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Abstract

The Molecular Basis of Antagonism at Cardiovascular P2X1 and P2X4

Receptors — Louise Farmer

Structural information for the zebrafish P2X4 receptor in both an agonist
bound and unbound resting state provided a major advance in understanding
agonist action and has given insight into movement that occurs in the receptor
upon ATP binding. Despite agonist action now being well characterised, the
molecular basis of antagonism is poorly understood.

In this thesis the mechanism of antagonist action at the hP2X1 receptor
has been investigated through determining properties of chimeras and mutant
receptors based on differences between antagonist sensitive and insensitive
P2X receptors. The antagonists suramin, NF449 and PPADS potently inhibit
the human P2X1 receptor but have little or no action at the rat P2X4 receptor.
The extracellular loop of the hP2X1 receptor was shown to determine
antagonist sensitivity and was therefore split into four sections, residues of
which were swapped with corresponding residues of the antagonist insensitive
rP2X4 receptor and vice versa. Sub-chimeras and point mutations were then
made to identify particular residues and regions which contribute to antagonist
action. These experiments identified two regions important for NF449 binding
at the receptor. These are a cluster of four positively charged residues at the
base of the cysteine rich head region (136-140) and three residues located just
below them (T216, H224 and Q231). An NF449 bound model of the hP2X1
receptor has been generated.

The introduction of the four positively charged residues at the base of
the cysteine rich head region to the rP2X4 receptor introduced suramin and
PPADS sensitivity to this previously insensitive receptor. This mutation is
thought to cause a conformational change which allows the antagonist to bind
at residues which are already present in the wildtype receptor. In summary this
thesis has advanced the understanding of antagonist action at the hP2X1
receptor and the antagonist insensitivity of the rP2X4 receptor.
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Chapter 1: Introduction

Receptors for extracellular adenosine 5’ triphosphate (ATP) were
formally proposed by Professor Geoffrey Burnstock in 1972 (Burnstock, 1972).
The suggestion that ATP was a neurotransmitter (NT) was met with great
scepticism but any uncertainty was answered in the 1990s when ligand gated
P2X receptors and G protein coupled P2Y receptors were cloned. This cloning
was proof that purinergic signalling existed and defined P2X receptors as a new
class of ligand gated ion channel. It is now known that seven subunits of the
mammalian P2X receptor exist, which come together to form both homomers
and heteromers with widespread expression throughout the body and a variety
of physiological and pathophysiological roles. The determination of crystal
structures of a P2X receptor in the resting and agonist bound states has been a
major advance in the field, providing information on the 3D structure and the
location of the ATP binding site. Although agonist binding at the receptor is well
defined, there is still a lack of understanding of antagonist action. The aim of
this thesis was to further understand the molecular basis of how the antagonists
suramin, NF449 and PPADS act at the P2X1 receptor, and to gain insight into
how antagonists for the P2X4 receptor could be developed. These antagonists
would have strong therapeutic potential in the treatment of a variety of

conditions.

In this introduction | will give an overview of the history of the purinergic
hypothesis and the properties, expression and physiological roles of the
homomeric and heteromeric P2X receptors. An understanding of P2X receptor
structure is necessary in order to relate this to function and antagonist action.
Receptor structure is therefore described based on both the crystal structure
and other mutagenesis and microscopy techniques. Existing antagonists may
give insight into how to develop potent and selective novel P2X receptor
antagonists and these are discussed at the end of the chapter.



1.1 ATP as a Signalling Molecule

The purine ATP was identified in 1929 by Lohmann and Fiske and its
first known role was as an intracellular carrier of bioenergy for cell
metabolism. The ATP molecule consists of an adenine base, ribose sugar and
a tail made of three negatively charged phosphate groups. Energy is released
to the cell from the molecule when one of these phosphates is cleaved from

the molecule to hydrolyse ATP to adenosine 5 diphosphate (ADP). The

NH;
MR
|I\JI\> Adenine
N
N

structure of ATP is shown in figure 1.1.

(@)

T
OH-P—0—F —0—F—0
& & oM 0
Ribose
OH OH
(b)
& Adenine
Ribose

Figure 1.1 Structure of ATP (a) Cartoon of ATP structure. The molecule consists of
an adenine ring, a ribose and three negatively charged phosphate groups. (b) The
structure is also shown in the 3D conformation it takes when bound to the P2X
receptor (Hattori & Gouaux, 2012).

The first suggestions that ATP could have an extracellular role as a NT
were made by Professor Burnstock in the 1970s. It had been observed that
various tissues had a component of the response to nerve stimulation that
was not due to release of classical neurotransmitters. When adrenergic and
cholinergic transmission was blocked and the nerves innervating the smooth

muscle of guinea pig taenia coli were stimulated, hyperpolarisation and



relaxation of the muscle still occurred (Burnstock et al., 1963). This signalling
was named non-adrenergic non-cholinergic transmission (NANC) (Burnstock et
al., 1964). Excitation of the guinea pig colon also still occurred when cholinergic
signalling was blocked (Bennett & Fleshler, 1969). In the guinea pig stomach,
blocking adrenergic signalling did not prevent vagal inhibition (Beani et al.,
1971). As more and more responses that were neither cholinergic nor
adrenergic began to be identified in an increasing number of tissues, a NT that
could be responsible for this signalling was looked for.

For a substance to be a NT it must have several characteristics originally
described by Jack Eccles (for a detailed review see (Burnstock, 2013)). It must
be both synthesised and stored in the nerve terminals and released due to an
influx of calcium (Ca®"). It must reproduce the effects of nerve stimulation when
applied extracellularly to the tissue, and be inactivated or taken back into the
nerve cell after its release. The response to extracellular application of NT and
nerve stimulation must both be affected in a similar way by pharmacological
agents e.g. antagonists and allosteric modulators. There were several historical
studies which suggested ATP may fit these criteria and could be the NT
responsible for the NANC signalling. In 1929 ATP and adenosine were injected
into dogs and guinea pigs where they caused bradycardia and heart block
(Drury & Szent-Gyorgyi, 1929). ATP was also shown to stimulate the superior
cervical ganglion of the cat (Feldberg & Hebb, 1948) and injection of spinal root
extracts thought to contain ATP and ADP to arteries caused vasodilation
(HOLTON & HOLTON, 1954). ATP was subsequently shown to be present in
sympathetic nerves in 1958 (SCHUMANN, 1958), and Pamela Holton was the
first person to demonstrate the release of ATP from sensory nerves, as both
mechanical and electrical stimulation of the great auricular nerves was shown
to cause ATP release (HOLTON, 1959). Because of these and several other

studies, ATP was investigated as the NT responsible for NANC transmission.

ATP was shown to mimic the actions of NANC transmission in the
guinea pig taenia coli (Burnstock et al., 1970). It also caused inhibition in gut
preparations that were known to contain inhibitory nerves that were not

adrenergic and was therefore suggested to be the NT responsible. With

3



evidence that ATP fit the criteria described by Eccles, the purinergic
hypothesis, that ATP and related molecules could be NTs, was made in 1972
(Burnstock, 1972). The resistance the hypothesis received was mainly
because ATP had such a vital intracellular role and it was not thought that a
molecule that was so ubiquitous could be a NT. This controversy was fuelled
when it was suggested that ATP was a co-transmitter, released alongside
noradrenaline (NA) and acetylcholine (ACh) by various nerves, as it was
widely considered that one nerve produced one NT (Burnstock, 1976; Westfall
et al., 1990)

Despite this, experiments demonstrated ATP co-transmission by
sympathetic nerves innervating the guinea pig seminal vesicle, cat nictitating
membrane and vas deferens (Nakanishi & Takeda, 1973; Langer & Pinto,
1976; Westfall et al., 1978). Parasympathetic nerves were also shown to co-
release ATP, with nerves innervating the urinary bladder releasing both ATP
and ACh (Burnstock et al., 1978). It is now known that ATP is a co-transmitter
with all major NTSs, including GABA, 5-HT, substance P, glutamate, nitric oxide
and dopamine (Burnstock, 2009).

Once ATP had been identified as a NT, the receptors responsible for the
purinergic response needed to be identified. The wide range of tissues that had
shown responses to ATP led to a range of purinergic receptors being
described, with initial characterisation based on the pharmacology of the
receptors in native tissues. The purinergic receptors were originally divided into
two classes, P1 receptors (now generally called adenosine receptors) which
were activated by nucleosides and antagonised by methyxanthines and P2
receptors which were activated by ADP or ATP (Burnstock, 2013). The P2
receptors were later split into two further subclasses based on the potency of
agonists and antagonists. These were named P2X and P2Y receptors
(Burnstock & Kennedy, 1985). P2X receptors were characterised by their
sensitivity to a,B-methylene ATP (a,8-meATP) and antagonism by arylazido
aminopropionyl ATP (ANAPP3). P2Y receptors were most sensitive to 2-
methylthio ATP and showed weak antagonism by ANAPP3. Further properties
that allowed P2Y and P2X receptors to be distinguished were identified in
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subsequent years, including the selective antagonists 2'3-0-(2,4,6-
trinitrophenyl) adenosine 5'-triphosphate (TNP-ATP) and PPADS for the P2X
receptor and reactive blue 2 for the P2Y receptor. The cloning of the first P2Y
and P2X receptors in the early 1990s led to a reclassification of the receptors
based on their structure (Webb et al., 1993; Lustig et al., 1993; Valera et al.,
1994; Brake et al., 1994). P2X receptors were defined as ligand gated ion
channels, and P2Y receptors as seven transmembrane domain G-protein
coupled receptors (GPCRs). Not only did expression cloning give insight into
the structure of the receptors, it also allowed pharmacological characterisation

without interference from other receptors present in native tissues.

1.2 P2Y Receptors

Before their cloning, P2Y receptors were distinguished from P2X
receptors by the rank order of agonist potency, including high sensitivity to
analogues of ADP and UTP. P2Y receptors were first expression cloned in
1993 from mouse neuroblastoma cells and a chick whole brain cDNA library
(Webb et al., 1993; Lustig et al., 1993). Subsequent cloning identified a family
of 8 different subtypes (Burnstock, 2004). They are G protein coupled receptors
with seven transmembrane domains and, dependent on their subtype, can be
activated by ATP, ADP, UTP, UDP or UDP-glucose. The P2Y,, P2Y,, P2Y, and
P2Ye receptors are coupled to Gq proteins, and P2Yi,, P2Yi3 and P2Yy
receptors are coupled to G;. The P2Y;; subtype is coupled to both G; and Gs
proteins (Burnstock, 2004). The activation of the P2Y receptor subtypes that
are coupled to G proteins leads to the activation of phospholipase C (PLC) and
generation of the second messengers inositol triphosphate (IP3) and 1,2-
diacylglycerol (DAG). Activation of the G; coupled subtypes leads to a decrease
in cyclic AMP (cAMP) by the inhibition of adenylate cyclase. As the P2Y;
receptor is also coupled to Gs its activation leads to an increase in CAMP. P2Y
receptors have a range of physiological functions in the vascular system,
immune system, brain, and bones. They could be targeted in the treatment of a
variety of conditions including cystic fibrosis, diabetes and osteoporosis
(Erlinge, 2011). P2Y receptors are of particular interest in the cardiovascular

system as they are expressed by the endothelium, vascular smooth muscle,



heart, red blood cells and platelets. P2Y, receptor activation has been shown to
reduce blood pressure making it a possible therapeutic target in hypertension
(Rieg et al., 2011). The P2Y¢ receptor has been linked to atherosclerosis (Guns
et al., 2010) and the P2Y; and P2Y, receptors are expressed on platelets and
show contributions to blood clotting. The most commonly prescribed anti-
coagulant clopidigrel is an antagonist for the platelet P2Y, receptor (Savi et al.,
2001).

1.3 P2X Receptors

The first direct evidence of P2X receptors was their expression cloning in
1994 from the rat vas deferens and rat pheochromocytoma cells (Valera et al.,
1994; Brake et al., 1994). These receptors were named P2X1 and P2X2
receptors respectively, and subsequently cloned receptors were named in the
order they were discovered. Three subunits come together to make a functional
receptor and their trimeric structure means they are distinct from the cys-loop
and glutamate classes of ion channel which have five and four subunits
respectively. P2X receptors have been shown to form as both homomers and
heteromers (North, 2002; Saul et al., 2013). Receptor activation causes an
influx of cations, with a particularly high Ca®* and sodium (Na*) conductance.
Cloning has identified a family of seven P2X receptor subunits (P2X1-7)
expressed in a wide range of tissues with 35-54% sequence homology between
subtypes. There is sequence variation throughout the receptor sequence,
however the extracellular loop region of the receptor has the most homology
and the intracellular C termini (which show considerable variation in length) the
least. The P2X6 subunit is the shortest, consisting of 379 amino acids and the
P2X7 receptor is the longest at 595 resides long, these differences in length are
largely due to the variation in length of their C-termini (North, 2002). Each
subunit has not only a unique sequence, but also a different expression pattern
in native tissues and a variant pharmacological profile, characterised by
recombinant expression (North, 2002). Recombinant expression allows defined
subunit combinations to be characterised that can then be compared to
responses in native tissues. It is important that factors such as the recording

solutions mimic the physiological environment as much as possible in order to



give physiologically relevant results. The predominant expression of different

P2X receptor subunits is summarised in table 1.1, and the properties of

different homomeric and heteromeric P2X receptors are discussed below.

Subtype Location
P2X1 Smooth muscle, platelets, heart, sensory ganglia, cerebellum
(Valera et al., 1994; Scase et al., 1998; Kidd et al., 1995)
P2X2 Autonomic ganglia, sensory ganglia, brain, pituitary, retina, smooth
muscle
(Brake et al., 1994; Chen et al., 1995; Vulchanova et al., 1996)
P2X3 Sensory ganglia, sympathetic neurons
(Surprenant, 1996; Chen & Brosnan, 2006)
P2X4 Hippocampus, smooth muscle, microglia, colon, testes
(Bo et al., 1995; Buell et al., 1996; Soto et al., 1996a)
P2X5 Skeletal muscle, autonomic ganglia, bladder, gut, heart, spinal cord
(Collo et al., 1996)
P2X6 Autonomic ganglia, brain, skeletal muscle
(Collo et al., 1996; Soto et al., 1996b)
P2X7 Apoptotic cells, lymphocytes, macrophages, CNS, skin

(Surprenant et al., 1996; Collo et al., 1997)

Table 1.1 Expression of the seven P2X receptor subunits in native

tissues.




1.4 Properties of homomeric P2X Receptors

Here | will give a summary of some of the properties of different
recombinant homomeric P2X receptor subtypes characterised in Xenopus
oocytes and HEK cells. These features include sensitivity to different agonists
and antagonists and the time-course of the response to ATP. Heteromeric

receptors are discussed in section 1.5.

In order for a receptor to be activated, the agonist must have affinity in
order to bind to the receptor and efficacy to cause a response. The potency of a
drug is the concentration needed in order to produce a given effect and is
determined by both affinity and efficacy. The physiological agonist at P2X
receptors is ATP and the potency of this agonist varies between the receptor
subtypes. ATP potency is reported by measuring the concentration needed to
cause 50% of the maximum response (ECsp). The P2X1 and P2X3 receptors
have the greatest ATP sensitivity, with ECso concentrations of ~ 1 uM (Chen et
al., 1995; Khakh et al., 2001). The P2X2 receptor has been shown to have an
ECso value between 5 and 60 uM depending on the expression system, and the
P2X4, P2X5 and P2X6 receptors around 10-15 uM (Buell et al., 1996; Collo et
al., 1996). P2X7 receptors have greatly reduced ATP sensitivity compared to
the other subtypes, with an ECso of ~ 115 uM (Surprenant, 1996). The most
potent agonist at this receptor is 2'(3")-O-(4-Benzoylbenzoyl)adenosine-5'-
triphosphate triethylammonium salt (BzATP). It has recently been suggested
that the differences in ATP sensitivity between P2X receptor subtypes may be
due to the different effects of divalent cations, particularly magnesium, at the
receptors (Li et al., 2013a). A variety of other ATP analogues can cause full or
partial activation of different P2X receptors, including a,3-meATP and 2-
methylthio ATP (2-MeSATP). The order of potency of these agonists and partial
agonists was originally used to define the receptor subtypes. For example af3-
meATP has a much higher potency at the P2X1 and P2X3 receptors compared

to the other homomeric P2X receptors.

Another property that varies between subtypes is the time-course of the
response to a sustained ATP application. During continued ATP application the
current decays back toward baseline as the receptor desensitises and is
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important in determining temporal signalling. This desensitisation varies
between subtypes and has often been used to distinguish between them. As
well as having the highest ATP potency, the P2X1 and P2X3 receptors also
show the fastest desensitisation. The response to ATP of the P2X1 receptor
decays by 50% within 300 ms (Valera et al., 1994). The P2X2, P2X5 and P2X7
receptors are described as relatively non-desensitising, with the P2X2 receptor
showing < 15% decay in two minutes (Evans et al., 1996). The P2X4 receptor
has a time-course intermediate between these fast desensitising and non-
desensitising receptor subtypes (Garcia-Guzman et al., 1997). The variation is
due to differences in receptor gating. Gating is the movement in the receptor
that is necessary in order for the channel to transition from one state to another.
The inactivated receptor is in a resting, closed state, agonist binding causes the
receptor to enter an agonist bound, open conformation. Further gating then
causes the receptor to move into a desensitised state in the presence of ATP

before returning to the resting, closed conformation in the absence of agonist.

lons can act as allosteric modulators of P2X receptors and have been
shown to affect different subtypes in different ways. A decrease in pH, leading
to an increase in protons surrounding the extracellular loop of the P2X1
receptor, has been shown to decrease the current by ~ 50% (Stoop et al.,
1997). The P2X2 receptor has a greater sensitivity to pH than the P2X1
receptor, with acidification potentiating, and alkalinisation decreasing, the ATP
evoked current (Stoop et al., 1997). The P2X2 receptor is the only subtype
which shows potentiation at an acidic pH, with all other subtypes being
inhibited.

Trace metals can also affect P2X receptor signalling. The P2X1 receptor
was inhibited by zinc, which had an ICso value of 1 uM. In contrast the P2X3
receptor was potentiated by zinc at low concentrations, with inhibition only
being seen at a concentration > 10 uM (Wildman et al., 1999). The presence of
physiological concentrations of Mg?* has been suggested to alter the activity of
the P2X1 — P2X4 receptors, and that in its absence these receptors all have
similar potencies to ATP (Li et al., 2013a). Mg®* can form a complex with free
ATP to form MgATP?Z. This form of ATP is less effective at activating the P2X2
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and P2X4 receptors but shows increased efficacy at P2X1 and P2X3 receptors,
accounting for the difference in ATP potency between them in vivo and in

physiological recording solutions (Li et al., 2013a).

A unique feature of the P2X4 receptor is its sensitivity to an antiparasitic
drug called ivermectin (Khakh et al., 1999). Ivermectin is thought to work by
decreasing desensitisation and slowing deactivation of the receptor. This
subtype is the only one shown to have ivermectin sensitivity and this property
has therefore been used to identify this receptor subtype in native tissues. The
effects of ions at the P2X receptors is summarised in table 1.2. It was known
that other multimeric receptors formed heteromeric as well as homomeric
channels and so it was likely that the same was true for the P2X receptor. The

expression of heteromers was therefore looked for.

1.5 Heteromeric P2X Receptors

It was seen that co-expression of two different subunits led to the
formation of a channel with properties distinct from either of the contributing
subunits, demonstrating the likely formation of heteromeric P2X receptors
(Lewis et al., 1995). More than one P2X receptor subtype is often expressed in
the same tissue in vivo and this heteromeric expression is an important factor
that contributes to variation in P2X receptor properties. Identified heteromers
are trimers consisting of a combination of two different subunits only and
receptors containing three different subunits have not been identified to date
(Saul et al., 2013). Six of the P2X subunits have been shown to form
heteromers (P2X1-6). Heteromer formation by the P2X7 subunit has been
suggested in some circumstances but existence of P2X7 receptor heteromers
in vivo is still a point of discussion (Nicke, 2008; Guo et al., 2007; Antonio et al.,
2011). When different P2X receptor subunits come together, the heteromer
generally has a mixture of properties of the two contributing receptor subtypes.
It is usually seen that the receptor with the slowest time-course is dominant in
the kinetics of the heteromer, and the heteromer adopts the agonist/antagonist
sensitivity of the contributing subunit with the highest potency. For example, the
P2X2/3 heteromer has the ATP and TNP-ATP potency of the P2X3 receptor
but the time-course of the P2X2 receptor (Spelta et al., 2002). An exception to
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this rule is the P2X1/2 heteromer which adopts the fast desensitisation of the
hP2X1 receptor (Brown et al., 2002). The properties and physiological roles of

known P2X heteromers are discussed below.

(i) P2X1/2

Biochemical studies have shown strong support for a heteromer
between P2X1 and P2X2 subunits (Aschrafi et al., 2004) and functional
studies have demonstrated that the hP2X1/2 receptor has slightly
different properties to the hP2X1 receptor, particularly in the effects of
pH on receptor function (Brown et al.,, 2002). In contrast to the
biochemical evidence, there is little indication of the hP2X1/2 heteromer
in native tissues despite the fact that subunits are often expressed
alongside each other (Burnstock & Knight, 2004). The presence of the
P2X1/2 heteromer has however been suggested in mouse sympathetic

neurons (Calvert & Evans, 2004).

(ii) P2X1/4

Despite heteromer formation between P2X1 and P2X4 subunits
originally thought to be unlikely (Torres et al., 1999), this heterotrimer
has been shown to be expressed by Xenopus oocytes (Nicke et al.,
2005). The receptor has intermediate levels of desensitisation, similar to
the P2X4 receptor, but the agonist and antagonist sensitivity of the P2X1
receptor. There is little evidence that this receptor exists in native tissues
to date (Saul et al., 2013).

(i)  P2X1/5

There is a lot of evidence supporting the formation of P2X1/5
heteromeric receptors (Le et al., 1999; Torres et al., 1998c) The receptor
shows the ATP, suramin, PPADS and NF449 sensitivity of the P2X1
receptor but the TNP-ATP sensitivity and slow desensitisation of the
P2X5 receptor (Haines et al., 1999). They have had suggested roles in
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excitatory junction potentials in guinea pig arterioles (Surprenant et al.,
2000) and the excitability of cortical astrocytes (Lalo et al., 2008).

(v)  P2Xx2/3

The P2X2/3 receptor is the most extensively characterised P2X
heteromer. The receptor has an important role in sensory
neurotransmission and is a target for the treatment of pain (Jarvis,

2010). The roles of this heteromer are discussed in section 1.6.3.

(v) P2X2/5

P2X2/5 trimers are expressed in the plasma membrane of human
embryonic kidney (HEK) cells (Compan et al., 2012). The properties of
this receptor are surprisingly similar to the P2X7 receptor and its
activation caused membrane blebbing and phosphatidylserine flip
(Compan et al., 2012). It has been suggested that these receptors could
be expressed by a variety of tissues in the brain and br3ain stem

including the dorsal root ganglion and spinal cord.

(vi)  P2x2/6

The P2X6 subunit cannot form homotrimers, but it is co-
expressed with the P2X2 receptor subunit and there is biochemical and
functional evidence that these receptors can form functional trimers
(Saul et al.,, 2013). Their co-expression has been observed in the
thalamus, hypothalamus, pineal gland, carcinoma cells and stem cells
(Collo et al., 1996; Resende et al., 2008; Schwindt et al., 2011). Despite
this overlapping presence of the two receptor subunits there is no direct

evidence that they form heteromers in vivo.

(Vi)  P2Xx4/6

P2X4 and P2X6 receptor expression overlaps widely in the central

nervous system but the function of homomeric and possible heteromeric
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receptors in the CNS is not yet known. The P2X4/6 receptor has
properties quite similar to the homomeric P2X4 receptor, including
potentiation by ivermectin (Le et al., 1998). The receptors did have 3-5
fold increased sensitivity to partial agonists and increased inhibition by
PPADS and suramin compared to the P2X4 receptor however (Le et al.,
1998).

(vii)  P2X4/7

There is controversy over whether the P2X4 and P2X7
subunits can form heteromers or whether the homomeric P2X7 receptor
associates with homomeric P2X4 receptors to form a complex (Nicke,
2008; Guo et al., 2007; Boumechache et al., 2009). Although the P2X4
receptor is predominantly intracellular in normal rat kidney (NRK) cells,
when it is co-expressed with the P2X7 receptor its surface expression is
increased ~ 2-fold, supporting an interaction between the two receptors.
The surface expressed receptor also shows sensitivity to ivermectin and
TNP-ATP, properties associated with the P2X4 receptor (Guo et al.,
2007). Cross-linking studies have shown the P2X7 receptor to interact
with both P2X2 and P2X4 receptors but this interaction has been shown
to be in the form of homomeric receptors forming a complex, i.e. dimers
of trimers (Antonio et al., 2011). Knockout of either the P2X4 or P2X7
receptor has also been shown to affect the expression of the other
subunit, but this could be due to the P2X4 and P2X7 genes being
located very close to each other and possibly sharing a promoter
(Craigie et al., 2013). The P2X4/P2X7 heteromers or complexes have
been suggested to have roles in parotid acinar cells and rabbit airway
epithelia (Casas-Pruneda et al., 2009; Ma et al., 2006)

The formation of heteromeric P2X receptors increases the variety of

properties and roles of this receptor. The expression of these heteromers in

native tissues remains to be fully identified, with convincing evidence only

existing for the P2X1/5 and P2X2/3 receptors in vivo. Characterisation will allow

further therapeutic exploitation of the P2X receptor.
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1.6 Physiological Roles of P2X Receptors

Many physiological roles of P2X receptors have been identified by their
expression profiles and functional properties and these have often been verified
by the generation of knockout (KO) mice. Where selective and potent
antagonists are available, these have often confirmed these roles. Here | will
summarise the known functions of P2X receptors in vivo, with particular focus
on the P2X1 and P2X4 receptors. These receptors have been chosen as the
focus of this thesis for two reasons. The first is their high expression,
physiological roles and therapeutic potential in the cardiovascular system, and
the second is the difference in properties between them. The P2X1 receptor
shows fast desensitisation and is inhibited by the antagonists suramin, NF449
and PPADS. The P2X4 receptor shows much less desensitisation and is
insensitive to these antagonists (table 1.2). These differences could be
exploited to investigate the molecular basis of antagonist binding and develop

novel drugs for the treatment of cardiovascular diseases and conditions.

1.6.1 The P2X1 Receptor

The P2X1 receptor is highly expressed in smooth muscle and is found in
a variety of preparations including the vas deferens (from which the receptor
was first cloned), arteries and urinary bladder (Valera et al., 1994; Mulryan et
al., 2000; Vial & Evans, 2000; Vial et al., 2002). The receptor is expressed by
blood cells where it has been found on both platelets and the megakaryocytes
which produce them (Vial et al., 1997) (Sun et al., 1998). There have been
reports of P2X1 receptors in human lung mast cells, neutrophils and mouse
macrophages indicating a role in immune function (Sim et al., 2007; Wareham
et al., 2009; Lecut et al., 2009). In the CNS the receptor has been detected in
the hippocampus (Cavaliere et al., 2007) and as part of a heteromer with the
P2X5 subunit in the cortical astrocytes (Lalo et al., 2008). The widespread
expression of the P2X1 receptor means that it contributes to a wide variety of

physiological processes which are discussed in detail below.
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0 Fertility

The P2X1 receptor knockout mouse was generated in 2000 and KO
males were ~ 90% less fertile than wildtype (WT) mice (Mulryan et al., 2000).
The P2X1 deficient mice copulated normally and the sperm was functional, but
was absent from the ejaculate so conception could not occur. The P2X1
receptor was known to be present in the vas deferens (Valera et al., 1994), and
P2X1 receptor activation in response to sympathetic nerve stimulation was
responsible for ~ 60% of the contraction (Mulryan et al., 2000). This contraction
propelled sperm into the ejaculate. The residual contraction of the vas deferens
was mediated through a; adrenoceptors activated by noradrenaline which was
co-released with ATP from sympathetic nerves (Mulryan et al., 2000). These
findings suggested the P2X1 receptor as a possible target as a male
contraceptive. A contraceptive that was 90% effective would not be
therapeutically viable, but it has recently been shown that knocking out both
P2X1 receptors and aj;, adrenoceptors caused 100% infertility in male mice
(White et al., 2013). A potent P2X1 receptor selective antagonist, given in
combination with an ai, adrenoceptor antagonist, could therefore be developed
as a non-hormonal contraceptive pill for men. The results also suggest that a
potentiator of P2X1 receptor currents e.g. MRS 2219 could be useful to treat

sub-threshold male fertility by increasing the amount of sperm in the ejaculate.

(i) Thrombosis

Haemostasis is a vital process that prevents blood loss after injury.
However pathological blood clots (thrombi) in vessels can cause pulmonary
emboli, heart attacks and stroke when blood vessels become occluded. Anti-
coagulants are used to treat and prevent pathological thrombi, but currently
available anti-coagulants have the unwanted side-effect of bruising and
bleeding, as physiological haemostasis is also inhibited (Hechler & Gachet,
2011). Therefore an antagonist that bound to a new target in thrombi formation,
which did not cause the bleeding phenotype, would have huge therapeutic

benefits.
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Platelets are blood cells formed from megakaryocytes which are
activated and aggregate in primary haemostasis. P2X1 receptors were
identified on platelets using patch clamp and polymerase chain reaction (PCR)
experiments (Vial et al., 1997; MacKenzie et al., 1996). The agonist a,3-MeATP
induced a rapid increase in platelet intracellular calcium that could be blocked
by the P2X receptor antagonists PPADS and suramin. The role of the receptor
in platelet function was supported by the generation of KO mice. The
megakaryocytes from these mice (which are platelet progenitors) had a normal
appearance but did not exhibit the rapid inward current in response to ATP (Vial
et al.,, 2002). Simultaneous activation of both P2X and P2Y receptors in the
platelet amplified the calcium influx compared to individually stimulating the
receptors, suggesting a synergy between these receptors in platelet function
(Vial et al., 2002). Ca* influx through the P2X1 receptor has a primary role in

the subsequent activation of P2Y receptors.

P2X1 KO mice had normal bleeding times in response to tail snips,
showing that the receptor does not play a critical role in physiological
haemostasis. Interestingly, the receptors were seen to contribute to
pathological clot formation. When thrombosis of mesenteric arterioles was
induced by laser injury, less knockout mice died than wildtype (46.6%
compared to 87.5%). In a second model where adrenaline and collagen
induced thrombosis, P2X1 KO mice formed smaller clots that were easier to
dislodge (Hechler et al., 2003). Inhibition of clot formation was greater in
smaller diameter vessels such as arterioles, which have high shear rates
(Hechler et al., 2003). In support of the role of the P2X1 receptor in thrombosis,
overexpression of the P2X1 receptor was seen to cause a mild prothrombotic
phenotype, as increased activation of P2X1 receptors caused an increase in
clotting (Oury et al., 2003). These findings demonstrated the activation of the
P2X1 receptor as an important step in the formation of pathological thrombi but

its removal did not prevent physiological clotting.

The generation of KO animals gave insight into physiological roles of the
P2X1 receptor, however it is important that these effects can be mimicked

pharmacologically in order to show them as a strong therapeutic target. This

16



was tested by applying the P2X1 receptor antagonist NF449 to WT mice in
vivo. A concentration of 10 mg/kg NF449 selectively inhibited the P2X1
receptor (Hechler et al., 2005). The mice treated with NF449 had reduced
thrombosis and thromboembolism compared to untreated mice. As with the
P2X1 receptor knockout mice, no effect was seen on bleeding time (Hechler et
al., 2005). This suggests the use of NF449 as a starting molecule in the
development of a novel antithrombotic drug that, unlike current therapies, would
have minimal bleeding risk. NF449 itself is not suitable for therapeutic use due

to its large polyanionic structure (Kennedy, 2013).

(i) Other Blood Cells

The presence of functional P2X1, P2X4 and P2X7 receptors has been
identified in human lung mast cells (Wareham et al., 2009). The role of the
P2X1 receptor in mast cell function is thought to be transient with a greater
contribution at lower ATP concentrations, and the P2X4 and P2X7 receptors
contributing more when the ATP concentration is high (Bulanova & Bulfone-
Paus, 2010). Mast cell activation is the first step in allergic reaction, so an
understanding of how P2X receptors affect their function could help to treat
conditions such as asthma. P2X1, P2X4 and P2X7 receptors have also been
identified in mouse macrophages, and the activation of macrophage P2X1
receptors has been linked to cytokine release (Sim et al., 2007; Coutinho-Silva
& Persechini, 1997). The presence of P2X1 receptors on neutrophils has also
been reported to have a role in chemotaxis (Lecut et al., 2009). Their activation
prevented endotaxis by reducing neutrophil function (Lecut et al., 2012). There
is a clear role of P2X receptors in immune cells, with a variety of subtypes
being expressed. The understanding of how these P2X subtypes contribute to

immune cell function could lead to new therapeutic targets.

(iv) Arteries

Sympathetic nerve stimulation of arteries has been shown to cause
vasoconstriction in vivo, with both ATP and noradrenaline mediated
components (Sneddon & Burnstock, 1984). Application of ATP and a,3-MeATP
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caused the vasoconstriction of mesenteric arteries in WT mice, but not in the
P2X1 KO mouse, showing a role of the receptor in this process. The
contraction of KO mouse arteries in response to nerve stimulation was also
reduced by ~ 50% (Vial & Evans, 2002). P2X receptors mediated
depolarisation and direct Ca®* influx, but arteries also contain voltage operated
L-type calcium channels which could be activated by depolarisation and be
responsible for some of the Ca?' influx. When extracellular calcium was
removed, vasoconstriction was prevented, but a block of L-type calcium
channels had no effect, demonstrating that calcium entry for contraction is
occurring directly through the P2X1 receptor (Vial & Evans, 2002). Despite a
clear effect on vasoconstriction, the P2X1 KO had no effect on blood pressure
and P2X1, a;adrenoceptor double KO mice displayed a slight decrease in
blood pressure, but no more than knock out of the a;adrenoceptor alone (White
et al.,, 2013). The control of blood pressure is a complex process with
suggested compensation for a lack of P2X1 receptor function. Therefore the
P2X1 receptor is unlikely to be a therapeutic target for hypertension. This also
means that P2X1 receptor antagonists for the treatment of other conditions are

unlikely to have hypotensive side effects.
(V) Heart Failure

The mRNA of the P2X1 receptor was upregulated in the myocardium of
rats with induced congestive heart failure (CHF) compared to sham-operated
rats (Hou et al., 1999). In WT rats P2X1, P2Y1, P2Y2, P2Y4 and P2Y6
receptors are expressed in the myocardium, with P2Y6 being expressed at the
highest levels. In CHF rats the mRNA levels of both P2X1 and P2Y2 receptors
were increased 2.7 and 4.7 fold respectively (Hou et al., 1999). A possible role
of the P2X1 receptor in the pathophysiology of heart failure was therefore
suggested. However the upregulation of the receptor may be part of a
compensatory mechanism that occurs in this disease state and be protective,
helping to slow the progression of the disease. The contribution of the P2X1
receptor to heart failure therefore needs to be investigated further to see
whether it is contributing to the condition or slowing its progression. This

information could be used in the treatment of CHF.
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(vi) The Urinary Bladder

The human P2X1 receptor was first isolated from the urinary bladder
(Valera et al., 1995). KO mice identified that this receptor subtype had a 30%
contribution to parasympathetic nerve evoked contraction (Vial & Evans, 2000),
with the remaining 70% mediated by muscarinic acetylcholine (mACh)
receptors. The P2X1 receptor is responsible for the initial increase in contractile
force, while the mACh receptor determines the length of the contraction
(Heppner et al., 2009). It was suggested that the P2X1 receptor may actually
be limiting the extent to which the bladder contracts, as in KO mice there was
an increase in the force transient (Heppner et al., 2009). Differences in P2X1
receptor expression between rodent and human bladders have been seen. In
the healthy human bladder P2X1 expression is low, but in pathophysiological
states such as bladder instability and cystitis P2X1 receptor expression is
upregulated (Tempest et al., 2004). This suggests that there could be an
important role of the P2X1 receptor in human bladder disorders and this could

be a therapeutic target in the treatment of such conditions.

(vii) Fast Neuronal — Glial Signalling

ATP plays an important role in signalling between neurons and glia in
the CNS, and glial cells express a variety of P2 receptors (Verkhratsky &
Steinhauser, 2000). The presence of P2X1/5 heteromers was identified on
cortical astrocytes by Lalo et al (Lalo et al., 2008). The rapid opening of the
P2X1 receptor leads to a Ca*" increase in the cell and enables fast signalling
between neurons and glia (Palygin et al.,, 2010). The P2X5 subunit is non-
functional in > 95% of the human population and therefore any therapeutic

potential of these heteromers is likely to be minimal.

1.6.2 The P2X4 Receptor

The P2X4 receptor was first isolated and cloned in 1995 by Bo et al from
the hippocampus (Bo et al., 1995). The receptor was also cloned from whole
brain and cervical ganglion cDNA libraries shortly after (Soto et al., 1996a;
Buell et al., 1996). It is known to be expressed in the central nervous system
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(CNS), peripheral nervous system (PNS), epithelial and endothelial cells,
reproductive organs and skeletal and smooth muscle cells and often overlaps
with the expression of the P2X6 receptor, with which it can form heterotrimers
(Collo et al., 1996; Kaczmarek-Hajek et al., 2012). This extensive expression
suggests a large number of possible physiological roles of the P2X4 receptor. A
lack of antagonists for the receptor has made its characterisation in vivo more
difficult than for the P2X1 receptor. However P2X4 currents are potentiated by
zinc and the antiparasitic drug ivermectin which has been used to distinguish
them from other P2X receptors in native tissues (Khakh et al., 1999; Xiong et
al., 1999). Known and hypothesised roles and any therapeutic potential of the

P2X4 receptor are discussed below.

(i) Pain

Chronic pain is pain which has no physiological or protective benefit and
is often extremely debilitating to the person affected. There are two types,
inflammatory pain which occurs due to tissue damage and the subsequent
inflammatory responses, and neuropathic pain which is felt after injury to a
nerve (Trang & Salter, 2012). There are various treatment options for
inflammatory pain, however currently available analgesics are often ineffective
at treating neuropathic pain (Tsuda et al., 2013). Neuropathic pain occurs after
peripheral nerves are damaged due to conditions such as diabetes mellitus,
autoimmune disorders, cancer, infections or a traumatic injury (Tsuda et al.,
2013). The injury can cause molecular changes that affect the neuronal
plasticity and the organisation of pain sensing pathways which leads to an
enhancement of pain sensation (Woolf, 2004). Treatments for these pain
conditions have often been targeted to neurons, but have been largely

ineffective and therefore a new target was looked for (Beggs & Salter, 2010).

Microglial cells are known to migrate to the site of an injury. P2X4
receptors are expressed on microglia and their expression has been shown to
be upregulated in the ipsilateral spinal cord and the microglia after injury. A
direct role of the receptor was shown when overexpression of P2X4 receptors

in rat microglia led to increased pain sensation (Tsuda et al., 2003). Supporting

20



this, pharmacological block of the P2X4 receptor by TNP-ATP in mice with
peripheral nerve injuries caused a reduction in pain behaviours (Tsuda et al.,
2003). P2X4 knock-down and knockout animals also did not show increased
pain sensation after a peripheral nerve injury (Tsuda et al.,, 2009). KO mice
have reduced brain derived neurotrophic factor (BDNF) and lack prostaglandin
E2 (PGE?2) in tissue exudates, showing a role of the receptor in the production
of both these inflammatory mediators (Ulmann et al., 2008; Ulmann et al.,
2010). It has recently been shown that the analgesic effects of morphine act via
the P2X4 receptor in a BDNF, K'-CI" co-transporter (KCC2) disinhibition
cascade between microglia and the spinal dorsal horn neurons, which led to a
disruption of CI' homeostasis (Ferrini et al., 2013). The upregulation of the
P2X4 receptor on the microglia and subsequent production of inflammatory

mediators is therefore a key process in the development of neuropathic pain.

(i) Requlation of Blood Pressure

The P2X4 receptor is present on endothelial cells and its activation in
response to shear stress leads to calcium release from the endoplasmic
reticulum (Yamamoto et al., 2000a; Yamamoto et al., 2000b). In WT mice an
increase in shear stress causes a dilation of the blood vessel in response to
Ca?" increase and NO production. When blood flow (and hence shear stress)
was increased through a vessel in P2X4 KO mice, no increase in vessel
diameter was seen as neither the Ca®" increase nor NO production occurred
(Yamamoto et al., 2006). Dilation of vessels could still occur in response to
acetylcholine (ACh) in these mice. It is therefore thought that the P2X4 receptor
transduces changes in shear stress to the interior of the blood vessels via
calcium influx, leading to vasodilation. In human patients it has been seen that
the inheritance of a Tyr215Cys polymorphism in the P2X4 receptor leads to
decreased receptor function, associated with an increased pulse pressure,
demonstrating the physiological importance of the P2X4 receptor in control of
vasodilation and blood pressure (Stokes et al., 2011). It is known that in
disease states which lead to reduced blood flow through vessels, vascular
remodelling occurs to permanently decrease vessel diameter (Kamiya &

Togawa, 1980). When blood flow was reduced through vessels in a disease
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model in P2X4 KO mice this decrease in lumen size was not seen (Yamamoto
et al., 2006). This shows a role of the P2X4 receptor in the structural
remodelling of blood vessels in disease states. A potent and selective P2X4
antagonist could be used to prevent remodelling of blood vessels in disease
states, maintaining a normal diameter of these vessels. This is currently an

unmet clinical need.

(i) Cystic Fibrosis

As well as being expressed by endothelial cells of blood vessels, P2X4
receptors are also present in airway epithelial cells (Ma et al., 2006). In cystic
fibrosis the epithelia fail to transport chloride (CI) and water due to the
dysfunction of the cystic fibrosis transmembrane conductance regulator (CFTR)
CI" channel, leading to progressive lung disease (Ehre et al., 2014). Activation
of epithelial P2X4 receptors increases intracellular calcium which could be
useful in the treatment of cystic fibrosis by activating calcium dependent
chloride channels and increasing CI secretion (Zsembery et al.,, 2003).
Application of ATP and the P2X4 potentiator zinc was seen to restore the CI°
secretion across airway epithelia from human cystic fibrosis patients (Zsembery
et al., 2004). This gives a possible treatment option which does not involve the
CFTR channels. The full therapeutic potential of P2X4 receptor activation in

cystic fibrosis is yet to be explored.

(iv) Heart Failure

P2X4 receptors are expressed in cardiomyocytes where their high
calcium permeability contributes to contraction of the heart (Mei & Liang, 2001).
Overexpression of the P2X4 receptor in these cells caused an increase in
cardiomyocyte contractility in response to 2-meSATP and thereby enhanced
the contractile state in vivo (Hu et al., 2001). Despite this contribution of the
P2X4 receptor to contractility, no cardiac phenotype of the P2X4 receptor KO
mice has been reported, however a strong contribution of the receptor in heart
failure has been described. The effect of increasing P2X4 receptor expression

in models of heart failure was studied. Mice overexpressing the receptor
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showed an increased survival in these models (Sonin et al., 2008; Shen et al.,
2009). It is not fully understood how the P2X4 receptor exhibits these protective
effects but it has been speculated that in states of ischemia or heart failure the
receptor could increase the release of vesicular contents, which may include
cardioprotective factors such as vascular endothelial growth factor (Yang &
Liang, 2012). The cardioprotective effect of P2X4 receptor overexpression

makes it a potential target in heart failure research.

(v) Learning and Memory

P2X4 receptors are expressed in the CA1 area of the hippocampus, on
the postsynaptic membrane of synapses with Schaffer collaterals (Rubio &
Soto, 2001). Calcium influx can lead to a long lasting increase in synaptic
strength called long term potentiation (LTP), which is a critical process in
learning and memory. The high calcium permeability and location of P2X4
receptors led to their role in LTP being investigated. P2X4 KO mice showed
reduced LTP compared to WT mice (Sim et al., 2006) and ivermectin and low
concentrations of zinc which potentiate P2X4 receptor currents, were able to
cause an increase in LTP in WT mice (Sim et al., 2006; Lorca et al., 2011). The
activation and upregulation of P2X4 receptors has also been linked to LTP in
the spinal dorsal horn (Gong et al., 2009). It is known that NMDA receptors
provide the majority of the calcium influx that leads to LTP, but it is possible that
the additional calcium permeability of the P2X4 receptor may fine tune the LTP

induced by these NMDA receptors.

(vi) Lysosomes

A unique feature of the P2X4 receptor is its expression within the cell on
lysosomal membranes. Proteins are normally degraded by these lysosomes,
but the P2X4 receptor is able to be stably expressed in their membrane
(Qureshi et al., 2007). The predominant expression of the P2X4 receptor in
microglia, vascular endothelial cells and peritoneal macrophages has been
shown to be in the lysosomes (Qureshi et al., 2007). The expression of P2X4

receptors is upregulated at the cell surface during lysosome exocytosis,
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suggesting that the receptor can traffic out of the lysosome to regulate P2X4
receptor expression. The receptors can also traffic to phagosomes, and are
seen to be upregulated after phagocytosis. This upregulation increases
currents through the membrane receptors and can contribute to the function of

P2X4 receptors in these cell types.

The P2X4 receptor has a wide range of physiological roles and there is
therefore a strong therapeutic potential of targeting these receptors. The
development of potent and selective antagonists at the receptor would be an
important step in gaining further understanding of the therapeutic potential of

these receptors.

1.6.3 Other P2X Receptor Subtypes

The P2X receptor family has a diverse expression and range of
functions. Although the focus of this thesis is on the P2X1 and P2X4 receptors,

a summary of the roles of other P2X receptor subtypes is given below.

0] P2X2 Receptors

The P2X2 receptor was isolated from pheochromocytoma PC12 cells in
1994 and was seen to be very widely expressed throughout the body (Brake et
al., 1994). There is particularly high expression of the receptor in the brain,
including the basal ganglia, cerebellum, cerebral cortex, diencephalon,
mesencephalon, medulla oblongata and the dorsal horn of the spinal cord
(Kaczmarek-Hajek et al., 2012). This widespread expression suggests a variety
of roles of P2X2 receptors in the CNS which remain to be fully understood, but
a contribution of the receptor to fast synaptic transmission in learning, memory,
motor function and sensory integration has been identified (Gever et al., 2006).
P2X2 receptors have a role in sensory functions including detection of odorants
(Spehr et al., 2004). P2X2 deficient mice had no signalling in the gustatory
nerves responsible for taste sensation (Finger et al.,, 2005) and the receptor
acts in conjunction with P2X3 receptors to detect taste (Huang et al., 2011).
P2X2 receptors have been located in the inner ear of developing and adult

mice (Housley et al., 1998). This expression has been seen to be upregulated
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in response to sustained loud noise (Wang et al., 2003) however another study
reported that this upregulation was only in young mice (Telang et al., 2010). A
loss of function of the P2X2 receptor with age has been described, and an SNP
in the P2X2 receptor has been linked to age induced hearing loss (Yan et al.,
2013).

P2X2 receptor KO animals have given further insight into roles of the
receptor. Despite widespread expression of the receptor, P2X2 KO mice had
no obvious differences from WT mice in appearance or blood and urine
analysis (Cockayne et al., 2005). KO mice did show a decreased peristalsis in
the small intestine but not the colon, suggesting that P2X2 action in the
mesenteric plexus contributes to peristalsis (Ren et al., 2003; Devries et al.,
2010). The KO mice also showed reduced responses of the carotid sinus nerve
to hypoxia which in turn affected the ability to mediate ventilatory responses to
low oxygen concentrations (Rong et al., 2003). There is currently a lack of
potent and subtype selective antagonists for the P2X2 receptor, with generic
P2X receptor antagonists such as PPADS and suramin being used in most

studies.

(i) P2X3 and P2X2/3 Receptors

P2X3 receptors and the P2X2/P2X3 heteromers are both sensitive to the
agonist af-meATP but show a difference in the time-course of their responses
to ATP. The P2X3 receptor was first isolated from DRG neurons (Chen et al.,
1995), and its co-expression with the P2X2 subunit was identified shortly after
(Lewis et al.,, 1995). They are mainly located on the peripheral and central
terminals of C-fibers and Ad sensory afferent fibres, and account for nearly all
the response of the dorsal root ganglion to ATP (Burgard et al., 1999). They
have an important role in nociception in sensory afferents (Cook et al., 1997). A
role of the receptor in pain sensation was illustrated by P2X3 KO mice which
displayed highly reduced responses to formalin pain tests and the injection of
ATP (Cockayne et al., 2000; Souslova et al., 2000). Increased P2X3 expression
has also been shown to contribute to bone cancer pain in rats (Liu et al., 2013).

Antagonism of the P2X3 receptor reduced pain behaviour in mice (Jarvis et al.,
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2004), as did reducing the expression of the P2X3 receptor (Li et al., 2013b).
The P2X3 receptor is often expressed alongside the P2X2 subunit in vivo and
these receptors readily form heteromers. These findings show a strong link
between P2X2/3 and P2X3 receptor expression and nociception and suggest
that potent and selective antagonists have therapeutic potential in the treatment

of pain.

As well as the contribution to nociception, P2X3 deficient mice also had
a phenotype of reduced bladder function, with decreased voiding frequency
and increased bladder capacity (Cockayne et al., 2000). This is because the
absence of the P2X3 receptor of the afferent nerves in the pelvis means the
ATP released by the stretching of the bladder is not detected (Cockayne et al.,
2000; Vlaskovska et al., 2001). As well as detecting the stretching of the
bladder, P2X3 receptors are thought to detect the distension of the ileum,
oesophagus and gut (Bian et al., 2003; Mcllwrath et al., 2009). This suggests a
possible role of the receptor in the perception of fullness or nausea and

demonstrates further therapeutic potential of the receptor.

(iir) The P2X5 Receptor

The P2X5 receptor was isolated in 1996 from the rat cervical ganglion
and rat heart (Collo et al., 1996; Garcia-Guzman et al., 1996). The receptor is
also present in the adrenal gland, kidney, cardiac and skeletal muscle, testis
and the central and enteric nervous system (Kaczmarek-Hajek et al., 2012). In
humans the receptor shows highest expression in the CNS and immune system
(Le et al., 1997). There is currently no P2X5 knockout animal, but > 95% of
humans express a non-functional isoform of the receptor, suggesting that it
does not have a vital role in human physiology (Kotnis et al., 2010). In rats the
P2X5 receptor has been shown to have a role in cell differentiation. It is
expressed on satellite cells and promotes differentiation of these cells into
muscle fibres (Ryten et al., 2002). It has also been shown to be involved in the
differentiation of osteoblasts and epithelial cells, however the fact that the non-
functional receptor is predominantly expressed in humans suggests that there

is little role of the human receptor in these processes (Hoebertz et al., 2000;
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Gayle & Burnstock, 2005). Consistent with a receptor involved in differentiation,
P2X5 receptor expression has been identified in various tumour cells. These
include prostate cancer and basal cell carcinomas (Calvert et al., 2004; Greig et
al., 2003). The expression of the receptor in some cancer cells may make it a

therapeutic target.

(iv) The P2X6 Receptor

The P2X6 receptor is the only P2X receptor subtype which does not
readily form homotrimers, and it is often expressed alongside P2X2 and P2X4
receptor subunits with which it forms heterotrimers (Kaczmarek-Hajek et al.,
2012). It was first isolated from the rat superior ganglion and a rat brain cDNA
library (Collo et al., 1996; Soto et al., 1996b). Four splice variants of the human
P2X6 receptor have been identified to date (Urano et al.,, 1997; Nawa et al.,
1999) and the highest expression levels of the P2X6 receptor are in skeletal
muscle and the brain (Urano et al., 1997). Co-localisation of the P2X6 receptor
with P2X2 and P2X4 receptors is seen in the central and peripheral nervous
systems (Rubio & Soto, 2001), and the expression of P2X4 and P2X6 receptors
has been reported in epithelial cells and the female reproductive system (Collo
et al., 1996; Glass et al., 2002). The receptor has been seen to be expressed
when muscles are regenerating in a mouse model of muscular dystrophy,
suggesting a possible role in this process (Ryten et al., 2004). Its upregulation
has also been described in patients with chronic heart failure, although it is not
known if this increased expression is causative or protective (Banfi et al., 2005).
As with the P2X5 receptor, there is no P2X6 knockout animal, meaning that the
full range of functions of the P2X6 receptor remains to be explored and further
work remains to be done to identify P2X6 receptor function, particularly in
heterotrimers with the P2X2 and P2X4 subtypes.

(V) The P2X7 Receptor

A pore forming receptor that responded to ATP was identified on T-
lymphocytes and macrophages and shown to have a role in cytolysis (Di Virgilio
et al.,, 1990; Blanchard et al., 1995). It was originally named as the P2Z
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receptor, however a receptor with similar properties was isolated from a rat
brain cDNA library and it was shown that the P2Z receptor was a subtype of
P2X receptor, named P2X7 (Surprenant et al., 1996). The P2X7 receptor has
several unique phenotypes compared to most P2X receptor subtypes. The
most potent agonist at this receptor is BzZATP, with ATP having a much lower
potency than at other subtypes (Surprenant et al., 1996). The pore of the
receptor has also been seen to dilate during continued agonist application,
allowing larger molecules to move into the cell and is linked with membrane
blebbing and cell death (Rassendren et al., 1997b). This pore formation has
also been reported in P2X2 and P2X4 receptors (Virginio et al., 1999). The
intracellular C-terminal of the receptor is much longer than those of other
subtypes and contains a cysteine rich insertion (Surprenant et al., 1996). This
region may be responsible for the functional differences of the P2X7 receptor.
The receptor is most abundantly expressed on dendritic cells, lymphocytes,
macrophages, mast cells and monocytes, all of which are hematopoietic (Collo
et al.,, 1997). It is also present on glial cells in the central and peripheral
nervous system and epithelial and endothelial cells (Kaczmarek-Hajek et al.,
2012). There have been studies both supporting and disputing the expression
of P2X7 receptors on neurons with the presence of P2X7 mRNA and the
detection of the P2X7 protein by antibodies having been reported (Deuchars et
al., 2001; Ishii et al., 2003). The reason for some groups disputing this is due to
the lack of selectivity of the P2X7 antibody, with some antibody binding being
reported in P2X7 KO animals (Anderson & Nedergaard, 2006). It is now
generally accepted that the antibody was binding to P2X7 splice variants

(discussed below) and that neurons do express the P2X7 receptor.

There have been 9 splice variants of the human P2X7 receptor
identified to date, which have different properties to the full length P2X7
receptor and contribute to their diverse functions (Cheewatrakoolpong et al.,
2005; Feng et al., 2006). The P2X7B variant is prevalent in humans. This
receptor has a large deletion in its C-terminus but retains function. A non-
functional splice variant has been seen to be expressed in cervical cancer cells
and contribute to the dysregulation of cell proliferation (Feng et al., 2006). The

various splice variants have caused issues with P2X7 KO mice, with variant
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forms of the receptor still functional in the Pfizer and Glaxo mice. The P2X7K
splice variant is still present and active in the Glaxo KO mouse (Nicke et al.,
2009). Two splice variants have been shown to be present in the spleen and
superior ganglion of the Pfizer mouse (Masin et al., 2012). The presence of
splice variants in these mice may explain some of the contrasting physiological
roles of the P2X7 receptor that have been identified by these mice, discussed
later. There are also reports of over 650 single nucleotide polymorphisms
(SNPs) in the receptor (Bradley et al., 2011). Some of the SNPs have been
linked to diabetes, leukaemia, tuberculosis and mood disorders although they
are not always seen in all subjects with these mutations (Ben-Selma et al.,
2011; Dao-Ung et al., 2004; Elliott & Higgins, 2004; Lucae et al., 2006).

P2X7 knockout mice have given insight into a variety of roles of the
P2X7 receptor. The bones of the KO mice developed abnormally, with a
reduction in total bone content, reduced periosteal bone formation and
increased trabecular bone resorption in tibias (Ke et al., 2003). Due to these
defects the mice had reduced sensitivity to mechanical loading (Li et al., 2005).
P2X7 receptors have been located on the osteoclast cells and were identified

as a possible target in the treatment of osteoporosis.

P2X7 deficient mice have decreased IL-1 beta cytokine production and
little/no inflammatory response after LPS or ATP injection (Solle et al., 2001).
When arthritis was induced in these animals the incidence and severity of the
disease was reduced in KO mice compared to WT (Labasi et al., 2002). The
P2X7 receptor is therefore involved in the activation of leukocytes and the
production of IL-1 beta in the inflammatory response. Mice lacking the P2X7
receptor maintain normal responses to nociceptive stimuli, but do not develop
the hypersensitivity to mechanical and thermal stimuli seen in inflammatory and
neuropathic pain (Chessell et al., 2005). The nerves of human patients who
suffer from chronic neuropathic pain have also been seen to have an increased
P2X7 receptor expression, consistent with the involvement of the receptor in
this process (Chessell et al., 2005). P2X7 receptor selective antagonists

decreased neuropathic pain sensation in WT, but not P2X7 KO, rodents and
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research is ongoing into a P2X7 receptor antagonist as a treatment for

neuropathic pain (Honore et al., 2009; McGaraughty et al., 2007).

There has been particular interest in the P2X7 receptor as a possible
target in the treatment of neurodegenerative disease including Alzheimer’s,
Parkinson’s and multiple sclerosis (MS) (Sanz et al., 2009) (Hracsko et al.,
2011). This is due to the upregulation of the receptor in both animal models of,
and human patients with, these diseases. In Huntingdon’s disease this
upregulation has been shown to contribute to the death of neurons in cellular
and mouse models of the disease, and this effect was inhibited by a P2X7
receptor antagonist (Diaz-Hernandez et al., 2009). P2X7 receptor antagonists
also have therapeutic potential in spinal injury as recovery was improved after
increasing their expression (Peng et al., 2009). The contribution of the P2X7
receptor to the pathology of MS is unclear. This is partly due to different
strategies for the generation of P2X7 KO mice. In the Glaxo P2X7 KO mouse,
the P2X7K splice variant is still functional. Studies on the brain of the Pfizer
mouse have detected the presence of a P2X7 receptor splice variant. The
Glaxo KO mouse strain had a reduction in the occurrence of multiple sclerosis
in a model of the disease compared to WT mice, and antagonism of the
receptor reduced MS symptoms (Sharp et al., 2008) (Matute et al., 2007).
However the Pfizer P2X7 KO mouse had an enhancement of MS symptoms
compared to WT, questioning the role of the receptor in the disease state
(Chen & Brosnan, 2006). Similarly the activation of the P2X7 receptor has been
seen to both prevent and enhance Parkinson’s disease in rodent models.
Studies have shown therapeutic benefits of application of a P2X7 receptor
antagonist which prevented the loss of dopamine nerve cells (Hracsko et al.,
2011; Marcellino et al., 2010) and reduced neurotoxicity (Carmo et al., 2014).
However it has also been shown that the P2X7 receptor is neuroprotective and
its depletion advances the progression of the disease (Hracsko et al., 2011).
The differing proposed roles of the P2X7 receptor in these diseases may be
due to the splice variants present in the KO mice. The full role of the P2X7

receptor in neurodegenerative disease therefore remains to be understood.
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The P2X7 receptor has been shown to have a possible role in cancer
with links to tumour metastasis (Jelassi et al., 2011) and breast cancer (Jelassi
et al.,, 2011; Huang et al., 2013). Research into the P2X7 receptor as a drug
target has recently been advanced by the development of potent and selective
antagonists for the receptor, which will be discussed later. However there are
large differences in P2X7 receptor expression and pharmacology between
species, meaning that information gained in rodent models may not be relevant

in humans.

It has been demonstrated that the homomeric and heteromeric P2X
receptors have a vast expression, with almost every tissue in the body
expressing at least one P2X receptor subtype. This broad expression leads to a
huge variety of proven and potential roles of the P2X receptor in vivo which in
turn demonstrates a strong therapeutic potential of P2X receptor targeted
drugs. In order to deduce the molecular basis of the differences in properties
between the receptor subtypes it is first necessary to understand P2X receptor

structure and how this relates to function.

1.7 Structure of P2X Receptors

1.7.1 Pre-crystal Insights into Structure

The P2X receptor subtypes do not share sequence homology with any
other known ion channels or proteins. Following initial cloning, experiments
were performed to establish the topology of the receptor. Two regions of
hydrophobicity were identified in each subunit, and it was proposed that the
subunits consisted of two transmembrane domains (Valera et al., 1994; Brake
et al., 1994). The N terminal did not contain a leader signal peptide, suggesting
that it was intracellular (Brake et al., 1994). It was also shown that antibodies
that recognised N and C terminal sequences of the P2X receptor could only
bind if the cells had been permeabilised (Torres et al., 1998b; Torres et al.,
1998a). Glycosylation is a post-translational modification that adds sugars to
asparagine residues in the extracellular portion of P2X receptors. N-linked
glycosylation sequences are present in the loop of the receptor and their

glycosylation assists with protein folding and trafficking (Torres et al., 1998a).
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The P2X receptor was therefore predicted to have intracellular N and C termini
with two transmembrane domains and a large extracellular loop (figure 1.2a).
This identified it as being structurally distinct from receptors in the existing cys-
loop and glutamate ligand gated ion channel families which have four and three
transmembrane domains respectively. The receptor does share a topology with
the acid sensing ion channels (ASICs) and the inward rectifying potassium
channel but the lack of sequence homology with these channels means the
P2X receptor forms its own class of ligand gated ion channel (Nichols &
Lopatin, 1997; Saugstad et al., 2004).

It is unlikely that a receptor pore would form from two transmembrane
domains (i.e. a single subunit) and so multimeric assembly of the P2X receptor
was looked for. The concentration response curve of the P2X receptor of rat
and bullfrog sensory neurons had a Hill coefficient of ~3, suggesting that 3
molecules of ATP were required for its opening (Bean et al., 1990). This led to
speculation that the receptor formed as a trimer, with each subunit containing
an ATP binding site. Co-expression of two separate P2X subunits also led to
the generation of a novel phenotype, suggesting that at least two subunits were
coming together to form a multimer (Lewis et al., 1995). Cross linking and blue
native page gels were used to show that the receptor formed a trimer (Nicke et
al., 1998).

Mutagenesis studies contributed to the understanding of P2X receptor
tertiary structure. There are 10 conserved cysteine residues located in the
extracellular loop of all mammalian P2X receptors (Ennion et al., 2000; Clyne et
al., 2002). These were predicted to form 5 disulphide bonds which are involved
in the trafficking of the receptor to the cell surface and contribute to the protein
structure (Clyne et al., 2002; Ennion & Evans, 2002a). The loop region also
contains several conserved residues important for ATP potency that were
predicted to form part of an extracellular ATP binding pocket. The location of
this pocket and the residues which contribute it are discussed in more detail

below.
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The intracellular portions of the P2X receptor have been shown to have
various roles in the control of receptor time-course and trafficking. The N
terminus contains a consensus sequence for protein kinase C (PKC), mutation
of which has been shown to be involved in the time-course kinetics of the
P2X1 and P2X2 receptors (Ennion & Evans, 2002b; Boue-Grabot et al.,
2000). The carboxy terminus contains a YXXXK motif that is conserved in all
subunits. The sequence is located next to the second transmembrane domain
in all subunits apart from in the P2X7 receptor where there are 18 amino acids
in between TM2 and this sequence. It is responsible for stabilising the surface

expression of the P2X receptor (Chaumont et al., 2004).
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Figure 1.2 Structure of the P2X Receptor Subunit. Basic cartoon representation
of an individual subunit showing the intracellular N and C termini, transmembrane
domains and large extracellular loop.

1.7.2 Visualising the P2X Receptor Structure
The first 3D information on the structure of P2X receptors came from atomic
force microscopy (AFM) and electron microscopy (EM) experiments. AFM

allows visualisation of the topology of an isolated protein and showed that
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the P2X receptor formed as a trimer (Barrera et al., 2005). EM of the P2X2
receptor showed that the structure of this receptor resembled a pyramid with a
crown cap (Mio et al., 2005). Another EM study likened the P2X4 receptor to a
torpedo, with the ectodomain taking a similar shape to a propeller (Young et al.,
2008). These experiments were performed on full length WT receptors and
therefore provide information on the structure of P2X receptor intracellular
termini that was not obtained from later crystallisation of the receptor. FRET
experiments have predicted that the C-terminal tails of the P2X4 receptor were
5.6nm apart, and labelling of these termini with gold particles predicted that the
distance between them was 6.1 nm, suggesting that these predictions are

reasonably accurate (Young et al., 2008).

In 2009 the first P2X receptor crystal structure was produced, and this
was followed by two further structures in 2012 (Hattori & Gouaux, 2012; Kawate
et al., 2009). These studies have given valuable insight into the 3D structure of
the receptor, allowing it to be visualised at high resolution for the first time.
Below | will give an overview of the structure of P2X receptors, with emphasis

on the crystal structure but also drawing on previous mutagenesis studies.

1.7.3 The Crystal Structure of the P2X Receptor

The crystallised receptor was a truncated form of the zebrafish P2X4.1
(zfP2X4.1) receptor in its closed, resting state (Kawate et al., 2009). In 2012
this structure was refined, increasing the resolution and an additional structure
was produced in an agonist bound state (resolutions of 2.9 and 2.8 A
respectively) (Hattori & Gouaux, 2012). The structures were consistent with
predictions made in many mutagenesis and biochemical experiments which

had been performed before the crystal was available (Young, 2010).

The zfP2X4 receptor was chosen after extensive screening of many
different P2X receptor subtypes as it was seen that the zfP2X4 receptor formed
stable trimers in crystallisation conditions (Kawate et al., 2009). A variety of
different mutants of this receptor were screened to identify which allowed
crystal formation. The mutant that was crystallised was zfP2X4-C which had N

and C termini truncations. 26 residues were removed from the N terminus, and
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6 from the C terminus. There were also three point mutations made C51F,
N78K and N187R, the latter two were to remove glycosylation sites (Kawate
et al., 2009). These mutations were predicted to have minimal effects on

receptor structure compared to the WT receptor.

Crystallisation allowed visualisation of the 3D structure of the receptor
and showed the interlocking nature of the three subunits. Each individual
subunit was described as having a dolphin-like shape, with the extracellular
domain forming the upper body, and the transmembrane domains forming the
fluke (Kawate et al., 2009) (figure 1.3a). The upper body could be further split
into the head, body, right flipper, left flipper and dorsal fin sections. The
truncation of the intracellular termini meant that information on their structure
could not be obtained. Three of these subunits were present in the functional

receptor.
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Figure 1.3 (a) Structure of an individual zfP2X4 subunit. The structure has been
compared to a dolphin, with head, body, left flipper, right flipper, dorsal fin and fluke
regions. (b) Structure of a trimeric P2X receptor. Each subunit wraps around the one
to its right. Taken from (Hattori & Gouaux, 2012).

The trimeric P2X receptor forms a chalice shape containing four

vestibules, the intracellular, extracellular, central and upper vestibules (Hattori
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& Gouaux, 2012). The extracellular domain extends ~ 70 A above the
membrane and the loop of each subunit twists around the neighbouring subunit
to the right (figure 1.3b). The interfaces between subunits form mainly in the
extracellular domain, with minimal contact occurring at the transmembranes.
The three main points of contact for the subunits are between the bodies, the
head and the body and the left flipper and dorsal fin of two subunits. Of these
regions, only the body has a high level of conservation between different P2X
receptor subunits and therefore amino acid differences at other subunit
interfaces may allow for some of the variations in properties between the
receptor subtypes. Within the extracellular region were five disulphide bonds
which formed between ten cysteine residues and had been predicted in
previous mutagenesis studies (Clyne et al., 2002; Ennion & Evans, 2002a).
Three of these bonds formed between six cysteine residues in the head region
of the receptor. A further disulphide bond was located at the bottom of the

body, and one was located at the dorsal fin (Kawate et al., 2009; Young, 2010).

The transmembrane domains are approximately 28 A long and twisted to
the left within the membrane in the unbound state with the second
transmembrane domains crossing over one another, allowing a mechanism of
closing the pore of the channel (figure 1.3b). TM2 lined the pore of the receptor,
as had been predicted (Li et al., 2008; Rassendren et al., 1997a). lon access
through the pore region was blocked by a run of hydrophobic residues in this
closed state, with the narrowest part of the pore at alanine 344. Using the
original crystal structure, two possible pathways for ion access to the pore were
put forward by Kawate et al. The first was that ions entered through three
lateral fenestrations which were located immediately above the transmembrane
domains and were up to 8 A in diameter, wide enough to allow ion access. The
second possible pathway was from the apex of the extracellular domain, along
the axis of symmetry through the upper and central vestibule. In the closed
state the pathway was too narrow for ions to pass through, but it was
postulated that the diameter could increase with conformational changes upon
ATP binding, allowing ion flow. The open structure allowed the ion access
pathway to be deduced (Hattori & Gouaux, 2012). It was seen that only the

lateral fenestration pathway, located above the pore, was wide enough to allow
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ions to enter in the ATP bound state. lon entry through these lateral
fenestrations was supported by cysteine mutagenesis studies (Kawate et al.,
2011; Samways et al., 2011).

The crystal structures were supported by previous mutagenesis studies
and function in response to ATP was retained at the mutated zfP2X4 receptor,
demonstrating that ATP could still bind. This suggests that the changes to
structure due to the mutations introduced are not likely to be extreme and it can
therefore be assumed that the crystallised receptors are a good representation
of the WT (Young, 2010; Silberberg & Swartz, 2009). Despite this it is
important to remember that the mutations made will have introduced some
differences compared to WT, the most important of these being the truncation
of the intracellular termini, as no structural information could be obtained for
these. There have also been questions raised about the accuracy of the
structure of the transmembrane domains. Experimental data has shown that
upon ATP binding there must be a large amount of movement in the inner part
of the TM2 helices, which was not seen in the crystal structure (Jiang et al.,
2013). Previous studies had also suggested that residues D349 and V343 must
be accessible to ions flowing through the pore, but this was again not seen in
the ATP bound structure (Kracun et al.,, 2010; Li et al., 2010). These
discrepancies could be due to the truncation of the intracellular regions of the
crystallised receptor, or these residues may be accessible in another activation

state that is yet to be crystallised.

1.7.4 The Location of the ATP Binding Site

Although ATP is the physiological agonist at P2X receptors, when the
receptors were cloned it was seen that they did not contain a classical motif for
ATP binding such as the Walker motif (Walker et al., 1982). Therefore it was
likely that the P2X receptor contained a novel ATP binding pocket, distinct from
other ATP binding proteins. As all P2X receptor subtypes are activated by ATP
it was probable that the binding site consisted of residues conserved between
all subunits. Mutagenesis of the conserved residues was performed to identify
where ATP was binding at the P2X receptor. The residues identified as being
involved in binding the negative charge of ATP (P2X1 numbering) were Lys 68,
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Lys70, Arg292 and Lys309 (Ennion & Evans, 2002a; Jiang et al., 2000)(Ennion
et al., 2000). The aromatic residues Phel85 and Phe291 were also thought to
be involved in agonist action (Roberts & Evans, 2004), along with the polar
amino acids Thr186 and Asn290 (Jiang et al., 2000; Roberts & Evans, 2006).
Nicke et al predicted that the binding site formed by these residues was formed
at the interface between two subunits of the receptor (Marquez-Klaka et al.,
2007; Marguez-Klaka et al., 2009).

When the receptor was first crystallised in the absence of ATP, it was
seen that all these predicted residues lined a pocket that formed between two
adjacent subunits (Kawate et al., 2009). Residues Lys70, Lys72, Phel88 and
Thrl89 were located on one subunit (zfP2X4 numbering) while residues
Asn296 Phe297, Arg298 and Lys316 were on the second subunit. There are
three of these sites in the trimeric structure, and using the dolphin analogy, they
are made up of the head and body domains, left flipper and dorsal fin. (Kawate
et al., 2009). The residues were positioned too far apart for the ATP molecule
to interact with all of them in this resting state, however it was thought that on
agonist binding conformational changes in the receptor would bring the
residues closer together to enable strong interaction/binding. The first crystal
structure therefore supported the findings of many mutagenesis studies and

identified the probable location of ATP binding.

Definitive proof of the location of the ATP binding site was obtained
when the zfP2X4 receptor was crystallised in the agonist bound state. The
orientation of the bound ATP molecule could also be seen (figure 1.4a) (Hattori
& Gouaux, 2012). The structure confirmed that the ATP pocket predicted in
2009 was the location of ATP binding and was located ~ 40 A from the
boundary between the extracellular loop and transmembrane domains. A
surprising finding was that the ATP molecule was in an unusual conformation,
making a ‘U’ shape (Hattori & Gouaux, 2012). Lys70 (Lys68 P2X1 numbering)
was seen to make various important interactions with the ATP molecule, the
centre of the ATP molecule was positioned above this residue, allowing for

interactions with the oxygen atoms of a, B, and y phosphate groups of the ATP
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Figure 1.4 Location of the ATP Binding Site and Movement Upon ATP Binding
(a) Location of the ATP binding site of the zfP2X4 receptor. Residues which interact
with the ATP molecule are labelled (b) Movement of the P2X receptor upon ATP
binding. Arrows represent the direction of movement. Taken from (Hattori & Gouaux,

2012).
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molecule (figure 1.4a). The B phosphate formed additional interactions with
Asn296 and Lys316 (Asn290 and Lys309 P2X1 numbering) and the vy
phosphate also interacted with Lys72, Arg298 and Lys316 (Lys70, Arg292 and
Lys309 P2X1 numbering). The adenine ring of the ATP molecule was buried
further into the pocket, where it formed interactions with the side chain and
oxygen atoms of Thrl89, and with the oxygen atoms of Lys70 (Thrl86 and
Lys68 P2X1 numbering) (Hattori & Gouaux, 2012). No interactions were
identified with the phenylalanine residues corresponding to Phel85 and
Phe291 in the P2X1 receptor, suggesting that they may be involved in
transducing ATP binding through the receptor, rather than recognising the ATP
molecule itself. Hydrophobic interactions were seen with residues Leul91 and
lle232. These residues show a conservation of hydrophobicity between P2X
receptor subtypes and are the equivalent to residues Leul91, Leul86 of the rat
P2X2 receptor had previously been identified as contributing to ATP binding
(Jiang et al., 2011). The crystallisation therefore verified numerous
mutagenesis studies that had been performed previously, demonstrating the
success of structure function mutagenesis as a technique in understanding

molecule binding when a crystal structure is not available.

1.7.5 Movement on Agonist Binding

A comparison of the agonist bound and unbound crystal structures
demonstrated substantial movement of the receptor on ATP binding (figure
1.4b) (Hattori & Gouaux, 2012). At the ATP binding site the left flipper moved
out to allow agonist binding. The dorsal fin moved upward, and the head region
downward, to close the protein around the ATP molecule. This was similar to
the movement predicted by Kawate et al and brought the residues involved in
ATP binding close enough together to allow all the residues to interact with the
ATP molecule (Hattori & Gouaux, 2012). This tightening of the P2X receptor
around ATP has also been described by Jiang et al (Jiang et al., 2012). Binding
leads to movement in the rest of the receptor. Using the dolphin analogy, most
movement was seen in the lower body, which flexed outwards, increasing the
size of the extracellular vestibule by ~ 10 A. This in turn caused the

transmembrane domains to also move outwards, opening the pore of the
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receptor and allowing the flow of ions into the cell. This movement in the
transmembranes was described as iris-like. Of the two transmembranes, TM2
displayed the most movement, rotating by ~ 55° anticlockwise and forming a
kink at position Gly350. This residue had previously been predicted to form a
hinge in TM2 (Fujiwara et al., 2009). TM1 showed less movement, with a
rotation of 10° in the same direction. It was the movement of both TM domains
combined that caused an expansion of the pore. This was now seen to be
uninterrupted, with the narrowest part ~7 A, wide enough to allow ion flow. The
importance of the movement of the transmembrane domains has recently been
demonstrated by the activation of P2X receptors by photoswitchable ligands, in
the absence of an agonist (Lemoine et al., 2013). It was shown that P2X2 and
P2X3 receptors could be activated by conformational changes in the light
activated ligand 4,4’-bis(maleimido)azobenzene which had been attached to
the end of the second transmembrane domain. These currents imitated those
produced by ATP binding (Browne et al.,, 2014). Photoactivation of propyl-
methanethiosulfate (MTS) that had been covalently attached to the end of the
second transmembrane domain in the absence of agonist has been shown to
have similar effects as conformational changes in the activated ligand force the
TMs apart (Rothwell et al., 2014). This again caused the activation of the
channel as effectively as ATP binding and the properties of the MTS induced
current were similar to ATP induced current, showing that movement in the

transmembranes can lead to channel gating.

The generation of the crystal structures was an important advance in the
understanding of P2X receptor structure, proving the location of agonist binding
and showing two conformations that the receptor adopts. These crystal
structures however are only single molecular snapshots of the receptor and it is
likely that additional conformational states exist. The conformation of the
intracellular termini, and any effect the presence of these structures may have
on the extracellular portion of the receptor, also remains to be seen. An
important question that the crystallised receptor has not answered is how
antagonists are binding at the P2X receptor. The only receptor subtype which
has been successfully crystallised so far, the zfP2X4 receptor, is insensitive to

commonly used antagonists. In order to obtain an antagonist bound structure,
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mutations need to be introduced to the zfP2X4 receptor which induce
antagonist sensitivity, or another antagonist sensitive P2X receptor subtype
needs to be crystallised. Our current understanding of how antagonists are
acting at the P2X receptor therefore comes from mutagenesis studies.

1.8 Antagonism at P2X Receptors

Antagonists are drugs which have affinity to bind to a receptor but no
efficacy in order to activate it. Antagonists are an important research tool in the
understanding of receptor function and the P2X receptor field has historically
been disadvantaged by the lack of potent and subtype selective antagonists for
different subtypes. Most prescribed medications are antagonists and there is a
lot of evidence that the inhibition of P2X receptors could have strong
therapeutic potential. This highlights the importance of the development of
potent and selective P2X receptor antagonists. An understanding of how
existing P2X receptor antagonists work at the receptor can assist in this
development. Recently, antagonists with good potency and selectivity at some
receptor subtypes, particularly P2X3 and P2X7 receptors, have begun to
become available, and some of these drugs have been entered into clinical
trials. However a lot of work remains to be done in the development of potent

and selective P2X receptor antagonists.

Here the focus will again be at the P2X1 and P2X4 receptors which
have been demonstrated to have therapeutic potential in the treatment of
several cardiovascular conditions, and also have a marked difference in
antagonist sensitivity. There are several P2X1 receptor antagonists, but the
P2X4 receptor is often insensitive to these drugs, even at high concentrations.
The contrast in antagonism between these two receptors can be exploited in
further studies to gain valuable insight into how these existing antagonists are

binding at the receptor.

1.9 Antagonists at the P2X1 Receptor

There are a variety of antagonists at the P2X1 receptor, but the ones
most commonly used are suramin, PPADS and NF449. Suramin and PPADS

are fairly non-selective between P2X receptor subtypes, but NF449 is potent
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and selective for the P2X1 receptor. These three antagonists, along with two

other suramin derivatives, are described below.

1.9.1 Suramin

Suramin  (8-[(4-methyl-3-{[3-({[3-({2-methyl-5-[(4,6,8-trisulfo-1-napthyl)
carbamoyl] phenylcarbonyl) phenyl] carbamoyl} amino) -benzoyl] amino}
benzoyl amino] naphthalene-1,3,5-trisulfonic acid) is a polysulphonated
derivative of urea that was developed in the early 20" century as an anti-
protozoal drug for the prevention of conditions such as sleeping sickness
(Fourneau, 1924). After its discovery, it was widely used in Africa to treat the
early stages of human trypanosomiasis (Voogd et al., 1993). The effects of
suramin at other proteins, viruses and enzymes were subsequently investigated
and it was shown to be an inhibitor at various targets. These include enzymes
involved in carbohydrate breakdown (TOWN et al., 1950), lysozymes
(LOMINSKI & GRAY, 1961), Na-K-ATPase (Fortes et al., 1973), Mg*"ATPase
(Smolen & Weissmann, 1978), and melanoma heparanase (Nakajima et al.,
1991). The interest in suramin as a possible therapeutic drug peaked after it
was shown to block the reverse transcriptase of RNA tumour viruses (De
Clercq, 1979). Suramin was entered into clinical trials as a treatment for
Acquired Immunodeficiency Syndrome (AIDS) after it was discovered that it
could block the human immunodeficiency virus (HIV) in vitro (Mitsuya et al.,
1984; Cheson et al.,, 1987). However these trials were unsuccessful and a
variety of toxicities were reported (Kaplan et al., 1987). A similar scenario was
seen for the use of suramin in cancer treatment where various clinical trials
were performed but these were unsuccessful, with toxicity being high and

benefits minimal (Kaur et al., 2002).

Suramin inhibited both the Mg®*-ATPase and the Na-K-ATPase and it
was thought that this inhibition may be occurring through an interaction with the
ATP binding site. As P2X receptors are activated by ATP, the action of suramin
at these receptors was also investigated. Suramin was first identified as a P2X
receptor antagonist at the University of Leicester in 1988, before the receptor
had been isolated, when it was seen that suramin acted at a P2 purinoceptor to
reversibly inhibit contractions in the vas deferens (Dunn & Blakeley, 1988).
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Figure 1.5 Structure of Suramin and its Derivatives. Suramin consists of a central
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Sneddon et al subsequently saw an effect of suramin in the vas deferens,
where it inhibited excitatory junction potentials (Sneddon, 1992). This led to the
drug being tested in a variety of native tissues thought to express purinergic
receptors, and it was identified as a competitive antagonist at P2X receptors
expressed in tissues including the cat colon (Venkova et al., 1994) rat vas
deferens (Khakh et al., 1994; Mallard et al., 1992) and rat vagus nerve (Trezise
et al., 1994).

Suramin was profiled at recombinant P2X receptors and acted as an
antagonist at most of the receptor subtypes. It was most effective at the P2X1
receptor (ICso ~ 1uM) and had little action at the P2X4 receptor (Buell et al.,
1996; Evans et al.,, 1995). The P2X2 receptor is 10-fold less sensitive to
suramin than the P2X1 receptor (North & Surprenant, 2000). Sensitivity to the
antagonist was also seen to differ between the same P2X receptor but from
different species, for example the mouse P2X1 receptor is insensitive to 10 uM
suramin while the human variant is nearly completely inhibited by this
concentration (Sim et al., 2008). Suramin could not be used as a therapeutic
treatment for any P2X receptor related pathologies as toxicity was high and
selectivity low, with many P2X receptors and other proteins being suramin
sensitive. However, the drug has been useful for identifying and characterising
P2X receptors, and its structure has been used as the starting point for a series
of suramin derivatives with P2X1 antagonist properties. The structure of
suramin is shown in figure 1.5. It is a symmetrical molecule with the urea at the
centre. Two arms extend from this urea, each containing 4 benzene rings, of
which two are fused together to form a naphythyl ring on each arm. Each of the
naphythyl rings contains 3 polysulphonates which are negatively charged
causing the molecule to have a negative charge over all.

1.9.2 Suramin Derivatives as Potent and Selective Antagonists

As suramin was an effective, but non-selective, P2X receptor antagonist,
it could not be used to differentiate between P2X receptor subtypes in vivo and
had limited use therapeutically. Various suramin derivatives were therefore
synthesised by Lambrecht et al and their potency and selectivity at different
P2X receptor subtypes tested to see if a molecule of increased potency and
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selectivity could be generated (Lambrecht et al., 2002). This led to the
identification of three suramin derivatives with high potency and/or selectivity at
P2X receptor subtypes, NF023, NF279 and NF449 (Bultmann et al., 1996).
NF023 (8,8’-(carbonylbis(imino-3,1-phenylene  carbonylimino)  bis(1,3,5-
napthalenetri-sulfonic acid)) was a truncated form of suramin and the first
potent and selective suramin derived antagonist to come from these studies
(Bultmann et al., 1996). Like suramin, NFO23 was a reversible competitive
antagonist. It was most potent at the human and rat P2X1 receptors with ICs
values of ~ 0.2 uM, ~ 5-fold more potent than suramin (Soto et al., 1999). It had
good selectivity for the P2X1 over the P2X2 and P2X3 receptors, with the P2X2
receptor and P2X3 receptor being > 300-fold and ~ 35-fold less sensitive
respectively. The structure of NFO23 is shown in figure 1.5. This highlighted the
generation of suramin derivatives as a strong possibility for the development of

a potent hP2X1 receptor antagonist that could be used therapeutically.

Another suramin derived, potent P2X1 antagonist was NF279 (8,8'-
carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-phenylenecarbonylimino))
bis(1,3,5-naphtalenetrisulfonic acid)) (Damer et al., 1998). This molecule was
very similar to suramin in its structure, but with two methyl groups removed
(figure 1.5). NF279 was shown to be ~ 11-fold more potent at P2X receptors in
the rat vas deferens than either suramin or NFO23 (Damer et al., 1998). The
effects of NF279 were also studied at recombinant rat P2X1, P2X2 and P2X3
receptors and human P2X4 receptors expressed in Xenopus laevis oocytes
(Rettinger et al., 2000). The human variant of the P2X4 receptor was used as
this showed a higher sensitivity to suramin. NF279 was even more potent at the
rat P2X1 receptor than NF023, and had an ICs value of 19 nM (Rettinger et al.,
2000). It was reasonably selective for P2X1 over the P2X2 receptor, with the
latter having an ICso value of ~ 800 nM. The P2X3 receptor had an ICsp of ~ 1
MM. The antagonist also showed some effect at the P2X4 receptor where 300

MM was seen to cause ~ 40% inhibition (Rettinger et al., 2000).

The most potent and selective of the suramin derived antagonists was
NF449 (4,4’,4”,4-(carbonylbis(imino-5,1,3-benzenetriylbis(carbonylimino)))

tetrakis-benzene-1,3-disulfonic acid) (Braun et al., 2001). Like suramin, the
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structure of NF449 is based around a urea group, with two benzenes extending
from this central molecule. In the NF449 molecule each of these benzene rings
has two branches, each containing a further benzene ring with 2 negatively
charged polysulfonates (figure 1.5) (Braun et al., 2001). Therefore NF449 has
eight negative charges, two more than suramin, which are spread around the
molecule. This could account for the increased potency compared to the parent
molecule. NF449 has nanomolar potency at the P2X1 receptor, with an I1Csg
concentration of ~1nM (Braun et al.,, 2001), although there has been some
suggestion that it is more potent, with an ICsy of 0.05 nM (Hulsmann et al.,
2003). NF449 is highly selective for the P2X1 receptor subtype, with I1Csg
values of 47, 1.8 and > 300 pM at the P2X2, P2X3 and P2X4 receptors
respectively (Hulsmann et al., 2003; Rettinger et al., 2005). The antagonist has
not been used in clinical trials as the polyanionic structure of the molecule is not
favoured for drug development (Kennedy, 2013). Various toxicities were also
seen for its parent molecule suramin when used therapeutically (described
above). Several P2X1 antagonists with distinct structures have been
developed, e.g. the benzimidazole-2-carboxamide derivative RO-1, but these
have not shown the same potency at the receptor as NF449 (Jaime-Figueroa et
al., 2005).

1.9.3 PPADS

Pyridoxalphosphate-6-azophenyl-2’,4’-disulphonic acid (PPADS) was
first characterised as a P2X receptor inhibitor in the rabbit vas deferens in 1992
(Lambrecht et al., 1992). PPADS was seen to inhibit contraction at
concentrations < 10 uM showing it to be a more potent P2X receptor antagonist
than suramin. PPADS also inhibited the P2X receptor in the rabbit urinary
bladder at concentrations of 1 — 30 yM, where it was shown to be selective at
the receptor (Ziganshin et al., 1993). This inhibition was thought to be mostly
irreversible, with only a 15-20% recovery of af-meATP induced contraction
after > 2 hours of washing. Several more studies suggested PPADS to be

acting as a
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Figure 1.6 Structure of PPADS and related molecules. PPADS consists of a
phosphate moiety and two polysulfonates. Iso-PPADS is an isomer of PPADS with
the disulfonic acid at the 5’ position. P5P is a precursor of the PPADS molecule.

selective P2X receptor inhibitor in native tissues such as the rabbit ear artery
(Ziganshin et al., 1994), guinea pig taenia coli and rat duodenum (Windscheif
et al., 1995). However PPADS was later shown to be a non-selective, but
non-universal purinergic receptor antagonist as it can inhibit recombinant
P2X1, P2X2, P2X3 and P2X5 receptors with pICg, values of 1 - 2.6 yM (Collo
et al., 1996; Ralevic & Burnstock, 1998). It was seen that the rat P2X4
receptor was insensitive to micromolar levels of PPADS (Buell et al., 1996),
but that the human receptor had an IC;, < 30 yM (Garcia-Guzman et al.,
1997). PPADS has also been seen to have an effect at various P2Y
receptors. The P2Y1 receptor was shown to be inhibited by PPADS at a
concentration of 30 uyM (Schachter et al.,, 1996). There is also evidence of
PPADS inhibition of P2Y4 and P2Y6 receptors (von Kugelgen & Wetter,
2000).

The PPADS molecule consists of a phosphate moiety and two

polysulfonates. Each of these three components contains a negative charge.
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As ATP also contains phosphates it is possible that PPADS may bind in the
ATP active site. The structure of PPADS is shown in figure 1.6.

Some analogues and isoforms of PPADS have been shown to also have
antagonist action at P2X receptors and have given insight into structural
elements of the PPADS molecule that are important for inhibition. Iso-PPADS is
an isomer of PPADS with the disulphonic acid at the 5’ instead of the 4’ position
in the molecule (figure 1.5). It was seen to have a similar level of inhibition as
PPADS and therefore the position of the disulphonic acid does not seem to be
important to antagonism (Connolly, 1995). Pyridoxal 5-phosphate (P5P) is a
PPADS precursor that lacks the 6-azophenyl disulphonic acid (figure 1.6). This
molecule was seen to antagonise P2X receptors but with a much lower potency
than PPADS or Iso-PPADS. This suggests that the 5-phosphate aspect of the
PPADS molecule has some antagonistic effect at the P2X receptor, but that the

disulphonic acid greatly increases potency (Connolly, 1995).

Despite various antagonists acting at the P2X1 receptor, very little is
known about the molecular basis of their action. Understanding the molecular
basis of how existing antagonists bind at the hP2X1 receptor, would assist in
the development of novel, potent and selective antagonists for this receptor.
The aim of this thesis was therefore to gain further insight into the action of the
existing antagonists suramin PPADS and NF449. The rP2X4 receptor is

insensitive to these antagonists at micromolar concentrations.

1.10 Inhibition of the P2X4 Receptor

When the rat P2X4 receptor was first cloned in 1996 it was observed
that the subtype was insensitive to the commonly used antagonists suramin
and PPADS (Buell et al., 1996). Very high concentrations of the antagonists did
show some inhibition, but this was only ~ 60% at 1000 uM PPADS, ~ 30% at
1000 uyM P5P and ~ 20% at 300 uM suramin. It has since been shown that the
potent P2X1 receptor antagonist NF449 is also ineffective at this subtype, with
300 uM NF449 producing just ~ 20% inhibition (Rettinger et al., 2005). The
human P2X4 receptor has been reported to have greater sensitivity to these

antagonists, however the levels of inhibition are still much reduced compared to
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at the P2X1 receptor (Garcia-Guzman et al., 1997). A lack of potent and
selective P2X4 antagonists makes identifying the physiological functions of this
subtype of P2X receptor more difficult. There are some inhibitors and
antagonists available which are discussed below, but none with the potency

and selectivity of those available for other subtypes.

1.10.1 Ethanol Inhibits the P2X4 Receptor

Ethanol was first reported to inhibit a neuronal ATP gated ion channel in
1993, (Li et al., 1993). The ATP activated currents seen in the central and
peripheral nervous system were seen to be reduced by 3-500 mM ethanol, with
an ICsp value of 68 mM (Li et al., 1993). This effect was subsequently shown to
be through the P2X4 receptor, with the recombinant receptor shown to have an
ICso concentration of 58 mM (Xiong et al.,, 2000). Further investigation
suggested that this inhibition was via an allosteric mechanism and could be due
to an increase in the dissociation constant of ATP (Li et al., 1998; Weight et al.,
1999). This finding has been disputed by Ostrovskaya et al in 2011, who found
that there was no change in the dissociation constant when performing single
cell analysis (Ostrovskaya et al., 2011). It was seen that application of ethanol
had to be extracellular to cause inhibition, suggesting that the binding site for
ethanol at the receptor is in the extracellular loop region. Inhibition was also
only seen when the molecular volume of the ethanol was < 46.1 ml/mol (Weight
et al.,, 1999). The amount of inhibition by ethanol can be decreased by
increasing the proton concentration (pH) of the extracellular solution and can be

increased by the presence of Zn?* (Weight et al., 1999).

Various mutagenesis studies have given insight into where the binding
site for ethanol at the P2X4 receptor may be located. Mutation of the histidine
at position 241 to alanine (H241A) in the rat P2X4 receptor altered the
mechanism by which ethanol acted at the receptor (Xiong et al., 2005). At this
mutant ethanol did not alter the ICs9 concentration, as was seen at the WT
receptor, but instead decreased the maximal response to ATP. Mutation of the
residues asparagine 331 and methionine 336 to alanine have been shown to
reduce ethanol inhibition. These residues are located in the second
transmembrane domain, close to the extracellular loop suggesting that they
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may be part of the ethanol binding site (Popova et al., 2010). Using
mutagenesis studies and the crystal structure the location of the ethanol
binding site has been identified. It is centred around Trp46 and Trp50 in TM1
and Asp331 and Met336 in TM2 (Popova et al., 2010; Asatryan et al., 2010).

It can be seen that while the P2X4 receptor is not sensitive to the
commonly used P2X receptor antagonists such as suramin and PPADS, it can
be inhibited by ethanol, and that the P2X4 receptor is more sensitive to ethanol

than any other subtype.

1.10.2 Inhibition of the P2X4 Receptor by Antidepressants

Patients taking antidepressants, who also suffered from neuropathic pain
often reported alleviation of their pain due to the antidepressants, and these are
now a prescribed treatment for the condition (Sindrup et al., 2005). As P2X4
receptors were known to be upregulated in pain sensation it was investigated to
see whether the antidepressant drugs were inhibiting the P2X4 receptor and
thus reducing pain (Nagata et al., 2009). In 1321N1 cells expressing P2X4
receptors there was a strong inhibition of the ATP induced Ca*" responses by
cyclic antidepressants. Both human and rat responses were inhibited by
paroxetine (ICso values of 2.45 and 1.8 uM respectively). It was thought that
this inhibition was non-competitive (Nagata et al., 2009). These findings were
questioned by Khakh’s group in 2010, who found little evidence to suggest that
antidepressants acted as P2X4 receptor antagonists in C8-B4 cells, but instead
suggested that the reduction in response may be due to down regulation of the
receptor (Toulme et al.,, 2010). The structure of paroxetine is shown in figure
1.7. Any inhibition by antidepressant drugs, in particular the selective serotonin
inhibitor paroxetine, remains to be fully investigated at the P2X4 receptor. If
they do act as P2X4 receptor antagonists, the characterisation of how these
drugs are working could lead to insights into the development of new potent

and selective P2X4 receptor antagonists.
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Figure 1.7 Structures of P2X4 receptor antagonists. Four molecules that have
been shown to have an inhibitory effect at the P2X4 receptor are shown.

1.10.3 5-BDBD

A benzodiazepine derivative, 5-(3-bromophenyl)-1,3-dihydro-2H-
benzofuro[3,2-e]-1,4-diazepin-2-one (5-BDBD) has recently been named as a
selective P2X4 receptor antagonist with an ICy, of ~0.5 pM (Kaczmarek-
Hajek et al., 2012), although reports into its effectiveness have been
contradictory. No papers are available simply showing the characterisation of
the drug in different tissues or at recombinant receptors. Instead there are
reports of its use as a tool in several different papers. At recombinant human
P2X4 receptors 5-BDBD showed weak potency and the same was seen at
native guinea pig P2X4 receptors in vascular endothelial cells, with both
studies showing 5-BDBD to have an ICg, concentration of ~30 pM
(Norenberg et al.,, 2012; Wu et al., 2011). In contrast a recent study
demonstrated a complete block of human P2X4 receptors in a
prechondrogenic cell line by 10 uM 5-BDBD (Kwon, 2012). Balazs et al also
reported an IC;, value of ~1 uM for 5-BDBD at recombinant human P2X4
receptors (Balazs et al., 2013). The effectiveness of 5-BDBD at P2X4

receptors from other species is yet to be reported.
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1.10.4 Phenoxazine and Acridone Derivatives as P2X4 Inhibitors

N-substituted phenoxazine derivatives have been shown to have a
variety of inhibitory effects in the CNS, a region in which the P2X4 receptor is
highly expressed (Thimmaiah et al., 1992). It was thought that these molecules
may be having their effects via P2X4 receptors and therefore a series of N-
substituted phenoxazine derivatives were synthesized and their antagonist
effects on the P2X4 receptor examined (Hernandez-Olmos et al., 2012). The
inhibition by the different compounds was tested at human P2X4 receptors
expressed in 1321N1 astrocytoma cells, and the most effective were also
tested at mouse and rat receptors. From these studies two compounds were
seen to strongly inhibit the P2X4 receptors and be reasonably selective over
the human P2X1, P2X2, P2X3 and P2X7 receptors. The most potent was N-
(benzyloxycarbonyl)phenoxazine, called PSB-12054, which had an ICsy of
0.189 pM at the human P2X4 receptor, and < 2.5 yM at the rat and mouse
homologues. The receptor function could not be completely blocked, with
maximal inhibition of 77% being seen (Hernandez-Olmos et al., 2012). The ICs
of this compound at the human P2X1 and P2X3 receptors was 6.52 and ~ 10
MM respectively, and > 10 uyM at the P2X2 and P2X7 receptors. This shows
selectivity for the P2X4 receptor.

The second compound with good potency for the P2X4 receptor was N-
(p-Methylphenyl)sulfonylphenoxazine, called PSB-12062. This compound was
~ equipotent at the human, mouse and rat P2X4 receptors with ICs
concentrations of 1.38, 1.76 and 0.928 uM respectively (Hernandez-Olmos et
al., 2012). PSB-12062 was also reasonably selective for the P2X4 receptor,
with the ICso value at other P2X receptors tested being > 10 uM. The structure
of phenoxazine is shown in figure 1.7. The two phenoxazine compounds show
potential for the development of potent and selective P2X4 receptor antagonists

for therapeutic use.

Due to the effects of phenoxazine, Tian et al decided to look at the
possible P2X4 receptor antagonist properties of carbamazepine and its
derivatives as it is structurally similar to the phenoxazine derivatives and is
used as an anti-epileptic treatment (Tian et al., 2014). Of the carbamazepine
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derivatives, N,N-diisopropyl-5H-dibenz[b,flazepine-5-carboxamide was the
most potent with an ICso of 3.44 uM. However it was not selective for the P2X4
receptor, with the P2X1 receptor having an ICsy value of 5.32 uM (Tian et al.,
2014). Both carbamazepine and phenoxazines have tricyclic heterocycles and
as both can inhibit the P2X4 receptor this structure may be one on which to
base a future potent P2X4 receptor antagonist, however more studies will be

needed to increase the selectivity of the compounds for the P2X4 receptor.

1.11 Antagonists for Other P2X Receptor Subtypes

1.11.1 Antagonists at the P2X2 Receptor

There is a lack of potent and selective antagonists for the P2X2 receptor.
The non-selective antagonists PPADS and suramin both show antagonism at
the P2X2 receptor, PPADS is most potent with an ICso of ~ 1 yM while suramin
has an ICsp of ~ 10 uM (Jarvis & Khakh, 2009). There has only been one report
of a potent P2X2 antagonist and this was NF770, a suramin derivative (Wolf et
al., 2011). NF770 was identified in a similar way to NF449, with derivatives of
suramin being examined for their antagonistic effects at P2X receptors. NF770
was seen to have an ICsp value of 19 nM at the P2X2 receptor, but only had ~
4-fold selectivity over the P2X3 receptor which had an ICsy value of 74 nM (Wolf
et al., 2011). This shows that although a potent antagonist for the P2X2
receptor has been developed, the selectivity is low, as is often seen for P2X

receptor antagonists.

1.11.2 Antagonists at the P2X3 and P2X2/3 Receptors

There has been much more success at developing potent and selective
antagonists for the P2X3 and P2X2/3 receptors. The first to be developed was
A-317491 which was a competitive antagonist and had an ICsg value of 97 nM
(Jarvis et al., 2002). It was shown to have > 100-fold selectivity for the P2X3
and P2X2/3 receptors over other P2X receptor subtypes. In the same study the
compound was shown to be effective at reducing neuropathic pain sensation of
mice in vivo, however it was later seen that the drug had poor distribution in the
CNS, and therefore was not pursued as a therapeutic agent (Gever et al.,

2006). More success has been seen with diaminopyrimidine derivatives RO-4
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(renamed AF-353) and RO-51 (Gever et al., 2006; Gever et al., 2010; Jahangir
et al.,, 2009). RO-4 had a pICsy of 8.0 at the P2X3 receptor and 7.1 at the
P2X2/3 receptor. This drug was shown to be bio-available and to prevent the
pain as a result of bone cancer in rats (Gever et al., 2010; Kaan et al., 2010). In
the same set of experiments compound RO-51 was also found to be potent and
selective at the P2X3 and P2X2/3 receptors, with plCsy values of 8.7 and 8.3
respectively. Both compounds showed no or very little antagonism at the other
P2X receptor subtypes.

Based on these findings several more P2X3 antagonists have been
developed which have strong potency and selectivity. These include RO-85 by
Roche (Brotherton-Pleiss et al., 2010), compounds A, B and C by
GlaxoSmithKline (Ballini et al., 2011) and AF-219 by Afferent Pharmaceuticals
(Kaczmarek-Hajek et al., 2012). AF-219 is an aryloxy-pyrimidinediamine with
an ICsp of ~ 30 nM at hP2X3 receptors and ~ 100 — 250 nM at the hP2X2/3
receptor, with no inhibition at receptors that did not contain a P2X3 subunit.
This molecule has been through four separate phase 1 clinical trials, completed
one phase 2 clinical trial and is involved in three further phase 2 trials. The
clinical trials still under way are for treatment of osteoarthritic joint pain, asthma
and interstitial cystitis (Ford & Undem, 2013). The completed trial was for
chronic cough and was successful, with patients seeing a reduction in cough
rate and frequency and any symptoms related to their cough (Ford & Undem,
2013). This is an example of the potential of potent and selective P2X receptor

antagonists in the treatment of disease.

1.11.3 Antagonists at the P2X7 Receptor

The development of potent and selective antagonists for the P2X7
receptor has peaked in recent years due to the involvement of the receptor in
pain, inflammation and neurodegenerative disease. There are now a variety of
P2X7 receptor antagonists available. In vitro inhibition of P2X7 has been shown
for a range of compounds. A-804598 was developed by Abbot and has an ICsg
of 11 nM at the human P2X7 receptor (Donnelly-Roberts et al., 2009).
AZ11645373 has an ICsp value of 90 nM at the human P2X7 receptor, but is >
500-fold less sensitive at the rat P2X7 receptor (Stokes et al., 2006). A range of
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antagonists have been produced by GlaxoSmithKline, including 2-oxo-N-
(phenylmethyl)-4-imidazolidinecarboxamides, (1H-pyrazol-4-yl)acetamides and
tetrasubstituted-imidazoles (Abberley et al., 2010; Chambers et al., 2010;
Gleave et al., 2010). Pfizer have also produced a P2X7 antagonist 2-chloro-N-
((4,4-difluoro-1-hydroxycyclohexyl) methyl)-5-(5-fluoropyrimidin-2-yl)benzamide
that has been studied in vitro (Chen et al., 2010). Johnson&Johnson have also
recently produced a P2X7 receptor antagonist, JINJ-47965567 (Bhattacharya et
al., 2013). The fact that many different pharmaceutical companies are
generating P2X7 receptor antagonists shows the strong therapeutic potential of
these drugs. Several P2X7 receptor antagonists have shown analgesic effects
when administered to rodent models of inflammatory pain. These include
pyroglutamic acid amides (Abdi et al., 2010), GSK314181A (Broom et al.,
2008), A-839977 (Honore et al., 2009) and A-740003 (Honore et al., 2006).

These molecules are yet to be put into clinical trials.

A variety of P2X7 receptor antagonists have been, or are currently, in
clinical trials but with so far little / no success. AZD9056 was put into a clinical
trial for the treatment of rheumatoid arthritis but did not show any beneficial
effect in patients (Keystone et al., 2012). Although there was no effect on
rheumatoid arthritis patients AZD9056 has since been entered into clinical trials
for inflammatory bowel disease, osteoarthritis and chronic obstructive
pulmonary disease. The drug CE-224535 was also tested in a clinical trial for
the treatment of rheumatoid arthritis where it was seen to have no effect
(Duplantier et al., 2011). The effects of this drug on Alzheimer’s and pain are
now being tested. The compound GSK1482160 was also entered into phase |
clinical trials, but the results led to its development being discontinued as it was
not possible to get to the necessary >90% inhibition of II-1p release that was
required (Ali et al., 2013). These results show that while the in vitro and in vivo
rodent experiments suggest that P2X7 antagonists have strong therapeutic
potential, a compound that can be released to the drugs market is yet to be
found. This may be due to the differences in the pharmacological properties of

rodent and human P2X7 receptors.
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Receptor | Agonists Desensitisation | ATP ECs, (UM) | Antagonists
P2X1 2- Fast 1 PPADS,
mesATP>ATP> suramin, TNP-
Ap6A>aq,[3- ATP, NF279,
meATP >By-L- NF023, NF449
meATP
P2X2 ATP>2-meSATP | Slow 5-60 PPADS,
>ATPyS suramin, reactive
blue 2
P2X3 2-meSATP>ATP | Fast 1 PPADS,
>a,B-meATP suramin, A-
>ATPys>AP3A 317491, RO-85,
AF-219
P2X4 ATP>ATPyS>2- | Slow 10 Phenoxazine,
meSATP carbamazepine,
Paroxetine, 5-
BDBD
P2X5 ATP=2- meSATP | Minimal 15 PPADS, suramin
>
ATPys>2CIATP
P2X7 BzATP>ATP> Minimal 115 AZD9056,CE-
2meSATP 224535,
GSK1482160

Table 1.2 Pharmacological profile of agonists and antagonists at the homomeric

P2X receptors. Order of agonist potency, ATP ECsy, and antagonists that inhibit

homomeric P2X receptors.
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In this introduction | have given an overview of the physiological roles of
P2X receptors, the structure of the receptor and the therapeutic potential of a
range of P2X receptor antagonists. Although a range of P2X1 receptor
antagonists have been described and their effects at the recombinant receptor
characterised, the basis of how these antagonists are binding remains to be
deduced.

1.12 Thesis Aims

In this thesis | aim to demonstrate the molecular basis of antagonist
binding at the hP2X1 receptor. The contribution of residues in the extracellular
loop to the antagonist sensitivity of the hP2X1 receptor will be investigated.
This will be done through the generation of chimeras and point mutations
between this receptor and the antagonist insensitive rP2X4 receptor. The
residues identified by these techniques will be used to generate an antagonist
bound homology model of the hP2X1 receptor. The chimeras can also be used
to gain insight into the low potency of the antagonists at the P2X4 receptor. It is
important that the molecular basis of antagonism is understood in order to
design now potent and selective hP2X1 receptor antagonists with therapeutic

potential.
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Chapter 2: Materials and Methods

2.1 Molecular Biology

2.1.1 WT P2X Receptor Constructs
The WT hP2X1, hP2X2 and rP2X4 receptor complementary

DNAs (cDNAs) had previously been used in the laboratory. The hP2X1
receptor cDNA was originally cloned from the bladder (Ennion et al, 2000)
and the hP2X2 receptor from the pituitary gland (Lynch et al., 1999). The
rP2X4 receptor DNA was a gift of Dr. Francois Rassendren, (CNRS,
Montpellier, France). A mutation (Y378A) had been introduced to the rP2X4
receptor template by Dr Helen Digby, a previous lab member, and allowed for
more stable and reproducible currents (Royle et al., 2002). The zfP2X4.1
construct was kindly given to the lab by Mark Voigt (St Louis University,
USA). All constructs were contained within the pcDNA3.1 vector plasmid
which had an ampicillin resistance gene to allow for selection of the correct
plasmid (figure 1.1). A Mlul restriction enzyme site linearised the plasmid in
order to generate messenger RNA (mRNA) for injection into Xenopus laevis
oocytes. For effective expression of P2X receptors in oocytes, the vector
contained T7 promoter sites to allow expression of protein, and a
polyadenylated (polyA) tail which is positioned at the 3’ end of the P2X1
receptor. This polyA tail has been shown to increase expression and currents
in Xenopus oocytes by protecting the mRNA from exonucleases (Ennion &

Evans, 2002a).
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2.1.2 Generation of chimeras

Chimeras were generated using domain swapping, a two-stage
polymerase chain reaction (PCR) (figure 2.2). The first PCR generated a
megaprimer of the insert from the first receptor, and the second incorporated
the megaprimer into the template receptor. To make the megaprimer, primers
were designed by hand to amplify the region of the receptor (e.g. rP2X4) that
was to be swapped with the template receptor (e.g. hP2X1). The primers also
contained a section ~ 15 bp in length at either end, complementary to the
hP2X1 receptor sequence. This increased insertion efficiency. The primers
used to make the megaprimer for chimera X1-AX4 are shown below, the
sequence corresponding to the hP2X1 receptor is shown in black, and to the
rP2X4 receptor is shown in red.

Forward primer to make X1-AX4 megaprimer (5’ to 3’)

CTCATCAGCAGTGTCTCTACCAAAGCCAAAGGTGTG

Reverse primer to make X1-AX4 megaprimer (5’ to 3’)

GGCCTTCCCAGGGGTACAGTCGGCGTCTGAATTACA

Primers were custom ordered from Sigma and diluted to 10 pmol/ul in
nuclease free water. A PCR of these primers with the rP2X4 receptor template
was performed to generate the megaprimer. Reactions were conducted with

the following components:

5 ul 10 x Pfu reaction buffer
0.4 pul dNTPs

2.5 pl forward primer (250 ng)
2.5 ul reverse primer (250 ng)
1-2 ul template DNA (50 ng)
0.5-1 pl Pfu turbo enzyme

Nuclease free water to 50 ul
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The reaction was performed in a Techne Genius thermocycler with the

following settings:

Denaturation 95°C 3 minutes

Denaturation 95°C 30 seconds

Annealing 55-75°C 60 seconds 30 cycles
Extension 68°C 60 seconds

To check if the reaction had worked the PCR product was run out on a
1% agarose gel stained with ethidium bromide (EtBr) to see if there was a band
present at the size of the megaprimer. If the PCR had not worked it was
repeated at variant temperatures. If successful, the PCR product was treated
with Dpnl for 1 hour at 37°C to remove the template DNA. The Dpnl enzyme
was then inactivated by heating to 85°C for 10 minutes and the DNA purified
using a PCR clean-up kit (Qiagen, Sussex, UK). The product was the purified
megaprimer of rP2X4 with hP2X1 receptor overhangs.

This megaprimer was then used in a second PCR (figure 2.2) with the
hP2X1 receptor template, with similar components to those above. Instead of
using separate forward and reverse primers, 2.5 yl of the megaprimer was
used and the water volume adjusted to keep the reaction at a volume of 50 pl.

The PCR was run with the following settings:

Denaturation 95°C 3 minutes

Denaturation 95°C 30 seconds

Annealing 55-75°C 60 seconds 16 cycles
Extension 72°C 16 minutes

Final extension 72°C 10 minutes

This PCR inserted the rP2X4 receptor residues into the hP2X1 receptor,
producing the chimera contained within the pcDNA3.1 vector. The product was
again run on an EtBr stained, 1% agarose gel and if correct was Dpnl treated.

The final chimera could then be transformed and DNA extraction performed.
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Figure 2.2 Chimera Generation. Primers were designed to amplify the section of
the rP2X4 receptor that was to be swapped into the hP2X1 receptor, and also add
hP2X1 receptor overhangs corresponding to the point where the rP2X4 sequence
was to be inserted. PCR generated a megaprimer of the rP2X4 receptor sequence
with the hP2X1 receptor overhanging ends. The megaprimer was then used in a
second PCR with the hP2X1 receptor template. This produced the desired chimera
(a section of the rP2X4 receptor swapped into the hP2X1 receptor).

2.1.3 Point Mutations

Primers  were  designed using the PrimerX  website
(www.bioinformatics.org/primerx) and diluted to a concentration of 10 pmol/ul
in nuclease free water. PrimerX was chosen as it allowed optimisation of the
GC base content, melting temperature and primer length. PCRs were

performed:

5 ul 10 x Pfu reaction buffer
0.4 ul dNTPs

2.5 ul forward primer (250 ng)
2.5 ul reverse primer (250 ng)
1-2 ul template DNA (50 ng)
0.5-1 pl Pfu turbo enzyme

Nuclease free water to 50 pl



The reaction was carried out at the following parameters:

Denaturation 95°C 3 minutes

Denaturation 95°C 30 seconds

Annealing 55-75°C 60 seconds

Extension 68°C 16 minutes 16 Cycles
Final extension 68°C 10 minutes

The PCR products were ran on an EtBr stained, 1% agarose gel and
Dpnl treated as above. Once complete the DNA was transformed as described

below.

2.1.4 Transformation and DNA Extraction

The chimeric or point mutated DNA was transformed into Escherichia
Coli (E. Coli) and selected for using the ampicillin resistance gene present in
the pcDNA3.1 vector. To do this, plasmid DNA was transformed into
supercompetent XL-1 blue cells (Stratagen, Aligent technologies). 50 ul of the
cells were placed in a 15ml Corning centrifuge tube on ice. 1 pl of DNA was
added and gently flicked to mix before being left on ice for 30 minutes. The
cells were then heat shocked in a 42°C water bath for 45 seconds and
incubated on ice for 2 minutes. 0.5 ml of S.0.C medium (Invitrogen) which has
a refined salt balance and contains ions optimal for transformation, was then
added to the tube to allow for maximal transformation efficiency. Tubes were
incubated at 37°C in a shaking incubator at 250 rotations per minute (rpm) for 1
hour. After incubation, 50-100 ul of the cells and SOC medium were added to
the agar plates containing 50 ug/ml ampicillin which had been made previously.
They were incubated overnight in a 37°C incubator. Only cells containing the
pcDNA3.1 vector with the ampicillin resistance gene could grow in the presence

of the antibiotic.

The next day three individual colonies were picked from the plate with a
sterile pipette tip. These were each placed in an individual 30 ml universal tube
(Sterilin, UK) containing 6 ml of LB broth and 50 ug/ml of ampicillin. These were

incubated overnight in a shaking incubator at 37°C, 250 rpm. DNA was
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extracted from the cultures the following day using a Wizard plus SV miniprep
kit (Promega). The final product was 50-200 ng of DNA (quantified by a

nanodrop spectrophotometer) contained in 100 pl of nuclease free water.

2.1.5 DNA Sequencing

The extracted DNA was sent for sequencing to check that the desired
regions had been swapped and that no unwanted mutations had been
introduced during the process. Sequencing was performed by the Protein and
Nucleic Acid Chemistry Laboratory (PNACL), University of Leicester. The
sequence was analysed using Segman Il software (DNASTAR).

2.1.6 mRNA Synthesis

Once the DNA had been correctly sequenced, it could be used to
generate mMRNA for expression of the protein in oocytes. DNA was linearised in
a digest containing 41 yl DNA (50-200 ng), 5 ul buffer H and 4 yl Mlul enzyme
(Roche) at 37°C for 4 hours. The linearised product contained the T7 promoter
site before the P2X receptor sequences and the polyA tail after it. The product
was treated with 1 pl proteinase K and 5 pl 10% SDS and left at 50°C for 1
hour. DNA was extracted with Phenol/Chloroform/Isoamyl (25:24:1) and
precipitated overnight at -20°C in 2x volume of 100% ethanol. The following day
tubes were centrifuged at 13000 rpm at 4°C for one hour. The DNA pellet was
washed with 70% ethanol (0.5 ml). Ethanol was removed from the pellet and
heated to 50°C for 1-2 minutes to completely evaporate ethanol from the tube.

6 pl nuclease free water was added and the DNA resuspended by vortexing.

MRNA synthesis was performed using the mMessage mMachine T7 kit
(Ambion). To the 6 pl of DNA, was added 2 pl of reaction buffer, 10 ul of
NTP/CAP ribonucleotides and 2 ul of T7 enzyme mix and incubated at 37°C for
2 hours. 1 yl TURBO DNase was added to remove template DNA and
incubated at 37°C for 15 minutes. 30 pl lithium chloride precipitation solution
(7.5 M LiCl, 50 mM EDTA) was then added and stored at -20°C overnight. This
precipitated the RNA, purifying the product and removing any excess
nucleotides or other proteins. Samples were centrifuged for an hour at 13000
rpom, 4°C, to form a pellet of RNA. The pellet was washed with 1 ml 70%
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ethanol, which was again removed by pipette and drying at 50°C. The pellet
was resuspended in 3-6 pl of nuclease free water and quantified using a
nanodrop spectrophotometer (Labtech international). RNA was diluted to a final
concentration of 1 ug/ul and run on an RNA gel in order to make sure it was not

degraded.

2.2 Expression in Xenopus laevis oocytes

The RNA was expressed in Xenopus laevis oocytes. These were
chosen as an expression system as their large size makes them easy to take
electrophysiological recordings from. They allow rapid and efficient translation
of RNA and this means that many ion channels can be expressed and large
currents recorded (Buckingham et al., 2006). Xenopus laevis frogs were
anaesthetised using tricaine methane sulfonate (MS222) solution and
decapitated. Oocytes were extracted at stage V; this stage can be easily
identified as the oocytes are clearly split into a dark brown animal half and a
yellow vegetal half. Lobes of oocytes were cut into small clumps and digested
with collagenase (1 mg/ml) for ~ 20 minutes until manual defolliculation was
easy. Oocytes were kept at 16°C in ND96 solution (96 mM NaCl, 2 mM KCL,
1.8 mM CacCl;, 1 mM MgCl, 5 mM sodium pyruvate, 5 mM HEPES, pH 7.6). 50
pg/ml gentamycin was added to the solution to maintain the oocytes. An
Inject+Matic microinjector (J. Alejandro Gaby, Geneva, Switzerland) was used
to inject 50 ng of RNA into the oocyte. Recordings were made 3-10 days later

with the ND96 solution being changed dalily.

2.3 Two Electrode Voltage Clamp Recordings

The two-electrode voltage clamp technique was used to record
currents in oocytes. Oocytes were held in a 2 ml recording chamber which was
perfused at ~ 3 ml/min with a recording solution of ND96 (1.8 mM BacCl,
replaced the 1.8 mM Cacl, from the storage solution to prevent any calcium
sensitive chloride channels present in the oocyte from being activated).
Electrodes made from capillary glass (TW150F-4 World Precision Instruments
Inc) were pulled using a two stage puller (Narishige, Japan) until the tip

diameter was 1-2 um. They were filled with a 3M KCI solution to allow effective
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conductance of current. The resistance of the electrodes was between 0.2 and
0.4 MQ and they were inserted into oocytes that were then voltage clamped at -
60 mV using the Geneclamp 500B amplifier (Axon Instrments, Union City, CA,
USA). A Digidata 1322A analog to digital converter was used to digitise the
data and this was collected on a computer using pClamp 8.2 acquisition
software (Molecular devices, Menlo Park, CA, USA). A U-tube perfusion system
was used to deliver agonists and antagonists for 3 second periods with 5-10
minutes of recovery time between each application dependent on the construct.
Antagonists were pre-perfused around the oocyte for 5 minutes before co-

application with ATP.

2.3.1 Data Analysis

Data are reported as the mean + standard error of the mean (SEM). The
analysis software used was GraphPad Prism 6 (GraphPad Software Inc., San
Diego, USA). All experiments were repeated = 3 times. Significant differences
for data sets comparing more than two receptors were calculated by one-way
ANOVA followed by either Dunnett’s test to compare the means vs a control
column, or Tukey’s multiple comparison test to compare the means of all
columns. Concentration response curves were fitted with the Hill equation: Y =
[(X)" x MJ[(X)™ + (ECs0)™), Y is the response, X is the agonist concentration, H
is the Hill coefficient, M is the maximum response and ECs is the concentration
of ATP that evokes 50% of the maximum response. Inhibition curves were fitted
with the same formula, with ICsq values instead of ECsy values. The curves

were fitted to mean, normalised data.

2.4 Molecular Modelling

The homology models of the ATP bound and closed hP2X1 receptors
used in this thesis was constructed by Ralf Schmid (Department of
Biochemistry, University of Leicester) and assembled using Modeller v9.7
software. The structure of the ATP bound and closed zfP2X4 receptors (PDBid
= 4DW1 and 4DWO0) were used as a basis for this modelling. Various models
were generated and those likely to be most accurate identified using Modeller's

scoring function and external validation via Whatcheck and PROSA.
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The homology model of the closed resting hP2X1 receptor was used to
generate NF449 docked models (Ralf Schmid, University of Leicester). The
NF449 molecule was built using Hyperchem 8.0 and steepest descent energy
minimisation was performed. The molecule was docked to the structure using
the GOLD package (Verdonk et al., 2003). The location of NF449 binding was
defined as within a 20 A radius of residues K136, K136, R139, K140 or T2186,
H224, Q231 which were identified in later chapters as being important in NF449
action. The docked poses of NF449 were then ranked by their ChemScores
and those that fit best with the data were chosen by hand. All images of the
homology model were assembled in PyMOL (Molecular Graphics System,
Version 1.2r3, Schrodinger, LLC.).

2.5 Protein Purification

2.5.1 zfP2X4 constructs

The zfP2X4C(FNDAR) receptor cDNA was a gift from Professor Eric
Gouaux (Vollum Institute, Portland, OR, USA). Two plasmids were supplied,
one in the pcDNA3.1 vector and one in the pFastBac vector. For expression in
HEK cells the zfP2X4C(FNDAR) DNA was sub-cloned into the pLEICS12
vector, an adapted version of the pcDNA3.1 vector (figure 6.10). This vector
had Histidine and FLAG tags as well as a T7 promoter, TEV site and ampicillin
resistance gene. Sub-cloning was performed by the Protein Expression
Laboratory (PROTEX), University of Leicester, and the 3 point mutations
F139K, D141K and Al1l42R introduced at the same time to produce the
zfP2X4C(KNKRR) receptor. The DNA was transformed into E. Coli and
maxipreps were performed using a maxiprep kit (Qiagen) to obtain the high

concentrations of DNA required for transfection.

2.5.2 HEK Cell Culture and Transfection

HEK293F cells (Invitrogen) were grown in Gibco® FreeStyle™ 293
Expression Medium. 30 ml cultures in 250 ml Corning Erlenmeyer
Polycarbonate flasks were grown at 37°C in a shaking incubator and gassed
with 5% CO, mix. Cells were split to a density of 0.5 x 10%ml every 2 days as a
stock concentration. Transfection of cells with 2zfP2X4C(FNDAR) and
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zfP2X4C(KNKRR) was performed at a density of 1 x 10%ml. For the
transfection 3 ml PBS was mixed with 30 ug DNA and vortexed briefly. 120 pl
polyethylenimine at 0.5mg/ml (Sigma) was added and the mixture vortexed and
incubated for 20 minutes at room temperature. This was added to 27 ml of the
cell culture and mixed by swirling. Cells were stored in the shaking CO;
incubator at 37°C for 48 hours before harvesting. To harvest cell cultures (30-
120 ml) were spun for 5 minutes at 5000 x g to collect cells in a pellet. The
pellet was resuspended in either lysis buffer A or lysis buffer B, vortexed and
sonicated for 10 s on a medium setting. Lysis buffer A consisted of 150 mM
NaCl, 40 mM Tris HCI (pH7.5), 8 mM Tris base and protease inhibitor mixture
(Sigma). Lysis buffer B was 50 mM Tris, pH to 7.4, 0.5 M NaCl, 10% glycerol.
The sample was then either mixed directly with magnetic beads for
immunoprecipitation or membrane isolation was performed before adding to the

beads.

2.5.3 Membrane Isolation

To increase the purity of the protein sample obtained, membrane
proteins were isolated from the rest of the cell protein. The protocol was

performed on ice or at 4°C.

(a) The pellet of cells was resuspended in 5 ml buffer B (50 mM Tris, pH
to 7.4, 0.5 M NaCl, 10% glycerol) and vortexed.

(b) The suspension was sonicated for 10 s on a medium setting.

(c) Cell debris was removed by centrifugation at 5000 x g for 5 min at
4°C and the supernatant containing the membrane proteins retained.

(d) Cell membranes were pelleted by ultracentrifugation for 1 hour at
125,000 x g at 4°C

(e) Pellet was resuspended and lysed in 0.5 ml buffer B + 1% DDM and

homogenised gently using a Dounce homogeniser.

(f) Sample was left on a shaking platform for 2 hours at 4°C
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(g) Membrane proteins were collected by ultracentrifugation at 125,000 x
g for 1 hour at 4°C and the supernatant containing the P2X receptor

retained.

2.5.4 Immunoprecipitation

Samples of 200 ul of either total cell proteins or membrane proteins
were added to 70 pl antibody-coupled beads and the mixture rolled overnight at
4°C to allow any tagged proteins to bind to the beads. Two types of antibody
coupled beads were used, either anti-FLAG or nickel (anti-His). For flag beads
buffer A/IB + 1% DDM was used for washes and protein was eluted using 0.5
mg/ml flag peptide contained in this buffer. For nickel beads washes were
performed in buffer A (1% DDM) + 25 mM imidazole. Elutions were performed

using buffer A + 250 mM imidazole.

(a) Beads were spun at 13000 rpm, 4°C for 5 minutes and the flow

through collected and retained.

(b) Beads were washed with the appropriate buffer, vortexed and spun
for 5 minutes at 13000 rpm, 4°C and supernatant removed. This was
repeated four times to remove any protein that did not include the

appropriate tag.

(c) Tagged proteins were eluted by addition of 70 pl of either 0.5mg/ml
flag peptide or 250 mM imidazole. In order to increase the amount of
protein eluted, beads were left to roll with the eluting buffer for 10
minutes before spinning for 5 minutes at 13000 rpm, 4°C.
Supernatant containing the protein was retained. 3 elutions were

performed.

(d) A final elution in SDS + 10% 2-Mercaptoethanol was performed to

remove all protein from the beads.
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(e) Samples were mixed with LDS running buffer (1:1) and 5% 2-
mercaptoethanol and 30 pl was loaded onto precast NUPAGE 4-12%
Bis-Tris gels (Novex). Gels were run at 150 V for 100 minutes.

(f) The gel was placed in InstantBlue (Expedian) a coomassie based

protein stain for one hour to identify any protein in the gel.
(g) Bands of the correct size (~65 kDa) were cut out of the gel and sent

for mass spectrometry by PNACL so that the protein could be
identified.
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Chapter 3: Receptor Characterisation and the Contribution of
the Extracellular Loop to Antagonism

3.1 Introduction

The properties of recombinant P2X receptors vary dependent on the
subunit composition (see section 1.4) and are due to differences in the amino
acid sequences between the subunits. Chimeras have often been generated
between subunits with contrasting properties to identify which variant amino
acids are contributing to the different characteristics. This chimera technique
allows the contribution of sections of the receptor incorporating several variant
residues to be determined at the same time. Important variant regions, and
those which are not contributing to the differences in properties, can then be
identified.

3.1.1 The Use of Chimeras to Investigate P2X Receptor Properties

The first use of chimeras to investigate properties of P2X receptors
looked at regions involved in the control of the time-course of the ATP evoked
response. The WT P2X1 receptor displayed rapid desensitisation during a 10 s,
ATP (100 pM) application whilst the P2X2 receptor showed little decay in
current during this period (90% and 14% respectively) (Werner et al., 1996).
There is 37% sequence homology between these receptors and chimeras were
generated in order to determine the contribution of regions of the receptor to
desensitisation. Three initial chimeras were made to swap the N terminus and
TM1, the extracellular loop, and TM2 and the C-terminus of the receptors.
When either the N terminus and TM1 or C terminus and TM2 of the P2X1
receptor was replaced with that of the P2X2 receptor, desensitisation was
greatly reduced, with only 2% and 13% desensitisation being seen for these
chimeras respectively (Werner et al., 1996). Generation of smaller sub-
chimeras identified that it was the swap of residues 14-47 of the N-terminus
and TM1 within the first chimera and 332-365 of TM2 and the C terminus in the
second that was vital for the decrease in desensitisation. Swapping the
extracellular loop had no effect on desensitisation. Interestingly both termini
and parts of the transmembrane domains of the P2X1 receptor had to be
introduced to the P2X2 receptor in order to confer P2X1-like desensitisation
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(Werner et al., 1996). This suggests that an interaction between the two TMs
and the intracellular sections is required for the receptor to exhibit rapid
desensitisation, but which particular residues within these sections are
important was not investigated.

Further chimeric studies have been performed on the P2X1 and P2X2
receptors looking at the interdependence of the transmembrane domains and
intracellular regions in the control of time-course (Allsopp & Evans, 2011). This
study aimed to identify smaller regions and specific residues within the sections
identified by Werner et al that were contributing to this property. There was no
contribution of variant amino acids within the extracellular loop to the difference
in desensitisation between the WT receptors. Swapping the extracellular loops
or both transmembrane domains of the P2X2 receptor into the P2X1 receptor
showed no effect on the response, but there was an effect of chimeras which
swapped one TM at a time and intracellular region chimeras. The chimeras
which swapped the extracellular loops in this study were called P2X1-2EXT and
P2X2-1EXT and are further characterised for antagonists later in this chapter.
The N-terminus was highlighted as having a considerable role in
desensitisation, as swapping this region of the P2X1 receptor with
corresponding residues of the P2X2 receptor decreased desensitisation ~ 3.5
fold (Allsopp & Evans, 2011). The reciprocal chimera which swapped the N-
terminus of the P2X1 receptor into the P2X2 receptor introduced P2X1 like
desensitisation. Using sub-chimeras and point mutations, the variant residues
responsible for this response were identified as 17 and 20-23 (Allsopp & Evans,
2011). These studies are an example of how chimeras can be used to identify
regions contributing to a particular property that can be further divided into
subchimeras to highlight specific residues that are contributing.

3.1.2 P2X Receptor Antagonism and the Extracellular Loop

Allsopp et al developed a range of chimeras which allowed the
identification of residues contributing to time-course and partial agonism.
However antagonism at these chimeras was not tested. There is a difference in
suramin, NF449 and PPADS antagonism between the WT hP2X1 and hP2X2
receptors as described in chapter 1.9. The P2X2 receptor shows an ~ 10-fold
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decrease in suramin and PPADS potency compared to the P2X1 receptor and
an ~ 1000-fold decrease in NF449 sensitivity. The chimeras swapping regions
between the hP2X1 and hP2X2 receptors could therefore be used to
investigate residues involved in antagonist action at the receptors. As suramin,
NF449 and PPADS are all unable to cross the cell membrane and are applied
extracellularly, it was hypothesised that they bind to the extracellular loop of the
receptor. The P2X1-2EXT and P2X2-1EXT chimeras were therefore used to
test if residues in the extracellular loop of the receptor determined antagonist
sensitivity. The rP2X4 receptor was also characterised in this chapter. This
receptor is insensitive to the P2X1 receptor antagonists suramin, NF449 and
PPADS and it was hoped that this antagonist insensitivity could be exploited in
later chapters to give insight into antagonist binding.

3.1.3 Chapter Aims

In order to exploit the differences between the hP2X1, hP2X2 and rP2X4
receptors through chimera generation, it was first necessary to characterise the
responses of the WT receptors to ATP and antagonists. This allows any
differences between the WT and chimeric receptors to be determined. The
second aim was to identify if the extracellular loop region of the receptor was
responsible for antagonist sensitivity. To do this suramin, NF449 and PPADS
antagonism was determined at chimeras P2X1-2EXT and P2X2-1EXT between
the P2X1 and P2X2 receptors, that had previously been made by Dr Allsopp
(Allsopp & Evans, 2011).

3.2 Results

Two-electrode voltage clamp experiments were performed in order to
characterise the properties of ATP gated P2X receptors expressed in Xenopus
laevis oocytes. The responses of wild-type hP2X1, hP2X2 and rP2X4 receptors
to ATP were studied. The membrane potential of the oocyte was held at -60 mV
and ATP was applied for 3 seconds via a U-tube perfusion system. The
channel activity of the expressed P2X receptors was recorded by measuring
the amount of current required to maintain the membrane potential at -60 mV.

In order to get a stable, reproducible response a period of time in the absence
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of agonist was needed between each application to allow complete solution
exchange and for the receptors to recover from any desensitisation. This was 5
minutes for the hP2X1 receptor, 2 minutes for the hP2X2 receptor and 7-10
minutes for the rP2X4 receptor.

3.2.1 ATP Potency at WT Receptors

Responses to ATP at the three WT receptors were concentration
dependent (figure 3.1a). The concentration of ATP at which a maximal
response was reached (ATPnax) varied among receptors (100 uM ATP at the
hP2X1 and rP2X4 receptors, 300 uM at the hP2X2 receptor). The mean peak
amplitudes to ATPnax at the hP2X1, hP2X2 and rP2X4 receptors were 7598 +
793, 4279 + 327 and 5320 + 586 nA respectively. Once reproducible responses
to ATPnax had been obtained, lower concentrations of ATP could be applied
and a full sigmoidal concentration response curve generated (figure 3.1b). The
pPECso value was used as a measure of potency. This is the negative logarithm
of the concentration of ATP required to evoke 50% of the maximal response.
ATP was most potent at the hP2X1 receptor, where the pECso value was 6.31 +
0.04. The hP2X2 and rP2X4 receptor curves were rightward shifted ~ 18 and ~
8 fold respectively compared to the hP2X1 receptor, signifying a decreased
ATP potency (pECsop = 5.04 + 0.07, p<0.0001 and 5.37 = 0.05, p<0.001
respectively). These values are consistent with previous studies at these
receptors (North, 2002).

3.2.2 Time-course of the ATP Evoked Response

Application of ATP to the oocytes expressing hP2X1, hP2X2 or rP2X4
receptors caused a rapid influx of ions through the channel, recorded as a
downward deflection in current from the baseline (figure 3.2b). At the hP2X1
and rP2X4 receptors this inward current decayed back toward baseline during
the continued ATPnax application; this is called desensitisation (figure 3.2c). An
obvious difference in the amount of desensitisation could be seen between the

WT receptors (figure 3.2a). At the end of the application, ATP was washed out
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Figure 3.1 ATP Evoked Concentration Dependent Currents at the WT hP2X1,
hP2X2 and rP2X4 Receptors. (a) Representative traces of different ATP
concentrations (uM) applied to Xenopus oocytes expressing the WT hP2X1,
hP2X2 and rP2X4 receptors, with 5 -10 min intervals between each application
dependent on subtype. Traces were normalised for peak currents to allow
comparison. The bar indicates a 3 s ATP application. (b) Concentration response
curves for the WT receptors, pEC;, values are given (n = 5). Stars indicate a
significant difference from the hP2X1 receptor **** p<0.0001.
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and any remaining current decayed back to basal levels. The time-course of the
response of each of the WT receptors to ATP was both concentration and
subtype dependent. To observe the effects on time-course, two concentrations
were chosen at which the differences were most evident. These were ATP max
and a concentration which gave 10-20% of the maximal response (ATPoy). The
low ATP concentration was 0.1 uM for the hP2X1 receptor, 3uM at the hP2X2
receptor and 1uM at the rP2X4 receptor.

The rise time and percentage decay of each receptor were calculated in
order to give a comparison of the time-course of the responses. The rise time
was defined as the time it takes the current to increase from 10% to 90% of the
maximum response (figure 3.2b). At ATPnax the rise time was fastest at the
hP2X1 receptor (95.7 £ 5.1 ms) and ~ 4-fold slower at the hP2X2 and hP2X4
receptors, p < 0.0001 (402.8 + 23.9 and 393.3 + 88.6 ms respectively). The rise
times were significantly slower at each receptor when ATP,, was applied
compared to ATPnax; hP2X1 = 667 £ 264 ms, p<0.01, hP2X2 = 1141 £+ 169 ms,
p<0.05, and rP2X4 = 1795 + 310 ms, p<0.0001 (figure 3.2b).

Dependent on receptor subtype, the current did not always decay to
50% of maximum within the 3 second ATP application, the most commonly
used measurement of desensitisation in the literature, and so the time at which
the current has decreased by 50% from the peak, could not be used. | therefore
measured the % desensitisation that had occurred from the peak current at the
end of the 3 second ATP application (figure 3.2c). At ATPmax the hP2X1
receptor current showed near complete desensitisation during the ATP
application (80.3 £ 4.3%). The rP2X4 and hP2X2 receptors desensitised
significantly less within the three seconds (31.9 + 3.5%, p<0.0001 and 3.6 *
0.2%, p<0.0001 respectively), see figure 3.2c. There was very little
desensitisation at the hP2X2 receptor which allows sustained current flow at
ATPmax. A comparison was also made of % desensitisation at maximal and low
concentrations of ATP at each receptor (figure 3.2c). Although all 3 receptors
showed a decrease in the % desensitisation at ATP o compared to ATPnax, this
was only significant for the hP2X1 receptor (37.1 + 11.6%, p<0.0001).
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Figure 3.2 Time-course of the WT Receptors in Response to ATP (a)
Representative traces of application of ATPmax and ATPlow to Xenopus oocytes
expressing WT hP2X1, hP2X2 and rP2X4 receptors. Traces were normalised for
peak currents to allow comparison. Bars represent a 3 s ATP application. (b) Rise
time was the time taken for current to increase from 10 to 90% of the peak
amplitude. A comparison is shown of the rise times at each receptor for ATPlow
and ATPmax. (c) % desensitisation was measured as the % of peak current
remaining at the end of the 3 s ATP application. % desensitisation at ATPmax and
ATPlow were compared for each receptor. Stars indicate significance * p<0.05, **
p<0.01, *** p<0.001. **** p<0.0001
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3.2.3 Antagonism at the WT Receptors

There are a variety of P2X receptor antagonists available; the three most
commonly used for the hP2X1 receptor subtype are suramin, NF449 and
PPADS. The molecular basis of how they bind to the hP2X1 receptor is largely
unknown. The effects of these antagonists on the three WT receptors were

therefore examined.

To account for the varied ATP potency between the receptors a
standardised ATP concentration needed to be used when the antagonist was
applied. Therefore the individual ECgy concentration of ATP was deduced from
the concentration response curves and used at each receptor in all antagonism
experiments. Each antagonist was bath perfused around the oocyte for 5
minutes prior to a 3 s U-tube co-application of the antagonist and ECgy ATP.
This bath perfusion was to allow equilibration and was utilised before each
application of antagonist throughout the thesis. A high concentration of each
antagonist was also applied at the three receptors in the absence of agonist to
see if it had any agonist effects. These concentrations were 100 uM for suramin
and PPADS and 1 uM NF449. None of the antagonists had an effect at any of
the receptors when applied alone as was seen for all WT, chimeric and point
mutated receptors in this thesis. Each antagonist concentration was also
initially applied at least twice to make sure the response had stabilised before
further applications were made. This protocol was used for all antagonist

experiments throughout this thesis.

3.2.4 Suramin Action at WT Receptors

The effect of suramin application on both time-course and peak currents
of the response to ATP at the three WT receptors was examined. There was an
~ 100-fold difference in suramin sensitivity between the hP2X1 and hP2X2
receptors with ~ 50% inhibition evoked by 1 uM suramin at the hP2X1 receptor
and by 100 puM suramin at the hP2X2 receptor. There was no inhibition at the
rP2X4 receptor up to a concentration of 100 uM (figure 3.3a). Inhibition by
suramin was concentration dependent at the hP2X1 and hP2X2 receptors, with

% inhibition increasing with suramin concentration until no current was
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produced by ATP at the highest suramin concentrations tested (figure 3.3b).
The plCso was used as a measure of antagonist potency in this thesis. The
plCso is the negative logarithm of the concentration of antagonist required to
cause 50% inhibition. Suramin was most potent at the hP2X1 receptor, causing
a total block of the receptor at 100 yM suramin and a plCsp of 5.98 + 0.04. The
hP2X2 receptor was ~ 40-fold less sensitive to suramin than the hP2X1
receptor compared to the hP2X1 receptor, plCso = 4.36 £ 0.05, p<0.0001. The
rP2X4 was insensitive to suramin at the concentrations tested (figure 3.3b).

These results are consistent with the literature (North, 2002).

The presence of suramin also affected the time-course of responses to
ATP of the hP2X1 and hP2X2 receptors. The rise time for the hP2X1 and
hP2X2 receptors was ~ 7-fold and ~ 3-fold slower when a high concentration of
suramin was co-applied (fig 3.4 a,b). This was a concentration that gave > 80%
inhibition at the hP2X1 and hP2X2 receptors (10 and 300 uM respectively), and
was the maximum concentration tested at the rP2X4 receptor (100 uM). There
was no effect of 100 yM suramin on the rise time of the rP2X4 receptor. The
hP2X1 receptor had an ~ 7-fold decrease in % desensitisation in the presence
of suramin (73.2 £ 4.8% in ECgo ATP alone and 11.7 + 2.1% in ECg9y ATP and
suramin, p<0.0001). The hP2X2 receptor showed very little desensitisation in
either condition (figure 3.4c) and the rP2X4 receptor showed ~ 20%
desensitisation in both the presence and absence of suramin, again showing
that the antagonist has no effect on this receptor (figure 3.4c). These results
show that suramin both decreases the amount of current recorded at the
hP2X1 and hP2X2 receptors, and has an effect on the time-course of their
response to ATP, consistent with a competitive mode of action of the
antagonist. In contrast the rP2X4 receptor was unaffected by suramin in either

current amplitude or time-course.
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Figure 3.3 Inhibition of ATP Currents by Suramin. (a) Representative traces for
ECy ATP (ATPy, open circles) and ATPy, + suramin (closed circles) application to
Xenopus oocytes expressing the WT hP2X1, hP2X2 and rP2X4 receptors. Bars
represent a 3 s application. Traces are normalised to peak currents to allow
comparison. Suramin was perfused around the oocyte for 5 minutes before
application of ATP and there was a 5-10 min recovery period between each
application dependent on subtype. (b) Inhibition curves for suramin at the WT
receptors. plCs,values are shown. Stars indicate a significant difference from the
hP2X1 receptor. **** p<0.0001.
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Figure 3.4 Rise Times and % Desensitisation of WT Receptors in the
Presence of Suramin. (a) Representative traces for each of the conditions
tested. Black bars represent a 3 s ATP application, dark grey bars show suramin
application. Traces have been normalised to peak currents for comparison (b) A
comparison of the rise time of each receptor in ATPy, only and ATPy, plus
suramin. At hP2X1 and hP2X2 receptors this concentration gave > 80%
inhibition. At the rP2X4 receptor 100 yM suramin was applied. (c) Comparison of
the % desensitisation at the end of the ATP application in ATPy, and ATPy, plus
suramin. Stars indicate a significant difference. **** p<0.0001.
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3.2.5 PPADS at WT Receptors

PPADS inhibition was also determined at the WT receptors (figure 3.5).
Co-application of PPADS (0.03 — 100 pM) with ECyo ATP inhibited the ATP
evoked current at the hP2X1 and hP2X2 receptors. This inhibition was
concentration dependent and a maximal concentration of PPADS (PPADS nax)
caused a total block of the receptors. Only ~ 25% inhibition was seen at the
rP2X4 receptor at a concentration of 100 uM PPADS, making the receptor
relatively insensitive to PPADS (figure 3.5b). Inhibition curves showed that the
plCso of the hP2X1 receptor was 5.80 = 0.03. PPADS was more potent at the
hP2X2 receptor where 1 uM caused an ~ 70% inhibition, plCsy 6.40 + 0.05,
p<0.01 (figure 3.5b).

PPADS had less of an effect on receptor time-course than was seen with
suramin. A concentration of PPADS that caused > 80% inhibition was used at
the hP2X1 and hP2X2 receptors (10 uM and 3 pM respectively) and the
maximum concentration tested (100 uM) was used at the rP2X4 receptor.
There was an ~ 1.8-fold slowing in the rise time of the hP2X2 receptor in the
presence of PPADS (1.60 + 0.18 with PPADS and 0.91 = 0.10 without,
p<0.0001, figure 3.6 a,b). However, the rise times of the hP2X1 and rP2X4
receptors were unaffected. There was no effect of PPADS on the %

desensitisation of any of the WT receptors (figure 3.6b).

3.2.6 NF449 at WT Receptors

NF449 potently inhibited the hP2X1 receptor, 1 nM NF449 inhibited
currents by ~50% (figure 3.7a). A concentration of 1 yM was required to cause
a similar amount of inhibition at the hP2X2 receptor. Inhibition curves showed
that at the hP2X1 receptor, NF449 had a pICsy of 8.94 £ 0.05 (figure 3.8b). The
hP2X2 receptor was ~ 1400-fold less sensitive to the antagonist than the
hP2X1 receptor, plCso = 5.78 £ 0.05, p<0.0001. At the rP2X4 receptor 1 pM
NF449 had no effect on ATP responses indicating that the receptor is

insensitive to this antagonist.
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Figure 3.5 Inhibition of ATP Induced Currents by PPADS. (a) Representative
traces of 10 pM PPADS action at Xenopus oocytes expressing the WT hP2X1,
hP2X2 and rP2X4 receptors. There was a 5-10 minute recovery period between
each application to allow for recovery from desensitisation. Bars indicate a 3 s
ATPg, or ATPy, + PPADS application. PPADS was perfused around the oocyte for
5 minutes before co-application of ATP. Traces are normalised to peak currents
for comparison. (b) Inhibition curves for PPADS at WT receptors. The pICg, values
are shown. Stars indicate a significant difference from the hP2X1 receptor. ****
p<0.0001.
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Figure 3.6 Effects of PPADS on the Time-course of the WT Receptors. (a)
Representative traces of each of the conditions at the WT receptors. Black bars
represent a 3 s ATP application. Dark grey bars show PPADS application. At
hP2X1 and hP2X2 receptors a PPADS concentration was used that gave > 80%
inhibition. At the rP2X4 receptor 100 uM PPADS was applied. Traces have been
normalised to the peak currents to allow for comparison. (b) A comparison of the
rise time of each receptor in ATPg, only and ATPy, plus PPADS. (c) Effects of
PPADS on the % desensitisation at the end of the ATP application. Stars indicate a
significant difference. **** p<0.0001
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Figure 3.7 NF449 inhibition at the WT receptors. (a) Representative traces to
show inhibition by NF449 at the WT hP2X1, hP2X2 and rP2X4 receptors. Bars
indicate a 3s application. Traces were normalised to peak currents to allow
comparison. A 5-10 minute period was given between each application to allow for
recovery from desensitisation. (b) Inhibition curves for the WT receptors. pICg,
values are shown. Stars indicate a significant difference from the hP2X1 receptor.

**** p < 0.0001.
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Figure 3.8 The Influence of NF449 on the Time-course of the hP2X1 and
hP2X2 and rP2X4 receptors (a) Representative traces of each of the conditions
tested. Bars represent a 3 s application. (b) Comparison of the rise time of each
receptor in ATPg, only and ATPy, plus NF449. At hP2X1 and hP2X2 receptors a
NF449 concentration which gave > 80% inhibition was used. At the rP2X4
receptor 1 uM NF449 was applied. (c) Effects of NF449 on the % desensitisation
at the end of the ATP application. Stars indicate a significant difference. * p<0.05,
*** p<0.001, **** p<0.0001.

86



Inhibition by NF449 of ATP evoked currents resulted in a slowing in their
time-course. An NF449 concentration that caused > 75% inhibition was used at
the hP2X1 and hP2X2 receptors (10 nM and 10 uM respectively) and the
maximum concentration tested (1 pM) was used at the rP2X4 receptor. At the
hP2X2 receptor the rise time was ~ 1.5-fold slower in the presence of NF449
than ATP alone (1.3 = 0.3 and 0.85 + 0.09 ms respectively, p<0.05), figure
3.8a. The rise times of the hP2X1 and rP2X4 receptors did not differ in the
presence of NF449. Only the hP2X1 receptor differed in desensitisation in the
presence of NF449, where the amount of desensitisation was 2.3-fold reduced
compared to ATP only conditions (36.5 + 11.1 and 84.3 + 11.1% respectively,
p<0.0001), figure 3.8c. Again there was very little desensitisation seen at the
hP2X2 receptor in either condition which may be why no effect of NF449

application on desensitisation can be seen.

3.2.7 Chimeras and Antagonism

The aim of this thesis was to identify how antagonists were acting at the
hP2X1 receptor. As the application of antagonists is extracellular and the
antagonist molecules cannot cross the cell membrane, it was hypothesised that
the binding sites of the antagonists must be in the extracellular portion of the
receptor, the large loop region. In order to test this, two chimeras were used
which swapped the loop regions of the hP2X1 and hP2X2 receptors with each
other. The WT hP2X1 and hP2X2 receptors were both sensitive to all three
antagonists, however there was a clear difference in antagonist sensitivity
between them, making chimeras between them appropriate to study
antagonism. The chimeras had previously been generated by Dr Allsopp and
used in the lab, but not characterised to antagonists (Allsopp et al., 2013). The
first was P2X1-2EXT which consisted of the hP2X1 receptor intracellular and
transmembrane domains and the extracellular loop of the hP2X2 receptor
(figure 3.9a). The second was P2X2-1EXT which was the reciprocal chimera,
consisting of the hP2X1 receptor loop and the rest of the protein was the
hP2X2 receptor (figure 3.9a). Antagonists were applied to these chimeras to

see if antagonism was similar to either the hP2X1 receptor or the hP2X2
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receptor. As the receptors had previously been characterised to agonists in the

lab these experiments were not repeated in this thesis.

3.2.8 Chimeric Receptors and Suramin

First, suramin inhibition at the chimeras was studied to test the
contribution of the loop region to suramin sensitivity. 1 yM suramin inhibited the
ATP induced current by ~ 50% at the hP2X1 and P2X2-1EXT receptors (figure
3.9a). The same concentration of suramin had no effect on the P2X1-2EXT or
hP2X2 receptors. A 100-fold higher concentration of 100 uM was required for
these receptors to be inhibited by ~ 40% (figure 3.9a). There was no significant
difference between suramin action at the hP2X1 and P2X2-1EXT receptors
which showed 53.0 + 54% and 49.1 = 21.5% of maximum response
respectively. The effect of suramin was also similar at the hP2X2 and P2X1-
2EXT receptors at both suramin concentrations (figure 3.9a). The receptors
which showed similar levels of inhibition were the ones which contained the
same extracellular loop regions. Receptors with contrasting loop regions
showed significant differences in the amount they were inhibited by suramin.
For example the hP2X1 and P2X1-2EXT receptors had 53.0 = 5.5 and 93.6 +
2.1% of current remaining in 1 uM suramin respectively, p<0.05. This suggests
that it is the extracellular loop region which determines suramin sensitivity at

the P2X receptors.

3.2.9 Chimeric Receptors and PPADS

The suramin sensitivity of the hP2X1 and hP2X2 receptors tracked with
the extracellular loop region of the receptors and so it was tested to see if the
loop also contributed to PPADS antagonism. When 1 uM PPADS was co-
applied with an ECyy concentration of ATP there was no significant difference
between the amount of inhibition caused at P2X1-2EXT and hP2X2 receptors
(35.5 + 3.8 and 22.4 + 5.3% of maximum response respectively, figure 3.10).
The hP2X1 and P2X2-1EXT receptors also showed no significant difference in
PPADS potency, with 1 yM PPADS causing 61.3 £ 4.1 and 69.7 £ 6.6% of
maximum response respectively. The amount of inhibition seen at these

receptors, which contain the entire extracellular loop of the hP2X1 receptor,
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Figure 3.9 Suramin Sensitivity Tracked with the Extracellular Loop. (a)
Schematic shows the hP2X1 (black) and hP2X2 (green) receptors and chimeras
P2X2-1EXT and P2X1-2EXT. Representative current traces in response to an
ECqy, concentration of ATP (open circle) and ATP plus suramin (filled circle).
Traces have been normalised to peak currents to allow comparison. (b) Histogram
to show percentage of control current when suramin was co-applied with ATP.
Stars indicate significance. * p<0.05, ** p<0.01.
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Figure 3.10 PPADS Sensitivity Tracked with the Extracellular Loop. (a)
Schematic shows the hP2X1 (black) and hP2X2 (green) receptors and chimeras
P2X1-2EXT and P2X2-1EXT. Representative current traces mediated by a 3 s
application (indicated by bar) of an ECy, concentration of ATP (open square) and
ATP plus PPADS (filled square). Traces have been normalised to peak currents to
allow comparison. (b) Histogram to show percentage current change when
PPADS was co-applied with ATP. Stars indicate significance. * p<0.05, ** p<0.01,
*** n<0.001.
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was however significantly different from that seen at the hP2X2 and P2X1-
2EXT receptors (which contain the loop of the hP2X2 receptor, figure 3.10Db).
The results show that PPADS potency tracks with the extracellular loop.

3.2.10 Chimeric Receptors and NF449

The contribution of the extracellular loop region to NF449 action was
also determined. 1 nM NF449 had no effect at either the hP2X2 or the P2X1-
2EXT receptors when co-applied with ECqo ATP (figure 3.11a). In contrast,
nanomolar concentrations of NF449 were able to inhibit the hP2X1 and P2X2-
1EXT receptors, plCso = 8.94 + 0.04 and 8.15 £ 0.08 respectively (figure 3.11b).
The P2X2-1EXT receptor was ~ 6-fold less sensitive to NF449 than the hP2X1
receptor, p <0.0001. However, the hP2X2 receptor was > 300-fold less
sensitive to NF449 than the P2X2-1EXT chimera p<0.0001 (figure 3.11b). The
P2X2-1EXT chimera, which contains the extracellular loop of the hP2X1
receptor, is therefore much closer in antagonist sensitivity to the hP2X1
receptor than to the hP2X2 receptor. The P2X1-2EXT chimera had a similar
NF449 sensitivity to the hP2X2 receptor (pICso = 5.8 + 0.10 and 5.67 = 0.05
respectively). This again showed a strong link between the loop region that is

present in a receptor and the receptor’s antagonist sensitivity.

From these results it can be seen that the sensitivity of the hP2X1 and
hP2X2 receptors to suramin, PPADS and NF449 tracks with the extracellular
loop of the receptor, suggesting that this is the part of the receptor that

determines antagonist action.
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Figure 3.11 NF449 sensitivity tracked with the extracellular loop. (a)
Representative current traces in response to an EC,, concentration of ATP (open
triangle) and ATP plus NF449 (filled triangle). Traces have been normalised to
peak currents to allow comparison. Bars represent a 3 s ATP application (b)
Inhibition curves showing the effects of NF449 on WT and chimeric receptors.
Arrows show the fold difference between receptors.
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3.3 Discussion

The properties of the WT hP2X1, hP2X2 and rP2X4 receptors were
consistent with previous studies. The experiments showed that the hP2X1
receptor could be distinguished from the hP2X2 and rP2X4 receptors due to its
rapid time-course and high ATP potency. The rP2X4 receptor could be
distinguished from the other WT receptors by its insensitivity to the antagonists
suramin, NF449 and PPADS. These antagonists had inhibitory effects on the
ATP evoked responses at the WT hP2X1 and hP2X2 receptors. Suramin and
NF449 were competitive antagonists, and PPADS was non-competitive at
these receptors. The difference in ATP and antagonist action at the WT
receptors may arise from differences in amino acids, not just in the extracellular

loop but also in the transmembrane domains and intracellular regions.

3.3.1 Suramin is a Competitive Antagonist

When co-applied with ATP, suramin caused a concentration dependent
inhibition of current. This inhibition was reversible within 5 minutes. Suramin
was also shown to decrease the rise time at the hP2X1 and hP2X2 receptors
and the desensitisation seen at the hP2X1 receptor. These results are
consistent with previous studies which have shown that suramin is a reversible
competitive antagonist at the hP2X1 and hP2X2 receptors (North, 2002; Leff et
al., 1990; Zhong et al., 1998). 1 uM suramin has been shown to shift the ATP
concentration response 10-fold (Evans et al., 1995). The competitive nature
has been demonstrated on both native tissues and at recombinant receptors
where increasing agonist concentration has overcome the effects of suramin
(Leff et al., 1990; King et al., 1998). Radioligand binding has also shown that
suramin inhibition is surmountable at P2X receptors in native rat vas deferens,
as inhibition was decreased when the concentration of ATPyS was increased.
Binding sites have been labelled by [*H]a,B-MeATP and suramin has been
shown to compete for these sites, again showing its competitive nature (Khakh
et al., 1994).

Although suramin is generally accepted to be a competitive

antagonist, there have been some suggestions that the action of suramin may
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be non-competitive at some P2X receptors. When suramin was applied to a
P2X receptor expressed in hippocampal granule cells, single channel
recordings demonstrated an ~20% increase in current and an ~ 40% decrease
in open probability in the presence of 40 uM suramin (Wong et al., 2000). The
subtype of P2X receptor characterised in these experiments was unclear, but it
was thought to be a heteromeric channel. The non-competitive nature of
suramin could therefore be unique to this subtype of P2X receptor (which was
not identified). Suramin action has also been suggested to be non-competitive
at P2X receptors expressed on the murine myenteric plexus (Guerrero-Alba et
al., 2010). When 30 uM suramin was applied to the receptors, ATP potency
decreased but so did the maximum response. Suramin inhibition was not
surmountable when ATP concentration was increased. These are properties of
a non-competitive antagonist. It has also been shown that suramin application
at the P2X2 receptor does not affect the binding of [a-*P]JATP. This suggests
that the two molecules have separate binding sites (Trujillo et al., 2006).
Despite these few studies suggesting suramin may act as a non-competitive
antagonist, the vast majority of studies on suramin inhibition, including this one,

suggest it to be a competitive antagonist at P2X receptors.

Another finding supporting the competitive nature of suramin is that
suramin has been shown to be a partial agonist at a constitutively active P2X2
receptor mutant (T339S) (Cao et al., 2007). The partial agonist effects of
suramin suggest that it could bind in the ATP binding pocket. This is supported
by Hausmann et al who produced models of the P2X2 receptor with suramin
docked in the ATP binding pocket, where it was suggested to interact with
residues Gly72, Glul67 and Arg290 (Wolf et al., 2011). However mutants at
residues involved in ATP action at the P2X1 receptor have been shown to have
little effect on suramin action (Ennion et al., 2000). This suggests that the
individual key residues in the ATP binding pocket are not involved in suramin
inhibition. ATP has three negative charges, but suramin has six, therefore
mutation of more than one of these residues at a time may be required to have
an effect on suramin action. The residues that ATP binds to are also conserved
between P2X receptors, but not all receptors are suramin sensitive, suggesting

that these residues are unlikely to determine suramin inhibition at the receptor,
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as if the antagonist bound at the conserved ATP binding site you might expect
similar inhibition to be seen at all P2X receptors. Residues located outside the
ATP binding pocket have also been shown to contribute to suramin action
(chapter 4.1.1). The location of suramin binding will be investigated in chapters
4 and 6 of this thesis.

As suramin was not selective between P2X receptor subtypes, and also
had effects on P2Y receptors and other proteins, suramin derivatives were
generated with the hope that potent and selective P2X receptor antagonists
could be generated. The most successful of these was the P2X1 receptor

selective antagonist NF449 which has also been studied in this thesis.

3.3.2 NF449 is a Selective Competitive Antagonist

NF449 inhibited currents at the hP2X1 and hP2X2 receptors but with
different potencies. NF449 had nanomolar potency at the hP2X1 receptor and
was ~ 1400-fold more sensitive at this subtype than at the hP2X2 receptor. This
is consistent with previous studies of NF449 action at P2X receptors (Braun et
al., 2001; Rettinger et al., 2005). As with suramin, NF449 also affected the
time-course of the ATP evoked response at the hP2X1 and hP2X2 receptors.
The rise time of the hP2X2 receptor was decreased and less desensitisation
was seen at the hP2X1 receptor in the presence of NF449 compared to ATP
only conditions. Inhibition by NF449 was reversible with a 5 minute wash out of
ATP. This is also consistent with previous studies into NF449 action (Hulsmann
et al., 2003). NF449 is a competitive antagonist, as an increase in the
concentration of ATP shifted the NF449 inhibition curve to the right (Hulsmann
et al., 2003). The fact that the mechanism of action of suramin and NF449 is

similar was expected as NF449 is a suramin derivative.

3.3.3 PPADS is a Non-Competitive Antagonist

PPADS inhibited ATP evoked currents at the hP2X1 and hP2X2
receptors in a concentration dependent manner. The hP2X2 receptor was most
sensitive to PPADS inhibition, but the hP2X1 receptor was also potently
inhibited. There was little to no effect of PPADS on the time-course of the ATP

evoked response at these receptors. There was no effect on the time-course of
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the hP2X1 receptor, and the desensitisation of the hP2X2 receptor was also
unaffected but there was a small (< 2-fold) increase in the rise time of this
receptor. This is consistent with previous reports of PPADS antagonism
(Lambrecht et al., 1992; McLaren et al.,, 1994). The lack of effect on time-
course supports a non-competitive mode of action by PPADS as it suggests
there is no apparent change in ATP sensitivity. Instead the concentration
response curve has shown a collapse in the maximum current with no change
in the ECs value (El-Ajouz et al., 2012). PPADS inhibition at both the hP2X1
and hP2X2 receptors was reversible in this thesis, with current returning to
maximum after a 5 minute wash off period. Both reversible and irreversible
inhibition by PPADS has been reported in the literature. In native bullfrog DRG
neurons the recovery from inhibition was reported to take 8 minutes (Li, 2000).
It has also been reported that ATP induced currents at the native P2X1
receptor in the rat vas deferens had not fully recovered after 40 minutes of
washing (Khakh et al.,, 1994). The variation in recovery time from PPADS
inhibition may be due to expression in different tissues or different receptor
subtypes may show a difference in reversibility. The suggestion that PPADS
forms a Schiff base with lysine 249 of the P2X1 receptor in order to antagonise
the P2X1 receptor (described in chapter 4.1.2) is also supportive of irreversible
antagonism (Buell et al., 1996). The Schiff base theory of PPADS action has
been questioned however as the P2X3 receptor is also inhibited by PPADS but

does not have a lysine in an equivalent position to the P2X1 receptor.

The fact that suramin is a competitive antagonist and PPADS is non-
competitive suggests that the two molecules do not share a binding site at the
P2X receptor. Several point mutations have been identified in P2X receptors
which affect either suramin or PPADS binding and may therefore form part of
their respective binding sites and will be discussed in later chapters (Buell et
al., 1996; Garcia-Guzman et al., 1997; Sim et al., 2008; El-Ajouz et al., 2012).
The mutations which impacted on suramin action did not necessarily affect
PPADS inhibition and vice versa, suggesting the antagonists have different
binding sites. However a study by Xiong et al has demonstrated that a single
point mutation (H241A) in the rP2X4 receptor affects both suramin and PPADS

inhibition. Mutations which affect suramin action often also affect NF449
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inhibition, suggesting a common or similar binding site for these two

antagonists.

As with suramin, PPADS can also antagonise P2Y receptors
(Windscheif et al., 1994), and other proteins including ecto-ATPases (Chen et
al., 1996) and therefore does not have potential to be used therapeutically.
However, insight into the molecular basis of how this drug is acting could help
in the design of potent and subtype selective P2X1 receptor antagonists which

would have huge therapeutic potential.

3.3.4 Antagonist Sensitivity Tracks with the Extracellular Loop

The differences in antagonist sensitivity between the hP2X1 and hP2X2
receptors were investigated using chimeras originally generated by Dr Allsopp
(Allsopp & Evans, 2011). The chimeras swapped the loops of the receptors and
it was seen that the sensitivity of the receptor to all three antagonists tracked
with the loop region of the receptor. The results of antagonist action at the
chimeras described in this thesis was published in 2013 (Allsopp et al., 2013).
This suggests that the antagonist binds to the loop and this region determines
how effective the inhibition is. This is consistent with previous studies, as all
residues which have been implicated in antagonist action are located within the
extracellular loop of the P2X receptor (Buell et al., 1996; Sim et al., 2008; El-
Ajouz et al., 2012). These residues will be discussed in chapter 4.

3.3.5 The rP2X4 Receptor is Insensitive to Suramin, PPADS and NF449

The rP2X4 receptor displayed no inhibition or alteration of time-course of
the ATP evoked currents by suramin, NF449 or PPADS, even at high
concentrations of these drugs. This is consistent with the literature (Buell et al.,
1996). The reason for this antagonist insensitivity is unclear, however a few
mutations have been identified which can induce sensitivity at this receptor
subtype (Buell et al., 1996; Garcia-Guzman et al., 1997; Xiong et al., 2004b).
These mutations will be discussed in chapter 4.

The rP2X4 receptor may be insensitive to the antagonists as it lacks the

residues necessary for the antagonist molecules to bind to the receptor. If
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variant residues of the rP2X4 receptor are contributing to its antagonist
insensitivity then mutation of residues in the hP2X1 receptor to the equivalent
residue of the antagonist insensitive rP2X4 receptor would decrease or remove
antagonism at the receptor. As well as identifying residues responsible for the
antagonist insensitivity of the rP2X4 receptor the reciprocal mutations could
give insight into residues which are responsible for antagonist binding at the
hP2X1 receptor. This demonstrates that the antagonist insensitivity of the
rP2X4 receptor could be exploited to gain insight into antagonist binding at the
hP2X1 receptor. This method has been used in chapters 4, 5 and 6. Sequence
comparison and mutation of variant residues between receptors with different
properties has regularly been used in the literature to identify possible residues
responsible for these differences. The contribution of some of these studies to
the understanding of antagonism and time-course are discussed in chapters 4
and 5.

In summary, this initial chapter has characterised the WT hP2X1, hP2X2
and rP2X4 receptors to ATP and the three antagonists suramin, PPADS and
NF449. The results were consistent with previous findings suggesting that
suramin and NF449 act as competitive antagonists and PPADS is non-
competitive at the hP2X1 and hP2X2 receptors, and have no effect on the
rP2X4 receptor at the concentrations tested. It has also shown that the
extracellular loop of the receptor strongly contributes to antagonist sensitivity of
the hP2X1 and hP2X2 receptors. Despite the nature of the antagonism being
well understood, the molecular basis of how antagonists bind to the hP2X1 and
hP2X2 receptors remains to be identified. This understanding could help in the
development of potent subtype selective antagonists for the hP2X1 receptor. In
chapters 4,5 and 6 chimera generation and point mutations between the hP2X1
and rP2X4 receptors have been used to gain further understanding of this

antagonism.
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Chapter 4: ATP and Antagonist Action At Large Chimeras

4.1 Introduction

Antagonists cause varying amounts of inhibition at different P2X
receptor subtypes. Variation in the sequence between subunits give rise to
these differences. For an antagonist to bind to a receptor it must interact with
specific residues at the surface which form a binding site. This binding site is
likely to consist of numerous residues, some which form the core binding site
and are vital to antagonism and others which have a smaller contribution. A
potent and selective antagonist will have specific and high affinity interactions
with one receptor but will be unable to dock at another. If the molecule acts at
more than one receptor subtype then it is likely that the residues that form the
binding site will be conserved between subunits. The binding site for ATP at the
P2X receptors is a good example of this (Ennion et al., 2000; Jiang et al.,
2000). Variation in antagonist sensitivity between subunits can therefore be due
to a lack of conservation of these residues. If the residues that form the binding

site are not present, the molecule will have reduced or no affinity.

The results from the P2X1/2 chimeras in chapter 3 show that the
extracellular loop determines how effective an antagonist is at P2X receptors. It
was thought that the generation of smaller chimeras and point mutations may
be useful to determine which variant residues within the loop were important. In
order to optimise the chimeric study of the contribution of these residues,
chimeras were generated between receptors with large differences between
them. The hP2X1 and rP2X4 receptors had a much greater difference in
inhibition by suramin, NF449 and PPADS than the hP2X1 and hP2X2
receptors. These antagonists potently inhibited the hP2X1 receptor, but had
little or no effect at the rP2X4 receptor at the concentrations tested. The
receptors also show differences in other properties, including time-course, ATP
potency and sensitivity to allosteric modulators (North, 2002). Chimeras were
therefore generated between these two receptors to exploit the difference in
antagonist sensitivity between them and gain insight into the molecular basis of
how these antagonists bind to the hP2X1 receptor. If the difference in

antagonism is due to the rP2X4 receptor not containing the antagonist binding
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sites then replacing residues of the hP2X1 receptor with corresponding
residues of the rP2X4 receptor should remove residues involved in binding and

decrease inhibition.

Of the 283 amino acids in the extracellular loop of the rP2X4 receptor, ~
50% differ from the hP2X1 receptor. If variant residues were responsible for the
differences in antagonist sensitivity, then to identify all the specific amino acids
involved, the contribution of all 144 variant residues of the extracellular loop to
antagonism would need to be evaluated. Chimera generation allowed the effect
of swapping large numbers of amino acids to be tested quickly to identify

important regions contributing to antagonism.

Many previous studies into antagonism at P2X receptors have tried to
predict residues that may be contributing to antagonism and then tested these
predictions through point mutation. These residues were chosen due to their
specific properties, often the charge, as positive charges of the receptor have
been predicted to interact with the negative charges of the antagonist
molecules. There has been some success of this approach, which has led to
the identification of several residues contributing to the high affinity of
antagonists at the P2X1 receptor. The chimeric approach has also been used
to identify residues that contribute to antagonist action, for example between
the rat and human P2X4 receptor (Garcia-Guzman et al., 1997). The residues
that have been linked to antagonism at the P2X1 receptor are discussed in

more detail below.

4.1.1 Mutagenesis Studies into Suramin and NF449 Action at the P2X1
Receptor

There are two studies that have demonstrated the importance of positive
charge in the cysteine rich head region, adjacent to the agonist binding site in
the sensitivity of the P2X1 receptor to suramin and NF449. In 2007 it was
shown that the mouse P2X1 receptor showed little inhibition by 10 uM suramin,
whilst the human P2X1 receptor showed near maximal inhibition at this
concentration (Sim et al., 2007; lkeda, 2007). Sim et al therefore studied the

molecular basis underlying the difference in suramin sensitivity between the two
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species (Sim et al., 2008). As suramin is negatively charged it was considered
to be likely to interact with positively charged residues of the receptor.
Positively charged lysine residues in the hP2X1 receptor subtype that were
absent from the mP2X1 receptor were identified and the equivalent residues in
the mouse receptor were mutated to lysine. Antagonism was tested by
recording ATP potency in the presence and absence of suramin. At the WT
mP2X1 receptor there was little or no effect of 10 uM suramin on the ATP
concentration response curve. The introduction of a lysine at position 138
(N138K) resulted in a 40-fold decrease in ATP potency in the presence of
suramin, demonstrating that the presence of a lysine at this position in the
cysteine rich head region caused an increase in suramin sensitivity. NF449 was
also less effective at the mouse than the human P2X1 receptor. At the mP2X1
receptor there was very little effect of 3 nM NF449 on ATP potency, but the
agonist response was almost completely inhibited at 300 nM. The N138K
mutation also greatly increased NF449 antagonism at the mP2X1 receptor, with

nearly complete antagonism being seen at a concentration of 3 nM.

The reciprocal mutation in the hP2X1 receptor (K138E) caused the
receptor to become less sensitive to both suramin and NF449 (Sim et al.,
2008). At the WT hP2X1 receptor 10 uM suramin shifted the ATP concentration
response curve ~ 30-fold to the right. In the K138E mutant this shift was
reduced to 10-fold. The mutation did not cause the suramin sensitivity to
decrease to mP2X1 receptor like levels and other residues must therefore be
contributing to the antagonist sensitivity (Sim et al., 2008). The hP2X1 K138E
mutant also had decreased sensitivity to NF449 compared to the WT receptor,
however the mechanism was unclear as the maximum response to ATP of the

mutant was also reduced.

A chimeric approach by El-Ajouz et al identified the cysteine rich head region
as being important in suramin and NF449 antagonism (El-Ajouz et al., 2012). In
this study the head region was focussed on as this region is absent in P2X
receptors from the species Dictyostelium discoideum, which are antagonist
insensitive. It was therefore argued that these residues of the human P2X1

receptor, that were missing in the Dictyostelium receptors, could be contributing
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to antagonist action. Deletion of the entire cysteine head region of the hP2X1
receptor left the receptor non-functional. Therefore to study the contribution of
the head region a chimeric approach was used. The hP2X2 receptor has
greatly reduced NF449 and suramin sensitivity compared to the hP2X1
subtype, and therefore initial chimeras were generated where the hP2X1
receptor head region was replaced with the corresponding region of the hP2X2
receptor and vice versa. This was then refined by making a series of sub-
chimeras and point mutations. Replacing the whole head region of the hP2X1
receptor with that of the hP2X2 receptor caused an ~ 300 fold decrease in
NF449 sensitivity, implicating residues in this region in NF449 action. Sub-
chimeras made within this region showed that swapping residues between the
third and fourth conserved cysteine residues, which were located at the base of
the cysteine rich head region, caused a decrease in NF449 potency of ~ 1700
fold. Within this chimera are four positively charged residues that were
identified to be responsible for the difference in NF449 sensitivity between this
chimera and the WT hP2X1 receptor. Mutating residues K136, K138, R139 and
K140 to the equivalent residues of the hP2X2 receptor (KAKRK to EADML)
caused a 600 fold decrease compared to the hP2X1 receptor and therefore
identified them as being important for the NF449 sensitivity of the hP2X1
receptor (figure 4.1a). The same mutant also showed an ~ 35-fold decrease in
suramin sensitivity compared to the WT receptor, ICsp = 70 and 2 uM
respectively (figure 4.1b). Introducing the charges into the hP2X2 receptor
showed some increase in suramin sensitivity, although not to levels of the
hP2X1 receptor (figure 4.1c). No NF449 sensitivity could be introduced to the
hP2X2 receptor by introducing these positive charges (El-Ajouz et al., 2012)
This suggests that while the four charges are necessary for NF449 action, other

variant regions/residues of the hP2X1 receptor must also be contributing.
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Figure 4.1 Contribution of Residues in the Cysteine Rich Head Region to
NF449 and Suramin Action (taken from (El-Ajouz, 2011)). (a) NF449 inhibition
at the point mutated hP2X1 receptors. Charged residues of the hP2X1 receptor
(KAKRK) were replaced with the corresponding residues of the hP2X2 receptor
(ELDML). The number of mutated residues is shown in brackets. (b) Suramin
Inhibition at the hP2X1 receptor point mutations. (¢) Effects of introduction of the
four positive resides at the hP2X2 receptor on NF449 and suramin antagonism.
Figures taken from (El-Ajouz, 2011).
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4.1.2 Mutagenesis Studies into PPADS Action at the P2X1 Receptor

When the P2X4 receptor was first cloned it was seen that suramin,
PPADS and P5P did not inhibit ATP induced currents at concentrations that
would strongly inhibit the other subtypes (Buell et al., 1996). It was noted that at
high antagonist concentrations there was some inhibition of current (20-60%)
by PPADS. This inhibition had a quicker onset and washed out more rapidly
than at the other P2X subtypes. Because of this, the authors suggested that an
aldehyde group present in the PPADS molecule may be forming a Schiff base
with a lysine residue on the P2X1 and P2X2 receptors (Buell et al., 1996). As
this lysine was not conserved in the PPADS insensitive P2X4 receptor, and a
glutamate was present instead, the mutation E249K was made and its PPADS
sensitivity tested. Introduction of the lysine gave the P2X4 receptor P2X1-like
PPADS sensitivity (ICso = 2.6 pM), supporting the Schiff base theory. The
reciprocal mutation in the P2X2 receptor, K249E, removed PPADS potency at
the receptor (Buell et al., 1996). These findings support the theory that in order
for PPADS to inhibit the receptor it must form a Schiff base with a lysine, in the
case of P2X1, at position 249. However this lysine residue is not conserved at
other P2X receptors which have PPADS sensitivity, e.g. the P2X3 receptor.
PPADS can still bind to these receptors, despite the lack of a lysine residue in
an equivalent position. This questions the necessity of a Schiff base at this
position for PPADS antagonism.

Despite the success of these studies, other residues contributing to the
antagonist binding site remain to be identified, and for this thesis it was felt that
the wider contribution of variant residues within the extracellular loop should be
evaluated, without any bias to particular amino acids. In order to do this, the
chimeric method was chosen. Due to ~ 50% of residues within the extracellular
loop of hP2X1 and rP2X4 receptors being variant, a method which could
determine the contribution of large runs of amino acids to antagonism was
preferred. The chimeric approach used in chapter 3 was therefore extended
and developed for the hP2X1 and rP2X4 receptors, to screen large sections of
the loop and identify them as, or exclude them from, being involved in

antagonist action. Chimeras have previously been successfully used in the lab
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to study antagonism at hP2X1 and hP2X2 receptors by El Ajouz et al, as
discussed earlier. This chimeric approach provides a systematic way to identify
regions of the extracellular loop which contribute to antagonist action, while
reducing bias towards any particular residues.

4.1.3 Chapter Aims

The aim of this chapter was to determine the contribution of regions of
the extracellular loops of hP2X1 and rP2X4 receptors to the difference in
antagonist sensitivity between these two receptors. The P2X1 receptor
antagonists suramin, NF449 and PPADS were used as these are potent at the
hP2X1 receptor but the rP2X4 receptor is insensitive to these antagonists at

micromolar concentrations.

4.2 Results

4.2.1 Designing Chimeras

Initial chimers were designed by sequence analysis and looking at their
location on the hP2X1 receptor homology model. The loop of the hP2X1
receptor was split into four sections that were designed to be of approximately
equal size and bordered by sections of the sequence that were conserved
between the two receptors. The conservation at the borders was important as it
was thought that the transition from the hP2X1 to rP2X4 receptor sequence
would be better tolerated at a point where there was minimal variance. To
identify regions of conservation and variance between the two receptors, and
therefore decide on the borders of the four sections, the sequences of the
hP2X1 and rP2X4 receptors were compared in an amino acid line-up that was
generated using the protein BLAST program (NCBI) and manually corrected
(figure 4.2a). Throughout the line-up were spread islands where four or more
amino acids were conserved or variant. Any runs of = 4 conserved/variant
amino acids were located on the hP2X1 receptor structure and (figure 4.2 ¢ and
d). Residues conserved between the two receptors tended to form more rigid
structures of the P2X protein, such as a-helices and -sheets (figure 4.2c). The
variant residues were mainly in the more mobile regions of the receptor e.g. the

loops (figure 4.2d).
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Figure 4.2 Design of initial chimeras. (a) The
amino acids of the extracellular loop of the hP2X1
and rP2X4 receptors have been compared.
Conserved residues are shown as a line in the
rP2X4 receptor sequence. Using 5 conserved
regions shown underlined in black, the loop region
was split into four sections (A shown in purple, B
in blue, C in green and D in orange). (b) Table
comparing the size and % conservation of
sections A-D. (c and d) Sections where = 4
consecutive residues are either conserved (green)
or variant (pink) are on the hP2X1 receptor
homology models. The conserved regions used as
swap over points for chimera generation are
shown in black.
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Figure 4.3 Location of regions
A, B, C and D. (a) Regions A-D
are shown in colour on the
hP2X1 receptor homology
model. Transmembrane domains
are shown in dark grey. (b)
Close-up of the ATP binding
pocket of the hP2X1 receptor.
ATP is shown in yellow and the
four chimeras in their respective
colours. Residues previously
implicated in antagonist action
are shown in pale cyan.



The four sections of the receptor that would be swapped to generate
chimeras were chosen using the conserved residues. Four of these regions of
conservation were 100% conserved and easy to choose as borders to regions
A-D using the line-up. There was no obvious island of conservation in a suitable
location to form the border between section C and D, so a section of 6 amino
acids with > 65% conservation was chosen. The section surrounded a
conserved cysteine residue (C261) important in receptor trafficking (Ennion &
Evans, 2002a). Region A was the largest (81 bp), and B the smallest (51 bp).
The residues contained within each section were 52-132 in A, 133-184 in B,
185-261 in C and 262-330 in D (hP2X1 receptor numbering). Of the residues in
sections A, B and D, ~ 50% were conserved. Region C had the least
conservation of the four, with only 35% sequence homology (figure 4.2b).

Sections A-D of the hP2X1 receptor were individually replaced with the
corresponding residues of the rP2X4 receptor, to create four chimeras, shown
in figure 4.3a. The nomenclature of the chimeras was the template receptor
first, followed by the region that had been introduced. For example, chimera
X1-AX4 consisted of the hP2X1 receptor, where section A had been replaced
with that of the rP2X4 receptor. When the residues in each section were
located on the homology model, it could be seen that regions A and B were
located at the apex of the receptor, above the ATP binding pocket (figure 4.3a).
Region C was adjacent to and immediately below the ATP binding pocket and
the majority of region D is below the binding site, with some residues located at
the apex of the receptor (figure 4.3a). Each of the chimeras contained a section
of the residues in or around the ATP binding pocket (figure 4.3b). Although the
residues in the binding pocket directly involved in ATP binding are conserved,
and therefore cannot be contributing to the difference in antagonism between
the receptors, previous studies suggest that the three antagonists may bind
around the ATP binding pocket. Residues K136, K138, R139, K140 and K249
in the hP2X1 receptor and H241 in the rP2X4 receptor, that have previously
been shown to be involved in antagonism, are all positioned in the proximity of
the ATP binding pocket (figure 4.3b) (Buell et al., 1996; Sim et al., 2008; El-
Ajouz et al., 2012; Xiong et al., 2004b). Therefore splitting the region around

the ATP binding pocket between chimeras reduced any bias to a region that
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has previously been implicated in antagonist action. The four chimeras gave full
coverage of the extracellular loop of the hP2X1 and rP2X4 receptors (figure
4.3b) and allowed for the contribution to antagonism of all the residues within
this region to be assessed.

4.2.2 ATP Action at the hP2X1 Receptor Chimeras

Chimeras X1-BX4, X1-CX4 and X1-DX4 all produced inward currents in
response to a 3 second maximal ATP application, with mean peak currents of
4651 + 499, 8546 + 747 and 5265 = 546 nA respectively. However X1-AX4
produced no change in current when ATP was applied, even up to a
concentration of 1 mM (figure 4.4a). Surface biotinylation was used to label
membrane proteins, and Western blotting showed that while the X1-AX4
protein was present at similar levels to the hP2X1 receptor in the whole oocyte,
its expression in the membrane was much reduced (figure 4.4b). This suggests
that the protein was made and assembled within the oocyte, but not trafficked
efficiently to the cell surface. Some protein was present at the surface but there
was no current recorded, suggesting that any expressed receptor was not
functional. The original region that had been swapped consisted of residues 52-
133. Using the P2X1 homology model it was seen that the variant residues in
region 52-65 were not present on the surface of the trimeric receptor and were
instead buried inside the protein (figure 4.4c). It is probable that only residues
at the surface of the P2X protein will be available for antagonist binding, and
these 14 residues buried in the protein were therefore unlikely to be directly
contributing. Residues 52-65 were also positioned immediately next to the first
transmembrane domain; this is an important structural element of the P2X
receptor, anchoring it in the cell membrane. Swapping these residues may lead
to misfolding of the protein and have been responsible for the reduced
trafficking of the receptor. Chimera X1-AX4 was subsequently redesigned to
omit residues 52-65 from the region swapped. This chimera was expressed at
the oocyte surface and was functional in response to ATP application, with a
mean peak current of 1438 = 340 nA. The current at the revised X1-AX4
chimera was smaller than that seen at the hP2X1 receptor (7598 nA),

p<0.0001. Residues 52-65 of the hP2X1 receptor may be contributing not only
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to receptor trafficking but also to gating. From here on, X1-AX4 refers to the
redesigned hP2X1 (66-133 rP2X4) receptor.

All four functional hP2X1 receptor based chimeras showed concentration
dependent responses to ATP. Concentration response curves (0.1 - 300 pM)
were produced to identify any changes in ATP potency at the chimeras
compared to the WT hP2X1 receptor (figure 4.5b). ATP potency at chimera X1-
CX4 was unaffected compared to the WT hP2X1 receptor (pECso of 6.17 = 0.06
and 6.31 = 0.04 respectively). The other three chimeras all showed a decrease
in ATP action. The potency at chimera X1-DX4 was reduced ~ 15-fold
compared to the hP2X1 receptor (p<0.0001), and showed rP2X4 receptor-like
sensitivity (pECso = 5.09 + 0.05 and 5.36 + 0.05 respectively). The X1-AX4
(PECsp =4.39 £ 0.08, p<0.0001) and X1-BX4 (pECso = 4.26 = 0.03, p<0.0001)
chimeras were decreased 110-fold and 100-fold respectively compared to the
hP2X1 receptor and ATP was also less potent at these chimeras than at the
rP2X4 receptor (p<0.0001).

The time-course of the response to maximal ATP varied between the
chimeras (figure 4.5a). The % desensitisation at the end of the 3 s ATP
application for X1-AX4 and X1-CX4 was the same as at the hP2X1 receptor (%
desensitisation = 70.8 £ 11.36, 74.7 + 2.9 and 80.3 £ 4.3 respectively). Chimera
X1-BX4 had the slowest time-course of the hP2X1 receptor chimeras, with
desensitisation ~ 2-fold slower (p<0.001) than that seen at the hP2X1 receptor,
and unchanged compared to the rP2X4 receptor (X1-BX4 = 40.5 £ 2.9 and
rP2X4 = 28.7 £+ 4.5%). X1-DX4 had a time-course intermediate between the
two WT receptors, with a % desensitisation of 59.9 + 2.5%, p<0.01. Table 4.1

shows a summary of the effects of ATP at the hP2X1 receptor chimeras.
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Figure 4.4 Chimera X1-AX4 is Not Expressed at the Cell Surface. (a)
Representative trace of 10 mM ATP application to an oocyte expressing the X1-
AX4 chimera. The bar represents a 3 s application. (b) Surface biotinylation and
Western blotting showed that the receptor was present within the oocyte but was
expressed at much lower levels than the hP2X1 receptor at the cell membrane.
(c) hP2X1 receptor structure showing the location of chimera A (purple) and
variant residues between amino acids 52-65 (cyan). The variant residues are not
present at the surface of the receptor, but rather are buried within the structure.
(d) The chimera was re-made omitting the first 14 amino acids (52-65) and the
new chimera A is shown.
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Figure 4.5 ATP action at WT and chimeric receptors. (a) Representative traces
for WT and chimeric receptors at maximal ATP concentrations. The 3s application
is shown by the bar. (b) Concentration response curves. (c) Table showing pECs,
values. Stars indicate significant shifts. **** p<0.0001.
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4.2.3 NF449 Inhibition at the hP2X1 Receptor Chimeras

To determine the contribution of variant residues within the chimeras to
NF449 action, the sensitivity of each of the chimeras to NF449 was assessed
and compared to the WT hP2X1 receptor. As ATP potency varied between the
chimeras, the individual ECqy concentration of ATP was deduced from the
concentration response curves and used at each receptor in antagonist
experiments to standardise the response of the receptors to ATP. All four
chimeras showed a decrease in the sensitivity to NF449 (figure 4.6a,b). For X1-
AX4 and X1-DX4 this decrease was less than 5-fold, with chimeras having
plCso values of 8.20 = 0.05, p<0.01 and 8.25 = 0.04, p<0.05 respectively. As
these shifts were much smaller than the difference between the WT receptors,
the residues in regions A and D were not focussed on in further studies into
NF449 action.

In contrast, chimeras X1-BX4 (pICso = 7.35 £ 0.08, p<0.0001) and X1-
CX4 (plCsp = 6.56 £ 0.14, p<0.0001) displayed much larger decreases in
inhibition by NF449 of ~ 60 fold and ~ 135 fold respectively (figure 4.6b). The
Hill slopes of the inhibition curves of these chimeras were unchanged
compared to that of the hP2X1 receptor (table 4.1). These large decreases in
antagonist sensitivity suggest that residues within regions B and C are
predominantly contributing to the differing effects of NF449 between the WT
receptors. When regions B and C were located on the hP2X1 receptor
homology model, it could be seen that region B contains residues positioned
above the ATP binding pocket and includes the cysteine rich head region.
Region C falls below both region B and the ATP binding pocket. These regions
were subdivided into smaller chimeras and point mutations in chapter 5. The
results show that studying chimeras is an appropriate method to identify

residues contributing to NF449 antagonism at the hP2X1 receptor.

4.2.4 Suramin Inhibition at the hP2X1 Receptor Chimeras

As the chimera method had proven to be successful for identifying

regions of the hP2X1 receptor involved in NF449 antagonism, suramin action
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Figure 4.6 NF449 Inhibition at Chimeric Receptors (a) Representative traces
showing the effect of NF449 application at Xenopus oocytes expressing WT and
chimeric receptors. The bar indicates a 3s agonist/antagonist application (b)
NF449 inhibition curves, pICg, values are given. Stars indicate significant shifts
from hP2X1; * p<0.05, ** p<0.01, **** p<0.0001.
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was also studied. There was no change in suramin inhibition compared to the
hP2X1 receptor at X1-BX4 or X1-CX4 with plCsg values of 5.56 + 0.05 and 5.59
+ 0.06 respectively (figure 4.7b).

Interestingly chimeras X1-AX4 and X1-DX4 both showed a significant
increase in suramin sensitivity compared to the hP2X1 receptor, even though
the residues that were introduced were from a “less sensitive” receptor. The
X1-AX4 and X1-DX4 chimeras had plCso values of 6.59 + 0.07, p<0.01 and
6.74 £ 0.04, p<0.001 respectively, compared to 5.98 + 0.04 at the hP2X1
receptor (figure 4.7b). Although significant, the increase in suramin sensitivity
seen due to swapping regions of the loop in chimeras was less than 10-fold. If
the difference in antagonist sensitivity between the hP2X1 and rP2X4 receptors
was due to variant residues, it would be expected that a decrease in suramin
sensitivity would be seen when residues of P2X4 were introduced to the hP2X1

receptor.

4.2.5 PPADS Inhibition at the hP2X1 Receptor Chimeras

The inhibition by PPADS at the chimeras was also studied, to see if
chimera generation could give insight into how PPADS acts at the hP2X1
receptor. Chimeras X1-AX4 and X1-CX4 had no change in PPADS sensitivity
compared to the hP2X1 receptor, with pICsg values of 6.19 + 0.04, 5.43 + 0.07
and 5.8 + 0.03 respectively (figure 4.8b). Chimeras X1-BX4 and X1-DX4 both
showed significant shifts in the inhibition by PPADS. X1-DX4 showed an ~ 14
fold increase in the potency of the antagonist at the receptor with a pICso value
of 6.95 = 0.03, p<0.001 (figure 4.8b). X1-BX4 showed a modest 3-fold
decrease in PPADS sensitivity compared to the WT hP2X1 receptor (plCso =
5.28 + 0.08, p<0.01). The shift seen when region B had been swapped was
very small when compared to the difference between the wildtype receptors.
Therefore, as with suramin, it is likely that PPADS inhibition at the hP2X1
receptor is due to a combination of factors rather than solely individual
variations in the amino acids between the two receptors. The chimera method
was therefore not pursued as a method to investigate PPADS action at the
hP2X1 receptor.
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Figure 4.7 Suramin Inhibition at Chimeric Receptors. (a) Representative
traces of ECy, ATP (ATPy,) and ATPy, + suramin application to Xenopus oocytes
expressing WT and chimeric receptors. A 3s agonist/antagonist application is
indicated by the bar. Suramin was bath perfused around the oocyte for 5 minutes
before co-application with ATPg, Traces are normalised to peak currents to allow
for comparison. (b) Comparison of suramin action at WT receptors and chimeras.
plC;, values are given and stars indicate significant shifts from the WT hP2X1
receptor. Stars indicate significant shifts from hP2X1; ** p<0.01, *** p<0.001.
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Figure 4.8 PPADS Inhibition at Chimeric Receptors (a) Representative traces
showing effect of PPADS application at Xenopus oocytes expressing WT and
chimeric receptors. A 3 s agonist/antagonist application is indicated by the bar.
Traces are normalised to peak currents to allow comparison. PPADS was bath
perfused around the oocyte for 5 minutes before co-application with ATPy, (b)
Inhibition curves and comparison with WT receptors. plCg, values are given and
stars indicate significant shifts from WT P2X1. X1-AX4 and X1-CX4 showed no
significant shift in PPADS potency. There was a small significant increase in
inhibition at X1-DX4, and a small significant decrease for X1-BX4. Stars indicate
significant shifts from hP2X1; ** p<0.01, *** p<0.001.
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hP2X1
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X1-AX4
(66-132)

X1-BX4
(133-184)

X1-CX4
(185-261)

X1-DX4
(262-330)

Table 4.1 Summary of the Properties of ATP, Suramin, NF449 and PPADS at WT receptors and chimeras. Boxes filled in
red show a significant decrease compared to the hP2X1 receptor and those in blue show a significant increase. Stars indicate a
significant difference from the WT hP2X1 receptor * p<0.05, ** p<0.01, *** p<0.001. **** p<0.000. N/A = not applicable as was not
determined.



4.2.6 Generation of Inverse Chimeras X4-BX1 and X4-CX1

As chimeras X1-BX4 and X1-CX4 had decreased NF449 inhibition
compared to the hP2X1 receptor, the inverse chimeras, where regions B and C
of the rP2X4 receptor had been replaced with the corresponding residues of the
hP2X1 receptor, were made. These chimeras were named X4-BX1 and X4-
CX1. When ATP was applied to the X4-CX1 chimera no change in the holding
current was seen, even up to a concentration of 1mM (figure 4.9a). To test if
the X4-CX1 RNA that had been injected into the oocyte was of a good quality
an RNA gel was run (figure 4.9b). A bright band of ~ 7000 bp was seen for both
the hP2X1 and X4-CX1 RNA, showing that the RNAs were similar. This was
then repeated with a new batch of RNA and the same result seen (not shown).
This suggests that the RNA is correct and that no current was seen as the

receptor is non-functional, not expressed at the oocyte surface, or both.

4.2.7 ATP Action at Chimera X4-BX1

The X4-BX1 chimera was functional with a mean peak current of 3617 *
570 nA, (the same as the rP2X4 receptor). The time-course of the X4-BX1
chimera was unchanged compared to the rP2X4 and X1-BX4 receptors, with
27.9 + 3.2% desensitisation being seen at the end of the 3 second ATP
application (figure 4.10a). ATP sensitivity of the X4-BX1 chimera was rP2X4
receptor-like, with a pECso of 5.62 = 0.10 (figure 4.10b). This shows that
introduction of these residues of the hP2X1 receptor to the rP2X4 receptor has

not introduced hP2X1 receptor-like time-course or ATP sensitivity.

4.2.8 NF449 Action at Chimera X4-BX1

As described previously, chimera X1-BX4 showed ~ 60-fold less
inhibition by NF449 than the WT hP2X1 receptor which therefore implicated
region B (residues 133-184) in the nanomolar potency of NF449 at the hP2X1
receptor. It was therefore investigated if the introduction of these residues to

the rP2X4 receptor could cause an increased sensitivity to NF449. It was seen
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Figure 4.9 ATP The X4-CX1 chimera was non-functional (a) Representative
trace of ImM ATP application to a Xenopus oocyte injected with the X4-CX1
chimera. The bar represents a 3 s ATP application. (b) RNA gel of the WT hP2X1
and X4-CX1 receptor RNA. Both receptors show a strong band at ~ 7kb.
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Figure 4.10 ATP Action at Chimera X4-BX1. (a) Representative traces of
maximal ATP application at the hP2X1, rP2X4, X1-BX4 and X4-BX1 receptors.
The bar represents a 3 second application. Traces have been normalised to
peak currents to allow comparison. (b) Concentration response curves for the
WT receptors and X1-BX4 and X4-BX1 chimeras. pECg, values are shown.
Stars represent a significant difference from the rP2X4 receptor. *** p <
0.0001.
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Figure 4.11 NF449 Action at Chimera X4-BX1. (a) Representative traces of
ECy, ATP (ATPg,) and ATPg, with NF449 application at the hP2X1, rP2X4, X1-
BX4 and X4-BX1 receptors. The bar represents a 3 second application. Traces
have been normalised to peak currents to allow comparison. NF449 was bath
perfused around the oocyte for 5 minutes before co-application with ATPg,. (b)
Concentration response curves for the WT receptors and X1-BX4 and X4-BX1
chimeras. plCg, values are shown. Stars represent a significant difference from
the hP2X1 receptor. **** p < 0.0001.
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that co-application of 10 nM NF449 had no effect on the ATP induced current
(figure 4.11a). This was the same as the application of the same concentration
at the rP2X4 and X1-BX4 chimeras. An inhibition curve showed that the X4-
BX1 chimera was not inhibited by NF449 up to a concentration of 300 nM, as
was seen at the WT rP2X4 receptor (figure 4.11b). These results demonstrate
that although replacing residues of region B of the hP2X1 receptor with those of
the rP2X4 receptor caused a large decrease in NF449 sensitivity, the effect
was not reciprocal as introduction of these residues of the hP2X1 receptor to
the rP2X4 receptor did not alter NF449 action.

4.2.9 Suramin Inhibition at Chimera X4-BX1

Chimera X1-BX4 showed no decrease in suramin sensitivity compared
to the hP2X1 receptor, suggesting that the residues within region B were not
involved in the difference in suramin sensitivity between the two receptors.
However, as the chimera had been generated, suramin inhibition at the X4-BX1
chimera was tested to see if introducing residues of region B from the hP2X1
receptor could introduce antagonist sensitivity to the rP2X4 receptor. 3 UM
suramin caused an ~ 40% decrease in the ATP induced current (figure 4.12a)
and a full inhibition curve showed that the chimera was sensitive to suramin at
hP2X1 receptor-like levels, with a plCso value of 5.34 + 0.03. This was
unexpected as swapping this region had had no effect on suramin inhibition at
the hP2X1 receptor.

4.2.10 PPADS Inhibition at Chimera X4-BX1

The effect of PPADS on the X4-BX1 chimera was also examined. 1 uM
PPADS was seen to cause ~ 50% inhibition at X4-BX1, unchanged compared
to the hP2X1 receptor (figure 4.13a). A full inhibition curve showed that the
pICso value of X4-BX1 (5.62 = 0.10) was hP2X1 receptor-like (5.80 £ 0.03),
figure 4.13b. This showed that swapping residues 132-184 of the rP2X4
receptor with those of the hP2X1 receptor introduced both PPADS and suramin
sensitivity to the receptor, but not NF449. These results are summarised in

table 4.2 and further discussed in chapter 6.
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Figure 4.12 Suramin Inhibition at Chimera X4-BX1. (a) Representative traces
of ECy, ATP (open squares) and ECy, ATP + suramin (closed circles) at the
hP2X1, rP2X4, X1-BX4 and X4-BX1 receptors. The bar represents a 3 second
application. (b) Suramin Inhibition curves for the WT receptors and X1-BX4 and
X4-BX1 chimeras. pICs, values are shown. ns = not significantly different from the
WT hP2X1 receptor.
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Figure 4.13 PPADS Inhibition at Chimera X4-BX1. (a) Representative traces of
ECy, ATP (open squares) and EC,, ATP + 1 uM PPADS (closed triangles) at the
hP2X1, rP2X4, X1-BX4 and X4-BX1 receptors. The bar represents a 3 second
application. PPADS was bath perfused around the oocyte for 5 minutes before its
co-application with ATP. (b) PPADS inhibition curves for the WT receptors and

X1-BX4 and X4-BX1 chimeras. plCg, values are shown. Stars represent a
significant difference from the hP2X1 receptor. ** p < 0.01.
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Table 4.2 Summary of ATP and antagonist properties at WT receptors and region B chimeras. Boxes filled in red show a
significant decrease compared to the hP2X1 receptor and those in blue show a significant increase. Grey boxes show no
difference compared to the hP2X1 receptor. N/A = not applicable as value wasn’t determined. Stars show significant difference
from the WT hP2X1 receptor, **** = p<0.0001



4.3 Discussion

4.3.1 The Chimera Method Gives Insight into ATP Potency

There is an ~10-fold difference in ATP sensitivity between the hP2X1
and rP2X4 receptors and swapping residues of the hP2X1 receptor with those
of the rP2X4 receptor affected the ATP potency of the receptor. ATP potency at
chimera X1-CX4 was unchanged compared to the hP2X1 receptor and this
suggests that variant residues in the region 185-261 do not contribute to the
difference in ATP potency between the hP2X1 and rP2X4 receptors. Swapping
residues 262-330 of the rP2X4 receptor into the hP2X1 receptor in the chimera
X1-DX4 gave the receptor rP2X4 receptor-like ATP potency. This suggests that
this region may contain residues which contribute to the ~ 10-fold difference in
ATP potency between the two receptors. This supports the theory that variant
residues between two P2X receptor subunits may be responsible for
differences in their properties, in this case ATP potency. Residues located in
the ATP binding pocket, known to be involved in ATP binding are conserved
between all mammalian P2X receptors (Kaczmarek-Hajek et al., 2012).
Therefore these residues would not have been swapped as part of the chimera
and cannot be responsible for the decrease in potency seen. Residues further
outside the ATP binding pocket within these three chimeras must therefore be
having an effect on ATP potency. This suggests that there is a complex
interplay between residues in various parts of the P2X receptor, not just those

in the ATP binding pocket, which contributes to ATP potency at the receptor.

Surprisingly the X1-AX4 and X1-BX4 chimeras were less sensitive to
ATP than either the hP2X1 or rP2X4 receptors. At these receptors replacing
residues in this region of the hP2X1 receptor with corresponding residues of the
rP2X4 receptor has produced a mutant with an ATP sensitivity that is not
similar or intermediate to either contributing receptor. It is therefore likely that
swapping these residues has caused a conformational change at the receptor
which alters ATP binding or gating at the receptor. The regions which were

shown to have an effect on ATP potency are shown in figure 4.14a.
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Figure 4.14 Regions of the P2X Receptor Contributing to ATP potency and
the Time-course of the ATP Response. (a) Sections of the P2X receptor that
had an effect on the potency of ATP at the hP2X1 receptor. Regions A (purple), B
(blue) and D (orange) had an effect on ATP potency. Residues shown in light
grey did not have an effect on ATP potency. Transmembrane domains are shown
in dark grey and ATP is shown in yellow. (b) Sections of the P2X receptor that
had an effect on the time-course of the response to ATP at the hP2X1 receptor.
Regions B (blue) and D (orange) had an effect on the time-course of the ATP
evoked response. Residues shown in dark grey had an effect on this property.
Transmembrane domains are shown in dark grey and ATP is shown in yellow.
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Interestingly, the effect of swapping residues was not reciprocal, as the X4-BX1
chimera had ATP potency similar to the rP2X4 receptor. This again suggests
that multiple residues and regions of the receptor must be contributing to the
difference in agonist potency and suggests that the effect on potency is not due

to an alteration of residues directly involved in the ATP binding site.

4.3.2 Insight into the Time-course of the ATP Evoked Response

The hP2X1 receptor has a characteristic fast time-course with near
complete desensitisation (i.e. channel closure in the presence of ATP) during a
3 second ATP application, while the rP2X4 receptor shows intermediate
desensitisation. The X1-AX4 and X1-CX4 chimeras had an unaffected time-
course compared to the hP2X1 receptor. This suggests that differences in
residues 52-132 and 185-261 are not contributing to the difference in time-
course between the two receptors. Swapping residues of regions B and D of
the hP2X1 receptor with those of the rP2X4 receptor affected the time-course
of the receptors compared to the WT hP2X1 receptor. The X1-DX4 chimera
had a time-course between the two WT receptors. This suggests that variant
residues in the region 262-330 are having a contribution to the difference in
time-course between the two receptors, but as the desensitisation was not as
slow as at the WT rP2X4 receptor other residues must also be contributing.
Chimera X1-BX4 had a time-course similar to the rP2X4 receptor, this suggests
that residues in the region 133-184 of the rP2X4 receptor which has been
introduced in this chimera are contributing to the slower time-course of the
rP2X4 receptor. This effect was not reciprocal however, as introduction of the
equivalent residues of the hP2X1 receptor into the rP2X4 receptor in chimera
X4-BX1 did not introduce a P2X1 receptor-like rapid desensitisation. The
regions of the receptor that have been implicated in the control of time-course

in this chapter are shown in figure 4.14b.

Previous experiments using chimeras have demonstrated a strong
contribution of the intracellular termini to receptor time-course (Werner et al.,
1996) (Allsopp & Evans, 2011). Splice variants of the P2X2 receptor have also
implicated the intracellular regions in this property (Brandle et al., 1997) (Smith
et al., 1999). Control of time-course at the P2X receptor is therefore complex,
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with intracellular, extracellular and transmembrane components. There cannot
be a physical interaction between the intracellular N terminus and the
extracellular loop of the receptor and therefore these regions must be
contributing in a different way. The transmembrane domains, in particular TM2,
form the pore of the channel. Mutations of residues located in the intracellular
and extracellular domains of the receptor which affect the time-course of the
ATP response could be causing conformational changes to these regions of the
receptor which in turn affect the transmembrane domains which are located
between them. It has also been suggested that movement in the cysteine rich
head region can be linked to desensitisation. Movement occurs in this region
upon ATP binding which leads to channel opening (Hattori & Gouaux, 2012).
Voltage clamp fluorometry experiments have shown that there is a slow
increase in fluorescence upon ATP application when residues 121 and 125
were labelled by tetramethyl-rhodamine-maleimid (Lorinczi et al., 2012). This
fluorescence increase co-ordinated with desensitisation and movement that

occurs at these residues has therefore been linked with this property.

4.3.3 Insight into NF449 Binding

Chimeras X1-BX4 and X1-CX4 showed large decreases in NF449
sensitivity compared to the hP2X1 receptor. This suggests that the difference in
NF449 sensitivity between the hP2X1 and rP2X4 receptors is due to the rP2X4
receptor lacking the residues that form the NF449 binding site and implicates
residues 133-261 in NF449 antagonism at the hP2X1 receptor, as their
replacement with those of the antagonist insensitive rP2X4 receptor decreased
NF449 sensitivity. The residues contained in region B are mostly located in the
cysteine rich head region of the receptor (figure 4.15). This region has been
implicated in NF449 antagonism previously, when residues K136, K138, R139
and K140 were shown to contribute to NF449 inhibition at the hP2X1 receptor
(El-Ajouz et al., 2012). These four residues are contained within region B and
are likely to be contributing to the decrease in NF449 antagonism seen. In the
El-Ajouz et al study, mutation of the four positive charges of the hP2X1 receptor
to the equivalent charges in the hP2X2 receptor decreased antagonist

sensitivity ~ 150-fold. In this thesis the same residues have been mutated to
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Figure 4.15 Regions of the P2X Receptor Contributing to NF449 action. Sections
of the hP2X1 receptor that when swapped with the equivalent residues of the
rP2X4 receptor caused a > 50-fold decrease in NF449 inhibition at the receptor
are shown in colour on the ATP bound receptor. Section B, residues 133-184, is
shown in blue. Section C, residues 185-261 are shown in green. ATP is shown in

yellow.
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the equivalent rP2X4 receptor amino acids, as part of chimera X1-BX4 in which
residues 133-184 of the hP2X1 receptor were mutated to those of the rP2X4
receptor. This chimera had a shift of ~ 135-fold compared to the WT hP2X1
receptor, similar to the shift reported by El-Ajouz et al. It is therefore likely that
the loss of these four charges is responsible for the shift seen in chimera X1-
BX4, but as other variant residues have been swapped in this chimera it is
possible that these might also be contributing to the loss in NF449 inhibition at
the chimera. This will be tested in chapter 5. The residues located in region C
(185-261) that were mutated as part of chimera X1-CX4 have not been
previously indicated in NF449 action. These residues form a band around the
centre of the receptor, including the region immediately below the positively
charged residues in region B. This suggests that the NF449 molecule might be
binding in this region so that it interacts with residues in both regions B and C.
The specific residues within region C that are contributing to NF449 action will

be investigated in chapter 5.

Although chimeras X1-AX4 and X1-DX4 showed a decrease in NF449
action, this shift was less than 5-fold. As the shift in the other two chimeras was
much larger, it was assumed that regions A and D were not strongly
contributing to NF449 action. As the hP2X1 receptor could not be made
completely insensitive to NF449, as is seen at the rP2X4 receptor, it can be
assumed that the differences between residues within regions B and C are not
solely responsible for the difference in antagonist potency between the two
receptors and a combination of chimeras or residues may be needed in order to

completely eliminate NF449 inhibition at the hP2X1 receptor.

Chimera X4-BX1 was not inhibited by NF449. This shows that the effect
of residues in region B was not reciprocal, and although the loss of these
residues removed NF449 sensitivity from the hP2X1 receptor, the presence of
them could not introduce sensitivity at the rP2X4 receptor. This demonstrates
that antagonist sensitivity is a more complex process and other residues must
also be necessary for NF449 action as part of a multi residues binding site.

NF449 action at the hP2X1 receptor is further investigated in chapter 5.
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4.3.4 The Chimera Method Does Not Remove Suramin or PPADS Binding
at the hP2X1 Receptor

It was predicted that some variant residues in the hP2X1 receptor were
responsible for high affinity suramin and PPADS binding and these were absent
from the rP2X4 receptor, however none of the hP2X1 receptor based chimeras
showed a decrease in either suramin or PPADS action. This suggests that the
difference in antagonism between the two receptors is not a simple matter of a
few variant residues but is more complex, with the conformation of the receptor

having an important contribution.

Receptor conformation is important in antagonist action. It is known that
the receptor is not a static structure, even at rest. For an antagonist to bind, as
well as having the specific residues that form the binding site, the receptor must
be in a conformation that allows antagonist action. This is known as the
induced fit model, where the antagonist can cause movement that allows it to
bind and exhibit its inhibitory effects. If variation in the sequence of a receptor
causes a structural change that prevents it from entering this conformation then
inhibition will not occur. This has been seen with the binding of ATP at the
receptor, in the resting state the residues that co-ordinate ATP are too far apart
to form a binding site, but ATP induces a conformational change which allows
its binding and holds it in a conformation that allows ion flow (Hattori & Gouaux,
2012). The same is likely to be true for antagonists. If the difference in
antagonism between the hP2X1 and rP2X4 receptors is due to differences in
their conformation rather than in the residues that are directly involved in ATP
binding then this would explain why the chimeric method did not give insight

into their action.

This is in contrast to NF449, where the difference in antagonist
sensitivity appears to be due to a difference in the residues which form the
antagonist binding site. This makes sense as NF449 is selective for the hP2X1
receptor and has nanomolar potency at this receptor, suggesting that the
residues it binds to are likely to be unique to this receptor subtype. Suramin and
PPADS are less selective between P2X receptors and have a lower affinity
than NF449. It can therefore be reasoned that the residues necessary for
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suramin and PPADS binding are present in all P2X receptor subtypes and the
antagonist sensitivity of each receptor is due to its conformation. The fact that
the rP2X4 receptor is insensitive to all commonly used P2X receptor
antagonists and that antagonists which do act at the receptor do not cause
inhibition at other subtypes also supports the fact that the conformation the

rP2X4 receptor adopts plays a large role in its antagonist sensitivity.

4.3.5 Chimera X4-BX1 Introduced Suramin and PPADS Sensitivity to the
rP2X4 Receptor

An interesting find was that although replacing residues 133-184 of the
hP2X1 receptor with those of the rP2X4 receptor had no effect on suramin
inhibition, and very little effect on PPADS sensitivity of the hP2X1 receptor, the
reciprocal mutation introducing hP2X1 receptor residues into the rP2X4
receptor led to the receptor being both PPADS and suramin sensitive. This
demonstrates that antagonist sensitivity can be introduced to the antagonist
insensitive rP2X4 receptor. A mutation which has previously been shown to
introduce antagonist sensitivity to the P2X4 receptor is E249K (Buell et al.,
1996). This mutated P2X4 receptor was sensitive to PPADS with an ICsg
concentration of 2.6 uM. This residue has not been mutated as part of chimera
X4-BX1 and therefore is not responsible for the PPADS sensitivity at this
receptor. A second mutation which has introduced both suramin and PPADS
sensitivity at the P2X4 receptor is H241A (Xiong et al., 2004b). This residue
has not been mutated as part of the X4-BX1 chimera and so is again unlikely to
be contributing to the antagonist sensitivity of this mutant. The residues which
have been shown to introduce antagonist sensitivity to the receptor are unlikely
to be contributing to the binding site of the receptor as they are spread
throughout the structure and are not clustered together in a binding pocket.
They may therefore be inducing conformational changes to the receptor which

allow antagonism to occur.

The introduction of antagonist sensitivity to the P2X4 receptor is
particularly interesting as this is the only subtype of P2X receptor which has
been crystallised is the antagonist insensitive zfP2X4 receptor. Therefore
introducing antagonism to this subtype could lead to the generation of an
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antagonist bound crystal structure for a P2X receptor. Crystallisation of a
receptor in an antagonist bound state is a definitive way of locating the
antagonist binding site and deducing the conformation that the receptor adopts
when inhibition occurs. This has been seen for the antagonist TK40 at the
NMDA receptor (Kvist et al., 2013). The residues which have introduced
suramin and PPADS inhibition to the rP2X4 receptor have been investigated in

chapter 6.

In summary this chapter has given insight into regions of the receptor
involved in ATP potency, time-course of the ATP evoked response and the
NF449 binding site at the hP2X1 receptor. It has also shown regions of the
hP2X1 receptor that when introduced to the rP2X4 receptor cause the receptor
to become suramin and PPADS sensitive, likely by introducing a conformational
change to the receptor. The particular residues within the regions identified that
are contributing to these properties are investigated in more detail in later

chapters.
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Chapter 5: Sub-Chimeras and Point Mutations to Investigate
NF449 Action

5.1 Introduction

Initial chimeras identified residues in regions B and C of the hP2X1
receptor as contributing to the nanomolar potency of NF449 (chapter 4). These
residues are located at the base of, and just below, the cysteine rich head
region. Sub-division of these chimeras and the generation of point mutants was
the next step to identify specific variant residues and regions contributing to
NF449 action. Residues identified in these experiments were used to generate

four potential NF449 bound in silico models of the hP2X1 receptor.

5.1.1 Previous Studies into NF449 Binding and in silico Models

In order to create an agonist/antagonist bound in silico model of a
receptor, several residues which are known to be involved in the action of that
molecule are required to be used as co-ordinates on the structure around which
binding can be centred. The more residues that have been identified as
contributing, the more accurate the binding studies will be. There are four
charges present at the base of the cysteine rich head region of the hP2X1
receptor that have been shown to play an essential role in the high affinity of
NF449 at the receptor (El-Ajouz et al., 2012). These have previously been used
as the basis for two in silico NF449 and suramin bound models of the hP2X1
receptor, with docking being centred around these 4 residues (El-Ajouz, 2011).
The study predicted that suramin and NF449 would both bind in the same
location, in close proximity to the four positive charges of the cysteine rich head
region. In the first pose the centre of both antagonists bound between residues
R139 and K140 and the arms of the molecules extended both into the ATP
binding pocket, and around the rear of the cysteine rich head region, towards
residue K136 (figure 5.1a) (El-Ajouz et al., 2012). In the second pose the
molecules bound further behind the cysteine rich head region and NF449
protruded downwards and displayed a possible interaction with residue H224
(figure 5.1b).
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Figure 5.1 Suramin and NF449 Bound Models from El Ajouz 2011. (a) The
model shows suramin (black) and NF449 (orange) molecules bound underneath
the cysteine rich head region with the arms of the antagonists stretching into the
ATP binding pocket. (b) A second potential model shows the antagonists docked
further behind the cysteine rich head region, with NF449 extending further down
the receptor than the suramin molecule. A possible interaction of NF449 with
H224 is shown.
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Multiple residues are known to be involved in ATP binding and NF449 is
a much larger molecule than this agonist. Therefore it is likely that numerous
residues are involved in the binding of NF449 to the hP2X1 receptor. Only four
residues were identified and used as the basis of the in silico docking in the
previous study, giving a fair possibility for error in these models. The
experiments performed in this chapter to identify any residues in regions B or C
that are contributing to NF449 action could be used to refine these models of
NF449 binding by increasing the number of co-ordinates. Validation of previous
models can also be carried out using these results as if mutating a residue
located in close proximity to the previous bound NF449 molecule has an effect
on NF449 inhibition, then this potentially supports that model. Identification of
additional residues contributing to NF449 inhibition can therefore be used to

increase the accuracy of antagonist bound models of the hP2X1 receptor.

5.1.2 Chapter Aims

Results from chapter 4 suggested that residues located in regions B and
C of the hP2X1 receptor are contributing to NF449 action. Therefore in this
chapter sub-chimeras and point mutations within these regions were generated
with the aim of highlighting specific residues or regions involved in inhibition by
NF449. These findings could be used to provide a larger set of co-ordinates
and additional parameters for the generation and validation of NF449 bound in

silico models of the hP2X1 receptor.

5.2 Results

5.2.1 ATP Sensitivity of Chimeras X1-BX4(2+) and X1-BX4(4+)

The four positive charges previously shown to contribute to NF449
action (El-Ajouz et al., 2012) are contained in section B of the hP2X1 receptor.
Chimera X1-BX4 showed a large ~ 60-fold decrease in NF449 sensitivity
compared to the hP2X1 receptor (chapter 4). As part of this chimera, the four
positive charges had been replaced with uncharged or negatively charged
residues. | wanted to identify if it was solely the loss of positive charge that was
responsible for the decrease in NF449 sensitivity of X1-BX4, or if other residues

within region B that had been swapped were also involved. Two mutant
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K136, K138

R139, K140 ATP

Figure 5.2 Reintroducing Positive Charge to the Cysteine-Rich Head Region.
Homology model of the ATP-bound hP2X1 receptor. Four positive charges that
are present in the hP2X1 receptor but not the rP2X4 receptor were mutated into
chimera X1-BX4 (dark blue). The charges were mutated in two at a time. Chimera
X1-BX4 (2+) contains K136 and K138 (purple). Chimera X1-BX4 (4+) also
contains the additional R139 and K140 charges (cyan). The charges are located
within the cysteine rich head region, near the ATP binding pocket. ATP is shown in
yellow.
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Figure 5.3 ATP Action at the X1-BX4(2+) and X1-BX4(4+) Chimeras. (a)
Representative traces of maximal ATP application to Xenopus oocytes expressing
the rP2X4, X4-BX1, X1-BX4(2+), X1-BX4(4+) and hP2X1 receptors. Bars
represent a 3 s application. Traces have been normalised to peak currents to
allow comparison. (b) Concentration response curves for the X1-BX4 mutants.
pEC;, values are shown, stars represent a significant difference from the X1-BX4
chimera. ** p< 0.01, *** p< 0.0001.
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receptors were made which re-introduced the WT residues of the hP2X1
receptor at these positions. X1-BX4(2+) consisted of chimera X1-BX4 with the
mutations S136K and D138K (figure 5.2). X1-BX4(4+), used the X1-BX4(2+)
template and contained additional T139R and H140K mutations. The residues
were split this way as the studies by Sim et al and El-Ajouz et al had suggested
that residues 136 and 138 were having the greatest contribution to suramin and
NF449 sensitivity at the hP2X1 receptor (Sim et al., 2008) (El-Ajouz et al.,
2012). The mutated residues were located near the ATP binding pocket, with
R139 and K140 being closest to the pocket, and K136 and K138 slightly further
out (figure 5.2).

ATP evoked currents at X1-BX4(2+) and X1-BX4(4+) with mean peak
responses to ATPmax (3 mM) of 4540 + 434 and 3185 + 575 nA respectively. A
decrease in ATP potency compared to the hP2X1 and rP2X4 receptors was
recorded at both chimeras, with pECs values of 4.33 =+ 0.07 and 3.64 + 0.12
respectively p < 0.0001 (figure 5.3b). ATP potency at X1-BX4(2+) was the
same as the X1-BX4 chimera but the X1-BX4(4+) mutant was ~ 4-fold less
sensitive than the X1-BX4 receptor, p<0.01. Neither concentration response

curve showed a difference from the hP2X1 receptor in Hill slope (table 5.1).

5.2.2 Time-course of the ATP Evoked Response of Chimeras X1-BX4(2+)
and X1-BX4(4+)

Chimera X1-BX4 had a rise time that was similar to the rP2X4 receptor,
and > 4-fold slower than the hP2X1 receptor, suggesting that variant residues
within region B were contributing to the difference in time-course between the
two WT receptors (chapter 4). As with the X1-BX4 chimera, X1-BX4(2+) had a
rP2X4 receptor-like rise time of 356 = 25 ms (figure 5.3a) . At the X1-BX4(4+)
mutant, which had two further positive charges compared to X1-BX4(2+), the
rise time was hP2X1 receptor-like (162 + 12.4 ms), > 2 times faster than at the
rP2X4, X1-BX4 and X1-BX4(2+) receptors (p< 0.01) (figure 5.3a). As well as a
difference in rise time between the X1-BX4, X1-BX4(2+) and X1-BX4(4+)
chimeras, there was also a clear difference in the % desensitisation recorded at

the end of the ATP application (figure 5.3a). It was seen in chapter 4 that
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chimera X1-BX4 displayed rP2X4 receptor-like desensitisation, 2-fold less than
the WT hP2X1 receptor. The X1-BX4(2+) mutant also showed rP2X4 and X1-
BX4 —like desensitisation (28.2 = 3.5%) (figure 5.3a). This meant it desensitised
nearly 3-fold less than the hP2X1 receptor during the presence of ATP, p
<0.0001. Again, introducing the two further charges in the X1-BX4(4+) mutant
changed the time-course of the response compared to when only two charges
were re-introduced. X1-BX4(4+) desensitised by 84.3 = 1.7%, similar to the
hP2X1 receptor and ~ 3-fold faster than at the X1-BX4(2+) receptor, p<
0.0001). These results show that the positively charged residues present in the
cysteine rich head region of the WT hP2X1 receptor contribute to its
characteristic fast time-course. This is interesting as although the X1-BX4(4+)
mutant had the largest decrease in ATP potency from the hP2X1 receptor. It

had a similar time-course. This will be discussed at the end of the chapter.

5.2.3 NF449 Action at X1-BX4 (2+) and X1-BX4(4+) Chimeras

If re-introduction of the essential positive charges to chimera X1-BX4
produced hP2X1-receptor like NF449 sensitivity, it could be assumed that it
was only these residues within region B that were contributing to the difference
in NF449 sensitivity between the hP2X1 and rP2X4 receptors. It was seen in
chapter 4 that the presence of 10 nM NF449 caused no inhibition at the X1-BX4
chimera. A similar result was seen at the X1-BX4(2+) chimera, suggesting that
the presence of positive charges at positions 136 and 138 has had no effect on
the NF449 sensitivity of the receptor (figure 5.4a). In contrast, addition of two
further positively charged residues at positions 139 and 140 in the X1-BX4(4+)
chimera caused the receptor to be ~ 70% inhibited by 1 nM NF449 (figure
5.4a). NF449 inhibition curves showed that the X1-BX4 and X1-BX4(2+)
chimeras were similarly blocked by NF449, with pICs values of 7.35 £ 0.08 and
7.53 £ 0.06 respectively (figure 5.4b). Both these receptors were ~ 40-fold less
sensitive to NF449 than the hP2X1 receptor (p < 0.0001). The X1-BX4(4+)
chimera had an NF449 sensitivity similar to that of the hP2X1 receptor (pICso =
9.28 + 0.05). This suggests that it was the loss of the positive charges from
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Figure 5.4 NF449 Action at the X1-BX4 Point Mutations. (a) Representative
traces of ATPg, (open triangles) and ATPy, + NF449 (closed triangles)
application. Bars indicate a 3 s application. Traces have been normalised to peak
currents to allow for comparison. A 5-10 minute period was given between
applications to allow for recovery form desensitisation. (b) NF449 inhibition
curves. plCg, values are shown. Stars represent significant differences from the
WT hP2X lreceptor. **** p<0.0001.
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Table 5.1 ATP and NF449 action at the X1-BX4 mutations. Boxes shaded in grey show no difference from the hP2X1 receptor.
Blue represents a significant increase compared to the hP2X1 receptor and red represents a significant decrease. N/A = not
applicable as the value was not determined.



the hP2X1 receptor that caused the decrease in NF449 sensitivity seen at
chimera X1-BX4 and that the other variant residues in this region did not have
important roles. Therefore no additional residues from region B were used in

the generation of new in silico NF449 bound hP2X1 receptor models.

5.2.4 X1-CX4 Sub-Chimeras

As chimera X1-CX4 showed an ~ 135-fold decrease in NF449 sensitivity
compared to the hP2X1 receptor the contribution of this region (residues 185-
261) to NF449 action was examined. To do this, region C was split into smaller
sections from which sub-chimeras were generated. C, and Cg, were larger
sections of 25 and 29 residues respectively and located either side of the four
charged residues in region B (figure 5.5a). The residues swapped were 184-
209 in chimera X1-CoX4 and 232-261 in X1-CgX4. It was hypothesised that
those residues within chimera C that were closest to the four positively charged
residues in the cysteine rich head region were most likely to be involved in
NF449 action. This region was therefore split into four smaller sections called
C,, Cs, C; and C¢ (figure 5.5a). The smaller sub-chimeras allowed a more in-
depth analysis of the contribution of residues closest to the positive charges to
NF449 action. The residues contained within these chimeras were 210-215 in
chimera X1-C,X4, 216-220 in X1-CsX4, 221-226 in X1-C.X4 and 227-231 in X1-
CcX4 (figure 5.5a).

5.2.5 ATP at the Large X1-CX4 Sub-Chimeras

Application of ATPnax produced responses in the X1-CyX4 and X1-CgX4
chimeras with mean peak currents of 6893 + 864 and 6117 + 669 nA
respectively. ATP potency at both X1-CyX4 (pECso = 5.34 + 0.05) and X1-CgX4
(PECsp = 5.30 + 0.06) was decreased ~ 10-fold compared to the hP2X1 and
X1-CX4 receptors, p < 0.0001, and was rP2X4 receptor-like, as were the Hill
slopes (figure 5.5c¢, table 5.2).

The time-course of the chimeras was also hP2X1 receptor-like with rise
times of 88.0 + 7.4 ms and 89.0 + 8.6 ms for the X1-CoX4 and X1-CpgX4

chimeras respectively (figure 5.5b). The % desensitisation of both sub-chimeras
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Figure 5.5 Sub-chimeras Within X1-CX4 and Effects of ATP at Large Sub-
chimeras. (a) Region C, which is located below the four positive charges KKRK,
was split into 6 sub-sections. Two large sub-chimeras (X1-C X4 and X1-C ;X4)
and 4 smaller sub-chimeras (X1-C X4 X1-C4 C, and C,. (b) Representative
traces to show maximal ATP application at the two large sub-chimeras. Bars
indicate a 3 s application of ATP. Traces were normalised to peak currents to
allow comparison (c) Concentration response curves for large sub chimeras. Stars
show a significant difference in pECg, from the WT hP2X1 receptor. **** p<0.001
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Figure 5.6 NF449 Inhibition at the Large X1-CX4 Sub-Chimeras. (a)
Representative traces of ECy, ATP (ATPgy, open triangles) and ATPg, + 1 nM
NF449 (closed triangles) application at Xenopus oocytes expressing the WT and
X1-C X4 and X1-Cg X4 receptors. Bars indicate a 3 s application. Peaks have
been normalised to allow for comparison. 5 minutes was given between repeat
applications to allow for recovery from desensitisation. (b) Inhibition curves for
NF449 at the large X1-CX4 sub-chimeras. plCg, values are shown. Stars indicate
a significant difference from the hP2X1 receptor. **** p < 0.0001.
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was 89.4 + 1.5% and 84.8 £ 8.2% respectively. This shows that as with the X1-
CX4 chimera, residues within regions C, and Cg were not involved in the
varying time-course of the receptors in response to ATP. Residues which are
contributing to time-course and potency of the hP2X1 receptor will be

discussed in more detail at the end of this chapter.

5.2.6 NF449 Action at the Large X1-CX4 Sub-Chimeras

Both the X1-CoX4 and X1-CgX4 chimeras displayed ~ 50% inhibition
when 1 nM NF449 was co-applied with ECyo ATP (figure 5.6a). Full NF449
inhibition curves showed that NF449 inhibition at X1-CyX4 (plCso = 8.78 £ 0.04)
and X1-CgX4 (pICso = 8.58 £ 0.09) was the same as the hP2X1 receptor (figure
5.6b). The Hill slopes also showed no difference from the hP2X1 receptor (table
5.2). This suggests that residues 184-209 and 232-261 of the hP2X1 receptor
are not involved in the differences in NF449 inhibition between the hP2X1 and

rP2X4 receptors.

5.2.7 Location of X1-CX4 Small Sub-Chimeras and ATP Sensitivity

The smaller X1-CX4 sub-chimeras each consisted of 5-6 residues and
were located below both the ATP binding pocket and the four positively
charged residues at positions 136-140 (figure 5.7a). The regions were X1-C,X4
containing residues 210-215, X1-CsX4 containing residues 216-220, X1-C.X4
consisting of residues 221-226 and X1-C.X4 which contained residues 227-
231. Application of maximal ATP to the small sub-chimeras produced hP2X1
receptor-like peak currents (table 5.2). The X1-C,X4 and X1-C.X4 chimeras
had pECs values of 5.71 + 0.06 and 5.68 + 0.06 respectively and showed
similar ATP potency to both the hP2X1 and X1-CX4 receptors (figure 5.7b).
The X1-Cs;X4 and X1-C X4 receptors had ~ 12 and 6-fold decreased ATP
potency compared to the hP2X1 receptor, with pECsp values of 5.21 £ 0.04, p <
0.0001 and 5.54 £ 0.06, p < 0.001. The Hill slopes of all the small sub-chimeras
were hP2X1 receptor-like (table 5.2).

As with chimera X1-CX4, there was no difference in the time-course of

the maximal responses of these chimeras compared to the hP2X1 receptor
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Figure 5.7 The Effect of ATP at the Smaller X1-CX4 Sub-Chimeras. (a) Line up
of the sequences of the hP2X1 and rP2X4 receptors is shown and residues are
coloured according to the region they fall within. Residues are also located on the
hP2X1 receptor homology model. (b) Representative traces of maximal ATP at
each of the small sub-chimeras. Bars represent a 3 s application. Traces are
normalised to peak currents for comparison. (c) Concentration-response curves at
the small sub-chimeras. pECg, values are shown. Stars represent a significant

difference from the hP2X1 receptor. *** p < 0.001. **** < 0.0001.
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(figure 5.7b). The rise times of the X1-C, X4, X1-CsX4, X1-C.X4 and X1-C.X4
receptors were 135.3 £ 15.2, 110.7 + 9.1, 109.8 £ 11.7 and 111.8 + 11.6 ms
respectively (figure 5.7b). At the WT hP2X1 receptor there was 80.3 + 4.3%
desensitisation. The % desensitisation at the X1-C,X4, X1-CsX4, X1-C.X4 and
X1-C:X4 receptors was the hP2X1 receptor-like, 65.9 + 2.3, 75.3 £ 2.3, 76.5
3.7 and 81.0 = 8.2% respectively (figure 5.7b). Taken together the region C
sub-chimeras demonstrate that mutation within this region can affect ATP
potency without affecting the time-course of the response to ATP at the hP2X1

receptor.

5.2.8 NF449 Sensitivity at the Small Sub-Chimeras

As neither the X1-CyX4 nor the X1-C X4 chimera showed any difference
from the hP2X1 receptor in NF449 sensitivity, it was thought that the smaller
sub-chimeras may contain the residues responsible for the decrease in NF449
sensitivity seen in chimera X1-CX4. The inhibition by NF449 at these chimeras
was examined. Co-application of 1 nM NF449 with ECyo ATP caused ~ 50%
Inhibition at both the hP2X1 receptor and the X1-C,X4 sub-chimera (figure
5.8a). The inhibition by 1 nM NF449 was slightly reduced at X1-C¢X4, where ~
20% inhibition was seen. The X1-CsX4 and X1-C;X4 sub-chimeras were only ~
5% inhibited by 3 nM NF449. Full inhibition curves showed that only the X1-
CyX4 chimera (pICso = 8.78 = 0.06) had hP2X1 receptor-like sensitivity to
NF449 inhibition (figure 5.8b). The X1-C¢X4 chimera was ~ 4-fold less sensitive
to NF449 than the hP2X1 receptor, plCso values = 8.36 + 0.09 and 8.94 + 0.04
respectively, p < 0.01. The X1-CsX4 and X1-C¢X4 sub-chimeras both had ~ 20-
fold decreased NF449 sensitivity compared to the hP2X1 receptor, with plCsg
values of 7.68 + 0.12 and 7.63 = 0.11, p < 0.0001. Despite the X1-CsX4, X1-
C:X4 and X1-C¢X4 sub-chimeras being less inhibited by NF449 than the hP2X1
receptor, the chimeras were still > 10-fold more sensitive to NF449 than the X1-
CX4 chimera. These results show, as predicted, that residues closest to the
four positively charged residues in the cysteine rich head region within region C
are contributing to NF449 sensitivity. This suggests that several residues are
involved in NF449 action at the hP2X1 receptor, with contributions from both

regions B and C.
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Figure 5.8 NF449 Action at the X1-CgX4 Sub-Chimeras. (a) Representative
traces of ECyq ATP (ATPgy, open triangles) and ATPy, + NF449 (closed triangles)
application at Xenopus oocytes expressing the WT hP2X1 receptor and small sub-
chimeras. Bars represent a 3 s application. Traces are normalised to peak currents
to allow comparison. 5 mins was given between applications to allow for recovery
form desensitization. (b) NF449 inhibition curves for the WT receptors and small
sub-chimeras. pIC;, values are shown. Stars represent a significant difference from
the hP2X1 receptor. ** p <0.01, *** p < 0.0001.
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receptor. Blue represents a significant increase compared to the hP2X1 receptor and red represents a significant decrease. N/A =
not applicable as the value was not determined.



5.2.9 ATP Action at X1-CX4 Point Mutations

Due to the shifts seen in the sensitivity to NF449 inhibition of the X1-
CsX4, X1-C.X4 and X1-C:X4 chimeras, individual point mutations were
introduced to the hP2X1 receptor within these regions to replace residues with
the corresponding variant residue of the rP2X4 receptor. This would allow the
contribution of individual residues to NF449 sensitivity to be assessed. The
mutated residues were chosen based on their proximity to the four positive
charges in region B. Two histidine charges were also mutated due to previous
implication of histidine residues in antagonist action (Xiong et al., 2004b). The
mutations made were T216S, L218l, H220N, H224D, V2291 and Q231R (figure
5.9a). All of the mutants were functional, with hP2X1 receptor-like peak
amplitudes at ATPnax (table 5.3). Only the H220N mutant showed any
difference from the WT hP2X1 receptor in time-course (figure 5.9b, table 5.3).
The rise time was ~ 2.5 fold slower than that of the hP2X1 receptor (251.7 +
29.6 and 95.0 £ 5.0 respectively. There was also less desensitization at the
H220N mutant than at the hP2X1 receptor (46.8 £ 5.1% compared to 80.3 £
5.3%). The rise time and % desensitization of the H220N mutant was rP2X4

receptor-like, implicating H220 in the fast time-course of the hP2X1 receptor.

The H220N mutant showed an ~ 8-fold decrease in ATP potency
compared to the hP2X1 receptor, with a plCsy value of 5.41 + 0.03 (figure
5.9¢). This was the only point mutation studied which had an effect on ATP
action compared to the WT receptor (table 5.3). The Hill slopes for the
concentration response curves for all the point mutations were unaffected
compared to the hP2X1 receptor, with the exception of H220N, which showed a
significant increase (table 5.3). The point mutated residues therefore have no
impact on the action of ATP at the hP2X1 receptor, with the exception of
histidine 220, which showed a difference in both potency and time-course.

153



KKRK
ATP
B 1216
1218
B +H220
N H224
B V220
B o
(b)
-_ _— — 1_ T— -_
T216S H220N  H224D V229 Q231R
(c)
100 ]
3
S _ ~ hP2X1 6.31+0.04
S 75 ¥ [P2X4 5.37£0.05 #txk
¥ + T216S 5.83+0.07 ns
S 50 = V229 5.91+0.10 ns
2 + Q231R 6.04+0.05 NS
° o L2181  5.94+0.07 ns
< 25 ] * H220N 5.41+0.03 s
+ H224D 5.88+0.08 ns
0

log[ATP], M

Figure 5.9 ATP Action at X1-CX4 Point Mutations. (a) Location of each of the
mutated residues is shown on a homology model of the hP2X1 receptor. (b)
Representative traces of application of a maximal concentration of ATP to the X1-
CX4 point mutants. Bars represent a 3 s application. Traces have been normalised
to peak current to allow comparison. (c) Concentration response curves for each of
the point mutated receptors. pECg, values are shown. Stars represent a significant
difference from the hP2X1 receptor. **** p<0.0001, ns not significant.
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5.2.10 NF449 Action at X1-CX4 Point Mutations

Inhibition by NF449 at the point mutated receptors was examined. Due
to the large number of mutations, the fold-difference in NF449 sensitivity
compared to the hP2X1 receptor control was reported, rather than the
individual plICso values (figure 5.10). There was no change in inhibition by
NF449 compared to the hP2X1 receptor for the L218l, H220N and V229l
mutants. The H224D mutation, which introduced a negatively charged residue
beneath the four positively charged residues in the cysteine head region,
caused an ~ 6-fold decrease in NF449 sensitivity compared to the hP2X1
receptor. The Q231R mutation, which introduced a positively charged residue
beneath these four charges also showed a decrease in NF449 sensitivity of ~
7-fold. These results further implicate charged residues in NF449 action. The
mutation at position 216, which mutated a threonine residue to a serine also
had an effect on NF449 sensitivity, decreasing it ~ 7 fold. These residues can
be used to generate in silico models of where NF449 is potentially binding to

the hP2X1 receptor and this is described in the discussion below.

155



@)

KKRK
ATP
T216
1218
H220
H224
V229
Q231

(b)

Fold change in IC;, from hP2X1
—

Figure 5.10 NF449 Inhibition at X1-CgX4 point mutations. (a) Location of each
of the mutated residues shown on a homology model of the hP2X1 receptor. (b)
The decrease in NF449 sensitivity of each of the X1-CX4 point mutants compared
to the hP2X1 receptor is shown. Stars represent a significant difference from the
hP2X1 receptor. * p < 0.05, ** p < 0.01.

156



LGT

Peak Current %
(nA)

Rise Time (ms) ATP pECg, ATP Hill Slope

Desensitsation

hP2X1

rP2X4

X1-CX4

T216S

L218l

H220N

H224D

V229l

Q231R

Table 5.3 ATP action at the X1-CX4 point mutations. Boxes shaded in grey show no difference from the hP2X1 receptor. Blue
represents a significant increase compared to the hP2X1 receptor and red represents a significant decrease.



5.3 Discussion

Chimeras X1-BX4 and X1-CX4 had shown a contribution to both the
ATP evoked response and the high affinity of NF449 action at the hP2X1
receptor in chapter 4. In this chapter sub-chimeras and point mutations were
made within these regions and have shown a contribution of 7 residues to
NF449 action. These residues have been used to generate an NF449 bound
model of the hP2X1 receptor. Although the focus of this thesis is on
antagonism, due to the difference in ATP potency and the time-course of the
response between the WT hP2X1 and rP2X4 receptors, the experiments have
also provided a breadth of information on the potency of ATP at the receptor
and the time-course of the ATP evoked response and this is also discussed
here.

5.3.1 Residues in Regions B and C that Contribute to the Time-course of
the ATP Evoked Response of the hP2X1 Receptor

Introducing four positive charges at positions 136-140 of chimera X1-
BX4 had a large effect on the time-course of chimera X1-BX4. As discussed in
chapter 4, chimera X1-BX4 had an intermediate % desensitisation that was
also seen at the rP2X4 receptor. The X1-BX4(4+) receptor which had these
four positive charges mutated into it, had the rapid desensitisation of the hP2X1
receptor. This suggests that the four positive charges are important in the
characteristic fast desensitisation of the hP2X1 receptor, and it was the loss of
these charges which led to chimera X1-BX4 having rP2X4 receptor-like
desensitisation. The study by El Ajouz et al, which removed these charges from
the hP2X1 receptor and replaced them with equivalent residues form the slowly
desensitising hP2X2 receptor showed no effect on the time-course of the ATP
evoked response (El-Ajouz et al., 2012). In this study a larger section of the
receptor was replaced (section B) in order to cause the decrease in receptor
desensitisation that was seen in chimera X1-BX4 and it was the re-introduction
of the four charges that caused the return to WT hP2X1 receptor time-course of
chimera X1-BX4(4+). This suggests that there are important reactions between
residues in this region and other residues in the receptor that are contributing to

the receptor time-course. These interactions appeared to be unaffected in El-
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Ajouz’s mutant, but were disrupted in chimera X1-BX4. Although these residues
have a positive charge and ATP is a negatively charged molecule, it is unlikely
that there is a direct interaction between the two as the binding site of ATP is
well characterised and does not include these residues. The contribution of
these residues is therefore likely to be to gating, or to maintaining a particular

conformation at the receptor.

None of the sub-chimeras made within region C had any effect on the
time-course of the ATP evoked response of the hP2X1 receptor. However the
point mutation H220N, which falls within this region, showed a slower rise time
and desensitisation than the WT. The Hill slope of this receptor was also
increased compared to the WT receptors. Histidine residues have not been
linked to the effects of ATP at the hP2X1 receptor, however they have
previously been shown to have an impact on ATP action at the rP2X4 receptor
(Xiong et al., 2004a). In the previous study the rP2X4 H241A mutant has been
shown to have a more rapid-rise time than the WT rP2X4 receptor and the
mutation was suggested to have an effect on gating. This shows that mutation
of histidine residues can affect ATP time-course; however the mutation which
showed the largest effect in the study on the rP2X4 receptor by Xiong et al had
the opposite effect to the hP2X1 H220N mutant in this thesis. This suggests
that histidine residues have different contributions at different P2X receptor

subtypes.

The location of the 5 residues within sections B and C which have had
an effect on the time-course are shown on the hP2X1 receptor homology model
in figure 5.11a. The four positive charges are located at the base of the
cysteine rich head region, and H220 is located below these residues. The time-
course of the ATP evoked response is associated with pore opening and
closing, the P2X1 receptor opens rapidly and then quickly closes, the rP2X4
receptor is in the open conformation for a longer period of time. Movement of
the cysteine rich head region has been shown to contribute to channel gating
(Hattori & Gouaux, 2012) (Roberts et al., 2012). It is not clear if the movement
of the head region itself causes the receptor to move into a desensitised state

or if the movement in the head region causes further movement in the

159



Timecourse Potency

ATP I X1-C, (184-209)
KKRK B xi1-c, (232-261)
B 1220 B x1c, (216-220)

M xi1c, (227-231)

Figure 5.11 Regions of the hP2X1 Receptor Which Affect the Properties of
the ATP Evoked Response. (a) The coloured residues on the structure are those
which have been shown to affect the time-course of the ATP evoked response at
the hP2X1 receptor. K136 — K140 are shown in cyan. H220 is shown in green. (b)
Residues which affect the potency of ATP at the hP2X1 receptor are shown in
colour. The X1-C,X4 and X1-CgX4 chimeras are shown in orange and brown
respectively. X1-Cs;X4 and X1-C.X4 are shown in dark blue and pink. and H220
is shown in green.
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transmembrane domains and intracellular regions which leads to the closing of
the channel and the flexibility of this region could mean that in certain
conformations of the receptor these residues can interact with one another to
bias the receptor toward a particular conformation and contribute to the fast
time-course of the hP2X1 receptor. It is also possible that when ATP binds it
interacts with both these residues and locks the receptor in a specific
conformation which determines the fast time-course of the hP2X1 receptor. The
absence of these residues in the rP2X4 receptor could therefore mean the
receptor was not stabilised in this conformation upon ATP binding and instead
a different conformation is adopted leading to the intermediate time-course of
the rP2X4 receptor.

5.3.2 Residues in Regions B and C that contribute to ATP Sensitivity at
the hP2X1 Receptor

ATP potency at the X1-BX4(4+) chimera was > 450-fold decreased
compared to the hP2X1 receptor, and ~ 4-fold decreased compared to the X1-
BX4 chimera. While reintroducing the four positive charges at the X1-BX4
receptor returned the time-course to that of the hP2X1 receptor, it did not re-
introduce ATP potency, but instead decreased it further compared to the hP2X1
receptor. This shows that mutation of the four charges can have an effect on
ATP potency, but that their presence in the hP2X1 receptor is not responsible
for the increased ATP potency compared to the rP2X4 receptor. The positive
charges therefore contribute to the rapid time-course but not the high ATP
potency of the hP2X1 receptor, suggesting that distinct residues control these

two properties.

Chimeras X1-CyX4 and X1-CgX4 both showed rP2X4 receptor-like ATP
potency which was decreased ~ 10-fold compared to the hP2X1 receptor. This
suggests that the variant residues in regions 184-209 and 232-261 are
potentially contributing to the difference in ATP potency between the hP2X1
and rP2X4 receptors or swapping them induced a conformational change which
disrupted normal protein function. This was interesting as the X1-CX4 chimera,
in which these residues had also been mutated, showed hP2X1 receptor-like
ATP potency. This could occur as changing a large block of residues which
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interact with each other does not disrupt the ATP potency, however changing a
few of these residues could remove interacting pairs of residue and alter ATP
potency. These chimeras had no effect on the time-course of the response to
ATP, again suggesting that these two properties of the receptor are not

controlled by the same residues.

The small X1-CsX4 and X1-C:X4 sub-chimeras had decreased ATP
potency compared to the hP2X1 receptor, implicating residues 216-220 and
227-231 in ATP potency. However these chimeras were still more sensitive to
ATP than the rP2X4 receptor, suggesting that other residues are also involved.
As these chimeras had a hP2X1 receptor-like time-course it again shows a
difference in the residues that control ATP potency and the time-course of the
ATP evoked response at the P2X receptor. The hP2X1 H220N mutant within
this region also had an effect on ATP potency at the receptor. This mutant
showed an ~ 8-fold decrease in sensitivity compared to the WT receptor.
Histidine residues have not been previously linked with the ATP potency of the
P2X1 receptor, but have shown a contribution to ATP sensitivity at the rP2X4
receptor (Xiong et al., 2004b). Mutation of histidine 241 of the rP2X4 receptor to
alanine has been shown to increase ATP potency at the receptor. Mutation of
histidines 140 and 286 to alanine slightly decreased rP2X4 receptor ATP
potency (~ 1.5 and 2-fold respectively). This shows that histidine residues may
have different contributions to ATP potency in different subunits. All residues
identified within this chapter as contributing ATP potency are shown in figure
5.11b. It can be seen that numerous residues in chimera C have been
associated with the control of ATP potency. This suggests that the mechanism
of this property is very complex, with residues that are distinct from ATP binding
showing a role, possibly by altering the conformation of the receptor to one
which encourages ATP binding. Components from all the chimeras in this
thesis that have been identified as contributing to both ATP potency and time-

course are discussed in chapter 7.
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5.3.3 The Positive Residues at Positions 136-140 are Essential for NF449

Antagonism

Residues 133-184 of the hP2X1 receptor were implicated in NF449
action in chapter 4. Within this region were residues K136, K138, R139 and
K140 which had previously been shown to contribute to NF449 action at the
hP2X1 receptor (El-Ajouz et al., 2012). Introduction of two of these residues,
K136 and K138 in the X1-BX4(2+) chimera had no effect on NF449 inhibition
compared to the X1-BX4 chimera, demonstrating that these residues alone

cannot convey NF449 action.

Mutating in a further two residues, R139 and K140 however caused the
receptor to have hP2X1 receptor-like NF449 sensitivity. In the study by El-Ajouz
et al replacement of these charges in the hP2X1 receptor with the equivalent
residues of the hP2X2 receptor could decrease inhibition by NF449, but
introduction of these charges to the hP2X2 receptor could not increase NF449
sensitivity (El-Ajouz et al., 2012). In this thesis it was again shown that
replacing these charges of the hP2X1 receptor could decrease NF449
inhibition, this time with the equivalent residues of the rP2X4 receptor as part of
chimera X1-BX4. However, unlike the previous study, NF449 sensitivity could
also be re-introduced to the X1-BX4 chimera through mutation of these
residues. This is an important advance as it is easy to disrupt the structure
and/or function of a receptor through mutation and cause the loss of a specific
property, however introducing or reproducing a property shows the role of these
residues more conclusively. In future experiments residues R139 and K140
could be introduced alone to test if these two residues could cause the X1-BX4
receptor to become NF449 sensitive in the absence of K136 and K138. The
fact that the X1-BX4(4+) receptor had hP2X1 receptor-like NF449 inhibition
suggests that the loss of these four residues alone was responsible for the
decrease in NF449 inhibition seen at chimera X1-BX4 compared to the hP2X1
receptor. Other variant residues in the region 133-184 are unlikely to be
contributing to the high potency and selectivity of NF449 at the hP2X1 receptor

as the loss of these residues had no effect on NF449 action.
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Figure 5.12 Residues Identified as Contributing to NF449 action. Residues
which have been shown to affect inhibition by NF449 are shown on the
hP2X1 receptor homology model in colour (a) Shows the surface of the agonist
bound hP2X1 receptor and (b) shows the surface of the agonist unbound resting
receptor. (c) Cartoon representation of the ATP bound hP2X1 receptor with
contributing residues shown as sticks. The four positive residues K136, K138,
R139 and K 140 are shown in cyan. T216, H224 and Q231 are shown in purple,
light blue and dark respectively.
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There are three ways that residues involved in NF449 and ATP binding
can be related (figure 5.13). Firstly residues involved in the binding of ATP can
be completely separate form those involved in NF449 (5.13a). Secondly the
binding sites of each molecule can have some residues in common, but some
residues are non-overlapping (figure 5.13b). Thirdly all residues involved in
ATP action can also form the NF449 binding pocket (figure 5.13c). Chimera X1-
BX4(4+) showed a large decrease in ATP potency but had no effect on NF449
inhibition compared to the WT hP2X1 receptor. This suggests that ATP and
NF449 are not entirely sharing a binding site as this mutation has affected ATP
action but not NF449 inhibition at the receptor. This would be expected as the
NF449 molecule is much larger than ATP and therefore likely to be having
more interactions with the receptor. If residues had a significant contribution to
the binding of both molecules it would be expected that both properties would
be affected. It is however possible that some residues that are involved in the
binding of NF449 overlap with residues that are involved in ATP action (figure
5.13).

5.3.4 Contribution of region C to NF449 sensitivity

Residues 185-261 of the hP2X1 receptor were identified as having an
important role in NF449 action in chapter 4. Investigations into which specific
residues within this section were important have highlighted several of the
residues below the four positive charges. Chimeras X1-CqX4 and X1-CgX4
which contained residues of region C located further from these four charges
showed no effect on NF449 sensitivity compared to the hP2X1 receptor and are
therefore unlikely to be having a large contribution to NF449 action. The
chimeras which did have an effect on NF449 inhibition were the X1-CsX4 and
X1-C:X4 receptors. These showed 6-fold and 12-fold decreases in NF449
sensitivity respectively and were therefore still much more sensitive to NF449
than the X1-CX4 chimera.

To identify which specific variant residues within regions Csand C.were
responsible for the decrease in NF449 inhibition seen at these chimeras, point

mutations within these sections were generated. These demonstrated that
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Figure 5.13 Residues involved in ATP and NF449 binding. There are a variety
of ways residues that form the binding sites of ATP and NF449 can be related. (a)
None of the residues of the ATP binding site can be shared with the NF449
binding site. (b) Some of the residues of the two sites can overlap. (c) All of the
residues of the ATP binding site can also be involved in NF449 action. As the
NF449 molecule is much larger than ATP it is highly likely that further residues
would also be involved in the binding of the antagonist.
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residues T216, H224 and Q231 contributed to the NF449 inhibition at the
hP2X1 receptor, although as with chimeras X1-Cs;X4, X1-C.X4 and X1-C:X4,
these mutants only caused small decreases in NF449 action compared to the ~
130-fold decrease at chimera X1-CX4. This shows that swapping small
sections of region C is not sufficient to cause a large decrease in NF449
sensitivity. This supports a multi-residue binding site for NF449 where mutation
of individual residues involved in binding causes an incremented decrease in
NF449 action, but numerous residues involved in NF449 binding need to be
swapped in order to have a large effect on inhibition. It is therefore likely that
the NF449 molecule interacts with residues both within regions Csand C., and
with other residues in the receptor such as the four charges in region B. In
future experiments chimeras which swap these sections simultaneously could

be generated.

Interestingly the only point mutant which showed an effect on time-
course (H220N) had no effect on NF449 action. This again demonstrates that
distinct residues are involved in NF449 sensitivity and the gating of the hP2X1
receptor. The residues that were identified are located in close proximity to the
four positive charges identified as being important in NF449 action in chimera B
(figure 5.12). This gives support to the findings of this study as sub-chimera
generation and point mutation has ultimately identified residues very close
together on the receptor surface despite them originally being contained in

separate chimeras.

None of the three residues identified as having a role in NF449 action
from region C have been identified in NF449 sensitivity previously. Mutations
H224D and Q231R altered the charge of the receptor and as the NF449
molecule is negatively charged interactions between these charges could be
altering NF449 inhibition. The effect of the T216S mutant was unexpected as
there is no difference in charge between these residues and they are both
polar. Threonine does however have an extra methyl group compared to serine
and so the mutation decreases the size of the residues at this position. H224
was previously suggested to be interacting with the NF449 molecule in model 2
in the previous NF449 binding study (figure 1) (El-Ajouz, 2011). The locations
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of all the residues shown to contribute to NF449 action in this thesis is shown in
figure 5.12. It can be seen that despite the residues coming from different initial
chimeras (X1-BX4 and X-CX4) they are all located in close proximity to each
other at the base of, and just below, the cysteine rich head region. Due to their
proximity, it is highly likely that the large NF449 molecule could bind to all 7
residues. A comparison between the ATP bound and resting receptor homology
models shows that movement of the receptor causes these residues to move
towards each other on ATP binding (figure 5.12a,b). It is therefore possible that
binding of NF449 in the resting state prevents the movement of the cysteine

rich head region which in turn reduces ATP binding or prevents gating.

5.3.5 In silico Models of NF449 Binding at the hP2X1 Receptor

The seven residues that have been identified in this chapter as
contributing to the inhibition of the hP2X1 receptor by NF449 were used as co-
ordinates around which to dock the NF449 molecule to the receptor. Four of
these residues had been used in a previous NF449 bound model produced by
Ralf Schmidt and Sam EI-Ajouz (El-Ajouz, 2011), but in this thesis the three
unigue residues were also used to refine the model of NF449 binding. The
location of these seven residues demonstrated that the NF449 molecule will
potentially bind underneath the cysteine rich head region, adjacent to the ATP
binding pocket (figure 5.12). Using these residues as co-ordinates for NF449
binding gave a variety of possible poses that the molecule could adopt at the
receptor. Those with the highest modelling scores were individually studied and
four solutions which fit the seven residues best are shown here (figure 5.13a).
All four models bind at a similar location, with slight variations in the residues
that they are likely to interact with. NF449 molecules were bound to an agonist
unbound homology model of the hP2X1 receptor. This is because the ATP
molecule does not have to be bound to the receptor in order for NF449 to bind,
and binding of the antagonist may prevent the receptor adopting the open
conformation. Due to the flexible nature of both NF449 and the P2X receptor it
is possible that residues and bonds shown in these models may be orientated

differently in the receptor. More refinement remains to be done to ensure that
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Figure 5.14 Bound Poses of NF449 Binding at the hP2X1 Receptor. (a) Four in
silico models of NF449 binding at a homology model of the agonist unbound
hP2X1 receptor. NF449 is shown coloured by element. Carbon is pink, hydrogen,
grey, nitrogen blue, oxygen red and sulphur yellow. (b) Residues which have been
highlighted for mutation in further studies to validate and refine these models.
Residues previously suggested to be involved in NF449 action are shown in black.
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both the receptor and the NF449 molecule are orientated in the most likely

conformation based on the data.

All four poses show some overlap with residues known to contribute to
ATP binding at the P2X receptor, although none of the poses show the majority
of the ATP binding pocket to be occupied by the NF449 molecule (figure
5.13a). This suggests that NF449 may partially occupy the ATP binding pocket,
but it is evident that residues outside this pocket are also having interactions
with the molecule. If NF449 and ATP partially share a binding pocket then the
presence of NF449 would be likely to disrupt ATP binding at the receptor by
interacting with residues involved in ATP docking. This could explain why
NF449 has a competitive nature at the receptor without completely sharing the
ATP binding pocket.

Pose A shows strong interaction with the four charges and residues
T216 and Q231, but there is not close proximity between the NF449 molecule
and residue H224. Poses B and C show likely interaction with all residues
identified as contributing to NF449 action in this thesis. Pose D is the most
condensed of the docked poses and shows a strong interaction with the four
positive charges but bond formation with the residues from region C appears
less likely. Of the four poses, pose D is the most similar to model 1 generated
in the work of Sam El-Ajouz, and poses B and C are most similar to model 2
(figure 5.1). All four poses could prevent the movement of the cysteine rich

head region upon ATP binding (figure 5.14 a,b)

In order to further distinguish between and refine these potential poses,
more point mutations could be made at the receptor in future studies to
increase the number of co-ordinates for in silico docking, thus increasing
accuracy. Cysteine mutants could be generated at which MTS reagents bind.
There are a variety of MTS reagents with different sizes and charges and for
this study negatively charged MTS reagents could be used to introduce
negative charge at these introduced cysteine residues. As two negative
charges repel each other, if introduction of a negative charge decreased NF449

inhibition at the hP2X1 receptor then it would be likely that the mutated residue
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was located in close proximity to NF449. Differently sized MTS reagents could
also be used to study the likely distances of these residues from the NF449
molecule, if a large diameter MTS reagent is needed then the residue is
unlikely to be close to the molecule however if inhibition can be interrupted by a
small MTS reagent then it is likely that the residue is situated immediately next
to NF449. A similar study has been done using cysteine scanning mutagenesis
to deduce residues involved in ATP potency (Allsopp et al., 2011). The
suggested cysteine mutations to investigate the NF449 bound models are
T133C, R175C, K215C, K249C K283C and S286C (figure 5.14b). These
residues have all been chosen based on their proximity to the NF449 poses

and their ability to distinguish between the possible solutions.

For example if the K283C mutation shows a decrease in the presence of
a negatively charged MTS reagent then this suggests that poses B and C are
more likely to be correct. The residues suggested for mutation are located in
other sections of the hP2X1 receptor which, when mutated as part of other
chimeras, were shown to have no effect on NF449 action. These residues are
therefore unlikely to be interacting with NF449 directly, but introduction of
negative charge may interfere with the ability of NF449 to bind at the receptor if

these residues are located in close proximity to the antagonist.

In summary, the residues involved in NF449 action that have been
identified through chimera generation and point mutation are located adjacent
to the ATP binding pocket, both in and below the cysteine rich head region.
Some of these residues had previously been identified, but the residues located
in region C are novel findings in this thesis. The seven residues have been
used to generate in silico models of potential NF449 binding at the hP2X1
receptor. It is hypothesised that binding of the antagonist in the resting state of
the receptor prevents movement of the cysteine rich head region which in turn
inhibits channel activation. Additional mutations have been suggested which
could further refine these models and determine which of them is most likely to

be accurate.
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Chapter 6: The Potential for Suramin and PPADS Bound P2X4
Crystal Structures

6.1 Introduction

In order to design novel potent and selective hP2X1 receptor
antagonists, an understanding of how existing antagonists bind at the receptor
is desirable. The most conclusive way of showing how an antagonist is binding
at a receptor is to produce an antagonist bound crystal structure. Crystallisation
is a complex process, with many months of trials and mutagenesis being
necessary to optimise the crystallisation process. To date, the only subtype of
P2X receptor that has been successfully crystallised is a truncated form of the
zebrafish P2X4 (zfP2X4) receptor. P2X4 receptors are insensitive to the
commonly used antagonists and this therefore means that an antagonist bound
crystal structure has not been produced. If it were possible to introduce
antagonist sensitivity to the zfP2X4 receptor through mutation then this receptor

could be crystallised to give information on how the antagonists were binding.

6.1.1 Introducing Antagonist Sensitivity to the P2X4 Receptor

The rP2X4 receptor is known to be relatively insensitive to most
commonly used antagonists, including suramin and PPADS. However
mutations have been made which can increase antagonist sensitivity at the
receptor. In 2004, Xiong et al introduced an alanine at position 241 (H241A) in
the rP2X4 receptor (Xiong et al., 2004b). This increased the inhibition by 100
UM suramin from 10% in the WT receptor to 76% for the H241A mutant, and
the mutated receptor had an ICso concentration of 33.5 yM (Xiong et al.,
2004b). This demonstrates that a single point mutation can be sufficient to
cause the rP2X4 receptor to become much more sensitive to an antagonist.
The same mutation also introduced PPADS sensitivity to the receptor. 100 uM
PPADS inhibited the WT receptor by 9%, but the H241A mutant was 67%
inhibited at the same concentration and had an 1Csy concentration of 47.2 yM.
This single point mutation could therefore introduce both suramin and PPADS
sensitivity to the receptor, suggesting that they may be binding in a similar way.
Although the rP2X4 receptor was now much more inhibited by suramin and
PPADS than the WT receptor, a high concentration of antagonist (100 uM) was
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still required to cause > 50% inhibition at the receptor. A mutation that
introduced sensitivity at a lower antagonist concentration would be a better
candidate for crystallisation. Also, the equivalent residue to H241 in the zfP2X4
receptor is glutamic acid, not histidine. It is therefore unlikely that mutation of
this residue will affect the antagonist sensitivity of the zfP2X4 receptor and
therefore could not contribute to the generation of an antagonist bound crystal

structure.

PPADS sensitivity at the rP2X4 receptor has been introduced through
the mutation E249K (Buell et al., 1996). This mutation was made as the PPADS
sensitive hP2X1 receptor has a lysine at the equivalent position and it was
hypothesised that PPADS may be acting by forming a Schiff base with this
residue. The ICsy concentration of PPADS at the E249K mutant was hP2X1
receptor-like (2.6 pM). The same mutation was unable to introduce suramin
inhibition to the receptor. The reciprocal mutation in the hP2X1 receptor was
also unable to remove PPADS inhibition, although it did increase the
reversibility of the inhibition. The P2X3 receptor which does not have a lysine at
the equivalent position is still sensitive to PPADS inhibition (Buell et al., 1996).
This suggests that the residue is involved in, but not solely responsible for,
PPADS inhibition. PPADS inhibition has also been introduced to the receptor in
a chimera which introduced residues 81-183 of the hP2X4 receptor into the
rP2X4 receptor (Garcia-Guzman et al., 1997). The same study identified that
the mutation Q78K could make the receptor suramin sensitive, but had no
effect on PPADS action.

These previous studies demonstrate that mutation of various regions
and residues of the rP2X4 receptor can introduce antagonist sensitivity to the
rP2X4 receptor. These residues are not located near each other on the
receptor structure and it is therefore unlikely that theses residues are forming
the antagonist binding sites but rather are involved in a more complex control of
antagonism at the receptor. One possibility is that these mutations introduce
conformational changes which allow the antagonists to bind to already existing

residues in the receptor.
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6.1.2 The Cysteine Rich Head Region and Antagonist Sensitivity

Chimera X4-BX1 introduced residues 133-184 of the hP2X1 receptor
into the rP2X4 receptor. This chimera was sensitive to both suramin and
PPADS (chapter 4), suggesting that some residues within those that were
swapped into the chimera were involved in antagonism in addition to H241.
Within these residues were four positive charges unique to the P2X1 receptor
(K136, K138, R139 and K140) known to be involved in NF449 action (chapter
5). As the X4-BX1 receptor was sensitive to suramin and PPADS it was tested
to see if just introducing charged residues to positions 136, 138, 139 and 140 of

the rP2X4 receptor would introduce PPADS and suramin sensitivity.

The study by El Ajouz et al had suggested that the first two charges at
positions 136 and 138 were the most important in NF449 sensitivity and it was
thought that similar effects might be seen for any contribution to suramin
antagonism. Removing lysines from positions 136 and 138 caused a large ~
140-fold decrease in the plCso of NF449 from 9.07 to 6.85. Introducing an
additional two charges at positions 139 and 140 only caused a further ~ 4-fold
shift, suggesting that the first two charges were most important (El-Ajouz et al.,
2012). The study by Sim et al had also identified K138 as being important in
suramin action (Sim et al., 2008; El-Ajouz et al., 2012). In this chapter it was
tested to see if the introduction of the four charges alone had an effect on
suramin and PPADS antagonism by mutating them into the rP2X4 receptor. If
these charges caused the receptor to be inhibited then these minimally mutated

receptors could have strong potential for crystallisation.

6.1.3 Chapter Aims

Analysis of inhibition at chimera X4-BX1 suggested that a cluster of
positively charged residues at the base of the cysteine rich head region, known
to be involved in NF449 antagonism, may also contribute to suramin and
PPADS action at the rP2X4 receptor. In this chapter it was determined if
introducing four positive charges to the rP2X4 receptor could introduce suramin
and PPADS sensitivity. If so they would also be introduced to the zfP2X4

receptor and the antagonism of these mutants tested. If it were possible,
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introduction of low micromolar antagonist sensitivity to the zfP2X4 receptor
would give a strong possibility of producing a P2X receptor crystal in the

antagonist bound state.

6.2 Results

6.2.1 ATP Action at the rP2X4(2+) and rP2X4(4+) Mutants

Suramin and PPADS inhibited the X4-BX1 chimera at hP2X1 receptor-
like levels. Within this chimera were four charges previously demonstrated to
be important in NF449 and suramin action. To determine if these residues were
contributing to the antagonist sensitivity of chimera X4-BX1, two rP2X4 receptor
based mutants were generated which introduced the cluster of positively
charged residues to the base of the cysteine rich head region of the rP2X4
receptor. The first, named rP2X4(2+), had two point mutations, S136K and
D138K, which introduced two positive charges to the rP2X4 receptor. The
second, named rP2X4(4+) also had these mutations and a further two
mutations T139R and H140K. This gave the rP2X4(4+) receptor four additional
positive charges compared to the WT rP2X4 receptor, located near the ATP
binding pocket (figure 6.1a).

Both mutants were functional in response to a 3 second 300 uM ATP
application (figure 6.1b). rP2X4(2+) had a mean peak current of 2226 + 271 nA
and rP2X4(4+) of 2746 = 374 nA. These currents were significantly smaller
than those seen at the WT hP2X1 receptor which had a mean peak current of
7598 + 793 nA, p < 0.0001, but showed no difference in amplitude from
currents at the WT rP2X4 receptor (mean peak current = 5320 + 586 nA). ATP
potency at the rP2X4(2+) (pICso = 4.95 £ 0.10) and rP2X4(4+) (pICsp = 5.02 +
0.05) mutants was also the same as the WT rP2X4 receptor and was ~ 20-fold
decreased compared to the hP2X1 receptor. The Hill slopes for the
concentration response curves were similar to those of the WT receptors (table
6.1).

The rise times of rP2X4(2+) and rP2X4(4+) were 447 + 24 and 247 + 64

ms respectively. As with the WT rP2X4 receptor, both mutant receptors showed
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Figure 6.1 ATP Action at rP2X4(2+) and rP2X4(4+). (a) Four charges were
introduced to the rP2X4 receptor. rP2X4(2+) contained K136 and K138, shown in
purple and rP2X4(4+) also included R139 and K140 shown in orange. (b)
Representative traces for maximal ATP application to Xenopus oocytes containing
the mutated receptors. Bars represent a 3 s application. Traces have been
normalised to peak currents to allow for comparison. (c) Concentration response
curves for ATP at the mutated rP2X4 receptors. pEC;, values are shown. Stars
represent a significant difference from the rP2X4 receptor. **** = p < 0.0001.
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<50% desensitisation during the presence of ATP, with rP2X4(2+) desensitising
by 19.5 + 1.6% and rP2X4(4+) desensitising by 31.8 + 7.0%. These results
show that introduction of these positively charged residues to the rP2X4
receptor had no impact on the action of ATP in either potency or time-course.

6.2.2 Suramin Inhibition at the rP2X4(2+) and rP2X4(4+) Mutants

Suramin sensitivity at the rP2X4(2+) and rP2X4(4+) was tested to see if
introduction of these residues could have caused the receptor to become
suramin sensitive and was therefore responsible for the suramin sensitivity of
the X4-BX1 chimera. Both the rP2X4(2+) and rP2X4(4+) receptors showed
inhibition by 10 uM suramin when co-applied with ECyg ATP. The rP2X4(2+)
receptor was inhibited by ~30% and the rP2X4(2+) receptor was more sensitive
with ~75% inhibition (figure 6.2a). These results were a contrast to the WT
rP2X4 receptor which was insensitive to suramin at all concentrations tested.

Suramin inhibition of ATP curves were produced for the rP2X4(2+) and
rP2X4(4+) receptors (figure 6.2b). The rP2X4(2+) receptor had a plCsq for
suramin of 4.19 £ 0.16, showing that the presence of two positive charges had
induced suramin sensitivity from no inhibition at the rP2X4 receptor to a level
intermediate between the hP2X1 and rP2X4 receptors. Introducing the two
additional charges at positions 139 and 140 in the rP2X4(4+) mutant increased
the suramin sensitivity of the receptor ~10-fold compared to rP2X4(2+), to a
plCso Of 5.16 £ 0.09, p<0.0001. The Hill slopes of the rP2X4(2+) and rP2X4(4+)
suramin inhibition curves were similar to the hP2X1 receptor (table 6.1).
Although there was a significant increase in suramin sensitivity compared to the
rP2X4 receptor, with the pICsy being only 3-fold less than that of the hP2X1
receptor, neither of the rP2X4 mutants became as sensitive to suramin as the
hP2X1 receptor, p< 0.0001. This suggests that there are residues within the
rP2X4 receptor that can co-ordinate suramin binding and allow it to inhibit the

ATP induced currents.
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Figure 6.2 Mutating Four Positive Charges into the rP2X4 Receptor Makes it
Suramin Sensitive. (a) Representative traces of EC,, ATP (open circles) and
ECy, ATP + suramin (closed circles) at the rP2X4, rP2X4(2+) and rP2X4(4+)
receptors. The bar represents a 3 s agonist/antagonist application. Traces have
been normalised to peak currents to allow for comparison. (b) Inhibition curves for
suramin at the rP2X4 mutant receptors. The plCg, values of suramin are shown.
Stars represent a significant difference from the hP2X1 receptor. **** p< 0.0001.
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6.2.3 PPADS Inhibition at the rP2X4(2+) and rP2X4(4+) Mutants

As the X4-BX1 chimera had also shown PPADS sensitivity, it was
thought that the presence of the four positively charged residues in the rP2X4
receptor may also make it sensitive to PPADS. When the antagonist was co-
applied with ECgg ATP at the rP2X4(2+) receptor, 10 uM PPADS caused ~ 70%
inhibition (figure 6.3a). The pICsy for PPADS at the rP2X4(2+) receptor was
5.21 = 0.05 which was the same as the hP2X1 receptor (pICso = 5.80 + 0.03)
(figure 6.3b). The Hill slope of the rP2X4(2+) inhibition curve (1.6 £ 0.3) was

unaffected compared to that of the hP2X1 receptor.

As with suramin, the rP2X4(4+) mutant, which had an additional two
positive charges compared to rP2X4(2+), was even more sensitive to the
antagonist. 1 pM PPADS caused ~70% inhibition (figure 6.3a). The rP2X4(4+)
receptor was ~10-fold more inhibited by PPADS than the rP2X4(2+) mutant,
with a plCsy of 6.32 + 0.05, p<0.01 (figure 6.3b). PPADS inhibition at the
rP2X4(4+) receptor was at the same levels as at the WT hP2X1 receptor. The
Hill slope of the rP2X4(4+) inhibition curve (1.0 + 0.1), was unaffected
compared to the WT hP2X1 receptor. These results show that introduction of
the four positive residues to the rP2X4 receptor can greatly increase suramin
and PPADS inhibition at the receptor.

6.2.4 NF449 Sensitivity at the rP2X4(4+) Receptor

The X1-BX4 receptor, from which charged residues at positions 136-140
had been removed as part of the mutation, showed decreased NF449
sensitivity, and addition of these charges to the X1-BX4 chimera reintroduced
nanomolar NF449 sensitivity. These findings showed an important role of the
charges in NF449 action. However the X4-BX1 chimera, which introduced the
four positive charges to the rP2X4 receptor as part of a larger mutation, was not
sensitive to NF449. This suggested that the four charges were not sufficient to
introduce NF449 sensitivity to the receptor. However for completeness NF449
action at the rP2X4(4+) receptor was tested. When 1 uM ATP was co-applied
with ECgo ATP to the rP2X4(4+) receptor no inhibition of the peak current was

seen (figure 6.4). The presence of positive charge in the cysteine rich head
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Figure 6.3 Introducing Positive Charges to the Head Region of the rP2X4
Receptor Made it PPADS Sensitive (a) Representative traces to show
application of EC4, ATP (open squares) and EC,, ATP + PPADS (closed squares)
to Xenopus oocytes expressing the rP2X4, rP2X4(2+) and rP2X4(4+) receptors.
The bar represents a 3 s agonist/antagonist application. Traces have been
normalised to peak currents to allow comparison. (b) PPADS inhibition curves.
pIC;, values are shown. ns = not significantly different from the WT hP2X1
receptor.
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Figure 6.4 The Presence of the Positive Charges does not Introduce NF449
Sensitivity at the rP2X4 Receptor. (a) Four positive charges were introduced at
positions 136,138,139 and 140 of the rP2X4 receptor. Representative traces of
ECy, ATP (orange) and EC,, ATP + 1 pM NF449 (grey) application to Xenopus
oocytes expressing the rP2X4 (4+) receptor. The bar represents a 3 s ATP
application. For the ECy, ATP + 1 uM NF449 application NF449 was bath perfused
around the oocyte for 5 minutes before its co-application with ATP. (b) Inhibition

curves for the WT receptors and the application of 1 uM NF449 at the rP2X4(4+)
receptor.
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region is therefore sufficient to allow suramin and PPADS, but not NF449,

inhibition at the rP2X4 receptor.

6.2.5 ATP Action at the WT zfP2X4 Receptor

As the positive charges were shown to be important in suramin and
PPADS action, it was tested to see if the equivalent mutations would introduce
inhibition by these antagonists to the zfP2X4 receptor. This was tested in the
zfP2X4 receptor subtype, which is the only subtype to have previously been
crystallised. Sequence analysis (EMBL-EBI website) showed that the zfP2X4
nucleotide sequence shared 62% sequence homology with the rP2X4 receptor.
The zfP2X4 receptor contained one charge at the base of the cysteine rich
head region, equivalent to residue arginine 139 in the hP2X1 receptor, with the
sequence at the equivalent positions being FNDAR (figure 6.7a). The WT
zfP2X4 receptor will be referred to as zfP2X4 (FNDAR) in this thesis. When the
zfP2X4 receptor was expressed in Xenopus oocytes, currents in response to
ATP were very small, even at a very high concentration of 3mM ATP the mean
peak current was only 56.9 + 10.3 nA, ~ 150-fold less than at the WT hP2X1
receptor, p < 0.0001 (figure 6.5a). Therefore expression of the zfP2X4 receptor
was optimised. The original zfP2X4 receptor was expressed in the pcDNA3
vector, but sequencing showed that unlike the other receptors that had been
studied so far, did not have a polyadenylated (polyA) tail. A poly A tail is a
series of adenosine bases 3’ to the receptor sequence. The presence of a
polyA tail stabilises RNA and helps with protein expression (Minvielle-Sebastia
& Keller, 1999). Therefore the zfP2X4 receptor was sub-cloned into a
pcDNAS3.1 vector which contained a polyA tail 5’ to the zfP2X4 receptor STOP
codon.

Introducing a polyA tail after the stop codon of the zfP2X4 receptor
increased the peak current in response to ATP ~ 5-fold, p< 0.001 with the poly-
adenylated receptor having a peak current of 325 + 73 nA (figure 6.3b). This
was the form of zfP2X4 receptor used in further experiments. Despite still
having a greatly reduced current compared to the rP2X4 receptor, the time-

courses of the rP2X4 and zfP2X4(FNDAR) receptors in response to maximal
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Figure 6.5 ATP Action at the zfP2X4 Receptor. (a) Effects of polyadenylation of
the zfP2X4 receptor. Currents recorded from oocytes expressing the zfP2X4

protein without a

polyA tail had a mean peak current of ~50 nA. (b)

Polyadenylation was used to increase the currents at the zfP2X4 receptor to ~300
nA. Stars represent a significant difference. (c) Representative traces of maximal
ATP application at the rP2X4 and zfP2X4 receptors. The bar shows a 3 s

application. Traces

have been normalised to peak current for comparison. (d)

Concentration response curves for the WT receptors. pECg, values are shown.

Stars represent a
p<0.0001.

significant shift from the hP2X1 receptor. *** p<0.001 ****
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ATP were similar with % desensitisation being 28.7 = 4.5 and 28.4 + 4.1%
respectively. The rise time at the zfP2X4(FNDAR) receptor was 359 + 69 ms,
again similar to the rP2X4 receptor (figure 6.4c). The potency of ATP at the
zfP2X4(FNDAR) receptor was ~ 100-fold reduced compared to both the hP2X1
and rP2X4 receptors, plCso values of 3.98 + 0.06, 6.31 £ 0.04 and 5.37 + 0.05
respectively, p < 0.0001 (figure 6.4d). The Hill slope of the zfP2X4(FNDAR)
receptor ATP dose response curve was 1.3 = 0.06, similar to those of the
hP2X1 and rP2X4 receptors. A summary of the properties of the
zfP2X4(FNDAR) receptor is given in table 6.1.

6.2.6 Suramin and PPADS at the zfP2X4 (FNDAR) receptor

The zfP2X4(FNDAR) receptor was insensitive to both suramin and
PPADS when co-applied with ECqy ATP, up to a concentration of 100 uM
suramin and 300 uM PPADS (figure 6.6). This was the same as was seen at
the rat P2X4 receptor and was expected as the P2X4 receptor of most species
is insensitive to these commonly used antagonists (Kaczmarek-Hajek et al.,
2012). This antagonist insensitivity means that the zfP2X4 receptor has not
been crystallised in an antagonist bound state, and as this is the only subtype
of P2X receptor that has been crystallised so far, no antagonist bound P2X

receptor crystal structure exists to date.

6.2.7 ATP Action at zfP2X4 (KNKAR) and zfP2X4 (KNKRR) Receptors

When the sequences of the hP2X1, rP2X4 and zfP2X4 receptors were
compared it could be seen that the zfP2X4 receptor sequence already had a
positively charged arginine residue at the equivalent position to K140 of the
hP2X1 receptor (R143, zfP2X4 receptor numbering) but the other three
charged residues were absent (figure 6.7a). Two mutant receptors were
therefore made on the zfP2X4 receptor template. The first had mutations
F139K and D141K introduced alongside the existing arginine at position 143,
and this receptor is known as zfP2X4(KNKAR). This gave it an additional 2
positive charges compared to the WT zfP2X4 receptor, with three positive
charges in this region overall. As there was a positive charge already present at

position 143 in the WT receptor, and the number of mutations needed to
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Figure 6.6 The zfP2X4 Receptor is Insensitive to Suramin and PPADS (a)
Representative traces of ECyy, ATP (open circles) and EC,, ATP + suramin (closed
circles) application at the zfP2X4 receptor. The bar shows a 3 s application.
Suramin inhibition curves are also shown. (b) Representative traces of ECy, ATP
(open squares) and ECy, ATP + PPADS (closed squares) at the WT zfP2X4
receptor. The bar represents a 3 s application. PPADS inhibition curves are also
shown.
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Figure 6.7 ATP Action at the zfP2X4 Point Mutants (a) Sequence alignment of
the rP2X4, zfP2X4, zfP2X4(KNKAR) and zfP2X4(KNKRR) receptors. (b)
Representative traces of maximal ATP at the WT and point mutated zfP2X4
receptors. The bars show a 3 s application. Traces have been normalised to peak
currents to allow for comparison (¢) Concentration response curves for the point
mutated zfP2X4 receptors. pEC;, values are given, ns = no significant shift from
the WT zfP2X4 receptor.
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introduce antagonist sensitivity was to be kept to a minimum, R143 was not
mutated in this study. Only the A142R mutation was made in addition to form
the zfP2X4(KNKRR) receptor. This mutant therefore had an additional 3
positive charges compared to the WT zfP2X4 receptor, with four positive

charges present in this section of sequence overall (figure 6.6a).

Introducing the positive charges to the zfP2X4 receptor had no effect on
the peak currents in response to ATP, with the zfP2X4(KNKAR) and
zfP2X4(KNKRR) receptors recording mean peak currents of 471 + 108 and 132
+ 31 nA respectively. The ATP potency of the zfP2X4(KNKAR) and
zfP2X4(KNKRR) mutants was also unaffected compared to the WT zfP2X4
receptor, plCsp = 3.59 £ 0.06 , 3.79 + 0.06 and 3.98 + 0.06 respectively (figure
6.6¢). The time-course of the zfP2X4 receptor point mutants was the same as
at the WT zfP2X4 and rP2X4 receptors for both rise time and % desensitisation
(figure 6.6b). The rise times for the zfP2X4(KNKAR) and zfP2X4(KNKRR)
receptors were 287.6 + 54.4 ms and 361.7 + 63.5 ms respectively and the %
desensitisation was 27.0 + 3.6% and 12.7 £ 3.3%. This shows that as with the
rP2X4 receptor mutants, introduction of positive charges to the zP2X4 receptor

had no effect on how ATP was acting at the receptor.

6.2.8 Suramin Inhibition at the zfP2X4 Receptor Mutants

Mutating the positive charges into the head region of the zfP2X4
receptor had no effect on the action of ATP at the mutants compared to the WT
zfP2X4(FNDAR) receptor, similar to what was seen when the equivalent
mutations were made in the rat subtype. As the introduction of the four charged
residues had made the rP2X4 receptor antagonist sensitive, it was tested to
see if this was also true for the zfP2X4(KNKAR) and zfP2X4(KNKRR) mutants.
Co-application of 10 uM suramin with ECgp ATP caused ~ 40% inhibition at the
zfP2X4(KNKAR) mutant and ~ 50% inhibition at the zfP2X4(KNKRR) mutant
(figure 6.7a). The suramin sensitivity of zfP2X4(KNKAR) and zfP2X4(KNKRR)
receptors was similar, with plCsy values of 4.52 + 0.05 and 4.90 = 0.05
respectively (figure 4.7b). These results were in contrast to the WT zfP2X4

receptor which was insensitive to suramin up to a concentration of 100 uM. The
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Figure 6.8 Suramin Inhibition at zfP2X4 Point Mutations. (a) Representative
traces to show application of EC4, ATP (open circles) and ECy, ATP + suramin
(closed circles) at WT and point mutated zfP2X4 receptors. The bars represent a
3 s application. Traces have been normalised to peak currents to allow for
comparison (b) Suramin inhibition curves. plCg, values are shown. Stars
represent a significant difference from the hP2X1 receptor. **** p < 0.0001
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zfP2X4(KNKAR) and zfP2X4(KNKRR) mutants were ~ 30 and ~ 12-fold
respectively less sensitive to suramin than the hP2X1 receptor, p<0.0001, but
showed no difference in the Hill slope of the inhibition curve compared to the
hP2X1 receptor (table 6.1). These results show that the zfP2X4 (FNDAR)
receptor can be made sensitive to suramin through introduction of two or three
additional positive charges. Other residues within the zfP2X4 receptors are
likely to also be co-ordinating suramin binding at the receptor, but the positive
charges appear necessary for high affinity and potency at the receptor. These
mutations could be useful when generating an antagonist bound crystal

structure.

6.2.9 PPADS Inhibition at the zfP2X4 Receptor Mutants

As introduction of these two or three positive charges at positions 139
and 141 and 142, (along with the existing arginine at position 143 of the
zfP2X4(FNDAR) receptor), made the receptor sensitive to suramin, it was
tested to see if the zfP2X4(KNKAR) and zfP2X4(KNKRR) mutants were also
sensitive to PPADS. PPADS caused no response at either receptor when
applied in the absence of ATP and was pre-perfused around the oocyte for 5
minutes before being co-applied with ECyo ATP. An application of 10 uM
PPADS caused ~ 50% inhibition at both the zfP2X4(KNKAR) and
zfP2X4(KNKRR) mutants (figure 6.8a). There was again no difference in the
potency of PPADS between the zfP2X4(KNKAR) and zfP2X4(KNKRR)
mutants, with plCsy values of 4.73 £ 0.04 and 4.86 + 0.11 respectively (figure
6.8b). The mutants were ~10-fold less sensitive to PPADS than the hP2X1
receptor (p<0.001), but showed a marked increase in inhibition compared to the
WT zfP2X4(FNDAR) receptor which was insensitive to PPADS at the highest
concentration tested (300 uM). The Hill slopes of the zfP2X4 receptor mutants
were similar to the hP2X1 receptor (table 6.1). These results show that, as with
suramin, the introduction of three additional positive charges to the
zfP2X4(FNDAR) receptor could introduce PPADS sensitivity. As only 3 point
mutations were necessary to introduce this sensitivity, these mutations could be

used to generate antagonist bound crystal structures.
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Figure 6.9 PPADS Inhibition at the zfP2X4 Point Mutated Receptors. (a)
Representative traces to show application of ECy, ATP (open squares) and ECy,
ATP + PPADS (closed squares) at WT and point mutated zfP2X4 receptors. Bars
represent a 3 s application. Introducing positive charges at positions 139, 141 and
142 made the zfP2X4 receptor PPADS sensitive. Traces have been normalised to
peak currents to allow comparison. (b) PPADS inhibition curves. plCg, values are
shown. Stars indicate a significant difference from the hP2X1 receptor. **** = p

<0.0001
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Mean Peak | Rise % ATP ATP Hill Suramin Suramin PPADS PPADS
Current Time Decay pEC;, Slope plCs, Hill slope | pICy, Hill
(nA) (ms) slope

hP2X1

rP2x4

rP2X4
(2+)

rP2X4
(4+)

zfP2X4(FN
DAR)

zfP2X4
(KNKAR)

zfP2X4
(KNKRR)

Table 6.1 ATP and NF449 action at the hP2X1 and P2X4 receptors and P2X4 mutants. Boxes shaded in grey show no
difference from the hP2X1 receptor. Blue represents a significant increase compared to the hP2X1 receptor and red represents a
significant decrease.



6.2.10 Purification of the zfP2X4(KNKRR) Receptor

Crystallisation of a receptor is a complicated process and it took seven
years to crystallise the first P2X receptor (Young, 2010). One of the reasons the
process takes so long is that many mutant forms of the receptor had to be
trialled in order to find one that formed high resolution crystals. Therefore when
attempting to crystallise the P2X4 receptor, it would be optimal to use the
existing zfP2X4 receptor construct that has already been crystallised. This
mutant is the zfP2X4C mutant which is both C and N-terminally truncated
consisting of residues 28-365 of the WT zfP2X4(FNDAR) which has also had 2
glycosylation sites removed by point mutation (N78K and N187R) (Hattori &
Gouaux, 2012). The zfP2X4C receptor is insensitive to suramin and PPADS,
however introducing the three additional positive charges to the receptor may
allow an antagonist bound crystal structure to be produced. Purification of the
zfP2X4C(KNKRR) mutant on a small scale was attempted as an indication of
whether crystallisation of the receptor in an antagonist bound state would be
possible. These experiments were performed on a GFP-tagged
zfP2X4C(FNDAR) receptor background which had a molecular weight of 66.2
kDa (figure 6.10a). The zfP2X4C(FNDAR) receptor was sub-cloned into a new
vector named pLEICS-12 (figure 6.10b), and the 3 additional positive charges
introduced in PCRs performed by the Protein Expression Laboratory, PROTEX
(University of Leicester, Leicester, UK) to make the mutant zfP2X4C(KNKRR).
The pLEICS-12 vector is based on the pcDNA3.1 vector and was chosen as it
has routinely been used at the University of Leicester for protein expression in
HEK cells and crystallisation experiments. The vector contained a CMV
promoter and both FLAG and histidine tags in order to identify and
immunoprecipitate the zfP2X4C(KNKRR) protein (figure 6.10). As the zfP2X4C
construct used was also GFP tagged, a variety of options for protein

identification and purification were available.

The zfP2X4C and zfP2X4C(KNKRR) constructs were transfected into
Freestyle™ 293-F HEK cells (Invitrogen) and cultured in suspension. Two days
after transfection cells were harvested and immunoprecipitation was performed
using magnetic beads. The zfP2X4C(FNDAR) and zfP2X4C(KNKRR) receptors
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Figure 6.10 Representations of the GFP tagged zfP2X4C(KNKRR) receptor
and The pLEICS12 Vector. (a) GFP-tagged zfP2X4C receptor drawn to scale. (b)
pLeics12 vector map. The vector is 7481 bp in size and is based on the pcDNA3.1
vector. It contains ampicillin and neomycin resistance genes for selection. It uses
a CMV promoter and has both His and FLAG tags in order to immunoprecipitate
the zfP2X4C proteins.
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were initially incubated with nickel beads which bound to the histidine tag. This
method was chosen as the histidine tag had been used to pull down the
zfP2X4C protein when the receptor had been crystallised previously, and also
to save costs as the nickel beads were less expensive than the FLAG tagged
ones (Kawate et al., 2009). When the elutions from the nickel beads were run
on a Bis-Tris gel and stained to identify any proteins present, there were
numerous bands of different sizes, suggesting that while the zfP2X4 receptor
proteins may have been present, the sample also contained lots of additional
proteins and a pure sample could not be obtained (figure 6.11). Control cells
were not used in this experiment, but as it was only performed to see if the
histidine tag could be used for protein immunoprecipitation this does not affect
the result. The reason that nickel beads were not successful in this study may
be because the zfP2X4C(KNKRR) protein was expressed in HEK cells,
whereas when the receptor was previously crystallised Sf9 cells were used.
The nickel beads appear to be pulling down proteins present in the HEK cells.
After discussions with structural biologists it was decided that the nickel beads
were not the most effective method of purifying the protein and experiments
should be repeated using anti-FLAG magnetic beads which would recognise
the FLAG tag in the pLEICS-12 vector.

Two separate buffers were used in experiments using the anti-FLAG
beads in order to optimise the protocol. The first (buffer A) was tris based and
had routinely been used in the lab for protein purification experiments, the
second (buffer B) was bis-tris based and was suggested by Dr Louise Fairal,
University of Leicester (see methods). All experiments were run in parallel in
both buffers. A control was performed using non-transfected cells (figure 6.12
a,b). For the control, only very faint bands could be seen in the elutions
performed in either buffer on the coomassie stained protein gel (figure 6.12a),
however when a Western blot was performed using an anti-flag antibody faint
bands were seen in the elutions in both buffers (figure 6.12 b). The expected
molecular weight for the unglycosylated GFP-tagged zfP2X4C(KNKRR)
receptor was ~ 66 kDa, with GFP being ~27 kDa and the zfP2X4C(KNKRR)
protein ~38 kDa (figure 6.10a). For the Western blot of the elution of control

cells in buffer A there was a band at ~ 70 kDa. It was not clear what this
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Figure 6.11 Expressing the zfP2X4C(KNKRR) Protein in Freestyle™ 293-F
HEK Cells. Coomassie stained protein gel of HEK cells transfected with zfP2X4C
or zfP2X4C(KNKRR) receptors. The zfP2X4C and zfP2X4C(KNKRR) receptors
were pulled down using nickel beads which recognise the histidine tag. The

samples have multiple bands meaning a pure zfP2X4C or zfP2X4C(KNKRR)
protein has not been obtained. FT = flow through, W4 = wash 4.
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band was, however it was likely to be too large to be confused with the
zfP2X4C receptors in future experiments. There was no band present at a
similar size in buffer B. Beads bound to the anti-FLAG antibody were therefore
considered appropriate for purification of the zfP2X4C(KNKRR) protein.

When elutions from the zfP2X4C(KNKRR) sample were run on the
protein gel, two very faint bands were seen at ~ 60 kDa in buffer B but no
bands of the correct size were seen in cells treated with buffer A (figure 6.12c).
Western blotting using an anti-FLAG antibody also showed two bands of a
similar size of ~ 65kDa, suggesting that these bands could be the
zfP2X4C(KNKRR) receptor (figure 6.12d). These bands were absent from the
elution performed in buffer A. The bands were excised from the gel and sent for
analysis by mass-spectrometry (PNACL, University of Leicester). Results
showed that both bands contained the zfP2X4C(KNKRR) receptor protein. This
meant that the protein could be identified and pulled down using the anti-FLAG
beads. However there were still numerous other proteins present on the gel
and so a pure sample of zfP2X4C(KNKRR) had not been obtained.

In order to increase the purity of the 2zfP2X4C(KNKRR)
immunoprecipitated protein, membrane isolation was performed so that solely
proteins present in the membrane of the cell would be incubated with the anti-
FLAG beads. It was hoped that this would increase the purity of the protein.
The membrane isolation was performed using a buffer which contained the
detergent DDM that had been used to purify the chemokine receptor CCR1
(Allen et al., 2009) (see methods). The immunoprecipitated membrane proteins
were again run on a gel which was stained for protein (figure 6.12). This sample
proved to be much purer, with only three bands being seen at ~ 65, ~ 75 and ~
85 kDa. The predicted weight of the zfP2X4C(KNKRR) receptor was ~ 66 kDa.
The bands were excised and sent for mass spectrometry. All three bands were
identified as containing the zfP2X4C(KNKRR) receptor. Possible reasons for

these multiple bands are discussed at the end of this chapter.
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Figure 6.12 Purifying the zfP2X4C(KNKRR) Receptor Protein in Different
Buffers. Harvested HEK cells were incubated with anti-FLAG beads and the flow
through (FT) and elutions were run on protein gels which were stained with
coomassie stain (a and c) or Western blots were performed using an anti-FLAG
antibody (b and d). Non-transfected cells were used as a control and experiments
were performed in parallel in two different buffers. Some bands were present in
the Western blot for the control cells (b), however an additional band at the
expected size (~ 66 kDa) was seen in the zfP2X4C(KNKRR) transfected cell
samples (d). This suggests that it is this bands which contains the
zfP2X4C(KNKRR) protein, highlighted in red. Buffer B produced better results
than buffer A. The bands shown circled in red in gel (c) were excised and sent for

analysis by mass spectrometry.
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The bands for the zfP2X4C(KNKRR) protein were faint, so only a low
concentration of protein was present. However this preparation had only used
90 ml of cells and only 20% of the protein from harvested cells was ultimately
loaded on the gel. These results suggests that with optimisation a pure
zfP2X4C(KNKRR) protein could be isolated in high concentrations for
crystallisation if experiments were performed on a larger scale. An antagonist
bound zfP2X4C(KNKRR) receptor crystal structure could give huge insights
into how suramin and PPADS are acting at the hP2X1 receptor.
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Figure 6.13 Membrane Preparation of the zfP2X4C(KNKRR) Samples.
Membranes were isolated from the transfected HEK cells before being incubated
with anti-FLAG magnetic beads. This meant that only proteins present in the cell
membrane would be added to the protein gel. Three faint bands were seen at ~65,
75 and 85 kDa (shown in red). These bands were excised and sent for mass
spectrometry. All three bands were seen to contain the zfP2X4C(KNKRR) protein,
suggesting that differentially glycosylated forms of the protein may exist in the
sample. FT = flow through, W4 = wash 4, E1, E2, E3 = elutions 1, 2 and 3. SDS =
elution with SDS.
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6.3 Discussion

6.3.1 Introduction of the Positive Charges to the Head Region of the P2X4

Receptor had no Impact on ATP Action

When either two or four positive charges were introduced to the rP2X4
receptor at positions 136-140, no effect on ATP potency or time-course was
seen compared to the WT rP2X4 receptor. This suggests that residues S136,
D138, T139 and H140 are not contributing to the difference in ATP potency or
the time-course of the ATP evoked response between the hP2X1 and rP2X4
receptors. This is interesting as removal of these charges from the hP2X1
receptor as part of chimera X1-BX4 caused a decrease in the desensitisation
seen, and their reintroduction to the receptor reintroduced the rapid hP2X1
receptor-like time-course. Swapping these charges with equivalent residues of
the P2X2 receptor in a previous study also decreased ATP potency to P2X2
receptor levels but had no effect on the desensitisation, maintaining the rapid
time-course of P2X1 at the receptor (El-Ajouz et al., 2012). The time-course of
the receptor may have been retained in the P2X2 study as only the four point
mutations were made whereas in this thesis the charges were removed as part
of a larger mutation. This shows that these charged residues are important for
the rapid time-course of the hP2X1 receptor but that their presence alone
cannot introduce this time-course to the slowly desensitising rP2X4 receptor.
Introduction of these charges also had no effect on the time-course or potency
of the hP2X2 receptor (El-Ajouz et al., 2012). These residues are therefore part
of a more complex control of receptor time-course, involving many residues
both intracellular, extracellular and in the transmembrane domains (Werner et
al., 1996; Allsopp & Evans, 2011). There was also no effect on the time-course
or ATP sensitivity of the zfP2X4(KNKAR) or zfP2X4(KNKRR) mutants
compared to the WT zfP2X4(FNDAR) receptor. This suggests that no gross
conformational changes have been introduced by the mutations as ATP binding
and channel gating are still normal at the receptors. This is an important finding
for the possibility of crystallisation, as a crystal structure is only informative if it
is an accurate representation of the WT structure. Mutations which introduce

conformational changes would not be a good target for crystallisation.
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6.3.2 Introduction of the Positive Charges Introduced both Suramin and
PPADS Sensitivity

The WT rat and zebrafish P2X4 receptors showed no sensitivity to
suramin or PPADS but both the rP2X4(2+) and rP2X4(4+) mutants were
inhibited by these antagonists and this was mimicked in the zfP2X4(KNKAR)
and zfP2X4(KNKRR) receptors. Therefore introducing positive charges at the
base of the cysteine rich head region is sufficient to cause inhibition by suramin
and PPADS at these receptors. The antagonists could either bind to these
mutated residues, or the presence of these charged amino acids could allow
the receptor to adopt a conformation at which antagonism can occur. The
suramin and PPADS molecules are large and will bind to numerous residues in
the receptor. As only three or four mutations have been made to these
receptors in order to introduce this inhibition, even if suramin and PPADS are
binding at these residues, other amino acids must also contribute to the binding
site due to the size of the antagonist molecules. As removal of these charges
had no effect on suramin and PPADS action (chapter 4) at the hP2X1 receptor
it is likely that the antagonist molecules are not binding to these residues, but
instead their presence causes a conformational change at the receptor which
allows antagonism to occur. This is also supported by the fact that suramin and
PPADS are structurally distinct with few common features, suramin is a
competitive antagonist and PPADS non-competitive, and yet the mutation has
had similar effects for both molecules. The residues are also missing from other
suramin and PPADS sensitive receptors such as the hP2X2 receptor (El-Ajouz
et al., 2012).

Introduction of the four positive charges to the rP2X4 receptor caused
the mutant to become sensitive to suramin and PPADS, but the removal of
these charges as part of the X1-BX4 chimera did not decrease the action of
these antagonists at the hP2X1 receptor. The opposite effect was seen for the
contribution of the four positive charges to NF449 action. Introduction of the
four positive charges to the rP2X4 receptor had no effect on NF449 action at
the rP2X4 receptor, however the loss of these charges as part of the X1-BX4

chimera decreased NF449 inhibition. This shows that the charges are involved
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in suramin, PPADS and NF449 action but are contributing to the effects of
these antagonists in different ways. In the study by El Ajouz et al introduction of
three of the four positive charges (E136K D138K and L140K) increased
suramin sensitivity ~ 20-fold, but the additional M139R mutation caused the
inhibition to return to WT hP2X2 receptor levels (El-Ajouz et al., 2012). This
supports the role of these positive charges in suramin action, but in this study
the increase in antagonist sensitivity that has been seen is much greater, and
the mutant in which four charges have been introduced also shows high
suramin sensitivity. The greater effect of the mutant in this study could be due
to suramin sensitivity being much lower at the rP2X4 receptor compared to the
hP2X1 receptor. The H241A mutation did not have to be introduced to the
rP2X4 receptor in order for it to become antagonist sensitive. This suggests
that although this residue has been shown to be involved in the antagonist
insensitivity of the rP2X4 receptor (Xiong et al., 2004b), its presence does not
prevent antagonism at the receptor, rather it just contributes to antagonist
insensitivity. This again shows a complex, multifaceted control of antagonism at
P2X receptors, with many different residues contributing to a receptor’'s

antagonist sensitivity.

6.3.3 The Presence of the Four Charges in Other P2X Receptors

The four positive charges are unlikely to be solely responsible for
suramin and PPADS binding as they are not conserved in other receptors
which are inhibited by these antagonists. For example PPADS is equally potent
at the hP2X1 and hP2X2 receptors, and suramin also inhibits both receptors,
but the hP2X2 receptor does not have charged residues at the equivalent
positions. The rat P2X1 receptor is sensitive to suramin and contains three
charges at positions equivalent to 136, 139 and 140, but interestingly lacks the
charge at 138 which was shown to be particularly important in suramin
inhibition by Sim et al (Sim et al., 2008). It is possible that the introduction of the
four charges at the rP2X4 receptor has helped it to adopt a conformation that is
present in these other receptors.
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6.3.4 Generation of an Antagonist Bound Crystal Structure

The generation of an antagonist bound crystal structure for the P2X
receptor is important as it would show where on the receptor the antagonist
was binding. Little is currently known about how suramin and PPADS are
binding at the receptor. The only subtype of P2X receptor that has been
crystallised is the zfP2X4 receptor which is insensitive to antagonists and
therefore an antagonist bound crystal structure has not been made. This
chapter has shown that the introduction of the four charges to the zfP2X4C
template may allow the P2X4 receptor to adopt a position where antagonists
can bind to residues that already exist in the molecule, rather than the charges
being involved in binding themselves. This would mean the crystal structure
gave information on the native binding site of the suramin and PPADS
molecules at P2X receptors. The zfP2X4C(KNKRR) receptor would be a strong
target for crystallisation as only 3 point mutations have been introduced to the
previously crystallised zfP2X4C receptor to make it antagonist sensitive. These
mutations did not alter ATP sensitivity or the time-course of the ATP evoked
response compared to the WT receptor, suggesting the receptor is still

structurally similar and therefore is a good target for crystallisation.

The protein purification experiments at the end of this chapter have
shown encouraging results for the generation of an antagonist bound crystal
structure of the zfP2X4 receptor. It was seen that the zfP2X4C receptor could
be purified when proteins were isolated from the membranes of Freestyle HEK
cells. For a protein to be crystallised it needs to be a single molecular species,
however in this study, three different sized bands were seen and it is currently
unclear why this occurred. Differently glycosylated proteins have different sizes,
and glycosylation of the P2X2 receptor has been reported to add ~ 15 kDa to
the size of the protein (Newbolt et al., 1998), it is therefore possible that the ~
20 kDa difference in the size of the zfP2X4C(KNKRR) protein is due to
glycosylation. In order to confirm this the protein could be deglycosylated using
a protein deglycosylation kit (Sigma). Two glycosylation sites have been
mutated out of the zfP2X4C(KNKRR) receptor and so other factors may be
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contributing to the different molecular species seen such as modifications or

interacting proteins (Kawate et al., 2009).

Several modifications of the zfP2X4C(KNKRR) receptor were identified
by mass spectrometry in the larger bands which could be responsible for an
increase in size. These include oxidation of methionine residues and the
addition of carbamidomethyl, which modifies the mass of cysteines and occurs
when the protein is alkylated. It was also seen that additional proteins were
contained in some of the bands with which the zfP2X4C(KNKRR) receptor
could form a complex and account for this increased size. A further possible
reason for these differently sized bands could be that the protein has not been
completely denatured, and some more complex structure remains. The proteins
were treated with 2-mercaptoethanol but were not heated and therefore the
proteins could be heated to 95°C to make sure they are completely denatured
before loading in future experiments. It remains to be seen what is responsible
for these differences and this will be evaluated in further studies. An advantage
of the zfP2X4C(KNKRR) receptor being both His and FLAG tagged is that both
tags could be used to purify the receptor, for example an initial purification
could be done using the FLAG tag and the experiment then repeated on this
eluted sample using the nickel beads. This should increase the purity of the
final protein as two methods of selection have been used. If the presence of
three bands each containing the zfP2X4C(KNKRR) protein persists, then size
exclusion chromatography could be used in order to isolate proteins that are
less than 70 kDa in size., for example the EPPF-HiLoad Superdex-75pg 16/60
column. This should remove any variations of the receptor, giving a pure

sample of the protein to be crystallised.

Protein expression will need to be increased in future experiments for
crystallisation to be possible. There are several approaches can be taken to do
this.

0] A different method of elution. In order to ensure the protein is
eluted from the beads in the most efficient manner, members of

the biochemistry department at the University of Leicester often
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(ii)

(iif)

(iv)

use a TEV protease recognition site in order to cleave the protein
from the FLAG tag which has been used to bind the receptor to
the beads. TEV protease is a cysteine protease engineered from
the Tobacco Etch Virus Nla protease. A TEV site is included in
the pLeics12 vector. A thrombin cleavage site is contained at the
very beginning of the P2X4C(KNKRR) sequence which could also
be used to cleave the protein from the beads.

Different Detergents. In order to lyse cells and digest the
membrane proteins, a detergent is added to the buffer when
performing the membrane preparation. In this experiment | used
1% DDM. The concentration of DDM could be increased to ~ 5%.
Different detergents could also be tried such as B-octylglucoside
(OG) or Triton X-100.

Different Membrane Preparation Protocols. Other protocols for
membrane preparation could be researched and used which vary
in the length and speed of centrifugation.

Removal of the GFP tag. The GFP tag is a large (~ 26.8 kDa)
protein and it is possible that its presence is interfering with the
expression of the receptor. A zfP2X4C(KNKRR) protein without
this tag could therefore be produced through mutation and
purified. Another way to remove the tag is to cleave the
zfP2X4C(KNKRR) mutant from the beads using the thrombin
cleavage site (figure 6.10). This site is positioned between the
zfP2X4C(KNKRR) receptor and the GFP tag and so cleavage
here would just elute the receptor, leaving the GFP attached to
the beads.

Although these experiments showed low expression, low volume (max

90 ml) cultures of cells were used and of these cultures only 20% was loaded
onto the final gel. This shows that ~ 5 x more protein could be obtained from
these low volume cultures and different buffers and methods could be tried to
increase the amount of protein that is expressed. This suggests that enough
protein could be purified in large scale experiments in order to allow

crystallisation.
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In summary this chapter has demonstrated that both the antagonist
insensitive rP2X4 and zfP2X4 receptors can be made suramin and PPADS
sensitive by the introduction of positively charged residues at the base of the
cysteine rich head region. This shows the strong possibility for the generation of
both suramin and PPADS bound crystal structures, which would give huge
insight into the molecular basis of antagonist binding at P2X receptors. Initial
experiments into protein purification have shown strong potential for the
crystallisation of the zfP2X4C(KNKRR) receptor and work towards this is

ongoing.
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Chapter 7: General Discussion

The main focus of this thesis was to determine the molecular basis of
antagonist action at the hP2X1 receptor. To do this, residues were swapped
between the hP2X1 receptor and the antagonist insensitive rP2X4 receptor to
generate chimeras and point mutations. The results of these experiments have
given a wealth of information on agonism, time-course and antagonism at both
receptors. Drawing all the findings together has shown that a variety of different
mutations could have an effect on ATP potency, time-course and antagonism.
The mutant phenotype that was most common was a decrease in ATP potency
and no mutation caused an increase in ATP sensitivity. It was seen that the
residues controlling ATP potency and the time-course of the agonist evoked
response were distinct. The NF449 binding site has been predicted to be
localised at the base of and just below the cysteine rich head region, and
several models of this binding have been generated. The basis of suramin and
PPADS antagonism appears to be more complex, with the difference in
inhibition seen between the two WT receptors likely to be due to differences in

conformation.

7.1 Regions of the hP2X1 Receptor Contributing to ATP Potency

The chimeras and point mutations described in this thesis have given an
overview of the regions of the receptor which have an effect on two important
features of ATP action, potency and the time-course of the ATP evoked
response. ATP potency at the hP2X1 receptor was easily decreased through
mutation (table 7.1). Replacing three of the four original sections of the hP2X1
receptor (A,B and D) with rP2X4 receptor residues decreased the potency of
ATP between 15 and 110-fold (figure 7.1a). Swapping region C as a whole had
no effect on ATP potency at the hP2X1 receptor, however when smaller sub-
chimeras were made within this section, a 6-12-fold decrease in potency was
seen, with ATP potency becoming rP2X4 receptor-like for regions X1-Cq, X1-Cg,
X1-Cs and X1-C; and the residue His 220 (figure 7.1a). This demonstrated that
mutation of residues spread throughout the extracellular loop could have an
effect on ATP potency. The ATP binding site is conserved between receptors

and well defined. It is unlikely that these residues are directly involved in ATP
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ATP Potency

ATP
X1-A (52-132)
X1-B (133-184)

X1-D (262-330)
X1-C, (185-209)
X1-C, (232-261)

X1-Cy (216-220)
X1-C,(227-231)

H220

(b)

ATP

Less sensitive than the
rP2X4 receptor

rP2X4 receptor-like ATP
sensitivity

hP2X1 receptor-like ATP
sensitivity

Figure 7.1 Regions of the hP2X1 receptor identified as contributing to ATP
potency (a) Regions of the receptor which had an effect on ATP potency when
mutated to the equivalent rP2X4 receptor residues are shown in colour on an
homology model of the ATP bound hP2X1 receptor. (b) Regions where mutation
of the hP2X1 receptor to equivalent residues of the rP2X4 receptor had an effect
on ATP potency have been grouped according to how great the effect was.
Residues shown in blue were less sensitive to ATP than the rP2X4 receptor.
Residues shown in red had equivalent ATP sensitivity to the rP2X4 receptor and
residues shown in black had hP2X1 receptor-like ATP potency.
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binding. Therefore, as the original chimeras consisted of large swaps (> 50
residues), it was considered that they may have introduced conformational
changes to the receptor that affected ATP binding. This could be through a
subtle change in the structure of the ATP binding pocket which alters the affinity
of the ATP molecule for the binding site, or through mutations which alter the

gating of the receptor and decrease channel opening

This is supported by the finding that the effect on ATP potency of
swapping region B was not reciprocal between the hP2X1 and rP2X4
receptors. Replacing residues of this region of the hP2X1 receptor with
corresponding residues of the rP2X4 receptor decreased ATP potency, but the
reciprocal mutation, replacing this region of the rP2X4 receptor with residues of
the hP2X1 receptor had no effect on ATP potency. If the residues were
involved in high affinity ATP binding, then their removal from the hP2X1
receptor would be likely to decrease the affinity of the molecule for the receptor,
with some individual residues previously identified to be involved in ATP
binding showing >1000-fold decrease in ATP potency when mutated (Ennion et
al., 2000). Further evidence that the effect is on conformation is that two of the
mutations (regions A and B) have decreased potency compared to both the
hP2X1 and rP2X4 receptors (figure 7.1b). If the effect were directly on gating or
binding it would be likely that swapping residues between the two receptors
would only introduce a phenotype that was either hP2X1 receptor or rP2X4
receptor like or was intermediate between the two. A gross structural change

would be likely to greatly decrease agonist action.

These results show that ATP potency at the hP2X1 receptor can be
easily decreased through mutation (table 7.1). It was for this reason that an
ECqo concentration of ATP was used in antagonism experiments at the mutated
receptors as it standardised any change in antagonism that was due to altered

ATP potency.
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7.2 Regions of the Receptor Contributing to the Time-course of the ATP

Evoked Response

The chimeras have also given an overview of how the desensitization of
the ATP evoked response is controlled at the receptor. Only four mutants had
slowed desensitization, while ~ 50% of mutants showed a decrease in ATP
potency, demonstrating that it was possible to decrease ATP potency without
affecting desensitization (table 7.1). Two of the four original chimeras (X1-BX4
and X1-DX4) desensitized less than the hP2X1 receptor (figure 7.2). Chimera
X1-BX4 became rP2X4 receptor-like in its desensitization, suggesting that
residues in this region could contribute to the difference in time-course between

the two receptors.

Only one point mutation affected the time-course and this was H220N,
this was also the only point mutation which had an effect on receptor potency.
All of the hP2X1 receptor based mutants which had an effect on time-course
also decreased ATP potency, but five mutations affected potency but not time-
course (table 7.1). It is hypothesized that mutations which affect potency but
not time-course are causing a conformational change which decreases the
affinity of ATP for the receptor, but once ATP binds there is no effect on gating
(which is largely controlled by the transmembrane and intracellular domains). It
is therefore likely that the change in conformation is subtle and mapping
residues on the homology models has shown it is most likely to be located

around the binding pocket.

There is one example in this thesis of a mutation which affects the time-
course, but not the potency of ATP, chimera X1-BX4(4+). The X1-BX4 chimera
had rP2X4 receptor-like time-course and decreased ATP potency compared to
the rP2X4 receptor. Introduction of the four charges to the mutant to make the
X1-BX4(4+) chimera dramatically increased the amount of desensitization seen
but had no effect on the ATP potency or peak amplitude compared to X1-BX4.
This suggests that these residues may be involved in gating of the hP2X1
receptor. As the peak current was unaffected, the X1-BX4 and X1-BX4(4+)

receptors are opening to the same extent, but the X1-BX4(4+) chimera is
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Receptor ATP Potency Timecourse
rP2x4 % 8%
X1-AX4 % -
X1-BX4 % 8%
X1-CX4 - -
% 8%
N .
X1-C g X4 N7 -
X1-C X4 - -
X1-CX4 N _
X1-C X4 - -
X1-CoX4 %
T216S : :
H220N v v
H224D - -
V229l : :
Q231R - -

Table 7.1 Table to show the difference in ATP potency and the time-course
of the ATP evoked response between chimeric and point mutated receptors
compared to the hP2X1 receptor. Mutations which cause a decrease in ATP
potency are shown by ¥ and highlighted in blue. Mutations which had no effect
are highlighted in grey.

211



Desensitisation of the ATP Evoked Response

(@)
ATP
X1-B (133-184)
X1-D (262-330)
H220
(b)
ATP

Intermediate between the
hP2X1 and rP2X4 receptors

rP2X4 receptor-like ATP
sensitivity

hP2X1 receptor-like ATP
sensitivity

Figure 7.2 Regions of the hP2X1 receptor identified as contributing to
desensitisation (a) Regions of the hP2X1 receptor which had an effect on
desensitisation of the ATP evoked response when mutated to the equivalent
rP2X4 receptor residue are shown in colour on a homology model of the ATP
bound hP2X1 receptor. (b) Regions where mutation of the hP2X1 receptor to
equivalent residues of the rP2X4 receptor had an effect on desensitisation have
been grouped according to how great the effect was.
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closing more rapidly. The four residues are located in the cysteine rich head
region which is thought to move downwards upon ATP binding (Hattori &
Gouaux, 2012; Roberts et al., 2012). This movement could cause further
conformational changes in the transmembrane domains of the receptor
affecting channel gating and causing desensitization. The loss of these charges
from the hP2X1 receptor as part of chimera X1-BX4 could have decreased or
altered this movement, decreasing the desensitization. Reintroduction of the
charges has then allowed this increased movement of the hP2X1 receptor head
region to return. If the four positive charges are involved in movement of the
head region, and this movement causes rapid desensitisation, then this could
contribute to the difference in desensitisation seen between the WT hP2X1 and
rP2X4 receptors as more movement has been reported in the head region of
the hP2X1 receptor than was seen at the zfP2X4 receptor crystal structure
(Lorinczi et al., 2012) and the positive charges are absent in the rat and
zebrafish P2X4 receptors. It was seen in this study that introducing the four
charges to the rP2X4 receptor did not affect the time-course of the receptor and
this was supported by the El Ajouz study which showed that introduction of the
residues to the hP2X2 receptor also had no effect on time-course (El-Ajouz,
2011). This suggests that there are residues, likely to be negatively charged, in
the hP2X1 receptor but not the hP2X2 or rP2X4 receptors which the four
charges are interacting with to influence time-course. Figure 7.3a shows the

presence of positive and negative charge around the KKRK residues.

In general the results of the chimeras on the effects of ATP show that it
is easy to decrease opening at the receptor through mutation but harder to

affect the desensitization.

7.3 The Effects of Suramin and PPADS Track Together at Mutated
Receptors

Suramin and PPADS sensitivity at the chimeras and point mutated
receptors tracked together. If a receptor showed a decrease in suramin
sensitivity compared to the hP2X1 or rP2X4 receptor, it also showed a
decrease in PPADS sensitivity (Table 7.1 and 7.2). NF449 did not follow the
same pattern, with similar effects to suramin and PPADS at one of the original

213



hP2X1 and rP2X4 conserved
negative charge

. hP2X1 negative charge

. hP2X1 positive charge hP2X1 and rP2X4 conserved
positive charge

KKRK

Figure 7.3 Positive and negatively charged residues at the hP2X1 receptor. (a)
All charged residues of the hP2X1 receptor are highlighted in colour on the receptor
homology model. (b) Close up of the region around the KKRK residues shows
charged residues which are conserved between the hP2X1 and rP2X4 receptors.



chimeras but different effects at the other three. It might have been expected
that if any two antagonists were going to track together that it would be suramin
and NF449 as NF449 is a suramin derivative and in the previous chimeric study
by El-Ajouz et al it was seen that these two antagonists did have similar effects
at the chimeras (El-Ajouz et al., 2012). 3D modelling of these molecules
however shows that there is a significant difference between their structures

and a difference in their action is therefore not unexpected.

A study on the effect of histidine residues of the rP2X4 receptor on
antagonism has shown that a single mutation of H241 to an alanine could
increase both suramin and PPADS sensitivity (Xiong et al., 2004b). Other
studies on antagonism have identified mutations which introduce either suramin
or PPADS inhibition but have no effect on the other antagonist. For example
the mutation E249K in the rP2X4 receptor could introduce PPADS but not
suramin inhibition and the mutation Q78K at the same receptor had the
opposite effect, introducing suramin but not PPADS inhibition (Buell et al.,
1996; Garcia-Guzman et al., 1997). A chimera which introduced residues 81-
183 of the hP2X4 receptor into the rP2X4 receptor was also shown to introduce
PPADS but not suramin sensitivity (Garcia-Guzman et al., 1997). This shows

that separate residues are contributing to the action of each molecule.

It is unclear if suramin and PPADS share a binding site. Although NF449
is a suramin derivative the structures of the molecules are not particularly
similar, with NF449 being larger and less linear. A previous study by El-Ajouz et
al suggested that the two antagonists did share a binding site at the hP2X1
receptor (El-Ajouz et al., 2012) however in this study chimeras which had an
effect on NF449 action did not alter suramin inhibition. This may be because
different P2X receptors were used in these two studies (P2X1 and P2X2 by El
Ajouz and P2X1 and P2X4 in this thesis). It could also be explained by suramin
and PPADS sharing part, but not all of a binding site, similar to what was
described for ATP and NF449 in figure 5.13. This way some mutations could
affect both suramin and NF449 whilst other mutations would affect only one of

the antagonists.
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Receptor ATP NF449 Suramin PPADS
potency Inhibition Inhibition Inhibition
rP2X4 NZ N% % N%
X1-AX4 % NZ
X1-BX4 8% N
X1-CX4 - N - -
8% N2

Table 7.2 Comparison of the Effects of ATP and Antagonists at Chimeras
and the hP2X1 Receptor.  represents a decrease compared to the hP2X1
receptor and is highlighted in blue. 1 represents an increase and is highlighted in
red. Receptors which showed no difference are highlighted in grey.

Receptor ATP NF449 Suramin PPADS
potency Inhibition Inhibition Inhibition

X4-BX1 - -

rP2X4 (2+) - ND

zfP2X4 % ND

(FNDAR)

zfP2X4 8% ND

(KNKAR)
8% ND

Table 7.3 Comparison of the effects of ATP and antagonists at chimeras and
the rP2X4 receptor. \ represents a decrease compared to the rP2X4 receptor
and is highlighted in blue. M represents an increase and is highlighted in red.
Receptors which showed no difference are highlighted in grey. ND = not
determined.
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The mutations by EIl-Ajouz et al had similar effects on suramin and
NF449, with mutation of the KKRK residues to those of the hP2X2 receptor
decreasing the inhibition by both antagonists. However mutation of the same
residues to those of the rP2X4 receptor in this thesis only decreased NF449
inhibition. This could be because the chimeras and point mutations in these
two studies were made between different receptors. In this thesis the residues
KKRK of the hP2X1 receptor were mutated to SDTH and in the El Ajouz study
were mutated to EDML. As the four charges are involved in the binding of
NF449 to the hP2X1 receptor, the replacement of these residues with those of
either hP2X2 or rP2X4 would cause a loss of antagonism by this molecule at
the receptor. However | predict that the role of the residues in suramin
sensitivity is through an effect on the conformation of the receptor, rather than
the binding site of the suramin molecule. Therefore replacement of these
residues with those of the hP2X2 receptor has caused a structural change at
the hP2X1 receptor which prevents antagonist binding, however the
replacement with those of the rP2X4 receptor has not induced this structural

change.

7.4. The Molecular Basis of Antagonism at the hP2X1 and rP2X4

Receptors

As part of this thesis | have developed an NF449 bound model of the
hP2X1 receptor, with seven residues predicted to be involved in the binding of
this antagonist. The model is discussed in detail in chapter 5.3. | have also
been able to introduce suramin and PPADS sensitivity to the rP2X4 receptor
through introduction of four of the residues identified as contributing to NF449
action at the hP2X1 receptor (KKRK). NF449 sensitivity could not be introduced
to the rP2X4 receptor through these mutations.

For an antagonist to bind, the receptor must have both the residues that
the molecule binds to, and adopt a conformation that allows binding. The fact
that the same mutation was able to introduce antagonism by two molecules
with considerably different structures suggests that the mutated residues are
involved in gating/conformation rather than binding and that the WT rP2X4
receptor contains residues necessary for suramin and PPADS binding, but
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Antagonist

hP2X1 hP2X1 -
Suramin/PPADS
bound

Residues for Suramin or PPADS binding

+ KKRK

rP2X4(4+) -
Suramin/PPADS
bound

Figure 7.4 Simple Cartoon Predicting the Molecular Basis of Suramin and
PPADS Binding at the hP2X1 and rP2X4 Receptors. It is predicted that the
hP2X1 receptor has both the conformation and residues necessary for suramin and
PPADS action. The antagonist does not fit tightly into the pocket but is able to
bind, meaning that it is not particularly potent or selective between subunits. The
rP2X4 receptor is predicted to have the residues necessary for these antagonists to
bind but not have the conformation. Introduction of the residues KKRK allows the
rP2X4 to adopt a conformation that allows these molecules to bind and antagonism
therefore occurs. Stars represent interactions between the antagonist molecule and
the receptor.
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L

NF449
hP2X1 hP2X1 —NF449
Bound
N
B P Residues for NF449 binding
N
‘ - ‘

rP2X4 rP2X4(4+)

Figure 7.5 Simple Cartoon Predicting the Molecular Basis of NF449 Binding
at the hP2X1 and rP2X4 Receptors. It is predicted that the hP2X1 receptor has
both the conformation and residues necessary for NF449 action. The antagonist
fits tightly into the binding site, giving high potency and selectivity. In contrast the
rP2X4 receptor has neither the binding site nor the conformation. Therefore
introducing residues necessary for binding (KKRK) cannot introduce NF449 action
to the rP2X4 receptor as the necessary conformation for antagonist binding cannot
be adopted. Stars represent interactions between the antagonist molecule and the
receptor.
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adopts a conformation that the antagonist cannot bind to (figure 7.4). The
introduction of the four positive charges then allows the receptor to adopt a
conformation at which suramin and PPADS can bind/stabilise the receptor in
this antagonist sensitive conformation. This would explain why suramin and
PPADS inhibition could not be removed at the hP2X1 receptor through chimera
generation. If the WT rP2X4 receptor contains the majority of residues
necessary for suramin and PPADS binding then as the hP2X1 receptor is
inhibited by these molecules, it is likely that these residues were among those
conserved between the two receptors and therefore swapping residues would
have no effect on the binding of these molecules. Instead, the conformation of
the hP2X1 receptor would need to be changed to mimic that of the rP2X4
receptor if suramin and PPADS antagonism were to be decreased. The
structure of a receptor is something that the whole subunit contributes too, with
a change in the extracellular loop likely to link to changes in the transmembrane
domains and intracellular termini and vice versa. It would therefore be very
difficult to cause the structure of the hP2X4 receptor to mimic that of the rP2X4
receptor through mutation of part of the receptor only (i.e. a chimera).
Swapping the whole loop of the receptor with that of the hP2X2 receptor in
chapter 3 did reduce suramin and PPADS antagonism at the molecule as this
very large swap could have introduced a conformational change that mimicked
the hP2X2 receptor. Despite this, introduction of four residues appears to have
caused a conformational change at the rP2X4 receptor that allows antagonist
binding. It is likely that these mutations have not caused the receptor structure
to completely mimic that of the hP2X1 receptor, but rather have allowed the
cysteine rich head region, around which several residues predicted to be
involved in suramin and PPADS binding are located, to adopt a conformation at
which the antagonists can bind (figure 7.4). These four residues cannot be
responsible for the selectivity of suramin and PPADS as they are not present in
other receptor subtypes which are inhibited by these antagonists. It is likely that
residues are conserved between the hP2X1 and rP2X4 receptors that interact
with the four residues to effect conformation. As the residues are positively
charged, the interacting residues are likely to be negative. Negatively charged

residues around the cysteine rich head region are shown in figure 7.3. Further
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mutations could be performed to remove these charges form the hP2X1

receptor to see if antagonism is affected.

The residues that were responsible for the loss of NF449 sensitivity at
the hP2X1 receptor when mutated to the equivalent residues of the rP2X4
receptor, were located in close proximity to each other, despite being contained
in different original regions (B and C). This suggests that they form part of a
binding site for NF449, and that the rP2X4 receptor is NF449 insensitive as it
does not contain these residues necessary for NF449 binding. As introduction
of these residues to the rP2X4 receptor could not introduce NF449 sensitivity, it
is likely that as well as lacking these residues necessary for NF449 action, the

receptor also adopts a conformation at which NF449 cannot bind (figure 7.5).

These findings could give insight into the differences in selectivity for the
antagonists between P2X receptor subtypes. If most or all P2X receptor
subtypes contain the residues necessary for suramin and PPADS binding, but
conformation prevents the antagonism, then this could explain why these
antagonists are less sensitive. In contrast the residues necessary for NF449
binding appear to be unique to the hP2X1 receptor, increasing selectivity at this

receptor.

| have therefore shown that four residues located in the base of the
cysteine rich head region of the hP2X1 receptor contribute to the suramin,
PPADS and NF449 sensitivity of the receptor in different ways. For suramin
and PPADS these residues are involved in allowing the antagonist molecule to
stabilise the receptor in a conformation which prevents agonist action. However
the residues are also part of the NF449 binding site at the receptor. In future
studies the model of NF449 binding at the hP2X1 receptor will be refined
through cysteine mutagenesis (see section 5.3.5). Protein purification of the
zfP2X4C(KNKRR) receptor will also be optimised with the hope of entering the
receptor into trials to generate suramin and PPADS bound crystal structures.

Future studies would further refine the NF449 binding models by using

cysteine mutagenesis and negatively charged MTS reagents to assess the
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distance of residues form the bound NF449 molecule. This should allow the
four models to be distinguished between and the most likely pose identified.
The purification of the zfP2X4C(KNKRR) receptor would continue to be
optimised in order for crystal trials to begin to attempt to crystallise the receptor

in an antagonist bound state.

The overall results of this thesis have shown a new, more detailed model
of NF449 binding at the P2X1 receptor, and demonstrated that antagonism can
be induced at the rP2X4 receptor. Insight has also been gained into why the
rP2X4 receptor is antagonist insensitive with results suggesting that this is due
to the conformation of the WT receptor. The findings will hopefully be used to
develop an antagonist bound crystal structure of the rP2X4 receptor. To
conclude, this study has furthered the understanding of both high potency
antagonism at the hP2X1 receptor and the antagonist insensitivity of the rP2X4

receptor.
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