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Thesis summaryt Leanne Grimes

P2X receptors and pannexins (Panx) are eukaryotic ion channels that are implicated in
range of diseases and conditions including cancer, inflammation and pain sersadion

as a result, are important therapeutic targets. Deducingirttg&D-structures would
enable the use of structure-based drug design to identify novel agonists or anigég)o
However, solving eukaryotic membrane protein structures is a significant challelege d

to the requirement for high yields of purified folded, functional protewhich are not

readily obtainable with conventional over-expression systems. By using P2X receptors
and pannexins as model ion channel targets, this thesis aims to Destophila
melanogasteras a system for the over-expression and functional analysis of eukaryotic
ion channels. A number of epitope-tagged P2X and Panx protein constructs were
generated and first expressed in HEK-293 cells (rat P2X2-GFP, human P2X4-GFP, ra
Panx1-GFP and human P2X4-int-CBD (chitin binding domain))viotladio expression,
glycosylation and oligomeric states to be investigated as markers of proteingand

quality. Subsequently, rat P2X2-GFP and rat Panx1-GFP constructs were successfully
expressed in the photoreceptor cells dbrosophila melanogaster where the
photoreceptive membrane in the visual system is organised into a densely paisd

of microvilli, the rhabdomere. This system provides a large surface area obraeen

for protein expression. Although the yields of purified protein were lower than
expected, rat Panx1-GFP was successfully purified and used for low resolution structural
studies with transmission electron microscopy. Rat P2X2-GFP was also expressed in the
nervous system obrosophilaunder control of a pan-neura15564d4 driver and was

shown to be functional by measuring ATP-evoked action potentials using
electrophysiological recordings of thHBrosophilataste sensilla. This system was also
used to test the activity of an adenosine nucleotide library of 80 compsuiitiree
nucleotides were identified that elicited responses similar to ATP; these were 2F-ATP,
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Chapter I Introduction

1.1 Membrane proteins

1.1.1 Classes of membrane proteins
Membrane proteins are embedded within or interact with the membrane lipid bilaydraae
responsible for mediating many interactions between the cytoplasm of the asall the
extracellular environment. There are two main classes of membrane proteins; integral and
peripheral proteins. Integral membrane proteins are embedded within the lipaéil and
are only displaced from the bilayer by the action of membrane-disruptirentagsuch as
detergents (see section 1.2.1). Within the class of integral membrane proteins alhe
classes of monotopic (partially embedded), bitopic (one transmembrane-spannimgimlo
(TM) and polytopic (more than one TM) membrane proteins. Peripheral breme proteins
are not directly associated with the bilayer but interact with other membrane protgindish
et al, 2000). There are many different types of membrane proteins including ion elsann
which gate the flow of ions across the membrane (Gadsby, 2009), G-protein coupletbrecep
(GPCRs) which activate intracellular signalling cascades in response to extracellular messages
(Neer, 1995), receptor tyrosine kinases which respond to many growth factorscantbhes
(Lemmon and Schlessinger, 2010) and th&laATPase which pumps potassium and sodium
ions ino and out of the cell respectively by active transport (Mcgthal, 2007). The variety in
types and structures of ion channels reflects their involvement in almoskesil cellular

processes.

1.1.2 Membrane proteins as drug targets
Due to the importance of membrane proteins at the interface of the cell and tirae{lular
environment, they have many physiological roles in the body, impacting louge number of
conditions including pain sensation (Tsuda et al, 2003), rheumatoid arthritis¢anget al,
2011), cystic fibrosis (Taylet al, 1999) and cancer (Di Virgigbal,2009 Arinaminpathy et al,
2009; Inoue et al, 2005; North and Jarvis, 2013). Therefore they are key theraipegéts,
representing over 60% of current drug targets (Arinaminpathgl, 2009).

1.1.3 The use of structure based drug design
Many drugs have been developed against membrane proteins using high-throughput screening
approaches, but this is expensive and time-consuming. The recent advances in membrane

protein structure determination have opened up the possibility of using structure basey d
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design (SBDD3D crystal structures of membrane proteins are vitally important for assisting
SBDD. One of the first examples of the use of SBDD was the design of &@oriatfikhe
protease of human immunodeficiency virus type-1 (HIV-1) which was basetheor3D
symmetry of the HIV-1 protease active site (Ericksbal, 1990). Three years later, in 1993,
two potent inhibitors of influenza virus sialidase were designed based on its csyrstedure

(von ltzsteinet al, 1993). More recently, drug discovery has vastly increased due to the
development of docking tools and computer-aided resources that aide the ratiasidm of
drugs based on crystal structures (Mandahl, 2009; Muller, 2009). The structure ofi %o -t
lactamase was used in 2001 to design inhibitors useful for targeting antibiotic resistance (Tondi
et al, 2001). In 2012, potent, selective antagonists of the adenosine A2A receptor were
identified using SBDD to target molecules in the orthosteric binding cavity eofctystal
structure for the potential treatment of Parkinsgn disease (Congrevet al, 2012).
Additionally, in 2014, the chromone antagonists of the adenosine A2A receptor @signed.
Antagonists of A2A receptors may provide potential therapies for central nervous system
(CNS) disorders (Andreves al, 2014). These are just a small number of examples which

represent the recent prgress of drug discovery using SBDD.

It is clear that structure determination is necessary for SBDD but for membrangeingdhis

has proven to be difficult for a number of reasons. One significant problem iswhanh
integral membrane proteins are removed from the membrane they often get degraded,
misfold or aggregate due to their instability and the formation ofreypthobic interactions. To
overcome these problems, membrane proteins must be solubilised inrglete (see section
1.2.]) (Carpenteret al, 2008). Additionally, conventional expression systems only enable
membrane proteins to be expressed at low levels (see section 1.2.2hgnaktaining a high
enough yield of protein foBD-crystallisation time-consuming and costly (Wuu and Swartz,
2008). This explains why membrane protein structures only account for approxjntelof
known protein structures (RCSB Protein Data Bank, accdé@®/14, Protein Data Bank of
Transmembrane Proteins, accesdati05/14) despite accounting for 20 - 30% of all proteins in

an organism (Stevens and Arkin, 2000).

1.1.4 lon channels
lon channels are an important class of integral membrane proteins that pores and allow
the passage of large numbers of specific ions across the membrane by passsierdidiong
their electrochemical gradient. lon channels can be opened by various means including

changes in voltage, binding of ligands or by post-translational natdns (Albertset al,

2



2002). In addition their expression at the membrane can be strictly regulated. lon channels
play major roles in the control of electrical excitability by regulating the floierg across the
membrane of cells such as epithelial and secretory cells (Jertsah 2004). Additionally,
intracellular ion channels are responsible for calcium release from intracellular storel whi
can lead to various downstream signalling cascades important in cellular precesse
Impairment of ion channel function can have extreme consequences leading to tghero

such as hypertension, cardiac arrhythmias and neurological diseases (Jetra@004).

Advancements in expression systems, crystal screening and data acquisition techrasdogy h
led to a significant recent growth in publication of ion chan8Blstructures. Some of the
published crystal structures include the CLC chloride channel $@monella typhimuriuni3

A t Protein Data Bank (PDB) 1KPL) (Duétlat,2002) ancE. coli2.51 At PDB 10TS) (Dutzler

et al, 2003), the Torpedo nicotinic acetylcholine receptor (4 BDB 2BG9) (Unwin, 2005) and
the closed and open state structures of P2X4 from the zebraliahjo reriocat 2.9 and 2.8 A
respectively fromsf9 cells (Hattori and Gouaux, 2012). More recently, a number of mammalian
ion channel structures have been solved including the rat GIuN1/GIuN2B hetarogtc
NMDA (N-methyl-d-aspartate) receptor ion channel at a resolution of 4 A éf@insect cells
(PDBt 4TLL/4ATLM) (Karakas and Furukawa, 2014), and the mouse serotdmjmeseptor at

a resolution of 3.5 A from the human T-Rex-293 cell line (PBBIR) (Hassairet al, 2014).
Thus the field of ion channel structure is rapidly growing due to their huge bampoe as

targets for therapeutic drugs.



1.2 Challenges encountered in membrane protein
structure determination

1.2.1 Solubilisation of membrane proteins
The membrane bilayer phospholipids are arranged with their polar head groupsezkpo
the cytoplasm and extracellular space, while the hydrophobic lipid chainkefilhside of the
bilayer (Bretscher 1972). Membrane proteins comprise of hydrophobic transmembran
regions and hydrophilic intracellular and extracellular domains (Beak 1989). Their unique
protein topology maks them particularly difficult to solubilise due to aggregation of the
hydrophobic regions in solution, thus membrane proteins must be sucdlysefaonstituted
in detergent in order for solubilisation to occur when they are removed from their native
membrane environment (Garavito and Ferguson-Miller, 20@ergents are amphipathic
molecules consisting of a polar head group and a hydrophobic carbon tail feinahmicelles
in solution so that only polar residues are exposed to the aqueous environment. Their
amphipathicity makes them ideal for membrane protein solubilisation as thepobar- tails
surround the transmembrane protein regions, with the polar head groups exposed to the
agueous environment, see Figl{Seddoret al, 2004). However, finding a detergent that can
efficiently remove the protein of interest from the membrane and retain its native structure

can prove challenging.
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Figure 11 t Detergent solubilisation of membrane protein(Top) Membrane proteins withir
the phospholipid bilayer of the membrane. Upon incubation with a concentration
detergent above the critical micelle concentration (CMC), the detergent disrupts
membrane and the hydrophobic detergent tails surround the hydrophobic regidrihie

protein, enabling solubilisation (bottom). Excess detergent forms pure detergadlles and
mixed lipid micelles.

1.2.2 Membrane protein expression systems
The majority of membrane proteins are only expressed at low levels in their endogenous
environment, making it essential to overexpress these proteins in other systems ta gajh
yield of protein. For example, the serotonin transporter (SERT) was overexpressethin b
baculovirus systems and mammalian cells where expression levels did n&de286,000
copies/cell (Tate, 2001). Many of the membrane protein structures solved to date w
successful, at least in part, due to their specialised, natural abundance in the membrane. For
example, the structure of rhodopsin, which is naturally present at high levels ireybe
(rhodopsin levels in mouse photoreceptor cells estimated to be approxisn8&tel 10 t 1.6 x
10® molecules per cell (Palczewski, 2006) anBriasophilaphotoreceptor cells about 2 x 40
molecules per cell (Johnson and Pak, 1986)) was solved to 2.8 A in 2a0@vRBkiet al,
2000). In addition, the first membrane protein structure solved was the photosynthetic

reaction centre fromRhodopseudomonas viridis 3A resolution in 1985. The reaction centre



was naturally expressed at high levels and was purple in colour due to the pessérco-
factors. The coloured nature of the protein not only assisted in purification procedures but was
also useful in tracking protein quality; any changes in protein colour wbale provided
information on the cofactor environment of the protein and thus protein gyglDeisenhofer

et al, 1985).

E. coli yeast, insect cells and mammalian cells are commonly used systems for membrane
protein over-expression. However there is no single system available which is stotatble
expression of all membrane proteins; each system has a number of limitdtonsembrane
protein expression. Overexpression of membrane protein can often lead to protein
aggregation, making it difficult to produce high levels of functionatjefdlprotein in many

systems (Mus-Veteau, 2010).

1221 E coli
Prokaryotic hosts such & colare often used for exogenous protein expression due to their
short generation time, simplicity and low maintenance costs. However, membrane gotein
over-expressed inE. colican encounter problems with protein folding and membrane
targeting. A high level of heterologous membrane protein expressi@ oolfrequently leads
to the formation of inclusion bodies, which consist of highly aggregatetin. The unfolded,
aggregated protein cannot be used directly for structural or functional experiments without

complex refolding techniques (Palmer and Wingfield, 2004).

Inclusion bodies predominantly consist of recombinant protein (99%), chapsr@nd
membrane fragments. An advantage to the formation of inclusion bodies is that these
complexes can contain very high levels of membrane protein at high purity tbatdw
otherwise cause toxicity to the host. The aggregates can be separated from the cell using
centrifugation and the protein is protected from proteolysis and degradation. High
concentrations of a denaturing agent (e.g. urea) can be used to recover the recombinant
protein and theoretically, specialised refolding methods can be used to refold the iprimtei
make functional, folded protein for structural studies (Mus-Vetedial, 2010). There are a
small number of cases where mammalian membrane protein structures have been sglved b
over-expression ifE. colisuch as the integral membrane protein fatty acid amide hydrolase at
a resolution of 2.8 A (PDB1MTS5) (Bracegt al, 2002) and human 5-lipooxygenase-activating
protein with 2 leukotriene biosynthesis inhibitors at 4.0 and 4.2 A resolution reispéc(PDB

t 2Q7M and 2Q7R) (Fergusat al, 2007). However there has been no success with



determination of eukaryotic membrane protein structures refolded from inclusiodids to

date.

1222 Yead
Yeast (e.g.Saccharomyces cerevisiae, Pichia pagtagsa eukaryotic host used for the
exogenous expression of membrane proteins. An advantage of using yeast as an expression
system is the capacity to implement many of the post-translational modificationsenédi
eukaryotic membrane proteins, such as glycosylation. Furthermore, large volumes of yeast can
be grown in a short period of time and is relatively cheap to culture. However, unlike
mammalian membranes, yeast membranes contain ergosterol instead of choleshésainay
have an effect on the correct trafficking and stability of membrane proteins (Bauretah
2011). Proteolytic degradation is also a common problem faced with yeast pretgiression
(Macauley-Patrickt al, 2005). Very few (3 4) mammalian membrane protein structures have
been solved using thé&. cerevisaexpression system. Expression Rn pastorishas been
slightly more successful with approximately 18-20 structures solved (Membraneiri2rate
Known 3D Structure database, accessed 22/06/34)ne of the structures solved using yeast
overexpression include human liver monoamine oxidase B (3R wastoriy (Bindaet al,
2002) and human liver monoamine oxidase B with bound Isatin (1.7PAgastori} (Bindaet
al, 2003), rat monoamine oxidase A (3.2 ASincerevisige(Ma et al, 2004), and the human
AQP2 aquaporin kidney channel at 2.75A (Feichl, 2014).

1223 Insect cells
Insect cells are widely used for eukaryotic protein expression due to their iragrability to
express eukaryotic proteins, this is partially attributable to their similar codon usage to
mammalian proteins, when compared with bacteria or yeast (Bernaetat, 2011). Insect
cells are also cheaper, easier to maintain, culture and amplify compared with mammalian cells
making them a rational choice for protein over-expression. However, insdcmeenbranes
possess a lower level of cholesterol than mammalian cells which may interfere with the correct
expression and localisation of mammalian membrane proteins. Additiorialy are capable
of the post-translational modification of proteins; this is particularly amant when studying
membrane proteins. However, the modifications which take place in insect cells doectydi
replicate what occurs in mammalian cells, for example complex glycosylation ismatetlyin
insects (Bernaudagt al, 2011). Nevertheless, this can be considered to be advantageous for
crystallisation due to the improved homogeneity of protein samples which lack complex glycan

chains (see Section 1.2.3). Insect cells are commonly used for membrane protein erpaessio



they offer more comparable protein-processing machinery and membrane cotigqro$o
mammalian cells than yeast &. coliwhilst they are much cheaper to culture and easier to
maintain than mammalian cells (Mus-veteau, 2010). Fall armyw&podoptera frugiperda
insect cells have been used for the expression and structure determination of approximately
60 membrane proteins including GPCRs and ion channels (Membrane Rybt€imown 3D
Structure databank, accessed 22/06/14). Some examples of structures solved following
expression in sf insect cell lines include an AMPA@amino-3-hydroxy-5-methyl-4-
isoxasolepropionic acid) subtype glutamate receptor, rat GIuA2 that wasdstihva resolution

of 3.6 A (PDBt 3KG2) (Sobolevslat al, 2009), connexin 26 gap junction channel that was
solved at a resolution of 3.5 A (PRRZW3) (Maedat al, 2009) and zfP2X4.1 receptors in the
apo, closed and ATP bound states at 2.9 and 2.8 A respectively (PDB 4DWO0 and 4DW1) (Hattori
and Gouaux, 2012).

1224 Mammaliancells
Although mammalian cells provide the most native environment for mammalian ipsgtthey
also have many limitations in terms of their cost to maintain and low yedldprotein
production. To obtain enough protein for crystallisation and structural swudis very
expensive and requires a large amount of labour-intensive work. Additionally, rabkamcells
tend to produce a very heterogeneous population of protein. Heteroggneifitproteins can
cause problems during crystallisation as a result of disorder and quality of crystals. Additionally
the presence of certain glycan chains may hinder the formation of favourable ccysttacts
(Grueninger-Leitch, 1996; Mus-vetedl010). There are some recent examples of membrane
protein structures that have been solved using mammalian expression systenesafople,
human ammonia transporter, Rh C glycoprotein (RhCG) was expressed and purified kem HE
293S GnTI- cells (GnTl- HEK-293 cell lines lack GnTl and thus cannot penfirex c
glycosylation) and the structure was solved at a resolution of 2.1 A (Gruswitz2010). The
Xenopus laevi$SLUN1-GIuN2B NMDA receptor was also expressed and purified from GnTI-
HEK-293S cells; the structure was solved at a resolution of 3.7 At(ab€014). The crystal
structure of Zuu v ti 'a receptor was solved at a resolution of 3 A, following
expression and purification from GnTI- HEK-293S cells (Miller and Aricescu, Th&lrcent
progression in the use of GnTI- cells for structure determination demonstrates the importance

of obtaining homogeneous protein populations for crystallisation.

Due to the limitations of many of the currently available protein expression systiscribed

above, a new membrane protein expression system that overcomes some of thesemsobl



and enables the production of a high yield of homogeneous, quality prat®uld be very

useful.

1.2.3 Post translational modifications
Post-translational modifications are extremely important for the correct expression and
function of many proteins. In eukaryotes these modifications include the additianethyl
groups (methylation), phosphate groups (phosphorylation), ubiquitin group#&gitination)
and sugar groups (glycosylation). In summamg,addition of a methyl group to a protein from
S-adenosylmethionine can be either reversible or irreversible and results ifortmation of
protein-protein interactions that may be important for processes such as protein repair,
transport, differentiation and transcriptional regulation (Clarke, 1993; Willemstai, 2006)
Ubiquitination is important for protein degradation thereby regulating protein tawer; the
addition of a ubiquitin group to a protein causes the protein to beved to the proteasome
where it will be degraded (Lecket al, 2006). Protein phosphorylation is the most widespread
post-translational modification anis responsible for activating and deactivating proteins via
protein kinases and phosphatases for phosphorylation and dephosphoryleggpectively
(Cielsaet al, 2011). Phosphorylation is important for many basic cell processeslimglaell
division, cell growth, membrane transport and metabolism (Ciad¢aal, 2011). Post-
translational modifications are less extensive but still present in prokaryoteseTis some
evidence for the existence of N-glycosylation and O-glycosylation in bactetiaQAinet al,
2008). Additionally protein acetylation has been shown to happen in b@inaegative and
gram-positive bacteria (Haydegi al, 2013). Although ubiquitination has not been established
in prokaryotes, they have simpler versions of proteasome targeting systems that rcontai
eJulo E % E}S Jve 0 -md %LE }X | V2]vet gl R} uP Z

Protein glycosylation, the addition of sugar molecules to synthesisedipsptis an important
post-translational modification that occurs ubiquitously in eukaryotes, pr@dantly to
secreted and membrane-targeted proteins (Devasahayam, 2007). The added glycan structures
can have essential roles in protein folding and targeting as well asalitygcontrol (ensuring
misfolded or aggregated proteins are targeted for degradation) (Morereal, 2012). N-

linked glycosylation involves the attachment of an oligosaccharide to a nitragem of an
asparagine or arginine amino acid side chain. Dolichol phosphate acts astaanemanchor

for the formation of GlgMansGIcNAg before the glycan is transferred to a developing amino
acid chain in the ER (Burda and Aebi, 1999). N-linked oligosaccharides are afitelargei

with extensive chains (with a minimum of 5 sugar residues) and always contaimosean



residues, an N-acetylglucosamine residue as well as other sugar residues. O-linked
glycosylation involves the addition of sugar residues to the hydroxyl grblpdooxylysine \d
galactose or a serine or threonine residue via N-acetylgalactosamine. O-lalcetiarides

tend to be short consisting of only one to four sugar residues (Freeman, 2000).

The majority of membrane proteins and secreted proteins are translated and procested in
endoplasmic reticulumER and many of them are consequently N-linked glycoproteins.
Problems are encountered during membrane protein structure determination dueddattye
number of N-linked glycans. The glycan chains take form in a varietynédrcmtions,
chemical structures and can be mobile; therefore in conventional expression systems,
glycosylated membrane proteins are often very heterogeneous making X-ray ogstphy
particularly difficult as a result of disorder and quality of crystals (Grueningeh| dif96;
Mus-veteay 2010) As a result of this, the majority of protein structures obtained using x-ray
crystallography have their glycosylation sites removed using site directeagenesis or are

treated with deglycosylases (Nagae and Yamaguchi, 2012).

1.2.4 N-linked glycosylation in vertebrates

In vertebrates, the sequence of events that occur during glycosylation is highly complex
leading to a mixture of high mannose, hybrid and complex N-ghatesyproteins (Fig 1.2)

High mannose glycoproteins have 3 or more mannose residues attaclied thitobiose core
which consists of 2 N-acetylglucosamine (GleNAmlecules. Complex glycoproteins have a
mixture of other glycans such as fucose and galactose attached to the initial 3 mannose
residues in the chain and have no terminal mannose residues, whereas hybridrgteaugp

are complex glycoproteins with one or more terminal mannose residues (BigFtezman
2000). In eukaryotes, the transfer of an assembled:NMEoGIcNAg saccharide to the
asparagine residue of an Asn-X-Ser, Asn-X-Cys or Asn-X-Thr motif to initiate agignosyl

relatively well conserved (Katoh and Tiemeyer, 2@#da and Aebi, 1999).
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Figure 1.2t Glycosylation.Representations of the core oligosaccharide (Glc3Man9GigN
and high mannose, hybrid and complex glycosylated proteins. See kagifodiial symbols.

Animal systems contain approximately 200 glycosyltransferases, the enzynwged in
extending the glycan chain; local enzyme availability is equally astempas the abundance
and localisation of glycoprotein substrates and sugar donors during glycosy(gtoremanet
al, 2012).

The first step of N-linked glycosylation is the transfer of aMznsGIcNAg glycan to the
emerging amino acid chain in the ER. Subsequently 2 of the Glc residues are removed resulting
in a GlcMapGIcNAg structure, which acts as a substrate for the lectin chaperones, calnexin
and calreticulin (Helenius and Aebi, 2004). Calnexin and calreticulin are linked tteerano
protein, ERp57, which together protect developing polypeptide chains fromopjdbic
aggregation and misfolding (Lederkremer, 2009). Correctly folded proteins that pakty qu
control dissociate from the lectins and the final Glc is cleaved, they are sent for ¢aphe

Golgi apparatus where further glycan processing may take place (FigMoBmen et al,
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2012). In the Golgl « A &E o SE]Juu]vP «3nmarnodidas€El taCgenerate an
intermediate (ManrGIcNAg). At this stage, the high mannose-type glycoprotein can be
converted to a hybrid type glycoprotein via the action of N-acetylgluoasd transferase |
(GnTl). Hybrid glycans can then be remodeled further by a number of enzymes to form
complex N-glycans. These processes that occur in the Golgi can vary in nature and can result in
the addition of large numbers of sugar residues to the protein which add significass. In
addition, these processes can result in the formation of a very heterogeneous protein
population causing great problems for crystalliaatias described above (Nagae and
Yamaguchi, 2012). Ideally these processes should be avoided in order to help @chteire

crystallization.

In vertebrate differentiated cells, very few glycoproteins at the high mannose stage
successfully reach the cell surface and require further modification in the Golgi apparatus. This
is in contrast to what occurs in stem cells where cell surface glycoproteins aggpeaconsist

mostly of the high mannose typd&fet al,2012).
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Figure 1.3t N-glycsoylation and quality control of proteinsSchematic showing the posi
translational events that occur in the cell to form mature functional, folded prote

Reprinted by permission from Macmillan Publishers Ltd: [Nature] (Moremen et al),
copyright (2012).

1.2.5 Glycosylation in insect cells

The process of glycosylation in insects is markedly different fromithatrtebrates. There is
some evidence to suggest that mannose containing O-glycans are present in insect species
although only one has been described, the dystroglycan proteid. imelanogasteflchimiya

et al, 2004) It is well established that the majority of glycoproteins synthesised are
paucimannosidic or oligomannosidic N-linked glycan structures (Rehdic 2008) whereas
complex and hybrid N-linked glycoproteins are uncommon in insetiés was initially
accredited to the fact that eitheno or very low levels of appropriate glycosyltransferase
activity needed for the production of complex glycans were present. Howewe recently a
t-N-acetylglucosaminidase enzymtuged lobek involved in removing the terminal GIcNAc
structure from a polypeptide chain was identified. Removal of the GIcNAc residue thereby
blocks further elongation of the chain, suggesting that the production of hybridcantplex

glycoproteins in insects is impeded (Renéical, 2008). Despite the activity ofused lobes,
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there is evidence of primary production of a complex glycoprotein on the beeowen
phospholipase A, which contains 2 fucose residues linked to the proximal GIcNAe résid
addition, it contains an additional GIcNAc residue linked to a fucose residdea GalNAc
residue (Fig 1)4(Rendicet al, 2008. This was the first indication of the initial phases of

complex-type glcyosylation occuring in insects.

N-acetyl-glucosamine
‘ ~ Mannose
‘ AN R ' ., Fucose

N-acetyl-galactosamine

Lewis-like structure

Figure 1.4t Complex glycosylation-like moiety observed in insectsewis-like structure
observed on phospholipase A represents the initial stages of complex glycasyiatliwating
that insects have some of the enzymes required to perform complex glycosylation.

Therefore, although insect cells are commonly used as expression systems for memmal
proteins due to their ability to perform eukaryotic post-translational modifications,gpecific
modifications that take place may differ considerably from the modifications that occur i
native systems. However these differences can be advantageous in terms olbramam
protein structure determination. When a mammalian protein is expressed in an inseetrgyst
the protein can still be glycosylated which is important for protein function and quality dontro
However the nature of the glycosylatiashat will occur in an insect system will be different to
that occurring in mammalian cells as they will be less likely to cortaiy, heterogeneous
complex sugar chains (Rendital, 2008). This is beneficial as expressing proteins in insect
systems will reduce the large degree of protein heterogeneity acquired with other systems and
this will have less of an impact on crystal formation. For this reasonya@ isect expression
system would be particularly valuable for eukaryotic membrane protein studies and

biologically relevant ion channels.
1.3 Purinergic receptors

1.3.1 Purinergic signallingt summary
Purinergic signalling may be defined as cell-signalling activity indugethé action of
adenosine and purine nucleotides such as adenosine diphosphate (ADP) and aglenosin

triphosphate (ATP). Three families of purinergic receptors have been identifiednmmiadg
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the adenosine P1 receptors (GPCRs), P2Y receptors (GPCRs) and P2X receptayatddyan

ion channels -LGICs) (Burnstock 2006). P1 adenosine receptors are activated by adenosine, P2X
receptors by ATP and P2Y receptors by ADP, ATP and a variety of othetidextiased

ligands (Table.1). ATP is released by gentle mechanical stress such as an increase in fluid flow
(Bodin and Burnstock, 2001; Jensgml, 2007), at synapses, and at sites of cell damage, injury

and inflammation where it activates P2X and P2Y receptors. Subsequently the Adlkeis b

down by a family of ectonucleotidase enzymes to form ADP, adenosine monophosplie (A

and adenosine, which can in turn act on P2Y and adenosine receptors accordingly (see Tabl
1.1 for summary) (Zimmermann, 2000). Each receptor family now has a representative crystal
structure(s), which has been instrumental in the interpretation of structure-function data, bu

at least in the case of P2X receptors, not without its limitations.

1.3.2 Brief history of purinergic signalling
ATP was first postulated to act as a neurotransmitter in 1953 (Holton, 1953 d®%4 it was
shown that ATP injection caused a similar effect on vasodilatation of the rabbit ear agery
that induced by antidromic stimulation of the nerves supplying it. This led tdypethesis
that stimulation of nerves causes release of ATP, resulting in vasodilatation of tfidatiamn
and Holton, 1954). Further work in 1959 demonstrated that ATP does dndet as a
neurotransmitter where Holton showed that ATP is released upon stimulation of the great

auricular nerve (Holton, 1959).

In the early 1960s, a novel component of the autonomic nervous system was ackgedled

that was both nonadrenergic and noncholinergic (Eccles, 1964). This component was later

§ Eu Z%uUE]v EP] [ C HEVe3} | AZ} «uPP 5 §Z HrodW A o :
these nerves (Burnstoost al, 1970). In 1978, two types of purinergic receptors (termed P1

and P2) activated by adenosine and ADP/ATP respectively were distinguesiwedirg to a

number of criteria: (i) the agonist potency of adenosine, AMP, ADP and(iATahtagonist

action e.g. methylxanthines which inhibit adenosine actions; (iii) changasacellular cAMP

levels in response to adenosine and (iv) the induction of prostaglandithesia by ATP
(Burnstock and Kennedy, 89). This P1/P2 classification of receptors is now well-established

and is widely used.

P2 receptors were further reclassified into two distinct subtypeshe P2X and the P2Y
receptors. Burnstock and Kennedy discriminated between the two classes by their differential
response profiles to a range of ATP analogs and antagonists (Burnstock and Kennggy, 198

P2X and P2Y receptors can also be discriminated by their transduction mecharistns. P

15



receptors form a cation selective ion channel permeable td, Ki#" and K (Benham and
Tsien, 1987) whereas P2Y receptors are G-protein coupled receptors (Abbrachio and
Burnstock, 1994). The first P2X receptor was subsequently cloned from the rat vas deferens
and characterised in mammalian cells at@hopuocytes where it was shown to be a cation-

selective ion channel with high calcium permeability (Vaégral, 1994).
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Table 11 t Summary of purinergic receptor types and associated ligands (KhakF

North, 2006).

Receptor| Receptor type Ligand(s) No. Crystal structure
mammalian
subtypes

P1 G-protein Adenosine 4 Human A2A receptor boun
coupled to ZM241385t PDB 3EML
receptor (Jaakolaet al, 2008) and

adenosine t PDB 2YDC
(Lebonet al, 2011)

P2Y G-protein ADP 8 P2Y12 in complex with
coupled ATP 2MeSADP PDB 4PXZ
receptor UDP P2Y12 in complex with

UDP-glucose 2MeSATR PDB 4PYO0
UTP (Zhanget al, 2014)
P2X Ligand gated ATP 7 zfP2X4.1 closed statePDB
ion channel 4DWO
zfP2X4.1 open statéPDB
4DW1(Hattori and Gouaux
2012)

1.3.3 P2X receptors - Expression and topology
P2X receptors are a family of ligand-gated ion channels that open when ATPtditids
extracellular domain resulting in the non-selective influx of cations includodjum and
calcium. This ion flow plays a key part in many signalling pathways due toeshang

membrane potential and local ion concentrations (Khakh and North, 2006; Young MT, 2009).

P2X receptors have been identified in a large range of species from the slime mold,
Dictyostelium discoideunto more complex organisms such as the Rdftus norvegicuand
humans,Homo sapiensHowever they are absent from the genomes of insects such as the
fruit fly, Drosophila melanogasteasnd the nematode Caenorhabditis elegan@orth, 2002;
Fountain and Burnstock, 20099even subtypes have been identified in mammals that vary
considerably in length; P2X4 is the shortest (388 amino acids) and P2X7 the leritpest,

long intracellular C-terminal domain (approximately 240 amino aicidength; total protein

length 595 amino acids) (Khakh and North, 2006). Each P2X subunit consists of 2
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SE veu u E v U ZC -Reljca dpmains, intracellular N and C termini and a large
extracellular domain (Fig 1.5) (Khakh and North, 2006).

A B

C

Extracellular
domain

N-terminus

C-terminus

Figure 1.5t Schematic representations of a P2X receptfh) Schematic showing topology of
single P2X subunit with intracellular N- and C- termini, 2 transmembrane dsr(iBihl and
TM2) and large extracellular domain. (B) Schematic showing the clustering of 3 subul
form a functional channel in the membrane (S=subunit) where ATP would dtinthe

intersubunit interface. (C) Schematic showing an example of a heterotrimer, in this c
P2X2/3 heteromer made up of two P2X3 (green) subunits and one P&X2subunit. TM =
transmembrane domain. S = subunit.

Fundional P2X channels are formed from 3 subunits, which move relative to one-another
upon ATP binding, resulting in the opening of a lateral portal just above thent@mbrane
domains and cation influx through the transmembrane domairs Section 1.3.8) (Hattori

and Gouaux, 2012). Channels can be either homomeric (made up of 1 subtype) onmeriero
(made up of 2 subtypes) depending on the particular subtype/s involiredaddition, a
heteromeric receptor made up of 3 subtypes (P2X2/4/6) has also been suggested to form
according to co-immunoprecipiation and atomic force microscopy (AFBLiiTg experiments

in tsa-201 cells (Antoniet al,2014).

P2X6 cannot form homomeric channels but can form functional heteromericnetgmnvith
P2X2or P2X4 (Barrerat al, 2005; Barreraet al, 2007). The remaining subtypes (with the
exception of human P2X6hP2X5) are able to form functional homomeric channels at the cell
surface. The full-length hP2X5 protein is able to traffic to the cell surface; hovileger
majority of hP2X5 contains a deletign( A&}v i1 ~849Pand lacks part of the TM2 and
pre-TM2 domains (Let al, 1997; Duckwitet al, 2006). As a result the majority of the protein
appeared to be retained in the ER (Bb al, 2003 Kotniset al, 201Q. Conversely, more

recently, a functional role has been identified for thie2X5 splice variant. Abramowski and
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colleagues showed that hP2X5 gene expression in human T lymphocytes wasatpcegnd
receptors were trafficked to the cell membrane during activation of CD4+ T cells. tioadidi
hP2X5 knockdown cells, there was a two-fold higher production of ILei€atmg that the
hP2X5 variant might play a role in T-cell activation and thus immunoregul#@imamowsket
al, 2014).

1.3.4 P2X receptorst N-linked glycosylation
All P2X receptors studied so far undergo N-linked glycosylation, howeegenumber of
glycosylation sites varies between subtypes. Each P2X monomer contains a minfirBusi o
glycosylation consensus sequences (Asn, X, Ser/Thr, where X denotes any amino acid except
proline), all of which are relatively well conserved across species (North, Z0@2humber of

glycosylation sites in the various subtypes can be referred to in Tgble

Table 1.2t Summary table showing the number of glycosylation sites in each P2X rec
subtype and the effects caused by mutagenesis of these sites.

P2X No. of consensus Effects of mutagenesis of glycan sites
Subtype sequences
1 5 Increases/decreases in channel function. Reductio

ATP potency. Abolition of channel function upon
mutation of 3 sites (Rettingest al, 20000).

2 3 Effects on channel function and trafficking to the
surface (Newbolet al, 1998).

3 4 Effects on channel function, trimer formation and

trafficking to the membrane (Vaced al, 2011).

4 6 Abolition of P2X4 resistance to degradation in

lysosomes. Effects on cell surface trafficking (Qure

et al, 2007).
5 2 Not studied
6 3 Not studied
7 5 Effects on channel function, pore formation and ce

surface trafficking (Lenergt al, 2010).

Four of the five glycosylation sites in rat P2X1 (rP2X1) undergo glycosylation when exjressed

Xenopusoocytes. However, only one of these sites (N300) acquires compleosygition.
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Removal of the N210 site using site-directed-mutagenesis significantly altered channel
function. Electrophysiological recordings demonstrated that mutation at this site resirted
increased channel currents, but a threefold decrease in potency for ATP. In contrast,
elimination of N153 resulted in a 30% decrease in the current response tdfAiiéte than 2

of the glycan siteswere eliminated, rP2X1 channel formatiomas severely affected or
completely abolished. Therefore rP2X1 glycosylation is implicated in both channel fusation
trafficking (Rettingeet al 2000b)

N-linked glycosylation has been well studied in rat P2X2 (rP2X2), edntins 3 consensus
sequences (N182S, N239S, and N298S). Mutagenesis studies show that all three of these sites
undergo glycosylation in the wild type receptor (Newbdat al, 1998). Additionally,
glycosylation of 2 sites gave a fully functional channel that was successfullgkerdffo the

cell membrane.However upon removal of 2 of the sites by mutagenesis or tunicamycin
treatment, which inhibits GIcNAc phosphotransferd@PT)Doroghaziet al 2011, very low
levels of protein readkd the membrane and currents in response to AWBre almost
undetectable. Removal of all three consensus sites reditt a non-functional channel (Torres

et al, 1998; Newbolet al, 1998). In addition, cysteine substitution of residues Arg304, Leu306,
Lys308 and 1le312 in the N-terminal half of the pre-TM2 led to charwigh a loss of function
due to the loss of complex glycosylation at Asn298. This work suggested tlgiytbsylation

site at Asn298 has an important role in sensing receptor conformational changjas jre-
TM2 region, which was shown to be important for the correct conformation of the receptor a

the extracellular face of the membrane (Youwetgal, 2008).

A minimum of 2 successfully glycosylated consensus sites was shown to be rdquiced-
surface traffickingpf P2X1, P2X3 and P2X7 subtypes (Kaczmarek-£teg¢k2012). The N170
glycosylation site in P2X3, located close to the ATP binding site, is the nibsbmnserved,

this may be due to its critical role in receptor function (Vaetal, 2011). Mutation of this
P2X3 consensus site regdtin a loss of P2X3 cell surface expression, an inability to form
trimeric complexes and a loss of inward currents detected in response to ATP in BIE&I29

(Vacceet al, 2011).

Experiments with chick P2X4 (cP2X4) demonstrated that only the glycosylated form of cP2X4
was detectable at the cell surface (letial, 2002). Furthermore, Endoglycosidas€Endo-H)
digestion experiments shosd that rP2X4 underwent complex glycosylation, with partial
resistance to Endo-H digestion. Removing the N-glycans from the 6 glycosdaés by

Jv u 81}v Al§Z D: ~ v ]vZInjanhasidage' hddidwed by Endo H did not affect
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protein trafficking to lysosomes. However the receptors were rapidly degraded in the
lysosomes, suggesting that glycosylation of P2X4 plays an important reteptor resistance

to degradation (Qureshet al, 2007). Additionally Valente and colleagues published work
showing that each of the 6 glycosylation sites in hP2X4 underwent N-ligligedsylation in
HEK cells, where abolition of any one site had no effect on channel functi@ni@/at al,

2011).

P2X5 receptors contain 3 N-glycosylation sites in the extracellular dpghaimrwhich undergo
complex glycosylation and 1 that undergoes high mannose glycosylation (Duekaljt2006).

P2X6 receptors are unable to form functional homomeric receptors at the cell surfac
However data by Jones and colleagues showed that there was an increased level of
glycosylation of P2X6 in functional HEK-293 cells expressing P2X6 recgptpared to non-
functional cells suggesting that the glycosylation state of the proteinsgerdgial in the

production of functional P2X6 channels (Joakal, 2004).

Human P2X7 contains 5 N-linked glycosylation consensus sequences and Lenertz and
colleagues showed that the wild type receptor is glycosylated at all 5 sites (N1&Z, N213,

N241 and N284) using site directed mutagenesis; when each site was mutated tceakanin
reduction in molecular weight was observed using sodium dodecyl sulplsidS)(PAGE
Mutation of N187 had a significant effect on downstream channel function, stefiace
expression and pore formation. Furthermore this glycan site is conserved across six of the
seven P2X subtypes, suggesting that it is vitally important to P2X channel fufictizartzet

al, 2010).

These results highlight the importance of glycosylation for P2X receptor traffigkiraip in
turn is necessary for protein function. However, whether or not glycosylation itself is necessary
for P2X protein function has not been determined, thus those channels that reach the

membrane may be fully functional.
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1.3.5 P2X receptors - Trafficking
P2X receptors undergo core N-linked glycosylation in the endoplasmic retiowhane they
assemble into trimeric complexes (see below). Subsequently they are transported to tfie Gol
complex for further modification and packaging before transportation to the cell nmang
Depending on the P2X subtype, the receptors may be internalised and returned to the cell
surface via endosomes or may be targeted for degradation in lysosomes (Robinson and
Murrell-Lagnado, 2013)A non-canonical, conserved YXXXK trafficking motif present in the C-
terminus of all P2X receptor subtypes was shown to be responsible for the reguddticell
surface expression. Mutation of this motif resdtin a decreasef cell surface expression of
all P2X subtypes; furthermore it increased internalisation of P2X2 receptors (Ghaetral,
2004)

The only P2X subtype that is fully retained within the ER and unable to form functional
homomeric channels is P2X6 (Ormaatdal, 2006). However, P2X6 was shown to be able to
form functional heterotrimers with P2X2 or P2X4 (Bobanatilal, 2002). The heteromeric
receptor complexse were successfully trafficked to the cell surface and their localisation
resembled that of homomeric P2X2 or P2X4 receptors respectively (RokamsbMurrell-
Lagnado, 2013). The transportation of P2X6 to the cell surface from the ER aslembly

with other subunits indicates that the assembly of trimeric complexes takes place in the ER.

P2X2 channels often appear to be localisaostly within intracellular compartments in
heterologous expression systems, due to the slow progression of P2X2 thtmigkcretory
pathway (Bobanovilet al, 2002). However upon reaching the cell membrane, P2X2 is stably
expressed at the surface. P2X7 shows a similar expression pattern to P2X2, experiencing slow
but stable accumulation of expression at the cell surface. However the trafficking of P2X7
receptors is cell-type specific and localisation can vary from being lavgétyn the cell
(monocytes and lymphocytes) to being largely at the plasma membraaergphages) (Gat

al, 2000; Gudipatet al,2001).

P2X4 is principally located in intracellular organelles, in a distinct punctate pattermusding
endosomes and lysosomes. A small level of expression can also be seen atgherperi the
cell (FidL.6) (Bobanovilet al,2002). Upon further investigation, it was found that the majority
of P2X4 protein co-localised with the early endosomal marker, EEA-1, suggeistiregyicled
to and from the cell surface. Localisation to the membrane is largely influengetheb

extracellular concentration of ATP; an increase in extracellular ATP caused increased
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internalisation of P2X4 receptors. This is in contrast to P2X2, whichadidndergo any

changes in protein internalisation upon ATP application (Bobordlk 2002).

P2X2 WT

Figure 1.6t P2X2 and P2X4 localisation ireKk293 cells.(A,C) Expression of P2X4 and P2
GFP in HEK-293 cells. Confocal images show that the majority P2X4 clusters are iatra
(B,D) Expression of P2X2 and P2X2-GFP in HEK-293 cells. P2X2 is iechiisétaptly at
the cell membrane. Cells expressing untagged P2X2 and P2X4 were visualise@intis
P2X2/Cy3 or Anti P2X4/Cy5 respectively (Figure reused with permission, B&banayi
2002). GFP tagging of protein had little or no effect on protein localisation. Scal®havt. 1

Caoexpression of a dominant negative form of dynamin-1 (K44A), which is rabpmifor the
inhibition of dynamin-dependent endocytosis, resulted in a P2X4 lligion similar to that of
P2X2 i.e. a uniform distribution at the cell surface. These results imply thaxg P2
internalisation is a dynamin-1 dependent mechanism (Bobaneti&l, 2002). Furthermore,

two endocytic motifs were identified in the P2X4 C-terminus. The first is a nomicaho
tyrosine based sorting C-terminal YXXGL motif (where X is any aminoMVadiajon of this

motif resulied in a dramatic increase in P2X4 expression at the cell membrane due to a
decrease in both constitutive and agonist-induced internalisation. The YXX®@L isno
conserved across all mammalian P2X4 receptors, however it is not present in the Gisaafnin
any other P2X subtype (Roydeal, 2002). The second C-terminal motif is the canonoex)
(where X is any amino acid and @ is an amino acid with a bulky hydrogidéichain)notif,

but this motif appears to be less accessible to AP2, the clathrin adaptor complex responsibl
for receptor inclusion into clathrin-coated vesicles. Hence internalisation is predoithy
mediated by the YXXGL motif (Rogt al, 2005). Lysosomal targeting of P2X4 is further

determined by a dileucine motif located in the N-terminus (Quereshl, 2007).
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P2X3 also undergoes constitutive internalisation and re-insertion into the bream and
containsa C-terminal dileucine motif with a DS&8(where X is any amino acid and @ is an
amino acid with a bulky hydrophobic side chain) ubiquitination consensus sequence, which has
been suggested to be partly responsible for its internalisation and degradation. udowe

does not share any of the described trafficking motifs associated with P2X4 @tadc2009).

The trafficking pathways of each of the P2X subtypes is summarisedliii.Fig
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Endoplasmic . D ' DD
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Figure 1.7t Summary of the trafficking pathways of P2X receptoP2X1 is internalised an
stored in endosomes and recycled to the cell surface. P2X2 and P2X7 are stably expre
the cell membrane and are not recycled. P2X3 can be internalised by endosomassant!
to lysosomes for degradation. P2X4 is rapidly internalised by endosomdgsasdmes, but
resists degradation and is recycled to the cell surface. The majority of P2X5 and
receptors are retained in the endoplasmic reticulum and do not form functioaaidmers.
However P2X6 can form various heteromers with other subtypes. These heteromer
acquire the trafficking properties of the second subtype.

1.3.6 P2X receptors - Expression, distribution and roles in health
and disease

ATP plays a definitive role in excitatory transmission at synapses within many atkastiNS
via activation of P2X receptors (Holton, 1959). P2X receptors are largely inweitred
neuropathic pain; this can be partially attributed to their abundant expression in nswsad
glial cells of the nervous system (North, 2002; Rubio and Soto, 2001). Sped¥s2, P2X4
and P2X6 are the most widely expressed in neurons. P2X2 and P2X4 werfeecHentthe
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edge of the postsynaptic membrane of excitatory synapses of the brain, indicaahg\TP
release into synapses during stints of action potential firing may activate the resefiRobio
and Soto, 2001).

Further evidence has also implicated P2X receptors with a function at the presynaptic
membrane as well as the postsynaptic membrane. For example, P2X receptors i@ssesp

on the presynaptic membrane of dorsal root ganglion (DRG) neurons. Wfigat®en at these
synapses, action potentials were evoked that re=dilin glutamate release and downstream

signalling, which may lead to pain sensation (Gu and MacDermott, 1997).

136.1 P2Xreceptorsin pain

P2X2 homomers and P2X2/P2X3 heteromers are critical mediators of pain sengaiih
P2X2-/- and P2X2/P2X3b{d-) mice experienced a reduction in pain-response behaviour
following formalin injection, an established method for assessing nociceptiomice
(Cockaynest al, 2005; Hunskaar and Hole, 1987). P2X4 receptors are also largely implicated
nociception. Wild type mice experienced tactile allodynia following peripherale damage.
Upon reducing P2X4 protein expression levels by intraspinal administr@itiB@X4 antisense
oligodeoxynucleotide, the tactile allodynia response was reversed (Tesudd 2003). This
data highlighéd the importance of P2X receptors in pain sensation, and their therapeutic

potential for anti-analgesic drugs.

1.36.2 P2Xreceptorsin blood pressure
Vigorous exercise or changes in environmental conditions can influence changes ifidood
through the body (Hudlicket al, 1992). These changes in conditions are sensechtgtleelial
cells, which in turn respond by releasing vasodilators such as nitric oxide (NO) @aaljies
1995). P2X4 is expressed on these endothelial cells and has a significanttheelilation of
blood vessels. Endothelial cells of P2X4 (-/-) miik rebt experience calcium influx or
subsequent NO release in response to changes in blood flow, contrary to wild tgee mi
Consequently, vessel dilatiamas substantially reduced in response to increases in blood flow
and this caused an increase in blood pressure. This data seddkat P2X4 plays a significant
role in the mechanisms involved in regulating blood pressure and vascular edingd

(Yamamotcet al, 2006).

1.36.3 P2Xreceptorsin inflammation
P2X7 receptors are largely involved in the inflammatory response. P2X7 tiaotiia

implicated in the release of the pro-inflammatory cytokine, interleukint- ~/fi+es Le Feuvre
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and colleagues demonstrated that prolonged ATP and lipopolysaccharide (LPS) simuflati
macrophages isolated from wild type mice led toi.-CE o « X ,}A A GEneddrom } &
P2X7 (-/-) mice (Pfizer) did not releaseiliL{Le Feuvreet al, 2002). The inflammatory
response of wild-type and P2X7 J-fnice was investigated in response to the induction of
monoclonal anti-collagen-induced arthritis. Wild type mice suffered from sevénégmed

and swollen paws, collagen degradation products and lesions on joint cartilageifgilo
lipopolysaccharide stimulation. However P2X7 deficient mice showed a much leved of
response with the disease severity markedly reduced (Ladbadi 2002). Tts data implicated
P2X7 receptors as important mediators of pain and inflammation, serving tdeepossible

targets for anti-inflammatory drugs and anti-arthritic drugs.

P2X2, P2X3 and P2X4 channels are also important mediators of inflammatiammation
A« ]v Jv & 8« A] Z]v %}E ]vi 38]}v A]3Z &E pvifORGUA v§
neurons isolated from the rats were examined. CFA-induced inflammation caused an increase
in ATP-activated currents and an increase in expression of P2X2 and P2X3 receptors. As a result
of the increased ATP responses, large depolarisations were elicited and action poteet&ls w

fired in DRG neurons. The increase in P2X receptor expression following inflapninatdes

may account for the high levels of pain responses experienced (Xu and Hu@gy, RRX4
inhibition was shown to affect the development of arthritis in a collagelu@ed arthritis (CIA)

mouse model. Inhibition of P2X4 using P2X4 antisense oligonutdeduced the clinical

score of CIA of mice, inhibited joint inflammation and suppressed inflammasctivation (Li

et al, 2014).

1364 P2Xreceptorsin tage sensation
In 2005, ATP was identified as the key neurotransmitter involved in the transduction of
information from taste receptor cells to taste nerves (Fingeal, 2005). Furthermore P2X2
and P2X3 are expressed in taste nerves and were recognised as the receptors invéted in
taste transmission pathway. P2X2/P2X3 (dbl-/-) mice showed abolitionyotamte evoked
neural responses following chemical stimulation in the taste nerves of the oral cavity. However
responses to touch, temperature and menthol were unaffected. In a further experiment it was
shown that P2X-knockout mice also have reduced behavioural responses to specific taste
substances including sweeteners and bitter compounds using bottle preference tegfie Sin
knockouts of either P2X2 or P2X3 in mice resulted in a slight decrease irbédsteioural
responses, but these changes were moderate in comparison to those experienced bg doub

knockout mice (Fingest al, 2005). More recently, it was shown that in P2X2/P2X3 (-/-) mice,
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stimulation by tastants still mobilises calcium ions in taste receptor cells but their taste cells do
not release ATP when stimulated (Huatal, 2011).

1365 P2Xreceptorsin cancer
P2X receptors have been associated with a variety of cancer types, which is unsurprising
considering their importance in many biological processes. P2X receptors are ot onl
expressed in excitable cells such as neurons and smooth muscle, but have alstel¢iéad
in tissues such as the lungs, skin, kidneys and endothelium (White and Burnstock | 3@06).
prolonged application of a high concentration of ATP to P2X7 receptors, a large poread,form
possibly via interactions with other proteins such as Pannexin (Panx) 1, whials dlie
passage of both cations and small molecules up to 900 daltons (Ralevic and Bkirii€@8).
Opening of P2X7 and this large pore leads to intracellular potassium efflux iwhisfociated
with activation of the inflammasome and caspase 1. However the mechanisms underlying
these processes are not fully understodtbtassium efflux is dependent upon pore formation
and ILit % &} ee]JVvP ]e % V VS U%}V 5Z]e %}S ee]Juu  ((opE ~t £
Caspase 1l cleaves pliedit §} (}@& u ulSpwdbich is subsequently released from the cell.
IL-it §]JA 8§ « Juupv cordrtbutes to the induction of cell apoptosis (FigB)
(Pelegrin and Surprenant, 2007). Targeting mediators of apoptosis is a keen area of research
for the development of new cancer therapies. Furthermore, P2X7 receptors are expressed and
functional in many different cancer types including human melanoma cancersnand
melanoma skin cancers (Whitet al, 2005; Greiget al, 2003). Incubation of malignant
melanoma cells with a highly potenand partially selective P2X7 agonist, BzZATP, led to a
reduction in cell number whereas antagonism of P2X7 activation &6 (1-N,O-bi$s-
isoquinoline-sulfonyl]-N-methyl-L-tyrosyl)-4-phenyl-piperaziscalised a reverse in this cell
reduction (White et al, 2005). This data indicates that P2X7 may be a key anti-cancer

therapeutic target.

P2X5 is expressed in a variety of tissues such as the skin, bladder and skeletal muselg, and h
roles in cell differentiation and the inhibition of cell proliferation makithem attractive
targets for anti-cancer drugs. Additionally P2X5 receptors have been identifieskimn
carcinomas and prostate cancers. Application of ATP andBATP2X5 agonists) to these

carcinogenic cells caused a decrease in cell number (€ralg2003).

27



Apoptosis

ATP ATP
+
K L t
Extracellular
P2X5 P2X7
Intracellular
ATP g +
M K
/ ﬁ \l/K+
G Cellcycle |G G l
Inflammasome
\ / Caspase 1
> l
Cell . ]
differentiation Prodl- it e=—> IL-it

Figure 1.8t Implications of P2X receptors in the cell cycle and ammtjg pathways.P2X5 is
involved in regulation of the cell cycle, affecting the proliferative ability of eanells upon
application of P2X5 agonists (Greigal, 2005). Upon P2X7 activation, potassium ions
exported from the cell; the decrease in intracellular potassium concentration cesl
activation of the inflammasome and i+ E o « U §Z E C u ] S]vP
channels, speculated to form the large pore associated with P2X7, releases ATP which
Z(Jw [ ]Pv 0 (}E %0} % $}S]high cancentiaidis tiis ATP can reactive
P2X7 in a feed-forward mechanism (Pelegrin and Surprenant, 2007; Wewers and Sakar.

1.3.6.6 P2Xreceptorsin platelet aggregation
Platelets express 3 P2 subtypef2Y1, P2Y12 and P2X1. Experiments have been don&both
vivo and in vitro to study the role of P2X1 receptors in platelet functiém.vitro, selective
activation of P2X1Rs led to a fast, reversible change in platelet shape, temporary centralisation
of secretory granules and}A o A o 3]A &}3integfinrthat led to weak platelet
aggregation (Rokt al, 2001; Toth-Zsambolkt al, 2003; Erhardet al, 2003). Additionally in a
mouse model with acute vascular occlusion where mice were injected with adrenaline and
collagen, P2X1 (-/-) mice dispéala lower level of thrombus formation compared to wild type
mice. The loss of P2X1 caused a 50% reduction in the number of mice deathssa# af
blocked pulmonary circulation (Hechlet al, 2003 Mahaut-Smithet al, 2011). The calcium
influx via P2X1 receptors was shown to amplify the P2Y1-evoked calcium respqtastelets

whereby activation of P2X1 alone did not cause significant platelet aggregation but co-
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stimulation of both P2X1 and P2Y1 increased the aggregation response éloale2014)
P2X1 is promising as a potential new drug target to reduce thrombotic eveniseiaisés such

as atherosclerosis.

1.36.7 P2Xreceptorsin hearing loss
P2X2 receptors are expressed in the sensory and supporting cells of the cochlea. A P2X2
mutation (V60L) was identified in inherited, progressive sensorineural hearinghléassnilies
studied over six generations. The mutation was associated with fully penetrant hearing loss
two families and was absent from controls. The V60L mutation was shown to abolisB@XB@e P
ATP-evoked inward current response and ATP stimulated macropore permeabilitditiarad

P2X2-null mice acquired severe progressive hearing lose{(4r2013.

1.36.8 P2Xreceptorsin mood disorders
A number of single nucleotide polymorphisms (SNPs) have been identifie2Xin receptors
that have been associated with affective mood disorders. For example, a sissugiation
was observed in families with bipolar disorder and the SNP E13A (P valo@0708) (Barden
et al, 2006). P2X7 SNPs have also been associated with other mood disorders such as major
depressive disorder and anxiety disorder (Luea@l, 2006; Hejjagt al 2009; Erhardet al,
2007). In a study by Roger and colleagues, twelve P2X7 SNPs that havakszbwith mood
disorders were tested for function in HEK-293 cells. Eleven of the mugatiad a significant
effect on channel function and pore formation. Using a P2X7 structural model (basttk
zfP2X4.1 crystal structure), it was suggested that the functional effects of the SNPs are caused
by changes in agonist binding, channel gating and subunit interactiomg(BRbal, 2010). In
addition, more recently, it was shown that the changes in protein function of P2X7 are

associated with changes in protein expression levels (elral) 2014).

1.36.9 P2Xreceptorsin ONSdiseases
Recent evidence has implicated P2X7 receptors in CNS diseases such as stroke, epilepsy,
0lZ] u E[+ ]+ + Vv \iseESd.\Génefie deletion or antagonism of P2X7 receptors
led to changes in the responsiveness of animal models of neurological diseases. Faegxam
in animal models with induced epileptic like seizures, BZATP was shown to prolaaiitiity
of brain neurons caused by seizures whereas P2X7 antagonists were shown to have
neuroprotective effects (Jimenez-Pachestoal, 2013).dZ -tuCo0}] %o %o Sgresentdte
ZIPZ }v VS@E §]}ve Jv 8Z %0 <u o (}pv ]v &iEnts, @ad showif toolZ Ju
generate a rise in intracellular calcium, ATP release and interleukif® o « }iypA bat

not P2X7(-/» u] Jv]l S]JvP 82 § t Jv]8] S - % UE]v EP] yo 3]A 8]
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receptors. In addition, inhibition of P2X7 in mice expressing mutantamuamyloid precursor
protein resulted in a decrease in the number of plaques (®#arat, 2009; Diaz-Hernandes
al, 2012).

1.3.6.10 P2Xreceptorsin male fertility
P2X1 receptors are expressedthe vas deferens smooth muscle cells where they play a role
in the contractile response of the vas deferens to nerve stimulation. This response is essential
for propelling sperm into the ejaculate and is largely mediated by P2X receptbes heen
shown that a P2X1 mutation with a targeted deletion causes a reduction in fertilityai@ m
mice by 90% dudo a reduction in sperm in the ejaculate, whereas female mice were
unaffected. Responses to P2XR agonists were abolished in these mice and contraction of the
vas deferens in response to nerve stimulation was dramatically reduced. Due tol¢hef
P2X1 receptors in male infertility, selective antagonists may provide patah#rapies in the
development of a male contraceptive pill (Mulryahal, 2000). In addition, more recently a
study by Whiteet al showed th § ik adrenoceptor and P2X1 double knockout mice

experienced 100% infertility without affecting sexual behaviour or function (Vigd 2013).

136.11 P2Xreceptorsin health and disease: Summary
With critical roles in many conditienincluding pain sensation, blood pressure, cancer,
rheumatoid arthritis, mood disorders, male fertility and atherosclerosis, findingcBed
agonists and antagonists for P2X receptors will be greatly beneficial for future drug
development against a range of conditions. However, as many of the receptors are iggplicat
in more than one disorder, problems may arise when using the receptors as drugstarget
example, development of a selective P2X7 agonist as a therapeutic agent against cancer may
have implications for inflammation in patients. Similarly, using a selecB¥& Rntagonist to
target inflammation for a condition such as rheumatoid arthritis may cause dffec¥%o S] vSe[
mood causing anxiety or depression. P2X4 was shown to be implicatexbthgressure and a
selective agonist may be useful for reducing blood pressure. However, like P2X7, P2X4 agonists
may cause problems with both pain and inflammation in patients. P2X2/3 recdmuesbeen
shown to be involved in pain sensation and antagonists may act as anti-analjesveser
they may also affect théo S] vaStgdnt responses and hearing. P2X1 receptors were shown
to be involved in platelet aggregation and antagonists were thus suggestbe tosed to
reduce thrombotic effects. However they may have an effect on the fertility of the male

patients These results show that although P2X receptors are key drug targets, there are many
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factors that need to be considered for agonists or antagonists to be used as therapeutic

agents.

1.3.7 P2X receptors - agonists and antagonists

1371 Agonists
Although all P2X receptors are activated by ATP, their sensitivity to ATP and theslkofi¢he
current passing through the channel varies considerably for each subtype. The order of
channel sensitivity to ATP iIB2XR = P2X3R < P2X2R < P2X4R = P2X5R < P2X6RR<< P2X7
(Zemkoveet al, 2004).

P2X1 and P2X3 undergo rapid desensitisation following application pM38TP (Fig 1.8),
while P2X2 and P2X4 desensitise at a much slower rate. P2X5 does not deq&uaditige and
Bunstock, 1998). P2X7 requires a higher concentration of ATP for activation compé#ned wi
other subtypes, experiencing full activation at 1mM ATP (North, 2002). Figustgaiis the

differing responses elicited by each homomeric receptor.

oo,
Nanamyl

20s
Figure 1.9t Comparison of fast (top) and slow (bottom) desensitisation afrhomeric rat
P2X receptors transfected in HEK-293 cells, in responsedtphd ATP (1mM for P2X7)Fast
desensitisation is observed for P2X1 and P2X3 in response to a 2 sguditédtion of ATP.
Slow desensitisation is observed for P2X2 and P2X4 in response to a 60 squmadi@p of
ATP. P2X7 transfected cells experienced a 2 minute pre-application of ATP before tHede
application shown (Image: North, 2002).

As well as exhibiting differing responses to ATP, the subtypes display variable sesditiva
number of other compounds. Many P2X subtypes are activated by ATP analbguesier

the exact activation profile is subtype-specific.

31



P2X1,P2X3and P2X5 §C% « E §]A § C §Z +CvszZméthyledATPv o}P
(rt-meATP). Their ve]3]A]SC 3} o}A u] E}u}o E -heATWP3dEtidguishes}( rt
P2X1, P2X3 and P2X5 from the remaining homomeric receptors that are edtitagt
significantly higher concentrations aft-meATP (Waldron and Sawynok, 2004, North, 2002).

r t-meATP and ATP are egyglotent at human P2X1, with an kGn HEK-293 cells of 0.8-

UM (Evanget al, 1995).

2'(3)-0O-(4-Benzoylbenzoyl)adenosiriétriphosphate (BzATP) is an ATP analogue with the
addition of a benzoyl-benzoyl group to either thi¢ } E-gdsition of the ribose moiety. BzZATP
acts as an agonist at all P2X subtypes with the exception of P2X3 and is highly potenamat hum
P2X1 and P2X2 receptors {£C1-2uM and 6uM respectively) (Evaret al, 1995; Lynclet al,

1999). However it is much less effective at rat P2X1 and P2X2 receptersZEQM and 23

UM respectively) (Wildmaet al, 1999; Kew and Davies, 2010). BzATP is also active at human
P2X4 (E& t 9.4 uM) and at human and rat P2X5 ¢E€ 1.3 uM and 5.7uM respectively).
Importantly, P2X7 is considerably more sensitive to BzAT&R {EQUM) than ATPEG, -
2.62mM) (Surprenargt al, 1996).

Adenosine 5'-0O-(3 thiotriphosphatéhTP\5) contains a sulphide group attached to the gamma
phosphate group of ATP and is active at P2X1, P2X2, P2X3 and P2X&rsetitptvariable
potency (E& ranging from 0.2uM [rP2X5] to 8uM [rP2X2]) (Wildmart al, 2002; Evanst

al, 1995; Lynclet al, 1999; Liet al, 2001)

t dmethylene-ATP {((\meATP) is an ATP derivative with a methyl group substitution for the
oxygen between thet and Xphosphate groups. This compound is relatively insensitive at
P2X2, P2X3 and P2X4 receptors. However it displays a relatively high potency at R221- (EC
8.7 uM) and P2X5HG,- 11.8uM) (Evanset al, 1995; Wildmaret al, 2002; Liuet al, 2000;
Garcia-Guzman, 1997; Chenal, 1995; Coddoet al, 2011).

2-Methylthioadenosine triphosphat€MeSATP) contains a methylthio group attached to the
adenosine ring of ATP. 2MeSATP is a full agonist of P2X1 and PgX2 QHC- 8 uM
respectively expressed ilKenopusoocytes (Evanst al, 1995; Lynclet al, 1999; Wildmaret

al, 2002). Additionally it activates P2X3, P2X4, P2X5 and P2Xt (EXuM, 10-100uM, 0.44
UM and 200uM respectively) (Garcia Guzman, 1997; éfiual, 2001; Coddotet al, 2011;
Wildmanet al, 2002; Surprenargt al, 1996).

A summary of agonist activity of the compounds mentioned above and other aganiatk

P2X subtypes can be referred to in Table 1.3.
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Table 1.3t P2X receptor agonists. Values given represent approximatev&Ges for compound at each subtype.

Compound P2X1 P2X2 P2X3 P2X4 P2X5 P2X7
ATP 0.8 uM (human) (Evanet | 8 pM (rat) (Grubb and 0.8 pM (human) (Garcia{ 10 pM (rat) (Buellet al, | 0.44 pM (rat) (Wildman| 2.62 mM (mouse),
al, 1995)0.1 -0.3 uM(rat) | Evans, 1999) Guzman, 1997)1.2 puM | 1996) 5.5 uM (human)| et al, 2003 4 uM | 3.89 mM (rat), 4.13

(Wildmanet al, 1999)

(rat) (Cheret al, 1995)

(Joneset al, 2000)

(human) (Bo et al,
2003)

mM (human)
(Surprenant, 1996)

r t-methylene ATP

1 pM (human) (Evanst
al, 1995), 3 uM (rat)
(Wildmanet al, 2002)

Inactive (rat) (Liuet al,
2001)

2.5 pM (human) (Garcia
Guzman, 1997} -2 uM
(rat) (Lewiset al, 1995)

Inactive (human)
Norenberg and llles
2000) Acts as an
antagonist IC50t 4.6
(rat) (Jonet al, 2000)

1.1 pM (rat) (Wildman
et al, 2009 12.2 uMm
(human) (Kotniset al,
2010)

BzATP 1-2 uM (human) [Evanet | 6 pM (human) (Lynctet | Not determined (Coddoy 9.4 puM (human) (Stokeg 1.3 pM (rat) (Wildman| 7 UM (rat)
al, 1995, 24 uM (rat) | al, 1999) 23 pM (rat) | et al,2011) et al, 2011) et al, 2003 5.7 pM | (Surprenant et al,
(Wildmanet al, 1999 (Kew and Davies, 2010) (human) (Bo et al, | 1996),
2003)
dwaon 1 pM (human) (Evangt | 6 pM (human) (Lynctet | 1.5 pM (rat) Liu et al, | - 0.29 pM (rat) (Wildman| -

al, 1995) 0.6 puM (rat)
(Wildmanet al, 2002)

al, 1999)8 uM (rat) (Liu
et al, 2001)

2001

et al, 2002

t dmethylene-ATP

2 uM (human) (Evan®t
al, 1995) 8.7 uM (rat)
Wildmanet al, 2002)

>300 pM (rat) (Liuet al,
2000)

> 100 pM  (human)
(Garcia-Guzman, 1997
>300 pM (rat) (Chenet
al, 1995)

> 300 pM (rat and
human) (Coddouet al,
2011)

11.8 pM (rat) (Wildman
et al, 2002)

2-meSATP

0.8 uM (human) (Evanst
al, 1995), 0.1 pM (rat)
(Wildmanet al, 2002)

1 pM (human) (Lynctet
al, 1999) 8 pM (rat)
(Grubb and Evans, 1999)

0.3 uM (human) (Garcia
Guzman, 1997)0.3 uM
(rat) (Liuet al,2001)

10 t100uM (Coddouet
al, 2011)

0.44 pM (rat) (Wildman
et al, 2002)

200 UM (rat)
(Surprenant et al,
1996)

Other agonists

ApsA, ApA, ApsA ApsA

(rat) t >100, 0.04, 0.9

0.72 pM respectively
(Wildmanet al, 1999)

ApA - 15 pM (rat) (Pintor
et al, 1996))

ARA, ApA, ApA, ApA
(rat) t1, 0.8, 1.3, 1.6uM
respectively (Wildmaret
al, 1999)

ApdA ApA (rat) t 3,
>100 puM respectively
(Wildmanet al, 1999)

ADPt3.6 pM (rat), UTP
t 8.2 UM (rat), ApA,
ApA, ApsA, ApA t 5,
0.3, 069, 5 uMm
respectively (Wildman

et al, 2002)
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1372 Antagonists
Pyridoxal-phosphate-6-azophenyl-2',4'-disulfonic acid (PPADS) and swasmion-selective
P2 receptor antagonists (Lambrecét al, 1992). PPADS is relatively potent at P2X1, P2X2,
P2X3 and P2X5 with ansd@ the low micromolar range. It is also effective at blocking P2X7
with a slightly higher kg of 45-60 uM. However PPADS has no effect on P2X4 receptors
Similarly suramin is highly potent at P2X1-3 and P2X5 andcigvim at P2X4. Suramin exhibits
a variable potency at the different mammalian P2X7 receptogs &tGat P2X7 = 28aM, 1Go
at human P2X7 = 5gM); these differences are likely to be caused by small variations in
channel structure. The insensitivity of P2X4 to PPADS and suramin distsgRizk4 from the
rest of the P2XR subtypes (Wildmetnal, 2002; Evanst al, 1995; Lynclet al, 1999; Lewigt
al, 1995; Buelét al, 1996; Beet al, 2003; Surprenargt al, 1996)

8,8 - carbonylbis imino- 4,1-phenylenecarbonytioa#t,1-phenylenecarbonylimino.bis 1,3,5-
naphthalenetrisulfonic acid (NF2)% suramin-related compound, is a potent antagonist at
P2X1 receptors (it 19-50 nM). It is also active at P2X2, P2X3 and P2X7 receptors, but is
inactive at P2X4 receptors (Damet al, 1998; Rettingeret al, 2000a]; Klapperstuckt al,
2000). Brilliant Blue-G (BBG) shows potent antagonist effects at P2XT 1Ct 200nM) and

also blocks P2X4 and P2X5 receptors. However it is less effective at the othsulitZpes
(Jianget al, 2000a). 2'(3)-0-(2,4,6-trinitrophenyl)adenosine 5'-triphosphate (TNB-AS a
potent antagonist at all P2X subtypessgl&t P2X1t 1-6 nM, 6 at P2X7 30 uM). (Virginioet

al, 1998; Wildmaret al, 2002). These antagonists and other P2X antagonists can be referred to

in more detail in table 1.4.

Despite the many non-selective P2 antagonists described here, there are still relatively few
selective antagonists available for specific P2X subtypes, including P2X4 anw/i2X2yre

key drug targets in pain and inflammation. N-(benzyloxycarbonyl)phenoxé28&-12054) is a
recently developed selective hP2X4 antagonist. PSB-120&54t(0C189 uM) was identified
following a screen of N-substituted phenoxazine and acridone derivates in h&takly
transfected 1321N1 astrocytoma cells. However, although PSB-12054 significanttededu
P2X4 channel activation, iiddnot completely block the response. Additionally, more potent
compounds are still required for use as therapeutic agents against P2X4 (HernandezDImos
al, 2012).

A series of anthraguinone derivatives were screenedenopusocytes expressing rP2X2 in a
search for selective P2X2 antagonists. Two potent P2X2 antagonists were identified. $odium

amino-4{3-(4,6-dichloro[1,3,5]triazine-2-ylamino)phenylamino]-9,10-di&bo-
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dihydroanthracene-2-sulfonate (PSB-10211) displayed &nof(B86nM. Disodium 1-amino-4-
[3-(4,6-dichloro[1,3,5]triazine-2-ylamino)-4-sulfophenylamino]@dioxo-9,10-
dihydroanthracene-2-sulfonate (PSB-1011) displayed &ofG9nM However the latter was
only 5-fold more selective at P2X2 compared with P2X1 and P2X3®{B&4{q011). The search

for potent and selective P2X2 and P2X4 antagonists is still ongoing.

0 U 0 [ U-fcatbb@nylpis(imino-5,1,3-benzenetriylbis(carbonylimino)))tetrakis-benZeBe-
disulfonic acid (NF449) is a suramin analogue which is a highly potent astagori?2X1
receptors (16 t 0.05nM) with significant selectivity of human P2X1 over human P2X7,,rP2X2
rP2X3 or rP2X4 receptors J@ 40 uM, 47 uM, 1.82uM and >300uM respectively) (Braupt

al, 2001; Hulsmanet al, 2003; Rettingeet al, 2005).

A number of selective P2X7 antagonists have been identified. Nelson and cefidegted a
series of disubstituted tetrazole compounds for P2X7 antagonist activity and iddn3if{(5-
(2,3-dichlorophenyltHtetrazol-1-yl)methyl pyridine (A-438079) as a reversible and
competitive blocker at rat and human P2X7 receptorso (@€ 100 and 300 nM respectively).
Additionally it appeared to have little activity at other P2 receptor typesgdiedt al, 2006).
N+1-{[(cyanoimino)(5-quinolinylamino) methyl]lamino}-2,2-dimethglpyl)-2-(3,4-
dimethoxyohenyl)acetamidéA-740003) is also a cyanoguinidine compound shown to have
highly specific antagonistic activity at rat and human P2X7 receptassofl@8 and 40 nM
respectively) (Honoret al, 2006).

A-317491 is a potent antagonist of P2X3 and P2X2/3 receptarst(B2 t 92 nM) and was
shown to be highly selective over other P2 receptors. However A-317419 &eleative of
P2X3 over P2X2/3 receptors (Jareis al, 2004). Similarly, Spinorphin, an endogenous
antinociceptive peptide (LVVYPWT), which is a potent P2X3 antagoxi$tgI€pM), does not
distinguish between the two receptor complexdsiiget al,2007). More recently reports of a
selective and potent P2X3 antagonist, RO-85, have been published (ral@®2Xx31t 32nM,
human P2X3 ¥=0.4uM) which is selective for P2X3 homozygous receptors over other P2X
receptors tested (I& > 10uM) (Brotherton-Pleisgt al, 2010).

The chemical structures of a selection of P2X antagonists are shown il Gigrireference

and show the diversity between the structures.
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Figure 1.10t Chemical structures of P2X antagonistdon-selective P2X antagonists
TNP-ATP, Suramin, PPADS, BBG. P2X2/3 antagonist - A-317491. P2X7 selecti\at &n
A-438079. P2X2 selective antagonist8SB-10211, PSB-1011. P2X4 selective antagol

PSB-12054.

36



Table 1.4t P2X receptor antagonists. Values given represent approximatedies for compound at each subtype.

Compound P2X1 P2X2 P2X3 P2X4 P2X5 P2X7
PPADS 0.12 pM (Rat) 1-6 puM (human and rat) (Evan| 0.2- 1.5 pM(rat) (Lewis| Insensitive(Buellet al, 0.2 pM(rat and 45- 60 pM(rat)
(Wildmanet al, 2002) | etal, 1995, Lynclet al, 1999) et al, 1995, Liet al, 1996) human) (Wildmaret (Surprenantt al, 1996)
2001 al, 2002; Beet al,
2003)
Suramin 1.7 pM (Rat) (Wildman| 1-5 pM(human and rat) (Evan{ 3 -4 uM(rat) (Lewist Insensitive(Buellet al, | 1.5 uM (rat) (Wildman | 70 uM (human) (Chesse

et al, 2002)

et al, 1995; Lynclet al, 1999)

al, 1995, Liet al, 2001)

1996)

etal, 2002)2.9 uM
(human) Beet al,
2003)

etal, 1998)

NF279 (Suramin

50 nm(human)

0.76 UM (rat) (Rettingeet al,

1.62 uM gith pre-

Insensitive(Rettingeret

4.8 uM (mouse)2.8 uM

analogue) (Klapperstuclet al, 2000) incubation) (rat) al, 2000a) (human) (Klapperstuck
2000 19 nm (with pre- (Rettingeret al, 2000a) et al,2000 <4 uM (rat)
incubation) (rat) (Donnelly-Robertst al,
(Rettingeret al, 2000a) 2009)
BBG - - - >10 pM(rat), 3.2 pM 0.53 pM(human) (Bo 10 nm(rat), 200nm
(human) (Jiangt al, et al, 2003) (human) (Jiangt al,
2000) 200(a)
TNP-ATP 1 nM (Rat) (Wildmaret 1-2 pM((rat) (Virginioet al, 0.9 uM (rat) (Virginioet 15 uM (rat/human) 0.45 uM (Rat) >30 puM(rat) (Virginioet
al, 2002b)6 nM 1998 Liuet al, 2001) al, 1998) (Virginioet al, 1998) (Wildmanet al, 2002) al, 1998)
(human) (Virginieet al,
1998)
RB2 2.3 yM (Rat) (Wildman| 0.4 pM (rat) (Liuet al, 2001) - - 18.3 uM (Rat) -
et al, 2002) (Wildmanet al, 2002)
IPsl 0.003 pM(Rat) ( King | Insensitive(Kinget al, 1999) | 2.8 uM(rat) (Kinget al, | 0.002 pM(rat) (Kinget >30 pM (Rat) -
et al, 1999 1999) al, 1999) (Wildmanet al, 2002)
Other NF449 (0.05 nM) NF770, NF776, NF778 (19 nN  A-317491 (20 M) PSB-12054 (0.189 pM - KN-62 (12.7

antagonists

(human) (Hulsmanet
al, 2003),IP4l (0.56
pM) (rat) (Kinget al,

1999)NF023 (0.241M,

0.21puM) (rat, human)
(Sotoet al, 1999)

97 NV, 1.4 puM respectively)

(rat) (Wolfet al, 2011)

PSB1011, PSB10211 (79 nM
86 nm respectively]rat) (Baqi

et al, 2011)

(Jarviset al 2009 IP4I
(1 pM) (Kinget al,
1999)R085 (6.47.5
nM) (Brotherton-Pleiss
et al, 2010
Spindorphin (8.3 pM)
(Junget al, 2006)

(Hernandex-Olmost al,

2012)5-BDBD (0.5 uM
(Donnelly-Robert&t al,

2008) IP4l (1.69 pMm)
(Kinget al, 1999)

nM)(Gargett and Wiley,
1997) o-ATRDi Virgilig
2003),AZ11645373
(90nM) (human) (Stokes
et al, 2006)A-438079
(100nM and 300nM at
rat and human)(Nelson
et al, 2006)A-740003
(18-40nM at rat and
human)(Honoreet al,
2006)
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1.3.8 P2X receptorst Structure
The first crystal structure of a P2X receptor was solved in 2009 by Kavaleat a
resolution of 3.1 A. This structure represented the closed state of zfP2X4.1. Additionally,
in 2012, the ATP bound structure was solata resolution of 2.8 A and trepo, closed
structure was corrected and solved to a resolution of 2.9 A (Hattori and Gouau), 201
zfP2X4.khares significant sequence similarity with mammalian P2X receptors. It is most
similar to hP2X4 with 59% sequence identity and least similar to hP2X6 with 40%

sequence identity (Fig.11; sequence alignment).

1381 Zebrafish P2Xreceptors
Nine P2X receptor genes have been identified in the zebrddiahjo rerig 6 of which
are orthologs of mammalian P2X subtypezfP2X1, zfP2X2, zfP2X3.1, zfP2X4.1, zfP2X5
and zfP2X7 Two of the other identified receptors correspondztP2X3.land zfP2X4.1
paralogs £fP2X3.2and zfP2X4.Zespectively), the final receptor has not been classified
(Kucenaset al, 2003) zfP2X4.1 displays significant sequence similarity to the
mammalian P2X4 receptors, with an amino acid identity of 59% with rat P2X4 (rP2X4)
and 58% with human P2X4 (hP2X4) (Figut&)lAdditionally zfP2X4.1 is able to form
functional homomeric channels, with properties comparable to the respective

mammalian orthologs (Diaz-Hernandsizal, 2002)

When expressed in HEK-293 cells, zfP2X4.1 channels display a similar
electrophysiological and pharmacological profile to rP2X4 (North, 268&jibiting a

slow, incomplete desensitisation in response to ATP, and little or no response to the ATP
derivatives 2'(3')-G4-Benzoylbenzoyl) adenosifetriphosphate (BzATP v rUt
Methylene  v}e]v -FiE]%Z}e%Z § ~rtu dWeX 13]}v ode@iU 1(WiydXi
by the non-selective P2X antagonists, pyridoxalphosphate-6-azophediytgulfonic

acid (PPADS) and suramin, which are also ineffective at mammalian P2X4 receptors
(Diaz-Hernandeet al, 2002; Buelkt al, 1996). However, ATP is significantly less potent

at zfP2X4.1 (EBE= 2751t 800 uM [4, 22]) compared with the equivalent mammalian
channels (rP2X4 &G= 10 uM (Buelkt al, 1996; Khaklet al, 2001a); hP2X4 &G 5.5

MM (Jone<t al, 2000).
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Start of model

< ™1
zfP2X4.1  ---------- MSESVGCCDSVSQCFFDYYTSKILIIRSKKVGTLNRFTQALVIAYVIGYV 50
hP2X4 (58) ------------- MAGCCAALAAFLFEYDTPRIVLIRSRKVGLMNRAVQLLILAYVIGWV 47
rP2X4 (59) ------------- MAGCCSVLGSFLFEYDTPRIVLIRSRKVGLMNRAVQLLILAYVIGWV a7
hP2X1 (43) ------------ MARRFQEELAAFLFEYDTPRMVLVRNKKVGVIFRLIQLVVLVYVIGWV 48
hP2X2 (44) MAAAQPKYPAGATARRLARGCWSALWDYETPKVIVVRNRRLGVLYRAVQLLILLYFVWYV 60
rP2X2 (45) ------------ MVRRLARGCWSAFWDYETPKVIVVRNRRLGFVHRMVQLLILLYFVWYV 48
hP2X3 (45) ------------------ MNCISDFFTYETTKSVVVKSWTIGIINRVVQULIISYFVGWV 42
hP2X5 (49) ------------ MGQAGCKGLCLSLFDYKTEKYVIAKNKKVGLLYRLLQASILAYLVVWV 48

hP2X7 (44) ------------- MPACCS--CSDVFQYETNKVTRIQSMNYGTIKWFFHVIIFSYV-CFA 44
Ck ke e ke e ek s

™1

zfP2X4  CVYNKGYQDTDTV-LSSVSTKVKGIALTN------- TSELGERIWDVADYIIPPQEDGSF 102
hP2X4 FVWEKGYQETDSV-VSSVTTKVKGVAVTN------- TSKLGFRIWDVADYVIPAQEENSL 99
rP2X4 FVWEKGYQETDSV-VSSVTTKAKGVAVTN------- TSQLGFRIWDVADYVIPAQEENSL 99
hP2X1 FLYEKGYQTSSGL-ISSVSVKLKGLAVTQ------- LPGLGPQVWDVADYVFPAQGDNSF 100

hP2X2 FIVQKSYQESETGPESSIITKVKGITTSE------------ HKVWDVEEYVKPPEGGSVF 108
rP2X2 FIVOQKSYQDSETGPESSIITKVKGITMSE------------ DKVWDVEEYVKPPEGGSVV 96
hP2X3 FLHEKAYQVRDTAIESSVVTKVKGSGLYA------------ NRVMDVSDYVTPPQGTSVF 90

hP2X5 FLIKKGYQDVDTSLQSAVITKVKGVAFTN------- TSDLGQRIWDVADYVIPAQGENVF 101
hP2X7 LVSDKLYQRKEPV-ISSVHTKVKGIAEVKEEIVENGVKKLVHSVFDTADYTFPLQG-NSF 102

.k k% *er ok k% sk sk k.

zfP2X4  FVLTNMITTNQTQSKCAENPT-PASTCTSHRDCKRGFNDARGDGVRTGRCVSYSA-SVK 160
hP2X4 FVMTNVILTMNQTQGLCPREIPD-ATTVCKSDASCITAGSAGTHSNGVSTGRCVAFNG-SVK 157
rP2X4 FIMTNMIVTVNQTQSTCPEIPD-KTSICNSPADCTPGSVDTHSSGVATGRCVPFNE-SVK 157
hP2X1 VVMTNFIVTPKQTQGYCAEHPE-G-GICKEDSGCTPGKAKRKAQGIRTGKCVAFND-TVK 157
hP2X2 SIITRVEATHSQTQGTCPESIRVHNATCLSDADCVAGELDMLGNGLRTGRCVPYYQGPSK 168
rP2X2 SIITRIEVTPSQTLGTCPESMRVHSSTCHSDDDCIAGQLDMQGNGIRTGHCVPYYHGDSK 156
hP2X3 VIITKMIVTENQMQGFCPESEE--KYRCVSDSQC--GPERLPGGGILTGRCGVNYS-SVLR 145
hP2X5 FVVTNLIVTPNQRQNVCAENEGIPDGACSKDSDCHAGEAVTAGNGVKTGRCLRRENLARG 161
hP2X7 FVMTNFLKTEGQEQRLCREYPT-RRTLCSSDRGCKKGWMDPQSKGIQTGRCVVYEG-NQK 160

ek * * * % * * % ke kkeke

zfP2X4  TCEVLSWCPLEKIVDPPNPPLLADAENFTVLIKNNIRYPKFNFNKRNILPNINSSYLTHC 220
hP2X4 TCEVAAWCPYEDDTHVPQPAFLKAAENFTLLVKNNIWYPKFNFSKRNILPNITTTYLKSC 217
rP2X4 TCEVAAWCPVENDVGVPTPAFLKAAENFTLLVKNNIWYPKFNFSKRNILPNITTSYLKSC 217
hP2X1 TCEIFGWCPVEVDDDIPRPALLREAENFTLFIKNSISFPRFKVNRRNLVEEVNAAHMKITC 217
hP2X2 TCEVEGWCPVEDGA-SVSQFLGTMAPNFTILIKNSIHYPKFHFSKGNIADR-TDGYLKRC 226
rP2X2 TCEVSAWCPVEDGT-SDNHFLGKMAPNFTILIKNSIHYPKFKFSKGNIASQ-KSDYLKHC 214
hP2X3 TCEIQGWCPTEVDT-VETPI-MMEAENFTIFIKNSIRFPLFNFEKGNLLPNLTARDMKTC 203
hP2X5 TCEIFAWCPLETSS-RPEEPFLKEAEDFTIFIKNHIRFPKFNFSKSNVMDVKDRSFLKSC 220
hP2X7 TCEVSAWCPIEAVEEAPRPALLNSAENFTVLIKNNIDFPGHNYTTRNILPGLNI----TC 216

*kke kkk k * ckkeeikk ok ok *e *

zfP2X4  VFSRKTDPDCPIFRLGDIVGEAEEDFQIMAVHGGVMGVQIRWDCDLDMPQSWCVPRYTFR 280
hP2X4 IYDAKTDPFCPIERLGKIVENAGHSFQDMAVEGGIMGIQVNWDCNLDRAASLCLPRYSFR 277
rP2X4 IYNAQTDPFCPIERLGTIVGDAGHSFQEMAVEGGIMGIQIKWDCNLDRAASIECLPRYSFR 277
hP2X1 LFHKTLHPLCPVEQLGYVVQESGQNFSTLAEKGGVVGITIDWHCDLDWHVRHCRPIYEFH 277
hP2X2 TFHEASDLYCPIEKLGFIVEKAGESFTELAHKGGVIGVIINWDCBLDLPASECNPKYSFR 286
rP2Xx2 TFDQDSDPYCPIFERLGFIVEKAGENFTELAHKGGVIGVIINWNCPLDLSESECNPKYSFR 274
hP2X3 RFHPDKDPFCPILRVGDVVKFAGQDFAKLARTGGVLGIKIGWYCDLDKAWDQCIPKYSFT 263
hP2X5 HFGPK-NHYCPIERLGSVIRWAGSDFQDIALEGGVIGINIEWNCDLDKAASECHPHYSFS 279
hP2X7 TFHKTQNPQCPIFRLGDIFRETGDNFSDVAIQGGIMGIEIYWDCNLDRWFHHCRPKYSFR 276

i *** .* :* **::*: :**:** * k k%
™2

zfP2X4  RLDNKDPDNNVAPGYNFRFAKYYKNSDGTETRTLINGYGIRFDVMVFGQAGKFNIIPTLL 340
hP2X4 RLDTRDVEHNVSPGYNFRFAKYYRDLAGNEQRTLKAYGIRFDIIVFGKAGKFDIIPTMI 337
rP2Xx4 RLDTRDLEHNVSPGYNFRFAKYYRDLAGKEQRTLTEAYGIRFDIVFGKAGKFDIIPTMI 337
hP2X1 GLY---EEKNLSPGFNFRFARHFVE-NGTNYRHLFKMEGIRFDILVDGKAGKFDIIPTMT 333

hP2X2 RLDPKH--VPASSGYNFRFAKYYKINGTT-TRTLIKAYGIRIDVIVHGQAGKFSLIPTII 343
rP2X2 RLDPKY--DPASSGYNFRFAKYYKINGTTTTRTLIKAYGIRIDVIVHGQAGKFSLIPTII 332
hP2X3 RLDSVSEKSSVSPGYNFRFAKYYKMENGSEYRTLIEKAFGIRFDVLVYGNAGKFNIIPTII 323
hP2X5 RLDNK-LSKSVSSGYNFRFARYYRDAAGVEFRTLMEAYGIRFDVMVNGKG---------- 328
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hP2X7 RLDDKTTNVSLYPGYNFRYAKYYKE-NNVEKRTLIKFGIRFDILVFGTGGKFDIIQLVV 335

* *:***:*::: * % % :***:*::* * )
TM2 End of model
zfP2X4  NIGAGLALLGLYNVICDWIVLT---f-mmmmmmeeeeeee FMKRKQHYKEQKYTYVDD- 380
hP2X4  NIGSGLALLGMATVLCDIIVLY---4---nnmmmmmmmnee CMKKRLYYREKKYKYVED- 377
rP2X4  NVGSGLALLGVATVLCDVIVLY -4--eemmmmmmmmmnee CMKKKYYYRDKKYKYVED- 377
hP2X1  TIGSGIGIFGVATVLCDLLLLH----}-mmemmmmmemeev ILPKRHYYKQKKFKYAED- 373
hP2X2  NLATALTSVGVGSFLCDWILLT-t-mmmmmmmmmmmee FMNKNKVYSHKKFDKVCTP 384
rP2X2  NLATALTSIGVGSFLCDWILLT---4-----nnnnnmmmee FMNKNKLYSHKKFDKVRTP 373
hP2X3  SSVAAFTSVGVGTVLCDIILLN--f--mmmmmeeeeeeee FLKGADQYKAKKFEEVNET 364
120G J—— YA\ = =] ) IAV/ I 220 S— — LIKKREFYRDKKYEEVRG- 356
hP2X7  YIGSTLSYFGLAAVFIDFLIDTYSSNCCRSHIYPWCKCCQPCVVNEYYYRKKCESIVEPK 395
“ ke . * .

P41 =) ¢/ N— FGLLHNEDK 389

(117) ¢/ R— YEQGLASELDQ 388

[1=7> ¢ N— YEQGLSGEMNQ 388

117> R— MGPGAAERDLAAT ------------ SST------LGLQENMRTS------ 399
hP2X2  SH-PSGSW. P VTLARVLGQAPPEPGH 408
rP2X2  KH-PSSRW. P VTLALVLGQIPPPPSH 397

hP2X3  TL-KIAA LT--NPVYPSD 379

(117> — LEDSSQEAEDE ASG-----LGLSEQLTSGPGLLGM 386

hP2X7 PTLKYVSFVDESHIRMVNQQLLGRSLOQDVKGQEVPRPAMDFTDLSRLPLALHDTPPIPGQ 455

Figure 1.11. Sequence alignment of selected mammalian P2X receptith zfP2X4.1The
start and the end of thefP2X4.1sequence present in the crystal structure (PDB ID 3H9V
indicated with red arrows. The percentage amino-acid identities are indicated by the nun
in brackets next to the sequence names at the start of the alignment. TM1 and TM:;
indicated by green and blue double-headed arrows respectively. The ten conserveaey
residues in the extracellular domain are indicated in green, the amino-acids which ctatabi
the ATP binding site are indicated in yellow, the amino-acids contributitiget@hannel pore
are indicated in cyan, and the conserved lysine which contributes to both ATP ¢hiaiih
channel gating is indicated in red. The long C-terminal domains of &RKP2X7, for whicl
there is no structural information, are omitted.

1382 Zebrafish P2X41 crygal constructs
zfP2X4.1 was chosen for structural studies following a screen of 35 different grearsfieor
protein (GFP)-tagged P2X receptor homologs using fluorescence size exclusion
chromatography (FSEC) following transient transfection in HEK-293 cells. Thestuoreed
that zfP2X4.1 was capable of forming stable trimers in detergent and displayed a sharp,
symmetrical elution profile following FSEC, which favoured it as a candidate for further
structural studies. However, the addition of a GFP tag to the C-terminus of zfP2X4dl had
significant effect on receptor function. According to Kawetel the EG, of ATP at wild type
zfP2X4.1 was 800 pM, while theskat zfP2X4.1-GFP was increased to 1.73 mM (Kastvate
2009).
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To improve the crystallisation behaviour of zfP2X4.1, a number of modificateresmade to

the wild-type receptor. Firstly the N- and C-termini were truncated; 26 and 8uesiegments
were removed from the N- and C-termini respectively to yield a crystal steicalved by
single-wavelength anomalous diffraction in the presence of gadolinium (zfP2X4ntich
diffracted to 3.5 A resolution (PDB ID - 3I5D). Additionally, 3 furthet poitations (C51F,
N78K and N187R) were introduced to the extracellular domain to reduce both atiuven
disulphide bond formation and heterogeneity due to glycosylation &#PP-B). The structure

of zfP2X4.1-B was solved by molecular replacement, yielding crystals that difftacget A
resolution (PDB ID - 3H9V). Although the mutated receptors were still responsivEPtothe
peak current amplitude was markedly reduced (by approximately 95% and 99% for zfR2X4.1
and zfP2X4.1-B respectively) (Fit2) when compared to the wild type GFP-tagged channel
Additionally, the agonist sensitivity was markedly increased with reported&ties of 27.4

UM and 3.4 puM for zfP2X4.1-A-GFP and zfP2X4.1-B-GFP respectively. Thefreturent to
baseline on washout of agonist was significantly delayed in both crystal constructs€iawa
al, 2009). These observations demonstrate that there are large differences in channel function

between the wild-type and crystal constructs.

Figure 1.12t Peak current amplitude in response to ATP for wild type zfP2X4 {8P2X4.1A
(b) and zfP2X4.1-B (c) constructBhe peak current amplitude is reduced by approximat

95% for zfP2X4.1-A and 99% for P2X4.1-B compared to wildRRgpeénted by permission
from Macmillan Publishers Ltd: [Nature] (Kawate et al ), copyright (2009).

To solve the ATP bound structure of zfP2X4.1, additional mutagenesis of the reagystor
required to improve crystallisation behaviour. Further truncation of the C-teusi(zfP2X4.1
final model, residues 36 359) and reversal of the initial C51F mutation gave rise to PZX4.1-
which also gave a sharp, symmetrical elution profile following FSEC. The P2X4dtCe

was solved by molecular replacement, using P2X4.1-B as a search probe, at a resbRion o
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A (PDB ID - 4DW1; Figl3B,D. Furthermore the structure of thepo-state zfP2X4.B
construct was re-solved using new crystals which diffracted to a higher resolutiar® ok
(referred to as zfP2X4R2 PDB ID 4DWO; Figl3A,0 (Hattori and Gouaux, 2012). Electron
density maps from the newapo-state structure (PDB ID 4DWO0) showed an incorrect
assignment of electron density in the region encompassing residues9d8in the previously
published structures (PDB IDs 3H9V and 3I5D). The functional properties of GFP-tagged
zfP2X4.1-C were measured using two-electrode voltage cladpradpusocytes; the authors

stated that the functional properties of this receptor were similar to that recorded fdd-wi

type zfP2X4.1, yet their Balue was significantly different (2.1 uM compared to 1.73 mM for
the wild-type GFP-tagged construct (Hattori and Gouaux, 2012)). They did not regadet p
current values for wild-type zfP2X4.1 in their experiments, so it is not knownnmach peak
current amplitudes were impaired by the introduced mutations, but it is clear fitoencurrent

traces that zfP2X4.1-C also displayed delayed return of current to baseline valwesloout

of agonist, so from this evidence it is reasonable to assume that the function of zfP2X4.1-C was
impaired in a similar fashion to the zfP2kA and zfP2X4-B crystal constructs. While the
crystal structure derived from the zfP2X4.1-C construct clearly represents an ATd-boun
structure, because of the impairment of function, it may well represent an artificially stabilised
open state for the channel (because of the delayed return of current to baseline on washout of

agonist).

42



Figure 1.13 - Representation of the crystal structures of zf#2XTheapo-, closed state
zfP2X4-B2 (PDB ID - 4DWO0) crystal structure viewed from the side (A) and tr
(extracellular side) (C). The ATP bound, open state zfP2X4-C (PDB ID -r¢Erd¥ Bxroicture
viewed from the side (B) and the top (extracellular side) (D). Each subunit is represerte
different colour. ATP in the binding pocket between 2 adjacent subunits is shown in cyan

1383 The ATPbinding site
Preceding determination of the crystal structure of zfP2X4.1, mutagenesis and functional
experiments were used to ascertain key residues involved in ATP binding of PRiknede2X
receptors do not contain any of the previously identified ATP bindintifsnassociated with
other ATP binding proteins, such as the Walker motif (Wadkai, 1982) It was hypothesized
that polar and positive amino acids conserved across P2X subtypes may playia AJIP
binding and activity. Site-directed mutagenesis has been used to assess the furicimme

of these highly conserved residues at a number of P2X subtypes.

Residues thought to contribute to the ATP binding pocket have been identifiédP2iX1,
rP2X2, hP2X3 and rP2X4. An alanine-scanning mutagenesis study ineA@Xaep by Jiang

et alidentified Lys-69, Lys-71 and Lys-308 as critical residues for AdiRgbiK69A and K308A
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mutations in rP2X2 gave rise to non-functional channels, K71C channels egpér@eemarked
reduction in function, with a 1000-fold reduction in affinity for ATRn@ et al, 2000b)
Additionally, Leu-186 was shown to be involved in the binding of treniad base of ATP
(Jianget al, 2011).

Similarly Ennioret al studied the effect of mutating 11 conserved positive residues in the
extracellular loop of hP2X1. K69A and K308A (rP2X2 numbering) mutetibttsa dramatic
reduction (< 1,400 fold) in ATP potency. Upon mutation of Lys-308&8rdmine, another
positively charged amino acid, the channel was 25 fold less sensitive to ATP. These results
indicate the individual chemical properties of the amino acid, as well as the chargebatmtri

to the binding of ATP. Lys-71 and Arg-290 were also proposed to contiibilite ATP binding
pocket of hP2X1 (Enniaat al, 2000).

The conserved Lys-69 and Lys-71 residues have been shown to be hightaminfor ATP
recognition in hP2X1, hP2X2, rP2X2, hP2X3, rP2X4 homomers al@dPehXheteromers
(Robertset al, 2008; Jiangt al, 2000k Allsoppet al, 2011; Bodnaet al, 2011; Wilkinsoret al,
2006) Lys-188 and Lys-308 have also been implicated in agonist recogimitioR2X1, hP2X2,
rP2X2, hP2X3, rP2X4 and hP2X7 receptors (Emtiah 2000; Roberts and Evans, 2007;
Robertset al, 2008; Bodnaet al, 2011; Jiangt al, 2000b]; Worthingtoret al, 2002). Arg-290 is
also understood to interact with the phosphate group of ATP in hP2X2X2rPhP2X3 and
rP2X4 receptors (Enniogt al, 2000; Jiangt al, 2000b; Fischeet al, 2007; Zemkovat al,
2007).

ATP was proposed to bind at the interface between 2 adjacent subunits, as opposed to within
one subunit, using a disulphide cross-linking approach in hP2X1. btutatiLys-69 and Phe-

289 to cysteine residues leads to cross-linking between neighbosuimgnits, indicating them

to be in close proximity between 2 adjacent subunits. Furthermore these channels showed a
reduction in ATP potency. However upon application of dithiothreitolTjPWhich disrupts
disulphide bond formation, these currents were increased 60 fold, indicatingt@anrsabunit

ATP binding site at hP2X1 receptors (Marquez-Kédkal, 2007). These results were later
replicated with P2X2 receptors. However cross-linking between equivalent residues was less
efficient in P2X3 and P2X4 receptors, signifying one of these residues mpjayna role in

ATP binding in these subtypes (Marquez-Kktka, 2009).

In zfP2X4.1, the ATP binding site is embedded in the receptor betweemptee body domain
of subunit A and the lower body and dorsal fin of subunit B (Ri¢A) (Hattori and Gouaux,
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2012). The site is lined by a number of positively charged residues that formsmen
hydrophilic interactions with ATP. ATP assumes a U-shaped conformation ipinidlieg

pocket; the phosphate groups form salt bridges and hydrogen bonds with surrqupdiar

and basic amino acids. In agreement with previous data, Lys-69 is shown ta bawa@al role

in ATP binding, forming critical interactions with all 3 phosphate groupstidwilly Asn-288

and Lys-308 form further }vs &8¢ A]S3Z%EZ}*%Z & X dZ V %0Z}*%Z § (UES
with Lys-71, Arg-290 and Lys-308 residues (rP2X2 numbering)1&igHhttori and Gouaux,

2012; Chataigneaet al, 2013).

The extensive number of interactions thghosphate forms with surrounding residues gives
partial insight into why P2XRs are responsive to ATP, but not to ADP Rr(@ddldoLet al,
2011)X ,}A A & 3Z -whosphate groups are not fully submerged in the binding pocket,
raigng a possible explanation for why rP2X receptors are activated by diadenosine

polyphosphates (Wildmaet al, 1999)

The adenine base is buried deep within the binding pocket and forms a numbgeaictions

with highly conserved residues. The side chain of Thr-184 forms 3 hydrogen withdke
adenine base. The adenine base also undergoes interactions with the carbonyl oxygen groups
in the main chain of Lys-71 and Thr-184. Furthermore, hydrophobic intenactire formed

with Leu-186 and lle-226 (rP2X2 numbering) (Fid)1(Hattori and Gouaux, 2012).

Many of the key residues identified in zfP2Xihvolved in ATP binding are conserved across
the mammalian P2X receptors studied, and molecular modelling implies thatlarsigonist
binding site is likely to exist in mammalian channels (&gé&.14B for example). Differences in
the non-conserved residues lining the ATP binding cavity are likely to reffémedces in
sensitivity to agonists and competitive antagonists. More detail on the key residemsad in

ATP binding can be found in (Chataignetal, 2013).

45



K316 R298
N2os . KT
-7t k70 )
AP T T189
e L191
K193
1232
B K308
R290
F K71
N288 N\ . e
- K69
T e T184
/ L186
K190 1226

Figure 1.14 - The ATP binding site of P2X recepi@pATP-binding site of zfP2X4.1 (PDB
4DW1). (B) ATP binding site in a molecular model of rPB{2ck dashed lines designa
hydrogen bonds. ATP is shown in orange and blue with nitrogen and oxygems :
represented in dark blue and red respectively. Residues from chain A are shown in
Residues from chain B are shown in grey.

1.384 Pore lining residues and the transmembrane domains
Mutational analysis has been used extensively to study the transmembrane paorg-lini
residues of P2X receptors. P2X receptors show differential preference towards certain cations.
For example, P2X2 has a much higher affinity for calcium over sodimmi@/et al, 1998)

Additionally, P2XRs demonstrate a specific selectivity sequence to alkali metakdid{e) >

Z ~=¢ E e~=+ E ~E ~=¢ E >]~=eeX dZ]s J(( Es (E}w JZ §]yP:[ E

that the receptors are able to distinguish between a selection of cations, regardless of size,
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and that cations are likely to undergo weak interactions with the interior of the channel pore
(Ding and Sachs, 1999; Mig#gal, 2001)

The second transmembrane domain of rP2X2 contains a number of polap aeids that are
hypothesized to line the pore and form a hydrated surface for cation condiygtregulating

the current by solvating ions within the pore (Eggral, 1998; Rassendregt al, 1997). Three

of these polar residues in rP2X2, Thr-336, Thr-339 and Ser-340, are though important

for cation selectivity. Mutation of Thr-336, Thr-339 or 340-to the hydrophobic amino acid
tyrosine leads to a substantial change in calcium permeability and the alkali oattah
selectivity sequence (i.e. the receptor could no longer distinguish betweeniffieget ions).

This data suggests the permeability sequence of P2X2 is partly composed of these 3 polar

amino acids in TM2 interacting with permeating cations (Migttal, 2001).

In addition, mutation of Mr-339 in rP2X2 (T339S) gave rise to a channel with spontaneous
opening activity. ATP was also ten times more potent at rP2X2 T339S compawvid-type
rP2X2, suggesting that the T339S mutation causes destabilisation of the closed chgwel. L
308 and Lys-69 are conserved residues, likely to be involved Rnbixitling, as previously
described. A K69A/T339S double mutant channel gave the same phenotype as thailg@9S
mutant. However a K308A/T339S mutant channel underwent no spontaneous activity,
implying that Lys-308 may be involved in channel gating as wellTBsbiding (Caet al,
2007)

The crystal structure of zfP2X4elvealed that interactions between Leu-332, Leu-338 and lle-
347 are important for stabilizing the closed pore conformation. These interectioe broken
upon activation of the channel as the transmembrane domains move apart. Additioraly, n
interactions are formed between Leu-338 and lle-347. The ion permeation pathosy of
zfP2X4.1s lined by Leu-332, Ala-336, Ala-339, Leu-343 ar@fill¢rP2X2 numbering) (Hattori
and Gouaux, 2012)t is noteworthy that the majority of the pore-lining residues possess
hydrophobic side chains. This is in contrast to the key residues hypothesizetk tthd
mammalian P2X2 pore, which predominantly consists of polar amins.dea example, in
rP2X2, the equivalent amino acid to the hydrophobic isoleucine residue at po34io is the
polar residue tyrosine. In the mammalian P2X2 receptor, the polar side changstlie pore
may interact directly with the hydrated cations. These significant differences in pong lini
residues imply there may be dissimilarities in the way cations pass through the

transmembrane domains in the zfP2X4deteptor and the mammalian receptors. Clearly this
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observation has implications for interpretation of the pore function of maatiam P2X

receptors based upon the zfP2X4.1 crystal structure.

1385 The N-terminus
The roles of the N- and C-termini of P2X receptors in channel desensitizatiokims been
extensively studied in P2X1 and P2X2 receptors. The N-terminus of R#X&ssca highly
conserved protein kinase C (PKC) binding site, TX(K/R). Two conserved N-terntines rtesi
Thr-18 and Lys-20 in rP2X2are important for its slow rate of desensitisation compared to
P2X1. Abolition of the PKC consensus site via T18A, T18N and K20T mutatf@€igave
rise to a change in channel kinetics, with channels undergoing fast desensitization insespon
to ATP. A P19A mutation gave rise to channels with similar desensitisation kioetids type
P2X2 channels. These results implicate the TX(K/R) PKC consensus site as a critidaduaeter
of P2X2 kinetics (Boué-Grabet al, 2000) Similarly P2X1 Y16C, T18C and R20C mutants
experienced a reduction in peak current amplitude and changes in desensitization kinetics,
demonstrating an important role for these residues in specific channel kinetics (Wen and
Evans, 2009)

In 2013, Allsopp and colleagues used P2X4/2and C- terminal chimeric proteins to
investigate the effects of the intracellular termini on channel kinetics. They dnatat
mutating the N-terminus affects partial agonist efficacy without altering agonist pgten
Additionally, the first 16 amino acids of the N-terminus predominantly abmtgonist efficacy,
whereas the N-terminal region adjacent to TM1 is likely to fine-tune these effecte gkt

al, 2013). Specifically, residu@4-23 were suggested to affect desensitization in P2X1 and
P2X2 receptors. (Allsopgt al, 2011)

The zfP2X4.¢onstruct used for crystallization contained an N-terminal truncation (28 amino
acids), therefore all the residues identified above with roles in channel kinetics of P2X1 and
P2X2 were removed prior to protein expression, purification and structure detetimin This
N-terminal truncation may account for the large reduction in peak amplitude in respto

ATP observed for the zfP2X4rystal constructs. It may also play a role in delayed return of

current to baseline after washout of agonist.

1.38.6 The Gterminus
The C-terminal domains are the most variable domains among the P2X receptors; B2X2 an
P2X7 receptors have long intracellular C-termini for which no structural iafiism is

available. However these domains are thought to play important roles in ch&imegics, with
48



certain residues regulating recovery from desensitization. The partial agonist efficacy at a
P2X1-2C chimeric channel was intermediary between efficacy at wild-type P2X1 ¥ad P2
receptors. However unlike the N-terminus, the C-terminal domain was alseziat=d with a
decrease in agonist potency. Residues 360-364 are involved in reguétbiannel recovery

from desensitisation (Allsopgt al, 2013)

Additional potential PKC sites are present in the C-terminus of rP2X2 at Zlan87Thr-464.
Elimination of these sites from rP2X2 via a truncation of the receptor at His-37&atadion

of Thr-372 gave rise to channels that experience rapid desensitisation in sEsponATP.
Additionally, truncated channels in combination with N-terminal PKC siteatinns (T18A,
K20T) displayed peak currents with a significant smaller amplitude. This data indicatas that
addition to the PKC site in the N-terminus, P2X2 receptors require specific ihtlacel
interactions between the 2 cytoplasmic domains for complete cell surface expmeskslowly

desensitising channels (Boué-Grabkotl, 2000).

The C-terminal domain of zfP2X4.1 was traadaat position 359 in zfP2X4.1sG the YXXXK
trafficking motif responsible for plasma membrane targetimgs absent and this may have
had a significant effect on receptor function (described in section 1.2d&dlitionally the
mammalian P2X4 tyrosine based, endocytic motif (YEQGL) (described in §etipis not
present in zfP2X4.1; the equivalent residues following the tyrosine (Glgrkl)truncated in
the zfP2X4.1 construct used for crystallisation. Therefore if wild type zfPAKdergoes rapid
internalisation and reinsertion into the membrane, disruption of these residues magy e

an effect on channel trafficking and function.

1387 Apo, closed vsopen gtate structures
Publication of the crystal structures of ttepo- and ATP-bound states of zfP2Xdedeptors
has provided valuable insight into the structure and mechanism of action of P2X receptors. The
structures have enabled us to identify key residues involved in agonist bindingoagadining

residues with roles in cation selectivity (Kawatel, 2009; Hattori and Gouaux, 2012)

Kawateet al liken the receptor monomer to a leaping dolphin and the various domaans h
been named accordingly (Figl®A). The transmembrane domains are referred to as the tail or
fluke domain of the dolphin. The extracellular domain is made uih@fupper body, lower
body, dorsal fin, the left and right flippers and the head region. The body regitse alolphin
]e u M%o-}4 tSe 3} (}EuU t evAlZ }ulvX dZ SE]ustdd (}Eu
receptor is represented as 3 dolphin monomers wrapped around one-another. Tloeitynaf

49



subunit-subunit interactions are found in the upper body domain, with fewerraugons
found in the lower body domain, proximal to the TM domains, which isistent with a
structure that permits movement (transmission of a conformational change induced by agonist

binding to the channel pore) (Hattori and Gouaux, 2012).
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Figure 1.15 - Schematic of a zfP2X4.1 monomer and location is@ilghide bonds.(A)
Schematic structure of a zfP2X4.1 monomer, showing the analogy of the receptor monor
a dolphin with labelled domains. (B) Close-up of the head domain showirgdéion of the
disulphide bond pairs 1-6, 2-4 and 3-5. Disulphides are shownlowy€lC) Close-up of the
body and dorsal fin domains showing the location of the disulphide lpaids 7-8 and 90.
Disulphides are shown in yellow.

Mammalian P2X receptors contain 10 extracellular conserved cysteine residues thab form
disulphide bond pairs; 1-6 (Cys-119-Cys-168), 2-4 (Cys-129-Qy3-552ys-135-Cys-162)3 7-
(Cys220-Cys-230), and 9-10 (Cys-264-Cys-273), (Corresponding to rP2X23CY¥ys-164,
Cys-124, Cys-147, Cys-130, Cys-158, Cys-214, Cys-2258 Gywl Cys-267 respectively)
confirmed by the zfP2X4ctystal structure (Fig.15B and 115C) Disulphide pairs 1-6, 2-4 and
3-5 are located in the head region of the receptor, 7-8 is situated in the dorsal fin region and 9-
10 in the lower body region, proximal to the TM domains (Kavetal, 2009). Disulphide
bonds have important roles in the formation and maintenance of ion chastreicture.
Although in hP2X1, all single cysteine residue mutants gave rise to fusctioannels, some
of the mutants (C264A, C273A, C135A, C162A corresponding to the 3-5 ardisifibide
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bond pairs (zfP2X4.1 numberifjg)aused a reduction in current amplitudes. Additionally
C264A and C273A channels are not efficiently trafficked to the cell surface. These results
indicate that Cys-264 and Cys-273 are involved in the formation of #phide bond and
disruption has implications on the tertiary structure of the protein, thereby preventifigmn

being trafficked to the cell membrane (Ennion and Evans, 2002). In additiotyostelium
discoideumP2XA (DdP2XA) does not contain any of the conserved disulphide bonds stated
above, however it is still functional and low resolution structural studies indicateittiats a

similar architecture to zfP2X4.1 (Valemteal, 2011).

The extracellular domain of zfP2X4appears to be shaped like an equilateral triangle,
extending approximately 70 A above the membrane. The transmembrane domain i®a§ A

and adopts a chalice-like shape through the membrane. The transmembrane helices show a
left-handed twist orientation and are anti-parallel to one another, approximatef/fasn the
membrane plane (Kawatet al, 2009) The transmembrane pore is predominantly lined by the
TM2 domains, with the TM1 helices positioned peripheral to the TM2 helices. The pore is open
and continuous with the narrowest part of the pore marked by Ala-347 and3bé&yThr-339

and Val-343 in rP2X2) (Hattori and Gouaux, 2012).

Superposition modelling of the two channel states shows that ATP binding doegeaatly

affect the conformation of the upper body domain, inferring that this part of the structure
stays relatively rigid upon activation. Conversely, the lower body domaitergoes

*u S v38] 0o }Vv(}EuU S]}v o Z VP ¢ u%iv P}v]es J&E]JvAO £]vRqSs]
the lower body domain (Fig 13B). Movement of these domains results in an expansion of the
transmembrane helices. The transmembrane domains undergo conformational changes in an
iris-like movement when ATP binds to the extracellular domain. TM1 and TM2 rotate
anticlockwise by 10° and 55° respectively proximal to an axis perpendicular toeimdrane

plane. Their tilt angle is also increased by 8° and 2° respectively about aramalis o the
membrane. These movements result in the helices moving away from the central axis, allowing
expansion of the ion conducting pore to a width that would permit the flowoos through

the channel, consistent with a transition from closed- to open-state (Hattori Godaux,
2012).

Inspection of the electron density of both tlapo- and ATP-bound states reveals that it is of

poorest quality in the transmembrane regions, which is not unusual fmbrane proteins.
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Several side chain positions within the TM domains cannot be assigned, and sousargem

taken when interpreting data for the TM domains with these structures (VWirad 2012).

Lateral fenestrations present in the extracellular vestibule of the receptor open wide ApEn
binding and provide a pathway for the influx of cations into the clghn Once the ions have
entered through the fenestrations, the highly acidic residues of the central vestibule attract
only cations and repel anions, which is thought to contribute to the cation seikyctf the
channel (Kawateet al, 2011; Samwayst al, 2011; Hattori and Gouaux, 2012; Kraainal,
2010; Samwayst al, 2012).

The structure determination of zfP2X4.1 represents the first major breakthrough in high
resolution imaging of a P2X receptor, providing great insight into the mechasfigction of

the receptor and how the receptor is designed to open upon ATP binding. Hovesvaoted
above, zfP2X4.1 has some significantly different characteristics to most mammalian P2X
receptors (relatively low ATP potency, hydrophobic residues lining the chparel, and the
function of the crystal constructs was significantly different to wild-type zfP2X4llsarit is

still important to strive for high-resolution structures of mammalian P2X reesptooth for

comparative structural biology and structure based drug design.
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1.3.9 P2Y receptors
P2Y receptors are metabotropic membrane proteins activated B and ADP. Upon ATP
binding to P2X and P2Y receptors, there is an increase in intracellular caltiemfreim the
extracellular environment (P2X) or from intracellular stores (P2Y). Unlikeele@ptars, P2Y
receptors, of which there are 8 subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y2,1RPP2¥3 and
P2Y14), are G-protein coupled receptors. Their activation by ATRemddownstream
signalling via intracellular second messengers that lead to calcium release shanes
(Burnstock, 2007; Burnstock and Verkhratsky, 2010). P2Y activation induces actofation
phospholipase C (PLC) by exchanging guanosine diphosphate (GDP) for guapbsesehtaie
(GTP) on Gsubunits. PLC cleaves phosphatidylinositol 4,5-bisphosphatg) (Ri® inositol
triphosphate (IB) and diacylglycerol (DAG).:IBinds to its cognate receptor in the
endoplasmic reticulum and calcium is released from thapsigargin-sensitive stores1@ig 1
(Wu et al, 2007). 2-Aminoethoxydiphenyl borg®APB), a membrane-penetrable modulator,

can block P2Y signaling by preventiggnduced calcium release (Maruyaratal, 1997).

Figure 1.16t Calcium signalling pathway of P2Y receptosTP couples to the recepto
Jv ulJvP £ Z vP }('W (}JE&E 'dWX dZ & o =+ }( 'r>o0 o- £
PIP2 to form IP3 and DAG. IP3 binds to IP3 receptors in the endoplaimitune leading to
the release of calcium into the cell from intracellular stores (image adapted from Burn:
and Verkhratsky, 2010).
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1.4 Pannexin channels

1.4.1 Introduction to Pannexin channels
Pannexin (Panx) channels are non-selective ion channels that allow the passage lof smal
molecules up to 1kDa in size (Wicki-Stordeur and Swayne, 2014). The family of pannexin
proteins was first identified due to their restricted sequence homology (33% identity) to
the invertebrate family of Innexin gap junction proteins (Panddtiral, 2000). The pannexin
family consists of 3 subtypes Panx1, Panx2 and Panx3. Panxl is expressed across a large
range of cell and tissue types in mammals, whereas Panx2 and Panx3 have a tniotedes
pattern of expression (Baranovet al, 2004). Panx2 has a role in neuron differentiation
(Swayneet al, 2010) and is found predominantly in brain tissues including the cerebellum and
the cerebral cortex. Although low levels of Panx3 expression have also beenedetact
human hippocampus extracts (Baranoeaal, 2004), it is predominantly expressed in bone

and skin tissues (Penuedaal, 2012).

Multiple factors can contribute to channel opening of Panx1, the most extensttedjed of

the pannexin family. Panxlis activated by membrane depolarisation and increased
extracellular potassium concentrations (Silverman al, 2009). However it can also be
modulated by mechanical stresssuch as osmolarity and pressure changes @aal, 2004).

W vEi ]« B]A S C 'r< }u%o E %3}E- A] zz} Z2}A PAGRSE
the exact mechanisms regulating this pathway are poorly understood (Sandilos argsBayli
2012. Panxl channel currents and ATP release are inhibited at multiple sites (Cys 40 and

Cys346) by S-nitrosylation (Lohmetral, 2012).

1.4.2 Pannexins - Expression and topology
Pannexin channels are formed by multiple subunits; Panxl is predicted tolassénto
hexameric channels at the cell membrane, according to cross-linking and ARIES-P
experiments performed by Boassa and colleagues (2007). Additionally, lowti@s@lectron
microscopy studies of protein purified from Madin-Darby canine kiddM®EK) cells show
that Panx1 and Panx2 form channel-like structures, similar in appearance to Conn@uabé
(Ambrosiet al, 2010). Panx1 and Panx2 were also expressed and purified from Sf9 ingect cell
and electron microscopy was used to determine the channel size of the proteirstd
different orientations of the proteins, 2 diameter averages were obtained for each sultype
120 and 160 A for Panx1, 183 and 190 A for Panx2. These results agreeewiifpdthesis

that Panx2 forms a higher oligomeric structure than Panx1. The predicted pore sizasxdf P
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are 17 and 21 A, and for Panx2 29.5 and 30.5 A. These pores are considerabipéarghat

noted for Cx26 which has a pore size of 12.5 A. However these measurements were taken
from averaged 2D projection images and pore size may vary across the axis of the pore
(Ambrosiet al,2010).

Despite the structural homology of Panx channels to connexin channels, mgltiplps have
shown that Panx receptors do not form gap junctions. For example, Ambrosi aedgumb
(2010) used immunogold labelling experiments to show Panxl expras&ntranes were
labelled on one side of the membrane, presumed to be the cytoplasmic side, whereas
connexin expressing membranes were labelled on both sides of the membmdicating the

formation of gap junctions (Ambroet al,2010).

Due to the significant sequence similarity between Panx1 and Panx3, Panx3 is also ptedicted
form hexameric channels. On the other hand, cross linking experiments have predicted that
Panx2 forms octameric channels (Ambresi al, 2010). Each monomeric subunit of all

% vv E]Jv Z vv o+ }vhélichb trifsmembrane domains, 2 extracellular loops, 1
intracellular loop and intracellular N- and C- termini (Eip). Although the vertebrate gap
junction family, connexins, share little sequence homology with pannexinsred tamilies of
proteins (Pannexins, Connexins, Innexins) are predicted to have the same sulpahitgio

(Yenet al,2007; Baranovat al, 2004).

1.4.3 Pannexins - Trafficking

Trafficking of pannexin channels to the cell surface is vital for channel function and is regulated
by cells in a number of ways. Both a fully intact C-terminal domainagpdopriate N-linked
glycosylation are required for Papxpression at the cell surface (Gehial, 2011). In addition,

the number of channels expressed at the membrane is regulaye@OP Il (Coat-protein II),
which has a role in the BR-Golgi trafficking transition. Pannexin channels can also be
internalised independently of clathrin/calveolin/dynamin Il mechanisms, regulating tle¢ dév

protein expressed at the membrane (Gehial, 2011).

Sequencing and site directed mutagenesis work by Penuela and colleagues in 2007 revealed
that both Panxl and Panx3 subunits contain one N-linked glycosylat&yrAsn-254 in the
second extracellular loop of Panx1 and Asn-71 in the first extracellulprdb®anx3. Panx2
also contains a potential N-linked glycosylation site at Asn-86 in thteefitracellular loop;

however glycosylation at this site has not been ascertained (Efy(Penuelaet al,2013).
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Three glycosylation states of Panx1 have been identified, the non-glycosylatedfoom of
Panx1, the high mannose glycosylated form which is mostly located gER@nd the fully
functional, complex glycosylated form of Panx1 (Peneela, 2009). Glycosylation of Asn254
is important for trafficking of Panxl to the plasma membrane. Upon mutagenesis f thi
residue (N254Q) there is a significant reduction in levels of Panx1 protein sggrasthe cell
surface, suggesting glycosylation plays an important role in protein traffi¢ingsseet al,
2007). However glycosylation does not affect the function of the channels; the feptors
that are trafficked to the surface are fully functional (Penustlal, 2009). The glycosylation of
Panxl at the extracellular domain (N254) is suggested to be responsiblaedeling with

the possible docking of 2 channels to form gap junctions, increasing the dibk@libf the

proteins forming singular membrane channels (Boaisad, 2008).

Figure 1.17t Membrane topology of Panxl, Panx2 and Pan¥3ach subunit consists ¢
intracellular N- and C- termini, 4 transmembrane domains and 2 extraceliaps.| Panx2 is
the largest of the pannexin subtypes, with an extensive C-terminus; Panx3 is #ilessr
Panx1 contains a glycosylation site on its second extracellular loop XN2&4x2 and Panx
each contain an N-glycosylation site on the first extracellular loop (N86 ahadspectively)
(Penuelaet al, 2013).

Caoexpression of wild-type Panx1l channels with N254Q mutated channels in /dadiy
canine kidney cells rescues the expression of Panx1 at the cell surface. This was onesif the fir

pieces of evidence indicating the oligomerisation of Panx1 proteins (Betat2008).
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1.4.4 Pannexin channels - Function

The open Panx1 channel has been shown to be capable of ATP efflux, which may thea go on
activate P2X and P2Y receptors (Romagtaal, 2012). This leads to downstream signalling and
cell-cell communication, implicating Panxl with roles in biologicattioms such as taste
sensation, inflammatory conditions, immunity and tumorigenesis (Wicki-Storaledl Swayne,
2014; Penuelaet al, 2013). The exact mechanism regarding the opening and functioning of
pannexin channels is poorly understood. However there is evidence to suggest Banx
implicated in early stages of cell death to begin recruitment of immune celtbevigelease of
ATP, a classic 'find-me' signal. Panx1 has been shown to be capable of achiyatEspase

3/7 cleavage at a specific DVVD site (residues 37p-®c@ted in its C-terminal domain
leading to efflux of ATP. Panx1 knockdown was shown to cause a decrease in exgroitm
monocytes by apoptotic cells demonstrating that ATP release is importagdriy apoptotic
signalling (Chekeeit al, 2010).

P2X7 has been reported to interact with Panx1 during the immune response resultimg in
formation of large pores that allow the passage of dye molecules (up to 90tDahe cell

and release of the np-inflammatory cytokine, ILi-t (Pelegrin and Surprenant, 2006). Upon
activation of P2X7 by ATP, caspase-1 was activated inside the cell which in tateddtie
NLRP inflammasome leading to production of actiwd t XActivatedIL-it ] E o0 - v
secreted from the cell leading to activation of immune cells and destructfaime cell (Fig

1.7). This shows that both P2X7 receptors and pannexin channels play important roles in the

immune response (Pelegrin and Surprenant, 2006).

As well as having a role in immunity, pannexins are implicated in t@steption. Pannexins
are expressed in the receptor cells of the taste buds, alongside the presynaptic ceifs. Up
activation of pannexin, ATP is released and acts on the neighbouring presycefé to

induce the release of serotonin (Dando and Roper, 2009).

Determining the structure of a pannexin channel would help to understaedutderlying
mechanism behind apoptotic induction by P2X7, and the role Panx1 laaynghis processt |

will also enable the design of new therapies targeting cancer and various other diseases.
Additionally, if Panx1 is a hexamer, it will be a good candidate for lowutaso structural
studies using electron microscopy for which only a low yield of pragenmequired, as higher

symmetry enables more accurate 3D-reconstructiohs expression system from which we
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can successfully purify high quality protein, even at low yield, will be usefldvioresolution

studies.

1.5 Drosophila as a model organism
The fruit fly, Drosophila melanogastehas served as a highly important model organism in
biological research for many years. In addition to a short life cycle (10-18 days) arability
to lay up to 100 eggs per day, they are easy and economical to culturengrthkim suitable
for genetic and biomedical studies. Additionally, in @0the full genome ofDrosophila
melanogasterwith approximately 13,600 protein coding genesms sequenced using whole
genome shotgun sequencing (Adaetsal, 2000). More recently the genomes of many other
Drosophila species have been sequenced. (ananassae, D. erecta, D. Grimshawi,
D.mojavensis, D. persimilis, D, sechellia, D. simulans, D. virilise, D. willistokiyo2(@éarket
al, 2009, D. biarmipes, D bipectinata, D. elegans, D. eugracillis, D. ficusphilakdwaijkD.
rhopaloa, D. takahashi{Flybase website]p. pseudoobscurgRichardset al, 2005) The well
characterisedrosophilagenome makes it suitable for a variety of genetic analyses. One of the
most crucial biological discoveries of inheritance was solved by Thomas Hunt Morgan who won
a Nobel Prize in 1933 for his work concerning the usBrokophilato discover that genes

were contained within chromosomes (Jennings, 2011).

Although the fruit fly and humans are considerably different organisms, many key
developmental processes and biological mechanisms are highly conserved betweess.speci
Furthermore, following analysis of the sequenced human Bmdsophilagenomes, it was
discovered that 75% of known human disease genes have an equivalent orthotpsnelis

the fruit fly, further validating their role as a model organism (Reiteal, 2001).

1.5.1 The Life cycle dbrosophila melanogaster
The fruit fly goes through a 4-stage life cycle that lasts approximatelylBddays dependent
upon temperature, allowindrosophilageneticists a good control over fly generation times
Once a fertilised gg is laid by a female, it develops for approximately 1 day before hagchi
into a larva. The larva lives in the fly food for approximately 5 dayss(a) Defore pupation.
Following pupation, much of the larval tissue undergoes histolysis and thk @skues
develop from the imaginal discs as the fly undergoes metamorphosis. Emergence areclosi

of the fly from the pupal case marks the end of metamorphosis (Jennings, 2011).
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1.5.2 The use of insect cells for P2X and Pannexin expression

Insect cells have been widely used for expression of P2X receptors. As mentienedigly,
zP2X4l was expressed i80 insect cells for purification and structural studies (Kawvedtal,

2009; Hattori and Gouaux, 20138P cells were also used to express X22vhich was purified

and used for negative-stain TEM. The receptor was presented as an inverted three sided
pyramid, with the extracellular domain described as a crown shaped structure. However, their
data estimated the volume of the receptor to be 1200 %{iio et al, 2005; Mioet al, 2009),

which is significantly larger than what has been reported for the rP2X2 receptor using AFM
(Barreraet al, 2005) or the zfP2X4.1 crystal structure (Kawettal, 2009), indicating that it is

likely that small protein aggregates were imaged as opposed to trimeric receptors (Big 1.18

Figure 1.18 t Low resolution structures of rP2XZA) A schematic drawing of the rP2}
receptor model. (B) A cartoon showing the estimated pyramid, crown like shape o
extracellular domain of rP2X2. Reprinted from Biochemical and Biophysical Re:
Communications, 337(3), Miet al, Visualization of the trimeric P2X2 receptor with a crown-
capped extracellular domain, p998-1005., Copyright (2005), with permission from Elsevier.

P2X2 and P2X3 receptors were also shown to be functional and respond to SBFRcails
using electrophysiological whole cell recordings (Radébral, 1997). Additionally, hP2X4 and
Dictyostelium discoideur@2XA (DdP2XA) were expressedfthinsect cells by Valente and
colleagues, the latter of which was purified and used for low resolution eleatricroscopy
structural studies. The DdP2XA structure was solved to a resolution of 21 A. (Vetlexte
2011). Therefore the capacity for insect cells to successfully express, fold and R2Xfic

receptors is well documented. Similarly, Panxl and Panx2 channels have been suygcessful
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expressed using a baculovirs® expression system. The expressed protein was purified and

used for low resolution electron microscopy (described in section 1.4.2) (Andtral, 2010).

Furthermore, P2X receptors have been expressed in the fruiDilgspphila melanogaster
itself by various groups. Het al (2010) ectopically expressed rP2X2 receptors in the Kenyon
cells ofDrosophilamushroom bodies with the intention of studying functional feedback from
mushroom bodies of the fly brain to antennal lobes. Due to the smalbs$ikenyon cells, it is
difficult to specifically activate these cells using electrophysiological methegpressing
rP2X2 in specific neurons of the fly brain using tal4-UASsystem (see section 4.1.2)
enabled precise activation of individual neurons. The effective activation of these nenrons
Drosophilaprovided evidence that rP2X2 could indeed by expressed, folded andcisoha

in parts of theDrosophilanervous system (Het al,2010).

Lima and Meisenbock expressed rP2X2 in parts of the giant fiber (GF) sysbrowsophila

which is responsible for escape movements such as jumping éatib1981), under control

of the driver lines GAL4-C17 or shakBAL4 ATP was chemically modified with
photoremovable groups rendering it inactive and was microinjected into 18 Gf flies. A

flash of 355 nm laser light which released the active agonist (ATP) from the caged precursor
resulted in typical GF-mediated escape movements. In addition, laser pulses repeatedat 2.5
intervals caused repeated escape responses. As well as showing that P2X2 is functional when
expressed in thédrosophilanervous system, this work implied that P2X2 did not noticeably
desensitise and ATP was rapidly cleared from the extracellular space (Lima and Miesenbock,
2005).

In a third series of experiments, concatenated rP2X2 was introduced Dmasophila
melanogasteras a novel method for measuring functional connectivity between separate,
defined neuronal subsets in the fly brain. Yao and colleagues developed a system where they
used stimulation of rP2X2 in a defined set of neurons via application of ATP and
simultaneously imaged calcium and cAMP responses in potential target neuramdeinto

study neuronal interactions. Again, their data confirms the functional response of rP2X2 to ATP

in this system (Yaet al, 2012.
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1.6 Aims and Objectives

The three main aims of this project are:

1. To develop the eye of the fruit fly as a new expression system for mammalian ion
channels, specifically P2X2 and Pannexin 1 receptors, in order to gain yehigbf
homogenous, folded protein for structural studies.

2. To further develop the system by expressing P2X2 in the taste syst@rosbphila
allowing us to test the function of the protein expressed in this system and determine
whether or not the protein is folded and targeted correcthbrosophila

3. To use the expression of P2X2 in Bmsophilataste system to screen compounds
from both compound libraries and compounds designed using structure based dru

design as potential new agonists and antagonists of P2X receptors.
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Chapter 2t Materials and Methods

2.1 Cloning
2.1.1 Site directed mutagenesis
Mutagenesis was performed using the Quikchange Lightning site-directed mutagenesis kit
}E JvP S} u vu( SHUE EJ[e- ]ve&aEN0S210519E Gohaplenderitary primers
that contained the chosen mutation flanked by unmodified sequence were designedsadd u

to amplify the plasmid using the following conditions.

Segment No. of Cycles | Temperature (°c) Time (seconds)
1 1 95 120
2 18 95 20
60 10
68 30/kb plasmid length
3 1 68 300

Each polymerase chain reaction (PCR) reaction was mpdecording to the Quikchange
u vp( SpE E[e ]wr SCRpreatiiorns with 10 ng double stranded DNA template and

125 ng of each primer.

The PCR products were treated with 2 pl Dpnl enzyme to digest any rempariggtal DNA

and incubated at 37°c for one hour. 45 pl XL-10 gold ultracompetels [Agilent] were
transferred to a 14 ml BD polypropylene round-bottom tube. 2tythercaptoethanol was
added to the cells and the mixture was incubated on ice for 2 min. 2 pl of DNA was transferred
to an aliquot of ultracompetent cells, tubes were gently swirled and incubated®ffior 30

min. Cells were heat pulsed at 42°c for 30s, placed on ice for 2 min and ptaaeshaking
incubator at 37°c for 1 hour. Cells were then plated onto ampicillar atates and incubated

overnight at 37€.

Colonies from agar plates were inoculated in 5ml of liquid medium contaihie appropriate
antibiotic. Tubes were placed in a 37°c shaking incubator overnight. Minipreps were
% E(}EuU pe]l]vP SZ Y] P Vv "%]v U]V]% E % 1]S €Y] P ve

instructions (below). The presence of mutations was verified by DNA sequencing.
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2.1.2 Minipreps
Minipreps were performed using QIAprep spin miniprep kit (Qiag@at No. 27104). Bacterial
cultures were centrifuged at 6,800 g for 3 min at room temperature. The pellet was
resuspended in 250 pl buffer P1 and transferred to a 1.5 ml tube. 250 pl buffer P2 was added
and mixed thoroughly by inversion. 350 pl buffer N3 was added and immediatieed by

inversion. The tube was centrifuged at 13,000 rpm in a table top microcentrifuge.

The supernatant was transferred to a QlAprep spin column and centrifuged at 13,000 rpm for
1 min. The flowthrough was discarded, 500 pl buffer PB was added to the spin cahann
centrifuged for 1 min. 750 pl of buffer PE was added to the column, centrifuged @AaL.8om

for 1 min and flowthrough discarded. The spin column was centrifuged for a further ntmute
discard any residual wash buffer and transferred to a new 1.5 ml tube; 30-50 pl Buffer EB was
added to the centre of the column. After one min standing, the tube was centrifuged for 1 min

at 13,000 rpm and DNA was collected in the microcentrifuge tube.

2.1.3 Midipreps
Midipreps were performed using Qiagen Plasmid Midi Kit (Qiagen - Cat no3)1ZD4ml
bacterial culture was centrifuged at 6000 g for 15 min at 4°c. The bacterial pellet was
resuspended in 6 ml buffer P1. 6 ml buffer P2 was added and tubes were inverted Gtiches
incubated at room temperature for 5 min. Following the incubation, 6 ml buffev&3added
and mixed thoroughly by inversion. The lysate was poured into the QIAfilter carbaigel

and incubated at room temperature for 10 min.

4 ml buffer QBT was added to a HiSpeed tip and filtered through the resin. The cellngsate

then filtered into the HiSpeed tip using a plunger and pushing it through the Qiafilter cartridg
The HiSpeed tip was washed with 20 ml buffer QC. DNA was eluted by adding 5 ml buffer QF to
the HiSpeed tip. The eluted DNA was collected into a 15 ml falcon tube, 3.5 ml isoprapanol

added and the tubes were incubated for 5 min.

A QIlAprecipitator module was added to the end of a 20 ml syringe. The isoproglaats-
mixture was filtered through the precipitator using the plunger under constant pressure
precipitator was washed with 2 ml 70% ethanol and then air dried by pushirtgrough the

filter twice. The precipitator was attached to a 5 ml syringe and 1 ml buffer TE was txlded
elute the DNA which was collected in a 1.5 ml microcentrifuge tube. The eluate was
transferred back to the 5 ml syringe and re-filtered through the precipitator and collented

the 1.5 ml microcentrifuge tube.
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2.1.4 Ligation reactions
Quick stick ligase [Biolingg Cat No. Bio27027] was used for ligations according to
U vp( SuE E[e JveSEpN §]}veX >]P 3]}v Uu]CE &mindes al r@dm o (3

temperature.

2.1.5 Bacteria transformation
1. DNA was transformed into 10-beta competertcolicells [NEBt Cat No. C3019H]
}E JvP 8} §Z u vu( §uGendye.fransiderdatiof (protocol and as
described above for XL-10 ultracompetent cells.
2. Z competent cells were made using the Z competértolitransformation buffer set
[Zymo Research Cat No. T3002]. 50 pl aliquots of cells were thawed on ice and 1 pl
DNA was added and mixed. Cells were incubated on ice for 5 minutes.o3Ghal

mixture was then spread on an appropriate antibiotic agar plate.

2.1.6 PCR
All PCR reactions were carried out using Velocity polymerase [Biblts No. BIO-21098],
Phusion High fidelity polymerase [NEBCat No. M0530] or Platinum taq polymerase
[Invitrogen t Cat No. 10966034 }E& JvP 8§} 8§ v & }v ]S]}ve 8§ § Jv u
instructions. Details of specific melting temperatures and primers used can be folrablie
2.1 (p80-83.

2.1.7 Agarose Gel electrophoresis
1% agarose [Bioline t Bio 41025] was added to 1 x Tris Acetate EDTA
(Ethylenediaminetetraacetic acid) buffer (40 mM Tris, 20 mM acetic acid, 1mM EDTA)
heated in a microwave oven until fully dissolved. When the mixture had sufficientlgd;d®
pl SafeView [nbsbio] was added and the mixture was poured into gel holders sentil
Following loading of DNA, gels were run at 60-70V for approximatelgut. lGels were
visualised under UV light using the ChemiDoc MP Imaging system [Bam@dmage lab

software.

2.2 Cell culture

2.2.1 Culture of HEK-293 cells
Human embryonic kidney (HEK) 293 cells were maintained at 37°c, 5% WO 0 e

ut 1(] Po [+ u Juu }vs ]v]vdalfiseduni(FECS), 1% penicillin/streptomycin
and 1% L-glutamine. Trypsin-EDTA 0.05% [Life technolo@asNo. 25300-054] was added to
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cells when they reached approximately 80% confluency. Cells were diluted and transferred to

new flasks every 4 7 das.

2.2.2 Transfection of HEK-293 cells
DNA was transfected into HEK-293 cells using Lipofectamine 2000 [Life tggbaolCat No.
11668-027] }& ]JvP S} u vu( SUE E-[ Eell}uverergranr ine&Xwell plates
to 60 t 80 % confluency. 1 pg DNA was mixed with 100 pl Optimem [Life tecie®lbGat
No. 31985-070]. 3 ul Lipofectamine reagent was incubated with 100 pl @ptiland
incubated at room temperature for 5 minutes. The DNA-Optimem mixture was then mixed
with the Lipofectamine-Optimem mixture and incubated at room temperature for 2Qtam

The solution was added drop wise to the cells.

Cells were incubated for 48 hours at 37°C following transfection and media wagechafter
16 t 24 hours.

2.2.3 Confocal microscopy
HEK-293 cells were transfected with Lipofectamine 2000 [see Section 2.2.2 fds]dmbal
incubated at 37°c for 48 hours. Cells were plated onto glass-bottomed 35 la@s pat
approximately 20% confluency. These cells were left to grow overnight and sésbafter 18
hours using the Leica TCS SP2 AOBS spectral confocal microscope system with a Leica DMIRE?2
inverted microscope. GFP was excited at 495 nm and emission detected at 5bedia.was
removed and 2 drops of DAPI-containing antifade reagent were added to visualise nuclei of the

cells. DAPI was excited at 410 nm and emission detected at 480 nm

2.3 Drosophila techniques
Fly stocks were stored at 18 °c in food vials, sealed with a cotton wogl phe food vials
were changed every 4 weeks. Flies were raised on a standard corn meal agar/yeast diet (yeast
powder, corn flour, dextrose, plant agar, Nipagen (10% p-hydroxy benzoic acidl resti)

and propanoic acid)

Virgin female flies and male flies for crosses were anaesthetised usingndQvere stored at
room temperature or 25°c in food vials. The food vials were changed regularly (2ve8
days) until enough flies were obtained. Each cross contained approximateyigin female

flies and 2t 3 male flies.

To amplify stocks for large scale purification, approximately 1@DO flies were added to

bottles and these were changed 3 times a week. Flies were collected from adisbotite a
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week; flies were anaesthetised usingA°S€ored in 1.5 ml microcentrifuge tubes and frozen in

liquid nitrogen. Flies were stored &0°C until required.

2.3.1 Imaging flies
Whole flies -Flies were anaesthetised using carbon dioxide gas and placed in a chamber
containing FlyNap [Carolind Cat No. 173010]. GFP was visualised with an Olympus BX50

microscope and an ultraviolet light arc lamp.

Fly heads- heads were removed using tweezers and mounted onto a microscope slide. GFP

was visualised with an Olympus BX50 microscope and an ultraviolet light arc lamp.

2.3.2 InjectingDrosophilaembryos
hP2X4-his and hP2X4-GFP DNA constructs were cloned into the multiple sitmifdCS) of
pPUAST-attB (Bischoét al, 2007). rP2X2-GFP and rPanx1-GFP were cloned into the MCS of a
modified version of pUAST-attB containing 19 UAS sites (kindly suppliechioyl$pez de
Quinto, Cardiff University). See Table 2.1 (p80-83) for details.

The Phi31C integrase system involves the use of a site specific integrasd YRhi@adiate
recombination betweerattB and attP recognition sites (Thorpet al, 1998; Grotlet al, 2004)
Constructs flanked battB sites in specialised vectors (e.g. pUAST-attB) are injected into white
eyed fly lines containing known intergerattp landing sites and with endogenous sources of
PhiC31 integrase for targeted and efficient integration. The vector also containsi-avhife

gene that allows for efficient selection of transgenic progeny (Bateetal, 2006; Bischoét

al, 2007; Marksteiret al, 2008).

Approximately 60 flies from a Phi31C fly stock were placed in a laying cag&catahtaining
apple juice agar plates (Agar, sucrose, Nipagen, ethanol and apple juice) 4 days befor
microinjection. One day before microinjection these cages were moved2& @ incubator.
The agar plates were changed every hour the morning prior to microinjection timetil
afternoon when microinjection was carried out. Method A was used for hP2X4-his construct,
Method B was used for remaining constructs. All constructs were injected into flies with the
attp40 on the second chromosome or attP2 landing site on the third chsame (Markstein

et al, 2008).

a) A soft paintbrush was used to gently remove the embryos from the apple agar plates.
Microscope slides were coated with a small layer of glue which was obtaiyed b
soaking brown packaging tape in N-heptane. The embryos were placed on the glue and

67



the membrane was peeled from the embryos using a needle. They were then aligned
on the slide so all the embryos were in the same orientation.

b) Embryos were washed in 50% bleach for 1 min to remove the outer, chorion
membrane surrounding the embryo. Embryos were washed and placed on a fresh
apple juice agar plate and aligned for injection. A glue coated coverslip was gently
pressed over the embryos to transfer them onto the coverslip. Coverslips were placed
over silica beads allowing embryos to dry for 14 minutes before beingdoaith

Halocarbon oil 700 [Sigma].

DNA for injection was diluted to 100 ng/ul and briefly centrifuged to reedi particulates
that could clog the injection pipette and the supernatant was transferred to a new tubeg Usi
a microloader tip [Eppendorf pl DNA solution was loaded into microinjection needles, pulled
on a Sutter Puller, whereupon the tip of the needle was broken to 1-2 um diametdy.vii
injected into the posterior pole of fly embryos using a Narishige IM-3forinjector and
Nikon Eclipse T5100 microscope, until minor movement of the cytoplasmobserved in

phase-contrast microscopy.

Following injection the embryos were placed on apple juice agar plates musthr larvae

were transferred to food vials. When the flies emerged from pupal cases, they were crossed to
W18 flies that have a white eye colour. Transgenic flies were distinguishedditdings by
selection for an orange eye colour markenii-white) present in the construct. Transgenic

flies were balanced by crossing witliCyObalancer fly stocks.

2.3.3 DrosophilaDNA extraction
50 ul squishing buffer (10 mM Tris base, 1 mM EDTA, 25 mM NacCl, fix&teihase K [Sigma
t Cat No. P4850], adjusted to pH8) was used to homogenise fly tissue (singleniylusi
pipette tip in a 1.5 ml tube. The tube was incubated at 25°c for 20 min and then heated at 95°c
for 2 min. The tube was then centrifuged at 2000 g for 1 min to pellet fly debdsttam

supernatant was transferred to a new tube. The DNA was then ready for use or ate4fc.

2.3.4 DrosophilaRNA extraction
1 ml Trizol was used to homogenise fly tissue (single fly) using a micre jpeatlL.5 ml tube,
all RNAse free. The tubes were incubated at room temperature for 5 min. Ochlarbform
was added; tubes were incubated for a further 10 min at room temperature and centrifuged at

12,000 g for 15 min, 4°c. Approximately 400 ul of the colourlegsemrphase was transferred
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to a fresh RNAse free tube. An equal volume of 70% ethanol was added to giveeghtmell

concentration of 35% and tubes were thoroughly mixed by vortexing and inversion

The RNA was prepared and purified using the GeneJET RNA purification kit acawrding t
uvp( SuE EJ[+ ]ymeMagsciehtifie]l. RNA was stored at -80°c.

cDNA synthesis was performed using the superscript 1l First Strand synthesis system [Life
technologies]. 180t 850 rg of RNA was added to a tube with {u¥ oligo (dTys [Fermentas]

and 0.77 mM dNTPs [NEB NO0447S], made to a final volume of 13 |d:®itihe tubes were
heated to 65°c for 5 min and on ice for 1 min. 50 mM Tris-HCIM/B@l, 3 mM Mgel(1 x FS
buffer), 5 mM DTT 20 units RNasin and 200 units Superscript 1ll RT [Life technologies] were
added to each tube and tubes were centrifuged briefly before being incubated at 50°@¢ tor 3

60 min. The enzyme was then inactivated by heating to 70°c for 15 min. TaveeRNA, 5

units RNase H [NEBVI0297S] was added and tubes were incubated at 37°c for 20 min.

2.4 Protein extraction and analysis techniques
2.4.1 Cell lysis and protein extraction (HEK-cells)

Cells were washed twice in phosphate buffered saline (PBS), resuspended in PBS, transferred
to a microcentrifuge tube and centrifuged at 4,000 g for 3 min. The supernatant wasedmo

and the pellet was resuspended in 50 pl of Radioimmunoprecipitation assay) (Riffex (20

mM Tris-HCI [pH7.4], 150 mM NaCl, 1 mM MgCImM CagG| protease inhibitors mixture
[complete-EDTA free, Rochel¥on- Dodecyl B maltoside (DDM) was also added. Cell lysis was
completed for 30 min on ice with regular agitation. The mixture was centrifuged at@3,00
rpm in a table top centrifuge for 2 min to discard insoluble material andstigernatant was

collected.

2.4.2 Membrane protein extraction Drosophilg

2421 50 t 100flies
50 t 100 whole flies were frozen in liquid nitrogen and transferred80°c. Upon removal
from the freezer, flies were placed on ice. 500 pL of sucrose buffer [50mM Tris-HCI, 250mM
sucrose, 180mM NaCl, 2mM Mg@lus protease inhibitors] was added to each tube and a
micro-pestle was used to homogenise fly tissue thoroughly. Tubes were centrifuge®@t 50
rpm for 1 min in a table top centrifuge to collect fly debris. The supernatant was transferred to
a collection tube and centrifuged at 60,000 g, 4°c for 30 min. The supernatntiscarded

and the pellet was resuspended isucrose buffer. Detergent was added to a final
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concentration of 1% DDM (rP2X2-GFP) or 7.5mM FC-12 (rPanxrtzdde)tubes were placed
on ice, regularly agitated for 30 min and centrifuged at 13,000 rpm in a table top centrifuge for
2 min. The supernatant (solubilised protein) was collected and ready to use or stordaf@t -2

for up to a month.

24.22 2000 t 5000 flies
2000 - 5000 whole flies were frozen in liquid nitrogen and transferred @dc-8Jpon removal
from the freezer, flies were placed on ice. Glass homogeniser, falcon tubes, glass beads and

sucrose buffer were also cooled on ice prior to experiment.

4 ml glass beads (5 mm) were added to a falcon tube. 60200 flies were also added and
placed in liquid nitrogen. Tubes were quickly inverted, briefly vortexed dace@ back in
liquid nitrogen. This was repeated 34 times until the heads became detached from the fly
body.

A 710 micron sieve was stacked above a 425 micron sieve to collect fly hiepiid.nitrogen

was briefly poured onto the sieves to keep them cool. The contents of the falcon tube were

transferred straight from liquid nitrogen to the sieve stack and the sieves were shaketpto

the heads pass through the 710 micron sieve. The wings remained attached to the outside of
the falcon tube, the fly bodies were retained on the 710 micron sieve, the heads were retained

on the 425 micron sieve and the legs fell through to be collected underneath.

The heads collected by the smaller sieve were brushed into a 50 ml glass hoseogesing a
funnel. 5 ml of sucrose buffer was added to the homogeniser and the heads were thiyrough
homogenised using a drill attached to the homogeniser. The homogenised material was then
transferred to a 15 ml falcon tube. Tubes were centrifuged at 2000 g for 10 nciollaxt fly
debris. The debris was re-homogenised in 5 ml sucrose buffer and centrifuged at 2000 g. This
was repeated 3 times. The supernatants were pooled, transferred to a Beckmann tube and
centrifuged at100,000g, 4°c for 1 hour. The supernatant was discarded and the pellet was
resuspended in 10G 500 pl sucrose buffer. Detergent was added to a final concentration of
1% DDM (rP2X2-GFP) or 7.5mM FC-12 (rPanx1-GFP). Tubes were placedegular,
agitated for 30 min and centrifuged at 13,000 rpm in a table top centrifuge forr2 e
supernatant (solubilised protein) was collected and ready to use or stored at -20°c foraup to

month.
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2.4.3 Protein quantification

1. A series of bovine serum albumin (BSA) protein standards were made from O rag/ml t
1 mg/ml. 900ul Bradford ultra [Expedeoh BFU1L] was added to 60 pl protein
standard and the absorbance was measured using the Beckman DU530 Lifescience
UV/vis spectrophotometer at 595nm. Absorbance was plotted to produce a protein
standard curve. 54pl of PBS and 900 pl Bradford Ultra were added to 6pbtefrp
sample in a macro cuvette [VWR]. Samples were briefly vortexed to ensure thoroug
mixing. The absorbance of each sample was measured at wavelength 595nm.
Concentrations were determined using the standard curve (See Appendix I)

2. Biorad protein assay reagent [BioradCat No. 80-0006] was diluted 1 in 5 with
ddHO. 1 ml diluted reagent was added to 10 pl protein sample in aorauvette and
the absorbance was measured using the Beckman DU530 Lifescience UV/vis

spectrophotometer at 595nm (See Appendix I).

2.4.4 Western Blotting

1. 6 x Sample buffer (100mM Tris-HCI [pH7.6], 10mM EDTA, 10% glycétatotiRim
dodecyl sulphate 39, 0.04% Bromophenol blue, 50mM TCEP and NaOH to pH7.6)
was added to protein at a 5:1 v:v ratio. Protein samples were heated at 1®02c
min followed by centrifugation at 13,00€pm, 2 min in a table top centrifuge.
Samples were run on a 10% polyacrylamide gel (separatingl@¥- acrylamide
[Sigmat Cat No. A3699], 0.26M Tri$H0.05% SDS, 0.05% APS and 0.08% TEMED
made up to 4 ml with D, pHB8.8. Stacking géB%acrylamide, 0.56M Tris HCI, %1
SDS, 0.1% APS and 0.1% TEMED, made up to 4 mj@ithHH6.6) at 100-200V for 1
hour (Running buffet TGS [25 mM Tris, 192 mM glycine, 0.1% SDS]) and transferred
to a nitrocellulose membrane at 40 V for 1 hour (transfer buffel x NuPAGE
transfer buffer [Invitrogen], 20% methanol).

2. 6 x Sample buffer (100mM Tris-HCI, 10mM EDTA, 10% glycerol, 12%.(&B&, 0
Bromophenol blue, 50mM TCEP and NaOH to pH7.6) was added to proteile samp
a 5:1 viv ratio. Protein samples were heated at 100°c for 2 min feliowy
centrifugation at 13,000pm for 2 min in a table top centrifuge. Samples were run on
4-15% mini-PROTEAN TGX stain free gels [BibRatlNo. 456-8085] at 250 - 300V
for 20 minutes. The gel was UV illuminated for 5 minutes before being inaydtke

Chemidoc MP imaging system [Biorad] to test for equal loading. Gels biatted
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onto Trans-blot turbo mini PVDF transfer packs [Bior&ht No. 170-4156] at 25V for

3 minutes using BioRad Trans-blot turbo transfer system.

Membranes were blocked in 3% Bovine Serum Albumin [PAA] in TBS (Tris Buffered Zal

mM Tris, pH7.5, 150 mM NacCl) or 5% dried milk [Marvel] in TBST (Tris Buffemedwithli

Tween t 50 mM Tris, 150 mM NaCl, 0.05% Tween 20) depending on the antikedy[See

section 2.4.4.]L Primary antibodies were applied in 3% BSA or 5% milk and tubes rotated
overnight at 4°c. Membranes were washed in TBST 3 x 5 min and incubated with the
secondary antibody in 3% BSA or 5% milk for 45min-1hour. Membranes were wasbeadid x

in TBST and developed with ECL prime kit [Amersham Biosciences] and viewed using ChemiDoc

MP Imaging system [Biorad] and Image lab software.

2441 Antibodies
Mouse monoclonal primary antibodiesTetra-his antibody was used at 1:2000 [Qiage@at
No. 10061 Jv 179 -attiXamtibody was used at 1:1000 [AbcanCat No. abh8224] in 3%
BSADrosophilaRhodopsin antibody was used at 1:38(B% BSA [DSHECat No. 4C5].

Rabbit polyclonal primary antibodied?2X2 antibody was used at 1:2086% milk [Alomone
labs t Cat No. APR-003]. GFP antibody was used at 1:1000 in 5% mitkdémvit Cat No.
A11122].

Secondary antibodiesPolyclonal goat anti rabbit IGg / HRP [Dakéat No. P0448] was used
at 1:2000 in 5% milk. Mouse IgG HRP-linked antibody [Cell signaimigNo. 70765] was used
at 1:5000 in 3% BSA.

2.4.5 Perfluorooctanoate-polyacrylamide gel electrophoresis
For perfluorooctanoate-polyacrylamide gel electrophoresis (PFO-PAGE), 2 x kaffgnl€100
mM Tris base, 1% (W/\WNaPFO, 20% (v/v) glycerol, 0.005% Bromophenol Blue, adjusted to pH
8 with NaOH) was added to protein in a 1:1 v:v ratio. SDS free 6 % polyadeytzats were
run at 140 V at room temperature in PFO-containing buffer (25 mM Tris, 192 mM glycine, 0.5%
PFO (w/v), adjusted to pH 8.5 With NaOH). Membranes were blocked and antibodiesasdded
described in section 2.4.4 Membranes were developed with ECL prime kit [Amersham

Biosciences] and viewed using ChemiDoc MP Imaging system [Biorad] and Image lab software.
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2.4.6 Coomassie gels
6 x Sample buffer (100mM Tris-HCI, 10mM EDTA, 10% glycerol, 12% SDS@nidshaenol
blue, 50mM TCEP and NaOH to pH7.6) was added to protein sample at:a Efio. Protein
samples were heated at 100°c for 2 minutes followed by centrifugation at A3 for 2
min in a table top centrifuge. Samples were run on 4-15% mini-PROTEAN TGiXetgéls
[BioRad t Cat No. 456-8085] at 250 - 300V for 20 min. Gel was then covered @k Qui
Coomassie Stain [GeneranCat No. GeQGStain] for 1ht 16h at room temperature. Gels

were washed 4 x 5 min with water prior to visualisation.

2.4.7 Deglycosylation assays
Endoglycosidase KEndo H) [NEB Cat No. P0702} Approximately 35t 45 pg (12.5 pl) of
total extracted protein from HEK-293 cells or membrane protein extracted &opnoximately
18-20 flies (18 pl) wsincubated with 2 pl denaturing buffer and® to make a final volume
of 20 pl at 100°c for 10 min. Following the incubation 4 pl G5 buffef Ehgo H and 14 pl.B

were added and the protein was incubated for 1 hour at 37°c.

Peptidyl -N-Glycosidase FPNGase ANEBt cat# P0704] - Approximately 3545 ug (12.5 pl)
of total extracted protein from HEK-293 cells or membrane protein extractedn fr
approximately 18 -20 flies (18 plawincubated with 2 pul denaturing buffer and®to make
a final volume of 20 ul at 100°c for 10 min. Following the incubadiqul G7 buffer, 2 ul 10%
nonyl phenoxypolyethoxyethanol (NP40), 2 ul PNGase F and 1Dpvere added and the

protein was incubated for 1 hour at 37°c.

2.5 Protein purification techniques

2.5.1 Nickel affinity purification (HEK)
Protein was extracted from 4 x transfected T75 flasks (section 2.4.1). 0.5 ml Tnig hiradih
buffer (20 mM Tris HCI, 150 mM NaCl, 25 mM Imidazole, 0.2% DDM, protédsitois,
pH7.4) and 25 pl nickel sepharose beads [GE Life SctebaeNo. 17-5268-01] were added to
the protein sample. Samples were rotated for 1 hour at room temperature and cegedfat
5000 rpm for 1 min. The supernatant was removed and 0.5 ml wash buffer was aultles t
beads. Tubes were centrifuged at 50@0n for 1 min in a table top centrifuge and supernatant
removed. This wash step was repeated 4 times. 50 ul elution buffer (20mM Tris-HGIML50
NaCl, 1 mM TCEP, 500 mM Imidaz6l&% DDM, 1 x protease inhibitors, adjusted to pH7.9)

was added to the pellet and mixed for 1-2 min. Tubes were centrifuged for 1 mboatrpm
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in a table top centrifuge for protein elution. The supernatant (elution) was transfeivesl

new tube.

2.5.2 Nickel affinity purification Drosophilg
Protein samples were rotated with 0.51 ml sepharose beads [Nickel beads stripped with
EDTA] for 2 to 3 hours at room temperature. Samples were then centrifuged atrpo0bh a
microcentrifuge for 1 min. The supernatant was transferred to a fresh tube and the beads
were discarded or kept for a western blot control. 25 pl nickel sepharose beads fESE Li

Sciences] were added to the supernatant. Tubes were rotated overnight at 4°.

The tubes were centrifuged at 5,000 rgor 1 min. The supernatant was collected and stored
(flowthrough). 500 pl wash buffer was used to resuspend the nickel beads. Tubes were
centrifuged for 1 min at 5000 rpm, the supernatant was discarded. This wash step was
repeated 5 times (retaining the wash 1 and wash 5 samples for western blotting purposes). 50
t 100 pl elution buffer was added to the beads and mixed thoroughly for2lmin. Tubes

were then centrifuged for 1 min at 5000 rpm. The supernatant (elution) was collected and

transferred to a new tube. The beads were resuspended in sample buffer for western blotting.

2.5.3 GFP TRAP
The GFP-TRAP system [Chromotek] was developed to enable efficient one-step isolation of
fluorescent fusion proteins. GFP TRAP involves the use of small recombinantaalpboey
fragments covalently coupled to the surface of agarose beads which bind to fluorescent labels

(e.g. GFP, YFP, CFP) and allow purification by immunoprecipitation.

The GFP TRAP purification was performed using the GFP TRAP-A kit [Chromotek]. Total
membrane protein was extracted from 1,500 fly heads and solubilised in B0 gucrose

buffer plus detergent (concn. 3 mg/ml) (see section 2.4.2 for details). The ps#giple was

further diluted to a total volume of 600 pl with ice-cold dilutionffas (10 mM Tris-HCI, pH

7.5, 150 mM NacCl, 0.5 mM EDTA).

20 ul bead slurry was resuspended in 500 pul ice-cold dilution buffer and foeyetli at 2500

for 2 min at 4°c. The supernatant was discarded. This wash step was repeated twice. The
diluted protein sample was added to the washed GFP-TRAP beads, mixed for 1 hour at 4°c
under constant mixing and centrifuged at 25@0for 2 min at 4°c. The supernatant was

discarded 500 pl ice-cold dilution buffer was used to resuspend the beads. The beads were
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centrifuged at 2500 pr 2 min at 4°c and supernatant discarded. This wash step was repeated
twice.

The beads were resuspended in 50 pl 0.2 M glycine, mixed for 30 sec and centrifuged at 2,500
g for 2 min. Following centrifugation, the supernatant was transferred to a new
microcentrifuge tube and immediately neutralised with 5 pl 1 M Tris base. This elutipn ste

was repeated and the supernatants pooled.

2.5.4 Immunoprecipitation
Total membrane protein was extracted from 1,800 fly heads and solubilised ipl20BS+
detergent (see section 2.4.2 for details). Immunoprecipitation was performedy ugiarce
classic IP kit [Piercé Cat No. 26146] and the Invitrogen GFP antibody [Invitrog€rat No.
A11122]. 10 pg anti-GFP was added to the protein sample. IP lysis/wash buffer was @dded t

make a total volume of 500 pl and incubated overnight at 4°c.

20 ul protein A/G agarose resin was added to a spin column placed in atioolleube and
centrifuged at 1000g for 1 minute. The flowthrough was discarded and the column was
washed twice with 100 pl IP lysis/wash buffer. The bottom plug was inserted into the spin
column and the antibody/protein sample mix was added to the tube and sealed with a screw
cap. This was incubated under constant mixing for 1 hour at 4°c. The plug was removed and
the spin column was placed in a fresh collection tube. The tube was centrifuged at 00D g
minute and washed 4 times with 200 ul IP lysis/wash buffer followed by ibggetion. The

tube was then further washed with 100 pl conditioning buffer.

To elute the protein, the spin column was placed in a new collection &gl elution buffer
was added to the tube and incubated at room temperature for 10 min. The tube was then

centrifuged at 2000 fpr 1 min and the supernatant was collected [elution].

2.5.5 lon exchange chromatography
Membrane protein pellets prepared from 20005000 flies were solubilised in 11.5 ml low
salt sucrose buffer50 mM Tris-HCI, 250 mM sucrose, 20 mM NaCl, pH 7.4). Detergent was
added to a final concentration of 1% DDM (rP2X2-GFP) or 7.5 mM FC-12 @Fx(=se
section 2.4.2). After solubilisation, samples were made up to a total voldr2erd with start
buffer (20 mM Tris-HCI, 20 mM NaCl and detergent [3 @12 for rPanx1-GFP and 0.2%
DDM for rP2X2-GPProtein was loaded onto a 5 ml HiTrap Q column [GE healthcare] using a
2 ml sample loop and 5 ml syringe. A salt gradient was set up fromM2@on500 mM NacCl
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using the standard ion exchange protocol for the Akta Prime. The gradient was setug
20-minute period between start buffer and elution buffe2Q mM Tris-HCI, 500 mM NaGl
mM FC12 (rPanx1-GFP) or 0.2% DDM (rP2X2-@HF)4) at a flow rate of 1 ml per minute

and 1 ml fractions were collected.

2.5.6 Chitin bead protein purification
HEK-293 cells were transfected with P2X4-int-CBD in 6 x 35 mm dishegdseer 2.2.2 for
details). The protein pellets solubilised in 400 pl RIPA bufferdetesgent (see section 2.4.1)
and were diluted to a total volume of 800 pl with column buffe® (@M Tris-HCI, 500 mM
NaCl, 1 mM EDTA, 0.1% DDM, pH.8.5

500 pl column buffer was added to 100 pl chitin bead slurry and centrifug&@@a rpm in a
microcentrifuge for 1 min. The supernatant was removed and this wash step repeated. The
diluted protein sample was added to the washed beads and incubated under constamndy mixi
for 1 hour at 4°c. Following the incubation, samples were centrifuged at 500Gampinmin

and the supernatant [flowthrough] was collected. The beads were washed 5 times with 1 ml
column buffer. 100 ul cleavage buffer (20 mM Tris-HCI, 500 mM Na¥] EDTA, 50 mM
DTT, 0.2% DDM, pH8.5) was added to the beads and incubated overnight at 4°c.

Tubes were then centrifuged at 5000 rpm for 2 min and supernatant [elution] was collected.

2.5.7 Gel filtration chromatography

300 -450ul of wash buffer (20 mM Tris-HCI, 150 mM NacCl, 25 mM Imidazole, 0.2%DBM
mM FC-12, pH 7.9) was added to SOpgrtially purified protein (HEK) or 200 purified
protein Orosophila and centrifuged at3,000 rpm, 2 min in a table top centrifuge to pellet
protein aggregatesThe column was washed with filtered, degassed ultrapure water and
titration buffer (20mM Tris-HCI, 50mM NacCl, 0.05% DDM or 3mM FC-1Z.9H The
supernatant was injected into a Superdex 200 column [GE healthcare] using a 1nd.shhieg
column was run at 0.5ml/minute and separated into 1 ml fractiaosording to size. A gel
filtration standard [BioRadt Cat No. 151-19Q1was used to calibrate the column (see

appendix ).

2571 Flwrescence measurements
200 plI of each fraction collected during gel filtration was transferred to a blackediGplate
and the fluorescence of each well was measured using the Fluoroskan Ascent FL [Thermo
labsystems], excitation: 485 nm, Emission: 538 nm, integration time: 100 ms.
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2.6 Electron microscopy
Purified protein samples obtained after gel filtration were concentrated using a 50 K@M
viva-spin-column to a volume of 200 ul. Protein samples were adsodmd a glow-
discharged carbon-coated grid and negatively stained with 2% uranyl acetate. Transmissio
electron microscopy images were recorded at a specimen level increment of 2.4@IAiging
a Jeol JEM-2100 La@ectron microscope at 200 kV. Samples were prepared for electron
microscopy by Dr Mark T Young at the School of Biosciences, Cardiff Universityaged i
were taken by Dr Georgi Lalev at the School of Chemistry, Cardiff University. EMA&tesoftw

was used to manually select, process and measure particles.

2.7 Electrophysiology of the Drosophila taste system
Taste recordings were performed on fliestd5 days old following the protocplblished by
Benton and Dahanukar (2011). A high input-impedance!t>1)0amplifier was used to record
action potentials, and signals were digitised at 10000 sample/s in a Syntech A/D converter, and
band-pass filtered between 50 and 5000 Hz. The rig was placed in a Faraday cage on
stabilized base plate. The fly was observed under 240x magnification using an Olyrifus SZ
binocular. Electrodes were fashioned using chloride silver wire sheathed with 1 mm
borosilicate glass micropipettes, which had been pulled to a fine tip. The theakcording

electrode was broken to an approximately 5-Hd opening.

The reference electrode was filled with Beadle-Ephrussi Ringer solution using a syringe and
tapped to dislodge any air bubbles. The electrode was placed in the reference electrode
holder.

A single fly and the microscope base plate were placed on ice for a mindhBmminutes.

The fly was then placed on the base plate under the microscope and the forelegs of the fly
were removed using forceps. The tip of the reference electrode was inserted into the dorsal
side of the thorax. The electrode was pushed through the neck of the fly and into the

proboscis until movement of the proboscis was minimal.

The recording electrode was filled with the test solution using a syringe and la@edponto

the recording electrode holder. All test compounds were dissolved in watertraaiobline
citrate (TCC) was added as an electrolyte to a final concentration of 0.08Mg the
microscope and micro-manipulator the recording electrode was carefully placed ovep tbie t
the sensillum, with the tip just breaking the meniscus of the solution. Action potentials were

recorded using Autospike 32 software.
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Consecutive stimuli applied to the same sensillum were applied at a minofiune minute
intervals. For changing solutions, the recording electrode was washed 15 timesvatii

following by 6 washes with the new solution before filling the electrode.

2.7.1 Testing the function of rP2X2-GFPDmosophila
100 mM sucrose was applied to each sensillum used to ensure the sensillum was still
responsive. The solvent control (TCC), 100 uM ADP and 100 uM ATP werepinexh tapeach
sensillum in turn for 30 seconds and action potentials recorded. This was repeated tot210
sensilla from a minimum of 3 different flies for each genotype tested (cdmvpUAS-rP2X2-
GFP+, panneural expressionC155-Gal4UAS-rP2X2-GFBnd sugar neuron expressiomw;
UAS-rP2X2-GFP; Gr5a-Galhe number of action potentials was counted between 10 and 15

s after compound application.

2.7.2 Dose response curves
100 mM sucrose was applied to each sensillum used to ensure the sensillum was still
responsive. The solvent control TCC was then applied to each sensillum for 30 seconds and
action potentials recorded. 1 uM, 3 puM, 10 pM, 30 pM, 100 pM an@ @M ATP solutions
were then applied to each sensillum in turn for 30 seconds. An additional concentodtibn
mM was tested onw; rP2X2-GFP; Grba-Gdles. The number of action potentials was
counted between 10 and 15 s after compound application. This was repeatedt @nsénsilla
from a minimum of 3 different flies for each genotype test&cil$5-Gald; rP2X2-GFP, w;
rP2X2-GFP; Gr5a-Gpl4

2.7.3 Testing the adenosine nucleotide compound library
100 mM sucrose was applied to each sensill@h55-GaldUAS-rP2X2-GRHes) to ensure it
was still responsive after mounting. TCC and 100 uM ATP were then applied to eactinsensill
in turn for 20 seconds and action potentials were recorded. The sensillum was onlif theed
ATP response was more than 3 times greater than the TCC response. Each nucleotide from the
adenosine nucleotide library [Jena Biosciences] was diluted in TCC to maked $@frk in a
final concentration of 0.03M TCC. Each nucleotide was then applied to one sensillum per fly for
20 seconds on a total of 3 different flies (h=3) and action potentials recofdiee.compound
was tested per sensillum, up to 4 compounds were tested per fly. Action potenteis
counted between 10 and 15 s after compound application. The compound resporéisean

TCC responses were normalised to the ATP response (100%). The four mosteeffectiv
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compounds were tested on an additional 3 flies to give an n of 6. Theseocmap were also

tested on 3 control flies.
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Table 2.1t Cloning of DNA construct®rimers are located below table and maps of vectors/constructs in Appendix Il.

Construct Cloned from: Cloned into: Restriction Primers: | Tm Details
enzymes:
pEGFP-C1_int CBD| PTXB1 (Contain peGFPE1 Nhel, BamHI 1,2 66°c | GFP removed from pE-GFP-C1
(with Sapl site) intein-chitin binding restriction digest and replaced with in
domain region) CBD obtained from PTXB1 using F
(Phusion), restriction digest an
ligation.
pEGFP-C1_int_CBD| - - - 3,4 60°C | Sapl sites removed from pE-GERint-
CBD using Quikchange lightning S
kit.
hP2X4-int-CBD pL118 (hP2X4 fu| pEGFP- Nhel, Sapl 56 54°C | hP2X4 amplified from pL118 by P
coding sequence if C1_int CBD (Phusion). PCR product and pE-GRP,
pcDNA3.1) Gift from int-CBD digested with Nhel and Sg
Mark Young. and ligated.
hP2X4-GFP pL118 pEGFP-C1 | Xhol, EcoRI 7,8 54°C | zfP2X4.1 removed from vector usi
(zfP2X4.1- Xhol and EcoRIl. hP2X4 amplified fr
thr-GFP-his) pL118 using PCR (Phusion DNA

restriction digest and ligation.
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rPanx1-GFP rPanxl full coding peGFP-C1 | Xhol, EcoRI 9,10 54°C | zfP2X4.1 removed from vector usi
sequence in (zfP2X4.1- Xhol and EcoRlI. rPanx1 amplified fr
pcDNA3.1. Gift fron| thr-GFP-his) Panx1 vector using PCR (Phusion [
Pablo Pelegrin. pol), restriction digest and ligation.
rP2X2-GFP P698 (rP2X2 fu| pEGFP-C1 | Nhel, EcoRI 11,12 48°C | zfP2X4.1 removed from vector usi
coding sequence i (zfP2X4.1- Nhel and EcoRI. rP2X2 amplified fr
pcDNA3.1) Gift fron| thr-GFP-his) p698 using PCR (Phusion DNA p
Alan North. restriction digest and ligation.
rP2X7-GFP P927 (rP2X7 fu| peGFP-C1 | Xhol, EcoRI 13, 14 54°C | zfP2X4.1 removed from vector usi
coding sequence i (zfP2X4.1- Xhol and EcoRI. rP2X7 amplified fr
pcDNA3.1) thr-GFP-his) p927 using PCR (Phusion DNA p
restriction digest and ligation.
UAS-hP2X4-his pL118 pUAST-attB | Xhol, Xbal 15, 16 60°C | PCR was used to amplify hP2X4
(from Basler from pL118. PCR product was clea
lab in Zurich, with Xhol and Xbal and ligated in
Switzerland) pUAST-attB cut with Xhol and Xbal.
UAS-hP2X4-GFP hP2X4-GFP pUAST-attB | Xhol, Xbal n/a hP2X4-GFP cut out of vector with X}

and Xbal and ligated into pUAST-a
cut with Xhol and Xbal.
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UAS-rP2X2-GFP rP2X2-GFP pUAST-attB | Xbal 17,18 60°C | PCR used to insert Xbal sites to e
end of P2X2-GFP. Both PCR proc
and pUAST-attB cut with Xbal a
ligated. Orientation checked with No
digestion.
UAS-rPanx1-GFP rPanx1-GFP pUAST-attB | Xhol, Xbal n/a rPanx1-GFP cut out of vector with X
and Xbal and ligated into pUAST-a
cut with Xhol and Xbal.
UAS19-rP2X2-GFP | UAS-rP2X2-GFP pUAST19- Xbal n/a rP2X2-GFP removed from UAS-rP2
attB (pUAST GFP using Xbal and purified by
attB with 19 extraction. pUAST19-attB cut with XK
UAS sites] and ligated to rP2X2-GFP. Orientati
Gift from checked with Notl digestion.
Sonia Lope;
de Quinto.

UAS19-rPanx1-GFP | UAS-rPanx1-GFP | pUAST19- Xhol, Xbal n/a rPanx1-GFP removed from UA
attB rPanx1-GFP using Xhol and Xbal

purified by gel extraction. pUAS

attB19 cut with Xhol and Xbal ar
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ligated to rPanx1-GFP.

UAS19-rP2X2-LTS-1| UAS19-P2X2-GFP | UAS19-P2X2; a) EcoRl 19,20 60°c | LTS sequence from Gr6da w
GFP b) B'gltl'la”d amplified by PCR from w1118 fii
using primers 19 and 20. P2X2-GFP
removed from UAS19-P2X2-GFP
cutting with EcoRI and religating tH
vector. GFP was removed by cultti
with Notl and Bglll. TheTiS1 PCR
product was ligated into the vecto
using Not | and Bglll. Vector was (
with EcoRl and P2X2-GFP was
ligated into the vector.
UAS19-rP2X2-ST8- | UAS19-P2X2-GFP | UAS19-P2X2; a) EcoRI 21,20 60°c | STS sequence from Gr64a W
GFP b) ggltl'la”d amplified by PCR from w1118 flie

Vector was prepared as above f
rP2X2-LTS-1. (STS cloned in instea
LTS)
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Primers:

AGCGCTAGCTCGCGAGTCGACGGC
AAGGGATCCCCTTCCTGCAGTCATTG
CAGGATGATCTGGACGAGGAGCATCAGGGGCTC
GAGCCCCTGATGCTCCTCGTCCAGATCATCCTG
TATGCTAGCCCACCATGGCGGGCTGCTGC
GGTGGTTGCTCTTCCGCACTGGTCCAGCTCACTAG
TATCTCGAGCCACCATGGCGGGCTGCTGC
ATAAGAATTCGCCTGGTCCAGCTCACTAG
TATCTCGAGCCACCATGGCCATCGCCCAC

. ATAAGAATTCGCGCAGGATGAATTCAGAAG

. TATGCTAGCGCCACCATGGGCCGGCGCTTG

. ATAAGAATTCGCCAGTTGGGCCAAACC

. TATCTCGAGCCACCATGCCGGCTTGCTGCA

. ATAAGAATTCGCGTAGGGATACTTGAAGC

. TATCTCGAGAAGCTTATGGCGGGCTGCT

. ATATCTAGACTATCAGTGATGGTGGTG

. CTATTCTAGACAAAATGGGCCGGCGCTTGGC

. TATATCTAGACTATCAGTGATGGTGGTGATG

. AAAGCGGCCGCAGAGGAGCAGAAGCTGATCTCGGAGGAGGATCTGCTGAAGATGTGCGAGCTACTGGA

. TTTAGATCTTCAGGAGCACAGTGGCTG

. AAAGCGGCCGCAGAGGAGCAGAAGCTGATCTCGGAGGAGGATCTGCTGTTCCAGATGACCACACAGAC

© o N DR

NN R RPRRPRRRRRRRR
P O ©OWWw~NOOUNMNWDNIERERO
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Table 2.2t Primers used during site directed mutagenesis of hP2Xiered amino acids are underlined.

Mutation | Sense primer Antisense primer vector | Tm of PCH Reagent
reaction

F81E ACCAACACTTCTAAACTTGGAl ATCCGCCACATCCCAGATCC(Q pL118 |60 °c Phusion DNA Polymerase (NEB)
GGATCTGGGATGTGGCGGAT| CCAAGTTTAGAAGTGTTGGT

A93P GCGGATTATGTGATACCACCT GAGGGAGTTTTCCTCCTGAG(Q pL118 | 60 °c Quikchange lightning SDM kit (Agilent)
GAGGAAAACTCCCTC TATCACATAATCCGC

N97G ATACCAGCTCAGGAGGAAGG( GGTCATGACGAAGAGGGATC| pL118 | 60 °c Quikchange lightning SDM kit (Agilent)
CTCTTCGTCATGACC CTCCTGAGCTGGTAT

Al62L AAGACGTGTGAGGTGCTGGC|{ CACCGGGCACCAGGCCAGCA pL118 |60 °c Quikchange lightning SDM kit (Agilent)
TGCCCGGTG ACACGTCTT

W194R | CTTTTGGTTAAGAACAACSTE | GCTGAATTAAATTTGG@ER® | pL118 | 60 °c Quikchange lightning SDM kit (Agilent)
ATCCCAAATTTAATTTCAGC | ATGTTGTTCTTAACCAAAAG

H286N | GATACACGGGACGTTGABAB( GTAGCCAGGAGATACGTTGTT pL118 | 60 °c Quikchange lightning SDM kit (Agilent)
GTATCTCCTGGCTAC GTCCGTGTATC
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Table 2.3t Fly stocks and genotypes.

Stock name

Source

Reference

Genotype

BL8121t GMR-Gal4

Bloomington Drosophilastock

center

Freeman, M, MRC lab ¢

molecular biology

vyt w'; wgSPYCyO; P{longGMR-GAL4}3/TM2

BL458t Elav-Gal4

Bloomington Drosophilastock

center

Lin and Goodman, 1994

P{GawB}eld*>®

BL8691t Rh1-Gal4

Bloomington Drosophilastock

center

Treisman, J, NYU Lango

medical centre

P{rh1-GAL4}3y5%

Grb5a-Gal4

Gift from Anupama Dahanuka|
(UCR)

Uenoet al, 2006

w ; Grba-GAL4 ; Gr5a-GAL4

nanosphic31 ; attP40 (Stoc
13 t18)

Cambridge Stock Collection

Marksteinet al. 2008

y w M(eGFP, vas-int, dmRFP)ZH-2A; P{CaryP}attp4

nanosphiC31 ;; attP2 (Stoc
13-20)

Cambridge Stock Collection

Marksteinet al. 2008

y w P{y[+t7.7]=nos-phiC31\int. NLS}X #1

P{y[+t7.7]=CaryP}attP2

Double balancer stock Gift from Helen White Coope n/a w; If / CyO ; TM3/ TM6
(Cardiff University)
X-chromosome balancg Gift from Helen White Coope€l n/a w-Lethal/lFM7b; Sco/CyO

stock (Cardiff University)
UAS-eGFP Lab stock Spana, E, Harvard Universityff w; UAS-eGFP; UAS-eGFP
Wit Gift from Helen White Coope n/a W-+;+

(Cardiff University)
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Chapter 3 Expression of membrane
protein constructs in mammalian cells

3.1 Chapter 3 - Introduction
3.1.1 Translation of membrane proteins

P2X receptors and pannexin channels (Panx) are eukaryotic membrane proteins which play
roles in many physiological processes, and are implicated in a numhdisedses including
cancer, arthritis, male fertility and mood disorders (Latssil, 2002; Xu and Huang, 2002; Li

et al, 2014; White and Burnstock, 2006; Ralevic and Burnstock, P@®&gyrin and Surprenant,
2007; Whiteet al, 2005; Greiget al, 2003; Barderet al, 2006; Lucaet al, 2006; Hejja®t al,

2009; Erhardet al, 2007 Rogeret al, 2010; Whiteet al, 2013; Mulryaret al, 2000).

Eukaryotic membrane protein biosynthesis occurs on the membrane of the ER. As the protein
chain emerges from the ribosome, it is recognised by a signal recognition particlet{&RP)
transfers the ribosome-chain complex to the translocon machinery; the extracelloitions

of the membrane proteins are extruded into the lumen of the ER and the transmembrane
domains (TMs) exit laterally through the translocon into the ER lipid bilageedt and
Lolkema, 2000; Ott and Lingappa, 2003). Evidence from co-expression studies wi
complementary fragments of rP2X2 indicates that the first transmembrane domain)(TM1
Z A ]#&<he translocon pore for the second transmembrane domain (TM2), and atixit
without it (Cross and High, 2009). Several chaperone proteins are present in then&R lu
including protein disulfide isomerase A3, calreticulin and calnexin to aid thectdolding and
oligomerisation of the newly synthesised protein (Morenedral, 2012). It is thought that, for

P2X receptors, oligomerisation occurs in the ER, because the P2X6 subunit (wltiapablée

of forming homotrimers, but can form heteromeric receptors with P2X2 or P2dptors)

does not exit the ER, but when co-expressed with either P2X2 or P2X4, is found at the cell

surface in heteromeric receptors (Ormoatal, 2006).

3.1.2 Post-translational modification; N-linked glycosylation
P2X receptors and Panx channels contain consensus N-glycosylation sequences (N-X-S/T,
where X represents any amino acid except proline (Burda and Aebi, 1999), and several

members of both protein families have been shown to be post-translationallyifreddy N-
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glycosylation (Rettingest al, 2000b; Newbolet al, 1998; Youngt al, 2008; Vaccat al, 2011,
Qureshiet al, 2007; Jonest al, 2004; Lenertzt al, 2010; Boassat al, 2007; Penuelat al,
2009). N-glycosylation is a post-translational modification that is addexdgrotein in the ER
(core, high-mannose) by oligosaccharyl transferase (OST) which is embedded in the ER
membrane with its catalytic site facing the lumen (Geest and Lolkema, 2000). The skcchari
chain is then subsequently modified (complex) as the protein traffics to the cell switathe

Golgi apparatus (see Section 1.2.4). Protein glycosylation has been demonstrated to
important for correct eukaryotic membrane protein trafficking to the cell surface, and P2X
receptors and Panx channels are no exception; abolition of the N-glycan acceptor seqjuence
by mutagenesis in P2X receptors leads to a loss of trafficking to the cell surface and thaus a los
of protein function (Rettingeet al, 2000b; Newbolet al, 1998; Vaccat al, 2011; Lenertet al,

2010). Furthermore, in P2X4 receptors, N-glycosylation has been showotéctthe protein

from degradation in the lysosome which is essential for regulation of P2X4 expresdice

cell surface (Qurestet al, 2007). Conversely, although there is a preference for complex
glycosylated species of Panx1 and Panx3 to be trafficked to the cell surface, non-algdosyl
forms of both mouse channels were also shown to be able to reach the membrane (Penhuela
al, 2009). Similarly, mutated rPanx1, which lacks a glycosylation site, showed a reduttion
not abolition of cell surface expression (Boassaal, 2008). Analysis of the N-glycosylation
state of a eukaryotic membrane protein can provide information about protpiality in a
heterologous expression system. N-glycosylation is also a potential prdolerstructural
studies of membrane proteins because it adds unstructured regions to the protein and can
increase heterogeneity, both of which inhibit crystallisation and reduce the cdibéen
resolution in particle averaging techniques (Changl, 1993). For these reasons it is often
desirable to remove N-glycosylation by either mutagenesis (problematic dré&2ptors and

Panx channels (see above)) or enzymatic treatment post-purification.

Endoglycosidase H (Endo H) and PeptidGlycosidasé (PNGase F) are glycosidase enzymes
commonly used to study the N-glycosylation state of proteins. Endo H, isolated from
Streptomyces plicatusspecifically cleaves asparagine-linked mannose-rich oligosaccharides
from glycoproteins, cleaving between the 2 GIcNAc subunits adjacent to the asparagine
residue (Maleyet al, 1989) (see Fig 1.4). Hence following digestion with Endo H, a redirction
molecular weight of a glycoprotein indicates the protein undergoes high wsen
glycosylation. PNGase F, isolated frBlavobacterium meningosepticurtieaves between the

innermost GIcNAc subunit and the asparagine residue of all high mannose, hybddrapdx
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glycoproteins (Malegt al, 1989. If a further reduction in molecular weight of a glycoprotein is
observed upon digestion with PNGase F, this signifies that the protein undergogdego
glycosylation. A reduction in molecular weight of approximately 2.5 kDa wrileixpected
when an oligosaccharide chain is cleaved from a single glycosylation site éBeédstlkema,
2000). For the removal of N-glycosylation for structural work, Endo H is the preferred
treatment, because it cleaves efficiently under native conditions, as opposed GasaNF,
which works best on denatured protein. If any remaining complex glycosylatitowiiog
deglycosylation with Endo H is still problematic for structure determination, thmession
system can be changed (insect expression systems are not capable of compleXajigoosy
(see Introduction and Chapter 4)), or specialised mammalian cell lines deficient plezom
glycosylation (GnTI- HEK-293 cell lines) (Reshvas2002; Chaudhargt al, 2012 can be used.

3.1.3 Mammalian protein expression: purification tags

It is often the case with mammalian protein over-expression systems that the relativeofield
protein (protein of interest as a percentage of total protein) is much lower than woittier
over-expression systems (approximately 0.1% in mammalian cells versW3@2MmE. coli
(Bernaudatet al, 2011; Ganet al, 2006)). For this reason it is important to use affinity
purification tags which have high binding capacity and low non-specificngin@there are a
large variety of purification tags available. Some of the techniques that can be exdpiay
protein purification include ion-exchange chromatography, size-exclusiwomatography,
affinity chromatography and immunoprecipitation. More than one of these mdsh often

required for efficient protein purification (Hagel, 2001).

Immobilised metal affinity chromatography (IMAC) is very commonly useuitify proteins
which contain an N- or C- terminal small poly-histidine (approximatdl§ Gesidues) affinity
tag (Hstag), because of its low cost and ease of use. Transition metal ions (com@whly
Ni#*) are immobilised to a solid matrix; these ions interact with the side chains of hestidi
residues upon contact with the protein of interest. Electron-donor groupshef histidine
imidazole ring form bonds with the metal ion (Fig 3.1). Other proteins shatltind to the
solid matrix and can be eluted (Bornhorst and Falke, R0B6llowing immobilisation of the
protein to the matrix, a change in pH or the addition of imidazole lmarused to elute the
protein. However, a drastic change in pH can cause protein denaturatioecdod pH elution

is unsuitable for purification if protein structure is to be retained.
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This method has been successfully used to purify proteins expressed imlznof systems
includingE. coli S. cerevisgamammalian cells and baculovirus-infected insect cells (Van-Dyke
et al, 1992; Kaslow and Shiloach, 199d4nknecht and Nordheim, 1992; Kuusiretral, 1995),
with up to 95% purity (Jankneclet al, 1991). Although it is possible that theskag can
impede protein activity, this is unlikely due to the small size and charge ¢aghédditionally
the folded protein may cause occlusion of the tag and nickel affinity purificatiadawmt be

useful when trying to maintain protein structure.

A B

Figure 3.1t Nickel affinity chromatography(A) Schematic of sepharose bead (grey sphe
bound to nickel (blue sphere). (B) Nickel sepharose bead bound to hexa-histidine tag.

An additional system which allows purification in a single chromatograpdyicisthe IMPACT
(Intein mediated purification with an affinity chitin-binding tag) system. Thisesyds a
tandem-tag consisting of a self-cleaving protein (intein) and a chitin dgndomain (CBD)
affinity tag, which can be cloned onto the N- or C- terminus of a pratenstruct, and which
enables purification of the protein by affinity purification on a chitin resin. The addition df thio
reagents such as DTT (dithiothreitol) activates the intein and enables release of tké targ
protein from the intein-CBD tag (Watanabtal, 1994; Chonet al 1998).

Similarly the addition of other tags such as a strep-tag, which is an 8 residueepsgtjdence
(Trp-Ser-His-Pro-GRke-Glu-Lys) or a myc-tag which is a 10 residue peptide sequence (Fly-
GInLysLeulle-Ser-Glu-Glu-AsP-Leu), to the N- or C-terminus of a protein wil gllotein
purification using immobilised streptavidin or a high affinity anti-naytibody respectively
(Schmidt and Skerra, 1994; Zhetaal, 2013).

Removal of the purification tag before structural studies is often desirable, and one way to

achieve this is to introduce a thrombin cleavage site (TCS) (Leu-Val-FalyA3gr) between a

protein and its tag. Upon the addition of thrombin under native condgiathe tag is cleaved

between the Arg and Gly residues. In addition, appropriately tagged thrombin can be used as
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the final purification step (i.e. instead of imidazole during metal affinity clatography) to

remove the protein from the resin (He#t al, 2001).

Immunoprecipitation is another method which can be used for the purification of awichal
protein from a protein mixture or cell lysate, providing a relevant ardipwhich binds to the
protein of interest is available. The antibody is often coupled to al salbstrate such as
protein A- or protein G- (immunoglobulin binding proteilagjarose. Upon contact with the
protein antigen, the antibody-substrate complex will bind to the protein eingbbhysical
separation from the rest of the protein mixture using centrifugation (Fig 3.2) (Borufatial,

2001).

Figure 32 t Immunoprecipitation. Cell lysates or protein extractions can be purified usin
specific antibody in Immunoprecipitation. The antibody is bound to @en A/G-agarose
substrate and incubated with a cell lysate or protein preparation. The protein withrntigen

specific to the antibody will bind to the beads and can be separated from the remgai
unbound proteins. The protein of interest can then be eluted by low pH eluioantigen
competition.
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Gel filtration chromatography is a technique used to separate proteins accotdirgeir
molecular size by passing the protein mixture through a porous column. Largeutes elute
first due to exclusion from the matrix and small molecules elute later due theietpation
into a larger number of pores within the matrix. Gel filtration is often used as aticual
purification step following IMAC or immunoprecipitation. Additionally gel filtratiom loa used
to assess the oligomeric state of a protein and separate monomers from protgonadis
(Hagel, 2001).

3.1.4 Aims of this chapter

The aims of this chapter were to construct and express a series of membrane protein
constructs, which were fused to purification tags, in HEK-293 cells. It also winsadly the
glycosylation, localisation and purification of the constructs. The membrarteipreconstructs
generated were rP2X2-GFP, rPanx1-GFP, rP2X7-GFP, hP2X4-GFP and @BRX4Fhese
constructs were transfected into HEK-293 cells to determine whether or not they beuld
expressed. In addition, their glycosylation state, oligomeric state and expression pattern within
the cell was studied to help assess protein quality. Two purification strategies watealte

metal affinity chromatography and the IMPACT system.
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3.2 Chapter 3 zResults
3.2.1 Mutagenesis of hP2X4 receptors

zfP2X4.1 was chosen for structural studies by Kawate and colleagues due to its stability and
ability to form trimers in detergent solution (Kawag¢ al, 2009). Previous work (Valenge al,

2011) used non-denaturing PFO-PAGE to analyse the degree of trimer formation of both hP2X4
and Dictyostelium discoideum2XA (DdP2XA), finding that wild-type hP2X4 did not form stable
trimers when assessed using this technigue, whereas DdP2XA did. The authors concluded that
improving the trimer stability of hP2X4 was a prerequisite for successful structure

determination.

For this reason, | introduced a number of mutations into hP2X4 based upamo-amwid
sequence differences between hP2X4 and zfP2X4.1 to try and increase the strettigéh of
subunit-subunit interactions and hence the stability of hP2X4 trimers in detergéuticsu
Amino-acid residues positioned at the subunit interface of zfP2X4.1 were compdtethei
equivalent residues in a molecular model of hP2X4 based upon the zfP2X4.1 crystal structure
identified $x differences which gave rise to significant changes in the amino-acid properties
and used site-directed mutagenesis to mutate these residues to toeresponding residue in
zfP2X4.1 (Phe81Glu, Ala93Pro, Asn97Gly, Alal62Leu, Trpl94Leu and His@d@Hsn)in
magenta in Fig 3.3A

Mutant constructs were expressed in HEK-293 cells by transient transfection and their
expression was confirmed by western blotting (Fig 3.3A). Notably, the expressienof

zfP2X4.1-GFP was considerably lower than that of hP2X4 and the mutant constructs.
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Figure 3.3t Site directed mutagenesis of hP2X@) Homology model of hP2X4, based
zfP2X4.1. Green, blue and grey cartoons represent the different subunits. Amino acid re
modified using site directed mutagenesis (SDM) are shown by fuchsia sphered. dtoset up
of the location of 2 modified amino acids acting at the subunit interface. Black stihaw
surrounding location in the adjacent subunit. (B) [top] Western blot of zfP2X4-GER4 i
and the 6 mutant hP2X4-his constructs in HEK-293 cells. Proteins were deteotpd testra-
his primary antibody [Qiagen]. hP2X4 and the 6 mutants show a high level @ssxm.
zfP2X4-GFP is expressed at a much lower level in HEK-293 cells. [BotsiathWiet of the
same protein set probed with anti-actin [Abcam] to ensure equal loading. All cells wi
transfected for 48 hours using Lipofectamine 2000 [Invitrogen].

PFO-PAGE was used to assay the oligomeric state of hP2X4 and the 6 hP2X4tonsiésnifs
any of the mutations had a significant effect on trimer stability in detergent. Hewéwe

protein for all P2X4 constructs formed a mixture of monomers, dimers ancbrsirout the
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majority was monomeric (Fig 3.14&fP2X4-GFP was shown to form strong trimers in detergent
using fluorescence size exclusion chromatography (FSEC) (Kave4t2009). DdP2XA, a P2X
receptor expressed in the slime moulBjctyostelium discoideunnwas also shown to form
stable trimers, by PFO PAGE (Valanttal, 2011). Consequently the oligomeric state of zfP2X4-
GFP and DdP2XA were investigated to use as controls in PFO PAGE. DdP&XAtdibien
trimers (MW approximately 125kDa). However zfP2X4-GFP did not form stabdestiimPFO
detergent (MW approximately 80kDa); the majority of the protein was monarr(&ig 3.4B).
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Figure 3.4t PFO PAGE of constructs in HEK-293 o@lls Western blot analysis of hP2X4-t
and the 6 mutant proteins following PFO-PAGE [anti-His, Qiagen]. HEK-293verell:
transfected with P2X4 receptor constructs carrying a C-terminal his-tag. Atrects formed
a mixture of monomers, dimers and trimers. The result shown is representative of 3 a
(B) Western blot analysis of hP2X4-his, DdP2XA and zfP2X4.1-GFP followiAGHE-@anti-
His, Qiagen]. The majority of DAP2XA formed stable trimers, whereas hP2X4-hiB 24 z
GFP were mostly monomeric (Note: the size of zfP2X4 is slightly largemRi2ai-his due tc
the addition of GFP). The result shown is representative of 2 assays.
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As zfP2X4-GFP did not form stable trimers using the PFO-PAGE assay as expecta FSEC
used to further investigate its oligomeric state to distinguish between tthe possibilities

that; (1) the protein is being denatured or the oligomer is not stable in PFO deteog€R)

the protein was not forming trimers in HEK-293 cells. The hP2X4 constrtaatloned into the
zfP2X4.1-GFP vector which allowed thethg to be replaced with a thrombin-cleavable GFP
his-tag for visualisation and comparative purposes (Fig 316 proteins were purified via

their C-terminal his-tag using nickel affinity chromatography. The partiatlfigzliprotein was
applied to a Superdex 200 size exclusion column and the protein was sepatatécations
according to size. The GFP fluorescence of a sample from each fraction was subsequently

measured in a fluorescence plate reader
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Figure 3.5t Fluorescence size exclusion chromatography elutionfipes. FSEC profiles ¢
zfP2X4-GFP (top) and hP2X4-GFP (bottom) protein extracted and pudfietlEK-293 cells
Yellow arrow indicates the void volume. Numbers adjacent to peaks show the estin
molecular weight of the protein elution (kDa). Expected size of hP2X4-GFERZXU-GFF
monomer approximately 80 kDa + 60 kDa detergent micelle.
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The FSEC results show that purified zfP2X4-GFP protein forms an oligomeric struciv in D
detergent with a molecular weight of approximately 466 kDa; the purifiedganos made up

of a mixture of a large oligomer (possibly a trimer) and a smaller baagproximately 23 kDa
which may represent free GFP (Fig 3.5). Purified hP2X4-GFP alsol fommoligomer of the
same molecular weight (466 kDa) in DDM detergent and free GFP (17 kDay)Fltn&.data

for the column calibration standards can be found in Appendix |. Taking these results into
account it was decided to continue working with wild type hP2X4 as both peotbP2X4-GFP

and zfP2X4-GFP) gave similar FSEC profiles but hP2X4 was expressed at a higftarléssel
GFP degradation.

3.2.2 Construction of membrane protein constructs
Three other membrane protein DNA constructs were cloned into the zfP2X4-GFP vector
rP2X2, rP2X7 and rPanxl giving rise to rP2X2-GFP, rP2X7-GFP andsAParptbtein

constructs, each of which has a thrombin cleavable GFP his-tag (Fig 3.6

Figure 3.6t Protein construct schematid¢ Each protein (rP2X2, hP2X4, rP2X7 and rPanx1)
cloned into the zfP2X4.1-GFP vector. Each protein was fused to a GFP tag (faatimue
purposes), C-terminal his-tag (for purification) and a thrombin elgasite (to enable remova
of the tag).

Additionally, a hP2X4 construct with an intein chitin-binding-domain tagnable protein
purification using a chitin column was cloned. The intein albvior straightforward tag

removal using thiol reagents such afD

3.2.3 Expression and purification of protein constructs in HEK cells
The constructs were expressed in HEK-293 cells and their expression was analysed using
western blotting. hP2X4-GFP, rP2X2-GFP, rPanx1-GFP and hP2X4-don€iBidts were
successfully expressed in HEK cells and detected by western blotting with anti-GFP -and anti

P2X4 antibodies appropriatelfHowever, rP2X7-GFP was not expressed in HEK-293 cells (Fig
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3.7). Due to the lack of expression of rP2X7-GFP in HEK-293 cells, reownoik was

performed with this construct.
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Figure 3.7t Expression of protein constructs in HEK-293 céAg.Western blot of rP2X2-GF|
rPanx1-GFP, hP2X4-GFP and rP2X7-GFP protein constructs expressed and éximatiEK-
293 cells (anti-GFP, Invitrogen). 10 pg protein loaded/lane. (B) f&tairgel (blotted in A)
visualised under UV light following SDS PAGE to ensure equal loading. (C) Western
hP2X4-GFP and hP2X4-int-CBD protein constructs eggrasd extracted from HEK-293 cel
(anti P2X4, Alomone). 10 ug loaded per lane. (D) Stain-free gel (blotted isuéljsed under
UV light following SDS PAGE to ensure equal loading.

rP2X2-GFP and rPanx1-GFP were purified from HEK-293 cells using afiitki)
chromatography. Fractions were taken at each stage of the purification process to assess

binding and elution of protein to nickel beads (see Fid.3.Be majority of the protein bound
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successfully to the nickel beads with a small amount observed in the nickel flowthrough
fraction. Most of the protein was eluted upon the addition of 1M imidazdlowever some
remained bound to the nickel beads (Fig 3.8)B/C
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Figure 3.8t Purification of rPanx1-GFP and rP2X2-GFP from HEK-293 (@8ll&chematic
showing steps undertaken during rPanx1-GFP purification. (B/C) Western blotsngh
purification of rPanx1-GFP (B) and rP2X2-GFP (C) from HEK cell extngctscksil affinity
chromatography (anti GFP, Invitrogen). Z 0}3 *«Z}Aes §Z Zd}3§ o[ *8 ES3]
flowthrough (Ni FT), wash 1 and wash 5, the elution and what remains on the nezad
after elution (as shown in purple in A). The majority of the protein successfullydoo nickel
beads and was eluted with 1M imidazole. rPanx1-GFP is shown as an example in (A).

hP2X4-int-CBD was purified by binding to a chitin resin andnglwtith DTT. Most of the
protein did not bind to the chitin beads and washed out in the flowthroughdithahally more
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protein became displaced during washing steps. Cleaved protein can be obsenat theo

elution and remaining on the chitin beads (Fig 3.9).
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Figure 3.9t Purification of hP2X4-inEBDt Western blot showing purification of hP2X4-ir
CBD extracted from transfected HEK cells using chitin beads [anti P2X4, Alomoree]
protein bound to the chitin beads and some was also displaced during the wasbpg A
small amount of protein was successfully eluted following cleavage and iana&ned bound
to the beads after cleavage of the tag.

The oligomeric state of purified rP2X2-GFP and rPanx1-GFP was invdstigaig FSEC.
rPanx1, suggested to form hexamers based on results from cross-linking experiments and SDS-
PAGE, where a protein band of approximately 290 kDa was observed (Bba$s2007), did

not appear to form hexamers under these conditions (expected molecular weight oflPanx
GFP hexamer with a DDM detergent micelld50 t 490 kDa). The majority of the protein,
separated by FSEC gave peaks corresponding to molecular weights of 156 kDakér]

which are likely to represent dimeric protein and free GFP respectively. UnlikedhipP2X2

did not form a stable oligomer in detergent; the majority of the protein esponded to a
molecular weight of 30 kDa, indicating that the GFP is largely cleavedHmprotein during

FSEC. There is also a peak in the void volume which is aggregated protein (Fig 3.10).

101



rP2X2-GFP
0.7
30
0.6
5
z 0.5
S04
[}
[8]
8 03
5]
= .
T 02 void
0.1
0
0 10 15 20 25 30 35
Elution volume (ml)
rPanx1-GFP
’ 15
1.8
—~ 16
2
< 14
[}
o 12
o 17
g 1
()
S 08
=
L 06
0.4
0.2 oid
0
0 10 15 20 25 30 35
Elution volume (ml)

Figure 310 t Fluorescence size exclusion chromatography elution pesfiFSEC profiles ¢
rP2X2-GFP (top) and rPanx1-GFP (bottom) protein extracted and purifietHE&I293 cells
Yellow arrow indicates the void volume. Numbers adjacent to peaks show the estin
molecular weight of the protein elution (kDa). Expected size of rP2X2-GFPmmorto
approximately 85 kDa + 60 kDa detergent micelle. Expected size of rPanx1-GHFRemor

approximately 70 kDa + 60 kDa detergent micelle.

3.2.4 Localisation of constructs in HEK-293 cells

The localisation of membrane proteins is very important for correct protein fanctrhe
distribution of hP2X4-GFP, rP2X2-GFP and rPanx1-GFP was investigate@98 EHIK using
confocal microscopy. hP2X4-GFP displayed a punctate distribution throughout thdgticehe
majority expressed inside the cell (Fig 3.11). rPanx1-GFP expression was more defined to the
cell surface with a lower level of intracellular expression than hP2X4-GFP (FigRRXPyGFP

displayed a similar expression distribution in HEK-293 cells to hBER4-However the

102




localisation of rP2X2-GFP is less punctate but still predominantly intracefpalssibly being

retained at the ER or Golgi (further experiments would be required to confirm the exact

localisation).

ZWiy&W EW v &EW E WA"&W

Figure 311 t Confocal Images of protein constructs expressed in HEK-293. daisges
taken using a Leica confocal microscope. Protein-GFP constructs are shown it Igira¢ -
GFP (left), rPanx1-GFP (middle) and rP2X2-GFP (right). The nuclei were stained using
are shown in blue in the bottom images for hP2X4-GFP and rPanx1-GFP. Scale bar = 1
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3.2.5 Glycosylation of hP2X4-GFP, rP2X2-GFP and rPanx1-GFP in
HEK-293 cells

As explained in the introduction, correct glycosylation of membrane protsiimsportant for
protein targeting and/or function. To investigate the glycosylation state oX2P@FP and
rPanx1-GFP protein constructs in HEK-293 cells 2 deglycosylation enzymesed: PNGase
F which is capable of deglycosylating all glycoproteins including complexhyod

glycoproteins and Endo H which only deglycosylates high-mannose glycoprotein

rP2X2-GFP underwent high mannose glycosylation in HEK cells as shthwenréguction in
molecular weight by western blotting following incubation with Endo Hwéier following
digestion with PNGase F, the protein did not undergo a further reductioroieaular weight

(Fig 3.12B). This data suggests that rP2X2-GFP does not undergo complex glycasykasion
system. rPanx1-GFP protein underwent high mannose glycosylation in H&EKheslower
molecular weight band is reduced upon digestion with Endo H. AdditionadigxiPGFP
underwent hybrid/complex glycosylation in HEK cells; the band of higher molecular weight was
reduced to a basal size upon digestion with PNGase F (Fig 3.12A). LikGFRRXER2X4-GFP

underwent high mannose but no complex glycosylation in HEK cells (Fig.3.12C
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Figure 3.12t Glycosylation of protein constructs in HEK-293 celi$A) Western blot showing
deglycosylation of rPanx1-GFP extracted from HEK cells with Endo H and PNGas
Western blot showing deglycosylation of rP2X2-GFP extracted from HEK cells with &matlc
PNGase F. (C) Western blot showing deglycosylation of hP2X4-GFP extractedEarells

with Endo H and PNGase F. (All blots detected with anti-GFP, Invitrogen). GO = non-
glycosylated protein, G1 = high mannose glycosylated protein, G2 =leomlycosylated
protein. All blots representative of 2 assays.
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3.3 Chapter 3 +Discussion

3.3.1 PFO-PAGE and FSEC of zfP2X4-GFP and hP2X4-GFP
zfP2X4-GFP formed stable trimers following FSEC according to Kavedt@009, when the
closed state crystal structure was solved to a resolution of 2.9 A. Although the dataotvas
shown, they also assessed the oligomeric state of 34 other P2X receptors following
solubilisation in detergent and stated that zfP2X4.1 was chosen as a candolate
crystallisation due to its sharp and symmetrical elution profile. They siiswed that rP2X4
largely dissociates following solubilisation in detergent without the dgigh concentrations
of cross-linkers (Kawatet al, 2009). Using this knowledge, | sought to improve the
solubilisation behaviour of hP2X4 based on the zfP2X4 structural data. Asughg\stated,
residues acting at the subunit interfaces were analysed and 6 residues with significantly
different properties in zfP2X4 and hP2X4 were identified (F81, A93, N97, WIf2, and
H286). These residues were mutated to the equivalent residues present in zfP2X4.1. The
oligomerisation state of the mutated proteins was then analysed using PFO PAGRvtthallo
assessment of the native quarternary structure of membrane proteins in the presence of the
mild detergent, PFO (Fig 3.Admjeesingtet al, 1999. Wild type hP2X4 dissociated in the
presence of PFO and the majority of the protein was monomeric. In addition, none 6f the
mutations had a significant effect on trimer formation (Fig 3.4). Two contoiéms were also
assessed using this method; DdP2XA, which was previously shown to & tsimers in
PFO detergent (Valentt al, 2011) and zfP2X4.1 (Fig 3.4B). Although DdP2XA formed trimers
(with an approximate molecular weight of 120 kDa) following PFO PAGE, the majority o
zfP2X4-GFP protein formed monomers (with an approximate molecular wei@dt kiba). As
the control protein, zfP2X4-GFP, did not form trimers with PFO solubilisation, the

oligomerisation state was further investigated using FSEC.

hP2X4-GFP and zfP2X4-GFP constructs were purified using nickel affifitgtipn and the
purified protein was analysed using FSEC. Contrary to PFO results, both protein c®nstruct
formed an oligomer of approximately 466 kDa in the presence of the detergem. DDM

was chosen for protein solubilisation due to its previous successful use with P2X receptors (Sim
et al, 2004; Mioet al, 2005; Kawatet al, 2009; Valentest al, 2011). DDM is a mild, non-ionic
detergent commonly used for membrane protein solubilisation duatgoability to readily
solubilise many membrane proteins in a functional state (Sedetaa, 2004). The calculated
molecular weights of both hP2X4-GFP and zfP2X4-GFP are higher (466 k@@ #aected

molecular weight of a hP2X4-GFP trimer with a DDM micelle (300 &ixhjhe peak is more
105



comparable to that of a P2X4 tetramer than a trimer. The peaks are not likely to represent
aggregated protein as aggregates would be observed in the void volume ofotherc
Although it cannot be ascertained, column calibration may hbeen inaccurate as the
molecular weight markers were run in the presence of detergent and so ¢tavd affected

the molecular mass of the individual protein standards; if this was the case, it is possible that
both proteinswere forming stable trimers in DDM. The gel filtration results showed that a
larger proportion of hP2X4-GFP formed stable oligomers compared to zfPRX4Fig 3.5). In

light of this result | decided to discontinue working with the 6 hP2X4 mutant constructs.

The PFO-PAGE and gel filtration results ditfdrom one-another significantly for both the
hP2X4 and zfP2X4 protein constructs; PFO-PAGE indicated that the proteins all formed
mixture of monomers, dimers and trimers and gel filtration indéchfiormation of an oligomer

with a molecular weight higher than would be expected for a trimer. As zfP2XAva@$P
previously shown to form strong trimers in the presence of DDM, it was expeotéutrn a

trimer in both assays. It may be that although PFO-PAGE agptabe a valid technique for
assessing the oligomerisation state of DdP2XA, it is not valid for stuatfiegP2X receptors.

One possible reason for this is that while PFO preserves some oligomeric protein structures, it
may destabilise and cause dissociation of others. In this case, PFO appears to destabilise the
P2X4 oligomer and so is not sufficient for the solubilisation of hP2X#2K4.1. However,
Compan and colleagues have shown that in contrast, the oligomeric states of P2X2X&nd P
are efficiently preserved by PFO detergent with dimers and trimers observed with PFO-PAGE
(Comparet al, 2012). This suggests that small differences between the different P2X receptors

can affect the stabilising effect of PFO on oligomer structure preservation.

3.3.2 rP2X7-GFP was not expressed in mammalian cells

As well as hP2X4-GFP, the rP2X2-GFP, rPanx1-GFP and rP2X7-GFP constiarisfaested

into HEK-293 cells and their expression was assessed using western blotting. The wetstern blo
showed that of these constructs, rP2X2-GFP, rPanx1-GFP and hP2X4-GFP were expressed
successfully at varying levels in HEK cells. However the rP2X7-GFP construct was rssdexpres
(Fig 3.7). The reasons underlying the inability of HEK cells to express theGPRXbnstruct

are unclear. The addition of a tag to a protein can have significant effects on protein
expression. However, the fusion of a His-tag to a protein is unlikely te haveffect on

protein expression or activity due to its small size and charge (Tedrpk 2003). In addition,
Mohanty and Weiner looked into the effects of the size and position of tisddg on many

aspects of protein expression; they concluded that all combinations that were tegtkibg
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similar expression levels indicating that the His-tag is unlikely to be the umdedguse of
P2X7 not being expressed (Mohanty and Weiner, 2004).

The GFP tag is a much larger tag that was added to each of the protein constructs. Although it
is possible that the GFP tag is responsible for interfering with protein expregs@vipus

work has demonstrated the expression of rP2X7 with a C-terminal GFR HigKi-293 cells
(Ferrariet al, 2007). However the linker sequences whigtre cloned between the protein of
interest and the GFP sequence could have a significant effect on protein expré&sany,

2009; Minskaia and Ryan, 2013). The number of linker amino acidsecaritical for correct
protein expression and membrane targeting (Tavoulatisl, 2001). Therefore it is possible

that the linker sequences used in the rP2X7-GFP construct may have affected expression of the
protein. This would have to be further investigated by testing a range of Isdguences to
determine if the linker sequences are problematic. In addition, the linker sequenceimised
previous work where P2X7-GFP expression was successful could be cloned intXiha €52
GFP-His construct and expressed in HEK cells to see if there is an improveagmeasion

levels.

Another difference between other expressed P2X7 constructs and the rP2X7-TCS-GFP-His
construct is the addition of the TCS and the His-tag to the C-terminus of the presgiiting in

a very lengthy C-terminus. Thus one possibility is that the extensive @itesmof rP2X7244

amino acids in length, and is extended by the addition of the TCS, GFP tag-éag, daused

the protein to become unstable and degraded by the cell. The C-terminus of the GFIX2-

and hP2X4-GFP protein constructs are considerably smaller consisting ahd23b amino

acids respectively, before the addition of the tag. In addition, the larger of the two (rP2X2-GFP

is expressed at significantly lower levels than hP2X4-GFP. It is possible Eagthy C-

terminus has a negative effect on protein expression levels.

3.3.3 Expression, glycosylation and localisation of hP2X4-GFP,
rP2X2-GFP and rPanx1-GFP in HEK cells

The confocal images of HEK-293 cells transiently transfected with hP2X4-GFP showed that the
protein had a punctate distribution throughout the cytoplasm with lowelevat the plasma
membrane (Fig 3.11). The intracellular localisation of hP2X4 was prgviebslvn to
correspond to localisation at endosomes and lysosomes where it is thougkt¢oriiinuously
recycled to and from the plasma membrane due to its roles in synaptic transmission

(Bobanoviket al, 2002). hP2X4-GFP underwent high mannose glycosylation in HEKH893 c
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(Fig 3.12) with a reduction in molecular weight observed upon incubation with Endo H
However it did not display complex glycosylatidimese results are in contrast to a previous
report where P2X4 was shown to possess both high mannose and complexylglfaosin
NRK (normal rat kidney epithelial) cells (Qurestal, 2007). Glycosylation of P2X4 is known to
be important to protect the receptor from degradation when localised to endosomek an
lysosomes (Qureshiét al, 2007). However whether or not high mannose glycosylation is

sufficient to prevent degradation in lysosomes has not been determined.

In contrast, FSEC showed that the majority of the purified rP2X2-GFP protein formed protein
aggregates and a smaller peak30 kDa that may represent free GFP following purification
from HEK-293 cells suggesting that the protein is not forming trimers amtidamg correctly

in these cells. If the gel filtration protein standarale correct, one possible explanation for
these results is that the GFP was degraded/cleaved from the P2X2 receptor during gel
filtration, this may explain why a larger oligomer cannot be observed. Unfortunately, ehik yi
was too low for peaks to be observed on the UV trace and thus we cannot determine the
oligomeric state of P2X2 from these experimeninaging of HEK-293 cells transiently
transfected with rP2X2-GFP shedvthat the protein was localised mostly within the cell with
some expression at the cell membrane. This is not typical of rP2X2 localisatieKi893 cells
according to previous experiments. For example, wild type P2X2 and P2X2-Glctsons
were expressed in HEK-293 cells and olfactory bulb neurons by Bobanovik and colleagues; both
constructs were localised predominantly to the cell surface in both cell types (Bobatalik
2002). In addition, an experiment by Vulchan@taal, 1996 showed that P2X2 was expressed

at the cell periphery in HEK cells. The deglycosylation assays show that rP2X2-GFP underwent
high mannose glycosylation but not complex glycosylation in28B8Kcells. This is in contrast

to previous work that showed that rP2X2 underwent complex glycosylatiblEK cells (Young

et al, 2008). Removal of 2 out of the 3 glycosylation sites located on the eltdac domain

of P2X2 led to a large reduction in channel function and trafficking to thewdfice (Newbolt

et al, 1998). Additionally, P2X receptors are synthesised and undergo core glyoosyldtie
endoplasmic reticulum before being transported to the Golgi apparatus for further
glycosylation to allow transportation to the cell surface. The differences observe@Xga P
distribution in this study and others may haleen as a result of the incomplete glycosylation

of this rP2X2-GFP protein construct, and this may have, in turn, had an effect on theepiggom
state of the protein. However, the gel filtration results are particularly difficalirterpret

because western blotting showed that GFP remained bound to the P2X2 proteiwifigilo
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extraction from cells and solubilisation in detergent throughout the putiiceprocess with
no free GFP observed with a GFP antibody (Fig 3.7, 3.8). This wooidearitat the 30 kDa
peak could not represent free GFP and as it smaller than a P2X2-GFP mohameld e
assumed that the column has not been calibrated correctly. In addition, this pkales than
the peaks observed for rPanx1-GFP, hP2X4-GFP and zfP2X4-GFP samples tisatmed to

represent free GFP.

The localisation and glycosylation state of rPanx1-GFP correspahusely to what has been

observed previously. The majority of the protein is localised to the plasma membsaoiher

groups noted for mPanx1 (Penuadaal, 2009) and hPanx1 (Met al, 2009). rPanx1-GFP was

sensitive to cleavage by Endo H, indicating that it endured high mannosesggtion. In

addition, further cleavage was observed following incubation with PNGase F suggesting the

protein also underwent complex glycosylation in HEK cells, in agreement withbywd@&assa

et al where it was shown that complex glycosylation is important for membrane tagyetin

(Boassaet al 2007). Crosslinking experiments were also used to demonstrate that rPanxl

channels were capable of forming hexameric assemblies (Beasda2007). However when

the rPanx1-GFP construct was purified from HEK-293 cells and analysed Qyragieinfi

chromatography there was no evidence to suggest the formation of hexamersdjaity of

the protein was present in two distinct peaks corresponding to molecular weidhts &Da

and 156 kDa. These peaks are likely to account for free GFP and dimeric protein respectively
v ]8]1}v o Z<Z}po -@El[flutdfescéncd waceras observed in the void volume that

was likely to be aggregated protein. Therefore although the protein amokdo be

glycosylated and localised correctly, it may not have formed hexameric chanrdEKi¥293

cells and consequently may not be functional. To determine whether or not tbteip is

functional, electrophysiology and biochemical experiments would have etopérformed.

However, these experiments were not undertaken due to time constraints.

The results from this chapter suggest that the rPanx1-GFP construct can be expressed and fully
glycosylated in HEK-293 cells. In addition, confocal microscopy experimensdstiat it was
localised to the plasma membrane. However, whewads removed from the membrane and
solubilised in detergent, it appeared to form predominantly dimers and free GdiPating

that either (i) the proteinwas not sufficiently solubilised by DDMi) (the proteinwas not
forming hexamers in HEK cells i) Column calibration was incorrect and the observed peaks
corresponded to different molecular weights. However, as the observed peak (156 kDa) was

smaller than the peaks for zfP2X4-GFP and hP2X4-GFP (466 kDa), if zfP2xdiHBRR4-GFP
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were forming trimers as expected, the rPanx1-GFP could not be formingmiees. If,
however, the P2X4 constructs were aggregating, it is possible that rPanx1-GFP wag form
hexamers and rP2X2-GFP forming trimers. A much more detailed analysis of these protei

constructs would be required to determine the correct molecular weight of these constructs.

rP2X2-GFP and hP2X4-GFP underwent core glycosylation but noekatyglosylation in HEK
cells; thiswas in contrast to published data regarding P2X2 and P2X4 in the past wiberikby
undergo complex glycosylation in HEK cells. One explanation is that the lack of complex
glycosylatiorwas preventing the protein from reaching the cell surface efficiently and this may
have resulted in the majority of the protein being expressed within the cell rather than at the
surface. Additionally, incomplete glycosylation may have had an effect on theafion of
functional oligomers. Alternatively, GFP tagging of the protein may have causedeirt
trafficking and glycosylation of P2X2 and P2X4. However there is little egitteraggest that
C-terminal GFP tagging of proteins has a negative effect on proteinskiaal (Palmer and

Freeman, 2004; Lampirgg al,2007; Skubet al, 2010).

3.3.4 Conclusions
zfP2X4-GFP, rP2X2-GFP, rPanxl1-GFP, hP2X4-GFP and hP2X4:onsGBE&s were
successfully expressed in HEK cells. hP2X4-GFP appeared to form a higher level of stable
oligomers in detergent than zfP2X4-GFP but the exact oligomeric state of fiessins
remains to be determined. In addition, the expression levels of hP2X4-GEPRsignificantly
higher. However, rP2X2-GFP and rPanx1-GFP did not form stable trimers and risexame
respectively in detergent when purified from HEK cells. Although rPanx1-GFP expression
observed at the cell surface, both rP2X2-GFP and hP2X4-GFP were expressed predominantly
intracellularly as expected for hP2X4-GFP due to localisation to lysosomes and engsom
However rP2X2-GFP is usually localised mostly to the cell surface in HEKnegllessible
reason for thiswas that the GFP interfered with the correct glycosylation and trafficking of
rP2X2-GFP.
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Chapter 4 Expression of rP2X2 and
rPanx1 in the Drosophila eye

4.1 Chapter 4 introduction
4.1.1 The fruit fly, Drosophila melanogaster

The fruit fly,Drosophila melanogastehas been used as a model organism for a great variety
of biological and genetic research applications for many years due to their cheagemance
costs, short life cycle and fully sequenced genome, allowing manipulation ahgsesnof many
aspects of their genome and proteome (Adaetsl, 2000). In addition, a system has been set
up allowing a transgene to be expressed in any tissue of the fly under control GlaldeUAS

system.

4.1.2 TheGal4-UASystem
The Gal4-UASsystem, present in yeast, is used for specific and targeted gene expression
(Laughon and Gesteland, 1984). Gal4 encodes a large regulatory protein (88laaidig)oof
two galactose induced gene§all and Gall0 in yeast $accharomyces cerevijadt was
discovered by Guarente and colleagues that Gal4 binds to four specific 17 base pair sequences
within DNA sequences, these sites are known as Upstream Activating Sequences (UAS)
(Guarenteet al, 1982). Using this knowledge, Fischer and colleagues went on to demonstrate
that Gal4 could be used ID. melanogasteto direct expression of a reporter gene under the
control of a UAS promoter (Fischetral, 1988; Duffy, 2002; Brand and Perrimon, 1993). Vitally,
the Gal4 protein itself appears to have no significant deleterious effects otheophila
phenotype (Duffy, 2002).
Applying this system t®rosophila it is now possible to express a target gene in any specific
tissue of the fly using a designated promoter cloned upstream of the Gal4 prétdiprary of
such fly stocks is readily available from Bloomingtons stock centre. Cloning a target g
downstream of a series of UAS sites (minimum of 3) will allow specific activation afetinat
under the control of the Gal4 driver (Pfeiffer al, 2010)
Initially a transgenic fly containing the target gene under the control of the UAS promoter is
generated (see section 4.1.3). These flies are then crossed with flies carrying a Gal4 driver for

controlled gene expression, this process is illustrateligr.1. In the absence of a Gal4 driver,
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the target gene will remain silent, although a very low basal level of transcriptionazm in
some cases.

UAS sites
Gal4 — | [ [ [ Gene X =

D x

/_> Gal4
'% protein —>

Protein X

Gal4 | ™ GeneX =
Tissue-specific expression of Gal4 Gal4 drives expression of Genspédific tissue

Figure 4.1t Schematic of the Gal4-UAS systenaturally present in yeast and transferred fi
use in fruit flies following evidence that GAL4 is able to induce transariptioD.
melanogaster(Fischeret al, 1988) Upon production of GAL4 in a tissue of choice designe
by the promoter, GAL4 binds to the UAS sites of a target gene, resulting in specific, ta
expression of a protein of interest.

For example, the glass multimer reporter (GMR)-Gal4 driver will promote expreskian o
protein under the control of the UAS promoter in the photoreceptor cells of Dinesophila
eye, in all cells posterior to the morphogenetic furrow (Kramer and Stave@®8). This driver
represents a pentameric repeat of the glass binding site, an enhancer region of the Rimodop
1 (Rh1l) promoter. However it has been shown to drive a higher level of targetimprote
expression when compared to the natural Rhodopsin-1 promoter, knomnina&(Panneelst

al, 2011).

4.1.3 Generating transgenic flies
To incorporate transgenes into tHerosophilagenome, recombination at specific sites can be
pe X dZ ]S *% ]J(] ]JvS PE ¢« (E}u WZ P " ii u htBandE }u ]v
attP recognition sites and can be used for the generation of transgenic flies (Tlebrpe
1998; Grothet al, 2004). Two such transgeriitosophilafly lines,attP40andattP2, contain an
intergenicattP site on the third and second chromosome respectivElydogenous sources of
"ii Jvd§ PE « A E P v @EesSto cjgurd@nt the problems associated with co-
injecting integrases, and thus raising the transformation efficiency (Bateestaal, 2006,

Marksteinet al, 2008) pUASTattB is a vector containing aaittB recognition site that allows it
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to be recombined into the specifattP site in the fly genome, integrating the cloned transgene
into Drosophilaunder control of SUASsites. In addition, the vector containsvéhite gene

which enables visual selection of flies with the specific, targeted transgene. This gene is
responsible for restoring the orange eye colour in the white egB®2 and attP40 fly lines

(Bischotet al, 2007) thus transgenic flies can be selected based on eye colour.

4.1.4 Expression of proteins in th®rosophilaeye
The visual system ddrosophila melanogastes incredibly complexeach photoreceptor cell
contains a specialised membrane system that has evolved to hold millfon®lecules of
rhodopsin, the light-absorbing visual protein of the eye (Zwtaal, 1996). The compound eye
is made up of approximately 800 unit eyes, termed ommatidia (PiclaaddDesplan, 2001),
each of which holds 8 photoreceptor cells (R1-R8) (Fig 4.2 A).

Photoreceptor cells consist of a main cell body and a membranous structurdyabhdomere,

that ]« %% E}A]Ju § oC iii ...D ]Jv o vVPSZ v Je u 1W0i% $|PZ3@EQ--
folded microvilli (Fig 4.2 BJCKumar and Ready, 1995). Each microvillus is around 60 nm wide

and 11 ...D ]v o vP$§Z PhugeBurdoerarea of approximately 3t&.2 nf membrane

per cell (Hardie and Raghu, 2001).

A B

Figure 4.2 t The Drosophila visual system.(A) Section through adult eye. Individu
photoreceptor cells (7 visible) within ommatidia in the eye can be distingdi$fom their
dark circular rhabdomeres [Freeman, 2002printed with permission from Wiley]. B
Diagram of an individual photoreceptor cell showing the position of the rhabden&viC =
submicrovillar cistaernae [Hardie and Raghu, 2001]. (C) Scanning electrograptr of a
single rhabdomere organised into tightly packed tubular microich microvillus is
approximately 60 nm in diameter and2ldm long. Fig 4.2B/Grinted by permission from
Macmillan Publishers Ltd: [Nature] (Hardie and Raghu), copyright (2001)
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The photoreceptor cell subtypes (R1-R8pmosophileexpress different isoforms of rhodopsin.
R1R6 express only Rhodopsin 1 (Rh1), encodedrak the dominant form of rhodopsin that
absorbs blue light. R7 cells express either Rh3 or Rh4 which are UV light absorleicigiesol

R8 cells express either Rh5 or Rh6 which absorb blue and green light respectively (Earl and
Britt, 2006). All rhodopsin isoforms are first expressed during pupal develapnrelatively

close together in time, with the onset of rhodopsin 1 expression occurring &hsirtly
followed by that of rhodopsin 3, 4 and 5 concurrently. Rhodopsin 6 is théolést expressed,
shortly after Rh3, Rh4 and Rh5 (Earl and Britt, 2006).

In Drosophila melanogastgphototransduction involves a G-protein-coupled phosphoinositide
pathway. Rhodopsin is converted to metarhodopsin upon photoisomerisatimtivating
heteromeric Gq protein and releasir@Z ‘'<r ey pv]S-'GN'd¥ Z vP X dZ '<r epu pv
subsequently activates phospholipase C resulting in the hydrolysisofoRFR2 and DAG. The

increase in DAG or the reduction in AE®¥els has been hypothesised to lead to activation of

the light sensitive channels, TRP and TRPL (Hardie, 2001).

The membranous structure of the fly compound eye, the rhabdomere, has been exploited t
exogenously express a number of different membrane proteins, with the aim of ovargomi
some of the problems faced with low membrane protein yields using convengéxpagssion
systems. Panneels and colleagues trialled expression of ten different membrane proteins
representing 3 important classes of membrane proteins (GPCRs, transporters and channels) in
the compound eyes dDrosophila(see Table 4.1). Their results revealed the large capacity of
the photoreceptor cells to express high levels of membrane protein, with expressiels lof

some targets nearing the natural levels of rhodopsin. The level of rhodopsin expriestge
membrane stacks was unaffected by the expression of other proteins. The resulting yield
varied from 0.2t 0.4 mg of purified membrane protein per 10,000 flies. Furthermore this
system provided a more homogeneous population of protein when comparedstxtircell
expression, ideal for crystallisation and structural studies (Panetels 2010; Panneelst al,

2011).
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Table 4.1t Expression levels of membrane proteins in tligrosophilaeye. The specific
protein and species are shown in column 1; the protein family each praigiongs to is
shown in column 2. The expression level of each protein is shown in c@uRhodopsin 1
(endogenous) represents naturally expressed rhodopsin in the eye. Rhodofixiasbghila

represent exogenously expressed recombinant GFP-fused rhodopsin-1. MP = men
protein (Panneels and Sinning, 2010).

Membrane protein Protein family Expression level [pmol/mg
total MP]
Rhodopsin-1 (Endogenous) GPCR 272-544
Rhodopsin-1@rosophila GPCR 502
V2R (Human vasopressin receptd GPCR >1000
CCR5 (Human chemokine recept GPCR 555
DmGIuRA (Drosophila glutamate GPCR 226
receptor)
MGIuURS5 (rat glutamate receptor) GPCR 192
ChR2Clamydomonas Channel 206
channelrhodopsin)
SERTOrosophilaserotonin Transporter 493
receptor)
SERT (Human serotonin recepto Transporter 220
EAAT2 (Human glutamate Transporter 173
transporter)
EAAT1Drosophilaglutamate Transporter 716
receptor)

4.1.5 Protein glycosylation in insects
Glycosylation of proteins in insects differs significantly from that in vertebratesertebrates,
there are three species of N-glycosylated proteins; (1) non-glycosylated mp(8)ncore, high
mannose glycosylated proteins and (3) complex glycosylated proteins that haeegond
further modifications in the Golgi (Freeman, 2000) (see introduction section fh.@ore
details). Correct glycosylation of membrane proteins is often essentialdarbrane targeting
and function. However, in insects, complex glycosylation is a very rare witarthe majority

of N-glycosylated proteins existing as core glycosylated forms (Rendic2008). This may
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affect the expression profile of membrane proteins expressedrosophila melanogaster
However, complex glycosylation of proteins can cause problems for cgeialti of proteins
and structure determination due to the heterogeneity of the protein sample. Consequently if
the protein is functional and targeted to the membranelrosophilathe lack of glycosylation

may be advantageous for purification and structure determination (see section 1.2.2.4).

4.1.6 Aims of this chapter

In this chapter | aimed to express a number of membrane protein constructs Drisophila

eye, to achieve a high yield of homogeneous, functional protein for jwatibn and structural
studies. rP2X2-GFP, hP2X4-GFP and rPanx1-GFP constructs were expressecbgopinda

eye, which does not naturally express any P2X recemoPanx channels, and proteins were
purified using a number of different techniques including ion exchange chromatography, nickel
affinity chromatography and immunoprecipitation. In addition the glycosyfatiand
oligomeric state of these proteins was investigated using deglycosylation aasdysize

exclusion chromatography.
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4.2 Chapter 4 results
4.2.1 Expression of membrane protein constructs in the fly eye

A fly line expressing ASeGFP (obtained from Bloomingtons stock centre) was crossedawith
GMRGal4 driver fly line and Rh1Gal4 driver fly line to compare the ability of each driver to
express high levels of GFP in sophilaeye. Visualisation of the fly eye under fluorescent
conditions (using U-M401001 filfeshowed that theGMRGal4driver promoted a higher level
of expression of eGFP in the eye compared withRhé&Gal4 driver (Fig 4.3) and hen&MR-

Gal4dwas used for expression of all membrane protein constructs in the following experiments.

Figure 4.3t GMR-Gal4 drives a higher level of eGFP expression in the eye tRdri-Gal4
(A)UASeGFP expressed under control of tRe1-Galdriver. (B)JUASeGFP expressed unde
control of theGMR-Galdriver. Fly heads visualised under fluorescent conditions.

To ensure that all the membrane protein was efficiently separated from the cytoplasmic

protein during membrane protein extractiorn from flies, membrane and cytopiagotein

(E 3]lve A E 0}S§ (}JE EZ} }%+]v ~actin EyteplastmiEprdtdin)e v
DuEVvV %E}S Jv (E 3]}ve A E <Z}Av 3} }wektihvAdEifonagi%o«]v
C3}%o0 su] (E 3]}ve A E - zpdnvaril}nof} shdddpsin, indicating that the

membrane protein extraction method is working correctly (Fig 4.4).
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Figure 4.4t Membrane and cytoplasmic protein fractions were efficiently septed after

protein extraction from fly headsProtein preps were made from 200 control fly heads a
membranes were separated from cytoplasmic proteins by high-speed centrifugationeWe
blots were performed using the cytoplasmic and membrane protein fractions witlar(#)

rhodopsin [DSHB] and (B) arttiactin [abcam].

Initially, transgenic flies expressing UAS-hP2X4::His (hP2X4-His) on the secormsatm®m
(attP40 landing site) were generated and crossed WiMR-Gal4BL8121) flies. However, very
little or no protein expression was observed using either anti-His or anti-R2Kdodies
(results not shown). It was then decided to couple constructs to eGFP for ease of detection,
and to extend the study to other ion channeldlies expressing UAS-hP2X4::GFP (hP2X4-GFP),
UAS-rP2X2::GFP (rP2X2-GFP) and UAS-rPanx1::GFP (rPanx1-GFP) transgene®mah the sec
chromosome (attP40 landing site) were subsequently generated and crosse®GiitrGald
(BL8121) flies. Membrane protein was extracted from approximately 200 prdyemgads

and western blotting was used to detect expression of the protein constructs in tha)2-

GFP (approx. 8@ 85 kDa) and rPanx1-GFP (approx.t&® kDa) were successfully expressed
(Fig 4.5E). These GFP fusion proteins were also visualised in the egeflusiescence
microscopy (Fig 4.5 B/D). However, in confirmation of the previwgative result with hP2X4-

His, hP2X4-GFP did not appear to be expressed in the fly under the conBMRGal4 (Fig
4.5E). The effect of fly maintenance temperature and the number of copies of each transgene

was also investigated. The data showed that a higher protein expression level wasedbtai
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from rP2X2-GFP flies with 2 copies of both the rP2X2-GFP transgene arMdRh&&4 driver.
In addition, the temperature at which the flies were maintained did not appear t@ hdarge

effect on protein expression levels (Fig 4.5F).
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P2X-GFP

Panx1-GFP

P2X2-GFP
monomer

Figure 4.5t rP2X2-GFP and rPanx1-GFP were successfully expressed Drdkephilaeye.
rPanx1-GFP expressed in the fly eye under the control ofGRHR-Galddriver visualised
under bright field conditions (A) and fluorescent conditions (B). rP2X2-GFP expiesbed
fly eye under the control of th6&MR-Gal4 drivevisualised under bright field conditions (!
and fluorescent conditions (D). Scale bars = 200 um. (E) Western blobteinpextracted
from control flies and flies expressing hP2X4-GFP, rP2X2-GFP and rPanxti€sk@ntrol
of the GMR-Gal4 driver (lanest¥) and transfected HEK cells appropriately (laneé®B[anti
GFP, Invitrogen]. 10 pg membrane protein loaded per lane. (F) Western blobtefnp

ESE § (E}u (0] » }( A E]}ues P v}IEC% « -E&WE %W T WS C
of the rP2X2:&W 3E veP v us v} E]JA E 8} JV-1&W E%XH Zs ]}
of the rP2X2:&W SE veP v v 3Z -GEPAGHRSIZEWIy] » E Z}
for the rP2X2:&W SE& veP v puS }voC %o}ee *¢ }v }%C -J&WZZY}
flies are homozygous for both the rP2X2-GFP transgene and the Gal4 driver. RT
temperature) or 25°c indicates the temperature at which the flies were raised. Lc
molecular weight bands are assumed to be non-specific bands. 10 ug membranenp
loaded per lane.
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To confirm the presence of the transcript and message for hP2X4-His and hP2X4#i&sP

that did not appear to express protein, total DNA and RNA were extractedHfR2X4parent

flies, w; hP2X4; GMR-Galdies, hP2X4-GFPRarent flies and whP2X4-GFP; GMR-Gdliés.
Specific primers were used to amplify th@2X4and hP2X4-GFRonstructs from the DNA

using PCR. In addition these primers were used on a cDNA prep made from the RNA extracts.
The results showed that theP2X4DNA was present in both parent flies and flies also carrying

a GMRGal4 driver (although bands are faint in DNA preps made ffB2X4-GFparent flies

and hP2X4-GFP; GMR-Gdlis due to poor quality DNA). In addition th&@2X4RNA was
present in w;hP2X4-his; GMR-Galand w;hP2X4-GFP; GMR-GalMies. LUSH primers
(responsible for amplifying a housekeeping gebh&lSH were used as a control to ensure
sufficient RNA extraction and cDNA preparatibR2X4and hP2X4-GFRector controls were

also included to confirm that the PCR reaction took place and the primers were abtgtifya

the DNA (Fig 4.6). These results show that the DNA and mRNA are successfully made in the fly
lines containing a Gal4 driver, therefore the problems underlying the low exprelesiels are

downstream i.e. during or after protein synthesis.

u\x \x \x
x & x > > o
& s & N S & & &
& Q" Q\V* & < & \ & <.}9‘
3 o W& g W W o \ SN A
P o gb gFb g g & A~ ¥
PRLH U U U Y DU & gb b b b A
' ' & &
1000— —1000

Fly RNAt P2X4 primers Fly RNAt LUSH primers Fly DNAt P2X4 primers

Figure 4.6t P2X4RNA is made imP2X4-his; GMR-Galdnd hP2X4-GFP; GMR-Gdlies.
PCR ohP2X4-hiand hP2X4-GFRom cDNA preps made from parent flias; hP2X4; 4and
w; hP2X4-GFP; respectively) which possess tid2X4transgene but no driver to induce
expression and flies expressing hP2X4 and hP2X4-GFP under control of tiieataMiRver
(w; hP2X4/+; GMR-G4/andw; hP2X4-GFP/+; GMR-Gal4éspectively) (underlined in blue]
PCR of housekeepirigJSHgene from cDNA prep of the same fly lines (underlined in
PCR ohP2X4-hisind hP2X4-GFIroim the same fly line (underlined in green). Vector contr
were also included to confirm working PCR conditions (Lane 13 and 14).
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DDM has been shown to work well for the solubilisation of several P2X receptoret(&i
2004; Mioet al, 2005; Mioet al, 2009; Kawateet al, 2009; Valenteet al, 2011), thus this
detergent was chosen for the solubilisation of rP2X2-GFP. To determine which wasgshe mo
efficient detergent to use for solubilisation of rPanx1-GFP, a detergent screen wagoused
compare a number of different detergents; DDM, FC-12, NP40 (nonyl
phenoxypolyethoxylethanol), N-O@loctyl glucosmine) and Triton (Triton-X-100), for protein
extracted from both HEK-293 cells and flies. The screen showed that FC-T2itandwere
efficient at solubilising protein from both HEK-293 cells Bnasophilawhereas DDM and N-
OG were less efficient at solubilising protein extracted from flies compared \Eiki293 cells.
NP40 was inefficient at solubilising proteins from both flies and HEKCQ8&3(Fig 4.7). FI2

was used in all experiments for the solubilisation of rPanx1-GFP. Tritonavahasen for

solubilisation due to its heterogeneous nature.
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Figure 4.7t Detergent screen for rPanx1-GHR) Western blot of rPanx1-GFP extracted frc
HEK-293 cells and solubilised in various detergents [anti-GFP, Invitrogesdchatetergent,
protein was extracted from a 35 mm dish of cells and solubilised in RIPA bliter
appropriate detergent. The insoluble pellet was resuspended RIPA buffer and thees:
supernatant fraction was collected. 10 pg protein was loaded in each lane. (B) Westeoh |
rPanx1-GFP extracted frorBrosophilaand solubilised in various detergents [anti GF
Invitrogen]. For each detergent, membrane protein was extracted from 200 flies
solubilised in sucrose buffer. The insoluble pellet was resuspended in sucrose buffer a
soluble supernatant fraction was collected. Protein from the equivalent of ten flies weedo
in each lane. Detergent concentrations used% DDM, 7.5mM FC12, 1% NP40, 1% N-OC
Triton.
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4.2.2 Glycosylation of rP2X2-GFP and rPanx1-GHPrasophila
The N-glycosylation state of rP2X2-GFP and rPanx1-@&mPwestigated by incubating the
proteins with Endo-H and PNGase F and investigating any changes in molecglat. wei
rPanx1-GFP did not undergo cleavage by either Endo-H or PNGase F suggeatngpt N-
glycosylated in the fly. However, a reduction in the molecular weight of rP2X2eléWing
incubation with Endo H was observed suggesting it underwent high mannose glycosiiatio
the fly. However, as expected, neither protein underwent complex glycosylation in this system
(Fig 4.8).
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rPnx1-GFP flies rP2X2-GFP flies

Figure 4.8t N-linked glycosylation of rPanx1-GFP and rP2X2-GERrasophila (A) Western
blot showing rPanx1-GFP extracted frAmosophilabefore (control) and after incubation witt
Endo H or PNGase F [anti-GFP, Invitrogen]. No decrease in molecular weight weasdol
indicating the protein is not glycosylated. Blot representative of 2 assays. (B) Wedér
showing rP2X2-GFP extracted fr@rosophilabefore (control) and after incubation with End
H or PNGase F [anti-GFP, Invitrogen]. A reduction in the molecular weight of GIFE
following cleavage by Endo H is observed indicating high mannoseyhtaan inDrosophila.
Blot representative of 3 assays. GO relates to the non-glycosylated protein, G1 relhigb-tc
mannose glycosylated protein.
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4.2.3 Purification of membrane proteins expressed in fly eyes
For small scale purification trials, membrane protein was extracted and purifed fr
approximately 150 - 200 wP2X2-GFRGMR-Galdand w;rPanx1-GFP; GMR-Gdlies using
nickel affinity purification. Western blotting with an anti-GFP antibody demonstrated thtt bo
proteins successfully bound to nickel beads with no/very little protein a@mg in the
flowthrough/unbound fraction. Some of the rP2X2-GFP protein was successtuéy &lith
500mM Imidazole; however a large proportion remained bound to tickel beads (Fig 4.9A).

The majority of rPanx1-GFP protein was successfully eluted with 500 mM Imidazol&8rig 4
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Figure 4.9t Nickel affinity purification of rP2X2-GFP and rPanx1-GFP {2&€). (A) Western
blot showing nickel affinity purification of rP2X2-GFP from approx. 200efigs [anti-GFP
Invitrogen]. (B) Western blot showing nickel affinity purification of rPanx1-GFP dppmrox.
150 fly heads [anti-GFP, Invitrogen]. The equivalent of membrane protein ®onilies is
loaded per lane. Total = Total protein from initial membrane protein extrac&towthrough =
% E}S v Azl Zz 1 v[s 1v 8} v]lo sU t «Z ilo A (0}ASZ
with wash buffer, elution = protein eluted with 500 mM Imidazole, Beads =ejiraémaining
stuck to beads after elution.
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Purification of rPanx1-GFP was then performed on a larger scale; membrane pr@tein
extracted from approximately 2,000 wPanx1-GFP; GMR-Gdl¢ heads and purified using
nickel affinity chromatography. As shown in Figure 4.10A, the majority of the iprote
successfully bound to nickel beads but a large amount was not eluted witmiddzole and
remained bound to the nickel beads. In addition, a Coomassie-stained gel showed ¢jeat lar
numbers of other proteins were also present in the elution, indicating that the pdrjfrotein
fraction contained many contaminating proteins. In addition a band was netreled at 65t

70 kDa, the molecular weight of pure rPanx1-GFP (Fig#.10B
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Figure 4.10t Nickel affinity purification of rPanx1-GFP (2,000 fli€s) Western blot showing
nickel affinity purification of rPanx1-GFP extracted from approx. 2,000 fly heatdsdgaP,
Invitrogen]. Protein from equivalent 10 heads loaded per lane. (B) Coomassiegstggh of
elution fraction following nickel affinity purification of rPanx1-GFP (appr6g. fiy heads
loaded). 1 ug BSA control is shown for reference.

To try and improve the purity of the protein extracted from flies, alternative pmation
strategies were attempted. The next approach, in this case in an attempt to puri§2+8EP
from flies, was immunoprecipitation using a GFP antibody. Membrane proteirextesscted
from 1,800 w;rP2X2-GFP; GMR-Gaf§4 heads and incubated with the GFP antibody
[Invitrogen]. The protein-antibody complexes were then captured using prdtés agarose
resin. The purified protein was denatured and separated by SDS-PAGE, blotted \aithi-an
GFP antibody (Fig 4.11A) and stained with Coomassie (Fig 4.11B). A faint bandemaesdoddt
approximately 80 kDdhat was assumed to be purified rP2X2-GFP. Additional bands were
observed at 25kDa and 50kDa representing the light and heavy chains of the iglwiwuim
respectively (Fig 4.11). Although the protein elution following immunoprtion appeared
relatively pure, the yield was low (1 ug BSA can be used for reference). The detedtianf lim

the Coomassie stain used was approximately 100 ng and since the band was very faint, the
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band appeared to be close to this limit, we estimated that 500 fly heads equated to
approximately 100 ng pure protein (Fig 4.11). Immunoprecipitation expetsnevere

performed by Hannah Garrard.
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Figure 4.11t Immunoprecipitation of rP2X2-GEFMMembrane protein was extracted fron
1,800rP2X2- GFP; GMR-Gdl¢ heads and purified using immunoprecipitation with a Pz
antibody [Alomone, 1:2000]. (A) Western blot of IP fractions [anti-GFP ,dgeiif. Equivalent
10 fly heads loaded per lane, 50 fly heads loaded in elution (accounts for higher expr:
levels). (B) Coomassie-stained gelpurified protein from approximately 500 fly heac
[Elution], 1 ug BSA is shown for reference (data - Hannah Garrard).

To distinguish between the possibilities that (1) the yield of protein expresséte fly was

low or (2) a large amount of the protein was lost during the immunopre&tipn procedure,

further purification procedures were investigated. Membrane protein was extracted from
1,800 fly heads and purified using the GFP-TRAP system [Chromotek] for botHaiPRXéRd
rPanx1-GFP (Fig 4.12). However, the protein constructs did not bind to the GFP-TRAP beads (all

protein was found in the flow-through fraction) and the purification was unsuccessful.
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Figure 4.12t GFP TRAP of rPanx1-GFP and rP2X2X¥Eftern blots of rPanx1-GFP (A) a
rP2X2-GFP (B) protein fractions frAmosophilaafter GFP TRAP purification [Chromotek] [a
GFP, Invitrogen]. Membrane protein from vPanx1-GFP; GMR-Gal4 fligg andw; rP2X2-
GFP; GMR-Galflies (B) was extracted from 1,800 fly heads and incubated with GFP-

X P E}s &d A %E}S ]v AZ] Z ] v[8 ]Jv 8} }viE}o
% E}S Jv }upv S} P E}e X '&W e &d A % EYE Vv 4
Elution = protein eluted from GFP-TRAP beads GFP beads = protein remaipgagiomfter
elution.

Reverting to the use of nickel affinity chromatography, membrane proteins were first bound
sepharose beads to eliminate any proteins binding non-specifically to the segbead itself
(pre-clearance). Membrane protein was extracted from 500R2X2-GFP; GMR-Gélheads

and incubated with sepharose beads for 3 hours. The flowthrough from sepharose beads was
used for nickel affinity chromatography. The majority of the protein successfullpdotm

nickel beads and was eluted upon addition of 1M imidazole (Fig 4.13Agvdothe purified

fraction still contained high numbers of non-specific proteins (Fig 4.13B
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Figure 4.13t Sepharose bead and nickel bead purification of rP2X2RPGA) Western blot
showing sepharose and nickel bead purification fractions from 50P2X2-GFP; GMR-Ga
flies (anti GFP, Invitrogen). 10 fly heads loaded per lane. (B) Coomassie-stainezDgdly
heads of purified protein loaded [elution], 1 pug BSA is shown for reference.

To further purify the protein, ion exchange chromatography was used as a pre-purificatio
step before proceeding with sepharose bead and nickel bead purification. Membratesngro
were extracted from 5,000 wPanx1-GFP; GMR-G&ly heads and were separated using
anion exchange chromatography. rPanx1-GFP was eluted from fraction 12 onwartdseand
majority was eluted in fractions 1216. These fractions were collected and pooled (Fig 4.14A).
The pooled protein was incubated with sepharose beads and the flowthrough wasegurifi
using nickel affinity chromatography. The protein successfully bound to the fiekels and
was eluted with 1M imidazole (Fig 4.14B). Protein from the equivalent of 50@digshand
1000 fly heads was run on a gel and stained with Coomassie. The protein ataglebure
with 2 bands at approximately 70 kDa and 16200 kDa (Fig 4.14D). The purified protein was
separated using fluorescence size exclusion chromatography to assess the oligomeii¢ state

the protein. Two peaks were observed at approximatehkDa and %6 kDa (Fig 4.14E)
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Figure 4.14t lon exchange chromatography, sepharose bead and nitlezld purification of
rPanx1-GFP(A) Western blot of rPanx1-GFP fractions which were separated using .
exchange chromatography [anti GFP, Invitrogen]. FT = flowthrough, F = fraction. @addy
of protein loaded per lane. (B) Western blot showing sepharose bead and nickel a
purification of fractions 12 16 [anti-GFP, Invitrogen]. 10 fly heads of protein loaded per I
(C) Coomassie gel of purified rPanx1-GFP protein (Elution). The number of fly heads of
loaded is shown above the lane. A 1 pg BSA sample is shown for reference. (D) FSE(
profile of purified rPanx1-GFP from 5,000 flies (red). Two peaks are observed at fiHLt
and fraction 15 which correspond to molecular weights of approximately 186k 17 kDa
respectively. The FSEC trace previously shown for purification of rPanx1-GHREKED3
cells is shown in blue.
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The expression levels of rP2X2-GFP were compared in protein extracts frdp2x2-GFP;
GMR-Gal4and C155-Gal4; rP2X2-GKiole flies that express rP2X2 in the nervous system
under control ofC155,an enhancer trap line that expresses Gal4 under control ofethe
promoter via the P{w+=GawB}el&¥* transgene (Lin and Goodman, 1994Jhe elav
(embryonic lethal abnormal visual systerfunctions in nervous system development and
maintenance. (Campoat al ,1985, 1987). The western blot shows that per fly, the amount of
rP2X2-GFP protein is higher in flies when expressed under control of the peal-tiéver (Fig
4.15). Therefore for the final purification experimenftrP2X2-GFRE155; rP2X2-GRies were

used.

rP2X2-GFP
trimer

rP2X2-GFP
monomer

Figure 4.15t C155-Gal4drives a higher level of rP2X2-GFP expression ti@MRGal4d

Western blot comparing expression of rP2X2-GFP under the control of theeuaial (Ch5

Galg driver and eye (GMR-Gal4) driver [anti GFP, Invitrogen]. 10 flies |qaseldne. Blot
representative of 3 assays.

Membrane protein was extracted from 2,4@155 rP2X2-GFWhole flies and purified using
anion exchange chromatography, sepharose and nickel affinity purification as yskvio
described for rPanx1-GFP. During ion exchange chromatography, the protein was ieluted
fractions 12 to 21 with the majority in fractions 13 to 17 (Fig 4.16A). Tragtons 13t 17

were pooled and further purified. Although the protein successfully bound to nickel lzeabls

was efficiently eluted with 1M imidazole, the Coomassie-stained gel (not shown) contained a
very high number of impurities suggesting the purification was unsuccessful. As g resul

purification experiments witlC155; rP2X2-GFRlies were not continued.
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Figure 4.16t lon exchange chromatography, sepharose bead and nitlesld purification of
rP2X2-GFP(A) Western blot of rP2X2-GFP fractions which were separated using
exchange chromatography [anti GFP, Invitrogen]. FT = flowthrough, F = fractionn Piaiei
equivalent of 20 flies loaded per lane. (B) Western blot showing further purificatidp2ot2-
GFP by sepharose bead and nickel affinity purification of fractionst I¥ [anti-GFP,
Invitrogen]. 10 fly heads of protein loaded per lane.

4.2.4 Electron microscopy of rPanx1-GFP
The purified rPanx1-GFP was visualised using transmission electron microscopield loé
protein was low but the protein particles on the grid appeared to be relatitieljogeneous
(Fig 4.17). Due to time constraints, it was not possible to do extensivgsinal the particles
and thus symmetry of the particles was not investigated. However by measuring deg- cr
sections of 100 particles and making a number of assumptions, the estimated m#ss o

particles was determined.
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Figure 4.17t Transmission electron microscope image of purified rPat&EP rPanx1-GFF
was purified by IEC, IMAC and FSH. purified protein was concentrated and imaged
negative stained (2% uranyl acetate). TEM images were taken using a JEOL JENBR:
microscope. Images were processed using EMAN Boxer software.

The first assumption made was that the channel is a cylindrical shape. The shortest (L1) and
longest (L2) cross section of each of 100 particles was measured. The average L1 was 7.67 +
1.82 nm and the average L2 was 11.15 + 2.3 lrlrwas assumed to be the diameter of the

channel, L2 was assumed to be the length of the channel.

Using the equation: Volume of cylinde8¢ L & s®J v;.t, the volume of the cylinder was
estimated to be 515.18 nfnAssuming the average density of a protein is 1.35 gidFischer

et al, 2004) and the protein particles are solid blocks of protein with no waltedfcavities,

the mass of each particle was calculated as 6.95® g0 Each rPanx1-GFP monomer was
estimated to have a mass of about 1.17 x9@based on a molecular weight of 70 kDa. Thus
the mass of each particle equated to approximately 5.94 rPanxl monomers. These results

argue that, in contrast to the gel filtration results, rPanx1-GFP does form hexamers in
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DrosophilaHowever, due to the number of assumptions made during these calculations, and
the low number of particles measured, a much more detailed analysis on a larger scale is

necessary to come to any definitive conclusions.
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4.3 Chapter 4 +Discussion
4.3.1 Low-resolution structural studies of rP2X2 and rPanx1

Low resolution structures of both rP2X2 and rPanx1 have been published usingicbt &l,
2005; Mioet al, 2009; Ambroset al, 2010). For more details on these structures please see

sections 1.5.2 and 1.4.2 respectively.

4.3.2 Expression of protein constructs iDrosophila
rP2X2-GFP and rPanx1-GFP protein constructs were successfully expresseDrostiphila
eye (Fig 4.5). However, hP2X4-GFP and hP2X4-his constructs did not afy@eaxpoessed in
this system. The underlying cause behind hP2X4 not being expressed is uncleareiHbeev
DNA and mRNA are present in the flies also carrilieg GMRGal4 driver (Fig 4.6). This
suggests that the DNA constructs were successfully integrated into the genome and were
being transcribed in the presence of a Gal4 driver. One possibility is that the proteireimgs b
translated but immediately degraded by the cells, possibly due to misfoldirdytrars the
expression levels were very low and could not be observed by western blotting or fluorescence
microscopy. Alternatively the mRNA may not héeen translated efficiently, possipldue to

the presence of rar®rosophilacodons in the hP2X4 sequence.

Differences in codon usage between the construct to be expressed and the expression system
can have a significant effect on protein expression as was demonstrateddarhtmokine
receptor, CCR5 in mammalian cells (Mirzabekbwal, 1999). The Graphical Codon Usage
Analyser (GCAU) tool (accessed at http://gcua.schoedl.de/) was used to investigat® cod
usage of rP2X2-GFP, rPanx1-GFP and hP2X4-GFP to see if there were any significansdifference
between codon usage in the constructs and codon usag®rivsophilathat might have
affected protein expressiarHowever the mean difference between the rPanx1-GFP sequence
and Drosophila melanogastecodon usage was higher (21.27%) than for HiR2X4-GFP
sequence (20.7%) and thd”2X4-hissequence (18.75%) (See appendix IIl). In addition there
was little use of the codons that are rarely usedmosophilasuch as TTA (Leu) and GGG (Gly)
with relative adaptiveness values of 3% and 22% respectively (the relative adaptiveness values
are based on the frequency of the codons used for each amino acid; the codon with the
highest frequency is set at 100% relative adaptiveness and are all codahstf@mino acid

are scaled accordingly). This suggests that it is unlikely that any differences in usatgn

were responsible for interfering with hP2X4 expression.
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4.3.3 Purification of rP2X2-GFP and rPanx1-GFP
rP2X2-GFP and rPanx1-GFP were successfully expreddemsaphilaas shown by western
blot analysis and fluorescence imaging (Fig 4.5). Purification of protein constraots
Drosophilaeyes using nickel affinity purification alone was not successful as a largeenomb
other proteins bound to the nickel beads and eluted upon the addition afa@ole (Fig 4.10).
Work performed by Lichtet al compared the use of a number of affinity tags (including his-
tag, Strep-tag, calmodulin-binding-peptide and FLAG-tag) to puifyoli dihydrofolate
reductase fromk. coli Drosophila yeast and HelLa extracts. Whilst purification via the his-tag
provided moderate purity fronk. coliextracts, the purity was poor fror@rosophila yeast and
HelLa extracts. Conversely, purification frobrosophila extracts using a strep-tag and
streptactin resin or a FLAG tag and FLAG monoclonal antibody provided a muahpligty
of eluted protein (Fig 4.0gLichtyet al, 2005). Consequently, to improve protein purification
using theDrosophilasystem, the K-tag should be replaced with either a strep-tag or a FLAG-

tag for purification purposes.

Figure 4.18 t Comparison of multiple resins for purification of tagged DHFR (&l
dihydrofolate reductase) protein fromDrosophila extracts. CBP = Calmodulin bindin
peptide. CAM = calmodulin. STFStrep Il tag. Lane 1 shows protein input. Lane 2 (Talon ¢
shows purification of DHFR via its Hig-using a Talon resin. Lane 3 (CAM CBP) st
purification via a CBP tag on a calmodulin resin. Lane 4 (Strep-tactin STR) shbeatiquoir
via a Strep Il tag on a Strep-tactin resin. Lane 5 (M2 mAb FLAG) shows purificatiBhAda
tag using a FLAG monoclonal antiboBeprinted fromprotein Expression and Purification
41(1), Lichtyet al, Comparison of affinity tags for protein purification , p98-105., Copyrighi
(2005), with permission from Elsevier.

The approximate yield of pure protein obtained from tBeosophilaeye using ion exchange

chromatography (IEC), sepharose and nickel affinity chromatography wasPhpxfl-GFP per
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500 fly heads (Fig 4.14). However previously published data showed purified protgin
yields of up to 0.2t 0.4 mg protein per 1g of fly heads, this roughly equates to 10-20 pg
protein per 500 flies (Panneeét al, 2011). Therefore the rPanx1-GFP yield ist 2D fold
lower than what has previously been obtained for other membrane proteins in tisieray
which included 10 proteins from three major classesGPCRs, transporters and channels
(Table 4.1). It is unclear whether the starting yield of protein expressed iDrthgophilaeye is
much lower or if the lengthy purification process resulted in a large logsatéin. To help
distinguish between these two possibilities, a hon-denaturing gel and Gi#ddncould be
used to compare the yield from a whole protein extract to a known concentration oP ¢GF

see if this differs significantly from the yield of pure protein that was obtained.

However, when the protein (rP2X2-GFP) was purified using immunoprecipitatioery low

yield of protein was also obtained with an estimated concentration of 100 ng pefljb8@ads

(Fig 4.11). This suggests that the protein expression levels are I@vosophilaas both

purification methods give a low yield of purified protein. However tledyof rP2X2-GFP
protein purified by immunoprecipitation was approximately 10-folvéo than the yield of

rPanx1-GFP purified by IEC and nickel affinity chromatography. This differencébecasda

result of the differing expression levels of rP2X2-GFP and rPanx1-GFP in the fly.

The use of the GFP-TRAP system was unsuccessful for the purification of both rP2X2-GFP and
rPanx1-GFP fromrosophilaas the proteins did not bind to the GFP-binding matrix (Fig 4.12).

It is unclear why the proteins were unable to bind to the matrix; it is clear both mr®tei
express the GFP fusion productDrnosophilarom microscopy and western blotting with a GFP
antibody (Fig 4.5). As the proteins are solubilised in detergent prior to gatidn, it is

possible that the detergent molecules are blocking parts of the GFP and preventing it from
binding to the GFP TRAP matrix.

4.3.4 Glycosylation of protein constructs iBrosophila
rPanx1-GFP does not appear to undergo high mannose or complex glyocosyratthe
Drosophilasystem, contrary to the complex glycosylation that occurs in HEK:&83(Fig 4.8).
The high mannose form of rPanxl is predominantly located at the endoplasmic usticul
whereas the complex glycosylated form is trafficked to the cell surface; thus glycosylation of
pannexin 1 channels is important for membrane targeting. However glhatasylhas no
known effect on channel function or structure; the channels that reach the cell surface are

fully functional (Penuelat al,2009. This indicates that in this system, the channels may still
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be successfully translated and folded but the majority may be unable to reach treudelte
and retained in the ER membranes. High resolution imaging techniques would beedetyu

determine whether or not the protein is targeted to the cell surfac®nmosophila.

FSEC of rPanx1-GFP showed that the protein does not form stable hexamers following
purification from the fly eye. Two distinct peaks are observed at molecular tgeggjuating to
approximatelyl7 kDa and 156 kDa suggestive of the formation of free GFP and dimeric protein
respectively (Fig 4.14). However the purified protein sbdva very similar elution pattern
when purified from HEK-293 cells, with peaks at the same molecular weights.§Figlds
work suggesd that rPanx1 does not form hexamers, contrary to evidence from previous cross
linking experiments and the influence derived from their similarity to comeiBoassat al,
2007). In contrast, calculations performed using low resolution TEM imageatied that the
protein was indeed hexameric (Section .422.4 ). However, to perform these calculations a
number of assumptions were made. Firstly, it was assumed that the protein was the shape of a
cylinder and secondly, it was assumed that the protein was a solid block of protdimavi
water filled cavities. By making these assumptions, the size estimations madebeoutey
inaccurate. In the future, a much larger number of particles will be used for thea#in of

size and symmetry of the particles in order to build a model of structure. Thigiwellmuch

more insight into the state of the protein. The average cross sections of the particles \wére 7
nm and 11.18 nm for the short and long cross sections respectively. The estimatederligo
diameter for Panx1 calculated by Ambrosi and colleagues was 12 and 16 nnofdiffeving
image averages. These averages are significantly higher than our estimated diametét of 7.6
nm. However, they did not provide an estimate of the length of the chanmltlams this it

not possible to directly compare the results. To make any significant conclusiersling the

size and oligomeric state of the purified rPanx1-GFP, further analysis will need to deryeetf

on the TEM images.

The deglycosylation assays demonstrated that rP2X2-GFP undergoes high senanno
glycosylation but not complex glycosylation in tBeosophilasystem with a reduction in
molecular weight observed following cleavage by Endo H (Fig 4.8) Thisisesudtccordance
with work that suggested insects includibyosophilaonly have the ability to perform high
mannose glycosylation (Rendat al, 2008), with very few examples of insect proteins that
undergo complex glycosylation. In other systems such as HEK-293 cells, sRh¥#&n to
undergo complex glycosylation (Youeigal, 2008). Glycosylation of P2X2 has been shown to

be important for targeting to the cell membrane as well as protein functionréEet al, 1998;
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Newbolt et al, 1998). However distinguishing between the effects of high mannose
glycosylation and complex glycosylation on protein targeting and fumchias not been
determined. The oligomeric state of rP2X2-GFP was not determined because purification
whole flies C155; rP2X2-GF®as unsuccessful due to the larger number of contaminating
proteins present in whole fly samples (Fig 4.16). This would need to be fimhestigated by

either (i) using a purification procedure that further eliminates contaminagirgeins or (i)
reverting back to the use of the GMR-Gal4 driver and purifying using IEGicked affinity
chromatography. However generating flies expressing a new construct with a FLAG or Strep

tag fused to rP2X2 may result in a more reliable and easier purification procedure.

4.3.5 Structure determination of membrane proteins
In order to crystallise a membrane protein, approximately 1 mg of pureepras required for
structure determination. Due to the low yield of both rPanx1-GFP and rP2X2{s&iRed
from Drosophila crystallisation would require protein to be purified from 500,00@sfl
However as recently published by Ligtaal, high resolution protein structures can be obtained
without crystallisation. Liao and colleagues solved the structure of TRPV1 to a resofuidn
A using electron cryo-microscopy in the native and ligand-bound stageu(tt ] (] Zu]v]u o
functional construcfused was a tetramer of approximately 270 kDa in mass) €tiab2013;
Liaoet al, 2014). This required the use of a newly developed direct electron detector and new
image processing algorithims in order to improve signal and contrastryai-EM images.
Although the construct required significant mutagenesis to achieve a homogenous populatio
for structure determination, the final protein concentration that was required was only 0.7
mg/ml. This significant advance in membrane protein structure determination raagbke to
be extended in the future for even smaller molecules such as P2X receptors. Despite the low
yield of protein obtained from th®rosophilasystem, if the protein is of sufficient quality and
homogeneity, it may be possible to solve the structure of a P2X receptor orcRanrel using

this technique.

4.3.6 Conclusions
rP2X2-GFP and rPanx1-GFP were successfully expressed in the eye of the Dnaisdighila
melanogaster.However, purification of these proteins proved difficult and lengthy, partially
due to the choice of purification tag (His-tag) which was previously shown to be indffiaien
purification from Drosophila(Lichtyet al, 2005). The yield of rPanx1-GFP purified by IEC and
IMAC was low equating to approximately 1 ug of protein per 500 flies. ThkofieP2X2-GFP
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purified by immunoprecipitation with a GFP antibody was even lower, equating
approximately 100 ng of protein per 500 flies. These results indicate that eitber ih a large

loss of protein during extraction and purification or the starting yigldoth proteins is very

low. The answer to this question will hold relevance to the future of using dhstem for
expression of P2X receptors and pannexin channels for structural studies.

In Drosophila rP2X2-GFP was demonstrated to undergo high mannose, core glycosylation,
which is important for protein trafficking and function. We also prove tHa2X2-GFP is
functional inDrosophila(see chapter 5) indicating that at least a proportion of the protein is
indeed correctly targeted to the cell surface and folded. The rPanx1-GFP results are more
inconclusive as the protein did not appear to undergo N-glycosylation, which étamp for

Panx trafficking. In addition, following purification and FSEC, the majority of theeipr
appeared to form dimers in contrast to analysis of TEM images that indicated thatfomof

hexamers.
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Chapter 5 Expression of rP2X2-GFP in
the Drosophilataste system

5.1 Chapter5 =zxIntroduction
5.1.1 TheDrosophilataste system

Taste reception ilrosophila melanogastas mediated by sensory neurons that are contained
in hair-like cuticular structures called sensilla. These sensilla are distributed widely ever th
body surface but are particularly concentrated in the mouthparts, legs, anterior wing margins,
and in the ovipositor in females (Montell, 2009) (bifj). The distal part of the proboscis is
formed by two labella, each of which holds approximately 31 external tastsllse(Wanget

al, 2004), in addition to the smaller taste pegs that are present in the pseudotrachea (t
ridges on the labellum) and internal probosdeading to the oesophagous. The taste sensilla
function in the decision to accept or reject food, but may also participate incppedatory
behaviour by the male (Greenspan and Ferveur, 2000; Thetraé 2004). Like the sensilla on
the mouthparts, the leg sensilla are also involved in the detection of attractive asrdiaw
compounds in food, whereby contact can induce proboscis extension and retraction
respectively (Wang, 2004). In addition, they are involved in the detection of pheresno
during courtship in males (Bray and Amrein, 2003; Montell, 2009). The sersaltedaround

the ovipositor of female flies possibly play a different role allowing tegessment of food

quality for larvae before laying eggs (Yah@l, 2008).
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Figure 5.1t The taste system obDrosophila melanogaster(A) Cartoon showing the paositiol
of taste sensilla orosophila melanogastghighlighted in purple). (Anterior wing margin:
Ovipositor [females], legs and labellum). (B) Cartoon showing the structure of a tysital
sensillum. Each sensillum contains 4 GRNs (S, W, L1 and L2) and a mechanosensory ne¢
with dendrites extending to the tip of the sensillum and cell bodies located beneath
cuticle. The apical pore is also shown at the tip of the sensillum. The auxillary eellea
trichogen, tormogen and thecogen cells. The sinus is produced from the trichoger
tormogen cells (Schweisguth and Posakony, 1994). The thecogen cell is responsi
envleloping the neurons (Isono and Morita, 2010). Cartoons drawn by Dr WynandeYa
Goes van Naters. Cardiff Universitv

The labellar taste sensilla can be divided into three morphological twy®Z +u oo Z/[U
Jvs Eu 18§ Z/[ v o}vP Zrhé¢ I18catten of eaehsensillum on the labellum is
similar between different labella, and all have been named according to their rological

type and position (see Fig 5.2&[and Eftype sensilla contain one mechanosensory neuron
and 4 gustatory receptor neurons (GRNs). TReEe E §Z ~A § E_ 00 ~teU 3Z
~NelU §Z ~"e 03v S@o0 A JF8S (E _The GBNs arkebipolar neurons with a cell body
located beneath the cuticle in the sensillum, a dendrite that extends to the tip of the taste
sensillum and an axon that projects to taste centres in the CNS. The major taste centre for the
labellum is in the suboesophageal ganglion (SOG) whereas the leg GRNs project to the
thoracic-abdominal ganglion or the SOG (Dunipetcal, 2001; Stocker, 2004). The four GRNs

are sensitive to aqueous solutions of low osmolarity (i.e. water), various sugarqssalisas
monovalent alkali halides) and compounds that humans perceive as bitter, atesgg
(Dunipaceet al, 2001; Stocker, 2004; Weist al, 2011). F[sensilla contain only 2 GRNs, one
responds to both sugar compounds and low salt concentrations (10 - 50mM NacCl), the othe
responds to bitter compounds and high salt concentrations (over 400mEl)N&liroiet al,

2004; Montell 2009). Among and within the morphological types of darbiére is functional
heterogeneity. For example, the bitter neurons withi[and within E[type sensilla can be

divided into several classes with different but overlapping ligand specificiliesatonium
142



benzoate, berberine chloride and sparteine sulphate were best ligands for class la neurons
while caffeine, umbelliferone and theophylline elicited strongest responses from diass |
neurons among the chemicals tested. Bitter compounds that activate GRNZ >[ SC% = ve]o

have not yet been identified (Wesst al, 2011).

Figure 5.2t The location of each taste sensillum on the fly labelluBchematic of a typica
Drosophilalabellum showing the position of each of the 31 taste sensilla. Each sensill
labelled according to its morphology and position on the labellum, afihotlere is some
variation between different labella. Aanterior, Pt posterior, M t medial, Lt lateral. Image
t Weisset al, 2011.Reprinted from Neuron, 69(2), Weiss al, The Molecular and Cellular

Basis of Bitter Taste in Drosophila  , 258-272., Copyright (2011), with permission from Elsev

Sensilla have an apical pore through which chemicals from the substrate diffusecopiaact
(Mitchell et al, 1999). Tastants then interact with receptors in the dendrites of the taste
neurons. TheGr gene family (Clynet al, 2000; Dunipacest al, 2001; Scottet al, 200J)
underlies sugar and bitter taste. As is the case for signalling in olfactory receptors efgoded
the Or gene family (Sato et al 2008; Wicher et al 2008), it is not yet cleaheh&r receptors
function as ionotropic or metabotropic receptors, or both. In heterologoys&ssion systems
(HEK cells andenopusoocytes) a Gr from the silkwornBombyx motiwas able to respond
selectively to D-fructose in a G-protein independent manner (Sato et al 28hilg several
other studies have shown that sugar receptionDnosophilais reduced in mutants of G-
proteins (Ishimotoet al, 2005; Uencet al, 2006; Kairet al, 2010). There are 6Gr genes in
Drosophila some of which undergo alternative splicing so that the family encodes a total of 68
gustatory receptors. Each sugar GRN in adults expresses a defined set of abléxgjehes,
whereas bitter GRNs co-expres@®%gustatory receptors (Weist al, 2011). The expression of
some Gr genes is restricted to a small number of neurons, and others are widely expressed

(Stocker, 2004). The Gr5a receptor mediates responses to trehalodeglocoside, glucose
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and melezitose (Dahanukat al, 2001, 2007) and is expressed in the sugar neuron in all
labellar sensilla (Thornet al, 2004; Weisset al. 2011). Different subsets of th&r64 gene
cluster (Gr64-f) are co-expressed with Gr5a and mediate responses to a complementary set
of attractive compounds including sucrose, maltose, several other sugars and glycerol
(Dahanukaget al, 2007; Jiao et al, 2007; Wisotaityal, 2011)

5.1.2 Taste recordings ibrosophila

A taste sensilluninas an apical pore that allows entry of tastants into the hair where they
interact with receptors in the dendrites of the GRNs (Sellier, 2010). Extracellular recordings of
the action potentials generated by GRNs can be attained by placing the tip of an electrode over
the tip of a taste sensillum and thus into contact with the pore. In the technique descchip
Hodgsoret al (1955), the recording electrode is also used to deliver the stimulus: a chemical is
dissolved with an electrolyte in a solution that is taken up in a glasstpiplaced over an
Ag/AgCl wire electrode. To record responses to stimuli, the glass pipette tiopediover the

tip of the hair (Fig 5.3).

The taste system can be manipulated by expressing a protein of interest in the GRINthesi
Gal4-UASsysten (see section 4.1.2). This can be achieved using a pan-neural driver such as
C155-Galdan enhancer trap line that expresses Gal4 under control ofethg promaer.
C155-Galddrives expression of the protein in all of the GRNs (Lin and Goodman, 1994).
Alternatively a more specific driver such &ba-Gal4 can be used to induce expression

specifically in sugar neurons (Stocker, 2004).
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Figure 5.3t Taste recordings irDrosophila Image showing how the reference electroc
containing salt solution is inserted into the back of the fly and extended ttrdlg neck and
proboscis until movement of the proboscis is ceased. A second electrode déngtdire

stimulus dissolved in water with 30 mM tricholine citrate (TCC) added as electi®igtaced
over the tip of the taste sensillum to record action potential responses to theufiign

5.2 Aims and objectives
In this chapter, | aimed to investigate the function of the rP2X2-GFP channel expressidsin G
of Drosophila melanogastetn addition | sought to use tHerosophilaaste system as a novel,
medium throughput drug screening system for rP2X2 receptors using an ademosileotide

library consisting of 80 compounds.
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5.3 Chapter5 =Results
5.3.1 Expression of rP2X2-GFP in the nervous system

To determine whether rP2X2 is produced as a functional proteDrasophilataste neurons
expressing rP2X2 were tested for sensitivity to ATP. Using the pan-neuesl Clt®5 rP2X2-
GFP was expressed in the taste hairs of the fly. In flies expressing P2X2-GFP undeofcontro
the pan-neural driver, fluorescence microscopy shows expression in both taste cel laodl
their processes (Fig 5.4). Under low magnification in these flies, theibdhliyprescent where

large densities of neurons are present, such as the brain and other parts of the CNS

Electrophysiological recordings of action potentials from taste neurons weréomqmed
according to the technique of Hodgson et al (1955). In this technique ettgipontaining the
stimulus solution is placed over the hair tip; the pipette also acts as the riegpedectrode

(see section 5.1.2). A solvent control (30 mM tricholine citrate, TCC), 10{DVand 100M

ATP were tested on up to three taste sensilla per fly. Each stimulus was also tested oh contr

flies that carry thdJAS-rP2X2::GFP::hisansgene but niba driver to induce expression.

In these control flies the stimuli elicited a low level of action potentialvig (3.9+0.8
impulses in 5s; mean+SElhd no significant difference between the responses to the solvent

control and ATP were observed (Mann Whitney, p=0.8817).
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Bright field Fluorescence image

Taste
hairs

Labellum

Figure 5.4t Expression of P2X2-GFP in theosophilanervous system(A) Bright field image
of a labellum in a fly not expressing P2X2-GFP. (B) Fluorescence image ofdHalsdiim.
In C-H, P2X2-GFP was expressed under control d21b6&Gal4 pan-neural driver and flies
were imagedin bright field illumination (C,E,G) and in fluorescent conditions (D,F;Hj.
scale bars = 50m. G-H scale bars = 20@n.
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In flies with theC155transgene driving expression of rP2X2-GR€ non-stimulated impulse

activity, measured by applying a solvent control, was significantly higher thdies not
expressing rP2X2-GFP (Mann Whitney, p=0.0002). Again the response to ADP difttmo

from the response elicited by the solvent control. However, ATP did elstitoag response

(Fig 5.6; 189+43 impulses per 5 s, meanzSEM). This shows that expression of rP2X2-GFP
provides theDrosophilataste neurons with sensitivity to ATP, but not to ADP, as expected

from a functional P2X receptor.

However, the onset-kinetics of P2X mediated responseBriosophilataste neurons were
much slower than those mediated by endogenous gustatory receptors. When sucrose, a
tastant to whichDrosophilaresponds behaviourally, was applied to the tip of a taste sensillum,
a phasic tonic train of action potentials was elicited (Fig 5.5). The peak impulse rde¢finasl

by the shortest two consecutive interspike intervals in the spike train between gpies of
similar amplitude, in response to sucrose was attained within 40 ms of applig®®2 ms,
mean+SEM, N=10). However, when ATP was applied to the tip of a taste sensilluA2XRa r
GFP expressing fly, on-kinetics were much slower; the impulse rate increasing lgrasieal

20 s of recording (Fig 5.5). For this reason, response magnitude was deteroyireedinting

the number of action potentials between 10 and 15 s following compayplication in all
experiments with nucleotides in sections 5.2.1 and 5.2t2was not possible to reliably
distinguish the activities of the four chemosensory neurons in a sensillum des$pgnses to
ATP, and so the total number of action potentials generated by the neurons have been

summed
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Figure 5.5t The on-kinetics of the response to ATP is much slower thanuorgse. Top
trace: 2 s response to sucrose applied to a taste sensillum. Middle trace: 2 agespdATP
applied to a taste sensillum of a P2X2-GFP fly. Bottom trace: 20 s responseajophddPto
a taste sensillum of a P2X2-GFP fly. Arrowheads indicate onset of stimulus application.

To obtain responses to ATP from only one of the neurons in the sensilla, exprefsER2X2-
GFP under control of a driver specific to the neuron that responds to sucrose andsatfaes,

E (®EE §} ¢ 8Z ~NeuP i@vestigatedE Thellabellar sugar neuron expresses
receptors from an 8 member subfamily of the 60 memBeigene family. One of these &5a
which is required for the reception of trehalose, melezitose, glucose andgheoside
(Dahanukar et al., 2001, 2007). The promoteGobafused toGAL4was tested as a driver for
the expression of rP2X2-GHR these flies (genotyp&; UAS-rP2X2::GFP::HEr5a-GALY
rP2X2-GFP should only be expressed in the sugar neuron in each sensilluas the case
with the pan-neural driver, non-stimulated activity was higher in flies exprga$2X2-GFP
under control of theGr5a promoter than in control flies (9826, meantSEM, N=10, Mann
Whitney, p=0.0134). ATP elicited a higher level of excitatory responses (Fig 5.6xeHowe
contrary to expectation, responses were elicited by ATP in more than one néureach

sensillum suggesting th&r5a-GAL4Irove expression in multiple neurons.
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ADP ATP

Control “M M

C155 P2X2-GF

P2X2-GFRGr5a

0.4m\1

1s

Control flies C155; P2X2-GEkes w; P2X2-GFP; Gr5flies

Figure 5.6t ATP elicits responses in flies expressing rP2X2-GH#p) Representative
traces of responses elicited by ADP and ATP in control, P2XZG6aRnd C155 P2X2-
GFP flies. Traces show responses elicited between 10 and 15 s after compound appl
(Bottom) Graph showing mean response to solvent control (30mM TCC), 100RM#d
100 uM ATP from taste neurons in control flies (a) and in flies expgeBRX2-GFP using
pan-neural driver (b) oiGr5a-@l4 (c). N = 10t 12. Error bars represent SEM. (**
p<0.0001; ** p= 0.0002, pKruskal-Wallis oAe-C EKs V pVV[e %o}*S § &«
difference between responses was observed for control flies (p=0.978).
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A range of ATP concentrations were tested@tb5 rP2X2-GFRndw; rP2X2-GFRGr5aflies
to construct a dose response curve. The concentrations tested ranged from 1 u0@uM
both sets of flies (Fig 5.7). The ATP respoitsbsth sets of flies were dose dependent wih
threshold of approximately 10M, the calculatedEG, for ATP irC155; P2X2-GHFles was 147
UM and the hill slope was 1.938. TRE&, of ATP iP2X2-GFP; Grilies was 206 uM with a hill
slope of 2.049 (Fig 5.7

@ 5007 Sugar neuron P2X2-GFP -
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Figure 5.7t The ATP response is dose-dependent in P2X2-fB& ATP dose respons:
curve forP2X2-GFERGr5aflies (grey) andC155;P2X2-GFRies (black). N = 6-12 sensilla p
concentration. Error bars represent SEM. Each ATP concentration was tested on a mi
of 2 different flies.
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5.3.2 Testing an adenosine nucleotide library as rP2X2-GFP
agonists

Having determined that rP2X2 acts as a functional ligand-gated ion charwesophilataste
neurons, we considered whether the taste systemDrbsophilacould be developed as an
assay system to screen for agonists of P2X receptors. Although the pharmacology ba®2Xx2
been studied more thoroughly than that of any other P2X receptor, a limitedbeunof
chemicals have been tested as agonists of P2X2. We obtained an 80 compoundi@eno
nucleotide library (Jena Biosciences), which comprises ATP and a great varietjifwatimns

both in the adenine and ribose moieties as well as in the number and bondirtgeo
phosphate groups (see Appendix IV for a full list of structures). All 80 copdrom the
adenosine nucleotide library were tested as potential agonists of rP2X2-GFP using the
Drosophilaaste system. 2MeSATP has been reported to be a P2X2 agonist ¢éEari099)

and was also tested. To verify that the neurons in a sensillum were still dnattafter
preparing the fly for recordings, sucrose, a solvent control and 100 uM ATP wpliedap
before testing each adenosine nucleotide. Only sensilla with a robust response tseacrd

an ATP response more than three times thhthe solvent control were used for experiments.
ATP responses among different sensilla were variable and ranged from 13 to 712 impulses. The
nucleotide responses have therefore been normalised to ATP. The average TCC control
response corresponded to approximately 10% of the ATP response. Some of thdidesleo
elicited a similar or higher response than ATP which was significantly different from the TCC
responseV $Z « A E, ddWOU sATR &ith responses corresponding @2%, 14%

and 142% of the average ATP response, respectively (Figrbe®e highly effective agonists
were retested on an additional three sensilla (Fig 5.9). Most nucleotides elicitednsespo
intermediate between the solvent control TCC and ATP; the four strongest partialsegoni
were manth6-methyl-ATP, ARdATP, anaraATP with responses corresponding to 33%, 31%,
44% and 43% of the average ATP response respectively (Figi@a@ver statistical analysis
suggested that the responses did not differ significantly to that of TCC. However due to the low
number of repeats for each compound and thus the large error, it would be usefeptat

each compound an additional 3 times to get more reliable results and statistical analysis.

Other nucleotides elicited a response that was lower than the average solvent control
response (10%). These inokebl8-[(4-Amino)butyl]-amino-ATP, N6-Amino)hexyl-dATP, N6-
(6-Amino)hexyl-ATP and AP5A with normalised responses corresponding to 2.7%, £8%, 4.5

and 5% respectively (Fig 5.&xpression of rP2X2-GFP in neurons appears to endow the
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neurons with a non-stimulated action potential activity, as measured by responséto
solvent control, which may result from spontaneous channel openings. One interpretaton of
suppression of the solvent control response by these four compounds is that they interact with
the P2X2 receptor to stabilise a closed conformation of the channel. Howevestistdti
analysis suggested that the responses did not differ significantly from TCC and thusutldis wo

need to be investigated further to see if these compounds have an effect on thptogce
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Figure 5.8t Mean responses of P2X2-GFP to 80 adenosine nucleati88sadenosine
nucleotides were applied to the tip of taste sensilla of flies expressing P2XRrEEPthe
control of the pan-neural drive€155-Gal4Bars show the mean compound response t1T6
s after application to the taste sensillum, normalised to the number of action paten
elicited by ATP. Error bars are SEM, N=3. ATP is shown in brown and the solvent contr
is shown in purple. Blue bars represent AMP/ADP/ATP derivatives with alteredned
moieties, orange represents altered phosphate groups and cyan represents altered |
moieties. See Appendix IV for structures. One way ANOVA was used to determine if t
compounds with the highest and lowest responses were significantly different from
control TCC response and thus represent agonists and antagonists respectively. Sig
responses are represented by ** (P<0.01) and * (P<0.05). ns = not significant.
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Figure 5.9t2F dWU dwWr” v  dissponses]sipaificantly different from TCEach
compound was tested on 6 sensilla, each on a different fly. Graph shows the mean res
for each compound normalised to ATP. Statistical analysis: (*** p<0.0001; kW\iaka one-
A C EKs V pvv[testhdN=6. 2F-dW ~WAiXiliieU dWr” ~%Ai.
(p=0.2425) responses do not differ significantly from that of ATP (one sample t-t€3t, N=

To ensure that the effects of the nucleotides that gave a higher response than TCC were as a
result d rP2X2 activation and not activation of endogen@msophilareceptors, they were
also tested on control flies. None of the compounds induced a higher responser®anin

control flies demonstrating that they act on rP2X2 (Figpb.

156



154

=
0 2
.g g 104
=)
= O
8 ©
5 2
S
O
c 54
o9
Z 5
)
O-
&Q A Q,?‘ A
v v U

Figure 510 t None of the P2X2 agonists elicit responses in contti@sf The compounds
which initiated a response of more than 50% of the ATP responsB2X2-GFRlies were
tested on control fliesrP2X2-GFparent flies) and action potentials were recorded. None
§Z lu%olpuv o § 8§ ~ dWr/AUP) thtiwed & @Espdhse largely different from 1
TCC response in control flies demonstrating that they act specifically on rP2X2-GFP.

Separating out the compound library into ATP, ADP and AMP derivatives allows sompari
among agonists within these groups. As noted before 2-fluoro-ATP, whichshiéstétution in

the purine base, is the best ligand among the ATP derivatives (Fig 5.11A). Whde som
modifications in the phosphate groups are tolerated, modifications of thesgbsugar all
cause loss of effectiveness. Among the ADP derivatives, ADP itsalfielieiowest response;

any derivative tested appears to give a higher response (Fig. 5.11B). Likewisg, thenéd\MP
derivatives AMP itselfvas least effective (Fig. 5.11C). As the modifications available in the
library for ADP and AMP corresponded only partly, it is not possibt®mpare the profiles

between agonists in these two groups.
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Figure 511 t Comparison of responses to ATP, ADP and AMP derivati@empounds were
grouped according to the number of phosphate groups they have. (A) ATP derivatilre:
ATP shown in brown, compounds with ribose modifications are shown in chasplpate
modifications are shown in orange and adenine modifications are shown in (ByeADP
derivatives and (C) AMP derivatives. The bars shown represent the average response
to ATP (%). The line at approx. 10% shows the average solvent control TCC response.
at 100% repnresents the ATP response.

5.3.3 Localising rP2X2-GFP to the tip of the taste sensillum
Work by Dr Wynand van Der Goes van Naters showed that removing the tip Dfasephila
taste sensillum caused a loss of response to sucrose. This suggests that the gustatory receptors
are localised to the tip of the taste sensillum. However, the sensilla in rP2X2-GFP flies ivere stil

responsive to ATP following tip removal suggestingrB2X2 receptors are not being targeted
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to the tip of the hair (data not shown). This may explain why sucrose responses argeabs

immediately after agonist application whereas the ATP response has much slower on-kinetics.

The gustatory receptor protein is likely to contain a subcellular targetiogf rbecause a
transgene carrying only the coding region of a gustatory receptor gene canrégtue
responses in a deletion mutant for the receptor (Dahanu&aral, 2007). We surmised a
targeting motif may be conserved among Gr proteins. Amino acid sequences gtifitatory
receptors were aligned (Gr64a, Gr64e, Grba, Gr32a and Gr43a) to identify conserved candidate
regions that could be involved in localisation of the receptors to the apicabftimhe GRN
dendrite (Fig 8.2). The C-terminal domain of the receptors appeared to be the most highly
conserved. A putative Short Targeting Sequence (STS, from residue 430 onwards) and a Long
Targeting Sequence (LTS, from residue 332 onwards) were selected. Regions encoding the STS
and LTS of Gré4a were amplified by PCR from cDNAwitd8 flies, using forward primers

that also encode a Thrombin cleavage site and a Myc-tag, and these were ligatethentp

end of ratP2X2to generaterP2X2-Thr-Myc-SBRdrP2X2-Thr-Myc-LT8sion constructs
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the long targeting sequence (LTS) begins at residue 332 and is indicated by the red adterithart of the short targeting sequence (STS) begin

residue 430 and is indicated by the blue asterisk.

Figure 512 t Sequence alignment of gustatory receptorBhe amino acid sequences of five



The rP2X2-myc-LT8nd rP2X2-myc-ST&nstructs were injected int®@rosophilaembryos to
generate phiC31 mediated integration of transgenes on the third chromosome (attP2 site)
(Marksteinet al, 2008). Fly lines expressing the constructs under control ofCth&5driver
were obtained. However due to time constraints, it has not yet been possiblestotie

activity of rP2X2 in these fly lines.
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5.4 Chapter 5 - Discussion
5.4.1 P2X receptors form functional LGICs Drosophila taste
neurons
rP2X2-GFP was shown to be functionaDmosophilaunder control of both the pan-neural
C155-Galénd sugar neurosr5a-Galdrivers (Fig 5.6). Robust responses were elidibedTP
but not to ADP or the solvent TCC in rP2X2-GFP flies while GRNs in destdid fhot respond
to ATP (Fig 5.6).

The basal number of action potentials elicited in response to TCC owadiFgher in rP2X2-

GFP expressing flies compared to control flies. There are two possible reasons fosthis re
Firstly, there may be spontaneous ATP releaseDinsophila causing activation of the
receptors in the absence of exogenously applied ATP. Alternatively, the receptorbemay
undergoing a basal level of activation in the absence of ATP. To distinguisehehese two
possibilities, an enzyme such as apyrase (catalyses the hydrolysis of ATP to ADPFSanith

et al, 2002)) could be co-applied to the sensillum with TCC to see if this reducessthliddvel

of responses. Additionally, a rP2X2 antagonist (such as suramin or PPADS) cotéghfléiedo

to the taste hair to ensure the increase in TCC response is as a result of the rP2X2-GFP

activation.

The response curve to ATP mediated by rP2X2-GFP under control of both theyrah n
(C155-Galt and sugar neuronQ@r5a-Gald drivers showed a dose dependent increase.
However, a higher concentration of ATP was required to activate the channelragit-aand

shift in the dose response curve was observed when compared to rP2X2 expressiberin
systems (Fig 5.7). For example in HEK-293 cells th@BE®2X2-GFP is 4.4 uM (Bobanatik

al, 2002) and in Xenopus oocytes thesEE approximately 15 uM (Khakét al, 2001a).
However the Ef of rP2X2-GFP expressed in theosophilasystem was 147-206M. This
rightward shift in ATP response could be as a result of the receptor not foldinfyaciibning
correctly inDrosophila However, the P2X receptor is not exclusively localised to the tip of the
dendrite where the stimulus enters the pore. One possible reason for the difference in ATP
potency is that the taste sensillum pore is so small that the response is affectigk liyne
required for the diffusion of ATP into the sensillum. In the time taken for the ATRFfusalin

to the sensillum, the neuron is adapting causing a shifive dose response curve to the right.
This could be investigated by removing the tip of the sensillum to makadbess hole larger

and seeing what effect this has on the ATP response.
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Figure 513 t Variation of ATP responses P2X2-GFHies. ATP responses were measure
from each sensillum between 10 and 15 s after ATP application. The frequency of eacl
of action potential numbers is shown in this histogram. Two main peaks are obssdrsed
99 and 150 -199 action potentials.

The ATP response varies between different flies and sensilla. A histogram was generated that
represents the frequency distribution of the ATP response in the sample of sensilla tegted (Fi
5.13. The frequency distribution appears to be multimodal. Two main pesks observed
between40199 and 120-199 action potentials. This indicates there may be at least two classes
of sensilla responding to ATP at differing rates; one is less responsive to ATP with a petak of 40
99 action potentials whereas the other is moresponsive with a peak of 12099 action

potentials. This could be due to certain sensilla types acting as better hosts of the mscepto

5.4.2 Using the taste system as a compound screening technique
for rP2X2 receptors

P2X2 receptors are major drug targets with roles in pain sensation, inflammationeanichdn
loss (Cockaynet al, 2005; Hunskaar and Hole, 1987; Xu and Huang, 2002t¥4n2013).
Selective, potent P2X2 agonists and antagonists could provide new therapiasdoge of
conditions. The taste system @frosophilaprovides a novel medium throughput screening
system for P2X2 agonists and holds the advantage of having the receptor expressediiala n

system.
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In this thesis, an adenosine nucleotide library consisting of 80 compowad tested on flies
expressing rP2X2-GFP. Although nucleotides are not considered to have great therapeulti
potential because of their central importance in many processes in the body, testing this
library provides a proof of concept that the screen is feasible and serahgesponses to the
nucleotideswere observed. In addition it allows us to speculate why certain adenosine
nucleotides are able to activate P2X2 while others have no effect, givingtiinsighwhich

parts of the ATP molecule are necessary for receptor activation. This informatidmelpi in

the design of new and selective agonists and/or antagonists of P2X2. | chose theest
nucleotide library on flies expressing rP2X2-GFP under control d€1b&-Galdriver rather

than the Gr5aGal4 driver because responses to ATP were elicited in more than one neuron in
Grbaflies, suggesting that the driver is expressing rP2X2-GFP in other neurons as well as the
sugar neurons. This is possibly due to leaky expression of the Gal4 driver tadmer

expression that is faithful to the endogenous localisation of Gr5a.

5.4.3 Testing the adenosine nucleotide library
The taste system dbrosophilahas provided us with a novel platform for drug screening in
search for new P2X2 agonists and antagonists. So far 80 adenosine nucleotides have
successfully been tested using this system which elicited a large range of responseafSome
the nucleotides that displad a response similar to ATP include 26W U dWr” v dwvA
Initially, only the compounds with 3 or more phosphate residues have beatysed due to
the previously documented importance of the gamma phosphate in receptor activation
(Hattori and Gouaux, 2012 schematic of ATP is shown in Appendix IV noting the

nomenclature of the various parts of the molecule used below.

5.4.4 Changes to the phosphate groups
Fig 5.11A shows that some modifications to the phosphate groups (shownendflATP can
be tolerated by P2X2.dWr~ v dWv~Ar &  dWat cAathik & sdlpkide group in
place of a hydroxyl group on eith&fZ or v %o Z } » %eBpéctively. Both dWr”r v dWvA?
elicited responses similar to ATP in rP2X2-GFP flies with responses of 103% and 115%
respectively. In the rP2X2 structural model based on the zfP2X4.1 crystal structure, the
hydroxyl groups form hydrogen bonds with residues in the ligand tindite (see Fig 5.14B)
This indicates that when these hydroxyl groups are replaced with sulphide groups, intesaction
can still be formed with the receptor and thus can still fully activate rBX2dWr” v dWv~"

have also been shown to activate P2X2 in other systems su¥braspusoocytes using patch
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response respectively (Kieg al, 1997).
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groups (ATRS and ATRB) critical interactions with position 2 gave rise to a full

tolerated and act as full agonists  pinding pocket. agonist but hydroxyl substitution
T Substitutions to either oxygen  + j [ K, U} Ju%}ES v§ ]wrbulky additions at position 2

adjoining phosphate groups not making P2X2 activation. affected activation.

tolerated and nucleotides do 1 Bulky substitutions cannotbe 1 Additions to position 1, 6, 7 or 8

not activate P2X2. tolerated at either position. interfere with ATP binding

f Groups added to the end of the
vphosphate interfere with ATP
binding and/or agonist activity.

Figure 5.14t Model of rP2X2 ATP binding pockdi-C) Schematics showing position of A

and/or agonist activity.

buried within the rP2X2 binding pocket, from angles which match schematics b@)wihe

phosphate groups, shown in

orange, are predicted to interact with residues from both adj

subunits. (E) The ribose sugar, shown in cyan, is not predicted to interact with aryreRXies.

(F) The adenine ring, shown in blue, is predicted to interact with residues from one ¢
adjacent subunits. Dotted lines represent hydrogen bonds. (G-I) Testing the adenosine odir

library on rP2X2 expressed

. melanogasterwe summarised which residues appear to

important in channel activation. Positions where all ATP substitutions tested ceuldldrated
and gave full functional responses are circled in green. Positions where some, bait, TP

substitutions tested could be

At positions where any substitution gave rise to a molecule which could not acliRzZX@ are

tolerated and gave some functional responses are airgleftow.

circled in red. Nitrogen atoms are shown in blue, oxygen atoms are shown in red.
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dAppCp and AppCp (also callet Umwethylene-ATP) have an oxygen to methyl substitution
i}JVIVP 8Z t V V %Z}*%Z § PE}u% X % % % 00 PYEC XS A Za

oxygen substitution has a significant effect on channel function with responses for dAppCp and

AppCp of 10.8% and 6.6% respectively. AppCp has been shown to be a panistl @igd®2X2

receptors before but with an E€£>300 uM, it has a low potency (ldual, 2001). Therefore at

a concentration of 100 uM it would be unlikely to activate the recepiothis system due to

the rightward shift of the dose response curve. Similarly AppNp, where the same oxygen is

substituted (}& v Ju] } PE}u% U o] |8 E *%}ve }(-methgene- %o %o %o
dWe Z « v }ECP v 8} uSZCo e *S]SusS]}v i}Jvl]vP 8Z r v t %o.

also prevents receptor activation giving a response of 13.8%. This is in agreement with

previous findings that suggest it is inactive at P2X2 receptors (leiual, 2001). This suggests

that the oxygen atoms linking the phosphate groups together are vital for recegtovation.

These oxygen atoms do not appear to be involved in the formation of interectigth the

binding pocket in the rP2X2 structural model (Fig 5.14D). However alteratiotisesé

residues may lead to changes in the conformation of the phosphate groups, prayentical

interactions with the subunits.

This agonist screen showed that the compounds AP3A, AP4A, AP5A and APG6A did not activate
rP2X2 receptors with responses of 12%, 5.7%, 5% and 8.2% respectively. This is in contrast to
previously published data that suggedtAP4A is an agonist at rP2X2 expressed in Xenopus
oocytes with an Eg of 15.2 uM (Pintoret al, 1996; Wildmanret al, 2002). However it is
possible that the AP4A nucleotide was unstable and degraded to AMP and ATP and thus the
effects seen in the past weraud to activation by ATP. As the activity of AP4A has only been
investigated inXenopusoocytes, it would be useful to study its activity in other systems such

as HEK-293 cells. The addition of another adenosine molecule and additional ateogpiup

to the ATP nucleotide increases the size of the agonist substantially and it seemé$yuhbkke

P2X receptor would be able to accommodate this but this would need to be further
investigated. Other dinucleotide polyphosphates (AP5(81)G, APAT, APS5T, APARBNE,

AP5U, AP5G, AP4U) did not activate rP2X2 with responses ranging from 10.7% to 22%.
However, AP4, which has the addition of an extra phosphate group but no addition
nucleoside, elicited partial activation of rP2X2-GFP with an average respons&oofT8#&

rP2X2 homology model shows the gamma-phosphate group located at theoédlge binding

pocket. As rP2X2 can still undergo partial activation by AP4, it is likelththektra phosphate

group lies outside the binding pocket (Fig 5.14A).
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v[(6-aminohexyl)-imido]-ATPv  -{8-aminooctyl)-imido]-ATP have an aminohexyl-imido or
aminooctyl-imido group attached the gamma phosphate of ATP. These nucleotides are inactive
at rP2X2-GFP with responses of 11.2% and 6.5% of the ATP response respectivelynguggesti
that, as with the diadenosine polyphosphates, the receptor cannot accommodate bulky
additions to the end of the phosphate groups. Likewiseaminophenyl-ATP has a 4-
UlJv}%Z vCo PE}u% 35 Z 8} S8Z P uu %Z}*%Z 3 }@& A]3X|[S3

an average response of 13%.

This data indicates that the addition of bulky groups to the end of the gantmaphate of
ATP prevent activation of the receptor despite the fact the gamma phosphate is locatesl at

outside edge of the binding pocket (Fig 5.13G)

5.4.5 Changes to the adenine ring
Fig 5.11A shows that few alterations of the adenine ring of ATP (shown in red) can be tolerated
by P2X2N1-methyl-ATP contains a methyl group attached to the N1 position of the adenine
ring of ATP. The addition of this group to ATP preseitihe nucleotide from activating rP2X2
in this system (17% of the ATP response). One possible explanation is that the maipyisgr
preventing the compound from accessing the binding pocket. Alternatively the @ampmay
be accessing the binding pocket but the presence of the methyl group isnineg it from
forming the hydrogen bond that is predicted to be formed between the N1 pwosivf the
adenine ring and the T184 residue of the adjacent subunit in the rP2X2 model (Fig 5.14F

2FATP is an ATP derivative with a fluoriiee hydrogen substitution at position 2 of the
adenine ring. 2F-ATP fully activated rP2X2 with an average response of 142%rR2XRe
model, the hydrogen atom does not interact with the binding pocket (Fig %.4d@gesting
that this substitution is unlikely to affect ATP forming interactions with the hipgiocket and
so 2FATP is still able to activate P2X2. 2F-ATP has not previously been desteaX2
receptors making this nucleotide a novel agonist. However, 2-lxydhd P, which has the
addition of a hydroxyl group at position 2 of the adenine ring, doesaubivate rP2X2; it
elicited an average response of 8.7% showing that it is not just the addition of the ¢natp
may affect binding but also the specific properties of the group are important feraictions
with the binding pocket. The extra hydroxyl group in 2-hydroxyATPtrbglnvolved in the
formation of hydrogen bonds with residues in the binding pocket with which ATB doe

interact; this may in turn prevent activation.
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Ne-(6-amino)hexyl-dATP and®{6-amino)hexyl-ATP display a lower response than the TCC
controls with average responses of 4% and 4.5% of the ATP response. A (6-aminaJaexyl si
group is added to the amino group at thé& @osition of the adenine ring of ATP in these
compounds. Additionally, ™N6-amino)hexyl- dW ]« o I]vP §Z 1i[ ZC E}ACo P«
ribose sugar. The amino group at th& position of the adenine ring is predicted to form 2
interactions with the T184 side chain of the adjacent P2X subunit in the rP2X2dgymo
model (Fig 5.14FConsequently the addition of this bulky side chain may interfere with the
formation of these hydrogen bonds and prevent channel opening or they may ctaiyple
prevent the nucleotide from accessing the binding site as the adenine ring is bueégdinl
the binding pocket (Fig 5.14@6-(4-amino)butyl-ATP has an additior{@gtamino)butyl group
linked to the amino group at position 6 of the adenine ring. Similarly, thporese to this

Ju% tpuv } e v}S 1(( E o EP oCATRhAs ad etheniodg@eup attached to the
1stand &' position of the adenine ring. This group prevents the nucleotide from activetang
receptor with a response of 19.4%6-methyl-ATP holds a less bulky, methyl group attached
to the amino group at position 6 of the adenine ring. This nucleotide gives a partial response of
28.2% of the ATP response but with a large error of 21.3%, this makes it diffideletonine
whether or not this compound is having an effect without further investigation. Mant
methyl-ATP is the same as N6-methyl-ATP but with an additional marp gttached to the
[ JE i[ ZC E}ECO PE}u%* }( §Z E] }+ *uP EX dZps38.5%0 }3]
but with a large error of 21.5%, this also makes it difficult to determine what effecst h
without further investigation. However, as both N6-methyl-ATP and mant-@iié® lower
responses, manté-methyl-ATP is unlikely to partially activate rP2X2. All these data indicate
that additional groupst position 6 of the adenine ring cannot be accommodated and disrupt

receptor activation (Fig 5.141).

7-Deaza?l-dATP and 7-Deaza-7Br-dW o | §Z 1[ ZC E}ACo PE}u% v Z A
or bromine residues attached at position 7 of the adenine ring. These nucleotides gave
responses of 10.2% and 11.4% respectively which are lower than the response of dB%¥d (43.
indicating that the addition of iodine or bromine to position 7 of the adenring has a
significant effect on agonist activity. However, the nitrogen atom at positiof the adenine

ring in ATP is not predicted to form interactions with rP2X2 (Fig 5.14F).

The nucleotide that gave the smallest response was 8-[(4-amino)butyl]-amino-ATP. This
nucleotidehas an additional amino group at position 8 of the adenine ring. The amogpgds

further attached to a butyl group and another amino group. 8-[(4-amino)painino-ATP
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gave a response of 2.7% of the ATP response which is 7.3% less than the control TCC response
in rP2X2-GFP flies. This lower respoissapproximately equivalent to the basal response
observed in control flies. | speculate that this compound might act as a rP2X2 astaguohi

thus prevents basal channel opening either spontaneously or by competing with ATP released

in the Drosophilataste sensillum. However, if 8-[(4-amino)butyl]-amino-ATP is acting as a
competitive antagonist, the binding pocket must be able to accommodate théiadaf the

large side group to the 8 position of the adenine ring (Fig 5.14C). Furtrestigation would

be required to determine whether or not this nucleotide is acting as an antagonist.

8Br-dATP, 8Br-ATP and 8I-ATP have an additional bromine or iodimpeagtached to the 8

position of the adenine ring respectively. These nucleotides are inactive at rP2X2-GFP with
responses of 20.9%, 5.8% and 11% of the ATP response for 8Br-dATP, 8Br-ATP Rnd 8I-AT
respectively. The differences between responses for 8Br-dATP and 8Br-ATP are likelg & be
result of the large variation between flies with a great error of 13.6% ford@8rP. In the

rP2X2 model, the'8position of the adenine ring does not appear to be involved in intargcti

with the binding pocket (Fig 5.14F). However these results suggest that even small adatition

this position can have an effect on P2X2 activity suggesting that it may indeed interact with the
receptor (Fig 5.14l)

5.4.6 Changes to the ribose sugar

Interestingly, the data from the nucleotide library indicates that any alteratiotht ribose
moiety of ATP has a significant effect on the ability of the nucleotide to actR@Xereceptors
(Fig 5.11A). Interestingly, no part of the ribose sugar is predicted to interact with the P2X2
binding pocket in the rP2X2 structural model. This data indicates that conversedy ofrthe
residues of the ribose sugar play a large role in receptor activation. DeoxyATP (dATiRElacks
i[ ZC E}AEAC0o PE}U% }v $Z OfATR..dATR Rpaears ¢ ré@din some agonistic
effects at rP2X2-GFP (43% of the ATP response) indicating that this hydroxyl gesumotio
undergo significant interactions with the ATP binding pocket; this is in agrdemittnwhat is
predicted in our rP2X2 homology model (Fig 5.4E)}A A €& AZ v §Z i[ ZC E}EC«
E u}A (E}u §Z €] }* *uP E ~i[ dWeU 3Z E ]+ CoOAFFZ E®&vE

A EP E *%}ve }(Ti9 }( 82 dW E *%}ve X /v 1S1W W% }v E
hydroxyl groups (ddATP) the response is reduced further to approximately 16% of the ATP

E *%}ve X dZ » € *pode uPP 3 3§dying[a D@ iEATAE Kiraliry Epwéser] » %o 0
the homology model of the binding pocket does not show this residugantmg with any

portion of the binding pocket (Fig5.14€)dz 1[ ZC E}ACo PE}u% ] * § ]v 1(
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in ara-ATP; this nucleotide still partially activates the receptor with an average respdnse o
42.6%. Thus this suggests that changes totheZC E}A£Co PE}u% }( dW } « v}«

abolish receptor activation, but there is a decrease in agonist potency (Fig 5.14H).

Mant dATP and Mant-ATP have a largé\&nethyl-anthraniloyl) group attached to either the

[ & i[ ZC E} A Co REE hudwotjdes dr¢/iKadtive at rP2X2 with responses of 26%

and 9.7% (differences are likely due to large ertdi4.9% for Mant dATP). Similarly EDA-ATP

has the addition of an @Aminoethyl- E u}Coes PE}u% S} ]SZ € SZ 1i[ }E 7]
of ATP and this addition prevents receptor activation with a response of 12.2%ATNRas

the addition of a O-Trinitrophenyl- v}e]v P&E}u% S} §Z 1[UI[ ZzC E}ACo PE
ATP does not activate rP2X2 with a response of 14.5%. However it has preveammsshbwn

to act as an antagonist at rP2X2 receptors (Virgatial, 1998). Therefore bulky additions at

§Z [ v 0[ %}e]8]}ve }( $Z &] }s euP & vvV}$§ S}dZE. §e v
likely due to the nucleotides being unable to access the binding pocketthéthibose sugar

buried between the subunits (Fig 5.14B/H

5.4.7 P2X2 response to AMP and ADP derived nucleotides

The compounds were separated into those with one (AMP derivatives), two (ADP derivatives)
and three (ATP deriviaes) phosphate groups to allow comparisons between individual groups
to be made (Fig 5.11). Among the AMP derivatives, AMP was shown to elicibvibst |
response (Fig 5.11C). Similarly, among the ADP derivatives, ADP was shouitnthe ébiwest
response (Fig 5.11B). This data indicates that any modification made to AMP enalé&d

the nucleotide to elicit a higher P2X2 response. Thus this suggests that the P2iréesp

not only evolved specificity for ATP, but also evolved not to respond @ocdkroccurring
species AMP and ADP. Whether the principle that receptors show these two modes of
specificity tfor the ligand and against co-occurring similar reaction products- holds true for

other systems besides rat P2X2, remains to be investigated.

5.4.8 Adenosine nucleotide library: Summary
A range of responses were observed after testing the adenosine nucleotide library as potential

agonists of rP2X2.

Fig 5.15A shows a hypothetical response graph where none of the compounds, other than
ATP, elicited a P2X2 response significantly different to the TCC control. Inuai®ms; it
could be concluded that every feature of the ATP molecule is critical for activation asd thu

plays a part in receptor activation. Fig 5.15C shows another hypothetical responde grap
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where the responses vary largely for the adenosine derivatives and many of them are able to
partially or fully activate P2X2. In this situation, it could be concluded that therenare
features of the ATP molecule that are not necessary for P2X2 astivatid can be
compromised without loss of agonist activity. The actual data (Fig b.$6Bws an
intermediate effect, but it is closer to what is observed in Fig 5.15A. This suggests that the

majority of the changes to ATP could not be tolerated and are necessary for P2X2 activatio

A B C

Figure 5.15t Theoretical compound response profiles of P2X2) Theoretical responst
profile for ATP; no other derivatives activated P2X2. (B) Actual response profile fasade!
nucleotide compound library tested. (C) Theoretical response profile forifAMBny factors
were not critical for ATP activation.

The nucleotide library screen has given a detailed insight into what is requirdd Pto bind

to and activate rP2X2 receptors. It is clear that the addition of large side groapyy tpart of

the nucleotide has a significant effect on agonist activity. Altering theecting residues

between phosphate groups appears to have a notable effect on activation of rP2X2, in
agreement with previous findings. This is in contrast to activity at othemr@&&®ptors such as

P2X1 and P2X5 (Wildmahal, 2002) indicating that the outer part of the binding pocket may

differ in the different receptors. Substitutions of the phosphate hydroxylugsoto sulphide

groups can be tolerated~ dWr”® v dwWvnre Jv ] 8]vP 82 § §Z ]JvS & S§]
hydroxyl groups predicted in the rP2X2 model can either still be formed, oraressential

for receptor activation (Fig 5.14GFurther investigation is required to see what other

substitutions can be tolerated.

The ribose sugar possessasi| Vv i[ ZC E}AECo PE}U% X Z ulA o }E ¢
hydroxyl group does not completely prevent agonistic activity wherg@s i[ ZC E}A£Co PG

seems to be of more importance for receptor activation. This suggests that, in contrast to what
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is predicted in§Z EWiyT u} oU sZ 1i[ v i[] ZC E}ACo PE}u%oe ]VvS
Addition of larger groups to thé[ } & T[] %o}e]S]ibosg(suddr also disrupts agonist
activity at P2X2. As timébose sugar is buried within the binding pocket of the rP2X2 model (Fig

5.14B), the additional groups may prevent the nucleotide from fitting in the bindicggio

Addition of large side groups to any part of the adenine ring prevents the nucletde
activating the receptor. This part of the molecule is expected to be buried deep liridang
pocket in the homology model (Fig 5.340d so it is likely that with bulky side chains, the
nucleotides cannot fit in the binding pocket. Interestin@{=ATP acts as a potent agonist at
rP2X2 whereas 2hydroxy-ATP has no agonistic activity. Additionally, 2MeSA&PphaHhI
agonistic effect at rat P2X2 (39%). This compound has a methylthio graahedat position

2 of the adenine ring. Therefore although hydrogen substitutions can be tolerated at this
position, the properties of the group play a role in interacting with the bingliagket. This
could be as a result of 2-hydroxyATP forming interactions with P2X2 that aferned by
ATP. This would suggest that, in agreement with the rP2X2 model, position 2 of theeadenin

ring does not play a role in receptor activation (Fig 5 14F

5.4.9 Problems faced with using the taste system as a compound-
screening system

There are a number of problems faced when analysing this data, largely because of the large
variation in responses observed between flies. For example, the TCC response in some flies can
be as high as 50% of the ATP response where others may be 0% of the ATP response. Although
we only used flies where the TCC response was 33% or less than the ATP response, this still
allowed a large variation of responses for nucleotides which had no effect. As oambedts

were performed for each nucleotide, the error was large if one sensillum gave a high
background response. In addition, some sensilla retained activity following ATP applicati

the absence of an agonist giving a high response even when the nucleotide had no activity.
These problems account for the large errors observed with a number of nuasotid
overcome these problems there are 2 main solutions; firstly with more tim&ould be
necessary to test each nucleotide a minimum of 6 times to give more accuratéesreshl less

error. In addition, to account for the sensilla that retain activity after ATP application, TCC
would be re-applied after ATP to ensure the neuron has returned to its basal state before

testing the nucleotide of interest.
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5.4.10 P2X2 expressed in other systems

A number of other systems have been used for the expression of P2¥@toex and the
testing of compounds as potential agonists or antagonists of the receptor. In G388b and

A ve § o3 4 (( 8§ }( - "ddWWNLaA¥P, UTP, TNP-ATP, suramin and
PPADS on P2X2 receptors expressed in cultured adult rat dorsal root gangsomhe)l used
whole-cell and outside-out patch clamp recordings to test the response of P2X% siyskem,
reproducible responses to 10 uM ATP could only be obtained if a time gip afinutes was
given between agonist applications. To test the action of antagonistic conaisotimey had to
be presuperfused over the neuron and added to the superfusate that is applied to the cell.
After application of suramin to a neuron, a time interval of 40 minutes was required before the
baseline returned to control levels. During these experiments, the effects of $aomds
were tested on P2X2 receptors over a lengthy time period due to the timevaitenecessary
b A v %% 0] 3]}ve (}E o A o+ 3} E SuEv 8} =« 0o]v XrdZ C }v
u dw A E P}v]eSmeATP antVUTP were ineffective at P2X2Rs. TNP-ATP, PPADS

and suramin all had antagonistic effects (Grubb and Evans, 1999).

Another expression system that has been used for P2X receptors eti@pusoocyte. Liu
and colleagues, 2001, expressed P2XXeanopusoocytes and tested the agonist activity of

dWU D » dWU -dWdWWmdAVP, AJA and UTP using voltage clamp procedures.
Usng this method, the application of agonists were separated by a time gap ofirfA@tes.
They also tested PPADS, RB-2, Suramin, TNP-ATPskaad Hhtagonists at P2X2 which
required a 1 minute pre-application, and were applied during agonist applicafiheir results
«Z}A §Z 8§ dWU iD ~dW v dWv"r 3§ 5 valwsgid. P s9]arkes 4
respectively). However in contrast to Grubb and Evans, 1999, (and in agreement with my
E *p0See SZ C }v oimeATBZAvas inkctive at P2X2RZ T o} (}uv -$Z § tU:
meATP, AdA and UTP were ineffective at P2X2 receptorsdtal 2001).

The effect of adenine dinucleotides were also tested on P2X2 expresX¥etapusoocytes. In
this study by Pintoet al, the effects of AFA, ARA, ARA, ABA and ABA were studied on
P2X2. They concluded that Ahad an E& of 15.2 uM, which was close to that of ATPs(EC
3.7 uM). In addition, AdA potentiated P2X2 responses to ATP, loweringBfgg to 2.95 uM

when co-applied (Pintoet al, 1996).

King and colleagues (1997) investigated the effect of extracellular pH on diméstig effects

of various P2X2 agonists. Eighteen compounds were tested using voltagp-
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electrophysiology on P2X2 expressedXenopusoocytes with results concluding that ATP, 2-

D N"dwWU dwWv”?r v dwrn S e %}5 vS Wiyl P}v}veSADP, dWU
wtrU DWW dWmUuUdWU hdWU /dWIW EHAVR aidl adenosine elicited

little or no response. Under acidic conditions (pH 6.5 compared to pHtied),noted that

there was a 5-fold increase in ATP-affinity for all four agonists but no chartge order of

potency (Kinget al, 1997).

Bagiet al (2011) identified 2 selective P2X2 antagonists (PSB-1011 [ICShM] and PSB-
12011 [IC50t 86 nM]) which blocked ATP mediated currentsXenopusoocytes expressing
P2X2 receptors. In this study, a library of 59 anthraquinone derivatives ofARBe2ested as

antagonists using 2 electrode voltage-clamp electrophysiology éBadi2011).

Although Xenopusoocytes have proved effective in the past for testing compounds as
potential agonists or antagonists of P2X2, there are some limitations to tilgggiodel; one

of these is the recovery time required between repeated agonist applications. For these
reasons, it would be difficult and time-consuming to uéenopusoocytes to screen large
compound libraries as potential agonists or antagonists of P2XRs and may expjathe
above studies (Liet al, 2001; Pintoret al, 1996; Kinget al, 1997) investigad only a small
number of compounds (& 18 compounds), with the exception of Bagial (2011). The use of

the Drosophilaaste system as a novel drug screening system of P2XRs provides a much faster
way of screening larger numbers of compounds with access to many sensilla peedlying
many compounds can be tested on each fly without significant time intervaleeest
compounds. With 80 compounds having already been tested (Fig 5.5), this syatenow be

extended for the testing of other large compound libraries to help discover novel P2¥2 dru

In addition, if P2X2 receptors can be successfully localised to the tip of the tastdéasdinsil
responses can be recorded over a 2-3 second time period, as opposed to a 20-8swnd
period, which will result in many more compounds being tested in a shortgtHeof time,
improving the through-put of this system. In addition, it may reduce the respuasations

between flies, thus reducing the error.

5.4.11 Conclusions
rP2X2 is functional in thBrosophilataste system where responses are elicited in response to
ATP in rP2X2-GFP expressing flies but not in control flies. However, the concerdafaioP

required to activate the receptor is significantly higher than the concentration requoed
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activate P2X2 receptors in other systems. This could be as a result of the receptompositi

within the neuronal dendrites in the sensillum resulting in a time delay for activation.

This system can also be used as a novel, medium through-put compound screehimgue

for drug discovery. By screening an adenosine nucleotide library consisting of 80wuatapa

P2X2 agonist was identified, 2F-ATP, which elicited higher responses that ATP at rP2X2
receptors. This screen was also used to identify components of the ATP molecule that
contribute to activation of rP2X2. It was shown that very few alterations to the ATR ulele

were tolerated by P2X2 and the majority of the nucleotides did not activate the t@cdp
particular, very few alterations to ribose gave nucleotides with activity at PaX®ever a few
problems were faced using this system due to a large variation in response befiveseiT his

made it difficult, in some cases, to establish if a partial response was real or as a réisiglt of

variation.
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Chapter 6t Final Discussion

In this thesis, a protein expression system has been presented which covers twatdistin
aspects of biological research; protein expression for (i) purification and subsequentisttuc
studies and (ii) a novel, medium-throughput drug-screening technique. Dtresitorelevance

in many human diseases and conditions, P2X receptors and pannexin chammetent key

drug targets (Tsudat al, 2003; Le Feuvret al, 2002; Whiteet al, 2005; Greiget al, 2003;
Wicki-Stordeur and Swayne, 2014; Penuwtlal, 2013). Our successful expression of P2X2 and
Panx channels in the eyesD@fosophilaprovides a method for the generation of material that
may be suitable for future structure determination using TEM and single particle apadysi
technique that does not require a high yield of protein, and has the potential (as demonstrated
(Y& §Z >'/ dZWsie 8§} % E} u § }( sp((] ] v-StraEture (Liesdt}v S} Z-
al, 2013; Liaeet al, 2014). However, the gel filtration data so far indicates that Panx1 may not
be forming stable hexamers drosophila This is in contrast to small-scale analysis of TEM
images, whereby the approximate volume of each particle was calculated. Based on ernumb
of assumptions, this analysis estimated the channel to be hexameric. More rigamalysis is
necessary to come to any definitive conclusions regarding the state of the partienels.

In addition, using thérosophilaaste system electrophysiology assasg can ensure that the
P2X receptor proteins that we are using for structural studies are correctly folded and
functional, thus although the oligomeric state of P2X2 has not yet been stud@asophila,

it is known that at least a portion is forming stable trimers due to its functional role in the tast

system.

During this project, the work in chapter 3 was undertaken prior to chapter 4 and 5. owe
the work in chapters 4 and 5 was performed concurrently. As a result, time constraints
affected the final experiments and analysis for the final stages of both chapters; this included
full analysis of rPanx1-GFP EM data and structural model building. liioaddesting the
compound library in chapter 5 was performed at the very end of time coanskthus each
compound was only tested 3 times. Therefore although statistical analysis has loheted

for the adenosine library, this may explain why most differences among the responses were
not statistically significant. The production of flies expressing P2X2-taggetyuence

constructs was also hampered by time constraints at the end of the project.
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6.1 Evaluation of Drosophila eyes as a membrane
protein expression system

There are many systems readily available to use for the heterologous expressiombfane
proteins. However, each system displays a series of advantages and disadvantages with no

solitary system providing an efficient universal expression system.

6.1.1 Escherichia coli
The most commonly used expression system for recombinant protelfiscigliHowever upon
over-expression of membrane proteinskn coli they are often not folded correctly and form
large aggregates in the form of inclusion bodies (Palmer and Wingfiddd,).28Ilthough the
formation of inclusion bodies allows for a high level of protein exprassithout causing host
toxicity, the protein is often mis-folded and so is not useful for structural studies.
Nevertheless, there have been a number of progressions that were designed to improve the
use ofE. colias an expression system for membrane proteins. For example, mutant strains of
E. coliwere developed by selection from the BL21(DE3) strain, e.g. C41 and C43¢tmatre
resistant to the toxicity caused by membrane protein over-expression. Althougie Bteins
allow expression of higher levels of membrane protein without toxic effects, the ipotre
still aggregated into inclusion bodies (Miroux and Walker, 1996). Anothdamnnstrain,
Lemo21, was also developed from the BL21(DE3) strain. Lemo21 was engineeredtise that
activity of T7 RNA polymerase could be accurately controlled by T7 lysozywmie allows
optimization of overexpression of any membrane protein (Waggieal, 2008). The use of
Mistic, aBacillus subtiligorotein that spontaneously associates with the inner membrane,
bypassing the cellular translocon machinery, has also been investigatstic Mas been used
as an N-terminal fusion tag to membrane protein&ircolito facilitate targeting of the protein
to the membrane, resulting in an increase in the protein yield (Roesgd] 2005; Kefalat al,
2007; Dvir and Choe, 2009).

6.1.2 Insect cells
Insect cells provide an alternative system for membrane protein over-expretbsiois better
designed for the expression of eukaryotic proteins for a number of reasons inclidiing
ability to perform post-translational modifications such as glycosylationthedormation of
disulphide bridges which are important for protein trafficking and structure respectively.

Although the process of glycosylation in insect cells does not directly replicate theth vghi
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noted in mammalian cells (i.e. No/little complex glycosylation¥ much closer to the natural
maodifications that occur in mammalian cells compared with bacterial or y@easems (Rendic
et al, 2008). In addition, the lack of complex glycosylation may provestarbadvantage in
terms of protein structure determination as reducing complex glycosylation reducesimprote
heterogeneity and improves the formation of ordered crystals (Cletngl, 1993). However
the respective yield of membrane protein produced in insect cells compared. tooliis
sufficiently lower, with many membrane proteins being produced at < 0.1%heftotal
membrane protein compared to 1 - 10 %En coli This is increased even further in Midic

colistrains (3-20%) (Bernaudet al, 2011).

6.1.3 Mammalian cells
Mammalian cells represent the most appropriate host for heterologous expression
mammalian membrane proteins as they possess all the machinery necessary ify anudi
traffic the proteins to the cell surface. However the addition of complex glycansetabrane
proteins can often be deleterious for crystal formation and thus structure deterngnati
(Changet al, 1993). In light of this, the GnTI- cell line was developed which lacks the tools to
perform complex glycosylation and thus proteins only undergo gtyeosylation (Reevest
al, 2002). A disadvantage of using mammalian cells is their higher cost ttamahanE. coli,
yeast and insect cells. In addition they often produce low yields of bletlgous membrane

proteins (Garet al, 2006; Alleret al, 2009).

6.1.4 Cell free systems

A relatively new system that is being developed for the rapid, efficient promtuctif
membrane proteins is a cell-free expression system. A cell-free expression systeim vstran

tool that consists of all the components required for the production and expression of proteins
without the involvement of a live cell. Cell-free systems are useful for stgdyiological
reactions because they minimize the other interactions that are found in a cell (Jastkabn
2004). The use of a cell-free system eliminates problems with cell toxicity and reduces
problems with proteolytic degradation. In addition it is possible to suppyh Hevels of
cofactors, ligands etc into the reaction. One of the largest advantages of a cell $teendg

the ability to directly express membrane proteins into hydrophobic or i@me-mimetic
environments such as detergents which may facilitate functional folding of the protein (Reckel
et al, 2010). One example of the use of & colicell-free system was for structural

determination of the TM domains of three classesEofcolihistidine kinase receptors using
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NMR analysig ArcB, QSeC and KdpD at a resolution oftB2 A (Maslennikoet al, 2010).
Recently, the crystal structure of diacylglycerol kinase, an integral membrane enzyme, was
solved at a resolution of 2.28 A using cell-free expression and crystallisiatidipid
mesophases (Bolanet al, 2014). Other structures solved using cell-free expression systems
include Acetabularia rhodopsin Il from marine alga at 3.2 A (Weadh 2011), theE. colEmrE
multidrug transporter at a resolution of 4.5 A (Chenal, 2007) and an integral membrane
enzyme diacylglycerol kinase at 2.28 A (Bolatdal, 2014). However, the number of
membrane protein structures that have been solved using these systems remains extremely

low.

6.1.5 Drosophila melanogaster
The main problems that are faced regarding heterologous expression of meenprateins
for structural studies are host toxicity, incorrect protein folding, protein heterogeragity low
expression yields and thus high costs to obtain high yields of proteinugénefDrosophila
melanogasteras a membrane protein expression system overcomes many of these pgblem
It has been shown that expression of a number of membrane proteins can be tolerated by
Drosophilaphotoreceptor cells without any noteable effects on the fly itself. In addition, the
expression levels of endogeneous rhodopsin do not seem to be affected (Paenak2011)
which is important for the structural integrity of the rhabdomere (Kumar and Ready).199
Panneels and colleagues demonstrated that high yields of a number of diffembrane
proteins (a mixture of GPCRs, transporters and channels) could be obtained by expression in
the fly eye under control of &@MR-Galdiriver (0.2t 0.4 mg per 10,000 flies) (see Table 4.1). In
combination with the cheap cost of fly maintenance, this makes it viable to obtaingbnou
protein for crystallization and structural studies. However, the data presented in this thesis
show that the yield of purified rP2X2 and rPanx1 chanwalsmuch lower than that shown by
Panneelset al for other membrane proteins. The low yields of rP2X2 and rPanx1 obtained
(approx. 1 pg per 500 flies - Chapter 4) significantly hinders the use of thérsyor the
production of enough protein for 3D-crystallization trials. However, jidssible that if the
membrane protein extraction and purification procedures are fully optajzhe yield could
be significantly improved. For example, protein may be lost duringrdent solubilisation of
the membranes (see sectionZ). Alternatively there are stages where some protein may be
lost during purification including protein that} ev[Ss Jv  ((] ] v80C 8} §Z v]}v &
ion exchange chromatography and protein that ev[8 ]Jv 8} §Z v] |l o e MHE]VF
To improve binding of protein to the anion resin, the buffers need to be optimised to ns&ximi

180



binding but in addition, a column with a larger binding capacity ldr@nsure that all the
protein is able to bind. Buffers and conditions such as temperature wouldnaisd to be
optimised to ensure maximum binding ofsHagged protein to nickel beads. However, for
more efficient protein purification, using an alternative tag for purificationpmses such as
the Strep-tag may provide a means of a one-step purification procedure and thig woul
significantly reduce the amount of protein lost at various stages of the length¥igatin

procedure.

rP2X2 appead to undergo high mannose glycosylation but no complex glyategl in
Drosophila consequently, expression in this system overcomes the obstacle of the
heterogeneous populations of protein that are often obtained with mammaéapression
systems. Another significant advantage of udirgsophilaas a host system of P2X receptors
is the capacity to ensure that the protein is functional using electrophysiological iagerd
(chapter 5). As the protein is known to be functional, and responsive tgatsdj ATP, at least

a proportion is correctly folded and targeted to the cell surface. Providing that itid gf
protein can be significantly improve(dee above), the fruit fly provides a promising new

system for membrane protein expression.

6.2 Detergent solubilisation of membrane proteins
For the majority of structural studies of membrane proteins, it is vital that they are successfully
reconstituted in a suitable detergent. Finding a detergent that can efficiently extract the
protein from the membrane while maintaining it in a fully folded, functibrstate is a
significant challenge. There are a large number of different types of detergents amjailabl
broadly classified into ionic detergents, non-ionic detergents and zwitteriongrglents. lonic
detergents, e.g. SDS, contain a charged head group and a hydrophobic hydrocarlron chai
Although ionic detergents tend to be very effective at removing and sdirglimembrane
proteins from the lipid bilayer, they are generally denaturing and are thus rarely useful f
structural studies. Non-ionic detergents, e.g. DDM, consist of an uncharged head groap and
hydrophobic hydrocarbon chain. Non-ionic detergents are often chosen to reconstitute
membrane proteins for structural studies as they generally break protein-lipid interectio
with little effect on protein-protein interactions, therefore they are usually rdEmaturing.
Zwitterionic detergents, e.g. CHAPS, have a net zero charge arising from both positive and
negatively charged groups. Zwitterionic detergents are often used for structural studies but

are can be more deactivating than non-ionic detergents (Seedat 2004).
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Generally, detergents with shorter alkyl chains are more disruptive to the membrane (Privé,
2007). In addition, detergents that form small micelles (e.g. n-oeBiglucoside or n-octyt-
D-maltoside) may not completely cover the hydrophobic regions of the lnane protein,

thus causing protein aggregation. However, the small micelle size allows for ohdhe
protein to be exposed to form protein-protein interactions which makes theore desirable

for the formation of crystal-lattices (Gutmaret al, 2007). In light of this, a relatively large
number of membrane protein structures have been solved using small micelle deterdemt
example, 161 structures have been solved using n-oefytglucoside (Membrane protein

databank, accessed 27/09/14) (Rarretral, 2006).

DDM, a non-ionic detergent with a 12-carbon hydrocarbon chain, is a particydadular
choice of detergent used for membrane protein solubilisation due to itétyako reconstitute
many membrane proteins in their functional state; 150 structures have beerisbhl in the
membrane protein databank using DDM for solubilsation (accessed 2A4p3Abwever, DDM
forms large micelles which means less of the protein is exposed and able tgpfotein-
protein interactions, this can interfere with crystallisation; nevertheless it has beed us
successfully in a number of cases (Gutmanal, 2007; Huangt al, 2003, Hattori and Gouaux
2012). Concentrations much higher than the CMC of DDM are required for protein
solubilisation (i.e. DDM CMC = 0.009% but proteins are often solubitised 4% DDM). This

is often the case for long-chain detergents (Privé, 2007). DDM has been used for the
solubilisation of a number of different P2X receptors (8tral, 2004; Mioet al, 2005; Mioet

al, 2009; Kawatet al, 2009; Valentet al, 2011). The data in this thesis has also demonstrated
its ability to solubilise hP2X4-GFP and zfP2X4-GFP from the membranpotemtially

maintain their oligomeric structures (chapter 3).

FC12 is an zwitterionic detergent with a 12 carbon hydrocarbon tail and altheffigient at
membrane protein solubilisation, it is often denaturing. To date, only Stargtructures have
determined in the presence of FC-12; the OmpF porin (3.8 A) (Kaifah 2010), the zinc
transporter YiiP (DDM was also present in the crystallisation sample) (Lu and Fua200a#t
monoamine oxidase A (Mat al, 2004). However, FC-12 has been commonly used in NMR

studies (Ramast al, 2007).

A study by Newstead and colleagues analysed the expression of 43 eukaryotic membrane
proteins inS. cerevisaand showed that 70% of the well-expressed proteins were stable,

correctly targeted and monodisperse in either DDM or FC-12 (Newsteald2007).
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Triton-X-100 is a non-ionic detergent that is often used in combinatidgh aimild, non-
denaturing zwitterionic detergent such as 3-[(3-cholamidopropyl)dimethylamaojel-
propanesulfonate (CHAPS). 27 protein structures have been successfully solved in the
presence of Triton (Membrane protein databartkaccessed 27/09/14) (Kalipatnapu and
Chattopadhyay, 2005). However, as Triton is not a homogeneous soletidhd.length of the
hydrophobic tail varies between molecules, it is not an ideal choice for digatain of

membrane proteins.

The choice of detergent for solubilisation of a membrane protein is extremelyrtamgoand

often complex screening is required to find a suitable detergent. As each protein is very
different, each case is specific and there is no detergent that is suitable for the isaltidil of

all membrane proteins. To improve the use of tBeosophilasystem for purification of
membrane proteins, it would be useful to do a large detergent screen for bahx®Pand
rP2X2 to ensure they are being efficiently solubilised and importantly, ewatdred. This will

be important for maximising protein yield and maintaining structure for crijséion. For the
purification of rPanx1 for low resolution structural studies by Ambmtsial, 2010, two
detergents were used; Sarkosyl (N-Lauryl Sarkosine), an anionic detergent &bl Brijon-
ionic detergent (Ambrosét al, 2010). DDM was used for the successful solubilisation of zfP2X4
(Kawateet al, 2009) and DdP2XA (Valerge al, 2011) and thus was a logical choice for the

solubilisation of rP2X2.

However, the results in this thesis show that in the presence of DDM, purified rP2Xga@FP
HEK-293 cells does not appear to form stable trimers, though it is possiblthéhptotein is
forming trimers but with the dissociated GFP, they cannot be identified using FS&@otit
known whether this is also the caseDmosophilaas the protein has not yet been purified to a
sufficient level to enable FSEC analysis of the protein. However it is unclear WieB#X2 is
not forming trimers in HEK-293 cells, (iij) DDM is not efficient for itsisiation or (iii) the
degradation of GFP makes it impossible to determine the oligomeric stateX# &sing FSEC
To distinguish between these possibilities, it would be advantageous to peddarge-scale
detergent screen to enable the identification of a detergent that can maintain the trimeric
structure of P2X2. In addition, if DDM is not efficient at solubilising P2K2tlre membrane,

it may be causing a reduction in the yield of P2X2. To decipher whethgretleobserved is
indeed that of free GFP, the purified protein could be separated by SDS PA@Etectdd
with a P2X2 antibody and a GFP antibody to see if the expected bandbsamwed. A small-

scale detergent screen was performed on rPanx1-GFP purified from both HEK-293 ctells an
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from Drosophila This screen showed that the detergents FC-12 and Triton were efficient at
extracting Panx1 channels from the membrane. FC-12 was chosen for solubilifalanx1

due to the heterogeneous nature of Triton. However, FSEC results show that the majority of
Panx1 protein formed dimeric units in the presence of DDM (HEK-299 esld FQA-2
(Drosophild. Although neither system appeared to assemble Panx1-GFP hexamers, it is also
possible that both DDM and FC-12 disrupt the channel structure and cause dissoofdtien
subunits. As with P2X2, to further investigate this, it would be useful to perdolarnge-scale

detergent screen to identify a detergent that maintains the native protein structure.

6.3 Evaluation of the  Drosophila taste system asa
compound-screening system

Many systems have been developed that enable a library of compoundstasteel as novel
agonists or antagonists of membrane proteins. Many of these systems use hetarslogo
expression of membrane proteins in cell linesX@nopusocytes to test the compounds. The
Drosophilataste system provides a novel, medium throughput drug screening method using
electrophysiology that has the advantage of expressing the receptorva In addition, the

fruit fly does not naturally express any known P2X receptors, P2Y receptors or Panx channels

making it a useful system to study the exogenously expressed receptors in isolation.

6.3.1 Calcium imaging techniques
Calcium imaging techniques are commonly used as drug screening systerX ficBptors.
For example the selective P2X4 antagonists, PSB-12054 and PSB-12062, wereedissow
calcium imaging techniques in 1321-N1 astrocytoma cells stably expressing therbP&xdr
(Hernandez-Olmot al, 2012). Hernandez-Olmos and colleagues tested the activity of a
number of phenoxazine and related acridone and bezoxazine derivatives on P2X4 receptors.
This technique involves loading cells with a labelled calcium indicator gicdbe, Fluo-4-AM)
that exhibits an increase in fluorescence when bound t&.Cipon activation of P2X4, calcium
influx causes an increase in cell fluorescence and the activity of the receptor can lerethn
The calcium imaging technique can be performed in a number of different wagfamhich
involves plating cells onto a 96 well plate; this technique allows relatmeljium throughput
compound screening as multiple compounds can be tested with each plate. However, hlthoug
this technique is higher-throughput than other electrophysiology technigees éection 6.3.2
), it is much less sensitive (Woedl al, 2004). In addition, when testing the activity of P2X
receptors using calcium imaging, it is essential that the cell does not expresndogenous

P2X or P2Y receptors as they would cause an increase in intracellular calcium irseegpo
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ATP, making it difficult to study the effects of the exogenously expressed prGemmonly
used cells such as HEK-293 cells cannot be used without first blocking thty adtithe
endogenous P2Y receptors. This can be done using abldBker such as 2-APB which

prevents the release of calcium from intracellular stores (Maruyatved, 1997).

6.3.2 In vitro electrophysiology techniques
Patch-clamp electrophysiology techniques have been commonly used ttheefinction and
to characterize P2X receptors in cell culture e.g. in HEK celi$ &li 2008). Patch clamp
recordings involve placing an electrode, with an open tip of about 1 um ea¢dge of the cell
membrane using a micro-manipulator, creating a high-resistance seal with the cell. The
electrode is filled with a solution with a similar composition to the cytoplasm a silver wire
responsible for recording the electric current is placed in contact with this solution.
Compounds can then be added to the solution to investigate the activity roci@nnels.
Electrophysiology technigues can be used to test the activity of multiple congs as
potential P2X agonists or antagonists. For example Grubb and Evans tested the effect of
various P2X agonists on P2X2 receptors using electrophysiological experimenituiad
adult rat dorsal root ganglion cells (Grubb and Evans, 1999). However theiqeehis
technically challenging and relatively low throughput; to test multiple agsfsistagonists,
lengthy time intervals were necessary between applications (see Section 5gat.Ifiofe
details). In addition, run-down is a common problem faced when using the paachpcl
technique on P2X receptors; the current amplitude decreases upon successive agonist
applications (Lewis and Evans, 2000). These factors contribute to the relatively lagttprea
}( §Z]s «CeS uVvV 18 ] 885 €E pe S8} (pooC Z E § E]e ZZ]3]

discovered using other screening protocols.

Automated patch-clamp electrophysiology techniques have been developeaitbat a more
high-throughput approach for screening compounds (for example the PatchXpré8s 79
estimated to obtain 2,000 data points per dayWood et al, 2004). The first step in the
development of automated methods for patch-clamp of mammalian cells was Hoedry

that a planar substrate could replace a glass micropipette and thus a seal could lesl foym
bringing the cell to the substrate; this removed many of the difficult technical requiresnent
and time consuming components associated with patch-clamp electrophysiology. ol &msy
devices that take advantage of this use multiwell plates so that multiple comparardde
screened simultaneously. However, there are problems associated with these systems. For

example, a seal may not be formed in every single well, resulting in a suatess <100%
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and so data needs to be analysed carefully. In addition the machinery required trmerf

automated patch clamp electrophysiology is costly (Webdl, 2004).

6.3.3 Electrophysiology orXenopus oocytes
Xenopusoocytes represent a popular system used for the screening of compounds on the
activity of P2X receptors with many of the key agonists and antagonists identifiegl thés
system (Pintoret al, 1996; Kinget al, 1997; Liuet al, 2001; Wildmaret al, 2002; Bagget al,
2011). In addition, the recently identified P2X2 specific antagonists, PSB-120P5BAtD1
were identified following a screen of anthraquinone derivatives on P2X2 expres¥etapus
oocytes (Baget al, 2011). However the use of this system for compound screening is refativel
low throughput. The advantages and disadvantages of using this system has been summarized

in more detail in Section 5.4.10

6.3.4 TheDrosophilataste system
This thesis aims to highlight the potential use of wsophilataste system as a useful and
novel method to screen the activity of compound libraries on P2¥ptecs. The data shows
that the system can be used in this way as 80 compounds from an adenosine nucleotide library
were tested on P2X2 expressed in the nervous systemro$ophila(chapter 5). Using this
system, approximately 12 compounds were tested per day (with an n=3 ébr @ampound)
However, this number is likely to rise upon increased experience using the system. There was a
large variation in response from the 80 compounds tested; specifically threpaiomds were
highlighted that appear to be agonists of rP2X2 (2ZFW U dWr”® v dWv~reX 08SZ}uPZ
two have already been characterized as P2X2 agonists ¢Kalgl997; Liet al, 2001), it was
the first time 2F-ATP was demonstrated to be a rP2X2 agonist. The basal response to the
solvent control, TCC, was significantly higher in flies expressing P2X2 comparedniriol
flies. Possible reasons for this were that (i) P2X2 undergoes some activation irsénealof
an agonist or (ii) there is some spontaneous ATP release in the fly resulting nnecha
activation (see section 5.3.1A number of compounds (8-[(4-Amino)butyl]-amino-ATP (€N6-
Amino)hexyl-dATRA\6-(6-Amino)hexyl-ATP and AP5A) elicited a response substantially lower
than that of TCC. Thus one possibility, as previously mentioned, is that these cata@ren
acting as antagonists - blocking the activity of P2X2 and preventing any spontaneousl chann
opening. Although this needs to be further investigated to determine whether or not thigis t
case, it may represent the first system whereby compounds can be tested as aganists o

antagonists in the same screening protacol
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However, there are still a number of problems to overcome for this system tosbd as a
medium throughput screening technique, including the large variabbresponses observed
between different flies which could result in false-positive results. The varidd@ween
sensilla may be as a result of the expression pattern of the receptors within the sensillem; thu
if they can be localized to the tip of the sensillum, this may decrease the variatierséstion
5.3.3). In addition, once localized to the tip, each compound will only need to biedpbpr 2 -

3 seconds largely speeding up the process of compound screening awihgltbe testing of

an estimated 20-30 compounds per day (with an n=3 for each compomna#fjng the system

more viable for testing large numbers of compounds. These localization experiments are vitally

important for the future of this system.

6.4 Conclusions and future directions
In this thesis, it has been shown that rP2X2-GFP and rPanx1-GFP can be expregbetien bo
Drosophilaeye and nervous system under control of tl@al4-UASsystem. rP2X2-GFP
underwent high-mannose glycosylation in the fly (Fig 4.8)vaaslshown to be functional (Fig
5.6) indicating that despite having no endogenous P2X receptors, the fly is capable of
expressing, folding and trafficking functional P2X2 receptors. However, the conslusio
regarding the state of rPanx1-GFP in the fly were less easily ascertained, asoit aighear to
undergo N-linked glycosylation in the fly (Fig 4.8) and the functionnbadbeen tested. In
addition, our gel filtration data indicated that rPanx1-GFP did nanfstable hexamers in
either HEK-293 cells @rosophilaeyes (Fig 4.14) suggesting either that hexamers are not the
biologically functional unit of this protein, it may not be correctly &mdor detergent
solubilisation is inefficient. In contrast, TEM analysis indicated that the proteimefb
hexameric units in theDrosophilaeye (Fig 4.17)However due to the assumptions made
regarding the shape and density of the protein, this needs to be investigated in retaisd
for any conclusive details on the state of rPanx1-GFP. Despite the low rP2X2 aril rPan
protein yields obtained following purification, if the protein is of sufficient gyait may still
be useful for low-resolution structural studies. In the future, it would be useful to add
alternative tag such as a Strep-tag to the receptors before expressing thénogophila
allowing purification via Streptactin, which may prove to be a more eflicgnification

technique inDrosophilaand therefore provide a higher protein yield.

The expression of rP2X2 in the nervous systerdrokophilaalso enabled its function to be
tested. The data showed that flies expressing rP2X2 respond to ATP whereas ciestrab fl

not respond indicating that the channel is trafficked to the cell surface and folded in the
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Drosophilataste system (Fig 5.6An ATP dose response curve was generated for the response

of flies expressing rP2X2 in both the nervous sysetbb-Galdand the sugar neuron&(5a-

Galg (Fig 5.7). There was a dose-dependent increase in response to ATP, however, the ATP

concentration required to activate rP2X2 was higher than what has been recorded in other

systems, possibly due to the distribution of P2X2 in the sensillime function of rP2X2 in

Drosophilaled to the use of th®rosophilaaste system as a new, medium-throughput system

for screening of compound libraries, in a search for novel P2X2 agonists. The thasathesis

shows that large compound screens can be performed by expressing rP2X2 in the taste

system. The response of rP2X2 to 80 adenosine nucleotides was investigatethasiagte

system. Three nucleotides were shown to activate P2X2 at similar levels to A$@ wthre
dWv/rU dWr2ATR. Ini &ddition to uncovering an unknown P2X2 agonist, 2F-ATP, it

provided information on many of the molecular aspects of the ATP molecule thatappbe

important for binding to rP2X2 (see section 5.4E3)r example, it appeared that any alteration

to the ribose moiety caused a significant reduction in agonist potency, whereas some

phosphate or adenine alterations could be tolerated. It was also noted that the receptor has

not only evolved to respond to specifically to ATP, but has evolved taoespond to the

commonly co-occurring molecules ADP and AMP (Fig 5.11). In the future tbin £ysild also

be adapted to speed up the process of testing compounds by localizing the P2 rede

the tip of the taste hair. In addition, other P2X receptors such as P2X1 andcBalk3be

expressed in this system in a search for novel agonists at these receptors.
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Appendix I't Standard curves

Figure App. 1t BSA standard curvesBSA standard curves (BSA concentration
absorbance at 595 nm) shown for Expedeon Bradford Ultra (top) and BioRad p!

assay reagent (bottom).
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Figure App. 2t Gel filtration protein standards(A) Elution of BioRad gel filtratio
standards on"u% E ATii }opuveX W Il }EE *%}v §}
globulin, chicken ovalbumin, equine myoglobin and vit B12 frefh to right

respectively. (B) Standard curve plotting LogMW of standard against elution volt
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AppendixIl t Construct maps

pL118
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hP2X4-int-CBD
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p927
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hP2X4-GFP
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rPanx1-GFP
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rP2X2-GFP
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rP2X7-GFP
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UAS-hP2X4-his
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UAS-hP2X4-GFP
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UAS-rP2X2-GFP
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UAS-rPanx1-GFP
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UAS19-rP2X2-GFP
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UAS19-rPanx1-GFP
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UAS19-rP2X2-myc-STS
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UAS19-rP2X2-myc-LTS
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Appendix Illt Codon usage charts
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Appendix IVt Adenosine nucleotide

library

This appendix lists the adenosine nucleotides that were tested for their effect on rat P2X2
expressedrosophilataste neurons. Eighty chemicals were obtained as a library (Cat. No. LIB-
101) from Jena Biosciences (Jena, Germany). Chemicals were >95% pure (HPLC) and racemic, if
the derivative of ATP has additional chiral centers.

The appendix is divided into derivatives of ATP (subdivided modifications ofilibse,
adenine group, phosphate group moieties), derivatives of ADP and AMP, and & set o
dinucleotides. Within divisions structures are organized by rank order of effectiveness on rat
P2X2 as in Figure 5.8.

The colour of bars in Figure 5.8 correspond to the modifications of ATP. l.e. ribose modifications
are cyan, phosphate modifications are orange and adenine modifications are blue.

Appendix content:

Ribose modifications of ATP (Figure AppDBA-

Adenine modifications of ATP (Figure App. 4A, B)
Phosphate group modifications of ATP (Figure App. 5A, B)
ADP derivatives (Figure App. 6A, B)

AMP derivatives (Figure App. 7A, B)

Dinucleotides (Figure App. 8A, B)
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ATP derivatives with ribose modifications

Figure App. 3At Chemical structures of ATP derivatives with altered ribose moieties. A
shown in brown. Altered ribose groups are shown in cyan, altered adenine group
shown in blue and altered phosphate groups are shown in orange. The response o

compound relative to ATP is shown (%) and are ordered respectively.
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Figure App.3B t Chemical structures of ATP derivatives with altered ribose moie
Altered ribose groups are shown in cyan, altered adenine groups are shown in blu
altered phosphate groups are shown in orange. The response of each compound fela

ATP is shown (%) and are ordered respectively.
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Figure App.3C t Chemical structures of ATP derivatives with altered ribose moie
Altered ribose groups are shown in cyan, altered adenine groups are shown in blu
altered phosphate groups are shown in orange. The response of each compound rela

ATP is shown (%) and are ordered respectively.
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Figure App3D t Chemical structures of ATP derivatives with altered ribose moieties. Alt
ribose groups are shown in cyan, altered adenine groups are shown in blue and a
phosphate groups are shown in orange. The response of each compound relative i®

shown (%) and are ordered respectively.
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Adenine modifications of ATP

Figure App. 4At ATP is shown in brown. Chemical structures of ATP derivatives with al
adenine moieties. Altered adenine groups are shown in blue. The response of each com

relative to ATP is shown (%) and are ordered respectively.
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Figure App.4Bt Chemical structures of ATP derivatives with altered adenine moieties. All
adenine groups are shown in blue. The response of each compound relative to ATP is

(%) and are ordered respectively.
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ATP with altered phosphate groups

Figure App. 5At ATP is shown in brown. Chemical structures of ATP derivatives with al
phosphate groups. Altered phosphate groups are shown in orange, ribose alteratior
shown in cyan. The response of each compound relative to ATP is shown (%) a

ordered respectively.
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Figure App.5B t Chemical structures of ATP derivatives with altered phosphate grc
Altered phosphate groups are shown in orange, ribose alterations are shown in cyar

response of each compound relative to ATP is shown (%) and are ordered respectivel
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ADP derivatives

Figure App. 6At ADP derivatives. Alterations to ribose are shown in cyan, altered ade
groups are shown in blue and altered phosphate groups are shown in orange. The res

of each compound relative to ATP is shown (%) and are ordered respectively.
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Figure App. 6Bt ADP derivatives. Alterations to ribose are shown in cyan, altered ade
groups are shown in blue and altered phosphate groups are shown in orange. The res¢

of each compound relative to ATP is shown (%) and are ordered respectively.
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AMP derivatives

Figure App. 7At AMP derivatives. Alterations to ribose are shown in cyan, altered ade
groups are shown in blue and altered phosphate groups are shown in orange. The res

of each compound relative to ATP is shown (%) and are ordered respectively.
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Figure App.7B t AMP derivatives. Alterations to ribose are shown in cyan, altered ade
groups are shown in blue and altered phosphate groups are shown in orange. The res

of each compound relative to ATP is shown (%) and are ordered respectively.
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Dinucleotides

Figure App. 8At Dinucleotides. Altered phosphate groups are shown in orange.
response of each compound relative to ATP is shown (%) and compounds are o

respectively.
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Figure App. 8Bt Dinucleotides. Altered phosphate groups are shown in orange.
response of each compound relative to ATP is shown (%) and compounds are o

respectively.

223



References

ABBRACCHINI. P., BRNSTOC®., 1994 Purinoceptors: Are there families of P2X and P2Y
purinoceptors? Pharmacol. Thé&4: 445t475.

ABRAMOWSHP., @RODOWCZYE., MARTINR., BNGSO., 2014 A Truncation Variant of the Cation
Channel P2RX5 Is Upregulated during T Cell Activation. PLESe204692.

ABU-QARNM., HCHLER., B8ARONN., 2008 Not just for Eukarya anymore: protein glycosylation in
Bacteria and Archaea. Curr. Opin. Struct. B&15441t50.

ADAMSM. D., ELNIKER. E., BLTR. A., EANSC. A., GCAYNB. D., MANATIDE®. G., &HERES.
E., LP. W., IBSKINR. A., GBLLER. F., GORGR. A., EWISS. E., RHARDS., AHBURNEN.,
HENDERSOS. N., 8TTONG. G., WBRTMAN]. R., M\DELIM. D., BANGQ., GENL. X.,
BRANDONR. C., BGERY. H., BAZER. G., BAMPEM., FFEIFFEB. D., VWN K. H., DYLEC.,
BAXTEFE. G., ELTG., NLSONC. R., 8BORG. L., BRIL]. F., BBAYANA., Al H. J., ADREWS
PFANNKOCIKE., BLDWIND., BLLLEWR. M., BSUA., BXENDALE., BYRAKTAROGLL, BEASLEY
E. M., BESOK. Y., BNO. V, BRMANB. P., BANDARD., BLSHAKOS., BRKOVAD.,
BOTCHANM. R., BUCK]., ROKSTEIR., ROTTIER., RIRTIK. C., BsAMD. A., BTLERH.,
CADIEUE., ENTERA., GIANDRA., GIERRY. M., BWLEYS., BHLKEC., DVENPORL. B., BVIES
P., RBLOB.DE DELCHER.., [ENGZ., MaYSA. D., Bwl., DETZS. M., @DDsoNK., uPL. E.,
DOWNESM., DUGANROCHAS., IINKOVB. C., DNNP., RBINK. J., ¥ANGELIST&. C., ERRAZ
C., ERRIERS., EEISCHMANMV., FOSLEFC., GBRIELIAK. E., GRGN. S., GLBARW. M.,
GLASSEK., GODEKA., ®NGF., ®RRELI. H., GZ., ®WANP., KARRISV.., HARRIN. L.,
HARVED., HEIMANT. J., BRNANDEZ. R., HUCKJ., KbSTIND., FbusTONK. A., IBWLANDT. J.,
WEIM. H., BEGWANC., ALALIM., KALUSH-., KKRPENG. H., KZ., KENNISON. A., KTCHUMK.
A., KMMELB. E., BDIRAC. D., RAFTC., RAVITAS., KLPD., a1 Z., IASKGP., EIY., EVITSKA.
A, LJ., LZ., IANGY., IN X., W X., MATTEB., MONTOSHI. C., MLEODM. P., MPHERSON
D., MERKULOG., MLSHINAN. V, MDBARRY., MORRIS)., MOSHREFA., MOUNTS. M., NOYM.,
MURPHYB., MURPHYL., MUZNYD. M., NELSOND. L., HLSOND. R., HLSOK. A., NKONK.,
NUSSKERD. R., RCLER]. M., RLAZZOLM., RTTMANG. S., AN S., BLLARD., BRIV., RESE
M. G., RINERK., RMINGTON., BUNDERR. D., 8HEELER., 8ENH., SIUEB. C., IBEN
KIAMOSI., SMPSONM., KUPSKM. P., BIITHT., BIERE., S8RADLINA. C., BAPLETOM.,
STRONGR., BNE., SIRSKAR., ECTOFC., URNERR., ENTEFE., WVANGA. H., VUNGX., WANG
Z.Y., \WSSARMAID. A., VEINSTOCG. M., VEISSENBAGH, WLLIAMSS. M., VWODAGE,
WORLEX. C., WD., ¥NGS., X0Q. A, ¥J., ¥HR. F., &/ERU. S.,HANM., HANGG.,
ZHAOQ., HENGL., HENGX. H., HONGF. N., AHONGW., ZOUX., AUS., AU X., B1ITHH. O.,
GBBSR. A., MERE. W., BBING. M., ¥NTER). C., 2000 The genome sequence of
Drosophila melanogaster. Scierz@7: 2185t95.

ALBERTS., ®DHNSOM\., IEWIS]., RFFM., FOBERTK., WALTERP., 2002 lon Channels and the
Electrical Properties of Membranes.

ALLENS. J., REIRGS., ORUKR., ANDELT. M., 2009 Expression, purification and in vitro
functional reconstitution of the chemokine receptor CCR1. Protein Expr. 8&1rif3t81.

224



ALLSOPIR. C.,¥ANSR. J., 2011 The intracellular amino terminus plays a dominant role in
desensitization of ATP-gated P2X receptor ion channels. J. Biol. 23644 691t701.

ALLSOPR. C.,A/RMERL. K., RYATTA. G., EaNSR. J., 2013 P2X receptor chimeras highlight roles
of the amino terminus to partial agonist efficacy, the carboxyl terminus to regdvem
desensitization, and independent regulation of channel transitions. J. Biol. @B&m.
21412t21.

AMBROSC., BSSMANND., RANSKEVICH N., BASSD., $10CKA., WANGJ., DHLG., SEINENMC.,
SOSINSKG. E., 2010 Pannexinl and Pannexin2 channels show quaternary similarities to
connexons and different oligomerization numbers from each other. J Biol 28&m
24420t24431.

ANH. J., ®P., kv J.,, W S., RRKK. W., MVAUGHC. T., SHAFFER. V, BRTOZZL. R.,#BRILLL.
B., 2012 Extensive determination of glycan heterogeneity reveals an unusual abundance
of high mannose glycans in enriched plasma membranes of human embryonic stem cells.
Mol. Cell. Proteomic$l: M111.010660.

ANDREWSS. P., MSONJ. S., BRRELE., ©ONGREVM., 2014 Structure-based drug design of
chromone antagonists of the adenosine A2A receptor. Medchemcéniiil.

ANTONIOL. S., BeWARTA. P., XRANDAN. A., BWARDSON. M., 2014 Identification of
P2X2/P2X4/P2X6 heterotrimeric receptors using atomic force microscopy (AFM)gmagin
FEBS Leth88 2125t8.

ARDISSON¥., RDAELLE., ZRATINP., &RDIZZONM., LADELC., GTTORNM., MARTINIA., RASSF.,
TRAGGIAE., 2011 Pharmacologic P2X purinergic receptor antagonism in the treatment of
collagen-induced arthritis. Arthritis RheuB8: 3323t32.

ARINAMINPATHY ., IKURANAE., RGELMAND. M., GRSTEIM. B., 2009 Computational analysis of
membrane proteins: the largest class of drug targets. Drug Discov. Tdday30t5.

BaoL., bcoveSs., BHLG., 2004 Pannexin membrane channels are mechanosensitive conduits
for ATP. FEBS Ldii72 65t8.

BAQIY., AUSMANNR., RSEFORC., RTTINGER., BHMALZING., MULLEFC. E., 2011 Discovery of
potent competitive antagonists and positive modulators of the P2X2 recepteled.
Chem54: 817t30.

BARANOVAA., VANOVD., ETRASIN., ESTOVA., EOBLOWM., KELMANSON., HAGIND., MZARENKO
S., GRAYMOVYdH., ITVINO., TUNOVAA., BRNT. L., SMANN., SAROVEROD., [UKYANOV
S., RNCHINY., 2004 The mammalian pannexin family is homologous to the invertebrate
innexin gap junction proteins. Genom&3 706t716.

BARDENN., FARVEW., GAGNEB., BINKE., REMBLAW., RAYMONDC., BBBEM., MLLENEUVA.,
ROCHETTD., BRDELEAL., SADLER]., OLSBOER., MULLERMYHSORB., 2006 Analysis of
single nucleotide polymorphisms in genes in the chromosome 12Q24.31 redius fm
P2RX7 as a susceptibility gene to bipolar affective disorder. Am. J. Med. Genet. B.
Neuropsychiatr. Genell41B 374t82.

225



BARRERA. P., @MONDS. J., ENDERSOR. M., MURREL-LAGNADCR. D., BWARDSON. M., 2005
Atomic force microscopy imaging demonstrates that P2X2 receptors are trimers but that
P2X6 receptor subunits do not oligomerize. J. Biol. CB8M.10759t65.

BARRERA. P., HNDERSOR. M., MURREI-LAGNADQR. D., BWARDSON. M., 2007 The
stoichiometry of P2X2/6 receptor heteromers depends on relative subunit expression
levels. Biophys. 93: 505t12.

BATEMAN]. R.,BEA. M., W C., 2006 Site-specific transformation of Drosophila via phiC31
integrase-mediated cassette exchange. Geneti€3 7691t77.

BAUMANNK., MELANTADN., IANGC., MATTANOVICB., ERRER., 2011 Protein trafficking,
ergosterol biosynthesis and membrane physics impact recombinant protein secretion in
Pichia pastoris. Microb. Cell Fabd: 93.

BENHAMC. D., $IENR. W., A novel receptor-operated Ca2+-permeable channel activated by
ATP in smooth muscle. Natus28: 275t8.

BENTONR., DHANUKAR., 2011 Electrophysiological recording from Drosophila taste sensilla.
Cold Spring Harb Prot@011 839t850.

BERNAUDAF., RELEBARRANDA., ®CHONN., IEMENTINS., HVINP., BUTIGNYS., ROUXJ:B., 3LVI
D., &IGNEURHBERNYD., RCHAULDP., ®YARD)., RGNOLD., 3BATYM., DESNOF ., EBAY
PEYROULE., DRROUZEE., ERNET ., RLLANDN., 2011 Heterologous expression of
membrane proteins: choosing the appropriate host. PLoS@1e29191.

BINDAC., MWTONVINSONP., HIBALEK., BMONDSOND. E., MTTEVA., 2002 Structure of human
monoamine oxidase B, a drug target for the treatment of neurological disorders. Nat.
Struct. Biol9: 2216.

BINDAC., LM., HUBALEK., RSTELIN., BMONDSOND. E., MTTEVA., 2003 Insights into the
mode of inhibition of human mitochondrial monoamine oxidase B from higbhuéen
crystal structures. Proc. Natl. Acad. Sci. U. $0&.9750t5.

BiscHOR., MAEDAR. K., EDIGEM., KARCH-., BSLEK., 2007 An optimized transgenesis system
for Drosophila using germ-line-specific phiC31 integrases. Proc. Natl. Acad. Sci. U. S. A.
104: 3312t7.

Bo X., (ANGL -H., WILSONH. L., K1 M., BJRNSTOC&., BRPRENANA., NORTHR. A., 2003
Pharmacological and biophysical properties of the human P2X5 receptor. Mol.
Pharmacol63: 1407t16.

BoAssD., MBROSC., QU F., DHLG., QIETTAG., BSINSKG., 2007 Pannexinl channels contain
a glycosylation site that targets the hexamer to the plasma membrane. J. Biol. £8@&m.
31733t43.

BoAssD., QUF., DHLG., BSINSKG., 2008 Trafficking dynamics of glycosylated pannexin 1
proteins. Cell Commun. Adhesb: 119t32.

226



BoBANOVIL. K., BYLES. J., MRRELAGNADCR. D., 2002 P2X receptor trafficking in neurons is
subunit specific. J. NeurosgR: 4814t24.

BODINP., BIRNSTOC®., 2001 Evidence that release of adenosine triphosphate from endothelial
cells during increased shear stress is vesicular. J. Cardiovasc. Pha38&af018.

BODNARM., WANGH., REDELT., HNTZES., KTOE., BLLAHG., ROGERARNDTH., GNIATULLINR.,
GROHMANNM., HAUSMANNR., BHMALZINGS., LLESP., RBINIP., 2011 Amino acid residues
constituting the agonist binding site of the human P2X3 receptor. J. Biol. @Bém.
2739149,

BOLANDC., LD., $IAHS. T. A., ABERSTOCK,, TSCH/., EERNHARE-., GBFFREWI., 2014 Cell-free
expression and in meso crystallisation of an integral membrane kinase for structure
determination. Cell. Mol. Life Sci.

BONIFACING. S., ELL NGELICE. C.,BRINGER. A., 2001 Immunoprecipitation. Curr. Protoc.
Protein SciChapter 9 Unit 9.8.

BORNHORST. A., ELKE]. J., 2000 Purification of proteins using polyhistidine affinity tags.
Methods EnzymoB26. 245t54.

BOUEGRABOTE., RCHAMBAULY ., EGUELAR., 2000 A protein kinase C site highly conserved in
P2X subunits controls the desensitization kinetics of P2X(2) ATP-gated channels. J. Biol
Chem.275: 10190t5.

BRACEWI. H., ANSONM. A., MASUDAK. R., BEVENR. C., RAVATB. F., 2002 Structural
adaptations in a membrane enzyme that terminates endocannabinoid signaling. Science
298 1793t6.

BRANDA. H., BRRIMONN., 1993 Targeted gene expression as a means of altering cell fates and
generating dominant phenotypes. Developmdri8: 401t15.

BRAUNK., RTTINGER., GNSOM., KASSACIKI., HLDEBRANDC., WLMANNH., NCKEIP., 8HMALZING
G., lAMBRECHG., 2001 NF449: a subnanomolar potency antagonist at recombinant rat
P2X1 receptors. Naunyn. Schmiedebergs. Arch. Pharn3&zbR85t90.

BRAYS., MREINH., 2003 A putative Drosophila pheromone receptor expressed in male-specific
taste neurons is required for efficient courtship. Neu@Hh 1019t29.

BRETSCHHH. S., 1972 Asymmetrical lipid bilayer structure for biological membranes. Nat. New
Biol.236: 11t2.

BROTHERTGRLEISE. E., DLONM. P., BRDA. P. D. W.,EVER]. R., &RTED. S., GEASO$. K.,
LN C. J., MOREA. G., IOMPSOM. W., MLLAM., AHAIY., 2010 Discovery and optimization
of RO-85, a novel drug-like, potent, and selective P2X3 receptor antagonist. Bioorg. Med.
Chem. Lett20: 1031t6.

BUELLG., EWISC., OLLOG., MRTHR. A., BRPRENANA., 1996 An antagonist-insensitive P2X
receptor expressed in epithelia and brain. EMBT5J55t62.

227



BURDAP., ABIM., 1999 The dolichol pathway of N-linked glycosylation. Biochim. Biophys. Acta
1426 239t57.

BURNSTOC®., GMPBELIG., 8TCHELD., YTHEA., 1970 Evidence that adenosine triphosphate
or a related nucleotide is the transmitter substance released by non-adrenergic inhibitory
nerves in the gut. Br. J. Pharmaect):. 668t88.

BURNSTOC®., KNNEDYC., 1985 Is there a basis for distinguishing two types of P2-
purinoceptor? Gen. Pharmacdlé: 433t40.

BURNSTOC., 2006 Purinergic signalliren overview. Novartis Found. Syn76. 2648;
discussion 487, 275t81.

BURNSTOC®., 2007 Purine and pyrimidine receptors. Cell. Mol. Lif&6&ci471t83.

BURNSTOC&., \(ERKHRATSIKY, 2010 Long-term (trophic) purinergic signalling: purinoceptors
control cell proliferation, differentiation and death. Cell Death Di®9.

BURROUGHA. M., YERL. M., RAVINLL., 2012 The natural history of ubiquitin and ubiquitin-
related domains. Front. Biosci. (Landmark Etl.1433t60.

CaMPOSA. R., BossMAID., WHITEK., 1985 Mutant alleles at the locus elav in Drosophila
melanogaster lead to nervous system defects. A developmental-genetic analysis. J.
Neurogenet2: 197t218.

CAMPOSA. R., BSEND. R., BBINOWS. N., WITEK., 1987 Molecular analysis of the locus elav in
Drosophila melanogaster: a gene whose embryonic expression is neural specific. EMBO J.
6: 425t31.

CaoL., YUNGM. T., ROOMHEA. E., BUNTAINS. J., NRTHR. A., 2007 Thr33®-serine
substitution in rat P2X2 receptor second transmembrane domain causes constitutive
opening and indicates a gating role for Lys308. J. Neu%d2916t23.

CARPENTEE. P., BisK., GMEROMNA. D.,WATAS., 2008 Overcoming the challenges of membrane
protein crystallography. Curr. Opin. Struct. Bid@. 58116.

CHANGV. T., €ISPINVl,, ARICESCA. R., WARVED. J., ETTLESHIP E., ENNELLY. A., ¥ C., BLEK.
S., EANSE. J., ®JARD. |., VEKR. A.,ONE<E. Y., @ENSR. J., BVISS. J., 2007
Glycoprotein structural genomics: solving the glycosylation problem. Strut&i267t
73.

CHATAIGNEAU ., EMOINED., RUTTER ., 2013 Exploring the ATP-binding site of P2X receptors.
Front. Cell. Neuroscr: 273.

CHAUDHARS., RKJ. E., BUSWITE., BARMAV., SROULR. M., 2012 Overexpressing human

membrane proteins in stably transfected and clonal human embryonic kidney 293S cells.
Nat. Protoc.7: 453t66.

228



GHAUMONTS., IANGL -H., FENNAA., NORTHR. A., RSSENDRHRN, 2004 Identification of a
trafficking motif involved in the stabilization and polarization of P2X receptors. J. Biol.
Chem.279 29628t38.

CHEKENF. B., ELIOTM. R., 8NDILOY. K., WLKS. F., IKCHEN). M., AZAROWSKE. R., AMSTRONG
A. J., BNUELAS., BIRDD. W., 8LVESEKb. S.,9AKSOMB. E., BYLIS®. A., RVICHANDRAK. S.,
it Wvv £A]Jvi Zvvoeuw] 3IPY]Joe Eo ¢« v uu Ev % Eu
during apoptosis. Naturé67: 863t367.

CHENC. C., RoPIAMA. N., &/ILOTTL., ©LQUHOUND., RIRNSTOC&., WboDJ. N., 1995 A P2X
purinoceptor expressed by a subset of sensory neurons. N&{Tire428t31.

CHENY:J., BRNILLOS)., LEUS., M\ C., BENA. P., BANGG., 2007 X-ray structure of EmrE
supports dual topology model. Proc. Natl. Acad. Sci. U.194A18999t9004.

CHESSEUL P., McHELA. D., IMPHREYP. P., 1998 Effects of antagonists at the human
recombinant P2X7 receptor. Br. J. Pharmatait 1314t20.

CHONGS., MONTELLGS. E., HANGA., GNTORE. J.,Ia0W., XU M. Q., BENNERJ., 1998 Utilizing the
C-terminal cleavage activity of a protein splicing element to purify reccembiproteins
in a single chromatographic step. Nucleic Acids Re&$109t15.

C/ _=J.,k .z%., BDEW., 2011 Phosphorylation of basic amino acid residues in proteins:
important but easily missed. Acta Biochim. B&.137t48.

QLARKA. G., BENM. B., 8IITHD. R., BRGMANC. M., QIVERB., MARKOWT . A., KUFMANT. C.,
KELLISVI., GELBARW., VYERV. N., PLLARID. A., S8CKTON. B., ARRACUENTE M., BNGHN.
D., BADJ. P., BTD. N., ARYANB., ASUADEM., AKASHH., A\ADERSONV. W., RUADRCC. F.,
ARDELD. H., RGUELLR., RTIERC. G., BRBASHD. A., BRKEMD., BRSANTP., BTTERHANP.,
BATZOGLOS., BGUND., BIUTKARA., BANCCE., BSAKS. A., BADLER. K., BANDA. D.,
BRENTM. R., BOOK®A. N., BOWNR. H., BTLINR. K., 8&GGESE., GLVIB. R., BRNARDO DE
CARVALH®\., @SPIA., QSTREZANS., ELNIKER. E., @ANGJ. L., BAPPLEE., BATTERS.,
CHINWALLAA., QVETTAA., CIFTONS. W., GMERONJ. M., ©STELLG. C., GvNE]. A., BuBJ.,
DAVIDR. G., BLCHRA. L., BLEHAUNTKX., @ C. B., BLINGH., BWARDX., FCKBUSH .,
BvANS]. D., EIPSKA., FINDEISS., REYHULE., BLTONL., ELTONR., @GRCIAA. C. L.,
GARDINER., @QRFIELD. A., GRVINB. E., BSONG., @ BERD., GIERRE., GDFREY., ®OD
R., ®TEAV., RAVELB., REENBERA. J., BIFFITHDONESS., ROSS., GIGOR., GSTAFSON
E. A., AERTW., lRHNM. W., KALLIGAND. L., HLPERM\. L., ALTERG. M., ANM. V, HEGER
A., HLLIER.., HNRICH®A. S., HLME4., FHOSKINR. A., HBISZM. J., HLTMARID., HUNTLEWI.
A., AFFED. B., AGADEESHAS., HCKW. R., GHNSONJ., ®NESC. D.,JrRDANW. C., KRPENG.
H., KKTAOKAE., IKIGHTLER. D., HKERADPOUR., HRKNESE. F., ®ERICHL. B., KISTIANSEK.,
KUDRNAD., KILATHINAR. J., BMARS., KWOKR., ANDEFRE., BNGLEX. H., APOINTR.,
LAZZAR®. P., EES:J., EVESQUE., LR., INC:F., IN M. F., INDBLABIOHK., LOPARA.,
LONGM., LowL., bzovskE., U J., bOM., MACHADCC. A., MKALOWSRN., MARZOM.,
MATSUDAV., MATZKIN.., MCALLISTEB., MBRIDEC. S., MKERNANB., MCKERNANK .,
MENDEZAAGOM., MINXP., MOLLENHAUEM. U., MONTOOTHK., MOUNTS. M., M X., MYERS
E., N\GREB., NWFELLS., NELSENR., MORM. A. F., K [RADYP., RCHTER.., RPACEIM.,
ParISM. J., RRISM., RART4.., EDERSEM. S., BSOLEKS., FILLIPPA. M., BNTINGC. P., 8P
M., PORCELID., PWELL]. R., ROHASKS., RUITTK., RIGM., QJESNEVILIHE., RM K. R.,
RANDD., RSMUSSEM. D., REDL. K., RENANR., RILYA., BEMINGTOK. A., RGER. T.,

229



RTCHIEM. G., RBINC., RGERY -H., RHDEC., RBZAS]., RBENFIELM. J., RIZA., RISSCS.,
SALZBERS. L., SNCHELRACIAA., BRANGAD. J., STOH., SHAEFFER. W., SHATAV. C.,
SCHLENKE., 8HWARTR., 8GARRL., BIGHR. S.,I80TL., 8R0TAM., SSNEROSI. B., BITH
C.D., 8ITHT. F., SETH]., SAGED. E., BARKA., SEPHANV., SRAUSBERR. L., BREMPES.,
STURGILD., $TTONG., 8TTONG. G., AOW., EICHMANNS., DBARIY. N., DMIMURAY .,
TSOLAS. M., ¥LENTH/. L. S.,BNTEFE., ENTER]. C., MARICS., VEIRAF. G., MELLAA. J.,
VILLASANTA., WALENZB., WANGJ., WASSERMAM., WATTST., WLSOND., WLSONR. K., WG
R. A., VOLFNEM. F., VONGA., WONGG. K.-S., WC:I., WU G., ¥XMAMOTOD., ¥NGH -P.,
YANGS:P., YRKE]. A., ¥SHIDA., DOBNO\E., BANGP., AANGY., IMIN A. V, BLDWINJ.,
ABDOUELLEA., 8BDULKADIB., BEBEA., BERAB., BREU., AERS. C., ATUCK.., AEXANDER
A., Al P., ADERSOE., ADERSO®®., RACHH., AERM., BACHANTSANB., BRRYA., B\YULT.,
BERLINA., BESSETTR., BOOMT., BYE]., BGUSLAVSKLY, ®NNETC., BUKHGALTER.,
BOURZGUI., BROWNA., GHILLP., GBANNEFS., BESHATSANG., GBUDAL., CrROENM.,
GOLLYMORA., ©OKEP., ©OSTELLM., [ coOK., DzAR., HANG. [F DEGRAYS., BMASOC.,
DHARGAW., DOLEXK., OLE¥E., RICENM., DORJIEP., RIEK., PESA., EONGR., ALK
J., BRINAA., AROS., ERGUSOR., FSHEFRS., BLEYC. D., RANKEA., RIEDRICB., @DBOI4..,
GEARING., GARINC. R., BNNOUKOS., ®ODET., RAHAMJ., RANDBOIE., REWAILS.,
GYALTSEK., AFEAN., FAGOB., KLLJ]., HNSONC., WLLINGER., FONANT., HUARDM. D.,
HUGHE4.., HIRHULAB., HISBYM. E., KMATA., KNGAB., KKSHINS., IKAZANOVICB., KSNER
P., lANCEK., BRAM., LEEW., IENNONN., [ETENDRE., EVINER., IPOVSKA., LW X., W J., WU
S., DKYITSANG., IOKYITSANE., UBONJAR., UI A., MAADONALDP., MAGNISALIY., MARUK.,
MATTHEWE., MOOUSKERN., MODONOUGHS., MEHTAT ., MELDRIM]., MENEUL.., MHAIO.,
MIHALE\A., MHOVAT., MTTELMANR., MENGAV., MONTMAYEUR.., MULRAINL., MVIDIA.,
NAYLORJ., NNGASHT ., NSUYENT., NsSUYENN., NCOLR., NbRBUC., MdRBUN., NOVODN.,

K [ELLB., BMANS., MARKIEWICE., QONQO. L., RTTIC., PUNKHAN®., FERREF., RIEST
M., RAGHURAMAIS, REGEF., RYER., RBEC., RGOW., RSK., RANE., 8TTIPALIS., BEA
T., SIERPAN., SiIL., BIHD., 8ARROW ., BAULDING., $SALKER., SANGETHOMANNN.,
STAVROPOULGS, SONEC., SRADERC., ESFAYS., HOMSONT., HOULUTSANE.,
THOULUTSAND., DPHAMK., DPPINd., TSAMLAT., SSILIEW., \O A., WANGCHUN .,
WANGDIT., WEIANDM., WILKINSONI., WLSONA.., YDAVS., YUNGG., ¥ Q., ZMBENK..,
ZHONGD., ZMMERA.., ZVIRKOZ., AVAREP., ROCKMANV., BUTLER]., BINC., RABHERM.,
KLEBEMM., MAUCELE., MhaCALLUMI., 2007 Evolution of genes and genomes on the
Drosophila phylogeny. Natu#bs0: 203t18.

QLARKES., 1993 Protein methylation. Curr. Opin. Cell Bi®77t83.

QLYNEP. J., WRRC. G., BRLSON. R., 2000 Candidate taste receptors in Drosophila. Science

287: 1830t4.

COCKAYND. A., DNNP. M., HAONGY., BRNGW., FAMILTONS. G., KIGHTG. E., BANH-Z., MAB.,

YiPP., UNNP., MOMAHONS. B., BRNSTOC&., BRDA. P. D. W., 2005 P2X2 knockout mice
and P2X2/P2X3 double knockout mice reveal a role for the P2X2 receptor subunit in
mediating multiple sensory effects of ATP. J. Physfat. 621t39.

GopbowC., ¥NZ., @SILT., HIIDOBRETOROJ. P., BJILKOVIS. S., 2011 Activation and regulation

of purinergic P2X receptor channels. Pharmacol. B&\641t83.

COMPANV., UMANNL., SELMASHENKO., GIEMINJ., BAUMONTS., RSSENDRHN, 2012 P2X2 and

P2X5 subunits define a new heteromeric receptor with P2X7-like properties. J. Neurosci.
32 42841t96.

230



CONGREVHMI., A\DREWS. P., DREA. S., HLLENSTEK., HURRELE., BNGMEALC. J., MSONJ. S.,
NG I. W., EHANB., HUKOVA., \EIRM., MARSHALE. H., 2012 Discovery of 1,2,4-triazine
derivatives as adenosine A(2A) antagonists using structure based drug design. J. Med.
ChemJ55: 1898t903.

QRossB. C. S.,1HHS., 2009 Dissecting the physiological role of selective transmembrane-
segment retention at the ER translocon. J. Cell132i.1768t77.

DAHANUKAR., IOSTEKK., ®ES VANATERSV. M.VAN DERCARLSON. R., 2001 A Gr receptor is
required for response to the sugar trehalose in taste neurons of Drosophila. Nat.
Neurosci4: 1182t6.

DAHANUKAR\., [EIY-T., KWONJ. Y., ARLSON. R., 2007 Two Gr genes underlie sugar reception in
Drosophila. Neuro®6: 503t16.

DAMERS., NEBEIB., QECHES., NCKEIP., RDANUW., 8HMALZINGS., RTTINGER., MUTSCHLER.,
LAMBRECHG., 1998 NF279: a novel potent and selective antagonist of P2X receptor-
mediated responses. Eur. J. Pharma8b0: R5t6.

DANDOR., RPERS. D., 2009 Cédf-cell communication in intact taste buds through ATP
signalling from pannexin 1 gap junction hemichannels. J. Ph§8ibI5899t906.

DAVIEIM. G., BRKOWITD. E., WGENP. O., 1995 Constitutive nitric oxide synthase is expressed
and nitric oxide-mediated relaxation is preserved in retrieved human aortocoronary vein
grafts. J. Surg. Res8: 73218.

DEISENHOFER, BPO., MKIK., HUBERR., MCHEIH., 1985 Structure of the protein subunits in the
photosynthetic reaction centre of Rhodopseudomonas viridis at 3A resolution. Nature
318 618t24.

DevAsaHAYAMNI., 2007 Factors affecting the expression of recombinant glycoproteins. Indian J
Med. Res126; 2217.

DIAZHERNANDEMI., @XJ. A., NGITAK., FAINESV., EANT. M., WIGTM. M., 2002 Cloning and
characterization of two novel zebrafish P2X receptor subunits. Biochem. Biophys. Res.
Commun295; 849t53.

DIAZHERNANDEZ. |., GMEZVILLAFUERTES, EONOTEGUM., HONTECILLARIETA.., RERTA.
DEL, TREJQ. L., UCAS]. J., BRRIDA. J., GALIXJ., MRASPORTUGAM. T., MZHERNANDEZ
DXU 7iiT /v AJA} Wiy6 JvZ] 18]}V E H + uCo}] *%dZEuPZ
'A<t v cretases. Neurobiol. AgirgB: 1816t28.

DINGS., 8CH., 1999 lon permeation and block of P2X(2) purinoceptors: single channel
recordings. J. Membr. Bidl72 215t23.

DONNELLYROBERT®. L., WMovicM. T., KN P., ArRvIM. F., 2009 Mammalian P2X7 receptor

pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors. Br. J.
Pharmacol157: 1203t14.

231

ol



DOROGHAZI. R.,UK:-S., ROWND. W., hBEDAD. P., ENGZ., METCALKV. W., BENW., RICEN.
P. J., 2011 Genome sequences of three tunicamycin-producing Streptomyces Strains, S.
chartreusis NRRL 12338, S. chartreusis NRRL 3882, and S. lysosuperificus ATCC 31396. J.
Bacteriol.193 7021t2.

DUCKWITXN., FARUSMANNR., ACHRARA., SHMALZING., 2006 P2X5 subunit assembly requires
scaffolding by the second transmembrane domain and a conserved aspartate. J. Biol.
Chem.281 39561t72.

DUFFY: X XU Tiii ' >8 *C*3 u Jv E}*}%Z]Jo W (0C P v 84 1#5[ "A]-
15.

DUNIPACH.., MEISTERS., MINEALYC., AMREINH., 2001 Spatially restricted expression of
candidate taste receptors in the Drosophila gustatory system. Curr.1Rid@22t835.

DUTZLER., GMPBELE. B., 8DENEM., GHAITB. T., MAKINNONR., 2002 X-ray structure of a CIC
chloride channel at 3.0 A reveals the molecular basis of anion selectivity. NHitEre
287194.

DUTZLER., GMPBELE. B., MAKINNONR., 2003 Gating the selectivity filter in CIC chloride
channels. Scienc&00. 108t12.

DVIRH., GIOES., 2009 Bacterial expression of a eukaryotic membrane protein in fusion to
various Mistic orthologs. Protein Expr. Pusi: 28t33.

DYKEM. W. VAN, SRITOM., S\WADOGMM., 1992 Single-step purification of bacterially expressed
polypeptides containing an oligo-histidine domain. Gaté 99t104.

EARL]. B., BITTS. G., 2006 Expression of Drosophila rhodopsins during photoreceptor cell
differentiation: insights into R7 and R8 cell subtype commitment. Gene Expr. Pdterns
687194.

EccLES. C., 196Fhe Physiology of SynapsEssevier Science.

EGANT. M., AINESW. R., GIGTM. M., 1998 A domain contributing to the ion channel of ATP-
gated P2X2 receptors identified by the substituted cysteine accessibility method. J.
Neuroscil8: 2350t9.

ENNIONS., AGANS., EANSR. J., 2000 The role of positively charged amino acids in ATP
recognition by human P2X(1) receptors. J. Biol. CR&5.29361t7.

ENNIONS. J., ¥NSR. J., 2002 Conserved cysteine residues in the extracellular loop of the
human P2X(1) receptor form disulfide bonds and are involved in receptor trafficking to
the cell surface. Mol. Pharmacéll: 303t11.

ERHARDT. A., RLARISETK., DOMEYJ. R., 2003 Potentiation of platelet activation through the
stimulation of P2X1 receptors. J. Thromb. Haembs2626t35.

232



ERHARDA., WCAES., WISCHULP. G.,dINGM., KERNN., SLYAKIND., LEBR., WIiRM., BNDERE.
B., KKCKM. E., MILLERMYHSORB., HDLSBOER., 2007 Association of polymorphisms in
P2RX7 and CaMKKDb with anxiety disorders. J. Affect. D1€drd.59t68.

ERICKSON., MIDHARD. J., ¥NDRIEJ., IEMPFD. J., VNG X. C., NRBECB. W., PATTNER. J.,
RTTENHOUSE W., TRONM., WIDEBUR®., 1990 Design, activity, and 2.8 A crystal
structure of a C2 symmetric inhibitor complexed to HIV-1 protease. Sc2&®c8&271t33.

EvANSR. J.,BwWISC., BELLG., MLERAS., MRTHR. A., SRPRENANA., 1995 Pharmacological
characterization of heterologously expressed ATP-gated cation channels (P2x
purinoceptors). Mol. Pharmacal8; 178t83.

FERGUSON. D., MKEEVEB. M., X' S., WSNIEWSHD., MLLEFD. K., XMINT-T., 8ENCER. H.,
CHU L., WIAINWALLE., ©NNINGHAMB. R., ¥ANSJ. F., BCKER. W., 2007 Crystal structure
of inhibitor-bound human 5-lipoxygenase-activating protein. Sci@ide510t2.

FERRARD., PZZIRANC., GLINELLS., BLLEGARG., G10ZZP., bzZKOM., FANTHEFE., \RGILIG-. D,
2007 Modulation of P2X7 receptor functions by polymyxin B: crucial roleeof th
hydrophobic tail of the antibiotic molecule. Br. J. Pharmatst: 445t54.

FEUVRIR. A. E BROUGHD., WAKURAY ., BKEDAK., BRTHWELN. J., 2002 Priming of macrophages
with lipopolysaccharide potentiates P2X7-mediated cell death via a caspase-1-dependent
mechanism, independently of cytokine production. J. Biol. Cl28m.3210t8.

HNGERT. E., BNILOVA/., BRROWS., BRTED. L., \GER®A. J., BONEL., HLLEKANG., KNNAMON
S. C., 2005 ATP signaling is crucial for communication from taste buds to gustatory
nerves. Sciencgl0 149519.

FSCHER. A., GIIGEFE., MANIATIST., RASHNEM., 1988 GAL4 activates transcription in
Drosophila. Natur@32 853t6.

FSCHER., ®LIKARPOK, RAIEVICHA. F., 2004 Average protein density is a molecular-weight-
dependent function. Protein Sdi3: 2825t8.

HSCHERV., ADORIZ., KILLNICK ., ROGERARNDTH., RANKEH., WRKNEK., LLES., MAGERP. P.,
2007 Conserved lysin and arginin residues in the extracellular loop of)R@x&ptors
are involved in agonist binding. Eur. J. Pharmé&atd. 7t17.

FOUNTAINS. J., BRNSTOC&., 2009 An evolutionary history of P2X receptors. Purinergic Signal.
5: 269t72.

FREEMAND XU Tii1  (oC[* C A] A Jgnaliig. EMB®X}EE35t42.

FREEMANVH, 2000 Protein Glycosylation in the ER and Golgi Complex.

FRICKA., RIKSSON. K., MTTIAF.DE OBERG., HEDFALK., NEUTZER., ®RIPW. JDE DEENP. M. T.,
TORNROTHHORSEFIEL®., 2014 X-ray structure of human aquaporin 2 and its implications
for nephrogenic diabetes insipidus and trafficking. Proc. Natl. Acad. Sci. U1%. A.
6305t10.

233



GADsSBYD. C., 2009 lon channels versus ion pumps: the principal difference, in principle. Nat.
Rev. Mol. Cell Bidl0: 3441t52.

GANL., AEXANDER. M., WITELSBERGER HOMASB., RSENBLATV., 2006 Large-scale
purification and characterization of human parathyroid hormone-1 receptor stably
expressed in HEK293S GnTl- cells. Protein Expr.47uéf6t302.

GARAVITAR. M., ERGUSOMMILLERS., 2001 Detergents as tools in membrane biochemistry. J.
Biol. Chem276: 32403t6.

GARCIAGUZMANM., SUHMERW., ®TOF., 1997 Molecular characterization and pharmacological
properties of the human P2X3 purinoceptor. Brain Res. Mol. BraiflRes9t66.

GARGETTC. E., WEYJ. S., 1997 The isoquinoline derivative KN-62 a potent antagonist of the
P2Zreceptor of human lymphocytes. Br. J. Pharmat2ah 1483t90.

GEESM. VAN LOLKEMAL. S., 2000 Membrane topology and insertion of membrane proteins:
search for topogenic signals. Microbiol. Mol. Biol. dy13t33.

GEHIR., 8A0Q., lAIRDD. W., 2011 Pathways regulating the trafficking and turnover of
pannexinl protein and the role of the C-terminal domain. J. Biol. CR@n27639t53.

GORDONJ. L., 1986 Extracellular ATP: effects, sources and fate. Biocl283.3D9t19.
GREENSPAR. J., ERVEUR. F., 2000 Courtship in Drosophila. Annu. Rev. G&he205t232.
GREIGA. V. H.,INGEC., HALY., IM P., CAYTONE., RSTINM. H. A., MGROUTHER. A.,

BURNSTOC&., 2003 Expression of purinergic receptors in non-melanoma skin cancers and
their functional roles in A431 cells. J. Invest. Dermaidl: 315t27.

GROTHA. C., BHM., NUSSER., GLOSM. P., 2004 Construction of transgenic Drosophila by using
the site-specific integrase from phage phiC31. Genéti6s 1775t82.

GruUBBB. D., #ANSR. J., 1999 Characterization of cultured dorsal root ganglion neuron P2X
receptors. Eur. J. Neurostil: 149t154.

GRUENINGEEEITCH-., [ RCYA., [ RCYB., GENEC., 1996 Deglycosylation of proteins for
crystallization using recombinant fusion protein glycosidases. Proteif: 2617t22.

GRUSWITE., GAUDHARS., kb J. D., SHLESSINGER, BEZESHIB., b C-M., SALIA., WVESTHOFE.
M., SSRouR. M., 2010 Function of human Rh based on structure of RhCG at 2.1 A. Proc.
Natl. Acad. Sci. U. S.187: 9638t43.

Gu J. G., MADERMOTHA. B., 1997 Activation of ATP P2X receptors elicits glutamate release
from sensory neuron synapses. Nat@& 749t53.

GUB. J., EANGW. Y., BNDALL. J., @ESSELL P., BELLG. N., W.EYJ. S., 2000 Expression of
P2X(7) purinoceptors on human lymphocytes and monocytes: evidence for nonhadcti
P2X(7) receptors. Am J Physiol Cell Phgs®IC1189397.

234



GUARENTE., YCUMR. R., GFORDP., 1982 A GAL10-CYCL1 hybrid yeast promoter identifies the
GAL4 regulatory region as an upstream site. Proc. Natl. Acad. Sci. 09.:5440t4.

GUDIPATY.., UIMPHREYB. D., BELLG., BYAKG. R., 2001 Regulation of P2X(7) nucleotide
receptor function in human monocytes by extracellular ions and receptor density. Am J
Physiol Cell PhysiaB0: C94353.

GUTMANND. A. P., MOHATA., NWSTEAS., ERRANDOS., BSTIY/., Xa X., ENDERSOR. J. F.,
VEENH. W.VAN BYRNEB., 2007 A high-throughput method for membrane protein
solubility screening: the ultracentrifugation dispersity sedimentation assay. Protein Sci.
16: 142218.

HAGELL., 2001 Gel-filtration chromatography. Curr. Protoc. Mol.. Bieapter 10 Unit 10.9.
HARDIER. C., RGHUP., 2001 Visual transduction in Drosophila. Natir& 186t93.
HARDIER. C., 2001 Phototransduction in Drosophila melanogaster. J. Ex@0Bi@403t9.

HASSAING., [ELUZC., RASSG.., WSR., DLM. B., WbVIUSR., RAFFA., SAHLBERH., DMIZAKI
T., ESMYTER., MOREALC., LX:-D., ®ITEVIN-., WGEIH., NUORYH., 2014 X-ray structure of
the mouse serotonin 5-HT3 receptor. NatlE2 276t281.

HATTORM., GUAUXE., 2012 Molecular mechanism of ATP binding and ion channel activation
in P2X receptors. Natud85: 207t12.

HAYDENJ. D., BOWNL. R., GNAWARDENA. P., PRKOWSHE. F., BENX., RAUNSTEINI., 2013
Reversible acetylation regulates acetate and propionate metabolism in Mycobacterium
smegmatis. Microbiolog¥59 1986t99.

HECHLEB., ENAINN., MARCHESE., VALC., EIMV., REUNOM., Q\ZENAVA-P., GTTANEM.,
RUGGERZ. M., EANSR., GCHETC., 2003 A role of the fast ATP-gated P2X1 cation channel
in thrombosis of small arteries in vivo. J. Exp. M&& 661t7.

HEFTIM. H., WWGFVAN DEROORNC. J. M\, DXONR., ¥RVOORJ., 2001 A novel purification
method for histidine-tagged proteins containing a thrombin cleavage site. Avahé&n.
295 180t5.

HEJIAK., SEKELA., DDMOTORE., ALMAIZ., BRLOGHG., SHILLING., 8ROSA., ALUDIG., 8SVARI
SEKELM., NEMODAZ., 2009 Association between depression and the GIn460Arg
polymorphism of P2RX7 gene: a dimensional approach. Am. J. Med. Genet. B.
Neuropsychiatr. Geneil.50B 295t9.

HELENIU®\., A&BIM., 2004 Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev.
Biochem.73: 1019t49.

HERNANDEDLMOSV., BDELRAHMAR., E-TAYEBA., REUDENDAHD., WEINHAUSES., MILLEFC. E.,

2012 N-substituted phenoxazine and acridone derivatives: structure-activity relationships
of potent P2X4 receptor antagonists. J. Med. Chen9576t88.

235



HIROIM., MEUNIERN., MARIONPOLLF., BNIMURAT., 2004 Two antagonistic gustatory receptor
neurons responding to sweet-salty and bitter taste in Drosophila. J Neur@hi833t
342.

HODGSON E. S., LETTVIN J. Y., ROEDER K. D., 1955 Physiology of a primamgtachenibrece
Sciencel22 41718.

HOLTON-. A., BLTONP., 1954 The capillary dilator substances in dry powders of spinal roots; a
possible role of adenosine triphosphate in chemical transmission from nerve endings. J.
Physiol126: 1241140.

HOLTON P., 1959 The liberation of adenosine triphosphate on antidromic stimwéti
sensory nerves. J. Physibdl5: 494t504.

HONOREP., IDNNELIYROBERT®., MMOVIOM. T., BIEHG., AU C. Z., MKUSA]. P., ERNANDE®.,
ZHONGC., QUVIND. M., GANDRANP., ARRISRR., MEDRANAA. P., BRROLMW., MARSHK.,
SULLIVAND. P., ALTYNEK. R.,ARVISM. F., 2006 A-740003 [(4-{[(cyanoimino)(5-
quinolinylamino) methyllamino}-2,2-dimethylpropyl)-2-(3,4-
dimethoxyphenyl)acetamide], a novel and selective P2X7 receptor antagonist, dose-
dependently reduces neuropathic pain in the rat. J. Pharmacol. Exp.3l8e4.376t85.

HU B., ENKLER., ¥XNGA., ®TOF., IANGB. T., 2002 P2X4 receptor is a glycosylated cardiac
receptor mediating a positive inotropic response to ATP. J. Biol. G7aiml5752t7.

HU A., AANGW., WANGZ., 2010 Functional feedback from mushroom bodies to antennal lobes
in the Drosophila olfactory pathway. Proc. Natl. Acad. Sci. U187A10262t7.

HUANGY ., EMIEUXM. J., BNGJ., AERM., WANGD -N., 2003 Structure and mechanism of the
glycerol-3-phosphate transporter from Escherichia coli. Sci@dde616t20.

HUANGY. A., BONEL. M., BREIRA., ¥XNGR., KNNAMONJ. C., DORYANCHIKAY., GAUDHARN.,
FNGERT. E., KINAMONS. C., ®ERS. D., 2011 Knocking out P2X receptors reduces
transmitter secretion in taste buds. J. Neuro8di. 13654t61.

HuDLICKA., ROWNM., ESGINTONB., 1992 Angiogenesis in skeletal and cardiac muscle. Physiol.
Rev.72: 369t417.

HULSMANNM., NCKEIP., KSSACKI., SHMALZING., AMBRECHG., MARKWARDTF., 2003 NF449,
a novel picomolar potency antagonist at human P2X1 receptors. Eur. J. Phadwéacol.
1t7.

HUNSKAARS., KDLEK., 1987 The formalin test in mice: dissociation between inflammatory and
non-inflammatory pain. PaiB0: 103t14.

ICHIMIYAT., MANYAH., GIMAEY ., YSHIDAH., BKAHASHK., WDAR., KDOT., NSHIHARA., 2004
The twisted abdomen phenotype of Drosophila POMT1 and POMT2 mutants coincides
with their heterophilic protein O-mannosyltransferase activity. J. Biol. CB&81 42638t
47.

236



INOUEM., TERADAT ., &XUDAM., NUIK:I., 2005 Regulation of human peptide transporter 1
(PEPT1) in gastric cancer cells by anticancer drugs. Canc@30e#2t80.

ISHIMOTCH., BKAHASHK., WDAR., BENIMURAT., 2005 G-protein gamma subunit 1 is required
for sugar reception in Drosophila. EMBQ41.3259t65.

ISONCK., MoRITAH., 2010 Molecular and cellular designs of insect taste receptor system. Front.
Cell. Neurosci: 20.

[TZSTEIM. VON WU W. Y., BKG. B., BGGM. S., DASON]. C.,IN B., HANT. VAN, SWYTHEM. L.,
WHITEH. F., OVERS. W., 1993 Rational design of potent sialidase-based inhibitors of
influenza virus replication. Natu@63. 418t23.

JAAKOLA/ -P., RIFFITHIM. T., ANSONM. A., GEREZOV., GIENE. Y. T. ANEJ. R.,JZERMAM\. P.,
STEVENR. C., 2008 The 2.6 angstrom crystal structure of a human A2A adenosine
receptor bound to an antagonist. Scierg22 1211t7.

JACKSOM. M., BUTELW., ©OLEW., HE M., 2004 Cell-free protein synthesis for proteomics.
Brief. Funct. Genomic. Proteomit.308t19.

JANKNECHR., MARTYNOF&.DE LOUJ., HPSKINIR. A., BRDHEIMA., SUNNENBERH. G., 1991
Rapid and efficient purification of native histidine-tagged protein expressed by
recombinant vaccinia virus. Proc. Natl. Acad. Sci. U.8B: 897216.

JANKNECHR., MbRDHEINA., 1992 Affinity purification of histidine-tagged proteins transiently
produced in HelLa cells. Geh21 321t4.

JARVIM. F., BANCHB., lEHIC]. T., BRTMELU., EEC-H., WLLIAMSM.., FALTYNEK., 2004 [3H]A-
317491, a novel high-affinity non-nucleotide antagonist that specifically labels human
P2X2/3 and P2X3 receptors. J. Pharmacol. Exp. 31@r07116.

JENNINGS. H., 2011 Drosophilea versatile model in biology & medicine. Mater. Today
190t195.

JENTSCH. J., HBNERC. A., BHRMANNJ. C., 2004 lon channels: function unravelled by
dysfunction. Nat. Cell Bidd: 1039t47.

JANGL. H., MCKENZIA. B., MRTHR. A., SRPRENANA., 2000a Brilliant blue G selectively blocks
ATP-gated rat P2X(7) receptors. Mol. Pharm&I8218.

JANGL. H., RSSENDRHN, BRPRENANA., MRTHR. A., 2000b Identification of amino acid
residues contributing to the ATP-binding site of a purinergic P2X receptor. Llikah.
275 34190t6.

JANGR., EMOINED., MARTZA., ALYA., ®NINS., RADO DEARVALHQ.., BECHA., RUTTER .,

2011 Agonist trapped in ATP-binding sites of the P2X2 receptor. Proc. Natl. Acad. Sci. U.
S. A108 9066t71.

237



JAOY., MOONS. J., ANTELIC., 2007 A Drosophila gustatory receptor required for the
responses to sucrose, glucose, and maltose identified by mRNA tagging. Proc. Natl. Acad.
Sci. U. S. A04 14110t5.

JMENEZPACHEC@®\., MESUREG., 8NZRODRIGUEA., BNAKAK., MDONEYC., ONROYR., MRAS
PORTUGAM. T., DIAZHERNANDER., HENSHALD. C., BEGELT., 2013 Increased neocortical
expression of the P2X7 receptor after status epilepticus and anticonvulsant effect of P2X7
receptor antagonist A-438079. EpilepSi 1551t61.

JOHNSONE. C., &KW. L., 1986 Electrophysiological study of Drosophila rhodopsin mutants. J.
Gen. PhysioB8: 651t73.

JONESC. A., GESSELL P., 10N J., BRNARLE. A., MLLERK. J., MCHEIA. D., WMPHREP. P., 2000
Functional characterization of the P2X(4) receptor orthologues. Br. J. Phara2&ol.
3881t94.

JONESC. A, ALC., 8LLERE. A., HMPHREP. P. A, \EANSR. J., RESSELL P., 2004 Functional
regulation of P2X6 receptors by N-linked glycosylation: identification of a novel alph
beta-methylene ATP-sensitive phenotype. Mol. Pharm&®I|979t85.

JONESS., EANSR. J., MHAUTSMITHM. P., 2014 Ca2+ influx through P2X1 receptors amplifies
P2Y1 receptor-evoked Ca2+ signaling and ADP-evoked platelet aggregation. Mol.
Pharmacol86: 243t51.

JNGK:-Y., MOONH. D., EEG. E.,IMH-H., RRKC:S., K1 Y:-C., 2007 Structure-activity
relationship studies of spinorphin as a potent and selective human P2X(3) receptor
antagonist. J. Med. Cherb0: 4543t7.

KACZMAREKAJEKK., DRINCZE., AUSMANNR., NCKEA., 2012 Molecular and functional
properties of P2X receptorsecent progress and persisting challenges. Purinergic Signal.
8. 3751417.

KAINP., BDSHA-., HISSAINS. M., MIRA., FASANG., RDRIGUEY., 2010 Mutants in phospholipid
signaling attenuate the behavioral response of adult Drosophila to trehalose. Chem.
Senses85: 663t73.

KALIPATNAPS., BATTOPADHYAY,, 2005 Membrane protein solubilization: recent advances and
challenges in solubilization of serotoninl1A receptors. [UBMBIZif805t12.

KARAKAE., BRUKAWA., 2014 Crystal structure of a heterotetrameric NMDA receptor ion
channel. Sciencg44: 992t7.

KasLowD. C., SILOACH., 1994 Production, purification and immunogenicity of a malaria
transmission-blocking vaccine candidate: TBV25H expressed in yeast and purifjed usi
nickel-NTA agarose. Biotechnology. (N1%)494t9.

KATOHT., TEMEYEFD XU T1ii7T dZ E[* v K- }( E}*}%Z]o PoC }% E}S Jv |
Glycoconj. B30: 57t66.

238



KAWATET ., MCHEL]. C., BDSON®V. T., GUAUXE., 2009 Crystal structure of the ATP-gated
P2X(4) ion channel in the closed state. Nad$é& 592t8.

KEFALAG., RVIATKOWSRKIV., BQUIVIES., MASLENNIKON, GIOES., 2007 Application of Mistic to
improving the expression and membrane integration of histidine kinase receptors from
Escherichia coli. J. Struct. Funct. Geno®id$7t72.

KeEwJ., DWIESC., 20100n Channels: From Structure to Functiowford University Press.

KHAKHB. S., BRNSTOCG., lENNEDYC., KNGB. F., BRTHR. A., SGUELAR., WVIGTM., HUMPHREP.
P., 2001a International union of pharmacology. XXIV. Current status of the nomenclature
and properties of P2X receptors and their subunits. Pharmacol 53e07118.

KHAKHB. S., BITHW. B., @IUC. S.,UD., AVIDSOMN., [ESTERI. A., 2001b Activation-
dependent changes in receptor distribution and dendritic morphology in hippocampal
neurons expressing P2X2-green fluorescent protein receptors. Proc. Natl. Acad. Sci. U. S.
A.98: 52881t93.

KHAKHB. S., NRTHR. A., 2006 P2X receptors as cell-surface ATP sensors in health and disease.
Nature442 527t32.

KINGB. F., WDMANS. S.,IBANSHINA.. E., RTOR]., BRNSTOC&., 1997 Effects of extracellular
pH on agonism and antagonism at a recombinant P2X2 receptor. Br. J. Phafr@&col.
1445t53.

KINGB. F., Iu M., BNTOR]., GALIXJ., MRASPORTUGAM. T., BRNSTOC&., 1999 Diinosine
pentaphosphate (IP5I) is a potent antagonist at recombinant rat P2X1 receptors. Br. J.
Pharmacol128 981t8.

KLAPPERSTUGK, BITTNEFC., NCKEIP., 8HMALZING., AMBRECHG., MARKWARDFF., 2000
Antagonism by the suramin analogue NF279 on human P2X(1) and P2X(7) receptors. Eur.
J. PharmacoB87: 245t52.

KOTNISS., BN\GHAMB., VASILYED. V, MLLERS. W., BI Y., ¥OLAS., GANDAP. K., BWLBYM. R.,
KAFTANE. J., @ADT. A., WITESIDG. T., 2010 Genetic and functional analysis of human
P2X5 reveals a distinct pattern of exon 10 polymorphism with predominant expression of
the nonfunctional receptor isoform. Mol. Pharmaco¥: 953t60.

KOTOM., TANOUYEM. A., ERRU®., HOMAS]. B., WMANR. J., 1981 The morphology of the
cervical giant fiber neuron of Drosophila. Brain R24: 213t7.

KRACUNS., BAPTALV., MRAMSON., IKAKHB. S., 2010 Gated access to the pore of a P2X
receptor: structural implications for closed-open transitions. J. Biol. Ck8fn10110t
21.

KRAMERI. M., $AVELEB. E., 2003 GAL4 causes developmental defects and apoptosis when
expressed in the developing eye of Drosophila melanogaster. Genet. Mo2: R8s7.

KUCENAS., LZ., ©XJ. A., BANT. M., WIGTM. M., 2003 Molecular characterization of the
zebrafish P2X receptor subunit gene family. Neurosci@é2de935t45.
239



KUMARJ. P., BADYD. F., 1995 Rhodopsin plays an essential structural role in Drosophila
photoreceptor development. DevelopmehP1 4359t70.

KUUSINEMA., ARVOLAM., OKERBLOMC., IKINANENK., 1995 Purification of recombinant GIDR-
glutamate receptor produced in Sf21 insect cells. Eur. J. Bio@88n720t6.

LaBASY. M., BTRUSHOWN., DDNOVANC., MOQURDYS., IRAP., RYETTIM. M., BRISSETTW., WCKS
J. R., BDOLYL., @BELC. A., 2002 Absence of the P2X7 receptor alters leukocyte function
and attenuates an inflammatory response. J. Immuh68: 6436t45.

LAMBRECHG., RIEBH ., RIMM U., WNDSCHEIH., RINGARDE., HLDEBRANDC., BUMERTH. G.,
SPATZKUMBELG., MUTSCHLEE., 1992 PPADS, a novel functionally selective antagonist of
P2 purinoceptor-mediated responses. Eur. J. Pharmat@l.21719.

LAMPINGE., MONKB. C., Nmi K., DLMESA. R., TACS., ANABEK., NiIMI M., LEHARAY ., GNNONR.
D., 2007 Characterization of three classes of membrane proteins involved in fungal azole
resistance by functional hyperexpression in Saccharomyces cerevisiae. Eukaryot. Cell
1150t65.

LAUGHOMA., GSTELANR. F., 1984 Primary structure of the Saccharomyces cerevisiae GAL4
gene. Mol. Cell. Biof: 260t7.

LEK. T., RQUETM., NOUELD., BBINSKK., SGUELA., 1997 Primary structure and expression of
a naturally truncated human P2X ATP receptor subunit from brain and immune system.
FEBS Let#t18: 19519.

LEBONG., WARNET ., BWARDS. C., BNNETK., ANGMEALC. J.,BESLIA. G. W., ATEC. G., 2011
Agonist-bound adenosine A2A receptor structures reveal common features of GPCR
activation. Nature474: 52115.

LECKERS. H., GLDBER®. L., MrcHW. E., 2006 Protein degradation by the ubiquitin-
proteasome pathway in normal and disease states. J. Am. Soc. Nelghrb®07t19.

LEDERKREMER. Z., 2009 Glycoprotein folding, quality control and ER-associated degradation.
Curr. Opin. Struct. Bidl9: 515t23.

LEEY., MOONS. J., MNTELIC., 2009 Multiple gustatory receptors required for the caffeine
response in Drosophila. Proc. Natl. Acad. Sci. U.196A4495t500.

LEEC-H., IUW., MCHEL]. C., GEHRIN®\., U J., BNGX., ®UAUXE., 2014 NMDA receptor
structures reveal subunit arrangement and pore architecture. Nafdre 191t197.

LEMMONM. A., S8HLESSINGHR 2010 Cell signaling by receptor tyrosine kinasesl€lell117t
34.

LENERTEL. Y., WNGZ., WADARRAMA\., HLLL. M., GQVALAM. L., BRTIC®. J., 2010 Mutation of

putative N-linked glycosylation sites on the human nucleotide receptor P2X7 seveal
key residue important for receptor function. Biochemis#§ 4611t9.

240



LEWISC., MIDHARTS., KDLYC., MRTHR. A., BELIG, SIRPRENANA., 1995 Coexpression of P2X2
and P2X3 receptor subunits can account for ATP-gated currents in sensory neurons.
Nature377. 43215.

LEwIsC. J.,¥aNsR. J., 2000 Lack of run-down of smooth muscle P2X receptor currents
recorded with the amphotericin permeabilized patch technique, physiological and
pharmacological characterization of the properties of mesenteric artery P2X receptor ion
channels. Br. J. PharmacbB1 1659t66.

L F., @ON.,, MAY., NNGB., WANGY ., KUL., 2014 Inhibition of P2X4 suppresses joint
inflammation and damage in collagen-induced arthritis. InflammaBianl46t53.

LAOM., QOE., OLIUD., GIENGY., 2013 Structure of the TRPV1 ion channel determined by
electron cryo-microscopy. Natu&04: 107t12.

LAOM., QOE., OLIUD., GIENGY., 2014 Single particle electron cryo-microscopy of a
mammalian ion channel. Curr. Opin. Struct. B@C 1t7.

LcHTY]. J., MLECKJ. L., ANEWH. D., MCHELSGRIOROWITD. J., AN S., 2005 Comparison of
affinity tags for protein purification. Protein Expr. Pudif: 98t105.

LUMA S. Q., MESENBOGR., 2005 Remote control of behavior through genetically targeted
photostimulation of neurons. CelR1: 141t52.

LN D. M., ®@ODMANC. S., 1994 Ectopic and increased expression of Fasciclin Il alters
motoneuron growth cone guidance. Neur@: 507t23.

Lu M., KNGB. F., DNNP. M., RNGW., ODWNSENENICHOLSOM.., BJRNSTOCE., 2001
Coexpression of P2X(3) and P2X(2) receptor subunits in varying amounts generates
heterogeneous populations of P2X receptors that evoke a spectrum of agonist responses
comparable to that seen in sensory neurons. J. Pharmacol. Exp286et043t50.

LODISHH., BERKA., ZPURSK®. L., MTSUDAIRR., BLTIMORD., DARNELL., 2000 Membrane
Proteins.

LOHMANA. W., VEA/ERJ. L., BLAUDM., S\NDILOS. K., BIFFITHR., $SRAUBA. C., BNUELA.,
LEITINGEN., IAIRDD. W., BYLIS®. A.,$3AKsoM. E., 2012 S-nitrosylation inhibits pannexin
1 channel function. J. Biol. Chep87: 39602t12.

LU M., u D., 2007 Structure of the zinc transporter YiiP. Sci8agel746t8.

LUCAES., SLYAKINA., BRDENN., HARVEW., GAGNEB., IABBEM., BNDERE. B., HRM., FAEZ
PEREDAM., SLLABER, BINGM., BRUCKT ., LEBR., KDLSBOER., MULLERMYHSOKB., 2006
PZ2RX7, a gene coding for a purinergic ligand-gated ion channel, is associatedayoith m
depressive disorder. Hum. Mol. Geng%: 2438t45.

LYNCHK. J., BUMAE., NFORATOW®V., KAGEK. L., BRGARLE. C., BSENI.VAN KOWALUKE. A.,
JARvVIIM. F., 1999 Molecular and functional characterization of human P2X(2) receptors.
Mol. Pharmacol56: 1171t81.

241



MA J., OSHIMURAM., AMASHITA., MKAGAWAA., TOA., BUKIHARA., 2004 Structure of rat
monoamine oxidase A and its specific recognitions for substrates and inhibitors. J. Mol
Biol.338 103t14.

MAW., HUI H., ELEGRIR., BRPRENANA., 2009 Pharmacological characterization of pannexin-
1 currents expressed in mammalian cells. J. Pharmacol. Exp328e409t18.

MACAULEPATRICKS., BZENDAMV.. L., MINEILB., FARVEY.. M., 2005 Heterologous protein
production using the Pichia pastoris expression system. ¥2agu9t70.

MAEDAS., MKAGAWA., BGAM., YAMASHITA, CsHIMAA., FBJIYOSHY ., BUKIHARA ., 2009
Structure of the connexin 26 gap junction channel at 3.5 A resolution. NAE&&97t
602.

MAHAUTSMITHM. P., ONESS., FANSR. J., 2011 The P2X1 receptor and platelet function.
Purinergic Signa¥: 341t56.

MALEYF., RIMBLER. B., ARENTINA\. L., PUMMERT. H., 1989 Characterization of glycoproteins
and their associated oligosaccharides through the use of endoglycosidases. Anal.
Biochem 180 195t204.

MANDALS., MOUDGIIM., MANDALS. K., 2009 Rational drug design. Eur. J. Pharné2&oB0t
100.

MARKSTEIM., RTSOULC., MLLALTAC., ELNIKES. E., BRRIMONN., 2008 Exploiting position
effects and the gypsy retrovirus insulator to engineer precisely expressed transgenes.
Nat. Genet40: 476183.

MARQUEKLAKAB., RTTINGER., BIARGAVA ., BSELH ., NCKEA., 2007 ldentification of an
intersubunit cross-link between substituted cysteine residues located in the putative ATP
binding site of the P2X1 receptor. J. Neura®¢i.1456t66.

MARQUEXKLAKAB., RTTINGER., NCKEA., 2009 Inter-subunit disulfide cross-linking in
homomeric and heteromeric P2X receptors. Eur. Biophg8: 329t38.

MARUYAMAT ., KKNAJIT., MKADES., KNNOT., MKOSHIBK., 1997 2APB, 2-aminoethoxydiphenyl
borate, a membrane-penetrable modulator of Ins(1,4,5)P3-induced Ca2+ release. J.
Biochem122 498t505.

MASLENNIKON, KAMMTC., RVANGE., IKFALAG., XLAMURAM., BSQUIVIES., MORK., GAUBITZL.,
KWIATKOWSKW., EONY. H., BOES., 2010 Membrane domain structures of three classes
of histidine kinase receptors by cell-free expression and rapid NMR analysis. Proc. Natl.
Acad. Sci. U. S. 207: 10902t7.

MIGITAK., AINESN. R., ¥IGTM. M., EEANT. M., 2001 Polar residues of the second
transmembrane domain influence cation permeability of the ATP-gated P2X(2) receptor.
J. Biol. Chen276: 30934t41.

MILLERP. S., RICESCB. R., 2014 Crystal structure of a human GABAA receptor. Nztre
2701275.
242



MINSKAIZE., RANM. D., 2013 Prot]v  } A% & e¢]}v pe]vP &D s T W (( § }( "o]
Biomed Res. InR013 291730.

MioK., KiIBOY., @URAT., ¥MAMOTOT ., &TOC., 2005 Visualization of the trimeric P2X2
receptor with a crown-capped extracellular domain. Biochem. Biophys. Res. Commun.
337: 998t1005.

Mio K., GURAT., YMAMOTOT ., HROAKK ., BJIYOSHY ., KiIBOY., 8TOC., 2009 Reconstruction of
the P2X(2) receptor reveals a vase-shaped structure with lateral tunnels above the
membrane. Structurd7: 266t75.

MIROUXB., WALKERJ. E., 1996 Over-production of proteins in Escherichia coli: mutant hosts that
allow synthesis of some membrane proteins and globular proteins at high levels. J. Mol.
Biol.260: 289t98.

MIRZABEKOV., BNNERN., RRZANM., HOFMANNW., KOLCHINSKR., W L., W ATTR., &DROSKI.,
1999 Enhanced expression, native purification, and characterization of CCR5, a principal
HIV-1 coreceptor. J. Biol. Che2i4: 28745t50.

MITCHELB. K., TAGAKH., RVETM. P., 1999 Peripheral and central structures involved in insect
gustation. Microsc. Res. Teel¥. 401t15.

MOHANTWA. K., VENERM. C., 2004 Membrane protein expression and production: effects of
polyhistidine tag length and position. Protein Expr. PGBf.311t25.

MONTELIC., 2009 A taste of the Drosophila gustatory receptors. Curr Opin Neut&b&15t
353.

MoREMENK. W., TEMEYER., NAIRNA. V, 2012 Vertebrate protein glycosylation: diversity,
synthesis and function. Nat. Rev. Mol. Cell Bi&l448t62.

MORTHJ. P., BDERSEB. P., DUSTRURENSENM. S., BREISENT. L.-M., BTERSES., AIDERSEN. P.,
VILSENB., NSSENP., 2007 Crystal structure of the sodium-potassium pump. N&tbioe
1043t9.

MULLERB. A., 2009 Imatinib and its successdmav modern chemistry has changed drug
development. Curr. Pharm. Dés: 120t33.

MULRYANK., GITERMAND. P., EWISC. J., MLC., ECKIB. J., 6BBA. L., BOWNJ. E., GNLEE. C.,
BUELLG., RITCHARE. A., ¥ANSR. J., 2000 Reduced vas deferens contraction and male
infertility in mice lacking P2X1 receptors. Natdi3 8619.

MURGIAM., HANAUS., IZZOP., RPPAM., MRGILIG. DI, 1993 Oxidized ATP. An irreversible
inhibitor of the macrophage purinergic P2Z receptor. J. Biol. Ché818199t203.

MusVETEAU., 2010 Heterologous expression of membrane proteins for structural analysis.
Methods Mol. Biol601: 1t16.

NAGAEM., YAMAGUCHY ., 2012 Function and 3D Structure of the N-Glycans on Glycoproteins.
Int. J. Mol. Scil3: 8398t429.
243



NEERE. J., 1995 Heterotrimeric C proteins: Organizers of transmembrane signe8§: 44t
257.

NELSOND. W., BEGAR. J., BRTM. E., BREAMEDRANQA., \OIGHTE. A., VUNGY., RAYSOIG.,
NAMOVICM. T., INNELLROBERT®. L., NNORATOWV., FONOREP., ARVIM. F., BLTYNEK.
R., GRROLMW. A., 2006 Structure-activity relationship studies on a series of novel,
substituted 1-benzyl-5-phenyltetrazole P2X7 antagonists. J. Med. @9eB659t66.

NEWBOLTA., $SO0OPR., VRGINICC., BRPRENANA., NORTHR. A., BELLG., RSSENDRHERN, 1998
Membrane topology of an ATP-gated ion channel (P2X receptor). J. Biol. ZA%m.
15177t82.

NEWSTEAS., v H., HEIUNEG.VON WATAS., [REWD., 2007 High-throughput fluorescent-based
optimization of eukaryotic membrane protein overexpression and purification in
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. UL(B: A3936t41.

NORENBERW., LLEF., 2000 Neuronal P2X receptors: localisation and functional properties.
Naunyn. Schmiedebergs. Arch. Pharma®e? 324t39.

NORTHR. A., 2002 Molecular physiology of P2X receptors. PhysioBR&Q13t67.
NORTHR. A.,ARVISV. F., 2013 P2X receptors as drug targets. Mol. Pharm&2a59t69.

ORMONDS. J., BRRERA. P., QRESHO. S., ENDERSOR. M., BWARDSON. M., MURREL-LAGNADO
R. D., 2006 An uncharged region within the N terminus of the P2X6 receptor inhibits its
assembly and exit from the endoplasmic reticulum. Mol. Pharm&&otL692t700.

OrTC. M., INGAPPA/. R., 2002 Integral membrane protein biosynthesis: why topology is hard
to predict. J. Cell Sdi1l5: 2003t9.

PALCZEWSK., KMASAKAT ., HORIT., BEHNKEC. A., MTOSHIMAL., IOXB. A., RONG. LE, TELLEMD.
C., XADAT., SENKAMIR. E., AMAMOTOM., MIYANOM., 2000 Crystal structure of
rhodopsin: A G protein-coupled receptor. Scie@88; 739t45.

PaLczewsKK., 2006 G protein-coupled receptor rhodopsin. Annu. Rev. Bioctem43t67.

PALMERE., REEMANT ., 2004 Investigation into the use of C- angkiainal GFP fusion proteins
for subcellular localization studies using reverse transfection microarrays. Comp. Funct.
Genomics: 342t53.

PALMER., WINGFIELP. T., 2004 Preparation and extraction of insoluble (inclusion-body)
proteins from Escherichia coli. Curr. Protoc. ProteinG3@pter 6 Unit 6.3.

PANCHINY ., KELMANSON, MATZM., LUKYANOK., BMANN., IUKYANO\S., 2000 A ubiquitous
family of putative gap junction molecules. Curr Bigl R4734.

PANNEELY ., KOCKI., KRIINSEOCKER., RZGAOUM., SNNINGI., 2011 Drosophila photoreceptor
cells exploited for the production of eukaryotic membrane proteins: receptors,
transporters and channels. PLoS @nel8478.

244



PEDERSEB. P., BCHPEDERSENI. J., MORTH]. P., RRMGRENMM. G., N5SENP., 2007 Crystal
structure of the plasma membrane proton pump. Natdfs) 1111t4.

PELEGRIR., BRPRENANA., 2006 Pannexin-1 mediates large pore formation and interleukin-
lbeta release by the ATP-gated P2X7 receptor. ENEB071t5082.

PELEGRIR., BRPRENANA., 2007 Pannexin-1 couples to maitotoxin- and nigericin-induced
interleukin-1beta release through a dye uptake-independent pathway. J. Biol. @B&m.
2386194.

PELEGRIR., BRPRENANA., 2009 The P2X(7) receptor-pannexin connection to dye uptake and
ILl-1beta release. Purinergic Sighafl29t137.

PENUELS., BALLAR., GNGX-Q., ©WANK. N., ELETTS. J., GVANB. J., BID., $A0Q., IAIRD
D. W., 2007 Pannexin 1 and pannexin 3 are glycoproteins that exhibit many distinct
characteristics from the connexin family of gap junction proteins. J. CE1RBcB772t
83.

PENUELA., BALLAR., MGK., IAIRDD. W., 2009 Glycosylation regulates pannexin intermixing
and cellular localization. Mol Biol C20: 4313t4323.

PENUELA., GHIR., BIRDD. W., 2012 The biochemistry and function of pannexin channels.
Biochim Biophys Acte828 15t22.

PENUELAS., GHIR., LIRDD. W., 2013 The biochemistry and function of pannexin channels.
Biochim. Biophys. Acte828 15t22.

PFEIFFEB. D., MOT-T. B., #BBARIK. L., MRPHYC., ENETTA., RUMANJ. W., BBING. M., 2010
Refinement of tools for targeted gene expression in Drosophila. Gerdd@& s 35t55.

PicHAUDF., [ESPLAIC., 2001 A new visualization approach for identifying mutations that affect
differentiation and organization of the Drosophila ommatidia. Developni@& 815t26.

PERRISEPONTINA.,STEFANCSR M. P. §, 2014 FlyBase 102 - advanced approaches to
interrogating FlyBase. Nucleic Acids Res. 42(D1)D780-D788.

PINTORI., KNGB. F., NRASPORTUGAM. T., BRNSTOC&., 1996 Selectivity and activity of
adenine dinucleotides at recombinant P2X2 and P2Y1 purinoceptors. Br. J. Pharmacol.
119 1006t12.

PrRIVEG. G., 2007 Detergents for the stabilization and crystallization of membrane proteins.
Methods41: 388t97.

QURESHOD. S., BRAMASIVAM\,, Y J. C. H., MRREL-LAGNADCR. D., 2007 Regulation of P2X4
receptors by lysosomal targeting, glycan protection and exocytosis. J. CEI0S8B38t
49.

RADFORIK. M., VRGINICC., BRPRENANA., NORTHR. A., KWASHIMAE., 1997 Baculovirus
expression provides direct evidence for heteromeric assembly of P2X2 and P2X3
receptors. J. Neurosdi7: 6529t33.

245



RALEVIQ/., BIRNSTOCK., 1998 Receptors for purines and pyrimidines. Pharmacol5Rev.
413192.

RaAMANP., GEREZOV., GQFFRE¥., 2006 The Membrane Protein Data Bank. Cell. Mol. Life Sci.
63: 36151.

RAMJEESINGM., HJANL. J., @RAMIE., BARC. E., 1999 Novel method for evaluation of the
oligomeric structure of membrane proteins. Biochen84R ( Pt 1119t23.

RASSENDRERN, BIELLG., NMWBOLTA., NORTHR. A., SRPRENANA., 1997 Identification of amino
acid residues contributing to the pore of a P2X receptor. EMBR® 3446t54.

RECKES., BBHANIFAKS., DRSTF., BHRF., SIROKOW. A., BTSCH/., BERNHARIF ., 2010
Strategies for the cell-free expression of membrane proteins. Methods Mol .@Bibl.
187t212.

REED. C., PANTONIOL., ESENBERDB., 1989 Hydrophobic organization of membrane proteins.
Science45; 510t3.

REITEA. T., BTOCKL., GIENS., @IBSKOWI., BERE., 2001 A systematic analysis of human
disease-associated gene sequences in Drosophila melanogaster. Genorhg Res4t
25.

R E / D., WLSON. B. H., RSCHINGER., 2008 The Glycosylation Capacity of Insect Cells. Croat.
Chem. Act81: 7t21.

RETTINGER., BHMALZING., DMERS., MILLEFG., NCKEIP., BMBRECHG., 2000a The suramin
analogue NF279 is a novel and potent antagonist selective for the P2X1 receptor.
Neuropharmacolog®9: 2044t2053.

RETTINGEB., ACHRARA., 8HMALZING, 2000b Roles of individual N-glycans for ATP potency
and expression of the rat P2X1 receptor. J. Biol. CB&81.33542t7.

RETTINGER., RAUNK., WCHMANNH., KRSSACKI. U., WLMANNH., NCKEIP., 8HMALZING.,
LAMBRECHG., 2005 Profiling at recombinant homomeric and heteromeric rat P2X
receptors identifies the suramin analogue NF449 as a highly potent P2X1 receptor
antagonist. Neuropharmacolo@8: 461t8.

RCHARDS., W Y., BTTENCOUR. R., HADECKR., ETOVSKS., NELSENR., HORNTON., HBISZ
M. J., @ENR., MEISEIR. P., GQURONNBE., HIAS., SITHM. A., AANGP., U J., BSSEMAKER
H. J., BTENBUR®. FVAN HOWELLS. L., &HERES. E., ®ERGREK., MA\TTHEWS. B.,
QROSBW. A., 8HROEDER. J., @TIZBARRIENTOR., RVESC. M., METZKER. L., MUZNYD.
M., OTTG., SEFFEND., WHEELER. A., VORLEXK. C., BHVLAKP., IDRBINK. J., BANA., GLL
R., HHMEJ., MORGANM. B., MNERG., HAMILTONC., HHANGY., WALDRON_., \ERDUZC®.,
QLEREBLANKENBURK. P., DBCHAHK., NDORM. A. F., ADERSONV., WHITEK. P., CARKA. G.,
SCHAEFFER. W., GLBARW., WEINSTOCG. M., @BBSR. A., 2005 Comparative genome
sequencing of Drosophila pseudoobscura: chromosomal, gene, and cis-element
evolution. Genome Re4$5; 1118.

246



ROBERTS. A., ZANSR. J., 2007 Cysteine substitution mutants give structural insight and identify
ATP binding and activation sites at P2X receptors. J. Nel2@s4D72t82.

ROBERTY. A,, 5BYH. R., KRAM., AIOUZS.H, SUTCLIFFM. J., EANSR. J., 2008 Cysteine
substitution mutagenesis and the effects of methanethiosulfonate reagents at P2X2 and
P2X4 receptors support a core common mode of ATP action at P2X receptors. J. Biol.
Chem.283 20126t36.

ROBERTSON. M., WARRC. G., BRLSON. R., 2003 Molecular evolution of the insect
chemoreceptor gene superfamily in Drosophila melanogaster. Proc Natl Acad Sci U S A
100 Supplt 14537t14542.

ROBINSON.. E., MRRELLAGNADCR. D., 2013 The trafficking and targeting of P2X receptors.
Front Cell Neurosg@i: 233.

ROGERS., MEIZ-Z., BLDWIN]. M., DNGL., BRADLEH., BLDWINS. A., SRPRENANA., JANGL -H.,
2010 Single nucleotide polymorphisms that were identified in affective mood disorders
affect ATP-activated P2X7 receptor functions. J. Psychiatrd®Resl7155.

ROLFM. G., BREARLEE. A., MHAUTSMITHM. P., 2001 Platelet shape change evoked by
selective activation of P2X1 purinoceptors with alpha,beta-methylene ATP. Thromb.
Haemost85: 303t8.

ROMANOWR. A., BSTROVM. F., RGACHEVSKA®: A., SDOVNIKOV. B., BESTOPALOV. I.,
KOLESNIKOS. S., 2012 The ATP permeability of pannexin 1 channels in a heterologous
system and in mammalian taste cells is dispensable. J. CARBE514t23.

RoosILOY. P., BEENWALD., EGAM., ASTRONOVS., EKR., GOES., 2005 NMR structure of
Mistic, a membrane-integrating protein for membrane protein expression. Scibice
1317t21.

ROYLES. J., B EKsL. K., MRRELLAGNADCR. D., 2002 Identification of a non-canonical
tyrosine-based endocytic motif in an ionotropic receptor. J. Biol. CB&.35378t85.

ROYLES. J., QRESHD. S., B EKsL. K., ¥aNSP. R., @END. J., MRRELLAGNADCR. D., 2005
Non-canonical YXXGPhi endocytic motifs: recognition by AP2 and preferential utilization
in P2X4 receptors. J. Cell 34i8 3073t80.

RuBIOM. E., BTOF., 2001 Distinct Localization of P2X receptors at excitatory postsynaptic
specializations. J. Neurosgi: 641t53.

SAMWAYD. S. K., HAKHB. S., DTERTRS., EANT. M., 2011 Preferential use of unobstructed
lateral portals as the access route to the pore of human ATP-gated ion channels (P2X
receptors). Proc. Natl. Acad. Sci. U. 9.08. 13800t5.

SAMWAYD. S. K., HRKHB. S., BANT. M., 2012 Allosteric modulation of Ca2+ flux in ligand-
gated cation channel (P2X4) by actions on lateral portals. J. Biol. C8&ri594t602.

SANDILOY. K., BrLIS®. A., 2012 Physiological mechanisms for the modulation of pannexin 1
channel activity. J. Physiélo0: 6257t66.
247



SANzJ. M., B10zzP., ERRARD., ©LAIANNAV., DZKOM., FALZONS., ELLINR., RABACE .,
VIRGILId-.Di, 2009 Activation of microglia by amyloid {beta} requires P2X7 receptor
expression. J. Immundl82 4378t85.

ATOK., BLLEGRINNI., NAKAGAWAT ., MKAGAWAT ., \OSSHALL. B., DUHARA., 2008 Insect
olfactory receptors are heteromeric ligand-gated ion channels. Nat&21002t6.

SATOK., BNAKAK., DUHARA ., 2011 Sugar-regulated cation channel formed by an insect
gustatory receptor. Proc. Natl. Acad. Sci. U. $08.11680t5.

SCHMIDTT. G., BERRA., 1994 One-step affinity purification of bacterially produced proteins by
u ve }( 8Z ~"EE % 5 P_ v Juu} Jo]l E }u]Jvvsd }E +3E %
A 676 337t45.

SCHWEISGUTH., NEROP., BSAKONY. W., 1994 The sequence similarity of the Drosophila
suppressor of hairless protein to the integrase domain has no functional significance in
vivo. Dev. Bioll66: 812t4.

SCoTK., RADYR., RAVCHIK., MOROZOWP., RHETSKA., ZKERC., XELR., 2001 A
chemosensory gene family encoding candidate gustatory and olfactory receptors in
Drosophila. Cell04 661t73.

SEDDONA. M., GRNOWP., BOTHP. J., 2004 Membrane proteins, lipids and detergents: not just
a soap opera. Biochim. Biophys. At&66 105t17.

SELLIER.-J., REBP., MARIONPOLLF., 2011 Consumption of bitter alkaloids in Drosophila
melanogaster in multiple-choice test conditions. Chem. SeB&e323t34.

SLVERMANV. R., RERO/ACCAR]. PDE LOCOVES., QU F., GRLSSOS. K., &EMEE., KANER. W.,
DAHLG., 2009 The pannexin 1 channel activates the inflammasome in neurons and
astrocytes. J. Biol. Che284; 18143t51.

SM J. A., BUNGM. T., BNGH-Y., MRTHR. A., SRPRENANA., 2004 Reanalysis of P2X7 receptor
expression in rodent brain. J. Neurogt 6307t14.

XUBES. B., BAVERRI. M., ®0ODSOM. V, 2010 Effect of GFP tags on the localization of EB1 and
EB1 fragments in vivo. Cytoskeleton (Hobokéi)1112.

SMITHT. M., HCKSBERGER. A., K1 S., IRLEYT. L., 2002 Cloning, expression, and
characterization of a soluble calcium-activated nucleotidase, a human enzyme belonging
to a new family of extracellular nucleotidases. Arch. Biochem. BiogB$s105t15.

SOBOLEVSKA. |., BSCONM. P., @GUAUXE., 2009 X-ray structure, symmetry and mechanism of
an AMPA-subtype glutamate receptor. Natuig2 745t56.

SOTOF., BMBRECHG., NCKEIP., SUHMERN., BJISCHA. E., 1999 Antagonistic properties of the

suramin analogue NF023 at heterologously expressed P2X receptors.
Neuropharmacolog®8: 141t9.

248



STEVENY. J., AKINI. T., 2000 Do more complex organisms have a greater proportion of
membrane proteins in their genomes? Prote8® 417t20.

STOCKER. F., 2004 Taste perception: Drosophila - a model of good taste. Cur:BR8IG01.

STOKES.., IANGL-H., ACARAL.., BNTJ., BWERK., BGURAM., FURBERM., MORTIMORM.,
LAWSONM., THEAKER., BURENTC., RADDOCKI., IIRPRENANA., 2006 Characterization of
a selective and potent antagonist of human P2X(7) receptors, AZ11645373. Br. J.
Pharmacol149: 880t7.

STOKES. ., 8URRAKK., ELIS]. A., ROMERB. A., BARRATK. K., GB. J., HRRAFS. B., WEYJ. S.,
2011 A los®f-function polymorphism in the human P2X4 receptor is associated with
increased pulse pressure. Hypertenskf 1086t92.

SURPRENANA., RSSENDRHEN, KWASHIMAE., MRTHR. A., BELLG., 1996 The cytolytic P2Z
receptor for extracellular ATP identified as a P2X receptor (P2X7). SEEhFS518.

SWAYNEL. A., BRBARL. D., BNNETS. A., 2010 Pannexin 2 is expressed by postnatal
hippocampal neural progenitors and modulates neuronal commitment. J Biol 28&m
24977t24986.

TATEC. G., 2001 Overexpression of mammalian integral membrane proteins for structural
studies. FEBS Lef04: 9418.

TAVOULARIS., 8AZZOCCHIO., BPHIANOPOULOY., 2001 Functional expression and cellular
localization of a green fluorescent protein-tagged proline transporter in Aspergillus
nidulans. Fungal Genet. Bi8B: 115t25.

TAYLORA. L., SHWIEBERLT. M., BITHJ. J., IKGC., ONES]). R., 8RSCHEE. J., SHWIEBERE. M.,
1999 Epithelial P2X purinergic receptor channel expression and function. J. Clin. Invest.
104: 875184.

TERPEK., 2003 Overview of tag protein fusions: from molecular and biochemical fundamentals
to commercial systems. Appl. Microbiol. Biotechiggt. 523t33.

THORNEN., GIROMEXC., BRAYS., MREINH., 2004 Taste perception and coding in Drosophila.
Curr BiofL4: 1065t1079.

THORPHH. M., ®ITHM. C., 1998 In vitro site-specific integration of bacteriophage DNA
catalyzed by a recombinase of the resolvase/invertase family. Proc. Natl. Acad. Sci. U. S.
A.95: 5505t10.

TONDID., ®WERSR. A., BSELLE., MGRM. C., BAZQUEZ., ©STIM. P., 8OICHEB. K., 2001
Structure-based design and in-parallel synthesis of inhibitors of AmpC beta-lactamase.
Chem. Biol8: 593t611.

TORRES. E., BANT. M., WIGTM. M., 1998 N-Linked glycosylation is essential for the
functional expression of the recombinant P2X2 receptor. Biochen83trg4845t51.

249



TOTHZSAMBOKE., @RYC., ORNELISSEN., \OSR. [ VERMYLEN., KOYLAERTH. F., 2003 P2X1-
mediated ERK2 activation amplifies the collagen-induced platelet secretion by enhancing
myaosin light chain kinase activation. J. Biol. CH&f8. 46661t7.

TSUDAM., HIGEMOTEMOGAMIY ., IOIZUMIS., MZOKOSHA., KOHSKAS., BLTERM. W., NOUEK.,
2003 P2X4 receptors induced in spinal microglia gate tactile allodynia after nerve injury.
Nature424: 778t83.

UENOK., WHATSLS., CAYC., BRTEM., SONOK., HDOKORCY ., 2006 Gsalpha is involved in sugar
perception in Drosophila melanogaster. J. Neur@d&i6143t52.

UNWINN., 2005 Refined structure of the nicotinic acetylcholine receptor at 4A resolution. J.
Mol. Biol.346. 967t89.

URSUD., BERTP., IANGRONE., RBLEC., MUNSIEL., DUW., RIALB., QANY -W., MONEAREYT. A.,
MOGGA., RUBISHA., MERCHANK., 8ERE., 2014 Gain and loss of function of P2X7
receptors: mechanisms, pharmacology and relevance to diabetic neuropathic pain. Mol.
Painl0: 37.

VACCAF., QUSTIZIERWI., GOTTIM. T., MERCURN. B., VLONTEC., 2009 Rapid constitutive and
ligand-activated endocytic trafficking of P2X receptor. J. Neuroch6f1031t41.

VACCAF., [ MBROSN., NESTOLA., MADIOS., GJSTIZIERV., QICCHIAROMI. L., DZzIA., \ELLUZ
M. C., MERCURN. B., WLONTEC., 2011 N-Glycans mutations rule oligomeric assembly and
functional expression of P2X3 receptor for extracellular ATP. GlycobRilog§@4t43.

VALENTEM., WATTERSOS. J., RRKEMM. D., BRDR. C., ¥UNGM. T., 2011 Expression,
purification, electron microscopy, N-glycosylation mutagenesis and molecular impdel
of human P2X4 and Dictyostelium discoideum P2XA. Biochim. Biophy48A&t2859t
66.

VALERAS., WISSW., EZANSR. J., BAMIN., NORTHR. A., SRPRENANA., RIELLG., 1994 A new class
of ligand-gated ion channel defined by P2x receptor for extracellular ATP. Katlre
51619.

VIRGILIG-.Di, FERRARD., MINOLFE., 2009 P2X(7): a growth-promoting receptor-implications
for cancer. Purinergic Signal.251t6.

VIRGINICC., RBERTSOS., BRPRENANA., NORTHR. A., 1998 Trinitrophenyl-substituted
nucleotides are potent antagonists selective for P2X1, P2X3, and heteromeric P2X2/3
receptors. Mol. Pharmacdb3: 969t73.

VULCHANOVA., RVIDSSON., REDLM., WANGJ., BELLG., SRPRENANA., MRTHR. A., BER.,
1996 Differential distribution of two ATP-gated channels (P2X receptors) determined by
immunocytochemistry. Proc. Natl. Acad. Sci. U. 83/8063t7.

WADAT., SIMONOK., KKUKAWAT., ATOM., $1INYAN., KM S. Y., IKKURASOMEYAT ., SIIROUZWM.,
TAMOGAMW., MYAUCHS., UNGK-H., kMO N., YOKOYAMAS., 2011 Crystal structure of the
eukaryotic light-driven proton-pumping rhodopsin, Acetabularia rhodopsin II, from
marine alga. J. Mol. Biagll1l 986t98.

250



WAGNEFRS., KEPSCM. M., $HLEGES., RPEIA., IRAHEIMR., RRRW.., HOGBOMM., WIKK. J.
VAN SOTBOOM. J., BRSSON. O., &RJ-W.DE 2008 Tuning Escherichia coli for
membrane protein overexpression. Proc. Natl. Acad. Sci. U185A14371t6.

WALDRON. B., 87YNOKJ., 2004 Peripheral P2X receptors and nociception: interactions with
biogenic amine systems. Pdih0: 79t89.

WALKER. E., &RASTIM., RUINSWICKM. J., @YN. J., 1982 Distantly related sequences in the
alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-requiring
enzymes and a common nucleotide binding fold. EMBO9U5t51.

WANGZ., 8NGHVIA., IONGP., 80T1K., 2004a Taste representations in the Drosophila brain.
Cell117: 9811991.

WANGZ., 8NGHVIA., IONGP., 80T1K., 2004b Taste representations in the Drosophila brain.
Cell117: 9811t91.

WANGH., EFERICH., ®UAUXE., 2012 Structures of LeuT in bicelles define conformation and
substrate binding in a membrane-like context. Nat. Struct. Mol. B#[21219.

WATANABH ., TOY., XMADAT., ASHIMOTOM., EKINES., ANAKAH., 1994 The roles of the C-
terminal domain and type Ill domains of chitinase Al from Bacillus circulans WL-12 in
chitin degradation. J. Bacteridl76 4465t72.

WEIsd.. A., BHANUKAR., KVONJ. Y., BNERJED., @RLSON. R., 2011 The molecular and
cellular basis of bitter taste in Drosophila. Neufth 258t72.

WENH., EZANSR. J., 2009 Regions of the amino terminus of the P2X receptor required for
moadification by phorbol ester and mGluR1alpha receptors. J. Neuroct@n331t40.

WEWERM. D., 8RKARA., 2009 P2X(7) receptor and macrophage function. Purinergic Signal.
189195.

WHITEN., BUTLERP. E. M., BRNSTOC&., 2005 Human melanomas express functional P2 X(7)
receptors. Cell Tissue R821: 41118.

WHITEN., BURNSTOC®., 2006 P2 receptors and cancer. Trends Pharmacd7Seil1t7.
WHITEC. W., BOONGY:T., SIORTJ. L., BENTARI8., MALONED. T., ALENA. M., ZANSR. J.,
VENTURM XU 1iii D o }VEE %3]}v A] <]upoSadrénoeceptoysi}pus }( ri
and P2X1-purinoceptors in mice. Proc. Natl. Acad. Sci. U1B) 20825t30.
WICHERD., $HAFEIR., BUERNFEINB., SENSMYR. C., HLLER., HINEMANNS. H., HNSSOMB. S.,
2008 Drosophila odorant receptors are both ligand-gated and cyclic-nuceatitiivated
cation channels. Naturé52 1007t11.
WICKiSTORDEUR. E., BAYNEL. A., 2014 The emerging Pannexin 1 signalome: a new nexus

revealed? Front. Cell. Neurosti.287.

251



WILDMANS. S., BOWNS. G., KGB. F., BRNSTOC®., 1999 Selectivity of diadenosine
polyphosphates for rat P2X receptor subunits. Eur. J. Pharn8bl119t23.

WILDMANS. S., BOWNS. G., RHMANM., NOELC. A., BURCHILL., BIRNSTOC®., LWWINR. J., KG
B. F., 2002 Sensitization by extracellular Ca(2+) of rat P2X(5) receptor and its
pharmacological properties compared with rat P2X(1). Mol. Pharm@2od57t66.

WILKINSONV. J., IANGL -H., SRPRENANA., NORTHR. A., 2006 Role of ectodomain lysines in the
subunits of the heteromeric P2X2/3 receptor. Mol. Pharmadal 1159t63.

WILLEMSEMN. M., HTCHENE. M., BDETTT. J., AOLLONA., WARRILOVD., RLLEFS. C., KRRICHD.,
2006 Protein methylation is required to maintain optimal HIV-1 infegtiRietrovirology
3:92.

WISOTSKY., MEDINAA., IREEMANE., HANUKAR., 2011 Evolutionary differences in food
preference rely on Gr64e, a receptor for glycerol. Nat. Neuradcil534t41.

WOLFC., RSEFORC., BLLAHG., KSSACIKI. U., AMACHER., BEDNARM., WANGH., LLE®., KESS
A., BBHRENBERG., 8HMALZING., FAUSMANNR., 2011 Molecular determinants of potent
P2X2 antagonism identified by functional analysis, mutagenesis, and homology docking.
Mol. Pharmacol79: 649t61.

WooDC., WLLIAMSC., WALDRONG. J., 2004 Patch clamping by numbers. Drug Discov. Joday
434141.

WORTHINGTOR. A., 8ARTM. L., @ B. J., WLIAMD. A., BTROWS., WLEYJ. S., BRDENJ. A.,
2002 Point mutations confer loss of ATP-induced human P2X(7) receptor function. FEBS
Lett.512 43t6.

WU J., KOLSTEIN. D., BADHYAG., IND-T., ©NWAYS., MULLEFE., ECHLEITER D., 2007
Purinergic receptor-stimulated IP3-mediated Ca2+ release enhances neuroprotection by
increasing astrocyte mitochondrial metabolism during aging. J. NeuB¥s@&510t20.

Wuu J. J.,\8ARTZ]. R., 2008 High yield cell-free production of integral membrane proteins
without refolding or detergents. Biochim. Biophys. At#& & 1237t50.

XUG-Y., IANGL-Y. M., 2002 Peripheral inflammation sensitizes P2X receptor-mediated
responses in rat dorsal root ganglion neurons. J. Neurd2c@3t102.

YAMAMOTOK., BKABET ., MATSUMOTAd ., YSHIMURK., 8IBATAM., CHURAN., FUKUDAT., 8TOT.,
SKINEK., KTOS., $SHIKM., FUJITAT., KOBAYASHV., K\WAMURAK., MASUDAH., KKMIYAA.,
ANDOJ., 2006 Impaired flow-dependent control of vascular tone and remodeling in P2X4-
deficient mice. Nat. MedL2: 133t7.

YAND., ZUY., WALSHT., XeD., YANH., S]RMACIA., BIJKAWAT., WONGA. C. Y..dHT. L., D L.,
GRATIM., LAJKOVIS. M., BANTONS., RANA. F., BENZ-Y., FHORNEP. R., KCHARB., EKIN
M., ZHAOH-B., FUSLEG. D., KKGM.-C., W X. Z., 2013 Mutation of the ATP-gated P2X(2)
receptor leads to progressive hearing loss and increased susceptibility to noise. Proc.
Natl. Acad. Sci. U. S.1A0. 2228t33.

252



YANGC:H., EELAWATP., FAFENE., ANL. Y.,ANY:-N., 2008 Drosophila egg-laying site selection
as a system to study simple decision-making processes. SEG&ack79t83.

YaoK. M., WHITEK., 1994 Neural specificity of elav expression: defining a Drosophila promoter
for directing expression to the nervous system. J. Neurocle&m41t51.

YAOZ., MACARAA. M., ELITXK. R., MNOSYAN'. Y., SAFERO. T., 2012 Analysis of functional
neuronal connectivity in the Drosophila brain. J. Neurophy$@g. 684t96.

YENM. R., 8IERR M. H., 2007 Gap junctional proteins of animals: the innexin/pannexin
superfamily. Prog Biophys Mol B&3t: 5t14.

YOUNGM. T., BANGY:H., @QOL., ROOMHEAI., IANGL -H., 2008 Role of the domain
encompassing Arg304-11e328 in rat P2X2 receptor conformation revealed by alterations in
complex glycosylation at Asn298. Biocherd1&: 137t43.

ZEMKOVAH., HEM.-L., KOSHIMIZUT ., SOJILKOVIB. S., 2004 Identification of ectodomain regions
contributing to gating, deactivation, and resensitization of purinergic P2X receptors. J.
Neurosci24: 6968t78.

ZEMKOVAH., ¥NZ., LANGZ., 8LINKOVA, TOMICM., S0JILKOVIB. S., 2007 Role of aromatic and
charged ectodomain residues in the P2X(4) receptor functions. J. Neurotb2m.139t
50.

ZHANGJ., YN J., BANGZ., HANGX., RN B., 2009 Design and optimization of a linker for fusion
protein construction. Prog. Nat. Stb: 1197t1200.

ZHANGJ., BANGK., @QOZ-G., ROLETTS., BANGD., ANG. W., LT., MA L., HANGW., MULLER
C. E., /NGH., IANGH., GIEREZOV., KTRITCI., ACOBSOK. A., EEVENR. C., WB., AAO
Q., 2014 Agonist-bound structure of the human P2Y12 receptor. NaQg:€119t22.

ZHAOX., LG., IANGS., 2013 Several Affinity Tags Commonly Used in Chromatographic
Purification. J. Anal. Methods Che2®13 581093.

2MMERM., 2002 Green fluorescent protein (GFP): applications, structure, and related
photophysical behavior. Chem. R&02 759t81.

ZMMERMANNH., 2000 Extracellular metabolism of ATP and other nucleotides. Naunyn.
Schmiedebergs. Arch. Pharma@82 299t309.

ZUKERC. S., 1996 The biology of vision of Drosophila. Proc. Natl. Acad. Sci.93: 57 K6.

253



Publications

Grimes L.M., Young M.T.(2014) Purinergic P2X receptors: structural and functional
features depicted by X-ray and molecular modelling studizrgr. Med. Chen{accepted; in

press)

254



