
peak magnitude of 41.3+8.62%, which was nearly 50% smaller than the corresponding calcium
responses evoked in 1321N1 parental astrocytoma cells transiently co-transfected with human P2X4
WT and pcDNA 3.1 plasmid control (77.9+6.54%, p<0.05; Fig 4.17). Figure 4.17B showed a
representative calcium response upon application of 30uM over time in the presence and absence of
human P2X7 [K64A, K311A] dead subunits. ATP evoked a peak calcium response of only 36.7+6.76%,
which was approximately 60% lower than the corresponding human P2X4 WT with pcDNA 3.1 plasmid
control response (p<0.001; Fig 4.17), yet it was slowly desensitising and sustained over time at a 25%
above baseline level (Fig 4.17B). These data were comparable to the effects seen for human P2X4
[K67A, K313A] dead subunits (24.2+1.58% 30uM ATP-evoked maximal response, p>0.05; Fig 3.33) with
a slowly desensitising phase over time at about 20% above baseline (Fig 3.33B). As with the other
human P2X1-6 dead receptor tools, co-transfection of human P2X7 [K64A, K311A] dead subunits did
not change the ATP potency value compared to human P2X4 WT co-transfected with pcDNA 3.1 plasmid
control (3.96+1.02uM vs 2.40+0.79uM, p>0.05; Fig 4.17A).

To accurately interpret the calcium mobilisation data, the protein expression levels of both human P2X4
WT subunits and human P2X7 [K64A, K311A] dead subunits were assessed when co-expressed with a
pcDNA 3.1 plasmid control or in combination with each other. Data showed the presence of human
P2X7 [K64A, K311A] dead subunits significantly reduced the amount of human P2X4 WT subunits at the
cell surface by approximately 60% compared to human P2X4 WT transiently co-transfected with pcDNA
3.1 plasmid control (0.42+0.06au vs 1.02+0.12au, respectively, p<0.01; Fig 4.18A and B). In contrast,
whole-cell expression levels remained unchanged (1.01+0.10au vs 1.48+0.16au, respectively, p>0.05;
Fig 4.18A and B). On the other hand, 70KDa human P2X7 [K64A, K311A] dead subunits were equally
expressed at the cell surface when transiently co-transfected with human P2X4 WT subunits compared
to plasmid control (0.52+0.04au vs 0.34+0.12au, respectively, p>0.05; Fig 4.18A and B) as well as at
whole-cell levels (0.64+0.18au vs 0.91+0.12au, respectively, p>0.05; Fig 4.18A and B). The relative
amount of human P2X4 WT subunits was smaller at the cell membrane when combined with human
P2X7 [K64A, K311A] compared to whole-cell co-expression levels (p<0.01 vs respective control; Fig
4.18A and B). The combination of the two did not affect the human P2X7 [K64A, K311A] protein amount
at the cell surface compared to whole-cell co-expression levels (p>0.05 vs respective control; Fig 4.18A
and B). Expression of human P2X4 WT subunits and human P2X7 [K64A, K311A] dead subunits was the
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same when co-expressed together at the cell membrane (0.42+0.06au vs 0.52+0.04au, respectively,
p>0.05) and at whole-cell level (1.01+0.10au vs 0.9140.12au, respectively, p>0.05). Higher bands were
faintly detected at proximately 120KDa and 180KDa when using anti-HA antibodies for protein
detection (Fig 4.18A, C and D). Whole-cell human P2X4 WT subunits showed higher expression levels
at 60KDa when combined with human P2X7 [K64A, K311A] dead subunits compared to 120KDa
(1.01£0.10au vs 0.16+0.07au, respectively, p<0.01) and to 180KDa relative expression levels
(0.06+0.00au vs 60KDa, p<0.05). Comparable results were obtained for human P2X4 WT subunits
expression at the cell surface where bands at 60KDa predominated over 120KDa (0.42+0.06au vs
0.1540.00au, respectively, p<0.05) and 180KDa relative expression levels (0.05+0.02au vs 60KDa,
p<0.01). Higher bands were also detected at proximately 150KDa and just over 250KDa when
immunoblotting with anti-FLAG antibodies (Fig 4.18A, C and D). Whole-cell human P2X7 [K64A, K311A]
dead subunits were equally expressed at 70KDa, 150KDa and 250KDa when combined with human P2X4
WT subunits (0.64+0.18au for 70KDa vs 0.15+0.04 for 150KDa, p>0.05; and 0.14+0.07au for 250KDa vs
70KDa, p>0.05). At the cell surface, both human P2X7 [K64A, K311A] expression levels at 70KDa and
250KDa were higher compared to expression levels at 150KDa (0.52+0.04au for 70KDa vs 0.04+0.02au
for 150KDa, p<0.001; and 0.28+0.12au for 250KDa vs 70KDa, p>0.05).

Subsequently, co-immunoprecipitation assays using 1321N1 parental astrocytoma cells transiently co-
transfected with human P2X4 WT HA-tagged subunits and human P2X7 WT FLAG-tagged dead subunits
were performed. Remarkably, human P2X4 WT subunits did not co-immunoprecipitate with human
P2X7 WT subunits when anti-FLAG antibodies were used for protein pull-down (0.05+0.03au vs input
control, p<0.01; Fig 4.19A and B). Whole-cell input controls showed similar human P2X4 WT expression
levels when co-transfected with human P2X7 WT subunits (0.86+0.11au vs 1.02+0.04au plasmid
control, p>0.05; Fig 4.19A and B). In parallel, human P2X7 WT subunits did not co-immunoprecipitate
with human P2X4 WT subunits when anti-HA antibodies were used for protein pull-down (0.02+0.00au
vs input control, p<0.05; Fig 4.19C and D). Conversely, human P2X7 WT subunit expression levels were
reduced by about 47% when transiently co-transfected with human P2X4 WT subunits compared to
pcDNA 3.1 plasmid control (0.57+0.07au vs 1.06+0.08au, respectively, p<0.05; Fig 4.19C and D).

Accordingly, human P2X4 WT HA-tagged subunits did not co-immunoprecipitate with human P2X7
[K64A, K311A] FLAG-tagged dead subunits (0.01+0.00au vs input control, p<0.01; Fig 4.20A and B).
There were no significant changes in human P2X4 WT whole-cell expression levels when transiently co-
transfected with human P2X7 [K64A, K311A] dead subunits compared to plasmid control (1.23+0.14au
vs 1.2040.11au, respectively, p>0.05; Fig 4.20A and B). Reciprocate immunoprecipitation assays
showed that human P2X7 WT FLAG-tagged subunits did not co-immunoprecipitate with human P2X4
WT HA-tagged subunits either (0.02+0.02au vs input control, p<0.01; Fig 4.20C and D). However, the
relative expression levels of human P2X7 [K64A, K311A] dead subunits were significantly lower when
transiently co-transfected with human P2X4 WT subunits compared to plasmid control (0.20+0.01au vs
0.3440.02au, respectively, p<0.01; Fig 4.20C and D). Expression levels of human P2X7 [K64A, K311A]
dead subunits were about six times smaller compared to human P2X4 WT subunits when co-transfected
together (p<0.05; Fig 4.20). It is also important to note that human P2X7 [K64A, K311A] dead subunits

198



Exploring functional heteromeric interactions of the human P2X4 receptor | Chapter 4

were significantly less expressed than human P2X7 WT subunits when co-transfected with pcDNA 3.1
plasmid control (0.34+0.02au vs 1.06+0.08au, respectively, p<0.01) and when co-transfected with
human P2X4 WT subunits (0.20+0.01au vs 0.57+0.07au, respectively, p<0.01).
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Fig 4.17. The human P2X7 [K64A, K311A] dead subunit had a dominant negative effect on human P2X4
WT ATP-evoked Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A)
ATP concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence
(half-full stars) and absence (closed circles) of hP2X7 [K64A, K311A]. (B) Averaged time-resolved
intracellular Ca?* influx elicited by 30uM ATP in the presence (half-full stars) and absence (closed circles)
of hP2X7 [K64A, K311A]. All data were normalised to respective maximal 100uM Carbachol responses.

Data were represented as mean + SEM (N=5).
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Fig 4.18. Whole-cell and cell surface expression levels of human P2X4 WT and human P2X7 [K64A,
K311A] subunits in transiently co-transfected 1321N1 parental astrocytoma cells. (A) Representative
immunoblot for hP2X4 WT HA-tagged protein (top), hP2X7 [K64A, K311A] FLAG-tagged protein
(middle), and B-actin loading control (bottom). Molecular weight size standards were indicated in KDa.
Lanes 1-3 corresponded to whole-cell samples and lanes 4-7 to cell surface protein lysates. Lane 7 was
a negative control for biotin labelling. (B — D) Comparison of densitometric analysis for bands at (B)
60KDa and 70KDa, (C) 120KDa and 150KDa, (D) and 180KDa and >250KDa for hP2X4 WT HA-tagged
(top) and hP2X7 [K64A, K311A] FLAG-tagged (bottom) protein levels relative to loading control for

whole-cell and cell surface lysates, respectively. Data were represented as mean + SEM (N=3).
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Fig 4.19. Human P2X4 WT subunits did not co-immunoprecipitate with human P2X7 WT subunits when
transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative immunoblot for
hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody (top), for hP2X7 WT
FLAG-tagged anti-FLAG immunoprecipitation control (middle), and for the B-actin loading control. (B)
Comparison of densitometric analysis of hP2X4 WT HA-tagged protein level relative to loading control
for input and co-immunoprecipitated complexes. (C) Representative immunoblot for hP2X7 WT FLAG-
tagged protein after immunoprecipitation using anti-HA antibody (top), for hP2X4 WT HA-tagged anti-
HA immunoprecipitation control (middle), and for the B-actin loading control (bottom). (D) Comparison
of densitometric analysis of hP2X7 WT FLAG-tagged protein level relative to loading control for input
and co-immunoprecipitated complexes. Molecular weight size standards were indicated in KDa. Lanes
1-3 corresponded to whole-cell protein lysates and lanes 4-7 to immunoprecipitated protein
complexes. Lane 7 was an IgG negative control for immunoprecipitation without antibody. Data were

represented as mean + SEM (N=3).
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Fig 4.20. Human P2X4 WT subunits did not co-immunoprecipitate with human P2X7 [K64A, K311A]
subunits when transiently co-transfected in 1321N1 parental astrocytoma cells. (A) Representative
immunoblot for hP2X4 WT HA-tagged protein after immunoprecipitation using anti-FLAG antibody, and
for the B-actin loading control. (B) Comparison of densitometric analysis of hP2X4 WT HA-tagged
protein level relative to loading control for input and co-immunoprecipitated complexes. (C)
Representative immunoblot for hP2X7 [K64A, K311A] FLAG-tagged protein after immunoprecipitation
using anti-HA antibody, and for the B-actin loading control. (D) Comparison of densitometric analysis of
hP2X7 [K64A, K311A] FLAG-tagged protein level relative to loading control for input and co-
immunoprecipitated complexes. Molecular weight size standards were indicated in KDa. Lanes 1-3
corresponded to whole-cell protein lysates and lanes 4-7 to immunoprecipitated protein complexes.
Lane 7 was an 1gG negative control for immunoprecipitation without antibody. Data were represented
as mean * SEM (N=3).
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4.2.2 Potential impacts of co-expressing human P2X4 wild-type subunits with other P2X wild-

type subunits on its pharmacological properties

We hypothesised that receptor multimerisation increases the number of functional P2X receptor
subtypes and the diversity of ATP signalling pathways. Besides, heteromerisation can impact the ATP
binding interface between adjacent subunits and consequently change pharmacological properties and
channel projection. Once the human P2X4 functional heteromeric screening for ATP was finished, |
started analysing potential effects on the human P2X4 WT HA-tagged ATP concentration-response data
caused by the presence of other human P2X1-7 WT FLAG-tagged subunits.

At first, whole-cell expression of all human P2X1-7 subunits transiently co-transfected with human P2X4
WT subunits was analysed. Figure 4.21 showed high expression levels for all subunits in 1321N1
parental astrocytoma cells. The human P2X4 WT specific band at 60KDa is visually thicker than the other
subunits, most likely because the experimental system was optimised for human P2X4 WT responses.
Complementary biotinylation experiments to check the membrane expression of each P2X subunit

were not completed due to time constraints.

The reader must know that this was a pilot study, and only one biological repeat was done. Thus, the
resulting data was preliminary. The analysis was assessed using the technical repeats within the same
experiment tested in triplicate (n=3). However, more biological repeats are required to support the

following information.

Calcium mobilisation assays were performed on 1321N1 parental astrocytoma cells transiently co-
transfected with human P2X4 WT HA-tagged and human P2X4 FLAG-tagged subunits. Figure 4.22
showed no significant differences in the ATP-evoked concentration-response data in cells transiently
co-transfected with human P2X4 WT HA-tagged and either pcDNA3.1 plasmid control or human P2X4
FLAG-tagged subunits. The maximal ATP-evoked calcium response was obtained at 3uM ATP
(89.0£7.86% vs 65.6+5.89% for plasmid control, p>0.05; Fig 4.22A). The ATP potency value remained
unchanged compared to plasmid control (1.00+0.25uM vs 2.40+0.79uM for plasmid control, p>0.05;
Fig 4.22A). Figure 4.22B represented an averaged calcium response upon application of 30uM ATP,
which reached a maximal amplitude of response of 73.7+11.7% (p>0.05 vs 82.1+1.77% for plasmid
control) and slowly decayed over time, sustaining the response at approximately 60% above the

baseline level.

Similarly occurred in 1321N1 parental astrocytoma cells transiently co-transfected with human P2X4
WT subunits and either human P2X1 WT, P2X3 WT or P2X5 WT subunits (Fig 4.23). Co-transfection with
human P2X1 WT subunits had no effect on the human P2X4 WT ATP-evoked intracellular calcium
responses, and the ATP potency value obtained was close to the one for plasmid control (1.55+0.58uM,;
Fig 4.23A and B). The maximal response was obtained at 30uM ATP (80.3+14.0% vs plasmid control,
p>0.05; Fig 4.23A and B), which decayed to approximately 35% above baseline. For human P2X3 WT
with human P2X4 WT co-transfected cells, the ATP-evoked calcium responses did not change at any

concentrations tested compared to plasmid control with an ATP potency value of 2.39+1.57uM (Fig
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4.23C and D). The maximal calcium response was also attained upon application of 30uM ATP
(85.7£9.10% vs plasmid control, p>0.05; Fig 4.23C and D), sustaining the response at approximately
43% above baseline (Fig 4.23D). Likewise, the presence of human P2X5 WT subunits did not affect the
human P2X4 WT ATP-evoked calcium responses, and the ATP potency value calculated was comparable
to the one for plasmid control (0.78+0.30uM; Fig 4.23E). The maximal response was obtained at 3uM
ATP (81.1+9.31% vs 65.6£5.89% for plasmid control, p>0.05; Fig 4.23E). A representative calcium
response over time after stimulation with 30uM ATP is shown in Figure 4.23F, reaching a 69.3+18.8%
peak response (p>0.05 vs 82.1+1.77% for plasmid control; Fig 4.23E and F) and decaying to a sustained
phase over the recorded period (about 37% above baseline). A preliminary analysis of net calcium
movement derived from the area under the curve data was performed to complement peak data
information as detailed in sections 2.13.1 (Chapter 2) and 4.2.1.2 (Chapter 4). The AUC values obtained
for human P2X1 WT and human P2X3 WT appeared smaller than the plasmid control data. The decay
rates obtained upon 30uM ATP application were 31.745.50s and 43.447.00s for human P2X4 WT
transiently co-transfected with human P2X1 WT and human P2X3 WT subunits, respectively (p>0.05 for
both vs 154.4+42.4s for plasmid control). Moreover, no significant differences were detected for the
area under the curve data for human P2X4 WT and human P2X5 WT transients at any concentrations
tested. The decay rate value obtained after 30uM ATP application was 103.7+41.9s (p>0.05 vs
154.4+42 .4s for plasmid control).

The presence of human P2X2 WT subunits altered the human P2X4 WT ATP-evoked calcium response
in a concentration-dependent manner (Fig 4.24). Intracellular calcium responses caused by ATP
concentrations ranging from 3uM (110.1+£15.4% vs 65.6+5.89% for plasmid control, p<0.05) to 300uM
(95.9+£15.8% vs 49.0+5.36% for plasmid control, p<0.05) were significantly larger compared to
corresponding plasmid control responses (Fig 4.24A). The ATP potency value obtained was
1.86+0.48uM (Fig 4.24A). The maximal ATP-evoked calcium response was also reached at 30uM ATP
and was approximately two times greater than the plasmid control response (160.0£11.3% vs
82.1+1.77% for plasmid control, p<0.001; Fig 4.24). Figure 4.24B also showed a slow desensitisation
phase which decayed to approximately 80% above baseline over the recorded period of time. As
expected, net calcium movement analysis showed a significant increase of the ATP-evoked calcium
responses in a concentration-dependent manner compared to plasmid control (e.g., AUC 312.2+16.2%
vs AUC 157.3426.7% for 30uM ATP, p<0.01). The decay rate upon application of 30uM ATP was
363.1+162.1s (p>0.05 vs 154.4+42 .4s for plasmid control).

Finally, human P2X6 WT and P2X7 WT subunits inhibited human P2X4 WT ATP-evoked calcium
responses (Fig 4.25). The presence of human P2X6 WT subunits significantly reduced the ATP-evoked
calcium responses at concentrations of 0.3uM, 10uM, 30uM and 300uM (p<0.05, p<0.05, p<0.001, and
p<0.01 vs corresponding plasmid control responses, respectively; Fig 4.25A). The ATP ECso value
obtained was 1.61+0.21uM. The maximal calcium response was obtained upon application of 30uM
ATP and was approximately 33% smaller than the plasmid control response (55.5+3.39% vs plasmid
control, p<0.001; Fig 4.25A and B). The reduction caused by co-transfection of human P2X6 WT subunits

was comparable to the reduction observed in the presence of human P2X6 [K78A, K315A] dead subunits

205



Exploring functional heteromeric interactions of the human P2X4 receptor | Chapter 4

on human P2X4 WT ATP-evoked calcium responses. Co-transfection of human P2X7 WT subunits also
reduced the ATP-evoked calcium response at concentrations of 3uM, 10uM, 30uM, and 300uM
(p<0.01, p<0.05, p<0.001, and p<0.01 vs corresponding plasmid control responses, respectively; Fig
4.25C). The ATP ECsg value obtained was 1.09+0.71uM. A 45% reduction of the peak calcium response
was observed at 30uM ATP (45.944.41% vs plasmid control, p<0.001; Fig 4.25C and D). Figure 4.25D
also showed a slow desensitisation phase that decayed to approximately 25% above the baseline level
over the recorded time. Comparison between the effects of human P2X7 WT and P2X7 [K64A, K311A]
dead subunits on the human P2X4 WT ATP-evoked calcium responses were similar at high
concentrations of ATP (i.e., from 3uM to 300uM). However, the presence of human P2X7 [K64A, K311A]
dead subunits caused a greater reduction of the calcium response at ATP concentrations of 1uM
(26.6£2.31% vs 6.55+3.64%, p<0.01) and 0.3uM (17.3%3.43 vs 5.21+0.94%, p<0.01). Net calcium
movement analysis showed similar results as the intracellular calcium peak responses for human P2X4

WT subunits transiently co-transfected with either human P2X6 WT or P2X7 WT subunits.
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Fig 4.21. Whole-cell expression levels of human P2X1-7 WT subunits in transiently co-transfected
1321N1 parental astrocytoma cells. (A) Whole-cell immunoblot for hP2X1-7 WT FLAG-tagged subunits
(lanes 1-7, respectively) and untransfected 1321N1 parental astrocytoma cells as a negative control
(lane 8), with corresponding B-actin loading controls. Molecular weight size standards were indicated
in KDa. (B) Comparison of densitometric analysis of hP2X1-7 WT FLAG-tagged protein levels relative to

loading control for whole-cell lysates. Data were represented as mean + SEM (N=1).
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Fig 4.22. The human P2X4 WT FLAG-tagged subunit had no effect on human P2X4 WT HA-tagged ATP-
evoked Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A) ATP
concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence (open
circles) and absence (closed circles) of hP2X4 WT FLAG. (B) Averaged time-resolved intracellular Ca*
influx elicited by 30uM ATP in the presence (open circles) and absence (closed circles) of hP2X4 WT

FLAG. All data were normalised to respective maximal 100uM Carbachol responses. Data were
represented as mean + SEM (N=3).
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Fig 4.23. Human P2X1, P2X3 and P2X5 WT subunits had no effect on human P2X4 WT ATP-evoked Ca%*
responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A, C, E) ATP concentration-
response curves for the peak magnitude of intracellular Ca?* influx in the presence (open shapes) and
absence (closed circles) of (A) hP2X1 WT, (C) hP2X3 WT, and (E) hP2X5 WT. (B, D, F) Averaged time-
resolved intracellular Ca?* influx elicited by 30uM ATP in the presence (open shapes) and absence
(closed circles) of (B) hP2X1 WT, (D) hP2X3 WT, and (F) hP2X5 WT. All data were normalised to
respective maximal 100uM Carbachol responses. Data were represented as mean + SEM (N=1 in

triplicate).
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Fig 4.24. Effects of human P2X2 WT subunit co-transfection on the human P2X4 WT ATP-evoked Ca?*
responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A) ATP concentration-
response curves for the peak magnitude of intracellular Ca?* influx in the presence (open triangles) and
absence (closed circles) of hP2X2 WT subunits. (B) Averaged time-resolved intracellular Ca®* influx
elicited by 30uM ATP in the presence (open circles) and absence (closed circles) of hP2X2 WT subunits.
All data were normalised to respective maximal 100uM Carbachol responses. Data were represented

as mean * SEM (N=1 in triplicate).
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Fig 4.25. Human P2X6 and P2X7 WT subunits had an inhibitory effect on human P2X4 WT ATP-evoked
Ca?* responses in transiently co-transfected 1321N1 parental astrocytoma cells. (A, C) ATP
concentration-response curves for the peak magnitude of intracellular Ca?* influx in the presence (open
shapes) and absence (closed circles) of (A) hP2X6 WT and (C) hP2X7 WT. (B, D) Averaged time-resolved
intracellular Ca?* influx elicited by 30uM ATP in the presence (open shapes) and absence (closed circles)
of (B) hP2X6 WT and (D) hP2X7 WT. All data were normalised to respective maximal 100uM Carbachol

responses. Data were represented as mean + SEM (N=1 in triplicate).
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4.3 Discussion

In this chapter, we systematically examined functional interactions of the human P2X4 wild-type
subunit following the experimental methodology determined in Chapter 3. The process of identification
of potential human P2X4 heteromers began with the establishment and validation of the dead receptor
experimental system in transiently co-transfected human 1321N1 parental astrocytoma cells. After its
characterisation, a thorough functional and biochemical interaction screening was carried out. We
discovered some functional and non-functional human P2X subunits that interacted with human P2X4
wild-type subunits. These are thoroughly discussed in the following pages and Table 4.2 provides a
summary of the effects of human P2X dead subunits on the human P2X4 WT 30uM ATP-evoked calcium
responses and includes positive and negative co-immunoprecipitation data to visually guide the reader

through each combination.

The reader should keep in mind that the present analysis cannot distinguish between different numbers
of ligand binding sites and different subunit arrangements. As a reminder, the FlexStation 3 instrument
measures an average calcium influx response of a confluent well and transient co-transfection of human
P2X4 wild-type subunits and human P2X dead subunits could result in different receptor expression
profiles. These apply to all human P2X4 and P2X dead subunit combinations and might include: human
P2X4 wild-type homomers, human P2X dead homomers, mixed human P2X4 wild-type and P2X dead
homomers, human P2X4 WT/P2X dead receptors, mixed human P2X4 wild-type homomers and P2X4
WT/P2X dead receptors, and certainly some untransfected cells. Besides, if any heteromeric receptors
formed, we could not discern between potential subunit combinations, i.e., two human P2X4 wild-type
subunits and one P2X dead subunit or one human P2X4 wild-type with two dead P2X subunits.
Considering these limitations, we could not make any assumptions about the formation of heteromeric

human P2X4 channels and their stoichiometry using this experimental system.
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Table 4.2. Summary of the effects of human P2X dead subunits on the human P2X4 WT 30uM ATP-

evoked calcium responses and co-immunoprecipitation data.

Human P2X4 WT +

pcDNA 3.1

P2X4 [K67A, K313A]
P2X1 [K68A, K309A]
P2X2 [K81A, K319A]
P2X3 [K63A, K299A]
P2X5 [KE69A, K314A]
P2X6 [K78A, K315A]

P2X7 [K64A, K311A]

ECs0 (LM) P value Enax (LM) Efficacy (%) P value

2.4040.79
1.11+0.30
1.5840.26
1.32+0.03
1.32+0.03
1.76+0.43
5.20+2.64

3.96+1.02

ns

ns

ns

ns

ns

ns

ns

30
30
30
30
30
30
30

30

82.1+1.77
24.2+1.58
43.0+£7.03
72.1+5.68
74.5+10.1
48.1+3.83
58.84+5.80

36.746.76

WT-WT WT-DM

ColP
<0.01 Yes
<0.01 Yes

ns Yes
ns No
<0.001 Yes
<0.01 Yes
<0.01 No

ColP

Yes

Yes

Yes

/
No

ColP, co-immunoprecipitation; ns, non-significant. Statistical analysis was performed against the

respetive ECsq and efficacy values obtained for cells transiently co-transfected with human P2X4 WT
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4.3.1 Human P2X4 subunits functionally interacted with human P2X1 subunits

The P2X1 receptor is the predominant P2X subunit in most smooth muscle cells lining the arteries, vas
deferens, and urinary bladder. It is also found in platelets, megakaryocytes, and other immune cells,
contributing to platelet development, coagulation, and inflammatory responses (Burnstock & Knight,
2004; Bennetts et al., 2022).

In this study, substitutions of K68 and K309 of the human P2X1 receptor by alanine residues caused a
significant reduction in human P2X4 wild-type ATP-evoked intracellular calcium responses in a
concentration-dependent manner (Fig 4.2). These results inferred that a wild-type P2X4 subunit did not
rescue channel function when co-expressed with a human P2X1 [K68A, K309A] dead subunit,
suggesting that human P2X1 double mutant subunits had a dominant negative effect in channel
function. Human P2X1 receptors are known to be fast desensitising amongst the P2X receptor family
(North, 2002). The 30uM ATP-evoked calcium response was reduced by approximately 50% when
human P2X1 dead subunits were present, but it was sustained at 35% above baseline levels over the
recorded time, suggesting conservation of the slow desensitisation characteristics of the human P2X4
receptors (Fig 4.2B). The affinity for ATP remained unchanged by the presence of human P2X1 [K68A,
K309A] dead subunits (1.58+0.26% vs 2.40+0.79uM for plasmid control, p>0.05; Fig 4.2A), indicating
that the number of functional human P2X4 wild-type receptors at the cell membrane was not affected
by co-transfection with human P2X1 [K68A, K309A] dead subunits. A smaller amount of 60KDa human
P2X4 wild-type subunits was detected at the cell membrane when co-expressed with human P2X1 dead
subunits (Fig 4.1 and 4.3A-B). This reduction could be explained by an increment in the expression of
human P2X4 wild-type 120KDa and 180KDa bands corresponding to dimeric and trimeric molecular
weight species at the cell membrane where functional receptors are presumed to form (Fig 4.3; Nicke
et al., 2005). Moreover, physical subunit interactions were observed for human P2X4 wild-type with
human P2X1 [K68A, K309A] dead subunits (Fig 4.5). The co-immunoprecipitated human P2X4 wild-type
protein levels were significantly reduced from the whole-cell input control when co-expressed with
human P2X1 [K68A, K309A] dead subunits. This had three possible explanations: i) some interaction
complex was retained in higher phases of the SDS-PAGE gel electrophoresis as fainter 180KDa bands
were detected, ii) anti-FLAG antibodies might have a lower affinity for their epitope as previously
reported, so a smaller amount of human P2X1 dead subunits would be purified affecting the detection
of human P2X4 wild-type, or iii) not all human P2X4 subunits interacted with human P2X1 dead
subunits. Co-immunoprecipitation experiments using human P2X1 wild-type subunits confirmed
physical interaction between human P2X4 and P2X1 subunits (Fig 4.4). Similarly, co-
immunoprecipitated levels of human P2X4 wild-type subunits were significantly reduced compared to
input control, but this time the amount of human P2X1 wild-type precipitate was also smaller (Fig 4.4).
The reported monomeric weight for glycosylated P2X1 subunits is 58KDa (Rettinger et al., 2000) which
aligns with what we observed. Higher molecular species for either human P2X1 wild-type or dead
subunits were observed in co-immunoprecipitated lanes. The reduction in human P2X1 protein
expression could be due to low antigen-antibody affinity to detect FLAG-tagged proteins, although this

was not an issue for immunoblot detection as it was for protein purification in our experimental system.
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Another probable explanation would be that not all human P2X1 wild-type subunits interacted with
human P2X4 wild-type subunits. Pilot data showed that the presence of human P2X1 wild-type subunits
did not affect the efficacy and potency values of the human P2X4 wild-type ATP-evoked intracellular
calcium responses (Fig 4.23A-B). At 30uM ATP, the calcium response seemed to desensitise slightly
faster whilst maintaining a lower sustained response over time compared to homomeric human P2X4
receptor populations (Fig 4.23A-B), suggestive of a mixed pharmacological profile. In this pilot study,
the reading settings were set to 3-second sampling, so we potentially missed some effects caused by

the co-expression of human P2X1 wild-type subunits as they are fast desensitising (North, 2002).

In summary, both functional and biochemical data results insinuated that the formation of heteromeric
complexes between human P2X4 wild-type and P2X1 [K68A, K319A] dead subunits and between human
P2X4 and P2X1 wild-type subunits possibly occurred. We confirmed that both ectodomain lysines K69
and K319 were also important for ATP recognition and human P2X1 receptor activation. Using the
FlexStation 3 device and ATP to assess the functional properties of potential heteromeric P2X1/4
receptors had many limitations. Taking advantage of the distinct characteristics of homomeric P2X1
and P2X4 receptors would be more suitable in the future. For example, P2X1 receptors are fast
desensitising, activated by aB-MeATP and highly sensitive to the antagonists Suramin and TNP-ATP,
whereas P2X4 receptors are slowly desensitising and relatively insensitive to both af-MeATP and such
antagonists (North, 2002).

We evidenced that functional subunit interaction between human P2X4 and P2X1 subunits probably
occurred in our recombinant system. We hypothesised that these interactions could occur at both
intracellular and cell membrane levels. Initially, co-purification experiments failed to show an
interaction between rat P2X1 and P2X4 subunits in HEK293 cells (Lé et al., 1998; Torres et al., 1999) but
was later found by co-purification and subsequent Blue Native polyacrylamide gel electrophoresis (BN-
PAGE) analysis in Xenopus laevis oocytes (Nicke et al., 2005). Whilst P2X1 subunits show overlapping
distribution with P2X4 subunits in several tissues, little evidence for a P2X1/4 heteromer in native
tissues has been provided so far. In vascular smooth muscle cells, both P2X1 and P2X4 receptors
modulate arterial vasoconstriction and some functional studies suggested the presence of P2X1/4
heteromers with mixed electrophysiological properties (Conant et al., 2008; Harhun et al., 2014; Nichols
et al., 2014). Thus, investigation of whether P2X1 and P2X4 subunits form heteromeric receptors is
critical for understanding their physiological roles and for the development of more selective
therapeutics to treat hypertension and other symptoms associated with cardiovascular disease.
Previous studies reported a role for P2X1 homomers and possibly P2X1/4 heteromeric receptors in
urinary bladder contraction (Kennedy et al., 2007). Both subtypes also participate in the modulation of

inflammation (Burnstock, 2016).

Human P2X4 wild-type receptor expression was reduced at the cell membrane when co-expressed with
human P2X1 dead subunits, suggestive of interaction during protein formation and trafficking to the
cell membrane. The lack of high molecular weight species for human P2X4 wild-type subunits, human

P2X1 wild-type and dead subunits in co-immunoprecipitated complexes are suggestive of monomeric
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interactions over dimeric and trimeric interactions, which are more likely to occur at the cell membrane
and where functional receptors exert their extracellular signalling roles. Besides, the combination of
human P2X1 and P2X4 wild-type subunits did not reflect on a different ATP pharmacological profile in
our pilot data. P2X1 and P2X4 subtypes have been reported as highly mobile proteins at the cell
membrane, so an intracellular interaction during trafficking might also be possible (Ennion & Evans,
2002; Bobanovik et al., 2002).

4.3.2 Human P2X2 subunits formed interaction complexes with human P2X4 subunits but

did not alter their receptor function

P2X2 receptors are widely expressed in the Central Nervous System (CNS) and, together with P2X3
receptors, account for practically all sensory nerve excitation mediated by ATP (Lewis et al., 1995;
Cockayne et al., 2005). They are also expressed in the carotid body contributing to detecting oxygen,
carbon dioxide, and blood pH levels, and stimulating afferent nerves in case of hypoxia (Rong et al.,
2003). Thus, P2X2 receptors might play a role in cardiovascular and respiratory function. The P2X2
receptors are found in various parts of the inner ear, such as the cochlea, sensory hairs, and spiral
ganglion neurons, where they process ATP signals regulating hearing sensitivity (George et al., 2019).
Co-localisation with P2X4 receptors was reported in some CNS neurons where both subtypes play a

role in ATP-mediated synapses (Rubio & Soto, 2001).

Our results showed no significant effects on human P2X4 wild-type ATP-evoked intracellular calcium
responses when co-transfected with human P2X2 [K81A, K319A] dead subunits (Fig 4.8). The sensitivity
to ATP also remained unchanged (1.32+0.03uM vs 2.40+0.79uM for plasmid control, p>0.05; Fig 4.8A),
suggesting the number of functional human P2X4 wild-type receptors at the cell membrane was not
affected. Whole-cell and cell surface expression levels for human P2X2 [K81A, K379A] were high (Fig
4.1C-D). However, potential differences in expression levels when co-transfected with human P2X4
wild-type subunits have not been investigated yet. Co-expression of human P2X4 wild-type and P2X2
wild-type subunits in human astrocytoma cells caused a 2-fold increase in ATP-evoked intracellular
calcium responses while the ATP potency remained the same (Fig 4.24). A representative time-resolved
calcium response upon application of 30uM ATP showed a slightly faster activation of the
overexpressed receptors with a much slower desensitisation phase over the recorded time (4.24B). In
cells co-expressing these receptors, the summation of the response produced by each receptor
expressed individually would suggest two independent pools of homomeric receptors. Although these
data suggested that ATP-evoked calcium responses resulted from the addition of homomeric human
P2X2 wild-type responses and homomeric P2X4 wild-type responses, we should also test the ATP-
evoked calcium response in astrocytoma cells only expressing human P2X2 wild-type receptors for
completeness. Interestingly, co-immunoprecipitation assays showed reciprocate interaction complexes
formed between human P2X2 and human P2X4 wild-type subunits (Fig 4.11). Whole-cell input lanes
showed a fainter but not significantly different human P2X2 wild-type band when co-expressed with
human P2X4 wild-type subunits compared to plasmid control, while human P2X4 wild-type subunit

expression levels remained unchanged (Fig 4.11). Differences in cell membrane expression levels, when
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human P2X2 and P2X4 wild-type subunits are co-expressed, remain to be assessed. The co-
immunoprecipitated human P2X4 wild-type protein levels were significantly reduced from the whole-
cell input control when co-expressed with human P2X2 wild-type subunits (Fig 4.11). This had three
possible explanations: i) some interaction complex was retained in higher phases of the SDS-PAGE gel
electrophoresis as weaker 180KDa bands were detected (Fig 4.11A), ii) anti-FLAG antibodies might have
a lower affinity for their epitope as previously described, or iii) not all human P2X4 subunits interacted
with human P2X2 wild-type subunits. Curiously, the human P2X4 wild-type subunit expression levels
were three times larger than the amount of human P2X2 wild-type subunits in the co-
immunoprecipitated complexes (p<0.001) and the same occurred for whole-cell input controls when
both subunits were co-expressed (p<0.01). These results are suggestive of potential interactions in the
form of homotrimers rather than receptor heteromers. However, due to limitations in our experimental
system, we cannot draw any conclusions on possible subunit/receptor arrangements. Another group
reported homomeric interactions between P2X2 and P2X4 receptors using co-immunoprecipitation
approaches, in situ proximity ligation assays, and Atomic Force Microscopy imaging (Antonio et al.,
2011, 2014). Despite this, intracellular calcium measurements evoked by ATP failed to show evidence
for potential functional human P2X4 wild-type and P2X2 [K81A, K319A] dead subunit interactions, even
if they occurred in the form of homotrimeric dimers. We determined that using af-MeATP or
Ivermectin might be better tools to investigate possibly missed effects of human P2X2 [K81A, K319A]
dead subunits on the human P2X4 wild-type receptor pharmacological profile since they only affect
human P2X4 receptors (Fig 3.13E-F and 3.36E-F; Priel & Silberberg, 2004). On the other hand, ATP-y-S
acted as a full agonist at human P2X2 wild-type receptors (Lynch et al., 1999) but did not evoke any
responses via human P2X4 receptors (Fig 3.14A-B) in our system, thus it could also be used to detect
any functional interactions between human P2X4 wild-type and P2X2 [K81A, K319A] dead subunits.
Similarly, human P2X2 receptors are more sensitive to blockade by PPADS than human P2X4 receptors
(Lynch et al., 1999).

Previous studies evidenced no interaction between rat P2X4 and rat P2X2 subunits using co-
immunoprecipitation studies (Torres et al., 1999), Fluorescence Resonance Energy Transfer (FRET) and
Bioluminescence Resonance Energy Transfer (BRET) assays that determinate the approach between
two molecules within several nanometres, a distance sufficiently close for protein interactions to occur,
as well as using Bimolecular Fluorescence Complementation (BiFC) assays which enable visualisation of
protein interactions in living cells (Compan et al., 2012). Our results were more consistent with a strong
functional and biochemical study that evidenced the formation of dimeric homotrimers between rat
P2X2 and rat P2X4 receptors with P2X2-like pharmacology (Hugel & Schlichter, 2000; Rubio & Soto,
2001; Antonio et al., 2009 ) because a higher 180KDa band corresponding to the trimeric human P2X4
wild-type receptor co-immunoprecipitated with human P2X2 wild-type subunits in our experimental
system (Fig 4.11A; Nicke et al., 2005). These conclusions were later confirmed by co-purification of

P2X2, P2X4 and P2X6 subunits and by Atomic Force Microscopy imaging (Antonio et al., 2014).

217



Exploring functional heteromeric interactions of the human P2X4 receptor | Chapter 4

4.3.3 Human P2X4 subunits did not functionally interact with human P2X3 subunits

P2X3 receptors are found in the Central Nervous System, mainly in sensory neurons of the dorsal root
ganglia. P2X2 and P2X3 account for virtually all sensory nerve excitation mediated by ATP (Lewis et al.,
1995; Cockayne et al., 2005). P2X3 receptors regulate inflammatory and neuropathic pain transmission
and perception. They are also expressed in the urinary tract, modulating urinary bladder reflexes
(Cockayne et al., 2005). Gefapixant is a novel drug for the treatment of chronic refractory cough or
unexplained cough, which antagonises P2X3 and P2X2/3 receptors found in afferent neurons
innervating the respiratory lining (Richards et al., 2019; Smith et al., 2020). Together with P2X2/3
heteromeric receptors, they are also involved in taste perception (Smith et al., 2020; Taruno et al.,
2021).

Even though human P2X3 [K63A, K299A] dead subunits showed good protein expression levels at
whole-cell and cell membrane lysates (Fig 4.1C-D), our study showed no significant effects of human
P2X4 wild-type ATP-evoked intracellular calcium responses when co-transfected with human P2X3
[K63A, K299A] dead subunits (Fig 4.9). A significant reduction of ATP-evoked calcium responses was
only evident upon application of 300uM ATP. At 300uM ATP, the decline in efficacy of the ATP-evoked
calcium responses over time was significantly faster compared to plasmid control and decayed to
baseline levels. These reflected potential effects of P2X3 [K63A, K299A] dead subunit co-transfection
on the desensitisation phase of the human P2X4 wild-type receptor but only at high concentrations of
ATP (1 12.8242.01s vs T 28.53+1.17s, p<0.001; Fig 4.10B). Accordingly, no human P2X4 and P2X3 wild-
type interaction complexes were observed in our co-immunoprecipitation data (Fig 4.12). A fainter
60KDa human P2X4 wild-type specific band was detected once, but its relative protein expression
amount was not statistically significant from that of negative controls (Fig 4.12A-B). Similarly, a fainter
60KDa human P2X3 wild-type specific band was observed once in the co-immunoprecipitated lane, but
its expression was not significantly different to the immunoprecipitation negative controls (Fig 4.12C-
D). These results emphasise the importance of performing several experimental repeats ‘N’ and
including individually and combined co-transfected samples for input and immunoprecipitation protein
expression controls, as well as antibody IgG-beads specific binding controls. All these measures
contributed to ensure the correct interpretation of the protein interaction data. We expected that co-
expression of human P2X4 and P2X3 wild-type subunits would produce a cumulative calcium response
produced by homomeric receptor but, co-expression of human P2X3 wild-type subunits did not affect
the human P2X4 wild-type ATP-evoked maximal calcium responses or ATP potency (Fig 4.23C-D).
Although these results were obtained from an N=1 pilot study, the most reasonable explanation was
that the reading settings were not set to the fastest 1-second sampling but to the standard 3-second,

so we possibly missed the real effects caused by human P2X3 wild-type subunits.

In conclusion, human P2X3 [K63A, K299A] dead subunits did not have dominant negative effects on
ATP-evoked human P2X4 wild-type channel function. While co-immunoprecipitation data to discard
functional interactions between human P2X4 wild-type and human P2X3 [K63A, K299A] dead subunits

still needs to be addressed, no physical interaction occurred between human P2X4 and P2X3 wild-type
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subunits which aligns with previous co-purification studies in HEK293 cells (Torres, et al., 1999). No
other studies have reported functional evidence of whether P2X3/4 heterotrimers exist or not. Using
Gefapixant to block human P2X3 receptors or analysing the desensitisation phase upon aB-MeATP

application would complement our functional studies to confirm these results.

4.3.4 Human P2X4 subunits functionally interacted with human P2X5 subunits containing

exon 10

Analysis of the human genome showed that the P2X5 gene occurs as two alleles, namely G and T.
Sequences with thymidine (T) will be recognised during mRNA processing and will be translated to a
‘full-length’” P2X5 receptor; however, sequences with a guanine (G) at this position will be read as the
consensus for RNA splicing during mRNA processing and will be translated to a truncated P2X5 receptor
that does not include exon 10. Exon 10 is 22 amino acids long toward the C-terminus from the inner
end of the second transmembrane domain (TM2). Truncation of the TM2 leads to the misfolding of
P2X5 subunits and their retention in the cytoplasm by the endoplasmic reticulum (Duckwitz et al.,
2006). The common isoform of human P2X5 receptors is the truncated non-functional channel, with
only 14% of individuals estimated to form functional homomeric P2X5 receptors (Bo et al., 2003; King,

2022), although this percentage may grow as more humans are screened.

The number of functional studies of human P2X5 receptors is limited, mainly because a functional
receptor was initially thought to not exist in humans. Recombinant human P2X5 receptors containing
all exons produced robust and slowly desensitising currents upon application of ATP in HEK293, 1321N1
human astrocytoma cells and Xenopus laevis oocytes (Bo et al., 2003; Schiller et al. 2022). Unlike other
P2X receptors, the P2X5 receptor is also permeable to chloride ions (Bo et al., 2003; Schiller et al., 2022).
P2X5 mRNA is well expressed by developing skeletal muscle cells, so P2X5 receptors might be involved
in the development, growth, and remodelling of bones (Meyer et al.,, 1999; Ruppelt et al., 2001).
Functional P2X5 receptors may also play a secondary role in inflammation since high expression levels

were also found in lymphocytes (Kotnis et al., 2010).

Human P2X5 K69A, K314A] dead subunits caused a significant reduction of the human P2X4 wild-type
ATP-evoked calcium responses while its ATP potency remained unaltered (1.76+0.43uM vs
2.40+0.79uM for plasmid control, p>0.05; Fig 4.13). The 60KDa human P2X4 wild-type cell membrane
expression levels were reduced when co-transfected with human P2X5 [K69A, K314A] dead subunits
(Fig 4.14A-B). Although human P2X5 [K69A, K314A] dead subunits showed high protein expression for
whole-cell and cell surface lysates, their expression levels were significantly reduced when co-
transfected with human P2X4 wild-type subunits (Fig 4.1G-H and 4.14). These results suggested that
some reduction of the ATP-evoked intracellular calcium influx might have been due to a reduction of
human P2X4 wild-type receptors at the cell membrane, which was also supported by a reduction of the
dimeric and trimeric human P2X4 wild-type protein species at 120KDa and 180KDa when human P2X5
[K69A, K315A] dead subunits were present (Fig 4.14; Nicke et al., 2005). If the human P2X5 [K69A,
K314A] dead subunits did not express well at the cell membrane, their full dominant-negative effects

might have been missed. Interestingly, co-immunoprecipitation complexes were formed between
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human P2X4 wild-type and human P2X5 [K69A, K314A] dead subunits (Fig 4.16). Whole-cell input
controls were consistent with the observed reduction of protein expression levels when both subunits
were co-transfected together compared to individually transfected samples (Fig 4.16). Co-transfection
of human P2X4 and P2X5 wild-type subunits did not alter the human P2X4 wild-type receptor ATP-
evoked intracellular calcium responses (4.23E-F). The presence of human P2X5 wild-type subunits
might have delayed the human P2X4 receptor onset upon application of ATP (Fig 4.23F). Human P2X4
and P2X5 wild-type subunits also co-immunoprecipitated (Fig 4.15). In this case, no major protein
expression differences were observed in whole-cell input control when both subunits were co-
transfected together or individually (Fig 4.15). These are consistent with a previous discussion point,
where the amount of P2X5 dead subunits expressed at the cell membrane might have been restricted
by a protein expression quality control mechanism, retaining supposedly mal-functioning human P2X5
dead subunits in the endoplasmic reticulum but not functional human P2X5 wild-type subunits
(Hammond & Helenius, 1995; Duckwitz et al., 2006; Sun & Brodsky 2019). Analysis of cell membrane

protein levels when both human P2X4 and P2X5 wild-type subunits are co-expressed might clarify this.

Taken together, we cannot conclude that human P2X5 [K69A, K314A] dead subunits had an actual
dominant-negative effect on the human P2X4 wild-type ATP-evoked calcium responses. However,
positive protein-protein interaction was observed for human P2X4 wild-type subunits with both human
P2X5 wild-type and dead subunits, implying that our functional study was limited. Further
pharmacological studies are required to establish if a functional interaction occurred, possibly using
a,B-MeATP which caused large human P2X5 currents or TNP-ATP, which effectively blocked them
(Surprenant et al., 2000) but had little effects on human P2X4 receptors. Looking at reverse potential
currents might be useful to determine any changes in chloride permeability when human P2X4 wild-
type subunits are co-expressed with human P2X5 wild-type subunits. Original co-immunoprecipitation
studies also showed that P2X4 subunits participated in heteromeric assemblies containing P2X5
subunits in HEK293 cells (Torres et al., 1999). An ELISA assay suggested a possible heteromerisation
between P2X4 and P2X5 subunits in which the surface expression of a trafficking-deficient P2X5 mutant
was strongly increased by co-expression with P2X4 subunits, which correlates to our protein expression
observations (Compan et al.,, 2012; Fig 4.14). However, this heteromer has not been further
characterised. Both P2X4 and P2X5 receptors are involved in inflammasome activation (Han et al., 2020;
Jeong et al., 2020; Kanellopoulos et al., 2021). Thus, we speculated that possible functional interactions

might occur there.

4.3.5 Human P2X4 subunits functionally interacted with human P2X6 subunits

P2X6 receptors are expressed in the Central Nervous System (CNS), skeletal muscle cells, thymocytes,
and urinary bladder (Collo et al., 1996; Jones et al., 2004; llles et al., 2021). They may have a role in the
progression of renal cell cancer as P2X6 receptors are also expressed in the kidney (Gong et al., 2019).
While no functional evidence for the human P2X6 homomeric receptor has been found to date, and it

is therefore considered a ‘silent’ subunit in humans (llles et al., 2021), there is a growing belief that the
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P2X6 subunit might only contribute to functional channels when other P2X subunits are present (Torres
et al, 1999).

Human P2X6 wild-type subunits showed low expression levels when transiently transfected in human
astrocytoma cells at approximately 60KDa (Fig 4.7 and 4.21). Similarly, low expression levels were
reported for human P2X6 [K78A, K315A] dead subunits transiently transfected in human astrocytoma
cells at 55-60KDa (Fig 4.11-)). These data raised the possibility that the receptor was not sufficiently
glycosylated in our heterologous expression system compared to fully glycosylated P2X6 subunits
reported in native cells with an approximated weight of 70KDa (North, 2002; Jones et al., 2004). Jones
et al. also demonstrated that rat P2X6 recombinant expression and channel function depended on
subunit glycosylation (Jones et al., 2004). Transient co-expression of human P2X6 wild-type subunits
had an inhibitory effect on the human P2X4 wild-type ATP-evoked calcium responses without affecting
its sensitivity (Fig 4.25A-B). A similar reduction of the human P2X4 wild-type ATP-evoked intracellular
calcium responses was obtained when using human P2X6 [K78A, K315A] dead receptor tools instead
(ECso of 5.20£2.64uM vs 2.40+0.79uM for plasmid control, p>0.05; Fig 4.6). The interpretation of
whether these dominant-negative effects were due to a functional interaction between subunits or a
reduction of human P2X4 wild-type receptors at the cell membrane in the presence of human P2X6
[K78A, K315A] dead subunits cannot be determined without further biotinylation experiments. We
observed the formation of interaction complexes between human P2X4 and P2X6 wild-type subunits
(Fig 4.7), but confirmation of protein interaction between human P2X4 wild-type and human P2X6
[K78A, K315A] dead subunits still needs to be addressed. It is important to note that higher molecular
weight species for human P2X6 wild-type proteins were not detected for either whole-cell lysates or
co-immunoprecipitates (Fig 4.7 and 4.21). These might indicate the lack of dimeric and trimeric P2X6

receptor expression in this recombinant system.

We concluded that a potential functional interaction occurred between human P2X4 and P2X6 subunits
in our heterologous system, however further studies are required to confirm true dominant-negative
effects of P2X6 [K78A, K315A] dead subunits on the human P2X4 wild-type receptor activity and to
elucidate possible pharmacological effects of co-expression of human P2X4 and P2X6 wild-type
subunits. Previous studies reported the formation of heteromeric P2X4/6 receptors using co-
immunoprecipitation assays in HEK293 cells (Torres et al., 1999) and Xenopus laevis oocytes (Lé et al.,
1998) and showed similar cellular distribution between P2X4 and P2X4/6 receptors in primary cultures
of rat neurons (Bobanovic et al., 2002). The internalisation of P2X4/6 heterodimers was also observed,
suggesting that one or two P2X4 subunits were sufficient to regulate the trafficking properties of the
receptor (Bobanovic et al., 2002). Unigque pharmacological phenotypes were observed in Xenopus laevis
oocytes and rat brain cells supporting a possible heteromeric receptor composed of P2X4 and P2X6
subunits sensitive to Suramin, PPADS, and a,B-MeATP (Lé et al., 1998; Khakh et al., 1999). Three studies
speculated the formation of heterotrimeric P2X receptors formed by the association of P2X2, P2X4 and
P2X6 subunits where the P2X6 subunit might act as a linker between the other two and with an
electrophysiological and pharmacological phenotype characteristic of the P2X2 subunit in rat spinal

cord dorsal horn neurons, rat Purkinje neurons, and rat Leydig cells (Hugel & Schlichter 2000; Rubio &
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Soto, 2001; Antonio et al., 2009 ). Their conclusions were later confirmed by co-purification of P2X2,
P2X4 and P2X6 subunits and by Atomic Force Microscopy imaging (Antonio et al., 2014). The lack of
information regarding human P2X receptor assembly becomes more evident as only two studies
proposed possible roles for human P2X4/6 heteromeric receptors but did not investigate direct protein
interaction between the two subtypes. One showed that human P2X4 and P2X6 receptors were closely
associated with VE-cadherin and suggested a role in modulating cell-cell adhesion in HUVECs (Glass et
al., 2002). And the second supposed that the ATP released as a result of radiotherapy contributed to
cell death by binding and activating human P2X4/6 heteromers in T24 cells, a human urinary bladder

cancer model (Dietrich et al., 2022).

4.3.6 Human P2X7 subunits did not form interaction complexes with human P2X4 subunits

but altered their receptor function

P2X7 receptors are ubiquitously expressed throughout the body. They are well established in immune
cells, including neutrophils, macrophages, microglial cells, dendritic cells and, to a lesser extent,
platelets. P2X7 receptors are involved in the modulation of inflammatory responses and neuropathic
pain signalling (llles et al., 2021). P2X7 receptors are also expressed in vascular endothelial cells,
vascular smooth muscle cells, skeletal muscle cells, hepatocytes, and epithelial cells of the airway tract
(llles et al., 2021). Due to similar expression patterns and overlapping roles in neuroinflammatory pain
signalling with P2X4 receptors, it is relevant to investigate if these P2X subtypes can form functional

interactions.

Transient co-transfection of human P2X7 [K64A, K311A] dead subunits with human P2X4 wild-type
subunits significantly reduced the ATP-evoked intracellular calcium responses in a concentration-
dependent manner identical to the one observed when human P2X4 [K67A, K313A] dead subunits were
co-transfected with human P2X4 wild-type subunits (Fig 4.17 and 3.30). Thus, we initially thought that
human P2X7 [K67A, K313A] might play a dominant-negative effect on human P2X4 wild-type sensitivity
for ATP according to the hypothesis of the dead receptor. However, no physical interaction was
observed in co-immunoprecipitation assays. Moreover, when human P2X4 and P2X7 wild-type subunits
were co-expressed, there was a significant reduction in the ATP-evoked calcium responses, while the
ATP potency remained the same compared to plasmid control (Fig 4.25C-D). Similarly, no interaction
complexes were formed between wild-type subunits when co-expressed in human astrocytoma cells
(Fig 4.19). Both functional and biochemical results showed a reduction of human P2X4-mediated
calcium responses but no physical interaction between the two proteins. These initially suggested that
interactions between P2X4 and P2X7 proteins were either only transient, did not resist the process of
solubilisation or Western blotting analysis, or the complex levels were just below the detection limit for
co-immunoprecipitation, as P2X7 receptors seemed to give a generally weaker signal. In agreement
with previous statements and according to the dead receptor hypothesis, dead subunits would
analogously be acting like non-competitive inhibitors of the human P2X4 wild-type receptor
suppressing its activity by restricting the number of available ATP binding sites without altering the

number of functional human P2X4 wild-type receptors at the cell membrane. Nevertheless, analysis of
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whole-cell and membrane expression levels for human P2X4 wild-type and human P2X7 [K64A, K311A)]
dead subunits demonstrated that the presence of P2X7 dead subunits significantly reduced the amount
of human P2X4 wild-type receptors expressed at the cell surface (Fig 4.18). Significant reductions of cell
surface dimeric and trimeric forms of human P2X4 receptors were also spotted when human P2X7
[K64A, K311A] dead subunits were present (Fig 4.18). It is important to note that smaller amounts of
both human P2X7 wild-type and [K64A, K311A] dead subunits were observed when co-expressed with
human P2X4 wild-type subunits in respective whole-cell input controls (Fig 4.20 and 4.19]. Some studies
also reported changes in cell surface expression levels under inflammatory conditions depending on
which subtype was activated (Wilson et al., 2007). Interestingly, the P2X4 and P2X7 receptor genes are
located on chromosome 12 within 130Kb of each other (llles et al., 2021). Certainly, it can be possible
that they share common promoter elements explaining how their expression levels appear to be closely

intertwined and their co-localisation in various cell types.

Finally, we proposed that the observed reductions of intracellular calcium responses upon application
of ATP were due to a reduction of functional human P2X4 receptors expressed at the cell membrane
rather than an interaction between the two. Thus, we concluded that no functional interactions
occurred between human P2X4 and P2X7 subunits in this experimental system. Our results are in
agreement with many other studies: i) the extended P2X immunoprecipitation original study, which
revealed that P2X7 subunits formed exclusively homotrimeric receptors (Torres et al., 1999), ii) a later
study performed in native tissues which did not detect heteromeric P2X4/7 complexes using subtype-
specific antibodies and BN-PAGE (Nicke, 2008), and iii) a more recent functional approach evidenced
that P2X4 and P2X7 receptors were activated independently from each other in BV-2 mice microglial
cells and no functional interaction occurred between the two P2X receptor subtypes (Trang et al.,
2020). In contrast, a 2007 study provided evidence of recombinant rat P2X4/7 heteromers in Normal
Rat Kidney cells (NRK) and HEK293 cells and endogenous mouse P2X4/7 heteromers in bone marrow-
derived macrophages (Guo et al., 2007). A disparity between Guo et al. and our data was the difference
in surface expression levels when both subunits were co-expressed. Our study is more consistent with
other findings that showed a correlation between subtype expression levels (Wilson et al., 2007; Craigie
et al., 2013) along with functional evidence that P2X4 receptor modulated P2X7 receptor-dependent
inflammatory functions when co-expressed in mouse macrophage RAW264.7 cells (Kawano et al,,
2012a) and was involved in P2X7 receptor-mediated cell death, but not pore formation (Kawano et al.,
b). There is a growing body of evidence suggesting that the roles of P2X4 and P2X7 receptors can be
influenced when they are co-expressed (Adamiak et al., 2022). Nicke (2008) and two other studies
might clarify the differences observed over the last two decades (Boumechache et al., 2009; Antonio
et al., 2011). These indicated that the preferred assembly pathway for both receptors is the formation
of homotrimers. Homotrimers of P2X7 were able to co-immunoprecipitate with P2X4 homotrimers,
suggesting that an interaction occurred between rather than within receptor complexes (Nicke, 2008;
Boumechache et al., 2009; Antonio et al., 2011). Further studies are needed to discriminate between

these three possibilities.
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Due to the limitations of our experimental system, we could not rule out the possibility that P2X4/7
homotrimeric receptor interactions might occur. Finally, we hypothesised these might be transient
intracellular interactions possibly occurring during receptor trafficking or during the formation of
mature phagolysosomes. Besides, P2X4 receptors are involved in the fusion of late endosomes and
lysosomes via the activation of calmodulin and promote vesicle fusion (Cao et al., 2015; Kanellopoulos
et al., 2021), while P2X7 receptors facilitate the formation of phagosomes when activated by high

concentrations of ATP (Kuehnel et al., 2009), both potentially supporting our statement.

224



5 General discussion

Key findings and future directions



General discussion | Chapter 5

5.1 Key findings and concluding remarks

P2X ligand-gated ion channels are responsible for many of the physiological effects of ATP in both
central and peripheral nervous systems. P2X receptor activation via ATP binding causes the opening of
an ionic pore and the movement of small cations across cell membranes. This ionic movement
underpins a multitude of biological processes in health and disease. Over the past fifteen years, there
has been a growing interest in how P2X subunits arrange to form functional channels. While the
existence of heterotrimeric P2X2/3 receptors is well established, the composition of other P2X

heteromers and/or the interaction between distinct trimeric receptors remains controversial.

The P2X4 receptor subtype is widely distributed in human tissues and cells. They are one of the
predominant receptors found in immune cells and have been linked to the regulation of immune
responses and inflammation (Burnstock, 2016; Antonioli et al., 2019). In the peripheral and central
nervous systems, P2X4 receptors are expressed in neurons and glial cells such as microglia found in the
spinal cord, and they are linked to the transmission of neuropathic pain (Tsuda et al., 2013; Stokes et
al., 2017). Furthermore, P2X4 receptors are abundantly expressed in human vascular endothelial cells
and are recognised for their role in regulating vascular tone (Yamamoto et al., 2006; Stokes et al., 2011).
P2X4 receptors have particular membrane trafficking patterns and are also located in lysosomes and
other acidic intracellular compartments (Xu et al., 2014; Murrell-Lagnado & Frick, 2019). Its varied
distribution in human tissues and its involvement in both physiological and pathophysiological
processes make it a promising target for the development of new therapeutic agents. As previously
described, P2X receptors are trimeric, and P2X4 subunits can form a functional homotrimer. But can a

P2X4 subunit combine with other P2X subunits to form a functional receptor?

The principal aim of this thesis was to disclose potential human P2X4 functional subunit interactions
through the compilation of biochemical and functional evidence, contributing original knowledge to
the current literature. Deciphering P2X subunit-subunit association is an arduous task and usually
requires the combination of multiple approaches before a heteromer is established and accepted by
the research community. Our experimental strategy encompassed i) molecular biology techniques to
generate human P2X dead receptor tools by site-directed mutagenesis and to transiently co-transfect
human astrocytoma cells, ii) biochemical methods such as Western blotting and immunoprecipitation
to assess protein expression patterns and demonstrate physical protein interactions, and iii)
pharmacological tools to investigate P2X channel function by intracellular calcium mobilisation assays.
We proposed human 1321N1 astrocytoma cells and human P2X dead receptor tools as a well-rounded

experimental system to identify human P2X4 heteromeric candidates.

In the first part of this thesis, we provided a reliable and reproducible method for the study of human
P2X4 subunit assembly, determining both physical and functional interactions. Initially, we explored
how to transfect human P2X4 wild-type receptors into 1321N1 astrocytoma cells successfully. The ideal
approach was determined empirically and was selected for high transfection efficiency, low cell toxicity,
accessibility and convenience, and reproducibility. Our results evidenced that successful and

reproducible transient transfection of human 1321N1 astrocytoma cells is possible, overcoming a major
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problem related to the investigation of P2X receptor properties. HEK293 cells have been the most
frequent cell model used to assess the role of recombinant P2X receptors but endogenously express
other P2 receptor subtypes, namely P2Y1, P2Y2, and P2Y4, which also respond to ATP and other
extracellular nucleotides (Fischer et al., 2003, 2005), causing large intracellular calcium changes and
potentially interfering with P2X receptor-mediated calcium signals (He et al., 2003). Therefore, the
human 1321N1 astrocytoma cell model was a more suitable heterologous system to provide new
insights into the human P2X heteromerisation matter. Once this technique was mastered, we then
demonstrated that a heterologously expressed human P2X4 receptor accurately represented its
characteristic pharmacological profile. To do so, intracellular calcium influx experiments were
performed by application of ATP and different agonists into 1321N1 astrocytoma cells stably expressing
human P2X4 receptors. The effects of broad-spectrum and human P2X4 selective antagonists on its
activity were also investigated for completeness. In summary, recombinant human P2X4 receptors
were distinguished for their partial activation with nucleotide analogues other than ATP and their
complete inhibition by the competitive inhibitor TNP-ATP and the negative allosteric modulators
PPADS, BAY-1797, PSB-12062, BX-430, 5-BDBD, and Taspine. While heterologously expressed P2X4
receptors were efficiently expressed in the plasma membrane, formed functional homomeric
interactions, and showed a distinct pharmacological profile, only a few native receptors have been
identified that resemble exactly the recombinant homomeric P2X4 receptors (Coddou et al., 2011).
These differences might be justified by unknown receptors formed by a heteromeric assembly
comprising P2X4 with P2X subunits or other associated proteins. As with other ligand-gated ion
channels, the subunit composition of P2X receptors defines not only their pharmacological profile
properties but also their functional roles in physiological processes, which can ultimately lead to the
development of more selective therapeutics. Finally, evidence that human P2X4 wild-type subunits
interact to form a functional ATP-gated channel was obtained successfully by intracellular calcium
measurements and protein expression and interaction studies. Following the hypothesis proposed by
Wilkinson et al. (2006), dead receptor proof-of-concept was performed and thoroughly optimised to
provide a reliable and consistent base to explore human P2X4 heteromeric interactions whilst avoiding
significant data biases. Dominant negative effects of human P2X4 [K67A, K313A] dead subunits on the
human P2X4 wild-type ATP-evoked calcium responses and co-immunoprecipitation assays proved that
mutations on key ectodomain lysine residues caused a significant loss of channel function and that a
homo-oligomeric interaction occurred between human P2X4 wild-type and P2X4 double mutant
subunits. In addition, this experimental system revealed functional interactions between human P2X2
and human P2X3 subunits, an exclusively recognised P2X heteromeric receptor by the purinergic
community. Overall, using human 1321N1 parental astrocytoma cells and dead receptor tools is a well-
rounded experimental system to systematically screen for functional human P2X4 heteromeric

candidates.

In the second part of this thesis, functional human P2X4 interactions were scrutinised using our novel
experimental approach (Table 4.2). Taking experimental biases and limitations into account, as well as

current literature knowledge, solid evidence for human P2X4 wild-type subunits functionally interacting
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with human P2X1 [K68A, K309A], human P2X5 [K69A, K314A], and human P2X6 [K78A, K315A] dead
subunits was obtained, which compromised the ATP binding pocket according to the dead receptor
hypothesis. In the same way, human P2X4 wild-type subunits formed interaction complexes with
respective human P2X1, human P2X5, and human P2X6 wild-type subunits. These data revealed that
functional human P2X1/4, P2X4/5, and P2X4/6 heteromeric receptors can exist in this heterologous
system. No functional interaction was observed for human P2X4 wild-type subunits transiently co-
transfected with human P2X2 [K81A, K319A] dead subunits, but the co-immunoprecipitation data
showed a positive interaction between human P2X4 wild-type and human P2X2 wild-type subunits.
Furthermore, the human P2X4 wild-type ATP-evoked calcium responses were significantly increased by
the presence of human P2X2 wild-type subunits. Taken together, these results supported interaction
between homomeric P2X2 and P2X4 receptors rather than between subunits. No functional interaction
was determined between human P2X4 wild-type subunits and human P2X3 [K63A, K299A] dead
subunits and no interaction complexes were detected between human P2X4 wild-type and human P2X3
wild-type subunits. These suggested that a heteromeric P2X3/4 receptor is unlikely in this heterologous
system. Lastly, human P2X7 [K64A, K311A] dead subunits compromised the human P2X4 wild-type ATP-
evoked calcium responses due to a reduction in P2X4 receptor cell surface expression. Furthermore,
human P2X4 and P2X7 subunits did not co-immunoprecipitate. These data indicate that a functional

human P2X4/7 heteromer is unlikely, although their expression patterns seem to be intertwined.

While this thesis has enabled the interpretation of previous and current P2X4 heteromerisation studies,
it also highlights the great deal of work that still has to be done. Current views and our results raise the
important general point that co-localization, co-immunoprecipitation, and functional evidence can be
used as templates for elucidating the molecular identities of native P2X receptor channels. However,
we must be cautious when concluding whether P2X receptor heteromers, involving the co-assembly of
different subunits around acommon pore, are being formed or not. Instead, it is still essential to provide
direct structural evidence for P2X heteromerisation. We hopefully will not have to wait long before
possible P2X heteromeric structures are available, providing information on the subunit interaction

mechanisms of this fascinating family of ligand-gated ion channels.

Our future goals in investigating human P2X subunit assembly should lead to the clear determination
of the nature of functional P2X interactions, i.e., between subunits and/or receptors, to the exact
definition of the stoichiometry of these interactions, and ultimately to demonstrate their existence in

native conditions.
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5.2 Future directions

This thesis has enabled the interpretation of previous and current P2X4 heteromerisation studies and
successfully contributed original knowledge to the field. We discovered some functional and non-
functional human P2X subunits that interacted with human P2X4 wild-type subunits. Nevertheless,
there are limitations in our experimental system and analysis, and we emphasise the amount of work

that still needs to be done to establish the existence of novel human P2X4 heteromeric receptors.

Firstly, we could not make any assumptions about the formation of heteromeric human P2X4 channels
and their stoichiometry. | believe using P2X dead receptor tools might provide clarity in this matter by
using the FlexStation 3 device to initially flesh out interesting leads and then using patch-clamp
electrophysiology to confirm those results in manually selected cells. We could exploit our human P2X
mutants and complement our hypothesis of the dead receptor data by co-transfecting P2X4 wild-type
subunits with human P2X single mutants instead and analyse if channel activity can be rescued or not,
as demonstrated by Wilkinson et al. (Wilkinson et al. 2006). The reciprocal combination of human P2X4
single or double dead subunits with other P2X wild-type subunits would make the functional studies
more comprehensive. We could also use these human P2X single and double dead receptor tools to
provide insight into the surface and total protein expression patterns when co-expressed with human
P2X wild-type subunits. Finally, we could extend this experimental approach to other P2X receptor
subtypes and decipher potential human P2X heteromers that do not contain human P2X4 subunits. This
combined approach might be applicable to determine the arrangement of subunits in those channels,

but it is important not to over-interpret it in any structural sense.

Secondly, any functional and biochemical interaction data disclosed here comes from a heterologous
system. Thus, all candidates must be tested in a native setting too. For example, candidates found to
interact in our cell model could be found endogenously in human primary cell cultures (HUVEC or THP-
1 as human vascular endothelium and human monocyte/macrophage cell models, respectively) or in
human tissue samples obtained from collaborations with the Norfolk and Norwich University Hospital
(arteries found in breast adipose tissue could be starting points). Moreover, we could use the human
P2X dead receptors as experimental tools to investigate the functional roles of P2X4 and other P2X
receptors in these native settings. For example, does the expression of a dead P2X4 receptor affect the

role of other P2X receptors in vascular endothelium cells?

Electrophysiology techniques would help define the pharmacological properties of potential
heterotrimeric candidates, which might become useful for future investigations in native systems and
for developing small molecules that could selectively target either the homomeric or the heteromeric
receptors. These would ultimately lead to a deeper understanding of ATP signalling pathways and the
physiological and pathophysiological roles of each receptor subtype. However, the factors regulating
P2X subunit-subunit association and trimer stability remain to be elucidated but could prove important
in designing stable constructs for electrophysiology and structure studies. We could investigate
physiological protein partners associated with human P2X4 receptors and other receptor subtypes

found in these human primary cell models or tissue samples by immunoprecipitation and mass
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spectrometry analyses, Blue native PAGE (BN-PAGE) assays, or SMALPS. The SMALPS technique is a
revolutionary membrane solubilisation method that produces vesicles containing membrane proteins

in their surrounding lipid environment (Teo et al., 2019).

Finally, we cannot draw any final conclusions on the existence of human P2X4 heteromers without any
structural evidence. Although protein crystallography data for the human P2X4 receptor has not been
released yet, we can use artificial intelligence programs such as AlphaFold to generate protein structure
models of projected human P2X4 heteromeric candidates (Fig 5.1). These accurate structure
predictions might enable highly focused structure-function studies to unravel which residues are
involved in heteromeric subunit interactions and changes on the agonist-binding interfaces, for
example. The data derived from these studies, combined with our experimental approach and current
views in the literature, will be more readily interpreted and will hopefully provide a wide range of

testable hypotheses in the future.
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Fig 5.1. Structure modelling of a potential human P2X1/4 heteromeric receptor in the apo state. (A-C)
Front (A), top (B), and bottom (C) views of the structure of a potential human P2X1/4 receptor formed
by two P2X1 (orange and grey) and one P2X4 (blue) subunits. (D-F) Front (D), top (E), and bottom (F)
views of the structure of a potential human P2X1/4 receptor formed by one P2X1 (grey) and two P2X4
(blue and green) subunits. Each subunit is shown in a cartoon representation and a different colour.
The sequences used for these models do not contain any C-terminus epitopes. These structures were
obtained using the ColabFold modelling software from AlphaFold:
(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb).
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Appendix 1

A. Nucleotide (nts) and peptide (aa) sequences for human a7 nAChR and human P2X1-7 receptors with
a C-terminus HA tag. ‘ATG’ corresponds to the start codon and codes for a Methionine (M), and both
‘TAA” and ‘TGA’ are stop codons (*) which terminate the translation process of the protein. Human

P2X1-7 receptor sequences contain a C-term HA epitope (highlighted in grey) as an example.
>a7nAChR nts

ATGCGCTGCTCGCCGGGAGGCGTCTGGCTGGCGCTGGCCGCGTCGCTCCTGCACGTGTCCCTGCAAGG
CGAGTTCCAGAGGAAGCTTTACAAGGAGCTGGTCAAGAACTACAATCCCCTGGAGAGGCCCGTGGCCA
ATGACTCGCAACCACTCACCGTCTACTTCTCCCTGAGCCTCCTGCAGATCATGGACGTGGATGAGAAG
AACCAAGTTTTAACCACCAACATTTGGCTGCAAATGTCTTGGACAGATCACTATTTACAGTGGAATGT
GTCAGAATATCCAGGGGTGAAGACTGTTCGTTTCCCAGATGGCCAGATTTGGAAACCAGACATTCTTC
TCTATAACAGTGCTGATGAGCGCTTTGACGCCACATTCCACACTAACGTGTTGGTGAATTCTTCTGGG
CATTGCCAGTACCTGCCTCCAGGCATATTCAAGAGTTCCTGCTACATCGATGTACGCTGGTTTCCCTT
TGATGTGCAGCACTGCAAACTGAAGTTTGGGTCCTGGTCTTACGGAGGCTGGTCCTTGGATCTGCAGA
TGCAGGAGGCAGATATCAGTGGCTATATCCCCAATGGAGAATGGGACCTAGTGGGAATCCCCGGCAAG
AGGAGTGAAAGGTTCTATGAGTGCTGCAAAGAGCCCTACCCTGATGTCACCTTCACAGTGACCATGCG
CCGCAGGACACTCTACTATGGCCTCAACCTGCTGATCCCCTGTGTGCTCATCTCCGCCCTCGCCCTGC
TGGTGTTCCTGCTTCCTGCAGATTCCGGGGAGAAGATTTCCCTGGGGATAACAGTCTTACTCTCTCTT
ACCGTCTTCATGCTGCTCGTGGCTGAGATCATGCCCGCAACATCCGATTCGGTACCATTGATAGCCCA
GTACTTCGCCAGCACCATGATCATCGTGGGCCTCTCGGTGGTGGTGACGGTGATCGTGCTGCAGTACC
ACCACCACGACCCCGACGGGGGCAAGATGCCCAAGTGGACCAGAGTCATCCTTCTGAACTGGTGCGCG
TGGTTCCTGCGAATGAAGAGGCCCGGGGAGGACAAGGTGCGCCCGGCCTGCCAGCACAAGCAGCGGLG
CTGCAGCCTGGCCAGTGTGGAGATGAGCGCCGTGGCGCCGCCGCCCGCCAGCAACGGGAACCTGCTGT
ACATCGGCTTCCGCGGCCTGGACGGCGTGCACTGTGTCCCGACCCCCGACTCTGGGGTAGTGTGTGGC
CGCATGGCCTGCTCCCCCACGCACGATGAGCACCTCCTGCACGGTGGGCAACCCCCCGAGGGGGACCC
GGACTTGGCCAAGATCCTGGAGGAGGTCCGCTACATTGCCAACCGCTTCCGCTGCCAGGACGAAAGCG
AGGCGGTCTGCAGCGAGTGGAAGTTCGCCGCCTGTGTGGTGGACCGCCTGTGCCTCATGGCCTTCTCG
GTCTTCACCATCATCTGCACCATCGGCATCCTGATGTCGGCTCCCAACTTCGTGGAGGCCGTGTCCAA
AGACTTTGCGTATAA

> 0(7nAChR_aa

MRCSPGGVWLALAASLLHVSLQGEFQRKLYKELVKNYNPLERPVANDSQPLTVYFSLSLLQIMDVDEK
NOVLTTNIWLOMSWTDHYLOWNVSEYPGVKTVRFPDGOQIWKPDILLYNSADERFDATFHTNVLVNSSG
HCOYLPPGIFKSSCYIDVRWEPFDVQHCKLKEFGSWSYGGWSLDLOMOQEADISGY IPNGEWDLVGIPGK
RSERFYECCKEPYPDVTEFTVIMRRRTLYYGLNLLIPCVLISALALLVFLLPADSGEKISLGITVLLSL
TVFMLLVAEIMPATSDSVPLTIAQYFASTMITIVGLSVVVTVIVLQYHHHDPDGGKMPKWTRVILLNWCA
WELRMKRPGEDKVRPACQHKQRRCSLASVEMSAVAPPPASNGNLLYIGFRGLDGVHCVPTPDSGVVCG
RMACSPTHDEHLLHGGQPPEGDPDLAKILEEVRYIANRFRCODESEAVCSEWKFAACVVDRLCLMAFS
VETIICTIGILMSAPNFVEAVSKDEA*
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>hP2X1WT_nts

ATGGCCAGGAGATTCCAGGAGGAGCTGGCCGCCTTTCTGTTCGAGTACGACACCCCCAGAATGGTGCT
GGTGAGGAACAAGAAGGTGGGCGTGATCTTCAGACTGATCCAGCTGGTGGTGCTGGTGTACGTGATCG
GCTGGGTGTTCCTGTACGAGAAGGGCTACCAGACCTCCTCCGGCCTGATCTCCTCCGTGTCCGTGAAG
CTGAAGGGCCTGGCCGTGACCCAGCTGCCCGGACTGGGACCACAGGTGTGGGATGTGGCCGATTACGT
GTTTCCCGCCCAGGGCGACAATAGCTTCGTGGTCATGACCAACTTCATCGTGACCCCTAAGCAGACAC
AGGGCTACTGTGCCGAGCACCCTGAGGGCGGCATCTGTAAGGAGGATTCCGGCTGTACCCCCGGCAAG
GCCAAGAGAAAGGCCCAGGGCATCAGGACCGGCAAGTGCGTGGCCTTTAATGATACCGTGAAGACATG
CGAGATCTTTGGCTGGTGTCCCGTGGAGGTGGATGATGACATCCCCAGACCTGCCCTGCTGAGAGAGG
CCGAGAATTTCACCCTGTTCATCAAGAATAGCATCTCCTTCCCCAGATTCAAAGTGAACAGAAGAAAC
CTGGTGGAGGAGGTGAACGCCGCCCACATGAAGACCTGCCTGTTCCACAAGACCCTGCACCCTCTGTG
TCCTGTGTTCCAGCTGGGCTACGTGGTGCAGGAGTCCGGCCAGAATTTTTCCACCCTGGCCGAGAAGG
GCGGCGTGGTGGGAATCACAATCGATTGGCACTGTGATCTGGATTGGCACGTGAGGCACTGCAGACCT
ATCTACGAGTTCCACGGCCTGTACGAGGAGAAGAATCTGTCCCCTGGCTTCAATTTCAGATTTGCCAG
ACACTTTGTGGAGAACGGCACAAATTACAGGCACCTGTTTAAGGTGTTTGGCATCAGGTTCGATATCC
TGGTGGACGGCAAGGCCGGCAAGTTCGATATCATCCCCACCATGACCACAATCGGCTCCGGCATCGGC
ATCTTCGGCGTGGCCACCGTGCTGTGCGATCTGCTGCTGCTGCACATCCTGCCTAAGAGGCACTACTA
CAAGCAGAAGAAGTTCAAGTACGCCGAGGATATGGGCCCTGGCGCCGCCGAAAGAGACCTGGCTGCCA
CCAGCAGCACACTGGGCCTGCAGGAGAATATGAGGACATCCTACCCCTACGACGTGCCCGATTACGCC
TGA

>hP2X1WT aa

MARRFQEELAAFLEFEYDTPRMVLVRNKKVGVIFRLIQLVVLVYVIGWVEFLYEKGYQTSSGLISSVSVK
LKGLAVTQLPGLGPQVWDVADYVFPAQGDNSEFVVMTNEFIVTPKQTOGYCAEHPEGGICKEDSGCTPGK
AKRKAQGIRTGKCVAFNDTVKTCEIFGWCPVEVDDDIPRPALLREAENFTLEFIKNSISEFPREKVNRRN
LVEEVNAAHMKTCLFHKTLHPLCPVFQLGYVVQESGONFSTLAEKGGVVGITIDWHCDLDWHVRHCRP
IYEFHGLYEEKNLSPGENFRFARHFVENGTNYRHLEFKVEFGIRFDILVDGKAGKEDIIPTMTTIGSGIG
IFGVATVLCDLLLLHILPKRHYYKQKKFKYAEDMGPGAAERDLAATSSTLGLOQENMRTSYPYDVPDYA

*

>hP2X2WT_nts

ATGGCCGCTGCCCAGCCTAAGTACCCCGCCGGAGCCACAGCCAGAAGGCTGGCTAGAGGCTGCTGGAG
CGCCCTGTGGGACTACGAGACCCCCAAGGTCATTGTGGTGAGGAATAGAAGGCTGGGCGTGCTGTACA
GAGCCGTGCAGCTGCTGATCCTGCTGTACTTCGTGTGGTACGTGTTCATCGTGCAGAAGTCCTACCAG
GAGAGCGAGACAGGCCCCGAGAGCTCCATCATCACAAAGGTGAAGGGCATCACCACCTCCGAGCACAA
GGTGTGGGATGTGGAGGAGTACGTGAAGCCTCCCGAGGGCGGCTCCGTGTTCAGCATCATCACAAGAG
TGGAGGCCACACACAGCCAGACCCAGGGCACCTGTCCTGAGTCCATCAGGGTGCACAATGCCACCTGC
CTGTCCGATGCCGATTGCGTGGCCGGCGAGCTGGACATGCTGGGCAACGGCCTGAGGACAGGCAGGTG
CGTGCCCTACTACCAGGGCCCCTCCAAGACATGTGAGGTGTTCGGCTGGTGCCCTGTGGAGGACGGCG
CCTCTGTGTCCCAGTTCCTGGGCACCATGGCCCCCAATTTTACCATCCTGATCAAGAACTCCATCCAC
TACCCTAAGTTCCACTTCAGCAAGGGCAACATCGCCGACAGGACCGACGGCTACCTGAAGAGATGTAC
CTTCCACGAGGCCAGCGACCTGTACTGCCCTATCTTCAAGCTGGGCTTCATCGTGGAGAAGGCCGGCG
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AGTCCTTCACAGAGCTGGCCCACAAGGGCGGCGTGATCGGCGTGATCATCAATTGGGATTGCGACCTG
GACCTGCCTGCCTCCGAGTGCAATCCCAAGTACTCCTTCAGAAGGCTGGATCCCAAGCACGTGCCCGC
CTCCTCCGGCTACAACTTCAGATTCGCCAAGTACTACAAGATCAACGGCACAACCACCAGGACACTGA
TCAAGGCCTACGGCATCAGAATCGATGTGATCGTGCACGGCCAGGCCGGCAAGTTCTCCCTGATCCCC
ACCATCATCAATCTGGCCACCGCCCTGACCAGCGTGGGCGTTGGATCCTTTCTGTGTGACTGGATCCT
GCTGACCTTCATGAACAAGAATAAGGTGTACTCCCACAAGAAGTTCGATAAGGTGTGTACCCCTAGCC
ACCCCAGCGGCAGCTGGCCTGTGACCCTGGCTAGAGTGCTGGGCCAGGCCCCCCCAGAGCCAGGACAT
AGGTCCGAGGATCAGCACCCCAGCCCTCCCAGCGGCCAGGAAGGACAGCAGGGCGCTGAGTGTGGCCC
CGCTTTCCCTCCTCTGAGGCCCTGTCCTATCAGCGCCCCTAGCGAGCAGATGGTGGATACACCCGCCA
GCGAGCCTGCCCAGGCCTCTACACCTACCGATCCCAAGGGCCTGGCCCAGCTGTACCCCTACGATGTG
CCCGATTACGCCTGA

>hP2X2WT aa

MAAAQPKYPAGATARRLARGCWSALWDYETPKVIVVRNRRLGVLYRAVQLLILLYEVWYVEIVQKSYQ
ESETGPESSIITKVKGITTSEHKVWDVEEYVKPPEGGSVESIITRVEATHSQTQGTCPESIRVHNATC
LSDADCVAGELDMLGNGLRTGRCVPYYQGPSKTCEVEGWCPVEDGASVSQFLGTMAPNEFTILIKNSIH
YPKFHESKGNIADRTDGYLKRCTFHEASDLYCPIFKLGFIVEKAGESFTELAHKGGVIGVIINWDCDL
DLPASECNPKYSEFRRLDPKHVPASSGYNFREFAKYYKINGTTTRTLIKAYGIRIDVIVHGQAGKESLIP
TIINLATALTSVGVGSFLCDWILLTFMNKNKVYSHKKEDKVCTPSHPSGSWPVTLARVLGQAPPEPGH
RSEDQHPSPPSGQEGQQGAECGPAFPPLRPCPISAPSEQMVDTPASEPAQASTPTDPKGLAQLYPYDV
PDYA¥*

>hP2X3WT nts

ATGAACTGCATCTCCGACTTCTTTACCTACGAGACCACCAAGTCCGTGGTGGTGAAGAGCTGGACAAT
CGGCATCATCAACAGGGTGGTGCAGCTGCTGATCATCTCCTACTTCGTGGGCTGGGTGTTTCTGCACG
AGAAGGCCTACCAGGTGAGGGATACCGCCATCGAGTCCTCCGTGGTGACAAAGGTGAAGGGCAGCGGC
CTGTACGCCAATAGGGTCATGGACGTGTCCGACTACGTGACCCCTCCCCAGGGCACCTCCGTGTTTGT
GATCATCACCAAGATGATCGTGACAGAGAATCAGATGCAGGGCTTCTGTCCCGAGTCCGAGGAGAAGT
ACAGGTGCGTGTCCGACTCCCAGTGCGGCCCCGAGAGACTGCCCGGAGGAGGAATCCTGACCGGCAGG
TGCGTGAATTACAGCAGCGTGCTGAGGACCTGTGAGATCCAGGGCTGGTGTCCTACCGAGGTGGACAC
AGTGGAGACCCCCATCATGATGGAGGCCGAGAATTTTACAATCTTCATCAAGAACTCCATCAGATTCC
CCCTGTTTAACTTTGAGAAGGGCAACCTGCTGCCTAACCTGACCGCCAGAGATATGAAGACCTGTAGA
TTCCACCCTGATAAGGATCCCTTCTGCCCCATCCTGAGAGTGGGCGATGTGGTGAAGTTCGCCGGCCA
GGACTTTGCCAAGCTGGCCAGAACCGGCGGCGTGCTGGGCATCAAGATCGGCTGGGTGTGCGACCTGG
ATAAGGCCTGGGATCAGTGTATCCCTAAGTACTCCTTTACCAGACTGGATAGCGTGTCCGAGAAGTCC
TCCGTGAGCCCTGGCTACAATTTTAGGTTCGCCAAGTACTACAAGATGGAGAATGGCTCCGAGTACAG
GACCCTGCTGAAGGCCTTTGGCATCAGATTTGATGTGCTGGTGTACGGCAATGCCGGCAAGTTCAATA
TCATCCCTACCATCATCAGCAGCGTGGCCGCCTTCACATCCGTGGGCGTGGGCACCGTGCTGTGCGAC
ATCATCCTGCTGAATTTCCTGAAGGGCGCCGATCAGTACAAGGCCAAGAAGTTTGAGGAGGTGAACGA
GACAACCCTGAAGATCGCCGCCCTGACCAACCCCGTGTACCCCAGCGATCAGACCACAGCCGAGAAGC
AGAGCACCGATAGCGGCGCCTTTTCCATCGGCCACTACCCCTACGATGTGCCTGATTACGCCTGA
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>hP2X3WT_aa

MNCISDFEFTYETTKSVVVKSWTIGIINRVVQLLIISYEFVGWVEFLHEKAYQVRDTATIESSVVTKVKGSG
LYANRVMDVSDYVTPPQOGTSVEVIITKMIVTENOMOGFCPESEEKYRCVSDSQCGPERLPGGGILTGR
CVNYSSVLRTCEIQGWCPTEVDTVETPIMMEAENFTIFIKNSIRFPLENFEKGNLLPNLTARDMKTCR
FHPDKDPFCPILRVGDVVKFAGODFAKLARTGGVLGIKIGWVCDLDKAWDQCIPKYSEFTRLDSVSEKS
SVSPGYNFRFAKYYKMENGSEYRTLLKAFGIRFDVLVYGNAGKENITIPTIISSVAAFTSVGVGTVLCD
IILLNFLKGADQYKAKKFEEVNETTLKIAALTNPVYPSDOTTAEKQSTDSGAFSIGHYPYDVPDYA*

>hP2X4WT_nts

ATGGCCGGATGCTGCGCTGCTCTCGCCGCTTTCCTGTTCGAGTACGACACCCCACGCATTGTGCTCATTAG
GTCCCGCAAGGTGGGCCTCATGAACAGAGCTGTGCAGCTCCTGATTCTCGCTTACGTGATCGGATGGGTGT
TCGTGTGGGAGAAGGGATACCAGGAGACCGACTCCGTGGTGTCTAGCGTGACCACAAAGGTGAAGGGAGTG
GCTGTGACCAACACATCTAAGCTCGGGTTCAGAATTTGGGACGTGGCTGACTACGTGATCCCCGCTCAGGA
GGAGAACTCTCTGTTCGTGATGACAAACGTGATTCTCACCATGAACCAGACCCAGGGGCTCTGCCCCGAGA
TCCCTGACGCCACCACAGTGTGCAAGTCTGACGCTTCTTGCACAGCCGGGTCCGCCGGCACCCACTCTAAC
GGGGTGTCCACCGGCAGATGCGTGGCTTTCAACGGCAGCGTTAAGACATGCGAGGTGGCTGCTTGGTGCCC
AGTGGAGGACGACACCCACGTGCCTCAGCCAGCCTTCCTCAAGGCCGCTGAGAACTTCACACTCCTGGTGA
AGAACAACATTTGGTATCCAAAGTTCAACTTCTCTAAGCGCAACATTCTGCCAAACATCACCACAACCTAC
CTCAAGTCTTGCATTTACGACGCCAAGACCGACCCTTTCTGCCCTATTTTCAGACTCGGCAAGATTGTGGA
GAACGCCGGGCACTCTTTCCAGGACATGGCCGTGGAGGGCGGAATTATGGGAATCCAGGTGAACTGGGACT
GCAACCTGGACCGCGCCGCCTCCCTGTGCCTCCCTAGATACTCCTTCAGGCGCCTGGACACACGCGACGTG
GAGCACAACGTGTCTCCCGGATACAACTTCCGGTTCGCTAAGTACTACAGAGACCTCGCTGGAAACGAGCA
GCGCACACTGATTAAGGCTTACGGAATTAGATTCGACATTATTGTGTTCGGAAAGGCCGGAAAGTTCGACA
TCATCCCTACAATGATTAACATCGGGTCCGGCCTCGCCCTCCTGGGCATGGCTACAGTGCTCTGCGACATT
ATTGTGCTGTACTGCATGAAGAAGCGGCTGTACTACCGCGAGAAGAAGTACAAGTACGTGGAGGACTACGA
GCAGGGGCTCGCCTCTGAACTTGACCAGTACCCCTACGATGTGCCTGATTACGCCTGA

>hP2X4WT aa

MAGCCAALAAFLFEYDTPRIVLIRSRKVGLMNRAVQLLILAYVIGWVEVWEKGYQETDSVVSSVTTKV
KGVAVINTSKLGFRIWDVADYVIPAQEENSLEVMTNVILTMNQTOQGLCPEIPDATTVCKSDASCTAGS
AGTHSNGVSTGRCVAFNGSVKTCEVAAWCPVEDDTHVPQPAFLKAAENFTLLVKNNIWY PKENEFSKRN
ILPNITTTYLKSCIYDAKTDPFCPIFRLGKIVENAGHSFQDMAVEGGIMGIQVNWDCNLDRAASLCLP
RYSFRRLDTRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLIKAYGIRFDIIVEGKAGKEDIIPTMINIG
SGLALLGMATVLCDIIVLYCMKKRLYYREKKYKYVEDYEQGLASELDQYPYDVPDYA*

>hP2X5WT_nts

ATGGGCCAGGCCGGATGCAAGGGCCTGTGCCTGTCCCTGTTCGATTACAAGACCGAGAAGTACGTGAT
CGCCAAGAACAAGAAGGTGGGCCTGCTGTACAGACTGCTGCAGGCCAGCATCCTGGCCTACCTGGTGG
TGTGGGTGTTTCTGATCAAGAAGGGCTACCAGGACGTGGACACATCCCTGCAGTCCGCCGTGATCACA
AAGGTGAAGGGCGTGGCCTTTACCAACACCTCCGATCTGGGCCAGAGGATCTGGGACGTGGCCGATTA
CGTGATCCCTGCCCAGGGCGAGAACGTGTTCTTTGTGGTGACAAACCTGATCGTGACACCTAATCAGA
GACAGAATGTGTGCGCCGAGAACGAGGGCATCCCCGACGGCGCTTGCAGCAAGGATAGCGACTGTCAC
GCCGGCGAGGCCGTGACAGCCGGAAACGGAGTGAAGACCGGCAGATGCCTGAGAAGAGAGAACCTGGC
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CAGAGGCACCTGTGAGATCTTTGCCTGGTGCCCTCTGGAGACAAGCTCCAGGCCTGAGGAGCCTTTCC
TGAAGGAGGCCGAGGACTTCACCATCTTCATCAAGAATCACATCAGGTTCCCTAAGTTTAATTTTAGC
AAGTCCAACGTGATGGATGTGAAGGATAGAAGCTTCCTGAAGAGCTGTCACTTCGGCCCCAAGAATCA
CTACTGTCCTATCTTCAGGCTGGGCTCCGTGATCAGGTGGGCCGGCAGCGACTTCCAGGACATCGCCC
TGGAGGGCGGCGTGATCGGCATCAATATCGAGTGGAACTGCGATCTGGACAAGGCCGCCTCCGAGTGT
CACCCCCACTACTCCTTTAGCAGACTGGACAATAAGCTGTCCAAGTCCGTGAGCAGCGGCTACAATTT
CAGATTCGCCAGATACTACAGAGACGCCGCCGGCGTGGAGTTTAGAACACTGATGAAGGCCTACGGCA
TCAGGTTCGATGTGATGGTGAACGGCAAGGCCGGCAAGTTCTCCATCATCCCTACAATCATCAACGTG
GGCAGCGGCGTGGCCCTGATGGGCGCTGGAGCTTTCTTCTGTGACCTGGTGCTGATCTACCTGATCAA
GAAAAGGGAGTTCTACAGGGATAAGAAGTACGAGGAGGTGAGGGGCCTGGAGGACTCCAGCCAGGAGG
CCGAGGATGAGGCCTCCGGCCTGGGACTGTCCGAGCAGCTGACCTCCGGCCCTGGCCTGCTGGGAATG
CCCGAGCAGCAGGAGCTGCAGGAGCCCCCTGAGGCCAAGAGGGGCAGCAGCAGCCAGAAGGGCAATGG
CTCCGTGTGTCCTCAGCTGCTGGAGCCTCACAGGAGCACATACCCTTACGACGTGCCTGATTACGCCT
GA

>hP2X5WT_aa

MGOAGCKGLCLSLEDYKTEKYVIAKNKKVGLLYRLLOQASILAYLVVWVFLIKKGYQDVDTSLQSAVIT
KVKGVAFTNTSDLGQRIWDVADYVIPAQGENVEEVVTNLIVIPNQRONVCAENEGIPDGACSKDSDCH
AGEAVTAGNGVKTGRCLRRENLARGTCEIFAWCPLETSSRPEEPFLKEAEDFTIFIKNHIREFPKENES
KSNVMDVKDRSEFLKSCHEGPKNHYCPIFRLGSVIRWAGSDFQDIALEGGVIGINIEWNCDLDKAASEC
HPHYSFSRLDNKLSKSVSSGYNFRFARYYRDAAGVEFRTLMKAYGIRFDVMVNGKAGKESIIPTIINV
GSGVALMGAGAFFCDLVLIYLIKKREFYRDKKYEEVRGLEDSSQEAEDEASGLGLSEQLTSGPGLLGM
PEQQELQEPPEAKRGSSSQKGNGSVCPQLLEPHRSTYPYDVPDYA*

>hP2X6WT nts

ATGTGCCCCCAGCTGGCCGGAGCCGGAAGCATGGGATCCCCTGGCGCCACCACAGGCTGGGGACTGCT
GGATTACAAGACAGAGAAGTACGTGATGACAAGAAACTGGAGGGTGGGCGCCCTGCAGAGGCTGCTGC
AGTTCGGCATCGTGGTGTACGTGGTGGGCTGGGCCCTGCTGGCCAAGAAGGGCTACCAGGAGAGGGACLC
CTGGAGCCCCAGTTCTCCATCATCACAAAGCTGAAGGGCGTGAGCGTGACCCAGATCAAGGAGCTGGG
CAACAGGCTGTGGGACGTGGCCGACTTTGTGAAGCCCCCTCAGGGCGAGAACGTGTTTTTCCTGGTGA
CCAACTTCCTGGTGACACCTGCCCAGGTGCAGGGCAGATGCCCTGAGCACCCCTCCGTGCCTCTGGCC
AACTGCTGGGTGGACGAGGATTGCCCCGAGGGCGAGGGCGGAACCCACTCTCACGGCGTGAAGACCGG
CCAGTGTGTGGTGTTCAATGGCACCCACAGAACCTGTGAGATCTGGTCCTGGTGCCCCGTGGAGTCCG
GCGTGGTGCCTAGCAGGCCTCTGCTGGCCCAGGCCCAGAACTTCACACTGTTCATCAAGAACACAGTG
ACCTTTTCCAAGTTTAACTTCTCCAAGAGCAACGCCCTGGAGACATGGGATCCCACATACTTTAAGCA
CTGTAGGTACGAGCCCCAGTTTTCCCCTTACTGTCCTGTGTTCAGAATCGGCGACCTGGTGGCCAAGG
CCGGCGGAACATTCGAGGACCTGGCCCTGCTGGGCGGCTCCGTTGGAATCAGAGTGCACTGGGACTGC
GATCTGGATACAGGCGACAGCGGCTGCTGGCCCCACTACAGCTTCCAGCTGCAGGAGAAGTCCTACAA
TTTTAGGACAGCCACCCACTGGTGGGAGCAGCCTGGCGTGGAGGCCAGGACACTGCTGAAGCTGTACG
GCATCAGATTCGACATCCTGGTGACAGGCCAGGCCGGCAAGTTCGGCCTGATCCCTACCGCCGTGACA
CTGGGCACCGGCGCTGCTTGGCTGGGCGTTGTGACCTTTTTCTGCGATCTGCTGCTGCTGTACGTGGA
CAGAGAGGCCCACTTCTACTGGAGGACCAAGTACGAGGAGGCCAAGGCCCCCAAGGCCACCGCTAATA
GCGTGTGGAGGGAGCTGGCCCTGGCCTCCCAGGCTAGACTGGCCGAGTGCCTGAGGAGGAGCAGCGCC

257



CCTGCCCCTACAGCCACCGCTGCTGGAAGCCAGACACAGACCCCCGGCTGGCCCTGCCCTTCCTCTGA
TACACACCTGCCTACACACTCCGGCTCCCTGTACCCTTACGACGTGCCTGACTACGCCTGA

>hP2X6WT_aa

MCPQLAGAGSMGSPGATTGWGLLDYKTEKYVMTRNWRVGALQRLLOQFGIVVYVVGWALLAKKGYQERD
LEPQFSIITKLKGVSVTQIKELGNRLWDVADEFVKPPQGENVEFEFLVINFLVTPAQVOGRCPEHPSVPLA
NCWVDEDCPEGEGGTHSHGVKTGQCVVENGTHRTCEIWSWCPVESGVVPSRPLLAQAQNFTLEFIKNTV
TESKENFSKSNALETWDPTYFKHCRYEPQEFSPYCPVFRIGDLVAKAGGTFEDLALLGGSVGIRVHWDC
DLDTGDSGCWPHYSFQLOQEKSYNFRTATHWWEQPGVEARTLLKLYGIREFDILVTGQAGKFGLIPTAVT
LGTGAAWLGVVTFFCDLLLLYVDREAHFYWRTKYEEAKAPKATANSVWRELALASQARLAECLRRSSA
PAPTATAAGSQTQTPGWPCPSSDTHLPTHSGSLYPYDVPDYA*

>hP2X7WT_nts

ATGCCTGCCTGCTGTAGCTGTTCCGATGTGTTTCAGTACGAGACAAATAAGGTGACAAGGATCCAGAG
CATGAATTACGGCACCATCAAGTGGTTCTTTCACGTGATCATCTTCAGCTACGTGTGTTTCGCCCTGG
TGAGCGATAAGCTGTACCAGAGGAAGGAGCCTGTGATCAGCAGCGTGCACACAAAGGTGAAGGGCATC
GCCGAGGTGAAGGAGGAGATCGTGGAGAACGGCGTGAAGAAGCTGGTGCACAGCGTGTTTGATACCGC
CGATTACACATTCCCCCTGCAGGGCAACAGCTTCTTCGTGATGACAAACTTCCTGAAGACAGAGGGCC
AGGAGCAGAGACTGTGTCCTGAGTACCCTACAAGAAGGACCCTGTGCAGCAGCGACAGGGGCTGTAAG
AAGGGCTGGATGGACCCTCAGAGCAAGGGCATCCAGACCGGCAGGTGTGTGGTGTACGAGGGCAACCA
GAAGACATGCGAGGTGAGCGCCTGGTGCCCTATCGAGGCCGTGGAGGAGGCCCCCAGGCCAGCTCTGC
TGAACTCCGCCGAGAATTTTACCGTGCTGATCAAGAACAATATCGACTTCCCTGGCCACAATTACACC
ACAAGAAATATCCTGCCTGGCCTGAACATCACATGCACATTTCACAAGACCCAGAATCCCCAGTGCCC
TATCTTTAGACTGGGCGACATCTTCAGGGAGACCGGCGACAATTTCAGCGACGTGGCCATCCAGGGCG
GCATCATGGGCATCGAGATCTACTGGGATTGTAATCTGGACAGATGGTTCCACCACTGTAGACCCAAG
TACTCCTTTAGAAGGCTGGATGACAAGACCACAAACGTGAGCCTGTACCCTGGCTACAACTTTAGATA
CGCCAAGTACTACAAGGAGAACAACGTGGAGAAGAGGACACTGATCAAGGTGTTCGGCATCAGGTTTG
ACATCCTGGTGTTCGGCACCGGCGGCAAGTTCGATATCATCCAGCTGGTGGTGTACATCGGCAGCACC
CTGTCCTACTTTGGCCTGGCCGCCGTGTTCATCGATTTTCTGATCGACACCTACAGCAGCAACTGTTG
TAGGAGCCACATCTACCCCTGGTGCAAGTGCTGTCAGCCCTGCGTGGTGAATGAGTACTACTACAGGA
AGAAGTGTGAGAGCATCGTGGAGCCCAAGCCCACACTGAAGTACGTGAGCTTCGTGGACGAGTCCCAC
ATCAGAATGGTGAATCAGCAGCTGCTGGGCAGGAGCCTGCAGGATGTGAAGGGCCAGGAGGTGCCCAG
GCCTGCCATGGACTTTACCGATCTGTCCAGGCTGCCCCTGGCCCTGCACGATACACCTCCTATCCCTG
GCCAGCCCGAGGAGATCCAGCTGCTGAGAAAGGAGGCCACACCCAGAAGCAGAGACAGCCCTGTGTGG
TGCCAGTGCGGCAGCTGCCTGCCCTCCCAGCTGCCTGAGTCCCACAGGTGTCTGGAGGAGCTGTGCTG
TAGAAAGAAGCCCGGCGCCTGCATCACCACCTCCGAGCTGTTTAGGAAGCTGGTGCTGTCCAGGCACG
TGCTGCAGTTCCTGCTGCTGTACCAGGAGCCCCTGCTGGCCCTGGATGTGGACTCCACCAATAGCAGG
CTGAGGCACTGCGCCTACAGGTGTTACGCCACCTGGAGATTCGGCTCCCAGGACATGGCCGACTTCGC
CATCCTGCCCTCCTGTTGTAGGTGGAGAATCAGAAAGGAGTTTCCTAAGAGCGAGGGCCAGTACAGCG
GCTTCAAGAGCCCTTACTACCCCTACGACGTGCCTGATTACGCCTGA
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>hP2X7WT aa

MPACCSCSDVEFQYETNKVTRIQSMNYGTIKWEFFHVIIFSYVCFALVSDKLYQRKEPVISSVHTKVKGI
AEVKEEIVENGVKKLVHSVEDTADYTFPLOQGNSEFEVMTNEFLKTEGOQEQRLCPEYPTRRTLCSSDRGCK
KGWMDPQSKGIQTGRCVVYEGNQKTCEVSAWCPIEAVEEAPRPALLNSAENFTVLIKNNIDEFPGHNYT
TRNILPGLNITCTFHKTONPQCPIFRLGDIFRETGDNEFSDVAIQGGIMGIEIYWDCNLDRWEFHHCRPK
YSFRRLDDKTTNVSLYPGYNFRYAKYYKENNVEKRTLIKVFGIRFDILVEGTGGKFDIIQLVVYIGST
LSYFGLAAVFIDFLIDTYSSNCCRSHIYPWCKCCQPCVVNEYYYRKKCESIVEPKPTLKYVSEFVDESH
IRMVNQQLLGRSLODVKGQEVPRPAMDFTDLSRLPLALHDTPPIPGOPEEIQLLRKEATPRSRDSPVW
CQCGSCLPSQLPESHRCLEELCCRKKPGACITTSELFRKLVLSRHVLOFLLLYQEPLLALDVDSTNSR
LRHCAYRCYATWRFGSQDMADFAILPSCCRWRIRKEFPKSEGQYSGEFKSPYYPYDVPDYA*

B. Nucleotide and peptide sequences for EE, FLAG, and HA C-terminus epitope tags.

Tag Nucleotide sequence (5’ —3°) Amino acid sequence
EE GAATATATGCCGATGGAA EYMPME

FLAG GACTACAAGGACGACGACGACAAG DYKDDDDK

HA TACCCCTACGACGTGCCTGATTACGCC YPYDVPDYA
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Appendix 2

Clustal-Omega Multiple Sequence Alignment of rat P2X2 and human P2X1-7 receptors. Residues in bold
are the key lysines in positions K69 and K308 (rP2X2 numbering) that were mutated to generate hP2X1-
7 dead receptor tools. Residues highlighted in grey are conserved charged and polar amino acids K69,
K71, Q108, T184, K188, N288, R290, R304, and K308 (rP2X2 numbering), and underlined residues
correspond to strongly conserved amino acid properties S65 and T336 (rP2X2 numbering). These
particular residues were chosen based on the ATP-binding scrutiny performed by site-directed

mutagenesis and electrophysiology techniques (Jiang et al., 2000).

hP2XIWT ~  —————————— - MARRFQEELAAFLFEYDTPRMVLVRNKKVGVIFRLIQLVVLVYVIGWV 48
hP2X2WT MAAAQPKYPAGATARRLARGCWSALWDYETPKVIVVRNRRLGVLYRAVQLLILLYFVWYV 60
rP2X2WT ~  ———mmmmmmmmo MVRRLARGCWSAFWDYETPKVIVVRNRRLGFVHRMVQLLILLYFVWYV 48
hP2X3WT ~  ——————mmm——mm - MNCISDFFTYETTKSVVVKSWTIGIINRVVQLLIISYEVGWV 42
hP2X4WT ~  ———————mm—— - MAGCCAALAAFLFEYDTPRIVLIRSRKVGLMNRAVQLLILAYVIGWV 47
hP2XSWT ~  ———-————-——- MGQAGCKGLCLSLFDYKTEKYVIAKNKKVGLLYRLLQASILAYLVVWV 48
hP2X6WT --MCPQLAGAGSMGSP-GATTGWGLLDYKTEKYVMTRNWRVGALQRLLQFGIVVYVVGWA 57
hP2XTWT ~  ————————————- MPACC-~SCSDVFQYETNKVTRIOSMNYGTIKWFFHVIIFSYV-CFA 44
* * . . * . . * .
hP2X1WT FLYEKGYQTSSG-LISSVSVKLKGLAVTQ-—--—-- LPGLGPQVWDVADYVFPAQGDNSF 100
hP2X2WT FIVQKSYQESETGPESSIITKVKGITTSE-—---——---—- HKVWDVEEYVKPPEGGSVF 108
rP2X2WT FIVQKSYQDSETGPESSIITKVKGITMSE-————-——---—— DKVWDVEEYVKPPEGGSVV 96
hP2X3WT FLHEKAYQVRDTAIESSVVTKVKGSGLYA-——--——---—— NRVMDVSDYVTPPQGTSVF 90
hP2XA4AWT FVWEKGYQETDSV-VSSVTTKVKGVAVTN-——--——- TSKLGFRIWDVADYVIPAQEENSL 99
hP2X5WT FLIKKGYQDVDTSLQSAVITKVKGVAFTN-——---— TSDLGQRIWDVADYVIPAQGENVF 101
hP2X6WT LLAKKGYQERDLEPQFSIITKLKGVSVTQ---——-— IKELGNRLWDVADFVKPPQGENVF 110
hP2XTWT LVSDKLYQRKEP-VISSVHTKVKGIAEVKEE IVENGVKKLVHSVFDTADYTFPLQG-NSF 102
. * * * . [ * * % H *' [ * .
hP2X1WT VVMTNFIVTPKQTQGYCAEHPE--GGICKEDSGCTPGKAKRKAQGIRTGKCVAFND-TVK 157
hP2X2WT SIITRVEATHSQTQGTCPESIRVHNATCLSDADCVAGELDMLGNGLRTGRCVPYYQGPSK 168
rP2X2WT SIITRIEVTPSQTLGTCPESMRVHSSTCHSDDDCIAGQLDMQGNGIRTGHCVPYYHGDSK 156
hP2X3WT VIITKMIVTENQMQGFCPESEE--KYRCVSDSQC--GPERLPGGGILTGRCVNYS-SVLR 145
hP2X4WT FVMTNVILTMNQTQGLCPEIPDA-TTVCKSDASCTAGSAGTHSNGVSTGRCVAFNG-SVK 157
hP2X5WT FVVTNLIVTPNQRONVCAENEGT PDGACSKDSDCHAGEAVTAGNGVKTGRCLRRENLARG 161
hP2X6WT FLVTNFLVTPAQVQGRCPEHPSVPLANCWVDEDCPEGEGGTHSHGVKTGQCVVFNG-THR 169
hP2XTWT FVMTNFLKTEGQEQRLCPEYPTR-RTLCSSDRGCKKGWMDPQSKGIQTGRCVVYEG-NQK 160
-:*.. * * * K * * * * . *: **:*:
hP2X1WT TCEIFGWCPVEVDDDIPRPALLREAENFTLFIKNSISFPRFKVNRRNLVEEVNAAHMKTC 217
hP2X2WT TCEVFGWCPVEDGA-SVSQFLGTMAPNFTILIKNSTHYPKFHFSKGNIADR-TDGYLKRC 226
rP2X2WT TCEVSAWCPVEDGT-SDNHFLGKMAPNFTILIKNSIHYPKFKFSKGNIASQ-KSDYLKHC 214
hP2X3WT TCEIQGWCPTEVDT-VETPI-MMEAENFTIFIKNSIRFPLFNFEKGNLLPNLTARDMKTC 203
hP2X4WT TCEVAAWCPVEDDTHVPQPAFLKAAENFTLLVKNNIWYPKFNFSKRNILPNITTTYLKSC 217
hP2X5WT TCEIFAWCPLETSS-RPEEPFLKEAEDFTIFIKNHIRFPKFNFSKSNVMDVKDRSFLKSC 220
hP2X6WT TCEIWSWCPVESGV-VPSRPLLAQAQNFTLFIKNTVTFSKFNFSKSNALETWDPTYFKHC 228
hP2XTWT TCEVSAWCPIEAVEEAPRPALLNSAENFTVLIKNNIDFPGHNYTTRNILPGLN----ITC 216
*** *** * * ** I * * H H . * *
hP2X1WT LFHKTLHPLCPVFQLGYVVQESGONFSTLAEKGGVVGITIDWHCDLDWHVRHCRPIYEFH 277
hP2X2WT TFHEASDLYCPIFKLGFIVEKAGESFTELAHKGGVIGVIINWDCDLDLPASECNPKYSFR 286
rP2X2WT TFDQDSDPYCPIFRLGFIVEKAGENFTELAHKGGVIGVIINWNCDLDLSESECNPKYSFR 274
hP2X3WT RFHPDKDPFCPILRVGDVVKFAGQDFAKLARTGGVLGIKIGWVCDLDKAWDQCTPKYSET 263
hP2XAWT IYDAKTDPFCPIFRLGKIVENAGHSFQDMAVEGGIMGIQVNWDCNLDRAASLCLPRYSFR 277
hP2X5WT HFGPK-NHYCPTFRLGSVIRWAGSDFODTALEGGVIGINIEWNCDLDKAASECHPHYSFS 279
hP2X6WT RYEPQFSPYCPVFRIGDLVAKAGGTFEDLALLGGSVGIRVHWDCDLDTGDSGCWPHYSFQ 288
hP2XTWT TFHKTQNPQCPIFRLGDIFRETGDNFSDVAIQGGIMGIEIYWDCNLDRWFHHCRPKYSFR 276

** o .ok . - % * . % * * o k. . *x Kk . ** * ok * *
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hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

hP2X1WT
hP2X2WT
rP2X2WT
hP2X3WT
hP2X4WT
hP2X5WT
hP2X6WT
hP2X7WT

GLYE---EKNLSPGFNFRFARHFVE-NGTNYRHLFKVFGIRFDILVDGKAGKEFDIIPTMT
RLDPKH--VPASSGYNFREFAKYYKINGTT-TRTLIKAYGIRIDVIVHGQAGKFSLIPTII
RLDPKY--DPASSGYNFRFAKYYKINGTTTTRTLIKAYGIRIDVIVHGQAGKEFSLIPTII
RLDSVSEKSSVSPGYNFREFAKYYKMENGSEYRTLLKAFGIRFDVLVYGNAGKEFNIIPTITI
RLDTRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLIKAYGIRFDIIVFGKAGKEFDIIPTMI
RLDNK-LSKSVSSGYNFRFARYYRDAAGVEFRTLMKAYGIRFDVMVNGKAGKFSIIPTIT

LQE-----——-- KSYNFRTATHWWEQPGVEARTLLKLYGIRFDILVTGQAGKFGLIPTAV
RLDDKTTNVSLYPGYNFRYAKYYKE-NNVEKRTLIKVEGIRFDILVFGTGGKFDIIQLVV
.:*** * s * ‘k:‘k :*‘k*:*::‘k * '***.:*
TIGSGIGIFGVATVLCDLLLLHIL----——---————-———-- PKRHYYKQKKFKYAEDMG
NLATALTSVGVGSFLCDWILLTFM-—-——==-———=—————- NKNKVYSHKKFDKVCTPS
NLATALTSIGVGSFLCDWILLTFM---——==-————-————- NKNKLYSHKKFDKVRTPK
SSVAAFTSVGVGTVLCDIILLNFL-——--———--———————- KGADQYKAKKFEEVNETT
NIGSGLALLGMATVLCDIIVLYCM-—-——===—————————- KKRLYYREKKYKYVEDYE
NVGSGVALMGAGAFFCDLVLIYLI--——=---————-——=—-— KKREFYRDKKYEEVRGLE
TLGTGAAWLGVVTFFCDLLLLYVD----—==-—————————- REAHFYWRTKYEEAKAPK
YIGSTLSYFGLAAVFIDFLIDTYSSNCCRSHIYPWCKCCQPCVVNEYYYRKKCESIVEPK
. * . . * .. * *
PGAAERDLA-ATSSTLGLQ-——-———=-——=——————————————————— ENMRTS----
HPSGSWPVTLAR-—V— === === = m o — oo oo LGQAPPEP
HPSSRWPVTLAL - =V == == mm—— oo oo mm oo LGQIPPPP
LKIAA---———--— LT T--NPVYP
QGLASELDQ === == = = = m = =
DSSQEAEDE-A--SGLGLS———————==——==—————————m o EQLTSGPGLL
ATANSVWRELALASQARLA-———==————————————mmm o ECLRRSSA--

PTLKYVSFV--DESHIRMVNQQOLLGRSLODVKGQEVPRPAMDFTDLSRLPLALHDTPPIP

GHRSEDQHPSPPSG---QEGQQG--A-ECGPAFPPLRPCPISAPSEQMVDTPASE-—-—~
SHYSQDQPPSPPSG---EGPTLGEGA-ELPLAVQSPRPCSISALTEQVVDTLGQHMGQRP
SDQTTAEKQSTDSG-—-—-~ AFSIGH=-—=——=—=— === —————m—m e
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333
343
332
323
337
338
339
335

375
385
374
365
379
380
381
395

399
406
395
377
388
406
408
453

399
455
451
397
388
444
441
501

399
471
472
397
388
444
441
558



