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and mutagenesis studies to investigate its putative ligand
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Abstract The rat adenine receptor (rAdeR) was the first
member of a family of G protein-coupled receptors (GPCRs)
activated by adenine and designated as PO-purine receptors.
The present study aimed at gaining insights into structural
aspects of ligand binding and function of the rAdeR. We
exchanged amino acid residues predicted to be involved in
ligand binding (Phel110*2* Asn115°2?, Asn173*°°,
Phe179*% Asn194°%°, Phe195°*!, Leu201°47, His252%%,
and Tyr268-?) for alanine and expressed them in Spodoptera
frugiperda (Sf9) insect cells. Membrane preparations sub-
jected to [*H]adenine binding studies revealed only minor
effects indicating that none of the exchanged amino acids is
part of the ligand binding pocket, at least in the inactive state
of the receptor. Furthermore, we coexpressed the rAdeR and
its mutants with mammalian G; proteins in Sf9 insect cells to
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probe receptor activation. Two amino acid residues,
Asn194°49 and Leu2015'47, were found to be crucial for
activation since their alanine mutants did not respond to
adenine. Moreover we showed that—in contrast to most other
rhodopsin-like GPCRs—the rAdeR does not contain essential
disulfide bonds since preincubation with dithiothreitol neither
altered adenine binding in Sf9 cell membranes, nor adenine-
induced inhibition of adenylate cyclase in 1321N1 astrocyto-
ma cells transfected with the rAdeR. To detect rAdeRs by
Western blot analysis, we developed a specific antibody.
Finally, we were able to show that the extended N-terminal
sequence of the rAdeR constitutes a putative signal peptide of
unknown function that is cleaved off in the mature receptor.
Our results provide important insights into this new, poorly
investigated family of purinergic receptors.

Keywords Antibody - G protein-coupled receptor -
Mutagenesis - Radioligand binding - Rat adenine receptor -
S19 cells - Signal peptide

Introduction

Nucleotides and nucleosides, such as ATP, ADP, and aden-
osine, have long been known to act as signaling molecules
that activate purinergic membrane receptors. They are sub-
divided into two families, the adenosine-activated P1 recep-
tors and the nucleotide-activated P2 receptors [1]. The
nucleobase adenine has recently been found to be a signal-
ing molecule as well and was identified as the endogenous
ligand of the Mas-related gene receptor A (MrgA) from rat,
now designated rat adenine receptor (rAdeR) [2]. Mean-
while, two mouse AdeRs (mAdelR and mAde2R) have
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been identified and characterized, which are activated by
adenine in nanomolar concentrations [3]." Furthermore, an
AdeR ortholog of the Chinese hamster (cAdeR) has also
been cloned and characterized.' This new family of adenine
receptors has been suggested to be named PO (or P zero)
receptors in analogy to the other two purinergic receptor
families P1 and P2 [4]. AdeRs belong to the rhodopsin-like
class A G protein-coupled receptor (GPCR) family. They
have been shown to be G; protein-coupled, leading to the
inhibition of adenylate cyclase [2, 3, 5, 6]." Additional
coupling to G proteins has recently been demonstrated for
the hamster AdeR (cAdeR) when homologously expressed
in Chinese hamster ovary (CHO) cells."

The rat AdeR is highly expressed in small diameter
neurons of dorsal root ganglia and can also be detected in
the brain cortex, hypothalamus, lung, ovaries, kidneys, and
small intestine [2]. Adenine applied to the spinal cord of rats
exhibited proalgesic effects [7]. Moreover, adenine has been
shown to exert neuroprotective effects on Purkinje cells in
primary cultures of rat cerebellum [8, 9]. The rAdeR has
also been implicated in the differentiation of hepatic stellate
cells by modulation of intracellular calcium concentrations,
suggesting a protective role for AdeRs in liver inflammation
and fibrosis [10]. Furthermore, the expression of AdeRs was
demonstrated in rat and mouse kidney and adenine was
shown to reduce cAMP levels in sections of isolated inner
medullary collecting ducts of rats [11, 12].

Recently, evidence for the existence of functional G
protein-coupled adenine receptors in non-rodent species has
emerged. Adenine was found to inhibit Na'-ATPase in the pig
kidney via a G; protein-coupled receptor expressed in the
basolateral membranes of the proximal tubules [13]. High-
affinity binding sites for and functional responses to adenine
have been detected in human tissues and cell lines, e.g., in
human embryonic kidney cells (HEK293) [5, 6]. In patients
with chronic renal failure, elevated adenine concentrations
were measured, which increased with the progression of the
disease [14], indicating a potential role for adenine as a sig-
naling molecule in the human kidney as well. However,
sequence analyses have not led to the identification of a direct
human ortholog of the rAdeR [2]. Although human GPCR(s)
for adenine appear to exist, their molecular identity cannot be
easily identified by a bioinformatics approach.

In the present study, we used the rAdeR in order to obtain
insight into ligand binding and receptor activation of this
newly identified family of adenine-activated GPCRs. Based
on a homology model of the rAdeR previously published by
Heo et al. [15], and a refined model developed in our group,
we replaced the amino acid residues predicted to be
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involved in adenine binding by alanine. The mutant recep-
tors were subsequently analyzed in radioligand binding and
functional studies in comparison to the wt receptor. More-
over, we studied the importance of potential extracellular
disulfide bonds and investigated the possibility of the rat
AdeR to possess an N-terminal signal peptide.

Materials and methods
Enzymes and radioligands

All enzymes were obtained from Fermentas (St. Leon-Rot,
Germany) or New England Biolabs (Ipswich, MA, USA).
[*H]Adenine (27.2 Ci/mmol) and [*>S]guanosine 5'-(y-thio)-
triphosphate (1,250 Ci/mmol) were obtained from Quotient
Bioresearch (Cardiff, UK).

Antibodies

A rat adenine receptor (rAdeR)-specific polyclonal antibody
was raised against the amino acid sequence 323-331 at the
C-terminus. The peptide corresponding to the C-terminus
was coupled to keyhole-limpet hemocyanin via the
succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-car-
boxylate crosslinker (Thermo Scientific, Huntsville, AL,
USA) and injected intradermally into rabbits using
200 pg/treatment. Four injections were performed before
serum collection. To gain better specificity, additional anti-
bodies were raised against the following peptides: 28—43
(N-term), 181-194 (extracellular loop 2 (ECL2)), 222-235
(intracellular loop 3 (ICL3)), 295-314 (C-terminal), and
313-331 (C-terminal). These antibodies were produced in
two rabbits each by Thermo Scientific. The most specific
antibody, rAdeR-313-331, was used for further experi-
ments. The hybridoma cells producing the monoclonal
anti-c-myc 9E10 antibody (myc: myelocytomatosis, MYC
1-9E10.2, ATCC: CRL-1729) were a gift from Prof. Dr. M.
Giitschow (Pharmaceutical Institute, University of Bonn,
Germany). The polyclonal antibodies against the mammali-
an G protein subunits Gy, and Gy, were obtained from
Calbiochem (La Jolla, CA, USA). The horseradish
peroxidase-coupled secondary antibodies against mouse
and rabbit were obtained from Jackson ImmunoResearch
(West Grove, PA, USA).

Mutagenesis and cloning

The coding sequence of the rAdeR (GenBank accession no.
AJ311952) used for the mutagenesis studies was cloned into
the pUC19 vector and subcloned into the pFastBacl vector
(Invitrogen, Karlsruhe) after mutagenesis. Site-directed mu-
tagenesis was performed as previously described [16]. In
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brief, complementary primers with the desired base
exchanges were designed. Mismatches were flanked on both
sides, 3’ and 5’ by 15 to 20 nucleotides. The PCR samples
containing 20 ng of template DNA, 15 pmol of each primer,
1x Thermopol reaction buffer, and 1 U VentR polymerase
(New England Biolabs, Frankfurt, Germany) were incubat-
ed for 20 cycles (1 min at 94 °C, 1 min at 66 °C, 10 min at
72 °C), followed by 10 min at 72 °C as final elongation step.
The final PCR products were digested with Dpnl and trans-
formed into Escherichia coli Top10 bacteria. Plasmid DNA
was isolated and sequenced (GATC, Konstanz, Germany).
The N-terminal deletion mutant (rAdeAN) which is 27 ami-
no acid residues shorter than the wild-type receptor was
generated by PCR cloning using the following primers:
f-myc-rAdeAN (gagacggaattcaaaatggaacaaaaactcatctcagaag),
f-rAde AN (gagacggaattccaatggacaaaaccatacctggaag), and
r-rAde (gcatattctcgagtcacggctccaccttgetge). The PCR prod-
ucts were also cloned into the pFastBac™™1 vector.

Protein expression in Sf9 insect cells and membrane
preparation

The Bac-to-Bac® baculovirus expression system from Invi-
trogen (Darmstadt, Germany) was used to generate recom-
binant baculoviruses in Spodoptera frugiperda (Sf9 cells
were a gift from Prof. Dr. M. Wiese, Pharmaceutical Insti-
tute, University of Bonn, Germany). Baculoviruses contain-
ing cDNA for the human Gu;, protein subunit [17] were
donated from Professor Alfred G. Gilman (University of
Texas Medical Center, Dallas, TX, USA), and baculoviruses
containing ¢cDNAs for the human Gf3; and bovine Gy,
subunits [18] were provided by Prof. Dr. Peter Gierschik
(Institute of Pharmacology, University of Ulm). Cells were
cultured at 27 °C in Insect Xpress media (Lonza Group,
Basel, Switzerland) containing 0.1 mg/ml of gentamicin.
After initial transfection, recombinant baculoviruses were
produced, which were subsequently used for infecting Sf9
cells. In brief, the plasmid construct was transformed into
DH10Bac™ Escherichia coli to obtain recombinant bacmid
DNA which was isolated from single white colonies. For
transfection, 8x10° Sf9 cells per well were seeded into six-
well plates containing 2 ml of medium without antibiotics.
Bacmid DNA (1 pg) was mixed with medium without anti-
biotics and incubated with Cellfectin® II reagent for 20 min.
The transfection mixture was added drop-wise to the cells.
After 4 h, the DNA lipid mixture was replaced by Insect
Xpress medium containing gentamicin, and cells were cul-
tured at 27 °C until signs of viral infection were seen,
usually after 5-6 days. The supernatant, containing the P1
virus generation, was used to produce a high virus titer
stock, which was then used to infect cells for protein pro-
duction. Cells (3% 10° per ml) were infected with 5-10 pl/ml
of virus stocks (Gj protein subunits) or 50-100 pl/ml

(rAdeR), respectively, and incubated in suspension under
constant shaking (150 rpm). After 72 h, cells were harvested
and membranes were prepared. Cells were washed twice
with PBS and resuspended in 50 mM Tris—HCI buffer (pH
7.4). After homogenization (20 strokes with a Dounce ho-
mogenizer), nuclei and unbroken cells were removed by
centrifugation for 5 min at 200xg. The supernatant was
centrifuged for 1 h at 48,000 g, and the membrane pellet
was resuspended in 50 mM Tris—HCIl buffer (pH7.4). Ali-
quots were stored at —80 °C until use.

Saturation binding assays

Saturation binding experiments were performed at mem-
brane preparations of Sf9 insect cells expressing either the
rAdeR alone or coexpressing the rAdeR and mammalian G;
proteins [19]. [*H]adenine was used as a radioligand in
concentrations ranging from 0.05 to 2,000 nM. The specific
activity of [*H]adenine was reduced to 5.44 Ci/mmol. The
final assay volume (200 pl) consisted of 50 ul Tris buffer
(50 mM, pH?7.4, autoclaved, DMSO final concentration
2.5 %) for the determination of total binding, or 50 ul of
Tris buffer, containing 400 uM adenine (to reach a final
concentration of 100 uM), for the determination of nonspe-
cific binding, and 100 pl membrane suspension (100 pg of
protein per sample diluted in the same Tris/DMSO buffer).
After an incubation for 1 h at room temperature, samples
were filtered through GF/B glass fiber filters and subse-
quently washed three times with 2 ml each of ice-cold,
autoclaved 50 mM Tris buffer, pH7.4. Filter-bound radio-
activity was determined by liquid scintillation counting after
at least 6 h of incubation. Three independent experiments
were performed each in duplicates.

[’H]Adenine binding studies

Competition binding experiments were performed with the
agonist radioligand [*HJadenine at a final concentration of
10 nM. To 190 ul of 50 mM Tris—HCI buffer (pH7.4), 10 ul
of the test compounds dissolved in DMSO was added. To
determine total binding, 10 ul of DMSO without compound
was added. Adenine (100 uM) was used to determine non-
specific binding. After the addition of the radioligand solu-
tion (100 ul) and the protein suspension (100 pl), both in
50 mM Tris—HCI buffer (pH7.4) yielding a total volume of
400 pl with a final DMSO concentration of 2.5 %, the
samples were incubated for 1 h at room temperature. Then,
samples were harvested using GF/B glass fiber filters and
washed three times with 2 ml ice-cold 50 mM Tris—HCI
buffer (pH7.4) each. Filters were incubated in 2.5 ml of
scintillation cocktail (Lumag AG, Basel) for 6 h before
counting. Three independent experiments were performed
each in triplicates. Nonspecific binding amounted to <35 %
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of total binding. It was shown that DMSO concentration of
up to 5 % did not have any effect on [*H]adenine binding to
the rat adenine receptor (see Supplemental Fig. 1) [20].

[*>S]GTPyS binding studies

[**S]GTPyS binding studies were performed as previously
described [21]. The radioligand [*>S]GTPyS was used at a
final concentration of 0.5 nM. The buffer (pH7.4) consisted
of 75 mM Tris—HCI, 12.5 mM MgCl,, and 1 mM EDTA.
The final assay volume of 500 pl contained the following
components: 300 ul of buffer supplemented with 0.05 %
(w/v) bovine serum albumin, 50 pul of GDP (10 uM) dis-
solved in buffer, 50 pl of test compound, or 50 pul of Tris—
HCI buffer (50 mM, pH7.4, containing DMSO, final con-
centration 1 %), respectively, the latter to determine total
binding, or 50 pl of GTPyS (10 uM) for the determination
of nonspecific binding. Then, the radioligand solution
(50 pl) diluted in buffer and protein suspension (50 ul) in
buffer were added. Samples were incubated for 1 h at room
temperature and then harvested and counted as described
above for the [*H]adenine binding studies. Three indepen-
dent experiments were performed each in triplicates.

Determination of intracellular cAMP accumulation

Intracellular cyclic AMP accumulation studies were per-
formed as previously described [5, 22]. In brief, stably
transfected 1321N1 astrocytoma cells expressing the rAdeR
[5] were cultured in 24-well plates. The culture medium was
removed and the cells were washed with 500 pl of 37 °C
warm Hank’s Balanced Salt Solution (HBSS; 20 mM
HEPES, 135 mM NaCl, 5.5 mM glucose, 5.4 mM KCI,
4.2 mM NaHCOs;, 1.25 mM CaCl,, 1 mM MgCl,,
0.8 mM MgSQOy4, 0.44 mM KH,PO4, and 0.34 mM
Na,HPO4, pH7.4). After adding 400 pl of HBSS buffer,
the cells were incubated for 2 h at 37 °C and 5 % CO..
Cellular cAMP production was stimulated by the addition of
10 uM forskolin. Compounds and forskolin were added
together. After 10 min, the reaction was stopped by replac-
ing the reaction buffer with 500 pl of hot (90 °C) lysis buffer
consisting of 4 mM EDTA and 0.01 % Triton X-100 (pH
7.4). The cAMP amount was quantified by competition
radioligand binding studies. The final assay volume was
120 pl, containing 50 pl of cell lysate, 30 pl of [PH]cAMP
solution in lysis buffer (final concentration 3 nM), and 40 pl
of cAMP binding protein diluted in the same buffer (100 pg
per sample). Total binding was determined by using lysis
buffer, and the background was determined in the absence
of cAMP binding protein. After 1 h at 4 °C, samples were
harvested by filtration through GF/B glass fiber filters,
followed by three washes with 2 ml ice-cold 50 mM Tris—
HCI buffer (pH7.4). Filter-bound radioactivity was
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determined by liquid scintillation counting. Three indepen-
dent experiments were performed in triplicates. A cAMP
standard curve was generated for each experiment to deter-
mine the amount of cAMP per well. For analysis, the per-
centage of forskolin-induced cAMP production was plotted
against the compound concentration.

Determination of effects of dithiothreitol treatment

The effect of dithiothreitol (DTT) on adenine binding was
determined using radioligand binding studies as described
above at membranes from infected Sf9 cells, overexpressing
the rAdeR. DTT (10 mM) was added to the samples before
the 1-h incubation. The effect of DTT on receptor function
was measured by adenine-induced cAMP accumulation in
stably transfected 1321N1 astrocytoma cells expressing the
rAdeR as described above. Cells were preincubated with
DTT (10 mM) for 2 h at 37 °C.

Antibody evaluation and Western blot analysis

All custom-made antibodies were tested and evaluated by
Western blot analysis using membrane preparations of Sf9
cells overexpressing rAdeRs and of rat brain cortex. Protein
concentrations were determined by the Bradford method
[23]. The rAdeR-313-331 antibody was chosen for further
analysis of rAdeR expression. Protein samples were diluted
in 4-fold sample buffer (45 % (v/v) glycerol, 20 % (w/v)
SDS, 20 mM Tris—HCI (pH6.8), 1 % (w/v) bromphenol
blue, and 20 % (v/v) mercaptoethanol), heated, and separat-
ed in a 10 % SDS gel. SDS-PAGE was performed according
to Laemmli [24]. The primary antibodies c-myc 9E10 and
rAdeR-313-331 were diluted 1:5,000 in PBS containing 5 %
powdered milk. The antibodies against the G; protein subunits
were used in a concentration of 1:2,000. The secondary anti-
bodies were used in a concentration of 1:5,000, diluted in PBS
containing 5 % powdered milk. The detection reagent Super
Signal West Pico Chemiluminescent substrate was obtained
from Thermo Scientific, Rockford, IL, USA.

Molecular modeling

A draft model of the rAdeR was generated using the crystal
structure of the human 3, adrenergic receptor (2RH1) as a
template [25]. The model was generated with the MOE
homology model algorithm (Chemical Computing Group
Inc., Montreal). The first 35 amino acid residues and the
C-terminus (amino acids 306-331) were omitted from the
model, since there was no homology between the receptor
and the template. From the resulting 25 models, the model
with the best energy values was further energy-minimized
and used for the prediction of the binding site. Docking
studies with adenine and several adenine derivatives were



Purinergic Signalling (2013) 9:367-381

371

performed using MOE dock and FlexX within the LeadlT
package (BioSolvelT, Sankt Augustin, Germany). Since the
sequence identity between the template and the rAde recep-
tor was only 17 % (22 % in the transmembrane domains
(TMDs) only), the model is considered as tentative and only
useful to get a general idea about the putative structure of
the receptor.

Data analysis

Results are presented as means + SEM from n observations.
Data were analyzed using Prism 5.0 (GraphPad Software
Inc., San Diego, CA, USA). Differences between means
were tested for significance by the unpaired ¢ test or one-
way ANOVA (Prism). ICso values were determined by
fitting the data to a sigmoidal curve with variable slope, or
by nonlinear regression with one binding site.

Results

Adenine receptors (AdeRs) represent a new family of GPCRs
activated by the nucleobase adenine. In the present study, we
therefore analyzed the structure and function of the prototypic
rAdeR [2, 5, 6, 9-12, 26, 27] by an approach combining
chemical, biological, and pharmacological experiments.

Selection of amino acid residues for mutagenesis study

In an attempt to identify the putative binding site for ade-
nine, amino acids presumed to be involved in ligand binding
were selected and exchanged for alanine. Heo et al. had
published a homology model of the rAdeR based on homol-
ogy models of the mouse MrgAl and MrgCl11 receptors
[15]. The rAdeR sequence that they used is lacking 27
amino acids at the N-terminus. This sequence may represent
a potential signal peptide. Therefore, the numbering used in
the present study, which is based on the whole coding
sequence including the N-terminal putative signal peptide
(AJ311952), differs from the numbering used by Heo et al.
by 27 amino acids [15]. We additionally provide the
Ballesteros-Weinstein numbering: to the most conserved
amino acid residue in each TMD, the number 50 is assigned,
and numbers for other amino acid residues are decreased
towards the N-terminus and increased towards the C-
terminus; the thus created amino acid number is preceded
by the helix number [28]. In addition, the highly conserved
cysteine residue in the ECL2 gets the position number
45.50, and amino acids located in the ECL2 are numbered
in relation to Cys*>°. According to the prediction by Heo et
al., the binding pocket is located between helices 3, 4, 5, and
6, and adenine is predicted to mainly interact with five
amino acids: Phel110%%* (Phe83 [15], TMD3), Asnl15*2°

(Asn88 [15], TMD3), Asn173*° (Asn146 [15], TMD4),
Leu201°47 (Leul74 [15], TMDS5), and His252%>* (His225
[15], TMD6), of which the two asparagine residues Asn®%’
and Asn4.60 were hypothesized to be most important [15].

By multiple sequence alignment analysis, the phenylala-
nine residue Phel79*°? located in the ECL2 close to
TMD4, which is conserved in all AdeRs and most Mrg
receptors, was identified as a further potential candidate
(see Supplemental Fig. 2). In all known AdeR sequences,
a conserved amino acid sequence, SNFF (amino acid resi-
dues 193-196), located at the C terminal side of the ECL2 at
the top of TMDS5 is found, which might play a role in ligand
binding as well (Supplemental Fig. 2). Therefore, two of
those amino acid residues, Asn194>%° and Phe195°%!, were
also selected for mutagenesis.

Meanwhile, a number of crystal structures of various
class A GPCRs have been published [29, 30]. Therefore,
we constructed a new homology model of the rAdeR based
on the crystal structure of the human 3,AR in complex with
the partial inverse agonist carazolol (PDB code 2RH1 [25]).
This was the best suitable available crystal structure at the
time the model was built, the homology between the trans-
membrane domains was slightly higher in comparison to the
B2AR (22 %) as compared to the A,, adenosine receptor
(20 %). The rAdeR model generated using the MOE ho-
mology model algorithm was further energy-minimized and
the binding site was predicted with the site finder algorithm
of the MOE package. By analyzing the predicted binding
pocket of our draft model based on preliminary docking
studies with adenine and several adenine derivatives, it
was speculated that Tyr2687*? (ECL3) might be involved
in ligand binding and was therefore mutated as well. Figure 1
shows the 2D topology of the rAdeR as a snake-like plot
with all amino acid residues selected for mutagenesis:
Phel10°2*, Asn115°? Asn173*°° Phe179%°°
Asn194°° Phe195°*', Leu201°*7, His252°°*, and
Tyr2687-2, highlighted in color. The rAdeR homology mod-
el is shown in Fig. 2 with the amino acid residues selected
for mutagenesis shown as sticks using the same colors as in
the 2D topology plot (Fig. 1).

[’H]Adenine binding studies

As shown in Fig. 3, Sf9 insect cells are a suitable system for
the expression of rAdeRs, since only a very low background
of [*HJadenine binding is observed in noninfected cells.
Therefore, the wt rAdeR and its mutants were expressed in
S19 insect cells with or without coexpression of mammalian
G; proteins, namely Go;, and G[3y, subunits. The expres-
sion of G proteins was confirmed by Western blot analysis
as shown in Fig. 4. The antibody against mammalian Go 5
did not recognize the endogenous insect G protein (Fig. 4,
lines 1 (control) and 2 (wt without G proteins)), while the
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Extracellular

Intracellular

Fig. 1 Topology model of the rat adenine receptor. Mutated amino
acid residues presumed to be involved in ligand binding and the
potential N-terminal signal peptide are shown as hexagons using the
following color code: gray, potential signal peptide; blue, Phe110>%*;

antibody against the y subunit recognized both, the recom-
binant as well as the endogenous proteins (Fig. 4, line 1).
Membranes were prepared and [*H]adenine saturation bind-
ing studies were performed.

Wild-type receptor

At the wt rAdeR, a Kp value of 152423 nM and a By,
value of 7.85+1.83 pmol/mg protein were determined in the
absence of mammalian G protein (Fig. 5a). In the presence
of mammalian G;j proteins, the Kp value was somewhat
lower (Kp 100+15 nM, B, 1.41 pmol/mg of protein)
(Fig. 5b), and the difference in Kp values reached the level
of significance (p=0.0335, unpaired ¢ test). Homologous
competition experiments of unlabeled adenine versus [*H]
adenine (10 nM) yielded a K; value of 255+49 nM, while in
cell membranes coexpressing mammalian G; proteins, a
significant, 3-fold increase in affinity of adenine for the
rAdeR was observed (K; 86.6+£15.7 nM) (Fig. 6).
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red, Asn115>2°; magenta, Asn173%°; purple, Phe179*3° (Phel79 is
located in ECL2 which also includes the highly conserved residue
Cysl9045‘50); orange, Asn1945'40; cyan, Phel955‘4l; green,
Leu201%%7; brown, His252%%* and dark green, Tyr2687‘32

Mutant receptors

Nine different mutants of the rAdeR, in each of which one of
the selected amino acids was exchanged for alanine, were
expressed in Sf9 insect cells (see Fig. 1). Cell membranes
were prepared and homologous competition assays were per-
formed using a range of concentrations of unlabeled adenine
versus ["H]adenine (10 nM). For all expressed mutants, Bpax
values in about the same range—between 1.36 and
3.01 pmol/mg of protein—were determined (see Table 1).
ICs0 and pICs values for the mutant receptors in comparison
to the wt rAdeR are collected in Table 1 and Supplemental
Fig. 3. The F110A, F179A, N194A, and L201A mutants
showed virtually identical ICs, values for adenine as the wt
receptor. Slight, but statistically significant decreases in affin-
ity up to 2.9-fold were detected for the other mutants, N115A,
N173A, F195A, H252A, and Y268A with the greatest and
most significant reductions observed for the N115A and the
H252A mutant (see Table 1 and Supplemental Fig. 3).
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As1T94540
Tyr2687-32

Phe179453¢

i¢ Phel85 %
Phe1103-“ﬁ "'z ‘ Jhelpo

Asn115320 ! His252°%¢

I Asn1734580 %@
Vil Leu201547

L [

Fig. 2 Homology model of the rat adenine receptor. The homology
model was generated using the X-ray structure 2RH1 of the human f3,
adrenergic receptor as template [25]. The receptor (amino acid residues
36-305) is shown as gray cartoon representation with the transmem-
brane domains numbered. Amino acid residues selected for mutagenesis
are represented as colored sticks: blue, Phel10%*; red, Asn115>2°;
magenta, Asn173+90, purple, Phe179%337; orange, Asn194%40; cyan,
Phe195%41; green, Leu201°47; brown, His252%*: and dark green,
Tyr26872

[**S]GTPYS binding studies

In order to assess the effects of the mutations on receptor
function, all nine mutant receptors were coexpressed with
mammalian G; proteins in Sf9 insect cells. The expression
of the G proteins was confirmed by Western blot analysis,
and the expression levels of the Gj protein subunits were
found to be similar in all samples (Fig. 4). Cell membranes
were prepared and the effects of a wide range of concen-
trations of the agonist adenine on [*>S]GTPYS binding were
investigated as a measure of receptor activation.

At the wt receptor, adenine led to an activation of [>°S]
GTPyS binding with an ECs, value of 605+79 nM. Binding
was increased from a basal level of 100 % to 136 % (see
Table 2, Supplemental Fig. 4, and Fig. 7). Two of the mutant
receptors, namely N194A and L201A, could not be activat-
ed by adenine, while all others showed concentration-
dependent increases in [*>S]GTPyS binding induced by
adenine and full activatability (Table 2, Fig. 7). ECs, values
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Fig. 3 [*H]Adenine binding (10 nM) to membrane preparations of S9
insect cells (100 pg protein). Comparison of noninfected Sf9 cells and
S19 cells expressing either G protein subunits or rAdeRs. Data repre-
sent means £ SEM of five (noninfected) or three (infected) independent
experiments performed in triplicates. Results of a two-tailed ¢ test:
***p<0.0001, significantly different

at the mutant receptors were similar (H252A) or somewhat
(4-14-fold) lower (F110A, N115A, N173A, F179A,
F195A) compared to the wt receptor. In the case of the
Y268 A mutant, the ECs value was 12-fold higher than that
of the wt rAdeR, and the mutant receptor showed a signif-
icantly higher efficacy (229 versus 136 % for the wt recep-
tor, see Table 2 and Supplemental Fig. 4).

Characterization of an N-terminal deletion mutant

As a next step, we wanted to investigate whether the first 27
amino acids of the N-terminus of the rAdeR might function
as a signal peptide that is cleaved off after translocation to
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Fig. 4 Western blot analysis of the expression of G protein subunits in
triple-infected Sf9 cells expressing wild-type (wt) rat adenine receptors
or mutant constructs in addition to recombinant mammalian G pro-
teins. Membrane preparations of infected S9 insect cells (3 pg) were
separated in an SDS gel and transferred onto a nitrocellulose mem-
brane. Protein bands of Gy, (~45 kDa) and Gy, (~8 kDa) were
detected using antibodies against G/ (1:2,000) and Gy,
(1:2,000), respectively. Asterisk in the upper panel (G, antibody):
wt receptor was expressed without G proteins
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Fig. 5 Saturation binding of [*H]adenine to a rAdeR and b rAdeR
cotransfected with mammalian G proteins, recombinantly expressed in
S19 insect cells. Data points represent means of one of three experi-
ments performed in duplicates

the ER. Therefore, several N-terminal deletion mutants with
and without myc-tag as well as the myc-tagged wt receptor
containing the potential signal peptide expressed in Sf9
insect cells were investigated (see Fig. 8). Cell membranes
of Sf9 insect cells expressing the constructs (Fig. 8) were
prepared and investigated for expression by Western blot
analysis using the developed antibody against the rAdeR
protein (313-331). The antibody recognized the myc-tagged
wt and mutant as well as the untagged mutant receptor (see
Fig. 9). In contrast, an anti-myc antibody only labeled the
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Fig. 6 Homologous competition binding of adenine at rAdeR or
rAdeR cotransfected with mammalian G proteins, expressed in Sf9
cells versus [*H]adenine (10 nM). The results shown represent means +
SEM from three to seven independent experiments performed in
triplicates
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myc-tagged mutant receptor, in which the putative signal
was missing, but not the myc-tagged wt or the untagged
mutant receptor (see Fig. 9).

The receptors were further characterized by competition
binding studies of a range of concentrations of adenine
versus [*HJadenine (10 nM). ICs, values for adenine versus
10 nM [*H]adenine determined at membrane preparations
were similar at all four, myc-tagged and untagged wt and
mutant receptors (see Table 3).

Effects of dithiothreitol on adenine receptor binding
and function

Finally, we investigated the role of potential extracellular
disulfide bonds for adenine binding and receptor function.
Thus, homologous competition studies were performed ver-
sus [*H]adenine (10 nM) at membrane preparations of
rAdeR-expressing Sf9 insect cells without and after prein-
cubation with 10 mM DTT. DTT treatment, which would
lead to the reduction of accessible disulfide bonds, did not
have any effect on adenine binding to the rAdeR (ICso with
DTT, 158+16 nM compared to 173+34 nM without DTT,
see Fig. 10a).

In order to investigate potential consequences of DTT
treatment on receptor function, the rAdeR was stably
expressed in human 1321N1 astrocytoma cells by retroviral
transfection. These cells were previously shown to be a
suitable expression system for the G; protein-coupled
AdeRs [3]'. Adenine-induced inhibition of forskolin-
stimulated cAMP accumulation was determined as previ-
ously described [3]'. DTT pretreatment did not exhibit any
significant effect on the concentration—response curve of
adenine. Without DTT pretreatment, an ECs, value of
13.3+1.8 nM was determined for adenine. After treatment
with 10 mM DTT, virtually the same ECs, value could be
measured (18.0£1.5 nM, see Fig. 10b). The maximal effects
of adenine with and without DTT pretreatment were not
significantly different (unpaired ¢ test, p=0.573).

Discussion

Adenine has been recognized as a novel signaling molecule
[2, 7, 10-12, 14, 26, 27], which may constitute a “danger
signal” in pathological situations [10]", such as inflammation,
pain, neurodegeneration, liver injury, and kidney failure. It
was shown to activate a new class of GPCRs at nanomolar
concentrations, four of which have been described and char-
acterized so far: one from rat (rAdeR), one from hamster
(cAdeR), and two subtypes from mouse [2, 3, 6]." Up to
now, very little is known about these unique nucleobase-
activated receptors. Similar to some biogenic amine neuro-
transmitters, such as the catecholamines and histamine,
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Table 1 ICs, values determined for adenine in homologous radioligand competition binding assays versus [*H]adenine (10 nM) at the wt and
mutant rAdeRs using membrane preparations of infected Sf9 cells. Data are means + SEM of n independent experiments

Adenine

ICs50 £ SEM (nM) Number® PP Fold shift® Bax (pmol/mg of protein)
wt 236+35 7 2.66+0.54
F110A 218+53 3 ns 0.9 1.47+0.41
NI115A 689+96 4 HAE 2.9 3.01+0.36
N173A 397+66 4 Hkk 1.7 2.56+0.50
F179A 270+48 4 ns 1.1 2.67£0.63
N194A 18619 4 ns 0.8 1.36+0.39
F195A 292+31 4 * 1.2 2.19+0.75
L201A 206+49 4 ns 0.9 1.90+0.46
H252A 583+94 4 *oA* 2.5 2.79+0.30
Y268A 302+33 4 * 1.3 2.74+0.85

ns not significant

p>0.05; *p<0.05; ***p<0.001

#Number of experiments performed in triplicates

®Level of significance of ICs, value determined at mutant as compared to wild-type receptor calculated by the unpaired 7 test
¢ The shift represents the ratio of ICsy (mutant)/ICs, (wt)

adenine is a very small molecule (M,=135.13) that possesses We have now investigated the structure and the putative
high, nanomolar affinity and potency at a protein target. This  adenine binding site of the rAdeR as a prototypic AdeR by
means that all structural elements such as aromatic structures,  site-directed mutagenesis combined with radioligand bind-
hydrogen bond donating, and hydrogen bond accepting func-  ing and functional experiments. All of the known rodent
tions of adenine are likely to be involved in binding to and ~ AdeRs share moderate homology (>73 %) but similar struc-

interaction with its receptor. In fact, moderate structural mod-  ture—activity relationships' indicating that important struc-
ifications of adenine were already shown to lead to areduction  tural features, and in particular, their binding site for adenine
in affinity or even a complete loss of affinity and potency [2,5,  is highly conserved. Although a human AdeR has not been
6]." AdeRs were found to show fast association and slow identified yet by sequence comparison, there are indications
dissociation kinetics [3, 6].! that functional human AdeRs do exist [5, 6, 14]. Although

Table 2 ECs, value and efficacy of adenine determined in [*>S]GTPYS binding studies at membrane preparations of Sf9 cells, coexpressing the rat
adenine wild-type or mutant receptors, respectively, and mammalian G proteins (G, and Gf31Y2)

ECso (nM) Number p Fold shift* E\ax (% = SEM) )4
wt 605+79 5 13612
F110A 44+8 3 *E 14 12949 ns
NI115A 166+52 4 *E 4 124+11 ns
N173A 13142 3 *E 5 146+8 ns
F179A 82+15 3 *E 7 141+6 ns
N194A Very minor effect 5 nd
F195A 107+10 3 *E 6 174412 ns
L201A No effect 4 nd
H252A 718+132 3 ns 1 146+15 ns
Y268A 7,082+1,220 4 ok 0.08 229+20 *

Number, number of experiments performed in triplicates; nd not determined; E, value, maximal effect of the specific binding of [>* S]JGTPYS;
binding in the absence of adenine was set at 100 %; p, significance was determined using the unpaired ¢ test, mutants were compared to rAdeR
coexpressed with G proteins; ns not significant

p>0.05; *p<0.05; **p<0.01; ***p<0.001
#The shift represents the ratio of ECso (wt)/ECso (mutant)
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Fig. 7 [*>SIGTPyS binding studies at wt and mutant rat adenine
receptors coexpressed with mammalian G proteins. Adenine-induced
effects on [>>S]GTPYS binding at the wt rat adenine receptor and its
mutants N194A and L201A. The radioligand [3 >S]GTPYS was used at
a concentration of 0.5 nM. The results shown represent means + SEM
from three to five independent experiments performed in triplicates.
ECso and E,,.x values are listed in Table 2

those putative human AdeRs do not show high (<50 %)
sequence identity with the rAdeR, their agonist binding site
may still be well conserved, and the results obtained in the
present study at the rAdeR might be useful for the identifi-
cation and characterization of a human AdeR as well.

For mutagenesis studies, we selected certain amino acids
predicted to potentially participate in ligand binding or
receptor activation based on (a) sequence comparison look-
ing for conserved residues, (b) predictions made by Heo et
al. [15] in 2007 based on a homology model, and (c) our
own, refined homology model incorporating recent progress
in GPCR structure elucidation [29]. X-ray structures for a
number of the more prominent class A GPCRs have recently
become available [29, 31], which can serve as templates for
homology modeling. However, homology modeling of
GPCRs, for which no template with more than 30 %
sequence homology is available, is still highly speculative.
It might be possible to predict the helical bundle of TMDs

Fig. 8 Schematic representation
of the constructs generated to
investigate the presumed
existence of a signal peptide at
the N-terminus of the rat adenine
receptor. The corresponding
sequence is also color-coded;
myec, epitope for antibody
recognition; rAdeR, rat adenine
receptor; TMD, transmembrane
domain; AN, deletion of
N-terminus

myc-tag

rAdeR

rAdeRAN

MEQKLISEEDLMGESFTGTGFINLNTSASTIA
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Fig. 9 Western blot experiments were performed with membranes of
Sf9 insect cells (30 pg of protein, control cells) and membranes
containing myc-rAdeR, rAdeRAN, or myc-rAdeRAN, respectively
(50 pg of protein each). a-myc antibody recognizes the myc epitope;
o-rAdeR-313-331 antibody recognizes the rAdeR peptide (amino acid
residues 323-331). The protein bands were detected at 35 kDa. Addi-
tional rAdeR-specific bands were detected between about 60 and
70 kDa possibly representing receptor dimers

quite accurately, but prediction of the loop structures, which
can largely differ even among receptors of the same sub-
family is challenging. Homology modeling is further com-
plicated by the fact that the available crystal structures only
provide snapshots of receptor conformations, and very
often, the loop regions are poorly resolved. Even with the
most accurate models, based on templates with >50 %
homology, it remains difficult to predict the exact ligand
binding site [32—34]. This is even more difficult if the ligand
is a small, uncharged molecule, such as adenine.

The homology model for the rAdeR (MrgA) published
by Heo et al. [15] to predict the putative adenine binding site
was based on 3D structures of the mouse MrgC11 and the
mouse MrgAl receptor [15]. These models had been built

proposed signal
peptidase cleavage site
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Table 3 Affinity of adenine for the tagged and the untagged wt and N-
terminal deletion mutant of the rat adenine receptor determined by
radioligand binding versus [*H]adenine (10 nM)

Adenine

ICso + SEM (nM) Number® P’
rAdeR 236+35 7
myc-rAdeR 211£11 3 ns
rAdeRAN 391+100 5 ns
myc-rAdeRAN 340+60 4 ns

ns not significant
p>0.05
#Number of experiments performed in triplicates

®Level of significance in comparison to the data of the wt receptor

ab initio and assembled using coordinates from the frog
rhodopsin 2D X-ray projection structure [35, 36]. Heo et
al. suggested Phel10??* Asnl115°%° Asn173%°°
Leu201°%’, and His252%%* to be involved in adenine bind-
ing. The following interactions were predicted: the side
chain of Asn115>%° was presumed to form two hydrogen
bonds with N3 and N9 of adenine, and Asn173*®" was
proposed to form two hydrogen bonds with N1 and N° of
adenine. Phe110*** and His252°°* were thought to interact
with the purine ring by 7t stacking interactions, and
Leu201°7 was predicted to form hydrophobic interactions
with adenine [15]. Phe110%%* is conserved among all AdeRs
as well as in other MrgA family members (see Supplemental
Fig. 2). Asn115>% is conserved in rat and hamster AdeRs as
well as in the MrgA2 subtype of the mouse receptor.
His252%%* is conserved in rat and hamster AdeRs and found
in the mouse MrgAl, but not in the known mouse AdeR
subtypes, while Asn173*° is conserved among the MrgA
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Fig. 10 a Effect of dithiothreitol (DTT) on adenine binding to rAdeR.
Radioligand binding assays were performed either with (10 mM) DTT
or without DTT using membrane preparations from infected Sf9 cells
with [*H]adenine as a radioligand. ICs, value obtained with DTT—
158+16 nM; without DTT—173+34 nM. b Effects of DTT on rAde
receptor function. Concentration-dependent inhibition of forskolin-

family only (see Supplemental Fig. 2). Leu201>*7 is highly
conserved throughout the AdeRs and conserved in most other
Mrg families as well (see Supplemental Fig. 2). Comparison
of ortholog sequences and sequences of closely related recep-
tors has been shown to be highly useful for predicting amino
acid residues important for receptor function [37].

According to our own analysis based on a tentative homol-
ogy model and multiple sequence alignments, we predicted
four additional amino acid residues to be potentially impor-
tant: Asn194°4° and Phel955'41, both located in an SNFF
motif at the extracellular part of TMDS, which is highly
conserved in rodent AdeRs and a few additional mouse MrgA
receptor subtypes (MrgA4, 5, 7), Phe179*>%°, which is con-
served among all AdeRs, and several other Mrg receptor
family members, and Tyr2687-%, which was predicted to be
part of the binding pocket in docking studies. Tyr2687>% is
conserved in the rat and hamster AdeRs, and in one branch of
the mouse MrgA receptors (MrgA3, 4, 7, 8). For sequence
alignments, see Supplemental Fig. 2.

All mutant receptors, in each of which a single predicted
amino acid residue was exchanged for alanine, were
expressed in Sf9 cells. Insect cells have previously been
shown to be a suitable system for expressing AdeRs and
to permit radioligand binding studies due to a very low
background of [*H]adenine binding (see Fig. 3) [3, 38, 39].

The wt and all mutant AdeRs could be expressed in very
high (picomolar) and similar density in the insect cells
(Fig. 4 and Table 1). In order to allow for a functional
analysis of the receptors, they were additionally coexpressed
with mammalian G; proteins. For the wt rAdeR, Kp and
Bihax values were determined by saturation binding assays,
which represents the most accurate method, but requires
large amounts of radioligand. A K, value for the wt rAdeR
of 152 nM was determined, which was about 6-fold higher
than that previously determined for the endogenous receptor
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induced cAMP accumulation using adenine as agonist was measured
using stably transfected 1321N1 astrocytoma cells without or with
DTT pretreatment (10 mM, 2 h at 37 °C). Determined ECs, values:
without DTT—13.3+1.8 nM; with DTT pretreatment—18.0+1.5 nM.
The determined E.,,, values were not significantly different with and
without DTT pretreatment (unpaired ¢ test, p=0.573)
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expressed in rat brain cortical membranes [6]. This may be
due to the lack of mammalian G proteins coupling to the
receptor protein thereby allosterically modulating the agonist
binding site [40]. In the presence of G proteins, GPCRs may
undergo conformational changes reaching a state to which
agonists bind with high affinity [39]. When the rAdeR was
cotransfected with mammalian G proteins, the affinity of
adenine increased, not dramatically, but the difference was
statistically significant (Fig. 5). Besides G proteins, further
modulating factors may contribute to the higher affinity of the
rAdeR for adenine when it is localized in its native surround-
ing, e.g., in rat brain preparations, as compared to insect cells.
The same phenomenon had previously been observed for the
mAde2R when expressed in insect cells [3].

Competition binding studies at the wt and mutant rAdeRs
using a range of concentrations of adenine versus [*H]ade-
nine (10 nM) showed that all mutant receptors were able to
bind adenine with the same or only moderately reduced
affinity as compared to the wt rAdeR (Table 1). The largest
reductions were only 2.9-fold (for N115A) and 2.5-fold (for
H252A), respectively. We can therefore conclude those ami-
no acid residues previously suggested to bind adenine are
not involved in direct receptor—ligand interaction. This dev-
astating finding shows that it is almost impossible to predict
exact ligand-receptor interactions with homology models
based on templates with low homology [41]. Such homolo-
gy modeling studies are meaningless and pure gimmick as
long as they are not supported by experimental evidence.

Coexpression of the wt rAdeR, or its mutants, respective-
ly, with mammalian G; proteins allowed the performance of
[**S]GTPyS binding studies, which can indicate the degree
of receptor activation [42—-44]. As already mentioned, G
proteins can allosterically modulate the binding of an ago-
nist to its receptor. This modulation is reciprocal, and acti-
vation of the GPCR in turn allosterically modulates the
binding of GTP (or its stable analog GTPyS) to the G
protein a-subunit. The agonist-induced increase in [*°S]
GTPyS binding can be quantified and correlates to receptor
activation. Like the wt rAdeR (ECsy 605 nM), most of the
mutants could be activated by adenine in a concentration-
dependent manner. However, two mutants showed no
(L201A) or only a very minor activation (N194A) by ade-
nine even at high concentrations up to 10 mM (Fig. 7). Both
mutants had not shown any alteration in adenine binding in
comparison with the wt receptor. Asn194°#° belongs to a
highly conserved SNFF motif in the ECL2 close to the
beginning of TMDS (see Supplemental Fig. 2 and Fig. 1).
The ECL2 of adenosine A, receptors has recently been
shown to be involved in the control of receptor activation.”

2 Seibt et al. (2013) The second extracellular loop of GPCRs deter-
mines subtype-selectivity and controls efficacy as evidenced by loop
exchange study at A, adenosine receptors, submitted
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We now observed that in the rAdeR the exchange of a single
amino acid residue in the ECL2, Asn194°4°, for alanine
virtually abolished adenine-induced receptor activation.
Leu201°*7 is located in TMD3, deeper down in the helical
bundle than the other mutated amino acid residues (see
Figs. 1 and 2). Like Asn194°4°, it is a highly conserved
amino acid in AdeRs and several of the related Mrg receptors
(e.g., MrgA, MrgC, see Supplemental Fig. 2). Since its muta-
tion completely abolished receptor activation, it appears to
play a key role in transmission of the signal to the G protein.
All other mutant receptors could be fully activated by adenine,
which exhibited similarly high efficacy at the wt as at all of the
mutant receptors, except for the Y268 A mutant: here adenine
was significantly more efficacious (increase from 100 % basal
[**S]GTPyS binding to 229 %) than at the wt receptor
(136 %). Tyr268’-? is located at the end of ECL3, beginning
of TMD7 (Fig. 1) and appears to contribute to receptor stabi-
lization (see Fig. 2) [45-47]; it also showed somewhat re-
duced affinity and potency. In contrast, several of the mutants
displayed increased potency of adenine up to 14-fold
(F110A). Potency determined in the [*>S]GTPYS assays did
not in all cases correlate well with affinities determined in [*H]
adenine binding studies. This may be due to the somewhat
different receptor/G protein ratios in the recombinant cells.
This would not affect affinity data obtained by [*H]adenine
binding experiments, but may have an influence on functional
data [48, 49].

Most class A GPCRs possess two highly conserved cys-
teine residues forming a disulfide bond connecting the ex-
tracellular half of TMD3 (Cys*?°) with the ECL2
(Cys45.50) [50]. This disulfide bond is found to be present
in all currently available GPCR crystal structures [51]. The
whole family of Mrg receptors does not contain this disul-
fide bond, since the cysteine residue in TMD3 is either
missing or buried deep down in the helix and therefore not
accessible for disulfide bond formation. On the other hand,
the conserved cysteine residue in the ECL2 is present in
most Mas-related GPCRs. In fact, the rAdeR possesses two
cysteine residues in the ECL2, C177%37 and C190*-°,
which are conserved throughout the AdeR and MrgA fam-
ilies (see Supplemental Fig. 2). Those cysteine residues
might be able to form a disulfide bond with one another,
or with another cysteine residue yet to be identified. Since
both residues are located very close to TMD4, or TMDS,
respectively, it is not very likely that they interact with each
other, since this would bring both helices in very close
proximity to each other. We have now experimentally sup-
ported the assumption that probably no disulfide bond is
formed, by measuring ligand binding and receptor activation
(by cAMP accumulation studies) without and after preincu-
bation with the disulfide-reducing agent DTT. In contrast to
many other GPCRs that require an intact extracellular disul-
fide bond for proper functioning [16, 48, 52], the rAdeR did



Purinergic Signalling (2013) 9:367-381

379

not show any difference, neither in adenine binding, nor in
adenine-induced adenylate cyclase inhibition (Fig. 10) after
incubation with DTT to reduce accessible disulfide bonds.

In order to allow the detection of adenine receptors by
Western blot analysis, we prepared an antibody against the
C-terminal amino acid residues 313-331. This antibody
recognized the rAdeR and the two mouse AdeRs, but not
the hamster adenine receptor (cAdeR), since the cAdeR
contains a seven-amino acid insertion in this region (data
not shown). This antibody was required for studying the
presence of a potential signal peptide at the N-terminus of
the rAdeR that might be cleaved off after translocation
through the ER membrane.

The presence of signal peptides is common for many
secretory and membrane-located proteins that have either
long or highly structured N-termini, which would prevent
their translocation through the ER membrane [53, 54]. For
GPCRs, signal peptides are usually rare, and only about 5—
10 % of GPCRs are predicted to possess one. These are
typically found in GPCRs which possess very long N-
termini involved in ligand binding, such as members of
the glycoprotein hormone receptor family, as well as secre-
tin and glutamate receptors [53, 55, 56]. Only very few class
A GPCRs exhibit predicted signal peptides and their func-
tion is in most cases not well understood [53]. All known
AdeRs as well as a few other MrgA subtypes from mouse
possess an extended N-terminus, part of which is coded by a
second exon, containing up to three possible start codons
(see Supplemental Fig. 2). Our predictions led to the sug-
gestion that rodent AdeRs may possess a signal peptide that
would be cleaved off after translocation to the ER. We have
now experimentally shown that the predicted signal
sequence of the rAdeR is in fact a functional signal peptide
that is cleaved off (see Fig. 1). When the truncated receptor
lacking an N-terminal peptide sequence of 27 amino acids
was expressed in insect cells, we observed that the signal
peptide was neither essential for expression nor for ligand
binding. It can be speculated that the signal peptide may
have regulatory functions in its native environment. Poten-
tial regulatory roles include (a) an influence on receptor
folding dependent on the time of cleavage, (b) being an
attachment point for chaperones or functioning as a chaper-
one itself guiding the receptor to the plasma membrane, (c)
influencing the choice of the targeting pathway, or (d) con-
trolling the receptor quantity, e.g., by retention of the recep-
tors in the ER or by promoting transport to the Golgi.
Further studies will be required to elucidate the exact func-
tion of the N-terminal rAdeR signal peptide.

Conclusions

In the very first mutagenesis study of a member of the
adenine receptor family, namely the AdeR from rat, we

found that the homology modeling-based prediction of the
adenine binding site could not be confirmed. It appears that
predictions of binding sites—at least for very small, un-
charged ligands such as adenine—are highly speculative
when they are based on X-ray structures of distantly related
receptors [57]. Nevertheless, we identified two amino acid
residues, Asn194°>% and Leu201°*’, that are crucial for
activation of the receptor. Furthermore, we provide experi-
mental evidence that the conserved disulfide bond, found in
most rhodopsin-like GPCRs, is missing in the rAdeR as
predicted from alignment analyses. Moreover, we have shown
for the first time that AdeRs possess an N-terminal putative
signal peptide of yet unknown function, that is cleaved off and
no longer present in the membrane-bound receptor protein. To
obtain our results, we have raised a peptide antibody against
the rAdeR. Furthermore, we established a system for coex-
pressing the rAdeR and mammalian G; proteins in Sf9 insect
cells allowing to probe receptor activation in those cells,
which are ideally suited for AdeR studies due to their lacking
of endogenous adenine receptors or binding sites. Our results
provide important new insights into this new, still poorly
investigated family of purinergic receptors.
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