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Introduction

1 INTRODUCTION

1.1 Receptor theory

The word ‘receptor’ originates from the Latin wordcipere’ — to accept, receive. Thus, in
biochemistry a receptor is known to be a protest @ccepts or receives signals (ligands,
drugs), which then initiate a cellular responsee Titst step in the generation of such a signal-
transduction cascade is the formation of a reviergloug-receptor complex (Paul Ehrlich:
‘Corpora non agunt nisi fixata’ ~ ‘A drug will nowvork unless it is bound’), where the
reactions are governed by the Law of Mass Actioan@Ret al., 2003). In terms of the
occupation theory (linkage model), a linear relagioip between receptor occupancy and
cellular response was assumed because the rougpérdolic shape of the dose-response
curves in pharmacological measurements seemedi¢atréangmuirean binding’ (Fig. 1).
However, there is not necessarily a linear relatigm between the proportion of occupied
receptors and the response which makes the use dbse-response curves for determination

of agonist affinity at a receptor impossible.

1 A+R =2 AR

1
agonist receptor complex

21 [AR] _ [A]
R, [A] +Kp

Figure 1: Principles of linkage models in receptotheory (Rang et al., 2003; Colquhoun, 2006)

[1] Schematic representation of the reaction ohigidA) and receptor (R) in drug-receptor comglaRr)
formation with a specific association.{kand dissociation (K rate constant. Applying the Law of Mass
Action to this reaction results in equation [2] alnis known as the Hill-Langmuir equation. The mtipn

of receptors occupied (AR) is dependent on thé teteptor density ()R agonist concentration (A) and the
equilibrium constant (§. The equilibrium constant {kis a characteristic of the agonist and the rexept

This knowledge revealed the limitation of definiregeptors simply by the order of agonist
occupancy in a single tissue (Limbird, 2004). |e tiperational model, more emphasis was
put on the characteristics of the tissue (e.g.reabd the coupling between the receptor and
response), as well as of the agonist itself, amdcbncept of intrinsic efficacy was more
closely related to experimentally observed behawbrpharmacological systems by the
transducer function (Kenakin, 2004). Thus, this gladas able to explain how differences in
the transducer function and receptor density ifetght tissues can result in the same agonist,
acting on the same receptor, appearing as a fahisigin one tissue, and as a partial agonist

in another one (Rang et al., 2003).
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The discovery of constitutively active G proteindpted receptors (GPCR) and inverse
agonism has led to a renaissance in receptor thewdyalready existing models had to be
extended to describe this new receptor behavio@n@Kin, 2004). The extended ternary
complex model describes the coupling of a recefmt@n agonist and/or a trimeric G protein
with selective affinities of agonist/ antagonists the active (B or inactive receptor (R
(Fig. 2, [1]). This allowed for the theoretical cheterization of an inverse agonist. Such an
agent stabilizes the inactive form of the recepb@reby reducing its ‘basal’ or constitutive
activity, whereas a full agonist has a high prefeesfor the activated state of the receptor.
Moreover, an antagonist shows no preference ardklim both states of a receptor, thereby
not changing the existing equilibrium between bsthtes and not eliciting an observable
cellular response (Limbird, 2004).

However, the shortcoming of all linkage modelshattthey must pre-define the species
present in a thermodynamic space. If there are mjpeeies than defined, these models fail.
The probabilistic model of GPCRs assumes that eptec possesses a particular distribution
between different conformations in a resting s(&tg. 2, [2]). The binding of a ligand and/ or
G protein changes this distribution by stabilizsecific conformations. Thus, agonists are
ligands that shift the distribution of conformatotowards those that activate G proteins.
After all, GPCRs are now seen as interactive infdiom processing units other than switches
for G proteins (Kenakin, 2004).

[1] G [2]
oL T | §8E ¢
AR, = =™ AR, —= ™ ARG s83 3
5 B RE §
g @ OE£E &
% i l
"{E |:|:||":I3 I:li}"l'{a z [ % \
L Kg . |
q| -~ Ra "--Ir,r'— qJG l
e

Conformations

Figure 2: Recent developments in receptor theory (nakin and Onaran, 2002; Kenakin, 2004)

[1] The extended ternary complex model describestiexistence of inactive jRand active (B receptor
states according to the constan6 proteins (G) that enter the system can bind,tim Rr without the
presence of an agonist (A). The ligand can binabtb receptor states. Constitutive activity is the
spontaneous formation of® complexes. Affinity of ligands is described byatd efficacy by the two
termsa andy. [2] Example of the distribution of different receptonformations in the probabilistic model
of GPCRs. The ‘reference’ ensemble representsdiiextion of receptor conformations in the restatate.
The intersection between the ‘reference’ and ‘Gginocoupling’ ensembles indicates constitutivevigt
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1.2 Purinergic Signaling

The term ‘purinergic’ was coined by Geoffrey Buowk, who first introduced ATP as a
signaling molecule to the scientific world (Burnsitp 1971). Since then ATP was already
known to be involved in many biochemical procesdes, the idea of such an universal
molecule also acting as a signal transmitter wast well accepted in the beginning.
Subsequently, as the existence of purinergic recegtecame obvious, also sceptics became
convinced (Burnstock, 1976). The idea evolved tivat types of purinergic receptors can be
distinguished, and they were recognized as P1 (mile® nucleoside) and P2 (nucleotide)
receptors. Simultaneously, the presence of ectoeezythat metabolize ATP or ADP to
produce AMP or adenosine were discovered (Cooperl.et1979) and two different
ectonucleotidases and a nucleoside diphosphateekinere characterized (Pearson et al.,
1980). This made the purinergic signaling systempete.

1.3 Purinergic Receptor Family

The purinergic receptor family consists of two eli#fint subgroups, the P1 and P2 receptors.
P1/adenosine receptors (Table 1, next page) hawekiftown members (A Aza, Azs, As)
that have been cloned from a variety of speciese Hatural agonist is adenosine.
Nonselective antagonists (but not universal) atRhereceptors are xanthines and xanthine
derivatives (e.g. caffeine, theophylline). Selestiantagonists of the ,A receptor are
currently under investigation as novel Anti-Parkinsl herapeutics (Jenner, 2005) due to an
observed reduced affinity of agonists binding to damine receptors upon stimulation of
A.a receptors (Ferre et al., 1997). P1 and P2 receprar found to be opponents under many
physiological or pathophysiological conditions, they crossregulate their mutual function
due to the degradation of ATP to adenosine by eetomes or the phosphorylation of
adenosine by ectokinases.

In 1985 the existence of two P2 receptor types pvaposed (P2X and P2Y) (Burnstock
and Kennedy, 1985) and to date seven P2X subtypk®ight P2Y receptor subtypes have
been discovered (Ralevic and Burnstock, 1998). PBX receptors are ligand-gated ion
channels that, like other ion channels, are oligaanaoteins consisting of several subunits
(Khakh et al., 2001). However, they are ion chasimg¢lose molecular architecture is different
from any other ion channel family (Khakh and Nor#@06). They have two membrane-
spanning domains and most of the protein is locatd@cacellularly. All P2X receptors are
cation-selective with almost equal permeability k& and K and a significant permeability
for C&* (Evans et al., 1996).
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Table 1: P1 receptor effects and ligands adapted Ralevic et.al. 1998
P1 receptor G protein . . . .
subtypes | coupling effects Selective Agonists | Selective Antagonisfs
. 1,3-dipropyl-8-
Gio N6-cyclopentyladenosme .
A X cyclopentylxanthine
CAMP; IP3t (CPA) (DPCPX)
2-[p-(2-carbonyl-ethyl)- 1,3-dipropyl-8-(3,4-
A Gs phenylethylamino]-5N- dimethoxystyryl)-7-
2A CAMP? ethylcarboximidoadenosine methylxanthine
(CGS21680) (KF17837)
GS! Gq
Az cAMPY; IPst ] )
NP-(3-iodo-benzyl)-5-f- 3,6-dichloro-2*
A G, Gy methylcarbamoyl)adenosine isopropyloxy-4'-
3 CAMP|; IP;st (IB-MECA) isopropylflavone
(MRS1067)

The receptors can exist either as homomeric orrdwkric proteins. So far eleven P2X
subunit combinations are known. ATP is the natligglnd at all seven homomeric P2X
receptor subtypes. Moreover, nearly all P2X receptespond more or less to BzATP, except
the P2 receptor (Burnstock and Knight, 2004). Antagon&ttshe P2X receptor include the
universal P2 receptor antagonists suramin and PPADSthe more selective antagonist
TNP-ATP (Gever et al., 2006).

P2X receptor subunits are widely expressed in #r@aus system, and at some central
synapses ATP is a fast neurotransmitter elicitimgls synaptic currents (Khakh and North,
2006). Moreover, there is evidence that ATP is im@d in the chronic nociceptive behavior

following nerve injury or inflammation acting thrghy P2X receptors (Burnstock, 2006).

1.3.1 General properties of P2Y receptors

The P2Y receptors are G protein-coupled recepldmy belong to the rhodopsin family of G

protein-coupled receptors also called Class A GP@Rs seven predicted transmembrane
(TM) domains. The N-terminus locates on the exiialee side and the C-terminus on the
cytoplasmic side of the plasma membrane (Fig. 3)e TMs and extracellular loops are
believed to form the ligand-binding pocket and th&acellular loops interact with the

appropriate G protein to activate subsequent trast&h mechanisms (Ralevic and
Burnstock, 1998).
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Ligand binding site

Cytoplasm

Figure 3: Structure of a Class A GPCR

As all other GPCRs, P2Y receptors are constituyed single polypeptide chain, which crosses the cel
membrane seven times, forming seven Tiaélical structure) connected by three extracallatal three
intracellular loops. The amino terminal regiondsdted outside the cell, while the carboxyl terrhiegion
is located in the cytoplasm where the G proteiesaativated.

To date eight different P2Y receptors have beemedlo and are divided into two
phylogenetically different subgroups. The R2Y 4 ¢ 11receptors belong to the group that
preferentially couples to {proteins, and the P3Y 13, 1areceptors form the second group that
couples to Gproteins (Costanzi et al., 2004). Of the first gypthe P2Y; receptor also
couples to Gproteins and is less closely related to the agheap members.

The natural ligands of P2Y receptors can be e#ldenine or uridine nucleotides. In both
P2Y receptor subgroups adenine nucleotide pretemaceptors (P2Y 11, 12, 1} as well as
uridine nucleotide preferring receptors (B2Y can be found. The P2¥eceptor is equally
activated by UTP or ATP. A summary of the princiggonists and antagonists at the
different P2Y receptor subtypes can be found indab

The expression of the P2Y receptors in severalésdrings along many physiological
roles of these receptors. The R2¥ceptor is probably the most extensively studigotype.

It has a conserved macroscopic localization innlaenmalian brain (Moore et al., 2000) and
can function as a presynaptic inhibitor of glutaenatlease (Rodrigues et al., 2005). The most
established function of the P2Yeceptor is its role in the platelet physiologyi& the
P2Y:, receptor. The selective activation of the P2¥ceptor on platelets leads to cytosolic
Cd&" mobilization and shape change, followed by a dgpidversible aggregation of the
platelets. However, activation of the P2Yeceptor mediates sustained platelet aggregation i
the absence of shape change (Oury et al., 2006).
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Table 2: Human P2Y receptors: activities of aganisiand affinities of antagonists

(® selective agonist/antagonist) at the differenteptar subtypes and their distribution in tissues
summarized from (Burnstock and Knight, 2004; vorg&lgen, 2006)

Receptor Major tissue

subtype distribution Agonists Antagonists

wide including platelets|,

heart, skeletal muscle MRS2365 > 2-MeS-ADP > | MRS2179, MRS2500)

P2Y. neuronal tissues, | ADP = ADRBS = ATHBS >> . Sliramg:, ,
digestive tract ATP eactive Blue
wide including lung, UTP = ATP = UTRS > Reactive Blue 2.
P2Y, heart, skeletal muscle INS37217 > ApAA > AT Suramin
spleen, kidney p WS
placenta, lung, vascular
P2Y, smooth muscle, brain, UTP PPADS,

. Reactive Blue 2
liver

wide including lung
heart, aorta, spleen, | UDP = UDHBS = 5-Br-UDP >| MRS2567, Reactive

P2Ye placenta, thymus, 2-MeS-ADP > UTP Blue2, PPADS
intestine, brain
by im;ﬂﬁgns’ oSS | ARC67085 = ATRS = BzATP|  NF157, Suramin,
1 - System, > dATP > ATP > 2-MeS-ATP|  Reactive Blue 2
pituitary
Clopidogref,
; 2-MeS-ADP > ADP = ATBS > ARC69931MX,
P2Y;, platelets, neural tissue >-MeS-ATP Suramin. Reactive
Blue 2
POy spleen, leucocytes, bone  2-MeS-ADP > ADP = éeRigsszllhﬂexz
13 H H ’
marrow, liver, brain 2-MeS-ATP > ADBS Suramin, PPADS
P2Y14 placenta, adipose tlssue’UDP-qucose > UDP-galactose -

spleen, intestine, brain

Moreover, the P2Y¥receptor also functions as an activator of bosermaion, regulator
of the vascular tone in the placenta and togetlidrthe P2Y; receptor as a postsynaptic gene
activator in neuromuscular junctions (Tsim and Badn 2002; Gallagher, 2004; Buvinic et
al., 2006). Agonists at the P2Yeceptor, furthermore, are targets of clinicaleegsh on
cystic fibrosis (CF). It is known that activatiohtbe P2Y, receptor partially compensates the
impaired chloride secretion in CF patients and ttetic variants of the P2Yeceptor
contribute to phenotypic differences in the disestage of the patients (Buscher et al., 2006).
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Likewise, activation of the P2Yreceptor can also influence epithelial ion tramspim
mice jejunum and colon, P3Yeceptor activation induces epithelial chloricensport and K
secretion, respectively (Robaye et al.,, 2003; Matbsal., 2005). The other pyrimidine-
selective receptor P2Yseems to play a role in bone resorption by enihgnoisteoclast
survival (Korcok et al., 2005).

The phylogenetic subgroup of P2Y receptors thatpra®es the receptors coupled tp G
proteins has physiological functions in the hum&od system. As already mentioned, the
P2Y1, receptor is important for platelet aggregation #ngs thrombus formation. Moreover,
recently the P2¥: receptor was shown to have a role in microgligivation at early stages
after injury which suggests a physiological bendifitneuronal injury and disease if the
receptor function is modulated by specific antagmniThe other ADP-preferring receptor of
this subgroup is the P23¥receptor, which was found to activate a negaeeziback pathway
for ATP release in red blood cells (RBCs). RBC®ask ATP in response to reduction in
oxygen tension and pH. The released ATP then antsP®Y receptors expressed by
endothelial cells of the vessels and leads to viEgation. Right after hydrolysis to ADP
further release of ATP is attenuated by activatdrthe P2Y; receptor. Thus, the P2y
receptor acts as a regulator of ATP-induced vastofe adaptation (Wang et al., 2005).

Moreover, the P2Y, receptor is associated to haematopoietic sterg, aghere it plays a
direct role in stem cell phenotype and localizatiorthe bone marrow compartment. Stem
cells expressing the receptor are capable of undeggnultilineage differentiation (Lee et al.,
2003).

1.3.2 Pharmacological characteristics of the P2Yand P2Y,, receptor

Among the P2Y receptors, the P2¥nhd P2Y; receptor are found to be closest homologues,
sharing 33% identical amino acids (Communi et97). However, both receptors display
differences in their pharmacological propertiespitesof being exclusively activated by
adenine nucleotides. The most striking differensethe preference of the human R2Y
receptor for adenosine diphosphates over triphdsphahich is opposite at the human P2Y
receptor. Moreover, the P2Yeceptor is characterized by the high potency-bfeS-ADP or
2-MeS-ATP (Palmer et al.,, 1998), whereas at the ;P2&ceptor these agonists are only
weakly potent (Communi et al., 1997).
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Further changes of the phosphate chain and theeaibwiety increase the potency of the
2-alkylthio-ATP derivatives for the PZY receptor, as was observed for ARC-67085MX (2-
propylthio-beta,gamma-dichloromethylene-d-ATP) (@oumi et al., 1999; Wilkin et al.,
2001; White et al., 2003). Furthermore, modifidbose as in d-ATP and BzATP results in
potent ligands at the P2Y¥receptor (Burnstock and Knight, 2004), whereashat P2Y
receptor BzATP shows antagonistic activity (Vigneak, 1999). A selective agonist for the
P2Y; receptor is MRS2365 ((N)-methanocarba-2MeSADP),wihich a pseudo-ribose,
consisting of a bicyclic structure fused into th-(methanocarba modification, replaces the
ribose moiety (Chhatriwala et al., 2004). The craised northern conformation of the
pseudo-ribose leads to increased potency at the R2¥ptor in general and to a preserved
potency at the P2Y receptor, whereas the corresponding (S) isomem@adi greatly reduced
potency at both receptors (Kim et al., 2002).

Adenosine phosphorothioates (APFS, ATPy-S) are able to activate both receptors,
with the P2Y; receptor preferring thg- and the P2Y receptor thg3-phosphorothioates as
ligands. The action of adenosine G*{1-thiotriphosphate) (ATR+S) was more closely
investigated. Through substitution of one of tha@-hoidging oxygen atoms of,Ry sulfur a
new chiral center in the ATP molecule is introduc&te resulting diastereoisomers were
separated, and these ATPS diastereoisomers were shown to display a dixssetective
activity at the P2Y receptor (Major et al., 2004). The recently systhed chiral ATPa-B
analogues, where a borano group §BKubstitutes a non-bridging oxygen at, Proved
agonists at the P2Yreceptor, As with the AT-S isomers, one chiral isomer was clearly
preferred at this receptor (Nahum et al., 2002).

If receptor antagonists are considered, both th¥,;R#hd P2Y; receptors show an
affinity for the broad-spectrum P2Y receptor antagis Suramin and Reactive Blue 2
(Burnstock and Knight, 2004). The recently devetbp#2Y;; receptor antagonist NF157
represents a Suramin derivative and clearly prafeesP2Y; over the P2Y receptor but is
still non-selective (Ullmann et al., 2005). In cast, there are already selective antagonists
available for the P2Y¥receptor. MRS2500 has a nucleotide-like structun@ also contains a
pseudoribose locked in a northern conformation escribed above for the selective R2Y

receptor agonist (Hechler et al., 2006).
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The different pharmacology of the PR#nd P2Y; receptors is important to consider if
cells or tissues are investigated where both recgpare co-expressed. Here selective
activation of one of the receptors can be imporfantinterfering with pathophysiological
conditions. Both receptors are present in largengums in the human central nervous system.
Co-expression is found in basal ganglia, hippocampnd the cerebellum (Moore et al.,
2001). Moreover, the P2Yand P2Y; receptors are also found in vascular smooth muscle
cells and seem to mediate smooth muscle relaxatitine gastrointestinal tract. In immune
cells, both receptors are expressed in macrophagsmophils and lymphocytes (Abbracchio
et al., 2006). So far no clear cross-talk or cmeggtation between both receptors has been
observed in such tissues. However, dendritic alisress the P2Yas well as the P2Y
receptor (Berchtold et al.,, 1999). The functiontloé latter has already been studied (see
below), whereas no specific function has been lasdrio the P2Y¥receptor in dendritic cells.
However, a previously uncharacterized ADP recepeé@ms to be involved in ERK activation
and calcium mobilization leading to inhibition oftokine production in these cells (Marteau
et al., 2004). It can be hypothesized that thishar&cterized receptor represents a crosstalk
between the P2Y and P2Y; receptor that shows a combination of both receptor
pharmacologies. Moreover, the P2h¢ceptor was found to mediate the purinergic indilp
neuromuscular transmission in the human colon €@allet al., 2006). However, the specific
P2Y; receptor antagonist MRS2179 was not able to caelglélock the actions of ADFS,
suggesting the involvement of another P2Y receptuch is thought to be the P2¥receptor
(Abbracchio et al., 2006). In addition, the R2xhd P2Y, receptors are thought to play a role
in the marked proliferation of mesangial cells @mal diseases but again a cross-talk was not
confirmed (Vonend et al., 2003).

1.3.3 Physiological roles of the P2Y receptor

The P2Yi1 receptor is known to couple to two different Gtems (G and G), which allows

for induction of intracellular calcium rise as weals stimulation of CAMP production after
receptor activation. Moreover, the P@Yreceptor can also induce the production of the
signaling molecule cyclic adenosine diphosphateseb(cADPR) via PKA and subsequent
ADP-ribosylcyclase (ADPRC) activation leading teustained Cd increase (Moreschi et al.,
2006).
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A major role of the P2¥, receptor in physiology is thought to be a contiathe cellular
immune system. Above all, its presence in sevafi@rdnt dendritic cell (DC) types implies a
function of the receptor in shaping an immune raspo Activation of the P2Y receptor in
monocyte- and dermal-derived dendritic cells intisitheir migration. As the receptor is
stimulated only at rather high ATP concentratioihg DCs are trapped at the epicenter of
inflammation where due to the accumulation of AT# doncentration reaches high values.
Here, DCs can internalize antigens and are expésethaturation-inducing factors for
prolonged time periods (Schnurr et al., 2003). Mwue, exposure of monocyte-derived DCs
to ATPYS and ADBS inhibits the release of major monocyte-recruitthgmokines. At the
site of inflammation, released nucleotides miglgulate the activation of monocytes as well
as the arrival of other immature DCs (Horckmanalet2006).

Langerhans cells, which are immature DCs of the,,skhow an enhanced ability to
present antigen upon treatment with ABPwhich is one of the most potent agonists at the
P2Y1; receptor (Table 2). These immunostimulatory progerof ATP derivatives could be
used for an adjuvant activity to enhance the efficaf vaccines (Granstein et al., 2005).
Furthermore, agonists of the P@Yeceptor also influence the maturation state ohouogte
derived DCs. The ATP-induced maturation of DCs espnts an alternative state that rather
leads to reduced inflammation and control of thenune response. Therefore, the PRY
receptor is a preferential target to pharmacoldiyicaanipulate the immune tolerance at the
DC level (Marteau et al., 2005). Additionally, igmphocytes the P2Y receptor is also
known to influence maturation by elevating cAMP dbsy thereby controlling the immune
response at the level of lymphocyte proliferatianapoptosis (Conigrave et al.,, 2001). In
contrast, in human granulocytes the P2Yeceptor was found to be involved in pro-
inflammatory processes. The discoveryPeRAD ", being an agonist at the PRYreceptor
revealed the participation of the receptor in tHDBR/C&" signaling system, which is
causally related to enhanced chemotaxis of gragtdea@t sites of inflammation (Moreschi et
al., 2006).

The P2Y; receptor also seems to be involved in mast cgtipfiogy. Known agonists of
the P2Y; receptor increase cAMP levels in human mast céliereby initiating cAMP-
dependent inhibitory signaling pathways. In thetp#®e function of mast cells has been
understood only partially. Mast cells were thoughtplay a role in allergic inflammatory
diseases only, but emerging evidence supports diticathl role in myocardial ischemia.
After cardiovascular events the plasma levels gitase and histamine are elevated, which

are released by activated mast cells (Feng €2G04).
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Selective P2Y; receptor agonists could be used to interfere ththactivation of mast
cells in cardiovascular diseases. Moreover, suohmiats could also be useful in the treatment
of heart failure. Mouse cardiomyocytes were foumdhiow a significant inotropic response to
ATP and derivatives via P2¥-like receptors. Unfortunately, the involvementtbé P2Y;
receptor could not be directly confirmed as theegkas not yet been cloned in mouse or rat
(Balogh et al., 2005). However, a common dimorphianthe human gene of the receptor
(Ala-87-Thr) has been associated with acute myaalandfarction probably by stimulating
inflammation, underlining the role of the PaYeceptor as a promising drug target in the
prevention of cardiovascular disease (Amisten.e2807).

In fat tissue the function of a Pz¥like receptor was found especially in white
adipocytes of the rat. Here, stimulation of theepor increases lipolysis and decreases leptin
production via protein kinase A signaling pathwayhis suggests selective PZYeceptor
agonists for a new antiobesity strategy (Lee ¢28D05).

1.3.4 Ligand recognition at the P2Y receptor

All class A GPCRs for small molecule agonists artvated by binding of the agonist to a
binding pocket located deep inside the upper dareo7TM domain of the receptor molecule
(Kristiansen, 2004). The actual knowledge abowryrecognition at P2Y receptors suggests
that the key structure responsible for binding aativation of the receptors is the phosphate
moiety of the nucleotides. The negatively chargbdsphate chain is likely coordinated to
basic amino acids in TM3, 6 and 7 (Jacobson eR@04). The first evidence supporting this
suggestion was highlighted in a study focussinthatP2¥ receptor. Neutralization of three
positively charged amino acids in TM6 and 7 (Hi26.Arg6.55, Arg7.39, highlighted in Fig.
4A) by substitution with leucine in each case cdusemarked decrease in potency of ATP
and UTP at the receptor (Erb et al., 1995).

Later studies focusing on the Pieceptor also showed the importance of basic uesid
in TM3, 6 and 7 (Arg3.29, Lys6.55, Arg7.39, higliitgd in Fig. 4A+B) for receptor activity
(Jiang et al., 1997; Moro et al., 1998). Moreowergking of UDP in a molecular model of the
P2Ys receptor revealed the binding of the phosphatestydo the same positively charged
subpocket formed by the three cationic amino agléig. 4A) (Costanzi et al., 2005).
Interestingly, adenosine receptors seem to lacic basidues at these positions supporting

their function in binding of the phosphate chain.
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Interaction of the adenine/ uracil moiety with A2Y receptors in agonist recognition has
been explored by means of molecular modelling. Hgdn bonds between the nitrogen atoms
of the base and residues in TM7 (Fig. 4A) have lredicted. For the P2Yeceptor Ser314
(7.43) was found to donate a hydrogen bond to th@dsition of adenine (Jiang et al., 1997).
This serine residue was highly conserved amon@theoupled P2Y receptors except for the
P2Y1; receptor, that displayed a proline residue at phisition. The amino acid at position
7.36 is also important for the stabilization of theese. For both adenine nucleotide preferring
P2Y receptors of the first subgroup (R2X and P2Y;-R) a glutamine is present at this
position, which can interact with the® gosition of adenine by accepting a hydrogen bond.
The P2Y, P2Y, and P2¥ receptors all display a lysine at position 7.3 thteracts with the
uracil ring (Fig. 4A) (Costanzi et al., 2004). Moxer, the base moiety also seems to be
coordinated by interaction with hydrophobic amiroda (Fig. 4A). In the P2Yand P2¥
receptor the conserved phenylalanine at positi@2 8vas found to be in proximity to the
adenine/ uracil ring and mutation of this Phel3fthaP2Y receptor caused a substantial loss
in the potency of agonists (Jiang et al., 1997 t&wus et al., 2005).

All of the aforementioned studies did not detecy apecific interactions of the P2Y
receptors with the ribose ring. However, structacgvity analyses of ribose-modified
nucleotide derivatives revealed the importance e 2'-OH group for the potency of
nucleotides at the P2YP2Y, and most critically at the P2¥eceptor (Besada et al., 2006;
Jacobson et al., 2006). Interestingly, at the f2¥ceptor, 2'deoxy-ATP was found to be
more potent than the natural agonist (Communi gt 1899). Moreover, P2Y receptors
belonging to the first subgroup except the BP2¥ceptor have been shown to prefer
nucleotides with a pseudoribose locked in a Norti@l, 2’-exo) conformation (Ravi et al.,
2002). This indicates the adoption of a specificfoomation of the ribose upon binding of the
nucleotide to the receptor.

In contrast to the principal binding side, coordima of the ribose moiety by specific
residues seems to be present in the meta-bindieg sf the P2Y receptor. Meta-binding
sites are not involved in the activation of a réoefy the agonist, but allow the ligand to
move from the extracellular space to the principatling pocket in the TM cleft by reducing
the energy barrier (Moro et al.,, 1999). The metatinig sites of the P2Yreceptor are
predominantly formed by amino acids in the extriatal loops of the receptor (Fig. 4B).
Besides being part of the meta-binding sites inRBR¥, receptor, EL2 is also thought to build
a cap over the bound ligand after its penetratio the principal binding site (Jacobson et
al., 2004).
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P2YA4/ 1- 365
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P2Y6/ 1- 328
P2Y1/ 1- 373
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P2Y14/ 1- 338
P2Y11/ 1-374
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P2Y12/ 1- 342
P2Y13/ 1- 333
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Figure 4: (A) Multiple Sequence alignment (ClustaX 1.83) and (B) key residues of the human
P2Y, receptor involved in ligand recognition, adaptedrfom (lvanov et al., 2006)

(A) Alignment of the protein sequence of P2Y recept Grey: transmembrane domains of b-rhodopsin.
Blue: conserved pattern. Yellow: similarity. Rednserved proline/glycine residues. Red lettersdues
already known to be involved in ligand recogniti&ue letters: residues included in a mutagenidyaisa
of the P2Y; receptor in this study. (B) Docked ATP in a molacunodel of the hP2)receptor. The
residues involved in ligand binding are coloredaisws: pink = polar, uncharged residues (Y2.5208,
Y7.35, Q7.36 and S7.43); blue = positively chargegidues (R3.29, K6.55, R7.39); red = non-polar
residues (F3.32); magenta = negatively chargeduwesi(E209). The black dashed ellipse surrounding t
of the residues (E209, K6.55) indicates their imgolent in meta-binding sites of the receptor.
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Unlike the first subgroup of P2Y receptors, limitedormation on ligand recognition is
available about the Goupled P2Y receptors. Molecular modelling of ®&Y:, receptor
revealed a similar binding mode of the ligand tattfound for the members of the first
subgroup. However, there was a difference in th&tipa of the basic residues coordinating
the phosphate chain. The only cationic residueoimroon was an arginine at position 6.55,
whereas the other positively charged amino acid® Wecated in EL2 and at position 7.35,
opposed to 3.29 and 7.39 in the R2Ke receptors (Fig. 4A). These three basic ressduere
conserved among the second P2Y receptor subgrongigiizi et al., 2004). The arginine in
TM6 was found to be critical for normal P2Yreceptor function. A patient with a congenital
bleeding disorder was found to have a point mutaticthe P2Y, receptor gene that changed
the Arg6.55 (Arg256) to Q, resulting in a functilipampaired receptor (Cattaneo et al.,
2003).

1.4 Oligomerization of GPCRs

The currently accepted notion of GPCR organizatiothe plasma membrane includes the
well established fact that they tend to oligomelareong each other in order to directly link
distinct signalling pathways and to integrate résefunctions (Kroeger et al., 2003). Early
evidence for GPCR oligomerization accumulated fréigand binding assays, where

unexplained cooperativity was observed, and fronS$AGE analysis of GPCRs that

showed multiple bands of different sizes, indiogimgher-order complexes. A clear proof of
GPCR oligomerization was obtained through the figdhat the GABA receptors exist as an

obligatory heterodimer (Marshall et al., 1999). daltvisualization of GPCR oligomers has
been achieved by transmission electron and atoona fmicroscopy of native murine disc

membranes from retinal rod photoreceptors, demainsty the existence of rhodopsin (light-

percepting GPCR) dimers and higher oligomers (Bctiat al., 2003).

Hetero-dimerization among purinergic receptorsdilas been detected. The receptor
was found to exert P2Y receptor like agonistic @ewhen co-expressed with the R2Y
receptor in HEK293 cells. By means of a biolumimg®e resonance energy transfer (BRET)
approach and co-immunoprecipitation, the two remsptwere clearly shown to
heterodimerize after co-expression (Yoshioka et 2002). Moreover, the P23Yreceptor
could also be co-immunoprecipitated by an mceptor antibody from rat brain cortical
neurons, bringing evidence for a role of the heténoer in vivo as well (Yoshioka et al.,
2002).
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Consequently, the question about GPCR oligomeoratas recently changed from ‘Do
GPCR oligomers really exist ?’ to ‘Why do GPCRssexs dimers?’. One hypothesis for the
role of oligomerization is that two receptor mollssu might be necessary to satisfy the
binding requirements of a single G protein. Funtin@re, oligomerization might be a common
requirement for GPCRs to pass ER quality contralabee it can mask specific retention
signals or hydrophobic patches that would otherw&tain the proteins in the ER (Terrillon
and Bouvier, 2004; Bulenger et al., 2005). For eldamthe GABAy: receptor does only
reach the cell surface when co-expressed with thBAs, receptor because the ER retention
signal is masked by hetero-dimerization of the pemes (Hansen and Sheikh, 2004). The
same is true for the;p anda,g receptors, as their hetero-dimerization is neecgdsa proper
trafficking of theap receptor to the plasma membrane (Bulenger e2@05).

In the light of drug development, a more intrigupgestion in receptor oligomerization is
‘what are the functional consequences?’. Hetergeotierization has been proposed to change
the selectivity of some GPCRs towards distingts@bunits of the G protein family. This can
result in the activation of different signaling cades following activation of the receptor
hetero-dimer or monomers (Terrillon and BouvierQ20 Furthermore, the internalization of
receptors and therewith their desensitization cambdulated by hetero-oligomerization. For
example the co-expression of tRg receptor with either th@; or 3 receptor reduces the
internalization of thef, receptor (Prinster et al., 2005; Milligan, 200&). contrast, the
endocytosis-resistant somatostatin receptor SSTdRdd cbe efficiently internalized upon
agonist-stimulation when co-expressed with the SoidReptor (Prinster et al., 2005).

This cross-internalization phenomenon might be rg waportant consequence of GPCR
hetero-dimerization in regulating the desensitatior resensitization of the receptor
responses. In case of Parkinson’'s disease theokditeerization of D and Aa receptors
seems to accelerate the developing tolerance agh#XXOPA, as adenosine levels are
increased in patients treated with L-DOPA, and dftee the chronic activation of both
receptors leads to a greater extent of desensitizathus, simultaneous treatment with,A
antagonists could improve the activity range intHeOPA therapy (Kroeger et al., 2003).
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Perhaps even more interesting in relation to deagetbpment is the observation that co-
expression of two GPCRs can alter the potency wdglin inducing a response. For the A
P2Y; receptor hetero-dimer a ligand binding assay skotkat the potent PZYreceptor
antagonist MRS2179 (Table 2) failed to displaceoannl A agonist, whereas the P2Y
agonist ADBBS was sufficient in displacing the ligands from thAg binding site. Thus,
providing an explanation for the theophylline-sémgi P2Y receptors observed in brain that
are insensitive to known P2Y receptor antagonistsskioka et al., 2001). More recently,
interaction of the P2¥ receptor with the Areceptor was also shown to influence the A
receptor signaling. UTP was able to redugeeteptor radioligand binding and attenuated A
receptor mediated inhibition of cAMP production ¢8ki et al., 2006). However, the
regulation of A receptor signaling by P2Yor P2Y, receptor agonists is different. AP8
seems to act like a real, Aeceptor agonist in the;A2Y; receptor hetero-dimer, whereas
UTP is not able to mediate; Aeceptor signaling but interferes with bindingsplecific Al
receptor agonists in the;#2Y; receptor hetero-dimer.

The last but not the least important question enrdceptor oligomerization remaining is
‘how do GPCRs oligomerize?’. Experimental data iogik that all TMs of a receptor could
be involved in oligomerization, and a conserved aetirmterface may be less likely. For
rhodopsin it seems to be clear that only a TM4-TdBeric interaction is possible (Hansen
and Sheikh, 2004). However, currently there are ttvemries how the TMs of rhodopsin-like
GPCRs (Class A) interact to form dimers. The fisstthe ‘Contact dimerization (lateral
packing)’ theory, which would enable the maintersainé the heptahelical bundle for each
monomer, but requires additional interaction stesthe exterior of the receptor (Fig. 5a).
The second theory is called ‘Domain swapping’ anould force the separation of two
independent folding units, which then interact thia sites used in forming the monomers for
dimerization (Fig. 5b) There is indication thatfeient receptors are likely to utilize different
oligomerization mechanisms because unique residuesinvolved in the formation of

different dimers (Kroeger et al., 2003).
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a @
IL3 hinge/
Domain swapped dimer

Figure 5:  Schematic representation of mechanismsgentially involved in GPCR oligomer
formation adapted from (Kroeger et al., 2003)

(@) In the contact dimer, GPCRs directly contacheather via exterior residues. (b) The domain qivep
model requires the exchange of independently foldddlomains between monomeric units using the
same interaction sites as for the formation of nnoais.

1.5 Aims of the thesis project

The main focus of the thesis project was to charae a metabotropic nucleotide receptor,
namely the P2Y; receptor. We were interested in the P2Mceptor subtype because limited
work has been done on the receptor pharmacologyuamation despite of being promising
drug target. Therefore, we undertook the presamdysto characterize this little explored
member of the P2Y receptor family in terms of phacology, ligand recognition and
interaction with other P2Y receptor subtypes.

Aim 1: To study the pharmacological properties of a remept is necessary that the
receptor is heterologously expressed in an exmnessystem that is devoid of endogenous
nucleotide receptors to exclude contaminating dsgnduring the pharmacological
measurements. Towards this end, the 1321N1 astroeytell line was selected because it
does not express any P2Y receptor subtypes endogignazarowski et al., 1995). The
P2Y;, receptor with a C-terminal green fluorescent pnof&FP) tag was stably expressed in
the 1321N1 cells and used for the pharmacologicatacterization.

Aim 2: Most of the agonists acting on the R2Yeceptor are also potent P2heceptor
agonists, since the P2)receptor is most closely related to the P2&teptor (Costanzi et al.,
2004). Also, earlier studies have shown that kndgdeabout stereoselective preferences of
P2Y receptors can be of great help in establishigwy lead compounds for the development
of specific ligands (Kim et al., 2002; Costanziét 2005). Hence, we decided to concentrate
on the stereochemic differences in the ligands #natpreferred by the P2¥or the P2Y

receptor.
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The P2Y, receptor was shown to prefer one chiral isomerPgfsubstituted ATP
derivatives (Nahum et al., 2002; Major et al., 200%wus, it was interesting to know whether
the P2Y; receptor would show the same preference or whether stereoselective
discrimination would be different between the tweceptors. The 1321N1 cells stably
expressing the P2YGFP receptor were used for testing the potency everal ATP
diastereoisomers in inducing intracellular calcitise. R borano (ATPe-B) or sulfur (ATP-
0-S) substituted ATP analogues were selected asalclgrobes to investigate the
stereoselectivity of the P3Yreceptor.

Aim_3: Furthermore, to gain insight into the structurateminants of the activity of
adenine nucleotides at the receptor, mutationalysisabased on a molecular model of the
P2Y1; receptor was initiated. Amino acid residues puédyi involved in the binding of
ligands at the P2Y receptor were selectively mutated and then theigcof agonists at
these receptor mutants was determined. Structiffarehces between the P2dnd P2Y;
receptors were kept in consideration while desigrilme mutations, since these differences
will be essential for further studies focusing te tdevelopment of P2Y receptor selective
drugs. In addition, some receptor mutants were tdsted for stereoselective activation by
ATP-a-S diastereoisomers.

Aim 4: Moreover, the emerging fact that GPCRs can formdicor hetero-oligomers has
provided a new view on receptor organization anghaing in recent times. GPCR
oligomerization was shown to have functional conesges. Among others these
consequences can affect the agonist-induced inteatian and ligand selectivity of GPCRs
(Hansen and Sheikh, 2004). Both R2&hd P2Y; receptors are co-expressed by several
tissues, but it has not been studied so far whedherosstalk or functional interaction is
present between these receptors. Additionally,etlze indications that such an interaction
might exist, because the pharmacology of the enumgdy expressed receptors not always
resembles the profile found at the heterologousigressed receptors. Thereby, we were
interested to know if the P2Yand P2Y; receptors interact to form a hetero-oligomer.
Moreover, with our experimental approach we wantedtest the hypothesis that the
discrepancy between the behavior of endogenoushatatologously expressed receptors is
due to the formation of this hetero-oligomer. Speagily, we focused on the physical

association of the receptors in cells and the fanat outcome of this interaction.
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The experiments of the project were carried oduhénfollowing order:

1.
2.

Functional expression of the P@Yeceptor in 1321N1 cells as a GFP fusion protein.
Investigation of the stereoselective prefereot@gonists at the P2Y receptor by
measuring intracellular calcium concentration usiioga-2 in stably transfected
1321N1 cells. ATRx-B and ATPea-S derivatives were used as chiral probes.
Mutational analysis of amino acid residues pugdt involved in ligand recognition at
the P2Y; receptor. Receptor mutants were tested for losgaor of function using

intracellular calcium measurements.
To study the probable organization of the P2wnd P2Y; receptor in hetero-
oligomers by biochemical means and investigate tional consequences of the

interaction in inducing receptor endocytosis andliaration of ligand selectivities.
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2 MATERIALS AND METHODS

2.1 Materials
2.1.1 Celllines

Human Embryonic Kidney cells (HEK293, epitheliajuman astrocytoma cells (1321N1,

glioma)

2.1.2 Bacterial strains

Strain Genotype Reference
SUpE44,hsdR17,recAl, endAl,
i gyrA46, thi, relAl, lac, [F’ Sambrook et al.,
XL1-Blue ProAB, lacl®, ZAM15, 1989
Tn10(tet")]
Bacteria:E coli F/endAl, hsdR17 (rymy"),
glnV44, thi-1, recAl, gyrA
DH50F’ (Nal), relAL Afacizya- | Vooacock etal.
argF)U169, deoR,
(g8OdlacA(lacZ)M15)
2.1.3 Plasmid vectors
: Antibiotic
Nam ize(K . Manufacturer
ame Size(Kb) resistance anufacture
pcDNAS.1 (+) 5.5 amp|C|II|r_1/ Invitrogen, Karlsruhe, Germany
neomycin
pcDNAS3.1/Myc-His ampicillin/ .
A) 5.5 neomycin Invitrogen, Karlsruhe, Germany
PCMV-HA 3.8 ampicillin Clontech, Heidelberg,
Germany
PEGFP-N1 4.7 kanamycin/ :
neomycin
PEYFP-N1 47 kanamycin/ :
neomycin
bGEX 4.9 ampicillin GEHealthcare, Minchen,
Germany
kanamycin/ David W. Piston, VUMC,
pmCerulean-C1 4.7 neomycin Nashville, USA
VL1392 96 ampicillin BD Biosciences, Heidelberg,
Germany
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2.1.4 Enzymes

Enzymes and buffer

Manufacturer

Shrimp Alkaline Phosphatase

Boehringer, Mannheisin@ny

T4 DNA Ligase

Invitrogen

T4 DNA Polymerase

BamHI

MBI Fermentas, St. Leon-Roth, Germany

Bglll

EcoRl

EcoRV

Hindlll

Notl

Smal

Xhol

O" buffer

Y/Tango (10X) buffer

dNTP mix

Apal

Blpl

BspEl

NEBuffer 1-4

2.1.5 Kits
Type of kit Usage Manufacturer
cAMP EIA kit determinatiggn(t); r?tellular cAMP (';15351'3\//| (ijcisi;g;ns,’ SQR Arbor,
BigDyeS Zg;rgri]ncei\rt]c;r Cycle DNA sequencing Applied BiosylthEms, Warrington,

Ready Reaction kit

iScript cDNA synthesis kit

Making of cDNA for Real-Time
PCR

BioRAD, Minchen, Germany

iQ SYBr Green supermix

Real-Time PCR

AccuPrime

PCR (proof reading polymerase

)

Invitrod€arlsruhe, Germany

HiSpeed Plasmid Midi kit

Plasmid isolation

Qiagelilden, Germany

MinElute Gel extraction kit

Purification of DNA from Agaroset

Gel

QIAquick PCR purification kit

Purification of PCR@ducts

Taq Master Mix kit

PCR with Tag DNA polymerase

Omniscript Reverse
Transcription kit

Making of cDNA

RNase-Free DNase Set

Removal of genomic DNA during
RNA isolation

RNeasy Mini kit

Isolation of RNA

Supersignal West Pico kit

Detection of western blot

Pierce, Rockford, IL, USA

QuikChange Site-directed
Mutagenesis kit

Generation of point-mutations in

plasmid vectors

Stratagene, LaJolla,CA,USA
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2.1.6 Laboratory instruments

Instrument

Manufacturer

ABI PRISM™ 310 Genetic Analyzer

Applied Biosystems Divisifioster City, CA, USA

Mighty Small Il (for western blotting electrophorgs

Amersham Pharmacia Biotech
Buckinghamshire, UK

Sonoplus sonicator

Bandelin electronic, Berlin, rGamy

Avanti 30 centrifuge

Beckman Coulter, Krefeld, Garm

T3 Thermocycler

Biometra, Géttingen, Germany

Electrophoresis power supply

Bio-Rad Laboratorié8nchen, Germany

Gel electrophoresis system

Semi-dry Transfer Cell

GS-800 Calibrated Densitometer

iCycler (Real-Time PCR)

LSM510 laser scanning confocal microscope Axiov
135 fluorescence microscope

ert

Carl Zeiss,

Axiovert 135 fluorescence microscope (calcium
imaging)

CTI Controller 3700 digital (C@controller confocal
microscope)

temp control-37-2 digital (temperature controller
confocal microscope)

Sorvall RC-5B Refrigerated Superspeed Centrifug

je

pdbu Instruments, Hamburg, Germany

Thermomixer comfort

Eppendorf, Wesseling-Berzd@grmany

Biofuge A, 13 R, 3.2 RS (centrifuge)

Heraeus, HarghGermany

HB2448 LaminAir (clean bench)

Function line incubator (5% G

i

Rotina 35 R centrifuge

Hettich Zentrifugen, LeipzZ@ermany

Magnet plate

IBA, Géttingen, Germany

Discovery 90 Ultracentrifuge

Kendro, Langenselb@eymany

pH Meter (pH763)

Knick, Berlin, Germany

Vacuum oven

Memmert, Schwabach, Germany

Microplate reader

Molecular Devices

Innova 4230 Refrigerated incubator shaker

New BririsScientific, NUrtingen, Germany

UV/visible Spectrophotometer

Pharmacia Biotech

Gel-blotting-papers

Schleicher & Schuell, Dasselrr@any

Protran BA83 Cellulosenitrat (E) (0.2 pm)

Liquid blocker, Super Pap pen

Sigma, Deisenhofamp@any

Eagle Eye Still video system

Stratagene, Heidelb®ggmany

Polychrom Il monochromator

CCD camera IMAGO type VGA

TILL Photonics, Grafetfi Germany

TILLvision version 4.0

Nuaire CQ-Water-Jacketed Incubator (10% gO

Zapf Instruments, Sarstedt, Germany

Ismatec Reglo pump

Windaus Labortechnik, MagdebBegmany
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2.1.7 Chemicals and reagents

Chemicals Manufacturer
2-MeS-ATPa-S Bilha Fischer, Bar-llan University, Ramat-Gan, &ra
2-neopentenyl-thio-ATP Bilha Fischer, Bar-llan Ugrisity, Ramat-Gan, Israel
Ampicillin Biochrom, Berlin, Germany
ATP-a-B, 2-CI-ATP-u-B, 2-MeS-ATPea-B Bilha Fischer, Bar-llan University, Ramat-Gan, &ra
Bacto Agar BD Bioscience (Clontech), Heidelbergrrany
Bacto Tryptone BD Bioscience (Clontech), Heidelh&grmany

Bacto Yeast extract

BD Bioscience (Clontech), Hbigey, Germany

Bio-Rad protein assay dye reagent concentratg

BobkBboratories, Miinchen, Germany

CaCh + EDTA

Roth, Karlsruhe, Germany

Complete Protease Inhibitor Cocktail

Roche Diagopsannheim, Germany

Deoxycholic acid

SERVAHeidelberg, Germany

Dimethyl sulfoxide (DMSO)

SIGMADeisenhofen, Germany

DMEM + HAM'S F12 (1:1)

Biochrom, Berlin, Germany

DOTAP transfection reagent

Roche Diagnostic, Maimh&ermany

Dulbecco’s Modified Eagle’s Medium (DMEM)

BiochroBerlin, Germany

Fetal calf serum (FCS)

Biochrom, Berlin, Germany

FUGENE" 6 transfection reagent

Roche Diagnostic, Mannh&ermany

Fura-2AM

Molecular Probes Invitrogen, Karlsruheyi@any

G418 Sulphate

Calbiochem, La Jolla, CA, USA

Gliicksklee, non-fat dry milk

Nestle, Germany

Glucose*H0 + Glycine + Glycerol

Roth, Karlsruhe, Germany

Glutathione Sepharose 4 Fast Flow

GE Healthcarechin, Germany

HBSS (w/o C& and Md")

Biochrom, Berlin, Germany

HEPES

Roth, Karlsruhe, Germany

Igepal CA630

SIGMA Deisenhofen, Germany

ImmersolTM 518N (Immersion oil for microscopy)

Cdeiss Oberkochen, Germany

Kanamycin sulphate

Biochrom, Berlin, Germany

KCI Roth, Karlsruhe, Germany
KH,PO, Merck, Darmstadt, Germany
MATra solution IBA, Gottingen, Germany
MgCl, Roth, Karlsruhe, Germany
MgSO, Roth, Karlsruhe, Germany
MRS2179 SIGMA Deisenhofen, Germany
Na,HPO*2H,0 Roth, Karlsruhe, Germany
NaCl Roth, Karlsruhe, Germany
NaHCQ Roth, Karlsruhe, Germany
NF157 M.U. Kassack, Universitat Bonn, Germany
Penicillin and Streptomycin Biochrom, Berlin, Gemga
PFA Fluka Chemika, Sigma, Germany
Pluronic acid Molecular Probes Invitrogen, Karlssuermany
Poly-L-Lysine SIGMA Deisenhofen, Germany

Ponceau S solution (0.2% in acetic acid)

Boehrinidannheim, Germany

Protein A/G Plus Agarose

Santa Cruz, Heidelbergmaey

Purine-/ pyrimidine nucleotides and derivatives

RIS Deisenhofen, Germany

Rp/Sp-ATPea-S

Biolog, Bremen, Germany

Saccharose + SDS

Roth, Karlsruhe, Germany

TEMED SIGMA, Deisenhofen, Germany
Template Suppression Reagent (TSR) Applied Biosyst@ivision, Foster City, CA, USA
Triton-X-100 SERVA Heidelberg, Germany
Trypanblue Biochrom, Berlin, Germany
Trypsin/EDTA Biochrom, Berlin, Germany
Tween 20 SIGMA Deisenhofen, Germany
[3-mercaptoethanol SIGMA, Deisenhofen, Germany
RNAse Roth, Karlsruhe, Germany
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2.1.8 Antibodies

Antibody Manufacturer
rabbit polyclonal anti-hP2yY Alomone labs, Jerusalem, Israel
rabbit polyclonal anti-hP2Y “
mouse monoclonal IgG against HA-tag Cell Signallidbgnvers, MA, USA
peroxidase-conjugated anti-mouse and anti-rabfit |g Dianova, Hamburg, Germany
mouse monoclonal antibody anti-Myc Invitrogen, Iseawhe, Germany
rabbit polyclonal anti-GFP “
Alexasss anti-mouse 1gG and Alexa anti-rabbit 1I9G Molecular Probes, Invitrogen, Isauhe, Germany
rabbit polyclonal anti-GST Santa Cruz, Heidelbé&grmany
rabbit polyclonal anti-myc Sigma, Deisenhofen, Gangn

2.1.9 Molecular mass markers
2.19.1 Nucleic acid standard marker

GeneRuler 100bp DNA Ladder (1 kb) MBI FermengtsLeon-Rot, Germany
GeneRuler DNA Ladder Mix (10 kb) u . «

2.1.9.2 Protein standard marker

Precision Plus (All Blue) (250-10 kDa) Bio-Rad, Minen, Germany

2.1.10 Buffers and solvents
2.1.10.1 Cell culture media and solutions

» HEK-293 cells - DMEM/HAM'S F12 (1:1) with 2 mM Glutamine, 10% FCS
100 U/ml Penicillin, 100 pg/ml Streptomycin

 1321IN1 cells -DMEM with 2 mM Glutamine, 5% FCS, 100 U/ml Penicill
100 pg/ml Streptomycin
HBSS (Hanks’ balanced salt solution) withouf Cand Md@*

* PBS

* Trypsin/EDTA

* (G418 Sulphate- stock solution: 500 mg/ml, workiegaentration: 500 pg/ml

* Poly-L-Lysine: 0.1 mg/ml KD
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2.1.10.2 Microbial Media and solutions

Luria bertini (LB)- 1 It

Bacto-tryptone 10 g

Bacto yeast extract 50

NacCl 10g

pH 7.0

bacto agar (for plates) 15¢g

Ampicillin 100 pg/ml (final conc.)
Kanamycin 50 pg/ml (final conc.)
SOC - 250 ml

Bacto tryptone 59

Yeast extract 1.25¢g

NacCl 0.15¢

KCI 0.125¢g

1M Glucose 5ml (final 20 mM)

1M MgCl, 2.5 ml (final 20 mM)

1M MgSG, 2.5 ml (final 10 mM)

TSB buffer-150 mi

2x LB-media 75 ml 1x LB (final conc.)
DMSO 7.5 ml 5% (final conc.)

1 M MgClh 1.5 ml 10 mM (final conc.)
1 M MgSQ 1.5 ml 10 mM (final conc.)
PEG 4000 15¢ 10% (final conc.)
Sterile filtered with 0.2 um Filter

2x LB-100 ml

bacto tryptone 29

Yeast extract 19

NacCl 29

pH 7.0-7.4

Mini-Prep Solutions

Solution | 50 mM Glucose
25 mM Tris/HCI (pH 8.0)
10 mM EDTA (pH 8.0)
100 pg/ml RNAse

Solution Il 0,2 N NaOH
1% SDS

Solution I 3 M Potassiumacetat
11,5 % Acetic acid

TER 10 mM Tris/HCL (pH 8.0)
1mMEDTA

200 pg/ml RNAse
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« 5xKCM buffer:

0.5 M KCl
0.15 M CaC{
0.25 M MgC}h

2.1.10.3 Molecular Biology: buffers and solutions

1x PBS

1x NaHBS

1X TAE:

IXTE

Ethidium bromide solution

4% PFA solution

FSBB

High Salt buffer

Low Salt buffer

RIPA-buffer.

Hypotonic buffer pH 8.1

60% Acrylamid/Bis

Resolving buffer

Stacking buffer

SDS solution

137 mM NacCl, 2.6 mM KClI, 8.1 mM NHPO,,
1.4 mM KHPQ,, pH 7.4

145 mM NacCl, 5,4 mM KCI, 1mM Mggl1.8 mM CaGl
25 mM Glucose, 20 mM HEPES, pH 7.4

40 mM Tris, 5 mM NaOAc, 1 mM EDTA, pH 7.4

10 mM Tris/HCI, pH 7.4, 1 mM EDTA, pH 8.0

10 mg/mi

4% PFA (Paraformaldehyde), 120 mM sodium photspha
pH 7.4, 4% Saccharose

Blocking and Wash buffer (immunostaining)-12 m

FCS 2 mi
10% Triton-X100 0.365 ml
240 mM NaPO, 1mi

4 M NaCL 1.35 ml
H.O ad 12 ml

500 mM NacCl, 20 mM N&IPQ,

150 mM NaCl, 10 mM N&PO,

50 mM Tris (pH 7.4), 1% lgepal CA630,

0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA,

1 mM NaF, one tablet Complete Protease InhibitorkEzol
per 50 mi

5 mM Tris/HCI (pH 8.1), 50 uM Cag; |3 mM MgCh,

0.1% lgepal CA630, 2 mM DTT, one tablet Completet@ase
Inhibitor Cocktail per 50ml

Acrylamid 58.4 g/100ml
N,N*-Methylen-bisacrylamid 1.6 g/100ml

750 mM Tris/HCI, pH 8.8 (SDS-PAGE-Laemmli)

250 mM Tris/HCI, pH 6.8 (SDS-PAGE-Laemmli)

10% (w/v) SDS in KD
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PER solution

10% (w/v) Ammoniumperoxodisulfat in,B

4x Laemmli Sample buffer 500 mM Tris/HCI, pH 6.8, 8% SDS, 40% Glycerol,

1x Running buffer

1x Transfer buffer

0.005% Bromophenolblue

(SDS-PAGE-Laemmli)

25 mM Tris, 192 mM Glycin, 0.1% SDS, pH 8.5

25 mM Tris, 192 mM Glycine, 20% (v/v) Methanol
(for Laemmli gels with NC membrane)

Membrane Stripping buffer62.5 mM Tris, pH 6.8, 100 mifA-Mercaptoethanol, 2% SDS

2.1.11 Oligonucleotides

All oligonucleotides were from Operon/ Qiagen, gxcihe RT-PCR and sequencing primers
(MWG), DECERFRETRYV (Invitrogen) and GST cloningrmars (MWG).

2.1.11.1 RT-PCR primer

Primer Accession-Nr Sequence ™m (°C) PCR prodd
hGAPDH5 5-TCC AAA ATC AAG TGG GGC GAT GCT-3
hGAPGH3 NM_002046 5'-ACC ACC TGG TGC TCA GTG TAG CCC-3’ 60 600 bp
hsP2X4Fw NM_002560 5-GCC TTC CTG TTC GAG TAC GAC-3’ 55 420 bp
hsP2X4Rev 5'-CGC ACC TGC CTG TTG AGA CTC-3’
hsP2X7Fw NM_002562 5-GTC ACT CGG ATC CAG AGC ATG-3’ 55 532 bp
hsP2X7Rev 5-TTG TTC TTG ATG AGC ACA GTG-3’
hsP2Y1Fn 5-TCT TCC ACA TGA AGC CC-3'
hsP2Y1Rn NM_002563 5-AGA GGA GAG TTG TCC AGA-3’ 55 531 bp
hsP2Y2Fn NM_002564 5'-CTT CAA CGA GGA CTT CAA GT-3' 55 579 bp
hsP2Y2Rn 5'-CAC GTA ACA GAC AAG GAT GA-3’
hsP2Y6Fn NM_176797 5'-CGC TGA ACATCT GTG TCATT-3 55 409 bp
hsP2Y6Rn 5'-ATA GCA GAC AGT GCG GTT AC-3’
NHSP2Y11Fw 5-CGA GGT GCC AAG TCC TGC CCT-3’
NHSP2Y11Rv NM_002566 5-CGC CGA GCATCC ACG TTG AGC-3’ 60 809 bp
hsPARZ-sgnse U61373 5'-GCCATCCTGCTAGCAGCCTCTC-3’ 60 341 bp
hsPAR2-antisens 5-GATGACAGAGAGGAGGTCAGCC-3’
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2.1.11.2 Cloning primers

Primer Accession- Sequence Tm Usage
Nr. (°C)
DECERATGEW 5'-TC CCG CTG GAT g% CSS:G GTC GCC ACC ATQ Subcloning
- of Cerulean
from

5-CTT GAG CGC GGC CGC TGAGTCCTT ACT
DECERATGRV TGT AC—3’ meer-C_’]_

58 in pP2Y;N1
Construction

DECERFRETRV 5-ACC GTC GAC TGC AGG ATC CGA AGC TTG of a I_:RET
AGC-3' positive
control
THGSTFW 5-GAT CTG ATA TCA TGT CCC CTA TAC TAG-3' 0 (élgqi?rgog
THGSTRY 5'-GAA GAT CTié:é?gg%g_A; TTT GGA GGA \egclfg(r
DEHSP2Y1ATGEW 5-GATC GAA TTC ATG ACC GAG GTG CTG TGG Cloning of
NM_002563 | —5-=35 AAT Gea GA(\:TC,S(;:Z’AGC CTG GGC CCG 58 the hP2Y
DEHSP2Y1SMAIRV GGG TGA C-3' receptor
2.1.11.3 Mutagenesis primer
Primer Sequence Usage
DEP2Y1K280A-Fw 5-CCT TTC CAT GTG ATGGCC ACG ATG AAC TTG AGG-3’ Mutagenesis-PCR
DEP2Y1K280A-Rv 5'-CCT CAA GTT CAT CGTGGC CAT CAC ATG GAA AGG-3' PZY;; Fljtgr?ts OA
DEP2Y11F109IUP 5-CTG GAG CGC TTC CT@TC ACC TGC AAC CTG CTG-3 Mutagenesis-PCR
DEP2Y11F109I1LOW 5-CAG CAG GTT GCA GGTGAT GAG GAA GCG CTC CAG-3’ PZY;{JTaEtlogl
DEP2Y11E186AUP 5-AGC GTG GCC AGG CC@GCG GCC TGC ATC AAG TGT-3° | Mutagenesis-PCR
DEP2Y11E186ALOW 5-ACA CTT GAT GCA GGCCGC GGG CCT GGC CAC GCT-3’ PZYﬁiaEn%SGA
DEP2Y11R106AUP 5-GCG TGC CGC CTG GAGGCC TTC CTC TTC ACC TGC-3' | Mutagenesis-PCR
DEP2Y11R106ALOW 5-GCA GGT GAA GAG GAAGGC CTC CAG GCG GCA CGC-3’ PZer;liaF\;iOGA
DEP2Y11Y261AUP 5-CTC TAC GCC AGC TCOGCG GTG CCC TAC CAC ATC-3' | Mutagenesis-PCR
DEP2Y11Y261ALOW 5-GAT GTG GTA GGG CACCGC GGA GCT GGC GTA GAG-3’ PZY%E;?{MA
DEP2Y11R268AUP 5-CCC TAC CAC ATC ATGGCG GTG CTC AAC GTG GAT-3° | Mutagenesis-PCR
DEP2Y11R268ALOW 5-ATC CAC GTT GAG CACCGC CAT GAT GTG GTA GGG-3’ P2er]11-$alk;§68A
DEP2Y11R268QUP 5"-CCC TAC CAC ATC ATGCAG GTG CTC AAC GTG GAT-3’ Mutagenesis-PCR
DEP2Y11R268QLOW 5-ATC CAC GTT GAG CACCTG CAT GAT GTG GTA GGG-3° PZYln:liaI?]%68Q
DEP2Y11R307AUP 5-GGC TAC CAG GTG ATGGCG GGC CTC ATG CCC CTG-3' | Mutagenesis-PCR
DEP2Y11R307ALOW 5'-CAG GGG CAT GAG GCOCGC CAT CAC CTG GTA GCC-3’ P2er]11-$alk;?07A
DEP2Y11A313NUP 5-GGC CTC ATG CCC CTGMC TTC TGT GTC CAC CCT-3’ Mutagenesis-PCR
DEP2Y11A313NLOW 5-AGG GTG GAC ACA GAAGTT CAG GGG CAT GAG GCC-3’ PZY%EQ}?BN

Mutagenesis-PCR
mutate YFP to
Citrine (YFP-
Q69M mutant)

DECitrinemutaFW 5-TTC GGC TAC GGC CTGATG TGC TTC GCC CGC TAC-3'

DECitrinemutaRV 5'-GTA GCG GGC GAA GCACAT CAG GCC GTA GCC GAA-3’
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2.1.11.4 Sequencing primers

Usage

Sequencing of
fluorescent tags in N1
Clontech vectors

)

sequencing of vector
with T7 promotor

4

sequencing of vector
with BGH
polyadenylation site

Sequencing of the
hP2Y; receptor

Primer Sequence
DEpeGFPN1-fw 5'-GAT CCA CCG GTC GCC ACC ATG G-3’
DEpeGFPN1-rv 5-CCT CTA CAA ATG TGG TAT GGC-3’

T7 fw 5'-TAA TAC GAC TCA CTA TAG GGA-3’

BGH rv 5'-TAG AAG GCA CAG TCG AGG-3’
THHSP2Y1FW1 5-AGG TTC ATC TTT CAT GTG AAC-3’
THHSP2Y1FW3 5-TAC CTG GTA ATC ATT GTACTG-3'
THHSP2Y1RV2 5'-CAG TTT ACA CAT GGC ATC CCC-3’
THHSP2Y1RV4 5'-CCT CAG AGG AGA GTT GTC CAG-3’

THP2Y11FW1 5'-ACC TGC ATC AGC CTC AAC CGC-3’
THP2Y11FW2 5'-TGG CCC TCT ACG CCA GCT CCT A-3’
THP2Y11FW3 5-TGT GTC CAC CCT CTACTC TAC A-3’
THP2Y11RV1 5'-AGC GGT TGA GGC TGA TGC AGG T-3’
THP2Y11RV2 5'-TAG GAG CTG GCG TAG AGG GCC A-3’
THP2Y11RV3 5-TGT AGA GTA GAG GGT GGA CAC A-3’

Sequencing of the
hP2Y;; receptor

2.1.11.5 SsiRNA

DEP2RY1_1 siRNA

control (non-silencing) siRNA

sense(CUC UCC UCU GAG GAG AAA A)dTdT

sense ULC UCC GAA CGU GUC ACG U)dTdT
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2.2 Methods
2.2.1 Methods in molecular biology
2.2.11 Isolation of nucleic acids

2.2.1.1.1 RNA isolation from animal cells

Total RNA was isolated from cultured cells (wildpogy and transfected) using the RNeasy
Mini kit (Qiagen, Hilden). The medium was aspirafeain the culture dish (5 cm) and cells
were lysed with 350 ul Buffer RLT. Cells were horeaged completely by pipetting with 1
ml tip, and to this homogenized suspension 700f 7D&6 ethanol was added and mixed well
by pipetting. The sample (700 ul) was applied ®Neasy mini spin column sitting in a 2-ml
collection tube, and centrifuged for 1 min at 1@,06Ppm. For washing, 350 ul Buffer RW1
was pipetted onto the RNeasy column, and centrififge 1 min at 10,000 rpm to wash the
silica-gel-membrane. Now on-column DNase digestias performed to remove genomic
DNA using the RNase-Free DNase kit (Qiagen, Hilddmerefore, 10 pl of DNase | stock
solution (2.73 Kunitz units/ pl) mixed in 70 pl Bef RDD (DNase | incubation mix) was
added directly onto the spin-column membrane awdhated at room temperature for 15
min. For a second washing step 350 ul Buffer RW3% wipetted into the spin column and
centrifuged for 1 min at 10,000 rpm. The RNeasyowl was transferred into a new 2-ml
collection tube. Buffer RPE (500 ul) was pipettedoothe RNeasy column, and centrifuged
for 1 min at 10,000 rpm. This step was repeatedtosttime the column was centrifuged for
2 min at maximum speed to dry the RNeasy membrEme.RNeasy column was transferred
into a new 1.5-ml collection tube, and 30 ul RNase-water was pipetted onto the RNeasy
membrane. Incubated at room temperature for 10 anoh then centrifuged for 2 min at
12,000 rpm to elute. Stored at —80°C.
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2.2.1.1.2 Plasmid DNA isolation from bacteria (Mitreparation, Mini-Prep)

Single colonies were picked from agar plates amdvgrovernight in 5 ml of selective LB
medium (LB-Medium with 100 pg ampicillin or 50 ngkamycin/ ml). About one third of
the bacteria culture (1.5 ml) was transferred mtsuitable reaction tube and centrifuged for
30 s at maximum speed. The supernatant was digtardkethe pellet was resuspended in 100
pl of solution I. Solution II (200 ul) was addedtte bacteria suspension and mixed carefully
by inverting the tube 5-6 times. After 5 min inctiba at room temperature, 150 pl of
Solution Il was added and again mixed carefullge Tubes were placed on ice for 15 min to
allow quantitative precipitation of bacterial prioe The precipitate was removed by
centrifugation for 15 min at maximum speed and ghpernatant was transferred to a new
reaction tube without taking along any precipitdteen 300 pl of isopropanol was added and
the mixture incubated for 5 min at room temperatireprecipitate plasmid DNA. After
centrifugation for 10 min at maximum speed the sog@@nt was discarded and the pellet
washed with 250 pl of 70% Ethanol. The tubes weggeracentrifuged at maximum speed for
10 min, the ethanol containing supernatant discheal the pellets dried at 37°C for 30 min.
After all remaining ethanol had evaporated, thdepewere dissolved in 50 pl TER buffer
and the DNA-solution incubated at 37°C for 1 h &stdoy contaminating RNA. At this step
the mini-preps were analyzed with the appropriaggriction enzymes to check for successful
plasmid isolation and positive clones after clonikgr this, 2-5 pl of the DNA-solution was
analyzed in a single or double digestion (secti@122.2).

Positive clones were once more precipitated withp304M NH,OAc, plus 300 pl
absolute ethanol. The mixture was centrifuged fOr riin at maximum speed and the
supernatant discarded. The pellet was washed Wikh Ethanol and again centrifuged. After
the pellet was fully dried it was resuspended inp3H,O or 10 mM Tris/HCI (pH 8.0)
depending on the further usagex(H Sequencing with ABI PRISM' 310 Genetic Analyzer;
Tris/HCI: Sequencing at Seqglab GmbH, Gaéttingen,ntzary).

2.2.1.1.3 Plasmid DNA isolation from bacteria (Migreparation)

Plasmid DNA from transformed bacteria was harvest®dg the HiSpeed Plasmid Midi Kit
(Qiagen, Hilden). 50 ml of overnight grown transfed bacteria culture was centrifuged for
15 min at 5000 rpm to recover cell pellet. Baciguellet was resuspended in 6 ml of Buffer
P1 containing RNase A. Buffer P2 (6 ml) was addatked gently, and incubated at room

temperature for 5 min.
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Then 4 ml of chilled Buffer P3 was added, mixed iedaately but gently and the lysate
was poured into the barrel of the QIlAfilter Midi @&dge. Incubated at room temperature for
10 min to allow precipitation of protein and genoriiNA at the top of the solution. In the
mean time Buffer QBT (4 ml) was applied to equditer a Qiagen-tip 500 and the column was
allowed to empty by gravity flow. Then the cap frome QIAfilter outlet nozzle was removed
and the plunger gently inserted into the cartridiee cell lysate was filtered into an already
equilibrated Qiagen-tip. The cleared lysate wasveadd to enter the resin by gravity flow. The
Qiagen-tip was washed with 2 x 10 ml Buffer QC.ekftvashing the cartridge was placed in a
fresh falcon tube and plasmid DNA was eluted witinlf Buffer QF. DNA was precipitated
with 3.5 ml of isopropanol (room temperature) arahsferred onto a QlAprecipitator. The
filter was washed with 2 ml 70% Ethanol and drigdpbessing air through it using a 20 ml
syringe. The DNA was eluted with 500 pl - 1 ml affier TE. Stored at -20°C.

2.2.1.1.4 Isolation of DNA fragments from agaroselg

To isolate DNA fragments (PCR or cDNA-insert ingtad) from agarose gel, the MinElute
Gel Extraction kit (Qiagen) was used. The areaaaimng the DNA fragment was cut from
the gel. Care was taken to minimize the surroundiggrose excised with the fragment. For
1% agarose gel maximum 400 mg of gel slices wad pee 1.5 ml tube. The gel slice was
weighed and 3 volumes of Buffer QG to 1 volume eff @00 mg ~ 100 pl) was added. The
gel slices were incubated in buffer at 50°C for imumm 10 min at 500 rpm (Eppendorf
Thermomixer). The tubes were additionally mixedrgv&min. After the gel slice appeared to
be dissolved 1 volume of isopropanol was addednairdd carefully.

To bind DNA the sample was applied to a QIAquickuomn and centrifuged for 1 min at
13.000 rpm. The flow-through was discarded and pD6f Solubilization buffer (QG) was
added to the cartridge and centrifuged again. Dischthe flow-through. Wash buffer PE
(750 pl) was added (containing ethanol) to thericgre and incubated for 5 min at room
temperature. Then centrifuged for 1 min at 13,00n.r Discarded the flow-through.
Centrifuged again to remove residual wash buffére Tartridge was placed into a fresh 1.5
ml recovery tube and 15 ul of Buffer EB was addedatly to the center of the silica-gel-
membrane. After an incubation of 10 min at roomgerature the cartridge was centrifuged
for 1 min at 13,000 rpm. Discarded the cartridge stiored the DNA at -20°C.
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2.2.1.1.5 Cleaning of DNA fragment

DNA fragments after PCR amplification and restaatidigestion were cleaned using the
QIAquick PCR purification kit (Qiagen). Five volus@f buffer PB (Binding Solution) was
added to 1 volume of amplification reaction. Thengke mix was applied to the cartridge
placed in a 2.0 ml wash tube and centrifuged fonid at 13.000 rpm. Discarded the flow-
through. Wash Buffer PE (700 pl, containing ethpnsas added to the cartridge and
centrifuged for 1 min at 13.000 rpm. Discarded fibev/-through and centrifuged again to
remove the residual wash buffer. The cartridge plased into a new 1.5 ml receiver tube and
30 ul of Buffer EB was added directly onto the eemtf the cartridge. After incubation for 10
min at room temperature the cartridge was centefuigr 1 min at 13.000 rpm. Discarded the
cartridge and stored the cleaned DNA at -20°C.

2.2.1.1.6 Precipitation of Sequencing PCR DNA

Sequencing PCR product was precipitated with sodigetate and 100% ethanol. Briefly, to
80 pl HO added 10 pl of 3 M sodium acetate. To this 2@fusequencing PCR reaction
mixture was added and mixed thoroughly. Then adtt@l pl of chilled 100% ethanol and
incubated on ice for 5 min. Centrifuged for 15 ratnl4,000 rpm. Supernatant discarded and
pellet resuspended in 300 pl of 70% ethanol. Creigigd again for 15 min at 14,000 rpm.
Discarded the supernatant carefully and allowedoiket to air-dry or at 37°C. DNA sample
prepared for Sequencer (ABI PRISMTM 310 Genetic rer). DNA pellet was then
resuspended in 25 pl of Template Suppression Re&@§8R) buffer (ABI PRISM, Applied
Biosystems Division, Foster City, CA, USA). Vortekend centrifuged briefly. Sample
denatured for 2 min at 95°C and then kept on ic€fmin. Reaction mixture then transferred
to the small 0.5 ml sequencing tube (without lidyl @apped with rubber stopper suitable for

the capillary in the sequencing machine.

2.2.1.1.7 Quantification of Nucleic acids

Quantity of Isolated DNA and RNA was measured kg th/ absorption ratio 260 nm /280
nm using an Ultrospec 2000 UV/visible spectrophaten (Pharmacia Biotech, Freiburg,
Germany). A 1:10 dilution of sample was prepared areasured in a quartz cuvette (5.00
mm thickness). Measurement at 260 nm gave the ptiisorof nucleic acid, at 280 nm the
protein absorption and 320 nm gave the salt prasethie sample. The sample concentration
was obtained in pug/ ml. A factor of 2 was used atculate the actual concentration of the
nucleic acid present in sample in pg/ ml. Absorptiatio of 260 nm/ 280 nm gave the quality
of the nucleic acid ( ratio > 1.7 considered ok&uality of the nucleic acid was checked on
a 1% agarose/TAE gel pre-stained with ethidium bdent10 mg/ml).
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2.2.1.2 Molecular cloning techniques

2.2.1.2.1 Generation of DNA insert by PCR
To clone a particular DNA fragment into plasmid teecfor generating a recombinant
plasmid, PCR was done to amplify the full codingsence interest from the gene. Cloning
primers were designed from the sequences availalilee Genbank. 30-33 bp long primers
were designed flanking the 5 and 3’ region of iet¢. Care was taken to have similar
annealing temperature for the primer pair. Suitabriction enzyme sites were included in
the primer based on the multiple cloning site (M@$)Xhe plasmid vector into which the
fragment was to be cloned. DNA fragment to be daowneas checked for the presence of
sequence matching the restriction site. Primergwlesigned in a way to ensure that the right
amino acid codon frame remained intact in the rdmpant plasmid. For cloning the full
cDNA, stop codon was mutated in the 3’ primer whlemed into a vector with a 3’ detection
tag.

The cloning PCR was done using the AccuPrime kiti{logen). The following reaction
setup was used:

cDNA or recombinant plasmid 1-2 pl (~ 200 ng)

10 x AccuPrime reaction mix 1x

sense primer 20 pmol

antisense primer 20 pmol

Pfx DNA Polymerase 1pl

H.O variable
50 pl

The PCR reaction was done using the following progne (for Pfix DNA polymerase):
Lid temperature: 1@

Preheating: On

Initial denaturation 9%C 2 min

Denaturation o7 9 30 sec 35 cycles from this step
Annealing variable 30 sec

Extension 68C 1 min per kb

Final extension 68 10 min

pause P

The total amount of PCR product was loaded on amosg gel and the fragment with the
correct size was cut from the gel and purified ggime MinElute Gel extraction kit (Qiagen,
chapter 2.2.1.1.4). Then the cleaned fragment wgestbd with the appropriate restriction
enzymes, again purified (QIAquick PCR purificati@iagen) to remove the digestion buffer

and finally quantified to calculate the volume negdo set the ligation reaction.
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2.2.1.2.2 Hydrolysis of DNA with restriction endooleases

Restriction digestion of DNA was done with residat enzyme and its appropriate 10x
reaction buffer. Recombinant plasmids were cut eeithwith one or two enzymes
simultaneously. In general, for single digestioprapriate reaction buffer (10x) was used at a
final concentration of 1x, while for double digestiY'/Tango buffer (10x) used at a final

concentration of 2x (see scheme below).

Single digestion Double digestion

DNA 1-2 pug 2-3 Ug
Enzyme 1 (10 u/pl) 2 pl 2 ul
Enzyme 2 (10 u/pl) - 2 ul
Buffer (10x) 1x 2X
H,O variable variable

20 pl 30 pl
Incubation time 1-2hat 3¢

For double digestion with Smal, samples were tilgested with smal at 30°C. After heat
inactivation of the enzyme the second restrictindosuclease was added plus additional 10x
buffer and samples were incubated at 37°C. Douiglestion with Apal and BspEIl was done
in separation due to incompatibility of 10x buffensd incubation temperature. Samples were
first treated with Apal in NEBuffer 4 plus 1% BSA a5°C. Then the enzyme was heat
inactivated and the linearized DNA precipitatedn8t M NaOAc, plus absolute ethanol. The
pelleted DNA was then resuspended uOHand digested with BspEl in NEBuffer 3 at 37°C.

Single digestion with BamHI was always done in 2¥Tango buffer.

2.2.1.2.3 Formation of blunt ends by fill-in of ®verhang

For subcloning of DNA fragments from one plasmidtee into another, it was sometimes
necessary to fill-in 5° overhangs after digestioithwa sticky end producing restriction

enzyme, when the target vector had only a suitbhiet end restriction site. After digestion

and heat inactivation of the restriction enzyméckstends) 1 pl of each, dNTP mix and T4
DNA Polymerase were directly added to the digestioxture and incubated for 20 min at

25°C. Then the polymerase was heat inactivatedr@n®NA digested with a second enzyme

or purified by agarose gel extraction.
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2.2.1.2.4 Dephosphorylation of digested plasmid

The restriction enzyme treated plasmid was deplwsgfated with Shrimp Alkaline
Phosphatase (Boehringer) to remove the phosphatggifrom the linear plasmid and avoid
self-ligation during the ligation process.

Restriction digested DNA 1-2 ug
Shrimp Alkaline Phosphatase (1 U/ul) 2 ul
Dephosphorylation buffer (10x) 3x
H.O variable
30 pl

Incubated for 1 h at 3T followed by 10 min at 6% for denaturing the enzyme. After
phosphatase reaction, plasmid vector was purifgginato remove the dephosphorylation
reaction buffer.

2.2.1.2.5 Ligation of plasmid and DNA insert

To generate recombinant plasmid, restriction depbgilasmid (dephosphorylated, when 5’
and 3' end were similarly cut) was ligated with tB&A insert having the appropriate
restriction sites at their 5’ and 3’ end using T#eDNA Ligase (Invitrogen).

Plasmid vector 15 fmol

DNA insert 45 fmol

T4 DNA Ligase (1 u/pl) 2 ul

5x Ligase buffer 4 ul (1x)

H20 _variable
20 pl

Ligation was done in T3 Thermocycler (Biometral &tC for 18 h. The ligation mixture was
then used to transform bacteria to generate regc@nbplasmid.

2.2.1.3 Gel electrophoresis

2.2.1.3.1 Agarose gel electrophoresis of DNA

To check the quality of DNA (PCR product, recomhinplasmid DNA, restriction analysis)
a 1.5% agarose (SIGMA) gel in 1x TAE buffer was madlhe gel was pre-stained with
ethidium bromide (10 mg/ml). DNA samples were prepan 6x loading buffer (containing
bromophenol blue dye, MBI Fermentas). Gel was rubhx TAE for around 30 min at 80 V.
Depending on the fragment size either GeneRulebd@NA Ladder (1 kb) or GeneRuler
DNA Ladder Mix (10 kb) was used as standard mark&A bands were visualized under
UV-Transilluminator in an Eagle Eye Il video systégtratagene, Heidelberg, Germany).

36



Materials and Methods

2.2.1.4 Polymerase Chain Reaction (PCR)

To check for the expression of genes of interedRNIA level in cell lines used in this study,
PCR was applied. For non-quantitative analysis NAFexpression in cells, isolated RNA
was reverse transcribed using the Omniscript ldtREGR was performed with the Taq Master
Mix kit (Qiagen). In case of quantitative analysfSRNA-expression in relation to a reference
gene, Real-time PCR was carried out. Here, cDNAgea®erated using the iScript kit and the
Sybr Green kit used to perform PCR (Bio-Rad).

2.2.1.4.1 Non-quantitative RT-PCR
To reverse transcribe (RT) the isolated total R#nT cells, 1 pug of total RNA was used to
make cDNA in a 0.5 pl tube with Omniscript Reversanscription kit. RT reaction was set

as follows:

RNA 1ug
RT Buffer (10x) 2 ul
dNTP mix (5 mM each) 2 ul
Oligo-dT primer (0.5 pg/ul) 2 ul
Omniscript Reverse Transcriptase (4 U/ul) 1 pl
H.O '

20 pl

RT was done in T3 Thermocycler (Biometra). The tieacwas incubated for 1 h at J7,
followed by 5 min at 98C and then rapidly cooled t6¢@. cDNA was stored at -2G.
PCR was done with the cDNA generated from the RP sising the Taq Master Mix Kit.

The reaction mixture was pipetted as follows:

cDNA 1 ul

Tag Master Mix 25 pul

5 primer (10 pmol/pl) 2 ul

3 primer (10 pmol/pl) 2 ul

H.O variable
50 pl

The following programme was applied to do the PE&ttion (for Taq polymerase):

Lid temperature: 11T

Preheating: On

Initial denaturation: 9 2 min

Denaturation 7.9 1 min (35 cycles from here)
Annealing variable 90 sec

Extension T 2 min

Final extension T 10 min

pause 21c

8 ul of the amplification was used for agaroseajettrophoresis to check for the presence of

the desired gene product.
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2.2.1.4.2 Real-time PCR

For analysis of the relative expression of genemtefest in various cell lines (wild type or
transfected) the Real-time PCR approach was chds#al isolated RNA (1 pg) from cells
was reverse transcribed using the iScript kit. idaetion setup is shown below:

RNA 1ug
iScript mix (5x) 1x
Reverse Transcriptase 1l
RNase free O variable
20 pl

The reaction mix was put in the T3 Thermocycler kedt for 5 min at 25°C, then heated to
42°C for 30 min, followed by a 5 min incubation&®°C and finally cooled to 4°C. Generated
cDNA was stored at —20°C.

PCR was done in 25 pul reaction volume with the gated cDNA (described above)
applying the following reaction setup:

SYBR Green supermix 12.5 pl
primer mix 2 ul
cDNA 1l
H.O 9.5 ul
Samples were put in the iCycler (Bio-Rad) and aligra programme was run:
Initial denaturation: oxC 4 min 30 sec
Denaturation o 30 sec
40 cycle Annealing Gradient 90 sec
Extension T2 1 min
95°C 1 min
56°C 1 min

The specificity of amplification was proved by nedf curve analysis and agarose gel
electrophoresis. Relative expression was calculateihg the number of cycles, determined

from a preset threshold value, referred to the GAR¥cles.

2.2.1.4.3 Mutagenesis-PCR

For site-directed mutagenesis the QuikChange kita{&ene) was used to make point
mutations. Plasmid DNA (100 ng) was used as temmpRtimer containing the mutated codon
were designed so that 15 bp were flanking the cdubdh up- and downstream and the primer
pairs being complementary to opposite strands ef vlector. After annealing of the
mutagenesis oligonucleotides to the template theyewextended by Pfu Turbo DNA
Polymerase (high fidelity) to generate a mutatexbipid containing staggered nicks. After
digestion of the parental plasmid DNA by Dpnl reesion endonuclease, half of the reaction
setup was transformed into bacteria. Isolated ph&MNA (Mini-Prep) was then checked for
incorporation of the mutation by sequencing.

38



Materials and Methods

The reaction setup was done following the scheneabe

10x Reaction buffer 1x

Plasmid DNA 100 ng

primer Fw 12.5 pmol

primer Rv 12.5 pmol

dNTP mix 1 pl

HO _variable
50 pl

+ 1 pl PfU Turbo DNA Polymerase

Samples were put in the T3 Thermocycler (Biomedra) a specific programme applied:

Initial denaturation: 01 98 30 sec
Denaturation o 30 sec

15 cycles Annealing 55°C 1 min
Extension 68C 12 min
pause 21c

Directly after programme was finished, 1 pl of Dpmhs added and samples incubated at

37°C for 1 h. Transformation of the products wasalasing the KCM method.

2.2.1.4.4 Sequencing-PCR
For sequencing reaction, 150-300 ng of recombip&#mid DNA was used with 2 pul primer

(10 pmol/ul) and 4 ul Big dye reagent (containedADpblymerase, fluorescent dye-labeled
dNTPs, buffer) (Applied Biosystems), diluted with®to a final volume of 20 ul. The PCR

conditions were:

Initial Denaturation 98C 2 min

Denaturation og&C 30 sec
25 cycle Annealing 38 30 sec

Extension 6tC 4 min

+ 25 sec increment/cycle
pause 1c

After PCR, DNA was precipitated and prepared fqiltary electrophoresis and analysis
in the ABI PRISM™ 310 Genetic Analyzer (Applied Biosystems).
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2.2.15 Transformation of bacteria

2.2.1.5.1 Making of competent cells

A single colony of XL1-Blue or DH&F E.coli strain was allowed to grow overnight imb

LB media (without antibiotic) at 3T, shaking at 250 rpm. Then 1 ml of overnight baate
culture was transferred to 150 ml of fresh LB meatha allowed to grow till an Odg, of 0.6.
The cell suspension was then centrifuged for 10 aiB000 rpm at room temperature. The
supernatant was discarded and the pellet resuspemdé ml (1/10 volume) of TSB buffer.
After a 10 min incubation of the suspension on iicevas aliquoted to 500 pl each in

Eppendorf safelock tubes. Tubes were frozen indigurogen and stored at -8D.

2.2.1.5.2 KCM Transformation method

To transform KCM competent cells using plasmid DN, pul of KCM buffer was added to
either 20 ul of ligation mix or 10-20 ng of supaied plasmid DNA and diluted with 4@ to
100 pl. Mixed nicely and left on ice. In the meane the KCM competent cells were put on
ice for thawing. The transformation reaction wasedi properly with 100 pl of competent
cells and incubated on ice for 10 min (re-trafop0rmin (ligation). Afterwards the mix was
incubated for 10 min at room temperature (very irtgoat). Then 1 ml of SOC media was
added and incubated for 1 h at°G@7with shaking at 300 rpm. Thereafter, the complete
transformation mixture was pelleted for transfororabf ligation reaction and plated on LB-
agar containing suitable antibiotic. The platesenacubated up-side down at°87overnight

to allow for growth of transformants. For retraftdasubsequent plasmid Midi preparation, 50

ml of LB media + antibiotic was inoculated with ttransformation mixture.

2.2.2 Methods in Cell Biology
2.2.2.1 Cell culture

The medium used for culturing of cells was steaitel ready-to-use (Biochrom). Thawing of
cells (HEK293, 1321N1): frozen cells were rapidhawed in 37°C water bath and the cryo-
preserved cell suspension + 9 ml of complete adtloe medium were centrifuged at 200 g
for 3 min at room temperature. The cell pellet wesuspended in complete medium and
seeded on a tissue culture dish (10 cm) (Nunc, RekimHEK293 (Human embryonic
kidney, epithelial) cells were cultured in DMEM (bacco minimum essential medium) /
HAM'S F12 (1:1) with 2 mM Glutamine, 10% FCS (fetlf serum), 100 U/ml Penicillin
and 100 pg/ml Streptomycin (Biochrom) in a Functibme incubator (Heraeus) with
humidified atmosphere of 95% air, 5% &4D 37°C.
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1321N1 astrocytoma cells were cultured in DMEM eamihg 3.7 g/L NaHCOS, 4.5 g/L
D-glucose, 1.028 g/L N-Acetyl L-alanyl-L-glutamirmad 5% FCS, 100 U/ml Penicillin, 100
pa/ml Streptomycin in a Nuaire incubator (Zapf tostents) with humidified atmosphere of
90% air, 10% C@at 37°C. Culture medium was changed every 2-3.days

For cell passage, HEK293 cells were detached fitwnculture dish with Trypsin/EDTA
(Biochrom) for 5 min at room temperature after esjng the medium. For 1321N1 cells, the
cells were first washed twice with HBSS or PBS #reh incubated in the cell incubator with
Trypsin/EDTA 1 ml per 10 cm dish for 1 min at 37Cells were centrifuged at 200 g for 3

min, resuspended in medium and seeded 1:20 in é@siplete medium.

2.2.2.2 Freezing of cells

Cells were frozen in DMSO for long storage. Brieftells grown in 10 cm culture dish were
frozen in 3 cryo tubes (Nunc). To each cryo tub@ f0DMSO (sterile) was added. Already
detached, centrifuged and resuspended cells (9DQvere added and fastly mixed with
DMSO in the cryo tube and immediately stored at@r 24 h. Then shifted to -80°C and

soon after to liquid nitrogen for long storage.

2.2.2.3 Transfection of cells

2.2.2.3.1 DOTAP Lipofection

HEK293 cells were stably transfected with the FGF¥PN1 or P2Y:GFPN1 constructs using
the Liposomal transfection reagent DOTAP (RochegBbastic). Plasmid DNA was isolated
using the HiSpeed Midi kit (Qiagen) to obtain DNAbest quality. Cells were grown 50-70%
confluent for 2-3 days. The transfection mix waspared using 5 pg of plasmid DNA made
to 50 pl with 20 mM HEPES in a siliconized reactiobe. In another tube, 30 ul DOTAP
was mixed with 70 pl of 20 mM HEPES. After a 5 nmoubation both solutions were mixed
nicely and incubated for 30 min at room temperatieanwhile, the medium of the cells
was aspirated and replaced by serum- and antidreic medium. After 30 min, the
transfection mixture was given drop wise onto tlelsc Cells were incubated in the
transfection media for 8 h and then replaced by rhiddium containing serum (FCS) and
antibiotics. 24-48 h after transfection cells weigualized under the fluorescent microscope
to check for expression of fusion protein contagnthe GFP tag (green fluorescent protein).
For stable transfection G418 Sulphate antibiot@némycin and neomycin derivative) was
added after 48 h at a rate of 500 pg/ml (stock:r&gml).
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2.2.2.3.2 Fugene 6 Lipofection

1321N1 astrocytoma cells were transfected with owariplasmids using the Fugene 6
transfection reagent. This is a multi-componentdipased reagent that complexes with DNA
and enables high transfection efficiency. Cellsevegeded at a density of 100.000 cells/ 35
mnt a day prior to transfection. Before preparatiotheftransfection mix, the normal growth
medium of the cells was replaced by serum- andbiatit free medium. The Fugene 6
reagent (3ul) was added to serum-free medium toeraakolume of 100 pl in a siliconized
reaction tube. To this mixture 2 pg of plasmid DIWAs added (Fugene 6 : DNA ratio = 3:2),
mixed properly and incubated for 30 min at roomgerature. The complex mixture was then
added drop wise to the cells and they were incuabfate8 h in the transfection medium. Then
transfected cells were changed to normal growthivmedAfter 24-48 h cells were checked
for positive transfection or further used for expents. For stable transfection G418
Sulphate antibiotic (kanamycin and neomycin deivwegtwas added after 24-48 h at a rate of
500 pg/ml (stock: 500 mg/ml).

2.2.2.3.3 Magnet assisted transfection

For transient expression of proteins in HEK293 scalhd siRNA transfection for gene

silencing the Magnet assisted transfection (MATngthod was applied. Cells were prepared
as described above (2.2.2.3.1). 5 ug of plasmid @fdAdouble transfection: 2.5 ug of each
plasmid) or 20ul of a 100 pM siRNA stock solutioasmiluted with 400 pl of serum-free

medium. Then 6.6 pl of magneto beads suspensioT(&A solution) was added and mixed

carefully by pipetting and gently tapping the sihized reaction tube. The mixture was
incubated for 20 min at room temperature and thgplied to the cell culture dish. Culture

dishes were put on a magnet plate (placed in ttgbator) and incubated for 15 min at 37°C.
Then transfection medium was replaced by full girowtedium and cells put back in the

incubator. Experiments were done 48 h post-tratisfec

2.2.2.3.4 Selection of stably transfected cell @en

Stably transfected cell clones were separated fromtransfected, G418 resistant cell clones
by flow cytometry. Cells transfected with fusioropgins containing a GFP tag were sorted
with a FACS diva cells sorter (Becton Dickinsonuipped with a 488 nm laser) 3-4 days

post-transfection. Positive clones were collected @epending on the number of cells seeded
in an appropriate dish. Quality of the clones wasc&ed with a fluorescent microscope and

after two passages, part of the cells were froaeifohg-time storage in liquid nitrogen.
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2.2.3 Methods in Protein chemistry
2.2.3.1  Whole Cell lysate

To make whole cell lysate, 80% confluent cells (6 dish) were washed 2x with ice-cold
PBS and lysed in 0.5 ml of RIPA buffer during arht incubation on ice. Cell debris was
collected in 1.5 ml tubes using a cell scraper. délelysate was gently mixed on a rotator for
15 min at 4°C. The lysate was then sonicated omiea@ Ultrasonificator for 3 x 10 sec (40%
power). Afterwards centrifuged at 14,000 x g for d#n at 4°C. The supernatant was
transferred into a fresh tube and pellet discardRdtein concentration was determined by

Bradford method using 1% bovine serum albumin asdsird. Lysate stored at -20°C.

2.2.3.2 Subfractionation of cells (cell membrane pparation)

Confluent cells (10 cm dish) were washed twice \8ittml ice-cold PBS and incubated in 1 ml
of hypotonic buffer pH 8.1 for 10 min on ice. Theglls were scraped from the dish and the
lysate sonicated for 5 x 1 sec (40% power). Théeeathe lysate was centrifuged at 1000 x g
for 5 min in a 4°C cold centrifuge. Supernatant wased and the pellet, containing nuclei
and mitochondria, discarded. The collected supamatas centrifuged again at 50,000 x g
for 30 min at 4°C. The resulting supernatant cowcithe cytosolic fraction and the pellet
plasma membrane, endoplasmic reticulum and micresonihe cytosolic fraction was
transferred to a fresh tube and the pellet resulggem 250 pl of hypotonic buffer. Fractions
were subjected to protein estimation and store@tC.

2.2.3.3 Co-Pulldown

Lysates (containing GST fusion proteins) were @dutvith RIPA-buffer to a final protein
concentration of 500 pg/ml in a predefined end ne@w500-800 ul). Then 20 ul of a pre-
equilibrated GSH-bead suspension (50%) (Glutatldepharose) was added and incubated
overnight on a rocker (15 rpm) at 4°C. Next dag, eads were washed 2x with RIPA-buffer
after centrifugation for 5 min at 500 rpm in a @led centrifuge. After a further washing
step beads were centrifuged at 13.000 rpm for S5tmidestroy bead structure and allow for
total removal of the supernatant. Then 15 pl ofL2emmli sample buffer was added to

denature adherent proteins and prepare for loazhrg SDS-PAGE.
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2.2.34 Co-Immunoprecipitation

Lysates (containing myc fusion proteins) were @itltwith RIPA-buffer to a final protein
concentration of 250 pg/ml in a predefined end nedy(500-800 pl). Then 1.5 pg of anti-myc
antibody (mouse monoclonal, Invitrogen) was addadl incubated with the lysate overnight
on a rocker (15 rpm) at 4°C. Next morning, 20pPodtein A/G Plus Agarose suspension was
added and lysates were again incubated for at Zhstrs at 4°C. Thereatfter, the beads were
washed 2x with RIPA-buffer after centrifugation f6rmin at 2000 rpm in a pre-cooled
centrifuge. After a further washing step beads wenatrifuged at 13.000 rpm for 5 min to
destroy bead structure and allow for total remosvbthe supernatant. Then 15 pl of 2x
Laemmli sample buffer was added to denature adhereteins and prepare for loading on a
SDS-PAGE

2.2.35 SDS PAGE (Laemmli) Gel preparation

(for 2 gels with 1 mm thickness and 8 cm width)

Components 10% Resolving gel| 4% Stacking gel
(ml) (ml)
60% acrylamide/Bis 2.0 0.335
Resolving gel buffer 6.0 -
Stacking gel buffer - 2.5
H,O 3.8 2.065
10% SDS solution 0.12 0.05
1x PER solution 0.06 0.04
TEMED 0.024 0.01
Bromophenaol blue - 0.002

2.2.3.6 SDS-PAGE and immunoblotting

Defined amounts of cell lysates were precipitatddeCtly loaded on the gel, if protein
concentration sufficient) using Methanol/Aceton h#-fold excess and then denatured in 1x
Laemmli sample buffer. For immunoprecipitation a-pulldown, beads were washed and
denatured in 2x sample buffer. Protein samples wenatured without boiling but incubation
at 4°C overnight or 15 min at room temperatureamgle buffer. The gel-electrophoretic
resolution of the proteins was done in a Verticamilgel apparatus (Bio-Rad) using 10%
SDS-PAGE. Proteins were transferred to nitroceflelonembrane (Protran BA79, 0.2 pum)
using a semi-dry transfer system (Bio-Rad) at @mistoltage (10 V) and 200 mA current for
60 min. Successful transfer was checked, visugitiie protein bands on the membrane by

0.2% Ponceau S staining.
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The membrane was blocked in 5% non-fat dry milk denan PBS-Tween, 0.1%)
overnight at 4°C. Depending on the antibody usedsfeecific detection of protein bands,
membrane was incubated at room temperature for dr fat 4°C overnight. Then the
membrane was washed three times with PBS-Tween @ddoincubated with secondary
antibody (peroxidase-conjugated anti-mouse IgGntirrabbit 1gG; Dianova) for 1 h at room
temperature. The membrane was again washed asba@esbefore and then incubated with
ECL reagent (Supersignal West Pico kit, Pierce)er@luminescence signals were detected
on chemiluminescence film (Hyperfilm ECL, GEHealihe) after developing.

2.2.3.7 Stripping of membrane for reprobing

To reprobe the membrane with a second primary edyilthis procedure was followed: ECL
reagent was washed out by washing for around Imalfoaur in PBS-Tween (0.1%). Then the
membrane was incubated in stripping buffer for 3@ at 55°C. Afterwards, the membrane
was first washed extensively in,® and then in PBS-Tween to rema¥enercaptoethanol.

The blocking procedure was repeated and then thebmae was reprobed with another

primary antibody as described above.

2.2.3.8 Immunocytochemistry

Cells (wild-type or transfected) cultured on 22 moverglasses or in glass bottom dishes
(MatTek, Ashland MA, USA) were fixed in 4% parafaliehyde for 20 min at room
temperature, then washed and stored in 120 mM 8ydiosphate solution. Fixed cells were
blocked and permeabilised in FSBB buffer for 20 .nTihen incubated in mouse monoclonal
anti-myc 0.8 pug/ul (Invitrogen) overnight at 4°Chelcells were washed 3x 10 min in High
salt buffer. Then secondary antibodies were api{ideixa IgG Goat-anti-mousesés-1:200;
Molecular Probes) for 2 h at room temperature. Washing step was repeated 1x in High
salt buffer and further washing was done 1x witB ¥ Sodiumphosphate solution and 3x
with 5 mM Sodiumphosphate solution. Cells were ntedrin Vectashield mounting media
(Axxora, Griunberg, Germany) and visualized with 8M510 Confocal laser scanning
microscope (Carl Zeiss).
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2.2.3.9 CAMP-EIA

HEK293 cells stably expressing the R23FP receptor were seeded in a 6-well plate at a
density of 100.000 cells/ well and grown for 2 d&lls80% confluency. Prior to stimulation
the medium was aspirated and replaced by NaHB&ibaodntaining 0.5 M IBMX (isobutyl-
methyl-xanthine). Cells were incubated in this buffor 30 min at 37°C either with or
without P2Y receptor antagonists. Then cells weimwated with various agonists for 10
min. After stimulation, the buffer was aspirated aells were lysed with 0.1 M HCL. Cells
were scraped from the dish and collected in a 1.5afelock reaction tube. A 100 ul aliquot
was kept for later protein estimation. The resthef tube was centrifuged at 1000 x g for 10
min and supernatant transferred into a fresh tube.

Determination of intracellular cAMP was done usthg Direct cCAMP EIA kit (assay
designs). The appropriate amount of EIA strips edatith goat anti-rabbit IgG was placed in
a suitable rack. In all wells 50 pl of neutralizirepgent was pipetted. Then 100 pl standards
or samples were pipetted in the appropriate wédls determination of nonspecific binding
(NSB) and maximal binding, 100 pl of 0.1 M HCL waipetted in the appr. wells). To that
came 50 pl of alkaline phosphatase solution comgeaith cAMP as tracer plus 50 pl of a
rabbit polyclonal antibody directed against cCAMRo@Ept NSB wells). After an incubation of
2 h with shaking at 500 rpm the plate was washeavi8x wash buffer. Then 200 pl of p-
nitrophenyl phosphate as enzyme substrate was atkdhcubated in the dark for 1 h. At
the end 50 ul stop solution (pRO,) was added and the optical density was read atr#®5
with correction at 595 nm. The cAMP concentratiopm§l/ml) was calculated by
interpolating the percentage of bound tracer fochesample on the simultaneously
determined standard curve. The resulting valuegwermalized to the protein concentration
of each sample, so that results were expressethasghAMP/ mg protein. At last, results for
all stimulated samples were normalized to unstitedlacontrol, expressed as n-fold

stimulation.

2.2.4 [C&"]; measurements

The cells were plated on coverslips (diameter =n#8), and single cell measurement was
done after 3 days, when the cells were 30-50% wgentl The changes of free intracellular
Cd* concentration ([C4];) were measured, as described before @ual., 1998).
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Briefly, cells were preincubated withigM fura-2AM at 37°C for 30 min in NaHBS (for
1321N1 cells 0.02% Pluronic acid was added forebesolubility of fura-2AM) and then
stimulated under continuous superfusion of pre-vearnNaHBS at 3T with different
concentrations of various agonists. Fluorescenmmsity was recorded alternatively at 340
and 380 nm excitation and 520 nm emission. Changges monitored in single cells bathed
in a perfusion chamber which was placed on theaos@pe stage of a fluorescence imaging
system from TILL Photonics with a X40/ 1.30 oil irarsion objective and a flow rate of 1
ml/min (V6hringeret al., 2000).

Calcium data were analyzed with the Excel prograplyang basal deduction to the
calcium traces and calculating the peak height.)Rfor each cell. Concentration-response
data obtained with average values from 40 to 7@lsinells were further analyzed to derive
EGCso values (half-maximal response) using the Sigmapiogram (Jandel). Calculation of
the EGp values and curve fitting was performed using ti®wing equation with a standard

Rmax B Rmin

. If the free curve fit extended beyond the expental data
1+10(|Og ECSO—X)

slope:y = Ry, +

the maximal response (R) was adjusted to the experimentally obtained platealue for the

other experiments.

2.2.5 Confocal imaging

All images were taken on a Zeiss inverted LSM 51&T laser scanning confocal

microscope.

2.25.1 Immunocytochemistry

1321N1 cells transiently co-transfected with RPZYFP and P2¥mycHis and stained with
anti-myc antibody and Alexa Fluor 555 IgG Goat-antiuse as secondary antibody were
visualized using a Plan-Apochromat x63 objectivke TGFP-tag was excited with a 488-nm
argon/krypton laser and fluorescence detected wsb@h-530 nm band pass filter. The Alexa
Fluor 555 was detected using a 543-nm helium/naserlfor excitation and a 560-nm long-
pass filter. Ten sections 0.5 pum apart along tleiZ-were taken from the bottom to the top
of each cell. Images were processed using the Zeisfocal microscopy software (LSM
Image examiner). Sections were projected onto X} #Z-plane images using the Ortho
option of the software.
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2.2.5.2  Agonist-induced internalization

HEK293 cells stably expressing the RZ3FP receptor were seeded on coverslips (30 mm
diameter) precoated with 0.01% PLL and grown fodays till 40-50% confluency. Cells
were then placed in a POC-chamber (PeCon GmbH,cBrdaermany) and incubated on
stage in a chamber of 5% ¢@& 37°C in complete culture medium. Images wekertaising

a Plan-Apochromat x63 objective, a 488-nm argompialy laser and a 505 nm long pass
filter. Thirteen to fifteen sections 1 pm apart evéaken serially every ten minutes from the
bottom to the top of each cell after stimulatiorll€ were stimulated with various agonists

and live-imaging was done for 90 minutes.

2.2.5.3  Analysis of fluorescence intensities

Fluorescence intensities of confocal images werdyaad using the Zeiss LSM 510meta
software histo macro. Region of interests (ellip8e39 purf) were set in the cytosol of single
cells and the average fluorescence intensity inrR@ determined over time (0 min, 10 min,
30 min, 60 min). The intensity values for 10-60 miere normalized to the starting value at O

min which was set to be 1.

2.2.6 Flow cytometry

The expression levels of wild type and mutant remepin 1321N1 cells were analyzed by
flow cytometry using a FACS LSR (BD Biosciences,dé¢berg). Cells were grown in 5 cm
culture dishes (Nunc, Wiesbaden) to 80 % confluehayvested and resuspended in culture
medium. The expression levels of 10.000 cells veera@yzed by determining the intensity of
the GFP fluorescence per cell using the Flow Jovsoé.

2.2.7 Data analysis

Statistical analysis of the data was done usinglGmad prism. First data were checked for
Gaussian distribution. In the case of Gaussiarribliged data, further analysis was done
using the one-way ANOVA test and the Tukey testaapost test. For non-Gaussian
distributed data the Kruskal-Wallis test was appliesing the Dunns test as a post test.

Significant difference appeared at a P value <.0.05
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3 RESULTS

3.1 Diastereoselectivity of the P2 receptor: P, substituted ATP
analogues

3.1.1 Heterologous expression of the P2YGFP receptor in 1321N1 cells

To express the P2Y11 receptor as a GFP construt82aN1 astrocytoma cells, the DNA
sequence of the receptor was cloned between thRIEatd BamHI restriction sites of the
eGFPN1 expression vector. The DNA of the human ;P2¥ceptor (GenBankTM/EBI
accession number AF030335) was kindly provided by@dmmuni. The P2YGFP receptor
construct was used to transfect 1321N1 astrocytwetia. The 1321N1 astrocytoma cell line
lacks endogenously expressed P2Y receptors (Lazéir@val., 1995; Gendron et al., 2003),
which was also confirmed by us for the currentlgdigell batch. By RT-PCR the mRNA
expression level of P2X and P2Y receptors in this @eas investigated. We detected signals
for the P2Y, P2Y11, P2X, and P2X% receptor mRNA (Fig. 6A). However, wild type cedls
well as mock-transfected 1321N1 cells did not digpny significant Ca responses when
challenged with 20@M UDP or ATP. The wild type cells responded onlpalically (5 out
of 53 cells) to 100 uM ADP (Fig. 6B). This confirthéhe lack of functionally expressed P2
receptors in the 1321N1 cell batch used in thidystu

A

P2Y, P2Y,, P2X, P2X, GAPDH

"0 100 200 300 400 500 600 700
timeins

Figure 6:  Non-functional expression of P2X and P2Yeceptors in wild type 1321N1 cells

[A] Agarose gel resolved RT-PCR products generfriad cDNA of 1321N1 wild type cells. Signals were
detected for the P2Y(409 bp), P2Y; (809 bp), P2X (420 bp), P2X(532 bp) receptors and GAPDH (600
bp). [B] Calcium traces of wild type 1321N1 celtsrailated with 100 uM ADP (black bar). Displayed ar
5 out of 53 cells that significantly responded vathincrease in intracellular calcium, detectedhitira-2
calcium indicator.
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The well characterized batch of 1321N1 cells wa ttransfected with the GFP-tagged
human P2Y; receptor. The protein expression was verified Bstern blot analysis of
cytosol and membrane fractions from stably transtéccells (Fig. 7). To demonstrate
functional expression of the P2YGFP receptor in stably transfected cells, variaggnists
were tested for their ability to induce an intrader [C&']; increase. The cells were
monitored for the change in fluorescence intensitthe calcium indicator fura-2 after agonist
stimulation, as described in the methods sectitwe. dbtained E& values + s.e.m (n = 3-4,
as indicated) for AT¥S, BzATP, ATP and 2-MeS-ATP were 1.3+0.3 uM (450.3 uM
(3), 3.0£0.87 uM (4) and 13.8+5.58 uM (3), respati. The order of potency was found to
be ATR/S = BzATP > ATP > 2-MeS-ATP, which is similar toepiously reported findings
(Communi et al., 1999).

1 2 3 4 5 6
100 kDa —
75 kDa — -
50 kDa —
37 kDa — . g
t— — <—— eGFP
25 kDa —

Figure 7:  Western blot detection of the P2Y,GFP receptor in stably transfected 1321N1 cells

Cell lysates of wild type and transfected cellsevanbfractionated and resolved on SDS-PAGE. After
immunoblotting, protein expression was checkedgiamanti-GFP antibody (dilution 1:1000), as
described in the methods section. The blot displagytosol fractions (1, 3 and 5) as well as the
membrane fractions (2, 4 and 6) of differently sfasted 1321N1 cell§l) Cytosolic and2) membrane
fraction of untransfected 1321N1 cel{3) Cytosolic and4) membrane fraction of mock-transfected
1321N1 cells (eGFP ~27 kD(p) Cytosolic and6) membrane fraction of P2YGFP (~ 69 kD) transfected
1321N1 cells.

3.1.2 Calcium measurements with pairs of differenATP diastereoisomers

3.1.2.1  Adenosine-50-(a-boranotriphosphate) diastereoisomers

To characterize the diastereoselectivity of thélgt@xpressed P2Y receptor in 1321N1
cells, several borano-modified diastereoisomer&Td? were tested by analyzing the calcium
responses (described in methods section). These akiBlbgues had been chosen, as they

exhibited a stereoselective activation of the P@¢eptor (Nahum et al., 2002).
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The diastereoisomers show substitution of one @hitn-bridging oxygen atoms of By
borane. Thereby, a new chiral centre in the ATPecwk is introduced. The absolute
configuration around the ;Pwas assigned to the resulting diastereoisomerd, the@ Rp
configuration was attributed to the (A) isomers émel Sp configuration to the (B) isomers of
the borano-modified analogues (Major et al., 2004).

All the different ATPa-B diastereoisomeric pairs (ATé#-B (A/B), 2-MeS-ATPa-B
(A/B), 2-CI-ATP-a-B (A/B)) displayed the same stereoselective peafee in activating the
P2Yi1; receptor. The concentration response curves aatafor the different ATRx-B
derivatives and the parent compounds are displayddg. 8, A-C. The corresponding (A)
and (B) isomers of the ATR-B derivatives exhibited a clear difference in pate for
elevation of intracellular calcium. All (B) isomevgere found to be more potent than the (A)
isomers, ranging from 3- to 10-fold, as seen byE@g, values in Table 3 (page 56).

The (B) isomer of ATR¥-B (EGso = 34Gt53.0 nM) displayed a 7-fold higher potency
than ATP (EGo = 2.830.82 puM) and its corresponding (A) isomer (g€ 2.380.56 uM)
was equipotent with ATP (Fig. 8A). The tendencyt tthee (B) isomers are preferred by the
P2Y;, receptor was the same for all the other Ad-B-derivatives tested. The (B) isomer of
2-MeS-ATPa-B was the most potent ligand of all compoundsetsh this study with an
EGso value of 26833.0 nM. The corresponding (A) isomer &G 1.350.52 uM) was 5-
fold less potent, but displayed a much higher potehan 2-MeS-ATP (E§ = 13.85.58
HM). The difference in potency was one order of nitagle (Fig. 8B).

The 2-Cl-substitution had a negative influence lo@ potency of ATRx-B at the P2Y;
receptor. The (A) isomer of 2-CI-AT&-B (EG, = 4.1%3.41 uM) displayed the lowest
potency of all the diastereoisomers used in thigystOnly the (B) isomer (Bfg = 464246
nM) showed a potency that was comparable to thahefthera-borano (B) isomers. The
parent compound 2-CI-ATP, where the phosphate movess left unchanged, was too weak
an agonist at the P2Yreceptor to determine a complete concentratioporese curve using
single cell calcium measurements. At a concentratio100 uM only 60% of the maximal
ATP response were obtained. Therefore, in Fig. I8Ccbncentration-effect curve of ATP is
displayed for comparison as well as the incomptetse for 2-CI-ATP (EGo > 30 uM).
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Figure 8: Concentration-response curves for ATR¥-B analogues and parent compounds at the
P2Y, receptor

1321N1 cells stably expressing the RM¥ceptor GFP fusion protein, preincubated wittiVRfura-2-AM,
were stimulated with varying concentrations of agimand the change in fluorescenfsBsonmFasonn) Was
detected. Data represent the mean values and steerder from 40 to 70 single cells and were ol#dim
at least three separate experimemt§. Curves for 2-unsubstituted ATé-B diastereoisomersB]: Data
obtained with the 2-MeS-ATR-B isomers. The maxima of the curve for the (Ao and the parent
compound have been fixed as described in methG§tsClrves for 2-CI-ATPa-B diastereoisomers. The
ATP curve is shown for comparison as well as tlwerimplete curve for 2-CI-ATP. The maxima of the
curve for both isomers have been fixed as desciibetkthods.
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The action of the ATR+-B diastereoisomers at the P2Yeceptor presented here stands in
contrast to the diastereoselectivity at the P@¢eptor, as seen previously by us. At the P2Y
receptor the (A) isomers were more potent than (B)isomers in inducing a calcium
response (Nahum et al.,, 2002) or in causing recegtdocytosis (Tulapurkar et al., 2004).
For comparison, the Egvalues for the ATRx-B derivatives at the P2Yreceptor are also
included in Table 3. However, it should be notedt tim that study the P2Yreceptor was
heterologously expressed in HEK293 cells. For teb@ind more valid comparison, the action
of 2-CI-ATP-a-B isomers at the P2YGFP receptor protein stably expressed in 1321Nl& ce
was additionally investigated (Fig. 9). It was possible to carry out a complete investigation
of the potencies of all ligands used in this study,the amount of compounds was not
sufficient. The stereoselectivity of the 2-CI-ATB diastereoisomers at the P2heceptor
was conserved, whether the receptor was express@321N1 cells or in HEK293 cells.
Thus, the diastereoselectivity is independent efréteptor expression system used. The (A)
isomer displayed a higher potency @& 2Gt5.0 nM, n=3) than the (B) isomer (E£=
649t51.7 nM, n=3). Moreover, the difference in poterafythe (A) isomer at the P3Y

receptor compared to the potency at the f22&Ceptor is striking.
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Figure 9: Concentration-response curves for 2-Cl-AP-a-B analogues at the P2Y¥receptor

Concentration-response curves obtained with 13234 stably expressing the P2iceptor GFP fusion
protein for 2-Cl-ATPea-B isomers in inducing intracellular [E% rise. The maximum of the curve for the
(B) isomer has been fixed as described in methodls preincubated with 2 uM fura-2-AM were
stimulated with varying concentrations of agonisd ghe change in fluorescen@¢4onmF3sonn Was
detected. Data represent the mean values and steerder from 40 to 70 single cells and were ol#dim
at least three separate experiments.
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3.1.3 Adenosine-50©-(a-thiotriphosphate) diastereocisomers

The action of adenosine ®-(1-thiotriphosphate) derivatives (AT®-S) at the P2Y;
receptor was also investigated. The diastereoisorsleow substitution of one of the non-
bridging oxygen atoms of,Foy sulphur. Again, a new chiral centre in the AfBlecule is
introduced. The absolute configuration around the was assigned to the resulting
diastereoisomers, and the Sp configuration wasbatéd to the (A) isomers and the Rp
configuration to the (B) isomers of the thio-moelifianalogues. The difference in assignment
for the borane-/sulphur modified isomers is du¢hi group priorities around,Pwhich are
opposite for the ATR-B and ATPea-S derivatives. Sulphur is of higher priority ineth
chemical nomenclature compared to oxygen, and leasaoif lower priority than oxygen.

The concentration-response curves for each AT¥ diastereoisomeric pair are presented
in Fig. 10, in comparison to the respective paremmnpound, which has an unchanged
phosphate moiety. The two different pairs (A@FS (A/B) and 2-MeS-ATRx»-S (A/B))
displayed the same diastereoselective activity hat P2Y; receptor as the ATRBR-B
derivatives. The (B) isomers were found to be npent than the (A) isomers, as shown by
the summary of the resulting Efvalues in Table 3 (page 56). However, the diffeeen
between these diastereoisomers was not as prorasceith then-borano substituted ATP
analogues.

The (B) isomer of ATRx-S (EGo = 270:64.0 nM) was found to be the most potent of the
o-sulfur substituted compounds tested, whereas aheesponding (A) isomer with an L
value of 1.730.55 yuM displayed a 6-fold lower potency (Fig. 10Ajowever, both
substances had a higher potency at the;PBCeptor than ATP itself. The (B) isomer of 2-
MeS-ATPa-S (EGo = 643128 nM) showed only a 4-fold increase in potenoynpared to
its corresponding (A) isomer (B£= 2.64t1.10 uM) but was found to be 20-fold more potent
than the parent compound, 2-MeS-ATP (E€ 13.85.58 uM) (Fig. 10B). Nevertheless, the
maxima of the concentration effect curves for bhetimers were considerably lower than the
other agonist-evoked maxima, which makes a defrot@parison of the Ef values rather
difficult.
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Figure 10: Concentration-response curves for ATR¥-S analogues and parent compounds at the
P2Y, receptor

1321N1 cells stably expressing the R¥ceptor GFP fusion protein, preincubated wittVRfura-2, were
stimulated with varying concentrations of agonistd the change in fluorescen{,onmFzsonn) Was
detected. Data represent the mean values and steerder from 40 to 70 single cells and were ol#dim
at least three separate experimemt§. Curves for 2-unsubstituted ATé&-S diastereoisomers. The
maximum of the curve for the (A) isomer has begadias described in methodB]:[Curves for 2-MeS-
ATP-0-S diastereoisomers. The maximum of the 2-MeS-Alechas been fixed as described in
methods.
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Importantly, the stereoselective activity at therP2receptor is again in contrast to the
activity of thea-thio-modified compounds at the P2¥eceptor. The P2)Yreceptor was found
to prefer the (A) over the (B) isomers of thesessabces (Major et al., 2004). The £C
values for the ATRx-S derivatives at the P23¥eceptor are also included in Table 3. Again,
in that study the P2)Yreceptor was stably expressed in HEK293 cells.rafbee, we also
investigated the action of AT®-S diastereoisomers at the RESFP receptor stably
expressed in 1321N1 cells. Like for the 2-CI-A&HB isomers, we obtained similar results
with 1321N1 cells as with HEK293 cells concernihg stereoselective preference. The (A)
isomer (EGo = 21.%10.1 nM, n=6) of ATRa-S was more potent than the (B) isomer {&€
108t14.7 nM, n=5).

Table 3: Potencies of ATB-B analogues and ATR-S analogues, respectively, and the parent
compounds at P2Y and P2Y receptor for [C&]; rise. Data are expressed assE@luest s.e.m. (UM).
They represent the mean and standard error andoltamed from at least three separate experinfents
3-6, as indicated) with 40 to 70 single cells pemaentration of agonist investigatéfor the GFP-tagged
P2Y; receptor data are from previous analysis (seeemfe (Nahum et al., 2002; Major et al., 2004)),
where the receptor was analyzed similarly stabpressed in HEK293 cells.

Nucleotide Isomer Absolutg Receptor
configuration
P2Y, "P2Y,
Potency
(ECso value; pM)
ATP 2.83t0.82 (4) 0.2680.04 (4)
2-MeS-ATP 13.8t5.58 (3) 0.0020.001 (3)
2-CI-ATP >30 uM n.d.
P,-borano analogues
ATP-0-B A Rp 2.38t0.56 (6) 0.120.02 (3)
B Sp 0.34+0.0% (6) 1.2(x0.18 (3
>-MeS-ATPa-B A Rp 1.35:0.52 (3) 0.0020.001 (3)
B Sp 0.2€+£0.03 (4) 0.0€£0.01 (3
A Rp 4.19:3.41 (3) 0.00#40.002 (3)
2-CI-ATP-0-B
B Sp 0.470.25 (3) 0.040.01 (3)
P,-thio analogues
ATP-0-S A Sp 1.710.55 (4) 0.00420.002 (3)
B Rp 0.27+0.0€ (5) 0.07£0.02 (3
2-MeS-ATPa-S A Sp 2.64t1.10 (6) 0.0020.001 (3)
B Rp 0.64+0.1Z (5) 0.02£0.005 (3
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3.2 Ligand recognition at the P2Y; receptor
3.2.1 Selection of residues putatively involved iiigand recognition

The residues considered to be involved in ligantbgeition at the P2¥ receptor were
selected using the data obtained by molecular rindelThe P2Y; receptor model was
constructed in collaboration with Prof. B. Fisclfrerm the Department of Chemistry, Gonda-
Goldschmied Medical Research Center, Bar-llan Usite in Ramat-Gan, Israel. Bovine
rhodopsin and the previously generated RRYATP complex model (Major and Fischer,
2004) were both used as templates. The;PB¢teptor model displays a binding pocket with
specific residues interacting with the docked AT®eauule (Fig. 11). Most of these residues
(Arg106, Phel09, Arg268, Arg307) were selectednfiatational analysis. Moreover, Ala313
of the P2Y,; receptor was also selected as all other P2Y recepiave an asparagine at the
corresponding position (7.45) (Fig. 4A). This afenresidue might be responsible for the low
potency of 2-alkylthio-ATP derivatives at the P2Yeceptor. The Ala313 is located near to a
hydrophobic pocket of the nucleotide binding pockad could interfere with the coordination
of 2-alkylthio substituents at the ATP moleculeoittiis pocket.

PHE109

ATP

ARG307

ARG106

SER206 /

Figure 11: Docked ATP and interacting residues in anolecular model of the P2Y; receptor

The ATP molecule is surrounded by interacting nesicthat are involved in shaping the binding pooket
the P2Y,; receptor. Distances (A) between interacting atfimeavy atomsN, P, O) are indicated.

In addition, other residues selected for a sitead@d mutagenesis approach were
identified by sequence comparison of the P2nd P2Y; receptors. A tyrosine residue
(Tyr261) in the TM6 of the P2Y receptor was chosen because the correspondingjrigrm
the P2Y receptor (6.48) was found to be a molecular swibchreceptor activation (Costanzi
et al., 2004). Glul86 (EL2) was mutated, as it e@ssidered to take part in determining the
diastereoselectivity of the P2)receptor.
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3.2.2 Introduction of point mutations into the P2Y;; receptor DNA sequence

Site-directed-mutagenesis was performed by PCRywspecifically designed primers (listed
in materials). Mutations were introduced at thesplected positions in the P2Yreceptor

sequence which was present in the eGFPN1 vector.

(GCCAGCAAT GBCCTGGOCCT GTACCGCT TCAGCAT CCGGAAGCAGOGCOCAT GGCACCOC
121 <cemeoon b b doeetioon Foeeeon b + 180
GCOGTGGTCTTCTCTGT CCAGCT GGCAGTCAGCGACCT GCTCTGOGCT CTGACGCTGCOC
181 -c-cmeo-- b b b b b + 240
(CCGCTGBOCGOCT ACCT CTAT COCCCCAAGCACT GBCGCT AT GEGGAGGCCGOGT GOCAC

CTGGAGOGCTTCCTCT TCACCT GCAACCT GCT GBGCAGCGT CATCT TCATCACCTGCATC
301 --ceo-e-- b b b b b + 360
AGCCTCAACCGCT ACCT GBGCAT CGT GCACCCCT TCT TCGOCCGAAGCCACCT GCGACCT
361 --c---e-- b b b b b + 420
AAGCACGCCT GBGECOGT GAGCGCT GCCGECT GGGT CCTGGOCGOCCT GCTGGCCAT GCCC
421 - -eemee- b b b b b + 480
ACACTCAGCT TCTCOCACCT GAAGAGGOOGCAGCAGGGGGOGGACAACT GCAGOGT GBOC

AGGCOCGAGGCCT GCAT CAAGT GTCT GGGRGACAGCAGACCACGGECT GGOGGCCTACAGA
541 - eemee- b b b b b + 600
GCGTATAGCCTGGT GCTGGOGGEGT TGGRACT GOGGOCT GOCGCTGCT GCTCACGCT GGCA
601 ------o-- b b b b b + 660
(GCCTACGGCGOCCT CBGGCGEEGECCGT GCTACGCAGCCCAGGCATGACT GTGGOCGAGAAG

TACCACAT CATGCGGGT GCTCAACGT GGATGCT CGGOGGOGCT GGAGCACCCGCT GCCOG
781 -cemeo- b b b b b + 840
AGCTTTGCAGACAT AGCCCAGGCCACAGCAGCCCT GGAGCT GGGECCCTACGT GBGCTAC

Figure 12: Introduction of mutations into the DNA-Sequence of the P2¥ receptor

Partial DNA sequence (single strand) of the R2¥ceptor (GenBank accession number: AF030335; cds
121-960). Selected positions (codons) for a mutatianalysis are shown in blue. The change of amino
acids upon site-directed mutation is indicatedranleft side and the introduced codon is displaged
orange. The restriction sites of Apal (red) andBggreen) are also highlighted.

The preselected residues were: Argl06 (3.29), Fhé2(82), Glul86 (EL2), Tyr261
(6.48), Arg268 (6.55), Arg307 (7.39) and Ala3134&). Most of these residues were mutated
to alanine, except Phel09 and Ala313 (Fig. 12). jienylalanine Phel09 was mutated to
isoleucine to retain the hydrophobic and spatiapprties at this position, and to only delete
the aromatic nature. Ala313 was mutated to aspagags this was the conserved residue at
the corresponding position (7.45) in all other R2¥eptors. For the arginine at position 6.55
(Arg268) an additional conservative mutation totgimine was generated.
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The DNA constructs of the mutated clones were degewith Apal and BspEl restriction
enzymes and ligated into the mother vector to awoevanted mutations in the vector
sequence. For subcloning of the Arg307 and Ala3lgants, plasmids were cut with EcoRl
and BamHI restriction endonucleases as the poinations were located downstream of the
BspEl restriction site.

3.2.3 Expression of P2Y; receptor mutants in 1321N1 cells

1321N1 cells were used to stably express the muematptors as GFP fusion proteins. The
expression level was analyzed by flow cytometryedetg the GFP fluorescence intensity per
cell. While three of the mutant receptors (Phe¥)9Rrg268GIn, Ala313Asn) displayed

fluorescence intensities comparable to that ofwiid type receptor, two receptor mutants
(Glul86Ala, Arg268Ala) showed a higher expressia@avel and three other mutants
(Argl06Ala, Tyr261Ala, Arg307Ala) had around 80%peassion level as compared to the
wild type receptor (Table 4, next page).

The subcellular localization of the mutant receptovas also determined by taking
confocal images from the stably transfected cdllse localization of the mutant P2Y
receptors was found to be comparable to that ofwifek type receptor for the Glul86Ala,
Arg268Ala, Arg268GiIn, Ala313Asn mutants. AlthoudghetPhel09lle mutant receptor was
only partially located at the plasma membranetjlitexhibited a significant potency for ATP
(section 3.2.4.1). Therefore, the potency of ATEnfb at the Phe109lle mutant as well as the
potency at the mutants with a similar subcellulacalization (Argl06Ala, Tyr261Ala,
Arg307Ala) likely reflects the intrinsic activityféhese constructs.

3.2.4 Pharmacological characterisation of the P2Y receptor mutants

The functional activity of the mutant receptors waetermined by monitoring in stably
transfected cells the intracellulp®a]; rise induced after agonist stimulation employihg t

calcium indicator fura-2 (described in methodsisegt

3.2.4.1  Potency of ATP and AT¥S

To functionally characterize the mutant receptass,investigated the potency of ATP as the
natural agonist and A8 as one of the most potent agonists at the;P&¢eptor. The
concentration response curves obtained for ySI&nd ATP with the different P2Y¥receptor
mutants are displayed in Figs. 13 and 14, respdygtiihe EG, values resulting from these

curves are summarized in Table 4.
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A strong influence on the potency of ATP was fowafter mutation of three cationic
residues to alanine located in TM3, 6 and 7. The &anginine residues at positions 3.29 and
7.39 were found to be most critical for P2Yeceptor activation. After mutation to alanine,
the ability of ATP to trigger a calcium signal &ese receptors was almost abolished. Only at
concentration10 mM an increase in calcium levels could be ol able 4). Mutation
of the cationic residue in TM6 (Arg268) did notdeim a complete loss of receptor activation
as for the other two arginines but resulted in astically decreased potency of ATP at the
mutant receptor (Table 4, Fig. 14). The change ateqcy was about three orders of
magnitude as compared to the wild type P2¥¢ceptor. Interestingly, when this arginine was
substituted by glutamine, the potency of ATP as tleceptor could be partially rescued.
ATPYS, as one of the most potent R2Yeceptor agonists, did also show a clear decrease
potency at both Arg268 mutant receptors but thehkese was far less pronounced than that
for ATP (compare Figs. 13 and 14).

Table 4: Functional characteristics of mutant B&¥FP receptors: intracellular calcium rise inducgd b

receptor stimulation. Receptor expression levelsl821N1 cells were analyzed by flow cytometry

detecting the GFP fluorescence intensity. Dataespit mean Egvalues (UM) £ s.e.m. and (n) numbers
obtained from concentration response curves of N32dells stably expressing the wild type or mutated

receptor. ATP induced no significant increase in intraceliutalcium up to concentrations of 10 mM.
n.d. = not determined.

construct residue ECs values (uUM) Receptor ez)(pression
ATP ATPYS level (%)
wt 2.37+0.88 (4) 1.04+0.38 (4) 100
Argl106Ala 3.29 a n.d. 76.05+4.70 (4
Phe109lle 3.32 10.7+2.29 (5) n.d. 102 +13 (7)
Glul86Ala EL2 32.8+21.1 (5) 4.92+1.07 (4 111410  (9)
Tyr261Ala 6.48 a n.d. 77.35#3.91 (4
Arg268Ala 6.55 1806354 (3) 247+178 (8 143+23  (3)
Arg268GIn 6.55 102+20 (5) 10.3+2.59 (3) 95.59+8.07 (7)
Arg307Ala 7.39 a n.d. 87.53+5.94 (4
Ala313Asn 7.45 4.52+0.99 (7) n.d. 97.63+11.98

Another residue in TM6 (Tyr261) also seems to hicat for normal receptor function.
After mutation of Tyr261 (6.48) to alanine, ATP wast able to elicit a response at this
receptor at concentrations up=b0 mM. Therefore, this tyrosine seems to play apoirtant
role in P2Y;; receptor activation. It can be assumed that Tyig&blely involved in receptor
activation, since it was not found to be directiteracting with the docked ATP in the P2Y
R model.
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Figure 13: Concentration-response curves for AT¥S at the wild type and mutant P2Y,GFP
receptor stably expressed in 1321N1 cells

Cells preincubated with 2 uM fura-2-AM were stimtethwith varying concentrations of AY® and the
change in fluorescencaRz4onFasonm Was detected. Data represent the mean valuestamndbrd error
from 40 to 70 single cells. Results were obtaimedtileast three separate experiments. The maXitha o
curves were fixed to the plateau value of the 3 Burve at the wild type receptor.

The nucleotide binding pocket of P2Y receptors besn shown to consist not only of
residues located in the transmembrane domainseofeiteptors but also of residues from the
extracellular loop 2 (EL2). For this reason we skgdd a glutamate residue in the EL2 of the
P2Y1; receptor putatively involved in ligand recognitioklutation of Glul86 to alanine
resulted in a decreased potency of ATP at the tecephe shift was more than one order of
magnitude (Table 4, Fig. 14). However, for the moogent P2Y; receptor agonist ATy the
shift in potency was only 5-fold, compared to thidwype receptor (Fig. 13). This suggests
that Glu186 interacts with phosphateg Bf the triphosphate moiety.

The potency of ATP at two (Phel09, Ala313) out btlze other mutant receptors was
only slightly affected. The aromatic amino acidlim3 (Phel09) that was indicated from the
P2Y1;-R model (Fig. 11) to possibly interact with theeathe moiety viazn-stacking
interaction seems to be not very critical for rdoemctivation. The E& value of ATP was
increased only by a factor of 4 after mutation bépylalanine to isoleucine (Table 4, Fig.
14). The mutation of Phel09 to isoleucine at th&;P2eceptor did probably not much
disturb the recognition of ATP, since isoleucinalso a bulky, hydrophobic amino acid and

therefore the loss in potency was not dramatic.
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The alanine residue at position 7.45 (Ala313) isggue feature of the P2Yreceptor, as
all other P2Y receptors have an asparagine amiibaachis position (Fig. 4A, page 13). At
the Ala313Asn mutant receptor, recognition of AT&wot much influenced. ATP was only
2-fold less potent as compared to the wild typepéear (Table 4, Fig. 14).

AF340nm/F380nm

Iog- [ATP] -(M)

Figure 14: Concentration-response curves for ATP athe wild type and mutant P2Y;;GFP receptor
stably expressed in 1321N1 cells

Cells preincubated with 2 uM fura-2-AM were stintethwith varying concentrations of ATP and the
change in fluorescencaRz4onFasonm Was detected. Data represent the mean valuestamndbrd error
from 40 to 70 single cells. Results were obtaimedtileast three separate experiments. The maXitha o
curves were fixed to the plateau value of the AT at the wild type receptor.

3.2.4.2 Diastereoselectivity of the P2Y receptor mutants

To decipher the molecular basis of the diasterecteity of the P2Y; receptor (as described
in section 3.1), two mutant receptors were seleteidst if the preference of the ATIRS
(B) isomer is lost after mutation of the selectedidues. The glutamate residue (Glul86) in
the EL2 of the receptor was considered to be atipataandidate to take part in the
determination of the P2Y receptor’s diastereoselectivity. The correspondegjdue in the
P2Y, receptor (Asp204) was found to coordinate &Mgn in the vicinity of the phosphate
binding pocket which in turn is responsible for tthastereoselective discrimination at the
P2Y; receptor (Major et al., 2004). In addition, thgiaine (Arg268) at position 6.55 in the
P2Y;, receptor was also selected as it was facing thimuglate residue (Glul86) in the R2Y
receptor model. Therefore, both residues couldhbelved in the preferential interaction with
one of the R conformations, as they are on opposite sites efptiosphate chain from the
ATP docked in the model.
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Table 5: Intracellular calcium rise induced by stlation of mutant P2Y,GFP receptors with ATB-S
isomers. Data represent meansgE@lues (UM) + s.e.m. obtained from concentratiesponse curves of
1321N1 cells stably expressing the wild type orated receptor in (n) numbers of experiments.

ECso values of ATPa-S (UM)
construct (A) isomer (B) isomer
wt 1.71+0.55 (4) 0.270.06 (5)
Glul86Ala 10.2¢4.52 (6) 0.85%0.26 (7)
Arg268Ala 30.8:16.3 (5) 26.416.0 (4)
Arg268Gin 3.28t1.04 (4) 2.620.79 (4)
Glul86Ala, Arg268GIn 19.8:3.27 (4) 13.22.00 (5)

The Glul86Ala P2Y; mutant receptor did not show a loss in preferafabe ATPa-S
(B) isomer. On the contrary, the difference in potebetween the (A) and (B) isomer was
even increased as compared to the difference awilbetype receptor (Table 5, Fig. 15A).
Interestingly, the E6 value of the (B) isomer at the Glul86Ala mutantepgor (EGo =
854+260 nM) was decreased only 3-fold, as compé#oethe wild type receptor (Bg =
27064.0 nM). However, the shift in potency for the (8pmer was more pronounced. At the
Glul86Ala receptor mutant the Efsalue for the ATRx-S (A) isomer was 10£4.52 uM
compared to 1.720.55 uM at the wild type receptor. This suggesas the recognition of the
(B) isomer of ATPea-S is not much disturbed after substitution of gfhetamate in EL2 by
alanine, whereas the (A) isomer is recognizedlésser extent.

After mutation of Arg268 (6.55) to alanine or glotiae a loss of preference for the ATP-
a-S (B) isomer was observed (Table 5, Fig. 15B). therArg268Ala P2Y; receptor mutant
the decrease in potency for the (B) isomer F€26.4:16.0 pM) was about two orders of
magnitude, whereas the shift in potency for the igdmer (EG, = 30.816.3 pM) was only
20-fold as compared to the wild type receptor. Takegether, at the Arg268Ala receptor
mutant both isomers were found to be equipotent.

The shift in potency for the ATR-S (A) isomer at the Arg268Ala mutant receptor is
least pronounced in comparison with all other agfsrtiested. Thus, the recognition of the (A)
isomer is less disturbed by mutation of this impottcationic residue, and the binding mode
is apparently different from that for the other aigts. Furthermore, at the Arg268GIn R2Y
receptor mutant, the activity of the ATRS (A) isomer (EGy = 3.281.04 uM) was nearly
rescued. The change in potency compared to thetyplel receptor (E§ = 1.710.55 puM)
was only 2-fold. The (B) isomer (EE£= 2.6%0.79 uM) was 10-fold less potent at the
Arg268GIn receptor mutant than at the unmutated;P2€teptor. Thus, the activity of both
isomers was affected to the same degree afteritsuiiost of the arginine by glutamine and

again both isomers appeared to be equipotentsategbeptor mutant.
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Figure 15: Concentration-response curves for ATR-S (A) and (B) isomers at the wild type and
mutant P2Y,GFP receptors stably expressed in 1321N1 cells

Cells preincubated with 2 uM fura-2-AM were stintethwith varying concentrations of AT®®S (A) and
(B) isomers and the change in fluorescende fonn Fssonm) Was detected. Data represent the mean values
and standard error from 40 to 70 single cells. Restere obtained in at least three separate expats

[A] Curves obtained at the E186A receptor mutant.riitw@ma of the curves for the (B) isomer at the
E186A mutant and the (A) isomer at the wild typeepgor were fixed to the plateau value of the ATiFre

at the wild type receptofB] Curves obtained at the R268A and R268Q recepttamtal The maxima of
the curves for the isomers at the R268 mutantgtam(A) isomer at the wild type receptor were fixedhe
plateau value of the ATP curve at the wild typeepor.[C] Curves obtained at the E186A, R268Q double
mutant receptor. The maxima of the curves for soeniers at the double mutant and the (A) isomédreat t
wild type receptor were fixed to the plateau valithe ATP curve at the wild type receptor.
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A double mutant was constructed, to test whetherfugher change in the
diastereoselectivity of the P2Yreceptor can be seen after simultaneous mutatioimeo
glutamine in EL2 and the arginine in TM6. The mutateptor contained the Glu186Ala and
Arg268GIn mutations. In addition to the potency tbé ATPa-S diastereoisomers, the
activity of ATP was also tested at this mutant pdoe The loss in potency for ATP at the
double mutant receptor (&= 886+231 uM, n = 4) was more than two orders agnitude
as compared to the wild type receptor {E€ 2.37+0.88). Therefore, the right shift of the
concentration response curve was additive for thgbtk mutant in comparison to the two
corresponding single point mutants (Table 4). Thestdreoselectivity of the Glul86Ala,
Arg268GIn mutant receptor showed characteristicsiilai to the ones found for
the single Arg268GIn and single Arg268Ala mutamilBATP-a-S isomers (A and B) were
found to be equipotent at the double mutant reeceftbe change in potency for the (A)
isomer (EGo = 19.8+3.27 uM) was about one order of magnituae for the (B) isomer
(ECsp = 13.7+2.0 uM) the change was 50-fold as comptydtie unmutated P2Y receptor
(Table 5, Fig. 15C). After mutating two positiomsthe P2Y; receptor, the additive effect
concerning the loss in potency for the (B) isomaswery clear, whereas the additive
decrease in potency for the (A) isomer was onlpl8-ivhen compared to the Glul86Ala

single mutant receptor.

3.2.4.3 Recognition of 2-alkylthio substituted ATRlerivatives

At the entrance to a hydrophobic pocket which isated in the vicinity of the ATP C2
position in the P2Y;-R model (Fig. 16) an alanine residue (Ala313)itsated. This Ala313
is a unique feature of the P2Yeceptor, as all other P2Y receptors have an agjyer amino
acid at this position (Fig. 4A). It was expectedattthis Ala313 might be involved in the
reduction in potency for C2-substituted ATP deriwes at the P2Y, receptor. Therefore, we
investigated the potency of 2-MeS-ATP at the Ala&diBreceptor mutant and compared it to
the potency at the wild type receptor.

As already described in section 3.2.4.1, ATP wasdbto be 2-fold less potent at the
Ala313Asn receptor mutant as compared to the urteaiteeceptor. Interestingly, 2-MeS-
ATP (EGo = 8.37+£2.05 uM, n=8) displayed a slight gain ingmey as compared to the wild
type receptor (E = 11.1+6.30 uM, n=3). This gain in potency is statistically significant,
but obvious, when we consider the slightly redugeténcy of ATP itself.
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F109 R106

Figure 16: Section of the molecular model of the P2, receptor displaying a hydrophobic pocket

Nucleotide binding pocket of the P2Yeceptor with docked 2-MeS-ATP. The entrance éohtydrophobic
pocket is highlighted in pink. The A313 residupdsitioned directly at the entrance to the hydrdgto
pocket. Other important residues for ligand rectigniat the receptor are also indicated.

Unexpectedly, 2-neopentylS-ATP, did not have anyvig at the Ala313Asn mutated
receptor. The 2-neopentylS substituent did nahfd the hydrophobic pocket of the P2¥R
model, consistent with the inactivity of the analegat the wild type receptor. The mutation
of Ala313 to asparagine was suggested to improeefithof 2-neopentylS-ATP into the
binding pocket. However, a clear influence on tleeognition of the 2-alkylthio-ATP
derivatives at the P2Y receptor could not be verified for the unique alamesidue in TM7.

3.3 Hetero-oligomerization of the P2Y and the P2Y;; receptor
3.3.1 Agonist-induced internalization of the P2Y,;GFP receptor in HEK293 cells

In order to decipher the characteristics of the R2&ceptor endocytosis, we fused a GFP tag
to the C-Terminus of the receptor and stably exqa@ghe receptor in HEK293 cells. The
expression of the receptor was visualized by calfoucroscopy and it was found to localize
clearly to the plasma membrane (Fig. 17). For detecf endocytosis of the P2YGFP
receptor, live cell imaging was done on a Zeisited LSM 510 META laser scanning
confocal microscope before and during agonist détman, as described in the methods
section.

The HEK293 cell line used was found to express gadously several P2Y receptor
MRNA transcripts (P2Y, P2Y,, P2Y,) (Schafer et al, 2003). Therefore, the PZFP
receptor internalization was induced by the modtemioand relatively specific receptor
agonist BzATP to avoid stimulation of the endogenB@Y receptors.
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After continuous stimulation with 100 uM BzATP f& min no endocytosis of the
P2Y1,GFP receptor was observed (Fig. 17, A3). Howevetlear response in intracellular
calcium rise and cAMP accumulation was found uptmidation of the cells with 100 pM
BzATP, suggesting the expression of a fully funatibP2Y;:GFP receptor. The calcium
response is given in Fig. 18 in comparison to #sponse of mock transfected cells (dotted
line). The cAMP response is displayed in Fig. 33.

us 30 min 60 min

100 uM BzATP

100 pM ATP

100 uM ATP +
10 uM NF157

Figure 17: Live imaging of agonist-induced internakation of the P2Y;;GFP receptor stably
expressed in HEK293 cells

HEKP2Y1,GFP cells were visualized with a LSM510meta corlfonaroscope and stimulated with various
agonists for up to 60 min at 37°C (5% g@s described in methods. Pictures show unstiedii@iS) cells
and cells after 30 and 60 min of agonist stimufgtas indicated/A1-3) Stimulation with 100 uM BzATP
(n=3).(B1-3) Stimulation with 100 uM ATP (n=5JC1-3) Cells preincubated for 30 min with 10 uM
NF157 and stimulated with 100 uM ATP (n=3). Scalesbndicate 50 um in the overall picture and 5 um
in the zoomed picture. The arrow points to cellected for the inserted zoomed picture.
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To test if the lack of internalization was an agtspecific feature, cells were stimulated
with the natural agonist of the P2Yreceptor, namely ATP. A slight endocytosis of the
receptor was seen after 30 min of continuous sttianl with 100 uM ATP (Fig. 17, B2).
Further stimulation until 60 min increased the amtoaf endocytosed receptor, but the
internalization remained incomplete, as part of theeptor was still visible at the plasma
membrane (Fig. 17, B3). Preincubation of the ogith the specific P2Y; receptor antagonist
NF157 (10 uM) was done 30 min before the ATP-indudgernalization to prove that
endocytosis of the P2YGFP receptor was a result of its direct stimulatiblowever, as
shown in Fig. 17, C2-3, preincubation with NF15@ dbt inhibit the internalization of the
receptor induced by stimulation with 100 uM ATP 8% or 60 min. In addition, the calcium
response to ATP also remained unaffected by NFi&Fgatment (Fig. 18). Thus, the results
of these endocytosis experiments did not mirror pharmacology known for the P2y
receptor. Therefore, the involvement of a crosst#éween the P2Y receptors was
hypothesized.

2.57
C—3 mock

mmm HEKP2Y 1GFP

1.57

AF340nm/F380nm
1

0.51

0.0

BzATP + + - -
ATP - - + +
MRS2179 - - - -
NF157 - - - -

=+
=+

Figure 18: Intracellular calcium rise in stably transfected HEK293 cells

Peak values of [G4 rise of mock-transfected (blank bars) and HEKR&¥P transfected (black bars)
cells stimulated with 100 puM agonist (BzATP, ATR) preincubation with 100 uM MRS2179 or 10 uM
NF157. Data represent the mean values +s.e.m fbt08 cells obtained in at least three separate
experiments. The dotted and dashed line in thehgrajicate the response upon expression and stiiorula
of the P2Y;GFP receptor compared to mock transfected HEK288. ce
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3.3.2 Co-Internalization of the P2Y and P2Y;,GFP receptor in HEK293 cells

First the quantitative expression of mRNA trandsripf P2Y receptors responsive to
ATP was analyzed by real time PCR to test our Hypsis of a receptor crosstalk. As
expected, the HEKP2YGFP cells were found to express the P2a¥id P2Y¥ receptor (Fig.
19) but the latter was only weakly expressed. Tibeee further experiments concentrated on

the P2Y, receptor as a putative crosstalk partner in thé; 2P receptor endocytosis.
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Figure 19: Expression levels of mRNA of different ®CRs in HEK293 cells

Real time PCR was done using cDNA generated fraat RNA of HEKP2Y,1GFP, HEK\265P2Y1:GFP or
mock-transfected cells, as described in the maganih methods section. The expression of sever@RaP
was normalized to GAPDH. Bar graphs show relatimression (%) in relation to the expression of the
P2Y; receptor in each of the differently transfectelisce.d. = not determined

The possible involvement of the P2Yeceptor in contributing to the PZYreceptor
internalization was investigated using the specPR2Y; receptor antagonist MRS2179.
Preincubation of HEKP2XGFP cells with 100 uM MRS2179 for 30 min followeq b
subsequent stimulation with 100 uM ATP completddglashed the receptor endocytosis (Fig.
21, A1-3). In addition, stimulation of the cellsttvithe natural P2)¥receptor agonist ADP
(100 uM) resulted in complete internalization of #2Y;; receptor (Fig. 21, B2-3). As ADP
at this concentration is also able to stimulateRB¥:, receptor, the effect of a more selective
P2Y; receptor agonist was also tested. 2-MeS-ADP waaddo be inactive at the PzyY
receptor at concentrations up to 100 uM (Commual.etl997), whereas it is highly potent at
the P2Y, receptor (Palmer et al., 1998).
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Stimulation of HEKP2Y:GFP cells with 10 puM 2-MeS-ADP resulted in complete
internalization of the P2YX receptor (Fig. 21, C2-3), comparable to the pattdiserved after
ADP stimulation. Thus, the agonist profile foundosigly supports the hypothesis of a
crosstalk between the P2¥nd P2Y; receptor.

The specificity of the functional interaction betmethe P2Y:GFP receptor and the
endogenous P2Yeceptor in HEK293 cells was tested next. HEKRESFP cells were found
to express the P2Yreceptor and the protease-activated-receptor ZRPPAeceptor, as
analyzed by real time PCR. Treatment of the celith iO0 pM UTP acting on the
endogenous P2Yreceptor and simultaneous imaging of P2ceptor trafficking showed no
movement of the P2YGFP receptor even after 60 min of stimulation (FAg, D3). Also,
stimulation of the PAR2 receptor did not resulteindocytosis of the P2YGFP receptor
when the PAR2 receptor was activated with the ps#etrypsin (50 nM) in serum-free
medium (Fig. 21, E3). Moreover, stimulation witketRAR2-activating peptide (PAR2-AP,
100 uM) which activates the PAR2 receptor withdeaeage (Luo et al., 2005), did also not
result in P2Y;GFP endocytosis (Fig. 21, F3). However, a clearemse in intracellular
calcium was observed after stimulation of the ceith 100 uM UTP, 50 nM trypsin and 100
UM PAR2-AP (Fig. 20). The latter confirms the fuooll expression of the endogenous
P2Y, and PAR2 receptors in HEK293 cells.
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Figure 20: Intracellular calcium rise in HEKP2Y (;GFP cells

Peak values of [G4; increase in HEKP2Y,GFP cells stimulated with 100 uM ADP, 10 pM 2-MeSAD
100 uM UTP, 50 nM Trypsin and 100 uM PAR2-AP. Datpresent the mean values ts.e.m from 30-90
cells obtained in at least three separate expetsnen

Therefore, the specific interaction of the R2¥eceptor with the P2Yreceptor underlies the
receptor crosstalk-induced endocytosis of the #@F¥P receptor in HEK293 cells.
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Figure 21: GPCR crosstalk in agonist-induced P2Y,GFP receptor endocytosis

HEKP2Y1,GFP cells were visualized with a LSM510meta corlfouaroscope and stimulated with various
agonists for up to 60 min at 37°C (5% g@s described in methods. Pictures show unstiedii@iS) cells
and cells after 30 and 60 min of agonist stimutat{61-3) Cells preincubated with 100 uM MRS2179 and
stimulated with 100 uM ATP (n=3]B1-3) Stimulation with 100 pM ADP (n=5}JC1-3) Stimulation with

10 uM 2-MeS-ADP (n=3)D1-3) Stimulation with 100 uM UTP (n=4)E1-3) Stimulation with 50 nM
trypsin (n=3).(F1-3) Stimulation with 100 uM PAR2-AP (n=3). Scale bapresents 5 um. n = number of
experiments.
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3.3.3 Co-internalization of the P2Y and P2Y;, receptor in 1321N1 cells

Next, we aimed at testing whether the co-interaaitin of the P2Y and P2Y; receptor was a
general property or a cell type-specific phenomendrthe receptor crosstalk. For this
purpose, the P2Y receptor bearing a mycHis tag and the R&FP receptor were
coexpressed in 1321N1 cells. This cell line lackdogenous functional P2Y receptors, as
described in section 3.1.1 and elsewhere (Lazarnogisél., 1995). Thus, stimulation of the
cells with nucleotides is affecting only the hetegmusly expressed P2Y receptors.

Preliminary experiments were made to test the fanatity of the endocytosis machinery
in the 1321N1 cells. This was addressed by usinglM2 cells stably expressing the
P2Y,GFP receptor (mentioned in section 3.1). For detectf endocytosis of the GFP tagged
receptor, living cells were imaged on a Zeiss ite@rLSM 510 META laser scanning
confocal microscope before and during agonist ddtman, as described in the methods
section. 1321N1-P2)Y5FP cells were stimulated with 10 uM 2-MeS-ADP ahe receptor
trafficking was observed for 60 min. After 30 miri stimulation, a clear beginning of
receptor endocytosis was detected (data not shthah)vas almost complete at the end of 60
min (Fig. 22, A2). This supports a normal functimgiof the GPCR internalization cascade in
the 1321N1 cells that resembled previous findingstiee endocytosis of the P28FP
receptor in HEK293 cells (Tulapurkar et al., 2006).

In contrast, 1321N1-P2YGFP cells did not show any sign of receptor endusigteven
after 60 min of stimulation with 100 uM ATP (Fig2,2B2). This substantiates the conclusion
of a lack in agonist-induced receptor internalzatof the P2Y; receptor.

P2Y,GFP

P2Y,,GFP

Figure 22: Agonist-induced internalization of the RY,GFP and P2Y;;GFP receptor in 1321N1 cells

1321N1 cells were visualized with a LSM510meta ooaf microscope and stimulated with various
agonists for up to 60 min at 37°C (5% £@s described in methods. Pictures show unstiedii@iS) cells
and cells after 60 min of agonist stimulati¢h1-2) 1321N1P2YGFP cells stimulated with 10 pM 2-MeS-
ADP. (B1-2) 1321N1P2Y;GFP cells stimulated with 100 uM ATP.
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The next set of experiments was done to analyzethshethe P2Y; receptor
internalization could be induced by co-expressibmhe P2Y, receptor. 1321N1 cells were
transiently co-transfected with the P2YycHis and P2Y,.GFP receptor. Cells were
stimulated with either 100 uM ATP or 10 uM 2-MeS-Rat 48 h post-transfection and fixed
after 60 min of stimulation. Fixed cells were s&drwith anti-myc antibody and visualized on
a Zeiss inverted LSM 510 META laser scanning coafauicroscope, as described in the

methods section.

100 uM
ATP

10 uM
2-MeS-ADP

GFP myc merge

Figure 23: Co-internalization of the P2Y;mycHis and P2Y;;GFP receptor in 1321N1 cells

Transiently co-transfected 1321N1 cells were stitad with nucleotides for 60 min, fixed with 4% PFA
and stained with anti-myc antibody, as describeti@thods. Images taken on a Zeiss inverted LSM 510
META confocal microscope display the GFP fluoresee(l) and myc-staining (2) separately, as wedl as
merged picture (3JA1-3) Unstimulated cell§B1-3) Stimulation with 10uM ATP. (C1-3) Stimulation
with 10 UM 2-MeS-ADP. Scale bar indicates fith. White lines in the merged picture illustrate ke or
y-z section-plane displayed in the enlarged viewagnand besides the image.
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The green fluorescence of the RZSFP receptor (Fig. 23, Al) and the red fluorescesifce
the Alexass dye visualizing the myc-staining (Fig. 23 A2) axdlized nicely as shown in the
merged image (Fig. 23, A3). Both receptors showeab@amal distribution at the plasma
membrane. Upon addition of 100 pM ATP for 60 mimdecytosis of the P2YnycHis
receptor (Fig. 23, B2) and the PR®FP receptor (Fig. 23, B1) was observed. The recgpt
co-internalized to intracellular compartments (28, B3). The enlarged view in Fig. 23, B3
emphasizes the co-localization of the P@YycHis and P2Y,GFP receptor in the same
intracellular structures. Similar observations weigde after stimulation of the co-transfected
cells with 10 uM 2-MeS-ADP (Fig. 23, C1-C3). Agdlme myc-staining of the P2¥ycHis
receptor and the green fluorescence of the ;F@FP receptor co-localized in the same
intracellular compartments (Fig. 23, C3). Thus, tbsults clearly show that the endocytosis-
reluctance of the P2Y receptor can be overcome upon co-expression andlation of the
P2Y; receptor.

3.3.31 Endocytosis-Reluctance of thgssP2Y11 receptor mutant stably expressed in
HEK?293 cells

As 2-MeS-ADP was able to induce the endocytosishefP2Y:GFP receptor in HEK293
cells (Fig. 21C) and the P2Y receptor ligand BzATP was ineffective (Fig. 17Aye
examined whether an unresponsive P2hceptor was able to be co-internalized by P2Y
receptor activation. The R268A-P2Yreceptor mutant afssP2Y11) shows a 1000-fold
reduced potency for ATP, as we reported recentlyib@tg et al., 2007) and described in
section 3.2.4.1. Therefore, we stably expressedaB2Y1; receptor in HEK293 cells. For
detection of receptor endocytosis, the HE#P2Y1:GFP cells were stimulated on stage with
an ATP concentration (100M) that was not able to activate the mutant reaepta cells
were imaged by confocal microscopy. Live imagingwane for up to 60 min and during the
total time period of imaging the GFP taggedsP2Y1; receptor did not show any sign of
internalization. The receptor remained at the ptasmembrane (Fig. 24). The same was true
when cells were stimulated with 2-MeS-ADP (data staiwn). A difference in the expression
level of the P2Y receptor in HEK,ssP2Y1:GFP cells, compared to HEKP2GFP cells, was
not found in this experiment. The mRNA expressienel of the P2Y receptors were
comparable in both cell clones (Fig. 19). Therefove conclude that a functionally inactive
mutant P2Y; receptor was not able to interact with the P2&teptor in agonist-induced co-

internalization.
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us | 30 min 60 min

Figure 24: Live-imaging of theassP2Y1:GFP receptor in HEK293 cells

HEK26sP2Y1:GFP cells were visualized with a LSM510 meta coalffasicroscope and stimulated with
100uM ATP for up to 60 min at 37°C (5% G}Pas described in methods. Pictures show unstieaildiS)
cells and cells after 30 and 60 min of agonist skation. Scale bar represents 5 pum.

3.3.3.2 Knock-down of the endogenous P2Yeceptor in HEK293 cells with small
interfering RNA (siRNA)

The concept that a cross-talk between the R P2Y; receptor is necessary for sufficient
endocytosis of the latter receptor was tested loyedsing the expression of the endogenous
P2Y; receptor in HEK293 cells. For this purpose knookvd of the P2Y receptor expression
was done using siRNA. Oligonucleotides selectednagiaa specific region in the coding
sequence of the receptor (section 2.1.11.5 in madgpmwere applied to HEKP2YGFP cells
using magnet-assisted transfection (MATra) reag€his transfection method was already
known from our previous experience to achieve pequlantitative transfection rates. Cells
were harvested at 48 h after siRNA transfectionalf®eme PCR as well as western blot
analysis was done to check for knock-down of th¥P2ceptor expression, as described in
the methods section. Cells treated with the PRYSIRNA showed approximately 50%
knock-down in the mRNA level of the P2Yeceptor (Fig. 25). The P2Yeceptor expression
remained nearly unaffected when cells were treattd MATra reagent only or with control
SiRNA (Fig. 25). The decrease in PRY¥eceptor expression after treatment with RRY
SiRNA was also confirmed on the protein level (2§, inset).

Then HEKP2Y;GFP cells were imaged 48 h post-transfection wiRiN& on a LSM510
meta confocal microscope to detect RP2heceptor internalization after agonist stimulatam
described before. Cells not treated with siRNA keldanormally (Fig. 26, A1-3), as they
displayed significant internalization of the GFRdad P2Y; receptor after 60 min of ATP
stimulation (Fig. 26, A3), similar to the alreadgsdribed characteristics in section 3.3.1. The
same was true for cells treated only with the tieat®on reagent (Fig. 26, B2-3) as well as for
cells treated with control siRNA (Fig. 26, C2-3).dontrast, treatment with the specific R2Y
receptor siRNA diminished the agonist-induced ewttzsis of the P2Y,GFP receptor (Fig.
26, D2-3).
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Figure 25: Expression level of P2Yreceptor mRNA in HEKP2Y ;;GFP cells after siRNA treatment

Real time PCR was done using cDNA generated frdah RNA of HEKP2Y;;GFP cells and specific
primers as described in the material and methartiee The expression of the endogenous F2¥eptor
was normalized to GAPDH. Bar graphs show expres8ignof the P2Y receptor in cells treated for 48 h
with the transfection reagent (MATra) only or siRMArelation to the P2)receptor expression in
untreated cells. The decrease in protein expresgandetermined by western blot analysis using¥a P2
receptor antibody as shown in the inset.

30 min 60 min

control
SiRNA

Figure 26: Treatment with P2Y;-R siRNA reduces internalization of the P2Y,;GFP receptor in
HEK293 cells

HEKP2Y1,GFP cells were monitored on a Zeiss LSM510 metéocahmicroscope 48 hours after
transfection with siRNA and stimulated with 100 WP for up to 60 min at 37°C (5% GYas described
in methods. Images show unstimulated cells (U3 aéier 30 min and 60 min of stimulatiai1-3)
Cells not treated with siRNA or transfection reagé®l-3) Cells treated with MATra reagent on{{1-3)
Cells treated with control SIRNAD1-3) Cells treated with P2)YSiRNA. Scale bar represents 5 pum.
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A quantitative analysis of the fluorescence inte@siin the cytosol over time is shown in Fig.
27. The increase in fluorescent B2Z8FP receptor transported to the cytosol was deléyred
at least 10 min and then significantly smaller @llstransfected with P2YR siRNA. The
inhibition of the P2Y; receptor endocytosis amounted to 30 %.
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Figure 27: Fluorescence intensities of the P2YGFP receptor in cytosol of siRNA transfected
HEK?293 cells upon agonist stimulation

Images of HEKP2Y,GFP cells transfected with siRNA and stimulatechwti®O uM ATP for up to 60 min
were taken on a Zeiss LSM510 meta confocal micqmse® h after transfection and fluorescence
intensities analyzed using the Zeiss software. ®egof interests were set in the cytosol of n sireglls in
at least three independent experiments and thagediuorescence intensity determined. Fluorescence
intensity values for 10-60 min were normalizedhe starting value at 0 mindjFwvhich was set to be 1, as
described in methods. Curves show the increadadnecence intensity in the cytosol of untreatedL),
MATra treated (n=19), control siRNA treated (n=88j P2Y-R siRNA (n=21) treated cells over time.
Asterisks indicate significant difference (* p<Q)@mpared to untreated cells, analyzed using ane w
ANOVA and the Tukey's test.
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3.3.4 Co-Pulldown Experiments

3.34.1 Interaction of the heterologously expressdeYmycHis and P2Y;;GST
receptors in HEK293 cells

As a next step, we attempted to analyze whethefutheional interaction of the P32Yand
P2Y;; receptor in internalization was a result of thehility to associate physically. Protein-
protein interaction was studied using a co-pulldoapproach. The P2Y receptor GST
fusion-protein and the P2Yeceptor bearing a mycHis tag were transienthexporessed in
HEK293 cells. Cells were harvested 48 h post-tenigfin and total cell lysates were
incubated with GSH beads overnight. Samples weselved by SDS-PAGE and transferred
to nitrocellulose membrane, as described in thehau= section. Western blot was done using
a myc-antibody to check for co-pulldown of the R&iycHis receptor with the P2YGST
receptor trapped on the GSH beads.

Western blot analysis of lysates from co-transtéatells revealed smearlike anti-myc
reactive bands around 37 kDa and between 75 t&kDAO(Fig. 28A, lane 1). The molecular
mass predicted from amino acid sequence for the; P@deptor is 42 kDa. The smearlike
staining at around 37 kDa probably represents aégdycosylated forms of the receptor as
reported previously (Yoshioka et al., 2001). Thegher molecular mass bands may
correspond to oligomerized receptor, as reportddréefor the A-P2Y; receptor hetero-
oligomer (Yoshioka et al., 2002). Western blot gs@&l applying a GST-antibody resulted in
anti-GST reactive bands of the predicted molecutass (~65 kDa) for the P2¥GST
receptor (Fig. 28B, lane 1).

Pulldown experiments with lysates of co-expressiatis showed that the P2MycHis
receptor was attached together with the R&BT receptor at the GSH beads (Fig. 28A, lane
5). The interaction of the P2Yand P2Y; receptor was strong as the myc-staining in the co-
pulldown sample was much more intense than in @8 Input (Fig. 28A, compare lanes 5
and 1, respectively). To test for the specificifytlee co-pulldown experiment, several control
conditions were investigated. The GST pulldown eixpent with single transfected HEK293
cells, expressing either the Pa&YcHis or the P2Y,GST receptor showed no myc-
immunoreaction in the Western blot analysis (datiashown).
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The P2YimycHis receptor did not interact with the GST tagexamined using GST
preloaded GSH beads and lysate of single ;P@¢eptor transfected HEK293 cells in a
pulldown test. The myc-blot showed no immunoreacgooving that the P2)receptor could
not interact with the GST tag (Fig. 28A, lane 6hisTwas further confirmed by removing the
P2Y;, receptor from the GST fusion protein at the Faiar(FXa) cleavage site using this
protease. The FXa treatment led to the disappearahdhe myc-immunoreaction in the
pulldown sample (Fig. 28A, lane 7). The GST-immwamtion appeared at 27 kDa
corresponding to GST only after FXa cleavage (datsshown).When we used mixed lysates
from single transfected HEK293 cells (HEKP2YycHis or HEKP2Y:GST), the pulldown
fraction did not show any myc-immunoreaction (FEBA, lane 4). This excludes the
formation of aggregates during the pulldown procedas a possible cause of the positive co-
pulldown result.

The specificity of the P2Y and P2Y; receptor interaction was examined in further
experiments. For this, the P2GST receptor was co-transfected with a non-rel@€CR,
the PAR2 receptor (bearing a HA tag). The PAR2-H#&t@n showed a smear band (~37-70
kDa) (Fig. 28C, lane 2) which is consistent withr puevious results (Luo et al., 2006). The
co-pulldown experiment revealed no HA-immunoreattjvthereby excluding a physical
interaction of both receptors (Fig. 28C, lane 8pwdver, co-transfection of the P2GST
receptor with the P2¥HA receptor resulted in a physical interactionboth receptors (Fig.
28C, lane 9), indicating a possible P2Y receptalipg in HEK293 cells.

Furthermore, we analyzed the probability that trengiently overexpressed receptors
were present in small membrane patches of HEK288 weéhout direct physical interaction.
Therefore, the total lysate of Pa¥ycHis and P2Y,:GST co-transfected cells were extracted
for 2 h at 4°C in RIPA buffer and then centrifugatd50.000 x g for 30 min to remove
undissolved membrane patches. These extracts Wwere used to perform a co-pulldown
experiment. After that procedure, the R&¥cHis receptor could still be found together with
the P2Y;GST receptor at the GSH beads when we performedldop/n experiment with
these extracts (Fig. 29A, lane 4). These data agigport the direct physical interaction of

the receptors.
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Figure 28: Co-pulldown of the P2YmycHis and P2Y;;GST receptor from HEK 293 cells

For pulldown (PD) experiments, total lysates ofsfacted HEK293 cells expressing the indicated
receptors were incubated overnight with GSH be&adS@, as described in methods. Samples were
resolved by SDS-PAGE and transferred to nitrocetlel Western blot (WB) analysis was performed using
anti-myc (A), anti-GST (B) or anti-HA (C) antibodid_ane 1-3: Input signals from total lysates (10% of
PD samples) of P2YhycHis/P2Y;;GST (lane 1), PAR2HA/P2YGST (lane 2) and P2WA/P2Y,GST
(lane 3) co-expressing HEK293 cellsine 4: Mixture of lysates from P2YnycHis and P2Y,GST single
transfected cells and subsequent incubation witH @&adsLane 5: Co-pulldown of the P2¥nycHis and
P2Y.,GST receptor from lysates of co-transfected celisme 6: Lysate of P2YmycHis single transfected
cells incubated with GST preloaded GSH beadse 7: P2Y;mycHis/P2Y;GST receptor co-pulldown
beads after incubation with FXlaane 8: Lysates of PAR2-HA/P2¥GST co-transfected cells incubated
with GSH beadd.ane 9: Co-pulldown of the P2¥HA and P2Y,;GST receptor from lysates of co-
transfected cells. The molecular mass markersremersin kDa (approximate molecular mass: smearlike
staining around 37 and 75 kDa; R28ST ~ 65 kDa; PAR2-HA ~ smearlike bands from 3kD@a; P2Y;-
HA ~ 40 kDa). Western blots shown are represergtdtiv at least two independent experiments. * iaigis
positive pulldown signal.

3.3.4.2 Physical interaction of the,ssP2Y1; receptor mutant with the P2Y; receptor
in HEK293 cells

The endocytosis-resistagtssP2Y:1; receptor mutant (section 3.3.3.1) was tested lfiysipal
interaction with the P2Y¥receptor to check if the resistance to internalzs a result of loss

in protein-protein interaction. For this, thgsP2Y11 receptor was transiently expressed as a
GST fusion protein together with the P2YycHis receptor in HEK293 cells and co-pulldown

experiments were done as described above.
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Western blot analysis showed that the R2¥ceptor mutant was still able to physically
interact with the P2¥receptor (Fig. 29A, lane 3) similar to the unmathteceptor (Fig. 29A,
lane 4). The interaction was still detectable adtdracting the receptors from cell membranes
(centrifugation at 50.000 x g, 30 min, section 8.B). Thus, the endocytosis-reluctance of the
a268P2Y1; receptor mutant in HEK293 cells is not due itshiiiy to physically interact with
the P2Y, receptor.
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Figure 29: Co-Pulldown of the P2YmycHis and s»6sP2Y1; receptor from HEK 293 cells

Cell extracts of differently transfected HEK293Isalere obtained by centrifugation at 50.000 xrg3®
min. For pulldown (PD), extracts were incubatedroight with GSH beads at 4°C, as described in
methods. Samples were resolved by SDS-PAGE ansfféraed to nitrocellulose. Western blot (WB)
analysis was performed using anti-myc (A) or anfST@B) antibodiesLane 1-2: Input signals from
extracts (10% of PD samples) of R2&YycHis/ssP2Y1:GST (lane 1) and P2¥hycHis/P2Y,;GST (lane 2)
co-expressing celld.ane 3-4: Co-pulldown of the P2¥nycHis receptor with thgesP2Y1:GST receptor
(lane 3) or the wild type P2YGST receptor (lane 4) from lysates of co-transtectdls. The molecular
mass markers are shown in kDa. Approximate molecoéss: P2YmycHis ~ smearlike staining around
37 and 75 kDa; P2YGST ~ 65 kDa. Western blots shown are represeantafiat least two independent
experiments.

3.3.5 Co-immunoprecipitation of P2Y,mycHis and P2Y,;;GST receptors

Co-immunoprecipitation of the P2)GST receptor by an anti-myc antibody from
P2YimycHis receptor co-transfected cells, further pdbibe stability of the interaction
between both receptors. The REWcHis receptor was immunoprecipitated from togabtes

of HEK293 cells transiently (48 h) expressing bagbeptors using a myc-antibody. Samples
were resolved by SDS-PAGE and transferred to reftolose membrane, as described in the

methods section.
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The P2Y;GST receptor clearly co-immunoprecipitated togetiwth the myc-tagged
P2Y; receptor, as detected by Western blot analysigusiGST-antibody (Fig. 30A, lane 3).
The signal was specific as lysates precipitatedh &it unspecific IgG showed no anti-GST
reactive bands (Fig. 30A, lane 4). Moreover, whaates of HEK293 cells single transfected
with either the P2Y¥mycHis or P2Y;GST receptor were mixed, immunoprecipitation of the
P2YimycHis receptor did not result in co-precipitatoithe P2Y:GST receptor (Fig. 30A,
lane 2). Thus, the protein-protein interaction loé P2V, and P2Y; receptor could also be

confirmed using an immunoprecipitation approach.
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Figure 30: Co-Immunoprecipitation (IP) of the P2Y;mycHis and P2Y;;GST receptors from HEK293
cells

Total lysates of differently transfected HEK293lg@&lere incubated first overnight with anti-myciantly
and then with Agarose Plus A/G beads at 4°C agitbescin methods. Samples were resolved by SDS-
PAGE and transferred to nitrocellulose. Westeri (M¢B) analysis was performed using anti-GST (A) or
anti-myc (B) antibodied.ane 1: Input signal from total lysate (10% of IP samplefP2Y,mycHis
/P2Y11:GST co-expressing cellsane 2: Mixture of lysates from P2nycHis and P2Y,GST single
transfected cells immunoprecipitated with anti-raptibody.Lane 3: Co-IP of P2¥mycHis and

P2Y.;GST receptor from lysates of co-transfected calsgianti-myc antibody (arrow points to PQ®ST
protein).Lane 4: Precipitation of lysates from P2viycHis/P2Y;;GST cells using unspecific mouse I1gG
(negative control). The molecular mass markershosvn in kDa. Approximate molecular mass:
P2Y;mycHis ~ smearlike staining around 37 and 75 kI2X,;fFGST ~ 65 kDa. Here and in Fig. 3, Western
blots shown are representative of at least twopaddent experiments testing the various conditidhse.
arrowhead indicates a signal corresponding to Préte* the indicated band represents non-redugés |
due to unboiled samples.
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3.3.6 Pharmacological characteristics of the recept hetero-oligomer
3.3.6.1 Intracellular calcium rise

The hetero-oligomerization of the P2%GFP receptor with the endogenous P2¥ceptor
seems to modify the activity of known agonists @amiagonists at the P2Y¥receptor, as
observed in the endocytosis experiments (sectidrl &nd 3.3.2). BzZATP was ineffective in
inducing receptor-endocytosis and NF157 could nbtbit ATP-induced internalization of
the P2Y:.GFP receptor. Therefore, we also investigated therpacology of intracellular
calcium rise induced by P2YGFP receptor activation in HEK293 cells. As desxilin
methods, cells were subjected to single-cell calcimmeasurement applying the calcium
indicator fura-2. Results are summarized in Figad 32.

P2Y1,GFP receptor-expressing HEK293 cells respondechéopbtent P2Y; receptor
agonist BzATP, but the recently developed P2¥ceptor antagonist NF157 was not able to
inhibit this response (Fig. 31A). However, when HEXY;,;GFP cells were preincubated with
the specific P2Y receptor antagonist MRS2179 (100 uM) no respoodgzATP (100 puM)
could be detected (Fig. 31A).

This antagonist sensitivity was different at thegé P2Y:GFP receptor expressed in
1321N1 cells, where MRS2179 showed no effect orattity of BzZATP, but preincubation
with NF157 totally abolished the activity of BzAT® the P2Y; receptor (Fig. 31A). Thus,
the interaction of the P2YGFP receptor with the endogenous P2&teptor in HEK293 cells
seems to influence the pharmacology of the receptor

As the a263P2Y1:GFP receptor did not functionally interact with teedogenous P2Y
receptor in HEK293 cells with regard to internaiiaa, we examined the influence of this
mutant P2Y; receptor on the pharmacological interaction wité P2Y, receptor. Therefore,
the intracellular calcium rise in HEKssP2Y1:GFP cells was measured. The cells responded
to 100 uM ATP (Fig. 31B) in the same way as moeksfected cells confirming the inability
of 100 uM ATP to stimulate the P2y¥receptor mutant. However, the more potent R2Y
receptor agonist BzATP elicited a significant rasgm at a concentration of 100 uM at the
R268A mutant (Fig. 31A) which was not seen in theckatransfected cells (Fig. 31A).
Nevertheless, the amplitude of the response to [ MMOBzATP of the HEK,ssP2Y1:GFP
cells was clearly smaller (25%) than the {Qi@increase in HEKP2XGFP cells (Fig. 31A).
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Pretreatment of the HEKssP2Y1:GFP cells with MRS2179 did not affect the action of
BzATP at the P2Y; receptor (Fig. 31A) in contrast to the observatiorade at the unmutated
receptor (Fig. 31A). Thus, the R268A mutation of 12Y;; receptor seems to disrupt the
interaction with the P2Y¥receptor concerning the P2Yeceptor mediated internalization of
the P2Y;; receptor (section 3.3.3.1) and the ligand sel@igsvin inducing [C&4T; rise.

Moreover, real-time PCR showed that the differettiynsfected HEK293 cells display a
comparable expression profile of P2Y receptor mRN#ss depicted in the above figure at
page 70 (Fig. 19). HEKessP2Y1:GFP, mock-transfected, as well as HEKRZFP cells all
showed similar levels of PZYreceptor mRNA. The P2Y receptor expression was
significantly increased in the accordingly transéelc HEK293 cells compared to mock-
transfected cells. The P2Yeceptor expression was very weak and only cledetgctable in
HEKP2Y,,GFP cells. The P2yYreceptor was not expressed in any of these aallesl Thus,
different P2Y receptor expression profiles appdyearie not the reason for the diversity in the
ligand selectivities at the unmutated and R268Aatmat P2Y; receptor in HEK293 cells.
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Figure 31: Peak values of intracellular calcium rée induced by P2Y receptor stimulation

(A) Bar graphs display the [€% rise in HEK293 cells transfected with GFP only @kjo(blank bar),
P2Y.,GFP (black barshssP2Y1:GFP (striped bars) and the calcium rise in 1321NLR2FP cells (green
bars). Cells were stimulated with BzZATP at the dadied concentrations (uM). Preincubation with 100 p
MRS2179 or 1 uM NF157 is also indicated. {Gaise was detected using fura-2 as described ihadet
(B) Bar graphs display the [€% rise in response to 100 pM ATP of HEK293 cellssfacted with GFP
only (blank bar), P2Y,GFP (black bar),ssP2Y1,:GFP (striped bar). Data represent the meants.e.m
obtained in at least three independent experin@arel/zing 20-100 cells. The dashed lines in (A) @)d
give the comparison of the responses to that okrransfected HEK293 cells.
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Furthermore, a significant increase in intraceludalcium upon stimulation of the cells
with 100 uM UDP was observed (Fig. 32). UDP is knots activate the P2yYreceptor
(Nicholas et al., 1996) but this receptor was nmressed in our HEK293 cells. Interestingly,
only the green fluorescent, i.e. positively R&Z3FP transfected, cells responded. After
preincubation with MRS2179, the response was draaiBt reduced (Fig. 32). The P2y
receptor antagonist NF157 was able to inhibit 46f%he calcium response to 100 uM UDP.
When HEKy63sP2Y1:GFP cells were challenged with UDP, the intracaflucalcium
concentration was only slightly increased (Fig.,3&hich was comparable to the value in
HEKP2Y;,GFP cells after incubation with MRS2179. Mock-tfacsed HEK293 cells (Fig.
32) and 1321N1P2YGFP cells (data not shown) showed no significaltiwwa response to
UDP.

2.51 mock P2Y,GFP | sesP2Y1,GFP

2.04
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Figure 32: Peak values of intracellular calcium rée induced by UDP in HEK293 cells

Bar graphs display the [€% rise in HEK293 cells transfected with GFP onlya(ti bars), P2Y,GFP
(black bars)azesP2Y1:GFP (striped bars). Cells were stimulated with i80UDP. Preincubation with 100
UM MRS2179 or 10 uM NF157 is indicated. fQarise was detected using fura-2 as described ihadet
Data represent the meants.e.m obtained in attte@st independent experiments analyzing 40-108.cell

3.3.6.2 Determination of cCAMP accumulation

The P2Y; receptor not only couples to the, @rotein, but also to the Grotein, thereby
inducing the activation of adenylyl cyclase and seguent cAMP production in the cells.
Therefore, it was interesting to know whether thienaction of the P2 receptor with the
P2Y; receptor also influences the receptor pharmacolatfyrespect to cAMP accumulation.
HEKP2Y,,GFP cells were stimulated with various agonists@néntagonists, the reaction
was stopped by addition of 0.1 M HCI and the cAMIAtent was measured after cell lysis, as

explained in the methods section.
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Stimulation of the cells with 100 uM BzATP led tosabstantial increase in the cAMP
concentration that was about 17-fold as comparethat of unstimulated cells (Fig. 33).
Preincubation with 100 pM MRS2179 did not affee thsponse to BzATP. In contrast, cells
preincubated with 10 uM NF157 showed a signifioamdduced (by 40 %) response to
BzATP. No cAMP accumulation was induced when cef#se treated with 100 uM UDP or
10 uM 2-MeSADP. Thus, the pharmacology of adenyytlase activation found in
HEKP2Y:,GFP cells represents the profile known for the R2¥ceptor ligands.
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MRS2179 NF157

Figure 33: Stimulation of cAMP accumulation in HEKP2Y;GFP cells

Cells preincubated with IBMX (500 M) and antagtsi@s indicated) were stimulated with various
nucleotides. The cAMP content was measured usirinagme-Linked-Immunoassay (EIA) as described
in methods. Bar graphs represent the average stiimul(normalized to unstimulated cells) and s.feam

at least three independent experiments. Astenigksate significance (* p<0.05) and ‘ns’ indicatem
significant differences analyzed using one-side AMRGand the Tukey's test.
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4 DISCUSSION

The purinergic P2Y receptors are a family of GP@Rd¢ respond to a variety of nucleotides.
Thereby body tissues can react to extracellulateotides. Among the P2Y receptors, the
P2Y; and P2Y; receptor are closely related (Costanzi et al., 4208gonists acting at the
P2Y;, receptor are also capable of activating the P@¢eptor. Therefore, mechanisms are
required to regulate activation of one or the otte®eptor in tissues or cells where both are
expressed. One mechanism can be the desensitipdtiba receptor responses. Interestingly,
the P2Y, receptor can be rapidly desensitized (Bourdonl.et2@06), whereas the P2Y
receptor can not (Communi et al., 1999). A regudlaetivation of the P2)or the P2Y;
receptor can also be realized by appropriate phavlogical tools. The design and synthesis
of these pharmacological tools relies on sufficiexperimental evaluation of the agonist and
antagonist selectivities of the receptors.

The present study focussed on the detailed chaatien of the less studied PzY
receptor in terms of pharmacology, ligand recognitidesensitization and P2Y receptor
crosstalk. The results are discussed in the sades.or

4.1 Diastereoselective activation is opposite foné P2Y; receptor and the
P2Y;, receptor
The potency of different novel diastereomeric aga&s of ATP at the P2Y receptor was
investigated. Through substitution of one of th@4hoidging oxygen atoms of;Fby borane
or sulfur a new chiral centre in the ATP moleculaswintroduced. The resulting
diastereoisomers were separated and the absolnfiguation around the JPwas assigned
(Major et al., 2004). The Rp configuration was ihttred to the (A) isomers of the borano-
modified and the (B) isomers of the thio-substlutmalogues. This difference in assignment
is due to the group priorities aroungd, Which are opposite for the borane derivatives (ATP
0-B) and sulfur derivatives (ATB-S). Sulfur is of higher priority in the chemical
nomenclature compared to oxygen, and borane Bvadrl priority than oxygen. The increase
in intracellular[C&*]; in 1321N1 astrocytoma cells stably expressing ¥;P2eceptor GFP
fusion protein was determined upon stimulation witlese analogues. The successful
expression of the P2YGFP receptor in 1321N1 cells was confirmed by wedéot analysis.
Moreover, the 1321N1-P2YGFP cells showed the typical pharmacology profflagonists
that had already been described for this receftbe. novel diastereoisomeric compounds

tested, activated the P2receptor with EG values in the low micromolar range.
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& Introduction of a borane or sulfur group at P4 of ATP results in potent P2V,
receptor agonists

The diastereoisomers showed striking differencealearpotencies at the P2Yfeceptor as
compared to their parent compounds ATP, 2-MeS-AdiRy 2-CI-ATP. Specifically, the
introduction of a borane/sulfur group resulted iarenpotent ligands at the P2Yreceptor.
The effect of the borane substitution on the potemicthe ATP derivatives for the P2y
receptor is in contrast to the findings at the PZ¥ceptor. At the P2Y receptor the
introduction of borane into ATP or 2-MeS-ATP didtmoeate more potent ligands (Nahum et
al., 2002), while the introduction of sulfur a§ Bf ATP led to an increase in potency at the
P2Y; receptor (Major et al., 2004). However, the 2-M&B?-0-S analogues were as potent
as 2-MeS-ATP itself. This demonstrates that theoduction of sulfur at P leads to an
increased potency of ATP at the R2¥ceptor but is not able to further increase thiempcy
of 2-methylthioether derivatives, which are alreagyy potent agonists at this receptor. This
underlines that the 2-methylthio substitution playpivotal role in the potency of the ATP
derivatives at the P2Yeceptor (Schachter et al., 1996; Palmer et 2881

In contrast, at the P2Y receptor both sulfur- and borano-substitution eased the
potency of ATP as well as 2-MeS-ATP and 2-CI-ATPorkbver, the shift in potency was
more distinct for the (B) isomers of 2-MeS-ADPB/S derivatives, compared to the parent
compound than for the (B) isomers of the 2-unstiistil ATPea-B/S analogues compared to
ATP. This shows that the introduction of a borankus group at B determines the potency
of the derivative at the P3Yreceptor, overriding the negative influence ofuassituent at
position 2 of the ATP molecule.

& The P2Y; and P2Y;; receptors prefer different diastereoisomers

Interestingly, at the P2Y receptor, for all R substituted derivatives the corresponding
(B) diastereoisomers were found to be more poter the (A) isomers. This stereoselective
action of the ligands is opposite at the P2¥ceptor. The latter prefers the (A) isomers
(Nahum et al., 2002; Major et al., 2004). In cosityahe P2¥ and P2Y, receptor display the
same stereoselectivity as P2Yeceptor regarding the activity afthio diastereoisomers. At
both P2Y, and P2Y receptors the Rp-UTR-S isomer was more potent than the Sp isomer
but their potency was weak compared to that of (UEeobson et al., 2006). All the receptors
mentioned above belong to one phylogenetic subgf@aptanzi et al., 2004).
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Surprisingly, the amino acid sequence of the R2¥ceptor protein is more closely
related to the P2yreceptor, although besides the R2&ceptor the human P2)receptor is
an “ATP-receptor”. Still, the pharmacological pte§ of both ATP-preferring receptors differ
much more than the profiles of the B2¥and P2Y receptor (Burnstock and Knight, 2004).
Both receptors are activated by adenine nucleogaehisively and are blocked by Reactive
Blue, whereas the P2Yeceptor can also be activated by uridine nudestiand shows an
affinity for PPADS which is not shared by the R2ahd P2Y; receptors (Burnstock and
Knight, 2004).

Another P2Y receptor at which the action afthio diastereoisomers had been
investigated is the P2¥ receptor. The ATR-S isomers were found to be antagonists at the
P2Y1, receptor with only a slightly higher affinity fadhe (A) isomer (Cusack and Hourani,
1982). Since the determination of the antagon&tion of the ATRa-S isomers at the P2Y
receptor was done by measurement of adenylyl ay@asvity in platelets it is rather difficult
to compare these results with our investigationsséCk and Hourani, 1982).

Furthermore, the P2Y receptor displays the same diastereoselectivity borano-
/thiophosphate nucleotide analogues like the ciatadite of ecto-nucleotidase NTPDase 1
(CD39, EC 3.6.1.5) (Cusack et al., 1983; Nahumlgt2802). The ATRx-B (B) isomers
were found to be about ten times less stable iragsay to test the enzymatic stability
regarding NTPDase 1 than the corresponding (A) &spbut they showed a hydrolysis rate
that was still two times slower than that of ATBeif. The 1321N1 cells possess an ecto-
nucleotidase activity characteristic for NTPDasevith a high micromolar rangeKvalue of
66 UM = 13 for ATP hydrolysis (Lazarowski et al., 199®)tHis is taken into consideration,
the potencies found for all (B) isomers tested his tstudy might be influenced by a
competitive binding of the substances to the rewepbd the ecto-nucleotidase. However, if
the experimental design of the measurements instiidy is considered, where we have a
continuous flow application of the agonists, ané thuch higher affinity of the P2Y
receptor for ATP as compared to the NTPDase 1, etitign in binding does certainly not
affect our analysis.
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An interesting observation made here is that th€-41B/-S analogues appear to be more
potent at the P2)receptor than at the P2)receptor. As both receptors, the R2nd P2Y;
receptor, were expressed in different cell systeings difficult to make an absolute
comparison of the Ef values. Therefore, the P2GFP receptor was also stably expressed
in 1321N1 cells. In these cells, a comparable @aler of potency for the 2-CI-ATR-B and
ATP-a-S analogues was found as in HEK293 cells. Theeteryithat the ligands are overall
more potent at the P2Yreceptor than at the PZYreceptor was also observed. This
underlines the conclusion that our data definitetypw the stereoselectivity and receptor
subtype selectivity of the compounds tested.

& Borano-substituted ATP derivatives are suitable todistinguish the functional

contribution of the two ATP-activated P2Y receptors

The (A) isomer of the 2-MeS-ATR-B derivatives is the most selective of all the
analogues tested here, being more active at the R&éptor. This substantial receptor-
subtype selectivity is due to the combination ofdifioations on both C2 and the phosphate
chain of the ATP scaffold. In addition, our prewsoneport showed the lack of any activity of
the 2-MeS-ATPa-B diastereoisomers at the P2Weceptor (Tulapurkar et al., 2004). This
suggests the possibility of a selective activatdrine P2Y receptor by the (A) isomer of
these compounds in cells/organs, which also ex?2%g, and P2¥ receptor. Moreover, the
ATP-a-B derivatives that had no activity at the B2Méceptor are compounds suitable to
distinguish the functional contribution of the twad P-activated P2Y receptors, the B2ahd
P2Y:1 receptor, in physiological or pathophysiologicedponses of cells to ATP.

4.2 Ligand binding site characteristics of the P2¥; receptor deduced from
mutational analysis

The amino acid residues [Arg 106 (TM3), Phel09 (JM=aul86 (EL2), Arg268 (TM6) and

Arg307 (TM7)] putatively involved in ligand recogioin at the P2Y; receptor were mutated

to test our binding mode hypothesis. 1321N1 celsenused to stably express the wild type

and the mutant receptors, respectively, both as fa&Bn proteins. The expression level of

the receptors was analyzed by flow cytometry. Wiljde and mutant receptors displayed

comparable fluorescence intensities.
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The subcellular localization of the mutant receptwas found to be comparable to that of
the unmutated receptor for the Glul86Ala, Arg268AMag268GIn, Ala313Asn mutant
receptors. Although the Phel09lle mutant receptas anly partially located at the plasma
membrane, it still exhibited a significant poterioy ATP. Similar observations were made in
a different mutagenesis approach, where a 90% tieduic surface expression levels of the
wild type P2Y, receptor had no significant influence on thesgE@lues of the investigated
agonist (Hoffmann et al., 1999). Therefore, theepoy of ATP found at the Phe109lle mutant
as well as the potency at the mutants with a singlébcellular localization (Argl06Ala,
Tyr261Ala, and Arg307Ala) likely reflects the imgic activity of these constructs.
Functional activity of the mutated receptors waseained in stably transfected cells by
monitoring the intracellulafCa]; rise induced by agonist stimulation.

& Three arginine residues in TM3, 6 and 7 are involwve in the recognition of ATP

The arginine residues in TM3 (Arg106, 3.29) and T{Arg307, 7.39) were found to be
most critical for P2Y; receptor activation. The arginine at position 7i8%elieved to take
part in an H-bond through its backbone carbonyhwiite N of the ATP molecule. Besides
this interaction, Arg7.39 is also thought to stabilthe bound ATP through electrostatic
interaction with ATP-B and B of the phosphate moiety together with the Arg3.PBese
hypothesis were confirmed by detecting a loss-otfion after mutation of these arginine
residues in the P2Y receptor. The corresponding residues in the huf2v receptor
(Arg128, Arg310) are similarly essential for liganecognition. Their mutation resulted in
functionally inactive receptors (Jiang et al., 199K model of the huma®2Ys receptor
showed the involvement of these conserved argires@lues in binding of the phosphate
moiety of the nucleotide to the receptor (Costatzal., 2005). Surprisingly, at the human
P2Y, receptor only the mutation of the correspondingirame in TM7 (Arg292, 7.39)
resulted in loss of function of the receptor, buitation of the arginine in TM3 (Arg110,
3.29) to leucine had little effect on the potenéyhe agonists (Erb et al., 1995). The arginine
in TM7 is part of a conserved motif (Q/KxxR) withithe G-coupled subgroup of P2Y
receptors. This motif is thought to be importamtrieceptor activation.

Another cationic residue (Arg268, 6.55) that wasutjht to be involved in ATP+3
recognition is also part of a conserved motif. FReembers belonging to the,Goupled
subgroup of P2Y receptors the motif is HxxR/K, thecoupled receptors have all arginine
and not lysine. P1 receptors lack these arginip&hé residues, indicating the role of the
positively charged amino acids in coordinationhef phosphate moiety.
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The Arg268Ala mutant receptor displayed a cleaglyuced potency for ATP, compared
to the wild type receptor, indicating the significe of an intact motif in TM6. When this
arginine was substituted by glutamine, the potesfcXTP could be partially rescued. These
findings are consistent with the interpretatioragbartial recovery of the Arg268 interaction
with the phosphate moiety of ATP, which resultgha partially restored activity. However,
one cannot ignore the importance of a conservetenpain TM6. Indeed, it has been
suggested that at least one mechanism of GPCRa#etivoriginates in TM6, being the
"aromatic zipper" (Rosenkilde et al., 2007). Altgbuin cases where that mechanism of
activation is clearly missing, the existence otmiative mechanisms, which could involve
Arg268 cannot be ruled out.

For ATRS the loss in potency was not as drastic as for ATkhe Arg268 receptor
mutants compared to the wild type receptor. Thdscetes that there is a favorable interaction
with Py-S, as compared toyfO, that still remains in the mutant which might ¢hee to a
tighter fit of the larger S moiety.

The corresponding residues in the R2&Cceptor (Lys280, 6.55) and the B2R (Arg265,
6.55) were also found to be essential for activaéiblow ATP concentrations, because a clear
decrease in potency was found by substitution cf2B9 or Arg265 by uncharged amino
acids (Erb et al., 1995; Jiang et al., 1997). lmP2Y;-R model this position (Lys259, 6.55)
was part of a positively charged subpocket thanddahe phosphate moiety of docked UDP,
again highlighting the importance of this resid@®gtanzi et al., 2005). For a member of the
Gi-coupled subgroup of P2Y receptors the B2, the significance of this arginine residue
(Arg256, 6.55) in TM6 was also confirmed (Cattae¢al., 2003; Hoffmann, 2006).

& A tyrosine residue in TM6 seems to be important foreceptor activation

The importance of an aromatic residue in TM6 (TywR2@or ligand recognition was
investigated. The Tyr261Ala mutant PRYeceptor was incapable of being activated by ATP
at concentrations up to 10 mM. Tyr261 (6.48) wasfaand to be directly interacting with
the ATP molecule docked in the proposed BZY model. However, it has been shown that a
comparable residue (Tyr273) in the R2¥éceptor located at the same position (6.48) seems
to act as a molecular switch for receptor activatfCostanzi et al., 2004). A Tyr273Ala
mutation led to a functionally inactive receptoatthivas still able to bind agonist/antagonist
with the same affinity as the wild type receptohisTis in accordance with the "aromatic
zipper" theory proposing a probable mechanism t¥aton.
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It can be assumed that Tyr261 is also solely iredIn P2Y,; receptor activation, since it
was not found to significantly take part in thedimg of ATP in the computed model. Due to
the lack of a selective radioligand at the P2Meceptor it was not possible to prove directly
this hypothesis.

& The EL2 is involved in ligand recognition whereas riteractions of the P2Y;

receptor with the adenine ring of ATP are only weak

Besides the TM regions a role of the ELs for nuiitko binding by P2Y receptors has
been suggested before (Hoffmann et al., 1999), tardimportance of the EL2 Asp204
residue in ligand recognition has been already shimwthe P2Y receptor (Hoffmann et al.,
1999; Costanzi et al., 2004; Major and Fischer,4206or the P2Y; receptor the residue
Glul86 in the EL2 was also predicted to be involuedigand recognition. Mutation of this
glutamate to alanine resulted in a decreased ppt@h@&TP at the receptor, consistent with
the finding at the P2)¥receptor. However, for the more potent P2Meceptor agonist AT
the shift in potency was not as pronounced. Thiplies that Glul86 interacts with
phosphates f3 of the triphosphate moiety because the tightffihe RS is less affected at
the receptor mutant. Interaction of the glutamatih whe phosphate chain occurs probably
also via coordination of a Mg ion, as proposed for the corresponding residuenP2Y,
receptor (Major and Fischer, 2004). The relativ@tyall shift in potency for agonists at the
Glul86 mutant implies a modulatory function of tresidue in receptor functionality, similar
to the observations at the P2Mceptor (Hoffmann et al., 1999; Moro et al., 1999

The involvement of the Phel09 residue that wasqgseg to interact with bound ATP in
the P2Y;-R model could not be confirmed. The aromatic anaom in TM3 (Phel09, 3.32)
seems to be not very critical for agonist recognitiThere was no major effect on the potency
of ATP at the receptor after substitution of thisepylalanine by isoleucine. However, this
phenylalanine is highly conserved throughout th¥ R&teptor family (Fig. 4A). In the P2Y
receptor, mutation of this residue to alanine cdustss in potency for 2-MeS-ADP of about
one order of magnitude but was still less criticalligand recognition than other sites of the
receptor (Jiang et al., 1997; Moro et al., 1998prddver, in a molecular model of the R2Y
receptor this phenylalanine (3.32) is possibly ikgd in hydrophobic interactions with the
uracil ring of docked UDP (Costanzi et al., 2005).

The mutation of Phel09 to isoleucine in the P2¥ceptor did probably not much disturb
the recognition of ATP at the receptor, since igoiee is also a bulky, hydrophobic amino
acid and therefore the loss in potency was onlpld-fThus, the prediction af-stacking

between the adenine and the phenyl ring could @atbified experimentally.
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& Arg268 in TM6 plays an important role in the determnation of the
diastereoselectivity of the P2Y; receptor

Two of the residues (Glu186, Arg268) discussed hsereeing possibly involved in ligand
recognition at the P2Y receptor were also shown to influence the diastalectivity of the
receptor. The glutamate in EL2 seems to be impoftanthe activity of the ATRx-S (A)
isomers. Substitution of Glul86 by an unchargedipotar amino acid (alanine) clearly
reduced the potency of the (A) isomer, whereagtitency of the (B) isomers was more or
less conserved. Therefore, the difference in pgtéetween both ATR+-S diastereoisomers
was increased at the Glu186Ala receptor mutanbagpared to the wild type P2Y¥receptor.

The corresponding amino acid in the EL2 of the P&¢eptor (Asp204) is believed to be
responsible for the preference of the (A) isomershe R, borane/sulfur substituted ATP
derivatives. Computational docking studies showlest tAsp204 coordinates a Kigion
which in turn interacts with the phosphate chairmaocked ATP molecule. In this process,
the (A) isomers of the ATIe-B,S analogues show the greatest interaction exengith the
Mg** ion, clearly demonstrating the chiral discrimioatiof the P2Y receptor (Major et al.,
2004). If this is considered, the correspondingdies in the P2Y; receptor might play a
similar role. The fact that the (A) isomer showseduced potency at the Glul86Ala receptor
mutant seems to confirm this hypothesis. Howeves,EL2 of the P2¥; receptor is much
longer than that of the P2Yeceptor (35 aa vs. 25 aa, resp.). Thereforegréifit mechanisms
may account for the observed differences in potency

The other residue influencing the diastereoselggtof the P2Y; receptor is an arginine
in TM6 (Arg268, 6.55). Mutation of this basic res&lto alanine or glutamine resulted in a
loss of the chiral discrimination at the recepiidie ATPa-S (A) and (B) isomers were found
to be equipotent at these mutant receptors. Ths mvainly caused by a severe loss of
potency of the (B) isomers at the receptor whethasactivity of the (A) isomer was less
affected. Thus, the arginine at position 6.55 setnise essential for a preferred recognition
of the (B) isomers at the P2xreceptor. Interestingly, this arginine is alsoessary for the
preference of adenosine triphosphate over diphdspaiathe receptor. The canine R2Y
receptor displays a glutamine at position 6.55 sndctivated more potently by ADP than
ATP (Qi et al., 2001) which could be confirmed iarastudy (data not shown). In addition,
this residue (Arg268) is also involved in the steedective preference of the ATRS (B)
isomer at the P2Y receptor, indicating the necessity of a basicdiesiat this position for

proper chiral discrimination.
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The positive charge of the Arg268 residue and hiity to contribute to H-bonds might
induce a more tight interaction with the oxygerPatthan the sulfur, thereby leading to the
preference of one diastereoisomer at the recetdfur forms relatively weak H-bonds and
has a lower potential in participating in electatist interactions than oxygen (Major et al.,
2004).

& Minor role of Ala313 in the recognition of 2-alkythio-ATP analogues

Another characteristic of the PzZYreceptor besides its stereoselectivity is the weak
potency of ATP derivatives carrying a substituenttlee C2 position. To decipher the
molecular basis of this property the unique alane®due in TM7 (7.45) was mutated to
asparagine as found in all the other P2Y receftags 4A). This Ala313 (7.45) is situated at
the entrance to a hydrophobic pocket located invibmity of the ATP C2 position in the
P2Y1;-R model. The potency of ATP remained nearly urcaéfé at the Ala313Asn receptor
mutant whereas 2-MeS-ATP showed a slight gain metion. This finding could support the
hypothesis of this residue being a key player ie thteractions involving ATP-C2
substitutions. However, 2-neopentylS-ATP with akierl substituent at C2 of the ATP
molecule did not show a gain in function at the 3AlaAsn receptor mutant. Therefore, it
cannot be concluded that the unique alanine in DMhe P2Y; receptor is a true element in
the determination of the weak potency of C2-sulnstd ATP analogues, but rather appears to

be a ‘supporting actor’.

4.3 Crosstalk between two P2Y receptors: the P2¥and P2Y;; receptor

The present study provides convincing evidenceafphysical and functional interaction of
the P2Y, and P2Y; receptor. The existence of GPCR homo- or heteyooiers is now
largely accepted. Their formation as either cousw or ligand-dependent complexes is still
discussed and data are published for both vari@hgsrilon and Bouvier, 2004). The
functional relevance of GPCR oligomers includes uattbn of internalization processes or
alteration of their agonists/antagonists potenclgictv has to be considered regarding drug
development (Milligan, 2006).

Interaction of two members of the P2Y receptor fgnhias been investigated in the
current study. The P2Yand P2Y; receptor are found to be very close homologuédsair
receptor family. So far a crosstalk between botepéors has not been hypothesized. For the
P2Y; receptor the ability to interact with other GPQbszame obvious in a study exploring
the hetero-dimerization of the receptor with theaflenosine receptor (Yoshioka et al., 2001).
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The A receptor was also found to interact with the P2a&teptor (Suzuki et al., 2006)
showing that the process of hetero-oligomerizati@s not only restricted to one subtype of
the P2Y receptor family.

& The P2Y; and P2Y;; receptor associate physically thereby mediating #hagonist-

induced endocytosis of the P2¥ receptor

In the current study the P2Yand P2Y; receptor were discovered to show a strong
physical interaction. This was determined by cddgawin or co-immunoprecipitation
experiments. The signal for the P&YycHis receptor could be clearly detected in the
pulldown fraction of the P2¥GST receptor on GSH beads. There, the sighal washmu
stronger than in the lane of the 10 % input (F8A2lane 5 and 1 respectively) indicating a
robust complexation of both receptors. Precipitabd the P2YmycHis receptor by an anti-
myc antibody and detection of the P28ST receptor in a western blot of the precipitate
further proved this fact. Moreover, this interaatiof the receptors was not due to their
presence in small membrane patches as the®2His receptor could also be found in the
pulldown fraction of the P2¥GST receptor from cellular extracts.

The hetero-oligomerization of the P2Meceptor with the P2Y receptor apparently has a
great impact on the desensitization of the R2¥ceptor. When expressed alone, the R2Y
receptor does not internalize upon stimulationshgwn in this study. The P2Yeceptor
behaves similarly and shows only slight reductiorcell surface expression after long-time
exposure to agonists (Brinson and Harden, 2001¢ofrast, the other members of thg G
coupled P2Y receptor subgroup are able to undeggaist-induced internalization as shown
in studies concerning the P2Yeceptor (Tulapurkar et al., 2006), the BRB2Mceptor
(Tulapurkar et al., 2005), or the P2Neceptor (Brinson and Harden, 2001).

In the present study, we show that the endocytokithe P2Y; receptor is clearly
dependent on the presence of its interaction vighpartner, the P2Yreceptor, as shown in
the current study. Knock-down of the endogenous;R2¥eptor in HEK293 cells by specific
SiRNA significantly diminished the agonist-inducaternalization of the P2YGFP receptor.
The extent of reduction in P2¥eceptor mRNA transcripts correlated with the et of

endocytosed P2Y receptor.
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Moreover, the P2¥,GFP receptor stably expressed in 1321N1 cells cowit be
internalized by its natural agonist ATP. These s;etipposed to HEK293 cells which are
known to express several endogenous P2Y receptohsding the P2Y, P2Y, and P2Y,
receptor (Schafer et al., 2003), do not expressPa¥ receptor endogenously (Lazarowski et
al., 1995). Interestingly, when the P\YycHis receptor was co-expressed with the
P2Y1.:GFP receptor in 1321N1 cells, clear signs of entimiy of the P2Y; receptor were
found. The endocytosed PZ2Y receptor co-localized with the immunostaining die t
P2Y:mycHis receptor.

This functional interaction with the P2yreceptor was specific for the P2Yeceptor.
Agonists or antagonists of the P2Meceptor were able to induce or block the endasigtof
the P2Y;GFP receptor in HEK293 cells, respectively. In casit, stimulation of the P2Y
receptor with UTP or the non-related PAR-2 receptith trypsin or PAR2-AP did not lead
to internalization of the P2Y receptor. As the PAR2-HA receptor did also notgutslly
interact with the P2¥,GST receptor, as determined by co-pulldown experigjat is obvious
that the physical interaction is the prerequisitesf functional interaction.

However, the endocytosis of the P2Yeceptor is not only dependent on the interaction
with the P2Y receptor but also on a normal P2Yeceptor functioning. ThezssP2Y11
receptor mutant that was unresponsive to ATP cdretgons up to 100 puM showed
endocytosis-resistance, when expressed in HEK298. ¢eéhis was not due to a loss of
interaction with the P2Y¥receptor in HEK293 cells as shown by co-pulldowpeziments. A
difference in P2Y receptor expression profile of tHEKP2Y;;GFP or HEK6sP2Y1:GFP
cells did also not account for this observationisTlas analyzed by RT-PCR. Thus, the
R268A mutation of the P2Y receptor seems to disrupt the ATP-induced funetfion
interaction with the P2Yreceptor if co-internalization is considered.

The phenomenon of co-internalization may be a gdnand important functional
consequence of hetero-oligomerization to controdedsitization and resensitization of
GPCRs (Prinster et al., 2005). Hetero-oligomermatiamong GPCRs can induce
internalization of receptors previously considemsttocytosis-reluctant. The somatostatin
receptor (SSTR) SSTR1 failed to internalize upoangg} stimulation in several cell lines.
However, the SSTR1 present in a hetero-dimer whth $STR5 was found to display

sufficient agonist-induced internalization (Rochievet al., 2000).
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Similar findings are presented here for the PaNd P2Y, receptor. The P2Y receptor
expressed alone lacks any desensitization, as shewmnand reported previously by others
(Communi et al., 1999). This property seems tonyeortant for normal receptor function in
the maturation process of dendritic cells (DC). Séhantigen-presenting cells are attracted by
low concentrations of ATP to migrate to the siteirdfammation. Once in the epicenter of
inflammation, activation of the P2Y receptor by high ATP concentrations leads to aires
cell movement to prolong exposure to maturationdgmalg factors (Schnurr et al.,, 2003).
Thereby, the inability of the PZ2Yreceptor to desensitize seems to be importanternrioling
the chemotactic effects of nucleotides acting dreoP2Y receptors. However, distinct DC
subsets respond differently to ATP in terms of @igm. DCs directly isolated from human
blood show no arrest in migration in response toPAffeatment (Schnurr et al., 2003).
Interestingly, these DC subpopulations display ificant mRNA expression levels for the
P2Y; receptor opposed to a negligible PCR signal in {iCGmgerhans cells, monocyte-
derived DCs) which do not migrate in the presentéigh ATP concentrations. It can be
hypothesized that the presence of the P2&teptor in DCs isolated from human blood
enables the desensitization of the P2Mceptor in response to ATP, thereby controllimg t
chemotactic behavior and maturation of the celfserAall, distinct DC subsets were found to
differentially regulate T cell responses in vivaulghdran et al., 2000). Therefore, a changed
function of the P2Y; receptor by hetero-oligomerization with the R2Mceptor might
contribute to the differences observed in initigtif cell immunity by distinct DC
subpopulations.

= The P2Y;-P2Y;; receptor hetero-oligomer shows a pharmacology diient to

that of the receptor monomers

Hetero-oligomerization of the P2Y receptor with the endogenous R2keceptor in
HEK293 cells has an impact on the receptor phartoggo So far there is evidence that
formation of hetero-oligomers can result in a dstipharmacology of GPCRs (Catrrillo et al.,
2003). The A-P2Y; receptor hetero-dimer was found to have no ajfifor MRS2179, a
specific P2Y receptor antagonist, whereas Aeceptor antagonists could still bind. In
contrast, the modified ligand binding pocket in tiegero-dimer appears to fit well to a B2Y

receptor agonist (ADES) but slightly less well to Areceptor ligands (Yoshioka et al., 2001).
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In case of the P2¥P2Y;; receptor oligomer, the P2Yeceptor antagonist MRS2179 still
showed an affinity for the hetero-oligomer, wherdas specific P2Y; receptor antagonist
NF157 did not. MRS2179 was able to interfere with BzATP-stimulated [C4]; rise and
the ATP-induced internalization of the PR®FP receptor, whereas NF157 was not able to
inhibit any of these effects. BzZATP shows normailly activity at the P2Y receptor (von
Kugelgen, 2006). Therefore, it can be concludet BzATP and MRS2179 both bind to the
hetero-dimer. However, there are some discrepamegading the activity of BzZATP. This
ligand could induce a [G§; increase in HEKP2XGFP cells but was not able to stimulate
receptor endocytosis. Such inconsistencies in theraof BzATP have also been found by
other groups (Feng et al., 2004; Lee et al., 200&ken together, this indicates that BzATP
can only induce specific receptor conformationadgnordance with the probabilistic model of
GPCR function. Different conformations of GPCRs dgdined in the probabilistic model,
where the pharmacological activity of a ligand &fided by the quantity and type of receptor
conformations that are stabilized by the ligandr(#&en, 2004).

Another interesting observation in HEKPE®FP cells is that UDP induced a drastic
increase in [C4d];. UDP is known to activate the P@Yeceptor but this receptor was not
expressed in our HEK293 cells, as analyzed by RR-PThe lack of P2Y¥ receptor
expression in HEK293 cells was further confirmed &y unresponsiveness of mock-
transfected cells to UDP. Moreover, the effect @fRJin the HEKP2Y,GFP cells could be
prevented by preincubation with MRS2179. This iatks an action of UDP at the P2Y
P2Y:, receptor hetero-dimer that would have far-reackhmgsequences. Physiological effects
of UDP that were assigned to the action at thegR8%eptor would have to be reconsidered.

However, as the action of UDP in the HEKR2Z8FP cells could also be partially
blocked by the P2¥ receptor antagonist NF157 some other reasons dffarity at the
hetero-dimer have to be considered. NF157 was shwmm in the endocytosis experiments
and the BzATP-induced calcium responses to haveffoity at the P2Y-P2Y;; receptor

hetero-dimer.
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The influence of lack of P2Y receptor activity on its endocytosis was discussasave
for the R268A receptor mutant. This mutation alsituenced the pharmacology of the R2Y
P2Y;: receptor hetero-oligomer. Heterologous expressibthe a26sP2Y1:GFP receptor in
HEK293 cells abolished the calcium response to UMBreover, MRS2179 also lost its
activity. This was not due to a loss of interactwith the P2Y receptor in HEK293 cells as
shown by co-pulldown experiments. A different mRN#&pression profile for endogenous
P2Y receptors in the differently transfected celiss also not the reason. Thus, the ligand
selectivity of the P2¥-a26sP2Y1; receptor hetero-oligomer was apparently diffefemtn that
of the P2Y-P2Y;; receptor hetero-dimer. Therefore, the R268 argisimems to be a critical
residue in the nucleotide binding pocket of theeh@bligomer.

Two theories are currently discussed as to how GBligfemers are formed. One is the
,contact dimerization’ and the other is the ,domaimapping’ theory (Fig. 5b) (Kroeger et al.,
2003). In the case of the P2WP2Y;; receptor heterodimer our indications suggest ithiat
formed as a ,domain swapped’ dimer because thenp@w@rlogical profile of P2Y receptor
ligands implies the creation of a newly formed lmgdpocket.

Interestingly, investigations of [cCAMP] increase HEKP2Y;;GFP cells revealed the
pharmacology profile known for the P2Yreceptor. Hetero-oligomerization of GPCRs is
known to promote changes in the selectivity of tbeeptors to certain G proteins. A loss of
coupling to G proteins has been reported following co-expressamnu- and &-opioid
receptors (Terrillon and Bouvier, 2004). We canbhetsure that the P2¥2Y:; receptor
hetero-dimer was unable to couple topgEoteins, as we only investigated the pharmacology
of CAMP elevation. However, it can be assumed thatcoupling to activation of adenylyl
cyclase was only possible for the non-oligomeripedtion of the heterologously expressed
P2Y1,GFP receptor. Therefore, the ligand selectivitiesembled a profile that was
representative for the P2i¥receptor monomer.

& P2Y receptors can be pooled in cellular microdomam

The importance of GPCR oligomerization becomes gpavhen the relation between
organization and signaling is considered. Orgaiunadf receptors and elements of the signal
transduction pathway clearly affects cellular commoation processes (Woolf and
Linderman, 2004). The homo- or hetero-dimerizatd GPCRs thereby allows fine tuning in

the response to extracellular signals.
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Functional compartmentation of P2Y receptors intholesterol-rich signaling
microdomains has been described for endothelidd cdlthe aorta. These endothelial cells
may recruit different nucleotide receptors intofefiént signaling domains in order to
distinguish stimuli and regulate signal transdut{iaiser et al., 2002). Such cholesterol-rich
microdomains are also found in HEK293 cells andlesterol depletion was found to affect
the agonist-induced internalization of the B2¥ceptor heterologously expressed in these
cells (Tulapurkar et al., 2005). In the presentgtsome indication was gained as to suggest
that P2Y receptors are pooled in these microdomdiine P2¥YmycHis as well as the
P2Y,;HA receptor could be found in the pulldown fractiohthe P2Y;GST receptor by
western blot. The organization of the receptorssiuith microdomains seems to enable
sufficient interaction to form oligomers and mighé important for the integration of
nucleotide signals.

Importantly, the hetero-oligomerization of the R2¥ P2Y, receptor with the Areceptor
was also found to take place in HEK293 cells (Yokaiet al., 2001; Suzuki et al., 2006). The
spatial organization of the whole purinergic sigm@lmachinery might be an advantage for
the cells to respond to extracellular nucleotiaiea controlled manner.
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Zusammenfassung

5 ZUSAMMENFASSUNG

Die Signalubertragung durch extrazelluldre Nuk@®tiund Nukleoside ist ein weit
verbreitetes System zur Anpassung an physiologiedee pathophysiologische Zusténde in
den unterschiedlichsten Geweben oder Organen. Sigmalempfanger’ auf zellularer Ebene
kénnen, sowohl ionotrope Rezeptoren, als auch @Prgekoppelte Rezeptoren sein und
werden als purinerge Rezeptoren zusammengefasstmBiabotropen Rezeptoren gliedern
sich weiterhin in die Nukleosid-Rezeptoren (P1-R¢aeen) und die Nukleotid-Rezeptoren
(P2-Rezeptoren). Die Familie der G-Protein-gekagpelNukleotid-Rezeptoren (P2Y) ist sehr
komplex. Bisher wurden acht verschiedene Rezeptbtypen identifiziert, welche diverse
Funktionen im menschlichen Koérper Ubernehmen. Rieigdte Aktivierung oder Inhibition
einzelner Rezeptor-Subtypen im Zuge einer ther@gmhdn Intervention benotigt daher
spezifische Agonisten bzw. Antagonisten. Die Seldékt der P2Y-Rezeptor Subtypen fur
einzelne Nukleotide ist teilweise sehr divers, kam andererseits aber auch nur geringfugig
unterscheiden. Die P2Yund P2Y;-Rezeptoren bevorzugen beide Adenin-Nukleotide,evob
der P2Y;-Rezeptor starker durch Diphosphate (ADP) und d&Y;RRezeptor mehr durch
Triphosphate (ATP) aktiviert wird. Zahlreiche Stewi und die daraus resultierenden
Erkenntnisse haben bereits zur Entwicklung von PR¥zeptor-spezifischen Liganden
gefuhrt, welche keine Affinitdt am P2¥Rezeptor oder an anderen Subtypen haben.
Allerdings konnten fir den P2¥-Rezeptor bisher keine selektiven Liganden entwicke
werden, da sich die Strukturmerkmale der bekanAgamisten an diesem Rezeptor meist mit
denen der P2)¥Rezeptor-Agonisten decken.

In der Absicht feinste Unterschiede in der Ligaret&annung zwischen dem P2yund
P2Y1;-Rezeptor aufzudecken, untersuchten wir die Stefekisvitat des Letzteren. Die
bereits beschriebene stereoselektive PraferenP2¥¢sRezeptors wurde nun in dieser Arbeit
mit der Praferenz des P2¥Rezeptors verglichen. Dafur haben wir den B2Nezeptor als
GFP Fusionsprotein stabil in 1321N1 Astrozytomzeléxprimiert, welche endogen keine
funktionellen P2-Rezeptoren aufweisen. In EinzélKalziummessungen wurden die Zellen
mit ATP Analoga, bei denen ein Sauerstoffatom gnddtch Bor (ATPe-B) oder Schwefel
(ATP-a-S) substituiert war, stimuliert. Die Substitutian R, schafft ein neues chirales
Zentrum im Molekil. Die beiden resultierenden Damsbisomere (A- und B-lsomere)
testeten wir auf Aktivitdit am P2¥-Rezeptor. Wir identifizierten die Stereoselekévides
P2Y:1:-Rezeptors und stellten fest, dass der Rezeptd-tbemere der jeweiligen ATR-B/S

Derivate bevorzugt.
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Dieses Ergebnis steht im Kontrast zu der bereikamaten Stereoselektivitat des R2Y
Rezeptors, welcher die A-lsomere bevorzugt. Weiterfanden wir heraus, dass die
Substitution am P zu einem klaren Potenzgewinn der ATP Derivate &;RRezeptor
fuhrt. Da die getesteten ATé-B/S Analoga nahezu keine Aktivitdt am P2Rezeptor (ein
weiterer ‘ATP-Rezeptor’) aufweisen, stellen die $4nere wichtige Leitstrukturen fur die
Entwicklung eines selektiven P2)Y Rezeptor Agonisten dar. Diese konnten dann zum
Beispiel als Adjuvantien in Impfstoffen eingesetarden, um deren Effizienz zu verbessern.

Das rationale Ligandendesign verwendet heutzutageputergestitzte Modelle der
therapeutischen Targets (z.B. Rezeptorproteined. li@rechneten Modelle sind allerdings
ohne zusatzliche Information aus Mutagenese-Studieint gentgend validiert. Wir haben
die Ligandenbindungstasche des RP2Rezeptors mittels Computer-Modelling (in
Kooperation mit der Bar-llan Universitat, Israel)ndu zielgerichteter Mutagenese
charakterisiert. Wie erwartet, &hneln sich die Mokbbindungstaschen des RzYund
P2Y:-Rezeptors sehr. Drei positiv geladene AminosauranP2Y;;-Rezeptor (Argl06,
Arg268, Arg307) koordinieren die Phosphatkette igebundenen ATP Molekils und sind
somit fur die Nukleotidbindung essentiell. Die zigegextrazellulare Schleife (EL2) ist auch
beim P2Y;-Rezeptor wie beim P2¥YRezeptor an der Ligandenerkennung beteiligt. Wir
entdeckten in der EL2 des PZ&YRezeptors einen Glutamatrest (Glu186), welchelPdigenz
von ATP am Rezeptor deutlich mitbestimmt. Die lat@ion des Adeninrings mit der
aromatischen Aminosaure Phel09 scheint nur eineasdte Wechselwirkung zu sein. Uns
wurde klar, dass im Gegensatz zum RRézeptor der P2Y-Rezeptor nur geringfugige
Interaktionen mit dem Adeninring von gebundenem AERyt. Weiterhin erhielten wir bei
der Analyse der Mutanten erste Hinweise auf die litkig molekulare Ursache der
Diastereoselektivitat des Rezeptors. Nach Mutatides Arginins Arg268 in der
Transmembrandomdne 6 zu Alanin verloren die B-lsenser ATPe-S Analoga ihre
verstarkte Potenz gegentber den A-Isomeren.

Der Einsatz von P2)X-Rezeptor selektiven Agonisten zu therapeutischerecken
verlangt ausreichend Kenntnis tber die Desenstisge des Rezeptors und eine sich daraus
moglicherweise entwickelnde Toleranz gegeniber @aerapeutikum. Daher haben wir die
Agonist-induzierte Internalisierung des R28FP Rezeptors untersucht. Bei diesen
Experimenten wurde deutlich, dass der P2Nezeptor allein nicht zur Endozytose fahig ist.
Interessanterweise war die Internalisierung depters eindeutig abhéngig von der Prasenz
des P2Y-Rezeptors. In weiteren Experimenten stellte wist,fedass beide Rezeptoren
interagieren und in den Zellen ein Hetero-Oligoiméten.
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Die Hetero-Oligomerisierung der P2Yund P2Y;-Rezeptoren wurde durch ‘Pulldown’-
Experimente und Immunoprazipitation nachgewieseir. A#igten, dass die Interaktion mit
dem P2Y-Rezeptor nicht nur Einflul3 auf die Desensitisigraies P2Y;-Rezeptors, sondern
auch auf dessen Pharmakologie hat. Der spezifist®¥é -Rezeptor-Antagonist NF157
zeigte keinerlei Affinitat am Hetero-Oligomer. Dag® war der P2¥Rezeptor-Antagonist
MRS2179 in der Lage sowohl die Internalisierung dR&Y;;-Rezeptors, als auch die
rezeptor-vermittelte Calcium-Antwort zu inhibieren.

Letztendlich lalt sich sagen, dass die Erkenntng=s® gesamten Projektes sowohl
Einblicke in die Stereoselektivitat, als auch dieulstur des P2Y;-Rezeptors geben und die

Existenz von P2¥P2Y;;-Rezeptor Oligomeren eindeutig nachweisen.
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Abstract

6 ABSTRACT

Purinergic signaling represents a primitive sigmalisystem that employs widespread
receptors which serve many different tissues. Tuménprgic receptor family consists of two
different subgroups, the nucleoside (P1) and ntidedP2) receptors. The P2 receptors are
further divided into ionotropic (P2X) and metabqio (P2Y) receptors and till date seven
P2X subtypes and eight human P2Y receptor subtypes been discovered. Among the P2Y
receptor subtypes, the P2¥nd P2Y; receptor are closely related. Agonists actinghat t
P2Y;, receptor are also capable of activating the P@&¢eptor whereas the P2Yeceptor
already responds to very low concentrations ofé¢hescleotides. Therefore, it is important to
identify mechanisms, which can regulate activabbmwne or the other receptor in tissues or
cells where both are expressed. Pharmacologicatvention provides one alternative to
regulate the activation of individual P2Y receptdfsr this, chemically modified agonists
have to be studied to characterize agonist predeseaf different receptor subtypes.

The focus of the present study was to elucidatéerdifces in the ligand recognition
between the less explored P2Yreceptor and the more widely studied R2Yceptor.
Therefore, we first investigated the diastereoswieg of the P2Y;; receptor stably expressed
as GFP fusion protein in 1321N1 cells. These clltk any functional expression of
endogenous P2 receptors. Different diastereoisomerg tested at the stably expressed
P2Y;, receptor. These isomers show substitution of drieeonon-bridging oxygen atoms of
Py by borane or sulfur (ATE-B/S). Thereby, a new chiral centre in the ATP roole is
introduced. In summary, a diastereoselective agtivof ATP-0-B and ATPa-S
diastereoisomers with a preference for the (B) msmvas found at the P2Yreceptor. This
diastereoselectivity is opposite to that of the P2&teptor which prefers the (A) isomers of
these compounds. This shows that both receptoferpddferent diastereoisomers of the
chiral ATP analogues, in spite of being close hagoeks in the P2Y receptor family, sharing
>50% of the amino acid residues involved in ligaadognition. These findings add to the
understanding of the structural and conformatialeérminants of nucleotides which activate
different P2Y receptors. The difference in diasteedectivity allows a more detailed insight
into the structure-activity relationships of théx2Y receptors.

Such a detailed insight can be realized by studthedgoinding mode of nucleotides at the
P2Y receptors using mutagenesis analysis in combmeith molecular modeling. As a next
step in the thesis study, we analyzed amino acsitlues putatively involved in ligand
recognition at the P2Y receptor.
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During the course of this study, it became obvithad the nucleotide binding pockets of
the P2Y and P2Y; receptors are very similar, as expected. Thre®raatamino acid
residues in the TM regions of the P2Yeceptor (Arg106, Arg268, Arg307) coordinate the
phosphate chain of a bound ATP molecule. Interaatitth the adenine ring via the aromatic
amino acid Phel09 seems to be a minor interacfiaglutamate (Glu186) in the EL2 of the
P2Y1; receptor also proved significant for ligand redtign. Moreover, further analysis of
the mutant receptors gave the first indicationsualdhe molecular determinants of the
stereoselective preference of ATP derivatives atRRY;; receptor. Upon mutation of the
arginine residue Arg268 in TM6 the preference & (B)-isomers of ATRx-S analogues at
the receptor was lost. This finding is of consitédgaimportance, particularly for the
development of subtype-specific agonists or antag®imat the P2Y, receptor as potentially
attractive drug candidates.

The use of such drugs for therapeutic interventrequires information on the
desensitization of the P2¥receptor induced by agonists. Therefore, we stuthie agonist-
induced endocytosis of the receptor in living cell® our surprise we found that the
internalization of the P2Y receptor was clearly dependent on the presenddeof?2Y
receptor. Further experiments using pulldown anchumoprecipitation techniques showed
that both receptors associate physically in HEK28Bs to form a hetero-oligomer. These
hetero-oligomers showed a distinct pharmacologs Jpecific P2Y; receptor antagonist had
no affinity at the P2¥-P2Y;; receptor hetero-oligomer whereas the P&¢eptor antagonist
MRS2179 could still interfere with signaling. Thewportance of GPCR oligomerization
becomes apparent when the spatial organizationuohgrgic receptors and signaling are
considered. The receptor oligomerization might headvantage for the cell to respond to
extracellular nucleotides in a well-regulated manne

Taken together, the present thesis study has mdwieew insights into the structural
determinants of ligands acting at the R2Meceptor and insights into the ligand binding mode
of the receptor. The study gives also convincinglence for the existence of P2Y receptor

hetero-oligomers.
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Abbreviations

8 ABBREVIATIONS

2-CI-ATP-u-B
2-MeSADP
2-MeSATP
2-MeS-ATPa-B
2-MeS-ATPa-S

2-neopentyl-thio-ATP

5-Br-UDP
ADP
ADPRC
ADPBS
AMP
Ap4A
ARC67085
ATP
ATP-0-B
ATPBS

ATPYS
B2AR
BRET
BRHO
BzATP
CaCl

cADPR
cAMP

CF

CGS21680
CPA

C-terminus
D2
DC
DMEM
DMSO
DNA
DPCPX
D-receptor
DTT
ECL

2-chloro-adenosine-5’-(1-boranotriphosphate)
2-methylthio-adenosine-5'-diphosphate
2-methylthio-adenosine-5'-triphosphate
2-methylthio-adenosine-5'-(1-boranotriphosphate)
2-methylthio-adenosine-5’-(1-thiotriphosphate)
2-neopentylthio-adenosinerfgtosphate
5-bromo-uridine-5'-diphosphate
adenosine-5'-diphosphate
ADP-ribosylcyclase
adenosine-5'-(2-thiodiphosphate)
adenosine-5’-monophosphate
diadenosine 5',5'"-P1,P4-tetraphosphate
2-propylthiof, y-dichloromethylene-D-ATP
adenosine-5-triphosphate
adenosine-5’-(1-boranotriphosphate)
adenosine-5’-(2-thiotriphosphate)
adenosine-5’-(3-thiotriphosphate)
[, adrenergic receptor
Bioluminescence Resonance Energy Transfer
bovine rhodopsin
2'-and 3'-O-(4-benzoyl-benzoyl)adenosine 5'-trijthage
calcium chloride
cyclic adenosine diphosphate ribose
cyclic Adenosinemonophosphate
Cystic Fibrosis

2-[p-(2-carboxyethyl)phenylethylamino]-5'-N-ethyl-
carboxamidoadenosine
N°-cyclopentyladenosine

carboxyl terminus
D, dopamine receptor
dendritic cells
Dulbecco's Modified Eagle Medium
dimethylsulfoxide
desoxyribonucleic acid
1,3-dipropyl-8-cyclopentylxanthine
dopamine receptor
dithiothreitol

enhanced chemiluminescence
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EDTA ethylene-diamine-tetra-acetic acid
EIA enzyme-linked immuno assay
ER endoplasmic reticulum
FACS fluorescence activated cell sorting
FCS fetal calf serum
G418 Sulphate geneticin disulfate
GAPDH glycerinaldehyde-3-phosphate-dehydrogenase
GFP green fluorescent protein
GPCR G protein-coupled receptor
G protein guanine nucleotide-binding protein
GSH glutathione sepharose
HBSS Hank’s Buffered Salt Solution
HEPES N- (2-Hydroxyethyl)-piperazin-N’-2- ethansuifc acid
IB-MECA N°-(3-iodo-benzyl)-5"-N-methylcarbamoyl)adenosine
IBMX 3-Isobutyl-1-methylxanthine
INS37217 denufosol tetrasodium
KCl potassium chloride
kDA kilo Dalton
KF17837 1,3-dipropyl-8-(3,4-dimethoxystyryl)-7-mgtkanthine
KH,PO, potassium dihydrogenphosphate
L-DOPA L-3,4-Dihydroxyphenylalanin
MATra Magnet Assisted Transfection
MgCl, magnesium chloride
MgSOy magnesium sulphate
MRS1067 3,6-dichloro-2'-isopropyloxy-4'-isopropyifione
MRS2179 N-methyl-2'-deoxyadenosine-3',5"-bisphosphate
MRS2365 (N)-Methanocarba-2-MeS-ADP
MRS2500 2-iodo-N-methyl-(N)-methanocarba-2'-deoxyadenosine-3',5'-
bisphosphate
MRS2567 1,2-di-(4-isothiocyanatophenyl)ethane
Na,HPO,*2H,0 sodium hydrogenphosphate-Dihydrate
Nacl sodium chloride
NaF sodium fluoride
NaHCO, sodium hydrogencarbonate
NC nitrocellulose
NECA 5'-N-ethyl-carboxamidoadenosine
NE157 8,8’-[Carbony|bis[imin0_-3.,1-ph_eny|enecarbony|imir(é-fl_uoro_—3,1-
phenylene)carbonylimino]]bis-1,3,5-naphtalenetifimilc acid
NK1 tachykinin receptor
NO Nitrogenmonooxide
N-terminus amino-terminus
P1 Purinergic receptor family 1
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P2
P2X
P2Y

PAGE
PAR2
PAR2-AP
PCR
PEG
PFA
PPADS
RBC
RNA

Rp/Sp-ATPe-S

SDS
SiRNA
SSTR
TEMED
™
TNP-ATP
UDP
UDPBS
UTP
UTPyS
HA
a—receptor
B-NAD™,

[3-receptor

Purinergic receptor family 2
ionotropic P2 receptor
metabotropic P2 receptor
polyacrylamide gel electrophoresis
protease activated receptor 2
PAR2- activating peptide
polymerase chain reaction
polyethyleneglycol
paraformaldehyde
pyridoxal-phosphate-6-azophenyl-2',4'-disdfe
red blood cells
ribonucleic acid
Rp/Sp-adenosine-5'-(1-thiotriphosphate)
sodiumdodecylsulphate
small interfering RNA
somatostatin receptor
tetramethylethylenediamine

Transmembrane domain

2'(or 3')-0-(2, 4, 6-trinitrophenyl)adenosine pirosphate

uridine-5’-diphosphate
uridine-5’-(2-thiodiphosphate)
uridine-5'-triphosphate
uridine-5’-(3-thiotriphosphate)
hemagglutinin
o adrenergic receptor
extracellular NAD (3-form)

[ adrenergic receptor
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