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The P2Y, receptor, which is activated by UTP, ATP, and dinucleotides, was studied as a prototypical
nucleotide-activated GPCR. A combination of receptor mutagenesis, determination of its effects on potency
and efficacy of agonists and antagonists, homology modeling, and chemical experiments was applied. R272
(extracellular loop EL3) was found to play a gatekeeper role, presumably responsible for recognition and
orientation of the nucleotides. R272 is also directly involved in binding of dinucleotides, which behaved as
partial agonists. Y118A (3.37) mutation led to dramatically reduced efficacy of agonists; it is part of the
entry channel as well as the triphosphate binding site. While the Y114A (3.33) mutation did not have any
effect on agonist activities, the antagonist Reactive Blue 2 (6) was completely inactive at that mutant. The
disulfide bridge Cys25—Cys278 was found to be important for agonist potency but neither for agonist efficacy

nor for antagonist potency.

Introduction

G protein-coupled receptors are one of the largest families
of proteins in the human genome (ca. 800 members), and they
are the most important class of drug targets.! The largest
subfamily of GPCRs® is the class A or rhodopsin receptor family
(ca. 670 proteins).? The P2Y,, receptor is a member of class A
GPCRs and belongs to the family of nucleotide-activated P2
receptors. These are divided into two subfamilies: P2Y receptors
(P2YR), which are GPCRs, and P2X receptors, which form
ligand-gated ion channels.® So far, the P2YR subfamily consists
of eight members: P2Y,, P2Y,, P2Y,, P2Ys P2Y1, P2Yy,,
P2Y13, and P2Y14, which can be subgrouped into P2Y;-like, G
protein-coupled receptors (P2Y124611), and P2Y 1,-like, Gyo-coupled
receptors (P2Y121314).% In contrast to the ATP (adenosine-5'-
triphosphate (1)-activated P2X receptors, the P2YR subtypes
are differentially activated by physiological nucleotides: human
P2Y, (ADP (adenosine-5'-diphosphate)), P2Y s (UDP (uridine-
5'-diphosphate)), P2Y1, (ADP), and P2Y 13 (ADP) receptors are
activated by nucleoside diphosphates, and P2Y, by UDPglu-
cose, while P2Y, (ATP, UTP), P2Y, (UTP), and P2Y; (ATP)
receptors require nucleoside triphosphates for activation. The
P2Y,R is a special receptor because it represents a link between
the adenine (P2Y,;, P2Y, P2Y1;-13) and the pyrimidine
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(P2Y246.14) nucleotide-activated receptor subtypes: it can be
stimulated by both ATP and UTP with similar potency and
efficacy. Furthermore, dinucleotides such as diadenosine tetra-
phosphate (ApsA (2)) or diuridine tetraphosphate (UpsU (5))
can also potently activate P2Y,R and may be physiological
agonists as well.® Thus, the P2Y, receptor is highly promiscuous
toward various physiological agonists and studying its interac-
tion with the structurally diverse ligands could also provide
general insights into the interaction of GPCRs with their ligand,
and especially with nucleotides and perhaps other anionic
ligands.

P2Y,R are widely distributed in the human body, showing
particularly high expression on immune cells, epithelial and
endothelial cells, kidney tubules, and osteoblasts.® They ap-
pear to be involved in a number of physiological as well as
pathological mechanisms.” Activation of the receptors leads to
vasodilatation® and in epithelial tissue to chloride secretion and
therefore hydration on epithelial layers.® Furthermore, the P2Y,R
is coupled to pro-inflammatory signaling pathways*® and it may
inhibit neurodegeneration.™ P2Y,R can modulate cell prolifera-
tion and regulate the cell cycle.*>** Because of these functions,
the P2Y,R is an intriguing novel drug target. In fact, P2Y,R
agonists with dinucleotide structure (Up4U or diquafosol (5) and
denufosol (2'-desoxycytidin(5")tetraphospho(5)uridin)) are cur-
rently undergoing clinical trials as novel treatments for dry eye
syndrome or cystic fibrosis, respectively.***®> However, potency,
efficacy, and selectivity of these dinucleotides are only moderate,
and although they are metabolically more stable than mono-
nucleotides such as ATP and UTP, the dinucleotides typically
suffer from relatively short half-lives due to enzymatic hydroly-
sis, especially by nucleotide pyrophosphatases (NPPs).*® Potent
and selective agonists and antagonists are required to learn more
about the (patho)physiological roles of these receptors and to
explore their therapeutic potential. However, it appears to be
quite difficult to develop selective ligands for P2Y,R as well
as for some other P2YR subtypes.*’
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Regarding agonists, a few UTP analogues such as 2-thio-2'-
amino-2'deoxy-UTP and 2-thio-UTP have been synthesized that
show some selectivity for the P2Y,R;'®° however, such
compounds will hardly be “druggable” due to their presumed
physiological instability toward phosphatases. Increased meta-
bolic stability of nucleotides may be achieved by modification
of the phosphate ester chain, e.g., by boranophosphates,?°%* by
replacement of the j3,y-oxygen atom by a dihalogenomethylene
bridge'®22 or by the dinucleotide approach as in Up,U.*"** So
far, however, no potent and highly selective agonist has been
obtained in these series of compounds. Classical P2Y, antago-
nists comprise the moderately potent, nonselective sulfonates
Reactive Blue 2 (RB2 (6))** and suramin (7). Recently,
truncated derivatives of 6 like 1-amino-4-(4-methoxyphenyl)-
2-sulfoanthraquinone (PSB-416 (8)) have been found to be
equal;%/ potent and somewhat more selective P2Y,R antago-
nists.

To fundamentally understand the interactions of the human
P2Y,R as a prototypic nucleotide-activated GPCR with its
ligands, we chose an approach combining (i) site-directed
mutagenesis, (ii) pharmacological experiments applying struc-
turally diverse ligands (various agonists and antagonists), (iii)
chemical experiments utilizing a disulfide-reducing reagent, and
(iv) receptor homology modeling.

So far only three amino acids (H262, R265, and R292, which
correspond to 6.52, 6.55, and 7.39, respectively in the
Ballesteros—Weinstein nomenclature®’) in the sixth and seventh
transmembrane helices (TM6, TM7) have been shown to be
part of the potential UTP/ATP binding site in the P2Y,
receptor,?® suggesting that these basic residues interact with the
negatively charged phosphate chain of the nucleotides. Another
basic residue, K289 (7.54) in TM7, had no effect on agonist
activation, but its mutation to arginine increased the activity of
diphosphates (ADP and UDP). An important role of basic amino
acids in the same positions of TM6 (6.52, 6.55) and TM7 (7.39)
was also found for P2Y; and P2Yy; receptors; in addition, a
basic arginine residue in TM3 (3.29) proved to be essential for
receptor activation of both P2Y; and P2Y; receptors and was
postulated to interact with a nucleotide phosphate group.?®~3*

Site-directed mutagenesis of the P2Y,R, which is most closely
related to P2Y,R (41% overall sequence identity), showed an
important role for several amino acid residues in the second
extracellular loop (EL2) on effects of ATP, which is an
antagonist at the human but an agonist at the rat receptor.*?
The most extensive mutagenesis studies have been performed
on the P2Y/ receptor, showing the crucial importance of several
amino acids in the extracellular loops (EL1, EL2, and EL3).#%933
However, it is not clear whether these results apply to P2Y,
receptors as well and whether they are of general significance
for the P2Y receptor family and other GPCRs.

Coupling of the P2Y,R to integrins and apical targeting
induced by P2Y,R activation was prevented by mutating the
R95, G96, D97 (RGD) consensus sequence in the first extra-
cellular loop into RGE.** In addition, L108 in the first
extracellular loop was important for apical targeting.® The P2Y,
receptor shows agonist-induced internalization,®*" which is
influenced by phosphorylation sites in the C-terminus and the
third intracellular loop (5243, T344, $356).% A model of the
P2Y, receptor suggesting putative binding sites for agonists,
but not for antagonists, has been published by Ivanov, Jacobson
et al.>* It was based on data from the few mutagenesis studies
published so far for P2Y,R as well as structure—activity
relationships of a series of agonists derived from the physi-
ological nucleotide UTP.
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In the present study, we provide evidence that the function
of the P2Y, receptor is dependent on interactions of ligands
with amino acid residues in TM3, 5, and 7 as well as in the
EL2 and 3. Furthermore mutagenesis and chemical reduction
experiments show dependence on two conserved disulfide
bridges in the receptor protein. Our new P2Y ;R homology model
is well in accordance with the experimental data and offers novel
information about ligand recognition and binding by the
receptor. Such information will serve as a basis for the future
design of new ligands for the P2Y,R and may even prove useful
for other nucleotide receptors and related members of the GPCR
family.

Results

Site-Directed Mutagenesis. The human P2Y, receptor,
harboring a HA epitope sequence at the N-terminus, was cloned
into the retroviral expression vector pLXSN. The following
mutations were introduced (Figure 1): (a) C106 (EL1), which
can form a disulfide bridge with C183 (EL2), and C278 (EL3),
which purportedly forms a disulfide bridge with C25 (N-
terminus, NT), were homologously replaced by serine; (b)
Y114A (3.33), Y118A (3.37), Y198A (5.38), and S296A (7.43),
all of which were selected based on a preliminary receptor
homology model, which indicated that they may line the ligand-
binding site; and (c) R177A, R180A, R194H (in EL2), and
R272A (EL3), including an R177A_R180A double mutant;
these basic amino acids in the extracellular loops are predicted
to be involved in binding of the negatively charged nucleotides.
Figure 1 shows a snake-like plot of the receptor sequence
indicating the mutated amino acid residues.

Receptor Expression and Cell Surface ELISA. The wild-
type receptor and the mutants were stably expressed in 1321N1
astrocytoma cells using a retroviral expression system. The wild-
type receptor was shown to be functional. The physiological
agonists UTP and ATP led to a concentration-dependent increase
in the intracellular calcium concentration as shown in Figure
2A for UTP. Nontransfected 1321N1 cells did not respond to
UTP or ATP (not shown).

Almost all mutants could be detected on the cell surface as
determined by whole cell ELISA assays (Figure 2B). Only the
mutant C106S could not be detected, indicating that the disulfide
bridge between C106 and C183 is crucial for the tertiary
structure of the receptor protein. The expression levels of the
other receptor mutants showed some variations, ranging from
about 40% to about 150% with respect to the highest expressing
wild-type cell line (Figure 2B). Because the expression level
will influence the ECs, values of agonists in functional
assays,>*° we prepared stable wild-type cell lines that showed
different expression levels (named wt1l—wt4). This was achieved
by varying the transfection conditions using different virus titers,
amounts of DNA, or packaging cells. Three wild-type cell lines,
witl, wt3, and wt4, were further evaluated and ECs, values for
UTP were determined in calcium mobilization assays (Figure
2C). The cell line wt2 was not significantly different from wt3
(not shown).

P2Y, receptor cell lines with expression levels of 100% (wt4)
and 52% (wt3) did not show large differences in their ECs
values (Figure 2C), while the cell line wt1, which showed only
14% of the level of expression of receptor compared to wt4,
had an ECs value that was about 1 order of magnitude higher
for all agonists investigated. Thus we divided the cell lines
expressing the mutant receptors into two groups: the first one
exhibiting expression levels between 82% and 154%, and the
second group between 39% and 68% (Figure 2B). In each group,
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Figure 1. Snake-like plot of the human P2Y, receptor (C-terminus truncated). In the extracellular loops, EL2 and EL3 positively charged amino
acids were mutated: the double mutant R177A_R180A, the corresponding single mutants R177A and R180A, as well as R194H were introduced
into the second extracellular loop; R272 was mutated to alanine in the third extracellular loop. In the third, fifth, and seventh transmembrane
helices, the following mutations were generated: Y114A, Y118A, Y198A, and S296A. As parts of putative disulfide bridges, two cysteine residues

were homologously exchanged for serine: C106S and C278S.

the potency and efficacy of the agonists and antagonists was
compared with the corresponding wild-type cell line (wt3 or
wt4, respectively).

Investigated Ligands. To characterize the P2Y, receptor
mutants, intracellular calcium measurements were performed.
At each stably transfected wild type and mutant cell line, the
physiological nucleotides UTP and ATP, as well as the
dinucleotides Ap,A (with identical nucleobases) and 1p,U (with
different nucleobases), were investigated (Figure 3).

The results were set in relation to the effects of 100 uM 9,
which was used as an internal standard (set at 100%) due to its
activation of natively expressed Gg-coupled M3 muscarinic
receptors. UTP and ATP induced P2Y,-mediated intracellular
calcium release, with ECg, values of 59 nM (UTP) and 63 nM
(ATP). Maximal increases in intracellular calcium concentration
were slightly higher than those determined for 9 (UTP 138%,
ATP 110%). The dinucleotides Ap,A and Ip,U were potent
agonists at the P2Y, receptor. In general, their ECs, values (167
nM for Ap,A and 179 nM for Ip,U) were slightly lower than
those observed for ATP and UTP. Furthermore, lower efficacies
were observed for the dinucleotides in comparison with the
mononucleotides.

In addition, two different antagonists, the relatively large
molecule 6 and the small molecule 8 (for structures see Figure
3), were investigated for their potential to inhibit UTP-induced
calcium mobilization. Both anthraquinone derivatives showed
antagonistic effects at the P2, receptor in the low micromolar
range (Table 2). 1Cs, values were determined to be 1.85 uM
for 6 and 21.7 uM for 8 using a concentration of 0.5 uM UTP
for receptor stimulation.

Chemical Reduction of Disulfide Bridges. To investigate
the role of potential disulfide bridges for P2Y, receptor
activation, the 1321N1 astrocytoma cells stably expressing the
human P2Y, receptor (cell line wtl) were assayed for activation
by UTP and ATP under reducing conditions. Intracellular
calcium levels were determined after preincubation with 1,4-
dimercapto-2,3-butandiol, Butan-2,3-diol-1,4-dithiol, dithio-
threitol (DTT) (1 mM or 10 mM, respectively, Figure 4).

Stimulation of the muscarinic M3 receptor with the agonist
9 was used as a reference. DTT pretreatment led to a small
decrease in the M3 receptor response (from 100% to 79%) upon
application of a high concentration of 9 (100 uM). DTT
pretreatment has also been shown to mediate a reduction in
antagonist binding affinity by 20% at rat muscarinic receptors.>®
The activation of the P2Y,R was affected to a much larger
extent. A significant reduction in receptor activation, i.e., 80 £+
15% or 74 + 5% for UTP (1 or 10 uM) and 91 + 17% or 81
+ 6% for ATP (1 or 10 uM) was observed due to chemical
reduction of disulfide bridges (n = 3). This effect was reversible
(data not shown).

Characterization of Cysteine Mutants. The P2Y, receptor
mutant C278S expressed in 1321N1 astrocytoma cells was
investigated for its ability to be activated by the nucleotides
UTP and ATP as well as by the dinucleotides Ap,A and Ip,U
(Figure 5, Table 1). Intracellular calcium release was monitored
and compared with the increases in [Ca®"]; induced by 9 (100
uM). The mutation C278S caused a significant increase in ECs
values for UTP (25-fold), ATP (10-fold), Ap,A (about 560-
fold), and Ip,U (about 2400-fold) compared to the wild-type
receptor (wt3) but did not completely prevent receptor activation
(Table 1). The efficacy of the nucleotides appeared not to be
affected by preventing the formation of the disulfide bridge
C25—C278. Figure 5 shows concentration—response curves for
UTP, ATP, ApsA, and IpsU at the wt3 and the P2Y, receptor
mutant C278S. As a next step, the cells were preincubated with
the antagonists 6 and 8 and subsequently stimulated with UTP
at a concentration leading to 80—90% of the maximal effect
(Table 1). Compound 6 showed no significant difference in 1Cs
values (wtl, 1.62 uM; C278S 1.05 uM), whereas for 8, the
concentration—response curve was shifted to the left (ICso of
3.44 uM compared to 21.9 uM at the wild-type P2Y;R).

Mutations of Tyrosine and Serine Residues in Helices
3,5, and 7. At the Y114A (3.33) mutant, the nucleotides showed
activation in the same range as at the wild-type receptor (wt4)
(Table 2, Figures 6, 7). The mutation Y118A (3.37) led to a
2-fold (but nonsignificant) increase in the ECs, value of UTP
and significantly increased the ECs value of ATP (3-fold). In
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Figure 2. (A) Analysis of intracellular calcium concentrations in 1321N1 cells after stimulation of the wild-type P2Y;R. Cells were loaded with the
calcium-sensitive dye Oregon Green BAPTA-1/AM, and different concentrations of UTP were injected to the cell suspension. Changes in fluorescence
were determined. Concentration-dependent increases in [Ca?*]; could be detected that were similar to those obtained after addition of the muscarinic M3
receptor agonist carbachol (9) (100 «M). Representative experiments of n = 3. (B) Expression rates of the receptor mutants determined by a cell surface
ELISA with antibodies directed against the N-terminal HA-tag (n = 3—8). Except for C106S, all mutants were expressed in 1321N1 astrocytoma cells.
Expression was set in relation to the wild-type cell line wt4 (100% expression). The mutants were assigned to three groups depending on the expression
level and compared with data obtained with a wild-type cell line expressing similar levels of receptors. (C) ECs, values for UTP determined in calcium
mobilization assays at 1321N1 astrocytoma cell lines expressing the wild-type P2Y receptor at different expression levels (wtl, 14%; wt3, 52%; wt4,
100%). In cells expressing wild-type receptors at 100% or 52%, respectively, ECs, values for UTP were similar (59.0 + 4.6 nM vs 80.4 =+ 6.4 nM). When
the expression rate amounted to only 14%, the ECs, was considerably higher (781 & 113 nM) (n = 3—4).
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Figure 4. Effects of chemical reduction of disulfide bridges in the
human P2Y,R on UTP-induced calcium mobilization. 1321N1 astro-
cytoma cells stably transfected with the P2Y,R were loaded with the
calcium-sensitive dye Oregon Green BAPTA-1/AM and preincubated
with DTT (dithiothreitol; 1 mM or 10 mM) for 15 min. UTP and ATP
(1 uM and 10 uM) as well as the M3 receptor agonist 9 (100 uM)
were added to the cells and [Ca?*]; was determined. Calcium increases
after addition of 9 were set at 100%. The 9 effect was slightly reduced
by 20 + 11% after DTT treatment. Responses to stimulation of P2Y,R
were strongly affected by disulfide bridge reduction. For UTP, receptor
activation was decreased by 80 + 15% (1 M) and 74 + 5% (10 uM),
respectively. Activation by ATP was reduced by 91 + 17% (1 uM)
and 81 + 6%, respectively (n = 3); * p <0.05; ** p < 0.01.

addition, it reduced the efficacy of both nucleotides by ca. 50%.
The ECs, value for Ap,A was also increased from 145 to 345
nM, and the efficacy was dramatically reduced (Table 2). For

Ip4U, only a minor increase in ECs was found but the efficacy
was similarly reduced as with Ap,A.

The mutant Y198A (5.38) did not show any significant
difference in ECsy values compared with the wild-type receptor
(Table 2); it only showed a slightly increased efficacy for Ap,A
and IpsU.

In contrast, mutation of S296 (7.43) to alanine led to a
complete loss of receptor function for all agonists investigated.

The activatable mutants were further investigated with respect
to the activity of two different antagonists, 6 and 8. Compound
6 exhibited an 1Cs value of 1.85 uM at the wild-type receptor
(Table 3, Figure 8). These data are in accordance with literature
values for the wild-type P2Y,R.*" At the mutant Y118A receptor
a similar 1Cs, value was determined. In contrast, 6 was inactive
at the Y114A mutant, and the concentration—response curve
was significantly shifted to the right for the Y198A mutant
receptor (from an ICsy of 1.62 uM to 9.30 uM). The much
smaller antagonist 8 behaved differently because it was equally
potent at the wild-type and the Y118A, Y114A, and Y198A
mutant receptors (Table 3).

Mutations of Arginine Residues in the Extracellular
LoopsEL 2 and EL 3. The double mutant R177A_R180A (EL2)
led to a rightward shift of the concentration—response curve
for the agonists ATP and UTP (Table 2, Figure 6A,B), most
pronouncedly for ATP (wt4: ECso ATP =63nM; R177A_R180A:
ECso ATP = 239 nM, 4-fold shift). For the dinucleotides Ap,A
and Ip;U, no significant rightward shift was determined (Figure
7). Subsequently, the effects of the single mutants R177A and
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Figure5. Agonist activation of the wild-type P2Y, receptor (wt3) and the P2Y, mutant C278S. 1321N1 astrocytoma cells expressing the wild-type
receptor (wt3) or the mutant C278S were assayed for intracellular calcium release after addition of different concentrations of (A) UTP, (B) ATP,

(C) ApsA, and (D) IpsU. For ECs values, see Table 1 (n = 4).
Table 1. ECsy/ICsp Values for the P2Y, Receptor wt3 and for C278S
Expressed in 1321N1 Astrocytoma Cells®

wt3 C278S

ECs or ICsy  efficacy®  ECgor ICs,  efficacy®  fold
compd (uM =+ SEM) (% =+ SEM) (uM + SEM) (% + SEM) shift°

UTP 0.0804 4+ 0.0064 100 £13 2.09 £ 0.32**¢ 86+ 9 25
ATP 0.0958 +£0.0145 9246  1.00+0.10***" 9746 10
Ap,A  0.145+0.023 68+8 ca.81° n.a.’ 560
Ip,U 0112+ 0.017 60+5 ca. 270° n.a.’ 2400
6 1.62 +0.27 1.054+0.22 0.6
8 21.9+£3.9 3.44 £ 0.61*F 0.2

@ Efficacy was determined in comparison to 100 uM 9. For significantly
shifted concentration—response curves, the shift of the ECso/ICs, value was
calculated (n = 3—4). ® Compared with 100 «M 9 (100%). ® ECs; or 1Csg
of mutant divided by ECs, or ICs, of wild type. ¢ Estimated by extrapolation
of the concentration—response curve. ¢ Up to 300 «M concentration no
plateau was reached. " *: p < 0.05. 9 **: p < 0.01. " ***: p < 0.001.

R180A were investigated (Table 2, Figures 6, 7). Both mutants
led to increased ECs, values for agonists, but the effect of
R180A was clearly stronger than that of R177A.

The mutant R194H did not show any significant difference
in ECso values compared with the wild-type receptor (Figures
6C,D, 7C,D). Nevertheless, R194H showed significantly higher
efficacies of 127% for UTP and 130% for ATP compared to
100% and 92% for the wild-type receptor wt3. The R194H
mutant also exhibited a 2-fold higher efficacy for Ap,A and a
slightly increased efficacy for Ip,U.

The positively charged R272 in EL3 strongly affected receptor
activation (Table 2). Curves for all four agonists investigated
were significantly shifted to the right in the R272A mutant
(UTP: 350-fold; ATP: 185-fold) (Figure 6A,B). For dinucle-
otides, no plateau was reached at concentrations of up to 300

uM. Increases in the ECsy value of more than 3 orders of
magnitude for Ap,A and Ip,U can be estimated (Figure 7A,B).

Compound 6 exhibited an 1Cs, value of 1.85 4M at the wild-
type receptor, and similar 1Cs, values were determined at the
mutants R177A, R180A, Y118A, and R194H (Table 3, Figure
8A,C). However, mutations of the basic amino acid residues in
EL2 led the inability of 6 to completely inhibit UTP activation
of the P2Y,R (~55%). At the double mutant R177A_R180A,
6 was 10-fold less potent than at the wild-type receptor. In
contrast, the 1Cs value of the smaller antagonist 8 was not
influenced by the mutations of the basic amino acids in EL2
(Figure 8B).

Homology Modeling and Docking Studies. A model of the
P2Y,R was generated in homology to the crystal structure of
bovine rhodopsin. This GPCR has a slightly higher overall
sequence identity to the human P2Y,R than the recently
crystallized 32 adrenergic receptor.>*>* A molecular dynamics
(MD) simulation (MD simulations not shown) was performed
in a virtual membrane comprising a lipid bilayer and an aqueous
phase. Two extracellular disulfide bridges between cysteine
residues C25 and C278, which are highly conserved in GPCRs,
as well as between C106 and C183, which are conserved in
P2Y receptors, were proposed (Figure 9A).

Binding sites for UTP, ATP, and dinucleotides were identified
(Figure 9B,C,D and Supporting Information). A binding pocket
could be determined in the upper third part of the receptor
molecule (Figure 9F). An entry channel between TM5 and TM6
was found to lead to this binding site (Figure 9G). This channel
also provides a binding pocket for larger ligands like dinucle-
otides. lonic, lipophilic, 7—z, and hydrogen bonding interactions
between the residues in the binding site and agonists were
identified. Binding of ATP and UTP led to an induced fit of
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Table 2. Agonist Stimulation of the Human P2Y, Receptor and Its Mutants®

UTP ATP ApA IpsJ
efficacy efficacy efficacy efficacy

wt or mutant ECsy & SEM(nM) (% + SEM)® ECsy & SEM(nM) (% & SEM)? ECsy &= SEM(nM) (% & SEM)® ECs, &= SEM(nM) (% & SEM)°
wtd 50.0 + 4.6 138 + 10 63.1+8.2 110 + 15 167 + 60 100 + 6 179 + 55 98+9
Y114A 37.2+9.0 107+9 30.1 + 4.8*" 87+ 14 170 + 42 128 4+ 16 945+65 142 + 8"
R177A_R180A 123 +40 109 + 9 239 4 2g***h 104 + 10 665 -+ 420 98+5 398 + 213 101 + 7
R177A 50.1 + 17.7 133+ 8 183 + 46*" 117 +8 1230, 1690*¢" 86, 121° 572 + 145 102 +0
R180A 138 + 21+ 130 + 24 237 + 47%*9 115 + 13 423 4 140 68 + 11 419 + 131 72+11
R272A 20600 + 5000*f 99 + 6+ 11700 + 4400* " 87 + 6*' ca. 740000° na‘ ca. 620000° na’
wt3 80.4 + 6.4 100 + 13 95.8 + 145 2+6 145 + 23 68+ 8 112 +17 7+7
Y118A 157 + 49 43 + 4**9 299 + 49%*9 41+ 4**o 345 + 44%*9 15 + 3%*0 145 + 47 25 + 5x*9
R194H 121 + 54 127 £33*"  111+85 130 + 11" 185+ 9 149 + 11%*9 216 + 56 85+ 10
Y198A 108 + 38 128 +8 120 + 32 126 + 8*' 335 + 216 117 4 11%° 231+ 45 127 + 4"
S296A > 300000 34+ 1%*" > 300000 5 4 wwkh > 300000 12 4 Jrxxh > 300000 54 2wkkh

2 Increases in intracellular calcium concentrations were measured and ECs, values as well as the maximal responses (efficacies) were determined. Values
were set in relation to effects of the muscarinic M3 receptor agonist 9 (100 «M). Stably expressed mutant receptors were compared with the corresponding
wild type receptor that showed a similar expression level (wt3 or wt4) (n = 3—6). ° Compared with the effect induced by 100 «M 9. ° Estimated by
extrapolation of the concentration—response curve. ¢ At concentrations up to 300 «M no plateau was reached. ®n = 2. **: p < 0.05. 9**: p < 0.01.
xxx: 1 < 0.001 (t test).
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Figure 6. Activation of P2Y,R mutants by UTP and ATP in comparison to the wt P2Y,R (wt4 and wt3) stably expressed in 1321N1 astrocytoma
cells (n = 3—6). (A) UTP stimulation of highly expressed mutants. (B) ATP stimulation of highly expressed mutants. (C) UTP stimulation of
mutants with intermediate expression rates. (D) ATP stimulation of mutants with intermediate expression rates.

the receptor protein (Figure 9E). UTP induced a larger protein tion), and vice versa, the model could be refined by the
rearrangement than ATP because the protein had to adapt itself experimental results.

more strongly to the smaller UTP molecule, resulting in the

formation of more stable hydrogen bonds in the UTP—P2Y, Discussion

complex compared to that of the ATP—P2Y, complex. The P2Y, receptor is a promising target for the develop-

ment of novel drugs, e.g., for the treatment of cystic fibrosis,

In the present st ntagoni king and MD simulation . -
e present study, antagonist docking and simulatio dry eye syndrome, atherosclerosis, and neurodegenerative

studies were performed at the P2Y, receptor for the first time.

S . ) diseases.**3*57:58 |t has been a major challenge to develop
The two selected competitive antagonists 6 and 8 bind to the potent, selective, and metabolically stable agonists for this
same interaction site as agonist ligands (Figure 9D). However, receptor subtype.>'” Potent and selective P2Y, antagonists
the antagonists are interacting with different amino acids are currently not available but would be highly desirable for
(Supporting Information Figure 4). Some of the amino acids studying the (patho)physiological roles of the P2Y,R. There-
mutated in the present study were suggested to participate in fore, insights into the structure of the binding pocket and

ligand binding by the model (Figure 9 and Supporting Informa- the mechanism of receptor binding and activation provide
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Figure 7. Dinucleotide activation of P2Y,R mutants (n = 3—6). (A) Ip,U activation of highly expressed mutants. (B) Ap,A: activation of highly
expressed mutants. (C) Ip,U activation of mutants with intermediate expression rates. (D) Ap,A: activation of mutants with intermediate expression
rates.
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Figure 8. Inhibition of UTP-induced calcium mobilization at P2Y, receptor wild-type and mutants stably expressed in 1321N1 astrocytoma cells.
1321N1 cells expressing the wild-type or a mutated P2Y,R were preincubated with antagonist for 20 min. [Ca®*]; was determined for a range of
antagonist concentrations after UTP stimulation (n = 3—6). (A,B) Effects of the inhibitor RB2 (6). (C,D) Effects of the inhibitor PSB-416 (8). For
I1Csp values, see Table 3.

valuable information for the development of novel agonists general and P2Y and P2Y-like receptors in particular,
and antagonists. Furthermore, it would contribute to the especially because the P2Y, receptor subtype is highly
understanding of the structure and function of GPCRs in promiscuous toward a variety of nucleotides being activated
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Table 3. Inhibitory Effects of Antagonists on UTP-Induced Calcium
Mobilization in Wild Type and Mutant P2Y, Receptors®

mutant RB2 (6) PSB-416 (8)
ICsp = SEM (uM) ICsp == SEM (uM)

wtd 1.85 4+ 0.39 21.7+52
Y114A >100 246 +3.9
R177A_R180A 18.6 & 6.2*° 26.5+3.3
R177A 3.36 +1.24° 308+0.7
R180A 2.1+0.34° 234+35
R272A nd nd

wit3 1.62 £ 0.27 21.9+39
Y118A 1.57 +0.29 224+63
R194H 1.00 + 0.23 17.6 £ 3.7
Y198A 9.30 4 2.28*¢ 211+29
S296A nd nd

@ Concentration—inhibition curves for 6 and 8 were determined. Cells
were stimulated with UTP at a concentration, leading to 80—90% of the
maximal response, (n = 3—6). ® no complete inhibition was observed (max.
inhibition was ca. 55%). ©*: p < 0.05 (t test).

by adenine as well as uracil nucleotides and even by large,
dimeric nucleotides such as diadenosine and diuridine
tetraphosphate.

To achieve our goal, we combined homology modeling of
the P2Y, receptor, docking of structurally diverse ligands
including agonists and antagonists, mutagenesis studies of
potentially relevant amino acids, and functional assays measur-
ing intracellular calcium mobilization of the G4-coupled P2Y,
receptor. Additional radioligand binding studies would have
been useful but could not be performed because a subtype-
selective, high affinity radioligand for P2Y, receptors has not
been developed to date.

HA-tagged wild type and mutant P2Y,R were stably ex-
pressed in 1321N1 astrocytoma cells, and receptor expression
was quantified by ELISA. Cell lines with different receptor
expression levels of the wild-type receptor were obtained,
allowing a meaningful comparison of determined ECs values
for expressed mutant receptors and a corresponding wild-type
cell line of the same relative receptor expression level. This
was useful to improve the accuracy of the results because ECsg
values typically depend on receptor expression levels.>>>°

Receptor modeling was performed based on analogy to the
crystal structure of bovine rhodopsin.*® Recently, the crystal
structure of a second GPCR, the 3, adrenergic receptor, has
been published,>>®* but the P2Y,R sequence is slightly more
homologous to that of bovine rhodopsin. The transmembrane
regions of the /3, adrenergic receptor are in very good accordance
with those of rhodopsin as well as the generated model
(Supporting Information Figure 5E). This finding confirms that
homology models based on bovine rhodopsin are suitable for
studying class A GPCRs.5? The location of the binding sites
for UTP and ATP in our model was roughly in accordance with
a previously published model.***° Furthermore, our model
showed that the entry channel to the binding site was located
between TM5 and TM6. Very recently, a crystal structure of
the ligand-free bovine rhodopsin, presumably constituting an
active conformation of rhodopsin, was published, proposing a
very similar uptake route for retinal between TM5 and TM6,
indicating that this is probably a general mechanism.®® Molecular
dynamics simulation studies of the receptor model embedded
into a phospholipid bilayer and surrounded by water molecules
and sodium and chloride ions showed subtle differences for
UTP, ATP, and Ap,A: UTP and ATP show a slightly shifted
binding mode and therefore interact somewhat differently with
the amino acid residues in the binding pocket (Figures 9B,C,E
and Supporting Information Figures 1 and 2). These differences
were confirmed by mutagenesis studies because exchange of
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amino acids had in many cases quantitatively different effects
on ATP vs UTP activity. Furthermore, the binding pocket for
UTP is smaller due to a larger induced fit of the receptor protein
(Figure 9E). As a consequence, the interaction energy for the
UTP receptor complex is higher than that for the ATP complex,
and consistent with this, UTP is a slightly more potent and more
efficacious agonist than ATP (Table 1, 2). On the other hand,
for the large dinucleotide Ap4A, a lower degree of induced fit
by the protein is observed, and the ligand has to adapt its
conformation in order to fit into the binding site. Although the
dinucleotides (being large molecules) can have more interactions
with the receptor protein than the mononucleotides, their potency
is lower. This may be explained by their suboptimal fit into the
receptor binding site. As seen in Figure 9F, part of the
dinucleotide Ap,A sticks out of the receptor protein. Dinucle-
otide binding would result in reduced flexibility of the receptor
protein, including EL2, which is part of the binding pocket for
mononucleotides. This may explain the reduced efficacy of the
dinucleotides investigated (Table 2) as observed in our test
system. Christopoulos and colleagues have recently shown that
a flexible EL2 is required for activation of the M, muscarinic
receptor, another prototypical class A GPCR.5!

R272 at the beginning of EL3 close to the end of TM6 appears
to be the gatekeeper: the basic amino acid may initially interact
with the negatively charged ligands and guide them down to
their final destination. In addition, it also serves as part of an
extended binding pocket for larger ligands such as the dinucle-
otide Ap,A (Supporting Information Figure 3). Mutation of this
amino acid had dramatic consequences: the receptor still could
be activated, albeit with reduced maximal effect, but the agonist
curves were shifted to the right by several-hundred-fold and
even more for dinucleotides (Ap,A, Ip;U) than for mononucle-
otides (ATP, UTP) (Figures 6 and 7 and Table 2). The presence
of a basic amino acid at the beginning of EL3 is highly
conserved among related GPCRs such as other P2Y receptor
subtypes, GPR17, cysteinyl leukotriene receptors, and prostag-
landin D2 receptors (see Supporting Information Figure 6), all
of which are activated by negatively charged agonists. This
suggests a general role either in initial recognition or in ligand
binding of anionic ligands at GPCRs.

The surrounding of the entrance channel leading to the ligand
binding site is lined with aromatic amino acids, in particular
phenylalanine and tyrosine residues (Figure 9G). These amino
acids facilitate the sliding of the ligands into the ligand binding
pocket. After initial contact, the nucleotides most likely enter
the channel with their lipophilic site (the uracil or adenine
moiety) ahead, gliding down the aromatically lined upper part
of the channel to reach the final site. The pocket also contains
several serine and threonine residues, which can form hydrogen
bonds with the ribose moiety, and the three positively charged
amino acids H262 (6.52), R265 (6.55), and R292 (7.39), which
are required for binding and orientation of the phosphate chain.
These three basic amino acids have already been shown in a
previous mutagenesis study to be involved in nucleotide binding
to the P2Y,R.%®

For the first time, antagonists have been docked into a P2Y,R
model. The antagonist 6, a relatively large molecule, and the
smaller 8, can bind to the same binding site as agonists.
However, different amino acids interact with the antagonist
molecules and therefore the effects of mutagenesis on antagonist
potencies are very different from the effects on agonists
potencies and efficacies. Compound 6, a rather large molecule
with three negatively charged sulfonate moieties, exhibited an
extremely high interaction energy when docked into the binding
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Figure 9. Computer-generated model of the human P2Y, receptor. (A) Three-dimensional model of the P2Y,R and its disulfide bridges. (B,C,D)
Binding sites of ATP, UTP, and PSB-416 (8) in the upper part of the transmembrane helices of the receptor are shown. (E) Comparison of ATP
(green) and UTP (brown) binding modes in the P2Y, receptor as well as helix orientation in the bound conformation. (F) P2Y receptor embedded
in a lipid bilayer with Ap,A docked into the binding site. (G) Position of the entry channel within the transmembrane helices. (H) Amino acids
Y114 (3.33) and Y118 (3.36) are positioned in the binding pocket of the P2Y,R. Y118 interacts with nucleotide agonists, while Y114 shows strong
interaction with the antagonist RB2 (6) (not shown).

pocket; nevertheless, ICsq values were comparatively high (1.85 as in the nucleotides but distributed all over the molecule, could
uM). This discrepancy may be explained by the fact that the interact with amino acids in the outer parts of the receptor
negatively charged sulfonate groups of 6, which are not adjacent protein. Compound 6 may therefore exhibit many different
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binding modes and cover the entry channel rather than diving
down into the agonist site. In contrast, the small molecule 8,
which has only a single sulfonate group, will most likely bind
inside the receptor protein (Figure 9D, Supporting Information
Figure 4). The lipophilic methoxyl substituent of the aniline
moiety enters the channel and is expected to bind deep down
in the vicinity of the nucleobase site, while the negatively
charged anthraquinone residue will bind toward the upper part
of the receptor protein (in analogy to the binding mode of ATP
and UTP). The model shows that there are regions that are not
occupied by the small antagonist and will therefore allow for
ligand optimization.

The obtained mutational data are well in accordance with
and support the computer-generated receptor model. According
to our theoretical and experimental data, EL2 dips deep into
the binding pocket of the P2Y,R and R180 directly interacts
with the nucleobase moiety (adenine or uracil) of the agonists
(see Supporting Information). It had previously been reported
that EL2 plays an important role in ligand binding and receptor
activation of many class A GPCRs.?92%¢1755 According to our
receptor model, the interaction of R180 with ATP is tighter than
with UTP, and this is also reflected in the larger increase in
ECs, values for ATP than for UTP in the R180A mutant (4-
fold vs 2-fold). While the double mutant R180A R177A
behaved very similarly to the R180A mutant, the R177A mutant
showed somewhat increased ECsy values, particularly for the
adenine nucleotides ATP and Ap,A but not for UTP. R177
(EL2) is located near R180, but its side chain is too distant
from the ligands to allow direct interactions (Supporting
Information Figure 5A,B). R177 points toward the outside of
the receptor and appears to play a role in stabilizing the receptor
conformation. In contrast to our findings, a model based on a
lower number of mutagenesis data suggested that the basic
amino acids in EL2, R177, R180, and R194 form electrostatic
bridges with negatively charged residues in the N-terminus or
the EL2.%

Mutation of Y118 (3.37) to alanine in TM3 led to a dramatic
reduction in the efficacy of all agonists. According to our model,
Y118 (3.37) is part of the ligand entry channel and at the same
time part of the triphosphate binding site (Figure 9H). It may
propagate effects by the formation of aromatic clusters with
other aromatic amino acids near the binding pocket. In contrast,
mutation of Y114 (3.33) to alanine in TM3 had only minor
effects on agonist potencies and efficacies (it slightly increased
the potency of ATP (2-fold) and the efficacy of Ip,U (from 98%
at the wild-type to 142%). However, it completely abolished
binding of the antagonist 6 (Table 3), showing that the
interaction partners for agonists and antagonists can be very
different. A similar effect was seen with the Y198A mutant (top
of TM5 near the entrance site). It led to somewhat increased
efficacies for all agonists investigated, indicating that it has an
effect on receptor conformation and led to a 5-fold reduction
in the antagonistic potency of 6.

Compound 6 showed decreased inhibitory efficacy at the
arginine mutants R177A_R180A, R177A, and R180A in EL2.
Remarkably, the antagonist could only partly inhibit UTP-
induced calcium mobilization, even at high concentrations of
the antagonist. This may be a further indication that 6 actually
exhibits different binding modes. Removal of the basic amino
acids in EL2, which is part of the binding pocket, may shift the
equilibrium toward extracellular, noncompetitive binding of 6.
This may then modulate receptor activation.

Interestingly, the mutant R194H in EL2 induced a large,
significant increase in efficacy of the agonists UTP, ATP, and
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ApsA, while ECs values were unaltered. Together with R272
(EL3), which has strong effects on agonist potencies, R194 is
located at the entry channel into the receptor protein. These
basic residues appear to be responsible for the first contact of
the ligand with the P2Y,R and seem to position it adequately
for entry into the binding pocket. A homologous exchange of
R194 for histidine was even more favorable for receptor
activation probably due to steric effects. Interestingly, R194 is
replaced by His in other species including mouse, rat, and boar,
suggesting that in those animals P2Y, agonists may be more
efficacious or more potent than in humans.

S296 (7.43) was found to be an essential amino acid
absolutely required for receptor activation (Supporting Informa-
tion Figure 5D). It is localized in TM7 deep down in the binding
pocket, where it can interact with the nucleobase moieties of
the agonists via a water molecule. In addition, it is crucial for
the stability of TM7 by forming a stable hydrogen bond with
P293 (7.40). Our experimental data confirm the model by Ivanov
et al., who postulated a similar role for S296 in their receptor
model.*® Mutation of the homologous S314 (7.43) in the P2Y;
receptor also resulted in an inactive receptor.?

The P2Y;, receptor forms two disulfide bridges, i.e., between
C25—C278 and C106—C183, both of which are essential for
receptor function. These cysteine residues are highly conserved
among other P2Y receptor subtypes, where they are predicted
to form comparable disulfide bonds.**5¢67 Chemical reduction
of these disulfide bridges with DTT led to a large decrease in
receptor activation but had only a moderate effect on activation
of the M3 receptor. Our data suggest that the disulfide bridges
of the M3 receptor are buried in the inner part of the receptor
protein and are therefore not accessible to externally applied
reducing agents. In contrast, at least one of the essential disulfide
bridges in the P2YR is easily accessible by disulfide-reducing
chemicals and therefore is expected to be exposed at the surface
of the receptor protein. In the next step, one cysteine out of
each disulfide bridge was mutated to serine (C106S, C278S).
The mutant C106S could not be expressed in 1321N1 astrocy-
toma cells, suggesting that the disulfide bridge C106—C183 is
essential for proper protein folding and integration in the cell
membrane. This disulfide bridge is conserved in all GPCRs.
The mutant C278S could be expressed and was subsequently
monitored for activation by agonists. C278S exhibited increased
ECs, values for all tested agonists. Purine nucleotides were
affected more strongly than pyrimidines, and for dinucleotides
the effect was even stronger, inducing a rightward shift of more
than 3 orders of magnitude. It appears likely that the disulfide
bridge between C278 and C25 stabilizes and constrains the
conformation of the receptor binding channel. The binding
site may become larger and more flexible when the disulfide
bridge is missing, which would explain the decrease in affinity.
The disulfide bridge between the N-terminus and EL3 is typical
for all P2Y receptor subtypes and was also shown to be critical
for the P2Y; receptor.®

In contrast to the results obtained with agonists, effects on
the potencies of the antagonists 6 and 8 were only moderate.
C278S showed no change in 6 potency compared to the wild-
type receptor; however, the ICsy value of the small an-
thraquinone derivative 8 was actually decreased (3.44 uM vs
21.9 uM). One possibility to explain this result is that this
compound can enter the binding pocket more easily due to the
absence of the disulfide bridge.

The P2Y, receptor model previously published by Ivanov et
al.*® showed roughly the same binding orientation for UTP as
the present model. However, our model is more detailed and
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refined. The receptor was embedded in a virtual membrane
environment, and molecular dynamics studies were conducted
for the receptor—ligand complexes. We have discovered and
rationalized a role for the basic amino acids R272 and R194 in
the extracellular loops. Furthermore, we describe for the first
time a lipophilic channel, which is part of the binding site for
larger ligands, such as dinucleotides. Another major difference
between the previous and the present model is that we propose
a direct interaction of negatively charged residues in the EL2
with the nucleotide, while Ivanov and colleagues suggested
electrostatic bridges between EL2 and amino acids in other parts
of the receptor.

Conclusions

In conclusion, we identified and confirmed amino acids in
the binding pocket, of which EL2 is a part, that are important
for receptor binding and/or activation. We provide a refined
model of the P2Y, nucleotide receptor based on experimental
data, which rationalizes the promiscuity of the receptor toward
structurally diverse nucleotides and provides information on
antagonist binding. The model will allow for the design of more
potent P2Y, receptor antagonists, which are urgently required
as pharmacological tools and have considerable potential as
novel drugs. We propose a mechanism of initial receptor—ligand
recognition, ligand orientation, and subsequent movement into
the binding pocket. The current results may be of general
importance not only for other P2Y receptor subtypes but for
the important family of class A GPCR.

Experimental Section

Materials. Ip,U (INS45973) was prepared at Inspire Pharma-
ceuticals Inc. (Durham, NC) as previously described by Shaver et
al. with a purity of >98%.%° Restriction enzymes and VentR DNA
polymerase were purchased from New England Biolabs (Frankfurt,
Germany), antibiotics, LB agar, and hygromycin B were obtained
from Calbiochem (Darmstadt, Germany), Reactive Blue 2 (6), 2,2'-
azino-his-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), and fetal
calf serum (FCS) from Sigma-Aldrich (Taufkirchen, Germany), and
Oregon Green BAPTA-1/AM from Invitrogen (Carlsbhad, CA).
Dulbecco’s modified Eagle medium (DMEM), ultraglutamine, and
trypsine were purchased from Cambrex (Taufkirchen, Germany).
All other chemicals were purchased from AppliChem (Darmstadt,
Germany) unless stated otherwise. Primers were synthesized by
MWG Biotech (Ebersberg, Germany).

Cell Culture. 1321N1 astrocytoma cells were cultured at 37 °C,
96% humidity, and 5% CO, in DMEM supplemented with 10%
FCS, 100 U/mL penicillin G, 100 ug/mL streptomycin, and 1%
ultraglutamine. After stable transfection, penicillin and streptomycin
were replaced by 800 ug/mL Geneticin (G418). GP+envAM12
packaging cells were maintained in HXM media containing DMEM
supplemented with 10% FCS, 100 U/mL penicillin G, 100 ug/mL
streptomycin, 1% ultraglutamine, 15 ug/mL hypoxanthine, 250 ug/
mL xanthine, 25 ug/mL mycophenolic acid, and 200 ug/mL
hygromycin B under the same conditions.

Site-Directed M utagenesis. The human coding sequence for the
P2Y, receptor was cloned into the retroviral expression vector
pLXSN.** The influenza virus hemagglutinin (HA) epitope was
added to the N-terminus of the receptor. It had been shown
previously that the HA-tag does not alter the pharmacological
properties of the P2Y,R.3® Point mutations were introduced into
the plasmid using whole plasmid recombination PCR.*? Primers
are shown in Supporting Information Table 1. PCR was performed
as follows: 3 min at 94 °C, 20 cycles consisting of 1 min at 94 °C,
1 min at appropriate annealing temperatures (Supplemental Data
Table 1), and 13 min primer extension at 72 °C. This was followed
by a final extension of 15 min at 72 °C. After digest with Dpnl,
the DNA was transformed into Echerichia coli and isolated from
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individual clones. Sequencing was performed by GATC Biotech
(Konstanz, Germany).

Retroviral Transfection of 1321IN1 Agtrocytoma Cells. GP+env-
AM12 packaging cells*® were plated at a density of 1.5 x 108 into
25 cm? flasks using DMEM containing 10% FCS, 100 U/mL
penicillin G, 100 u«g/mL streptomycin, and 1% ultraglutamine 24 h
before transfection. The cells were transfected using lipofectamine
2000 (Invitrogen, Karlsruhe, Germany). To increase infection
efficiency, receptor DNA (63%) was mixed with vesicular stomatitis
virus G protein (VSV-G) DNA (37%)** prior to transfection. After
16 h, the medium was replaced by 3 mL of medium containing 5
mM sodium butyrate. The transfected GP+envAM12 cells were
cultured at 32 °C, 96% humidity, and 5% CO, for 48 h. The
supernatant of the GP+envAm12 cells was collected and mL of
the virus solution was mixed with 4 uL of polybrene (4 mg/ml)
and incubated for 2.5 h at 37 °C with 1321N1 astrocytoma cells.
After 48 h, these cells were selected for Geneticin resistance in the
presence of 800 ug/mL G418.

Cell Surface ELI1SA. 1321N1 astrocytoma cells stably express-
ing the P2Y2R or its mutants, were transferred to 24-well plates
(Greiner Bio One, Frickenhausen, Germany) in duplicates at a
density of 150000 cells per well 24 h before initiation of the assay
(n = 3—8). Every step of the ELISA except for antibody incubation
and substrate reaction was performed on ice using 500 uL of ice-
cold buffers and solutions. Cell surfaces were blocked using 1%
BSA dissolved in phosphate-buffered saline (PBS) containing 137
mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPO,, and 1.47 mM KH,POy,,
pH adjusted to 7.4. Cells were then incubated with 300 uL of a
1:1000 dilution of HA-specific monoclonal antibody solution
(HA.11, Covance, Berkley, CA) in DMEM, 1% BSA, 10 uM
HEPES, pH 7.0, and 1 uM CaCl, for 1 h at room temperature.
After washing, cells were fixed with 4% paraformaldehyde for 5
min and washed again. 1321N1 astrocytoma cells were blocked
for 10 min with 1% BSA and then incubated with peroxidase-
conjugated goat antimouse IgG antibody (1:2500) (Sigma-Aldrich,
Taufkirchen, Germany). Cells were washed repeatedly with PBS
and covered with 300 uL of ABTS solution for 45 min at room
temperature. Then 170 uL aliquots of the substrate were transferred
to a 96-well plate and absorbance was determined at 405 nm using
a FLUOstar plate reader (BMG Laboratory Technologies, Offen-
burg, Germany).

Chemical Reduction of Disulfide Bridges. To investigate the
role of potential disulfide bridges for P2Y, receptor activation,
1321N1 cells expressing the wild-type receptor were preincubated
with dithiothreitol (DTT, 1 mM or 10 mM) as described previously
for angiotensin Il receptors.®® After 15 min, the cells were
stimulated with UTP or ATP, respectively, and intracellular Ca?*
levels were measured.

Determination of Intracellular Ca?" Concentrations. Ca?*
measurements were performed as described previously using a
NOVOstar plate reader (BMG LabTechnologies, Offenburg,
Germany).*6~48 Cells from two 175 cm? flasks were transferred to
a 50 mL tube and kept at 37 °C, 96% humidity, 5% CO, for 30
min. After centrifugation (200g, 4 °C, 5 min) cells were resuspended
in Krebs—HEPES buffer containing NaCl 118.6 mM, KCI 4.7 mM,
KH,PO,4 1.2 mM, NaHCO; 4.2 mM, p-glucose 11.7 mM, HEPES
(free acid) 10 mM, CaCl, 1.3 mM, and MgSO,4 1.2 mM. The pH
of the buffer was adjusted to 7.4 using NaOH. The cells were
incubated in a final volume of 1 mL at room temperature
(continuous spinning for 1 h at 10 rpm, exclusion of light) with 3
uL of a 1 mM solution of Oregon Green BAPTA-1/AM, which
had been mixed with a 20% solution of Pluronic F-127 in DMSO
at a ratio 1:1 immediately before use. Then cells were rinsed twice
with Krebs—HEPES buffer, diluted, and plated into a 96-well plate
(black, uclear, Greiner Bio-One, Frickenhausen, Germany) at a
density of 150000 cells per well in a volume of 180 L. For testing
of antagonists, 20 L of a 10-fold concentrated test compound
solution was added to 160 uL of the cell suspension prior to the
measurement. For receptor stimulation in the presence of antago-
nists, UTP was added in a concentration that led to 80—90% of
maximal response to receptor activation. The plates were kept at
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28 °C under exclusion of light for 20 min until the measurement
was started. Agonist solution in buffer (20 uL) was injected
sequentially into separate wells and fluorescence was measured at
520 nm (bandwidth 25 nm) for 60 intervals of 0.4 s each. The
excitation wavelength was 485 nm.

Data Analysis. Concentration—response curves were generated
by plotting mean values of average fluorescence intensity change
using nonlinear regression with a sigmoidal dose—response equation
(Prism 3.0, GraphPad Software, San Diego, CA) as previously
described.*” To determine p values, unpaired t tests with 95%
confidence intervals were used.

Homology Modeling. The crystal structure (2.2 A) of bovine
rhodopsin (PDB 1U19) was used as a template, i.e., the helix
backbone coordinates of the crystal structure were adopted as far
as possible.*® Comparison with the recently published X-ray
structure of the S2-adrenergic receptor®®®* showed a very good
agreement of both structures.>>*® All loop regions were generated
by applying the homology modeling module of the program
INSIGHT. SCWRL 3.0 was applied to select the energetically most
favorable side chain conformations. To refine and examine the
protein structure, several molecular dynamics (MD) simulations
were carried out. For this purpose, the receptor model was
embedded into a dipalmitoylphosphatidylcholine (DPPC) lipid
bilayer surrounded above and below by water containing Cl~ and
Na* ions to mimic physiological conditions. Agonists were docked
into a relaxed protein structure with SURFLEX-DOCK. Antagonists
were docked into a relaxed representative protein structure of the
Ap,A MD simulation. The applied procedures have been described
by Ko in detail >
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