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Abstract In human mast cells and microvascular endothe-
lial cells, the A, adenosine receptor controls at least three
independent signaling pathways, i.e., Gs-mediated stimula-
tion of adenylate cyclase, Gg-mediated stimulation of
phospholipase Cf3, and Gs/Gg-independent upregulation of
IL-8. Functional analysis of cells transfected with full-length
and truncated receptor constructs revealed that the A,p
receptor C-terminus is important for coupling to Gs and Gq
proteins. Removal of the entire cytoplasmic portion in the
A,p receptor C-terminus rendered it incapable of stimulating
adenylate cyclase and phospholipase C{3. Conversely,
removal of the distal 16 amino acids facilitated signal
transduction from the receptor to the downstream Gs but
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not Gq proteins. However, the A,g receptor C-terminus is
not essential for upregulation of IL-8. Analysis of chimeric
A, a/Asp receptors demonstrated that only chimeras contain-
ing the third intracellular loop of the A,p receptor mediated
agonist-dependent IL-8 reporter stimulation, suggesting that
this domain is important for upregulation of IL-8.
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Introduction

Adenosine modulates cellular functions by binding to cell
surface G-protein-coupled receptors of the P1 purinergic
family comprised of A;, A,a, Asp, and Az subtypes.
Adenosine receptors were initially classified according to
their effect on adenylate cyclase [1, 2]. A; and Aj receptors
were shown to inhibit adenylate cyclase via coupling to Gi
proteins [3]. Both A, subtypes of adenosine receptors
activate adenylate cyclase via Gs protein [4, 5], but only the
A,p receptor has been shown to be coupled also to
phospholipase Cf via a GTP-binding protein of the Gq
family leading to stimulation of protein kinase C and the
release of intracellular calcium [6, 7].

The A,p receptor has emerged recently as an important
mediator of pro-inflammatory actions of adenosine. Stim-
ulation of pro-inflammatory cytokines via A,g receptors
has been documented in various cell types of different
origins. A,p receptors were implicated in stimulation of IL-
6 release in peritoneal macrophages [8], airway smooth
muscle cells and fibroblasts [9, 10], osteoblasts [11],
intestinal epithelial cells [12], pituitary folliculostellate cells
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[13], astrocytes [14], astrocytoma [15], and astroglioma
cells [16]. A,p receptors stimulate IL-8 production in
human microvascular endothelial [17], glioblastoma [18],
and colon cancer [19] cells. In the human mast cells line
HMC-1, A,p receptors regulate production of multiple pro-
inflammatory and angiogenic factors including IL-1(3, IL-3,
IL-4, IL-8, IL-13, and VEGF [6, 20]. The property of A,p
receptors to regulate production of diverse cytokines can be
attributed to their coupling to multiple signaling pathways
within the same cell.

We have previously demonstrated the differential role of
Gs-adenylate cyclase and Gg-phospholipase C[3 signaling
pathways in Ajp receptor-dependent stimulation of IL-4,
IL-8, and IL-13 production in mast cells. Regulation of IL-4
production via A,p receptors involves cross-talk between
Gs-adenylate cyclase and Gqg-phospholipase C[3 signaling
pathways [21], whereas regulation of IL-13 is mediated via
Gqg-phospholipase Cf3 signaling independently from stimu-
lation of Gs-adenylate cyclase pathway [8]. In contrast,
regulation of IL-8 production is not dependent on coupling
of A,p receptors to either Gs or Gq proteins because it was
not blocked by inhibitors of Gs-adenylate cyclase and Gq-
phospholipase C[3 signaling pathways [21].

Cytoplasmic domains are important determinants of
receptor coupling specificity toward different intracellular
signaling pathways. In adenosine receptors, cytoplasmic
domains are represented by three intracellular loops and a
carboxy-terminal tail (C-terminus); the latter varies consid-
erably in length between receptor subtypes ranging from 36
amino acids in the A; receptor to 120 amino acids in the
A, A receptor. Studies in A; and A, receptors indicate that
structural elements of the C-terminus influence coupling of
A, receptors to Gi proteins, whereas C-terminus contribute
little if any to A, receptor coupling to Gs proteins [22—
25]. All but the A, adenosine receptor subtypes have sites
for palmitoylation at their C-termini [3]. The membrane-
proximal and membrane-distal segments of the C-terminus
divided by the palmitoylated cysteine play a differential
role in the regulation of A; receptor coupling to G-proteins
[25]. Like in the A; receptor, the C-terminus of the Ajg
receptor is relatively short; it contains approximately 40
amino acids, including a potential cite for palmitoylation at
cysteine-311 [3, 26].

In this study, we investigated the role of the C-terminus
of the A,p receptor in stimulation of adenylate cyclase,
phospholipase Cf3, and interleukin-8 by introducing either
partial (16 amino acids) truncation of the C-terminus that
leaves the potential site for palmitoylation intact, or by
removing the entire cytoplasmic C-terminal extension.
Our results show that the C-terminus is important for A,g
receptor coupling to Gs-adenylate cyclase and Gg-
phospholipase C[3 signaling pathways. Conversely, the 16
amino acid segment most distal to the seventh transmem-
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brane helix restrains signal transduction from the receptor
to downstream Gs but not Gq proteins. In contrast, the
cytoplasmic C-terminal extension is not essential for A,p
receptor-dependent regulation of IL-8 production. Further
analysis of chimeric A;5/A,p receptors suggests that the
intracellular loop 3 of the A,p receptor may be important
for stimulation of IL-8 reporter activity.

Methods
Cell culture and reagents

Chinese hamster ovary cells CHO-K1 and human embry-
onic kidney cells HEK 293 were obtained from the
American Type Culture Collection (Rockville, MD, USA).
CHO cells were maintained in Ham’s F12 medium and HEK
293 cells were maintained in Dulbecco's modified Eagle's
medium, supplemented with 10% (vol/vol) fetal bovine
serum, 2 mM L-glutamine, (3-mercaptoethanol, non-essential
amino acids, and 1x antibiotic—antimycotic mixture (Sigma-
Aldrich, St. Louis, MO, USA). Media for the culture of
stably transfected cells were supplemented with 0.4 mg/ml
Geneticin (G418) in order to maintain the selection pressure.
All cells were kept under humidified atmosphere of air/CO,
(19:1) at 37°C. 5'-N-ethylcarboxamidoadenosine (NECA)
and theophylline were purchased from Sigma. [*H]-
ZM241385 (4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a]-
[1,3,5]triazin-5-ylamino]ethyl)phenol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO, USA).

Generation and expression of hemoagglutinin (HA)-tagged
full-length, truncated and chimeric versions of the human
A,p adenosine receptor

The complementary DNAs (cDNAs) encoding human A4
and A,p adenosine receptors in pRc/CMV expression
vector (Invitrogen, Carlsbad, CA, USA) were a generous
gift from Andrea Townsend-Nicholson (University College
London, UK). The N-terminally HA-tagged full-length
human A, construct was generated in two steps. First,
polymerase chain reactions (PCR) were performed with
primers carrying HindIll (forward) or Kpnl (reverse) sites
using the A,p receptor in pPRc/CMV as a template. The PCR
product was then subcloned into pHM6 expression vector
between Hindlll and Kpnl sites. To generate HA-A,5-316
and HA-A,gAC-tail constructs, stop codons were intro-
duced at 317S and 294N, respectively, using Quick-
Change® Site-Direct Mutagenesis Kit (Stratagene, La
Jolla, CA, USA) and HA-A,p construct in pHM6 plasmid
as a template. The plasmids encoding HA-tagged A,p/Asa
chimeric receptors were generated by using HA-A,p
construct in pHM6 and A, construct in pRc/CMYV, as
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templates for a two-step overlap extension PCR. The PCR
products were then subcloned into pHM6 expressing vector
between Hindlll and Kpnl sites. All primer sequences used
in this study are available upon request. The integrity of
each construct was verified by fluorescence DNA sequenc-
ing. CHO and HEK 293 cells were transfected using
Fugene 6 transfection reagent (Boehringer Mannheim,
Germany). Ten micrograms of plasmid DNA was mixed
with 500 pl of serum-free medium containing 30 ul of
Fugene 6. After 15 min incubation at room temperature, the
transfection mixture was added to cells growing on 55 cm?
culture dishes at 70-80% confluency. Stable cell lines
expressing HA-tagged versions of the A,p receptor were
selected for resistance to G418 (at a concentration of
0.4 mg/ml) and were screened for HA expression.

Measurement of cell surface expression of HA-tagged A,p
receptor constructs

A,p adenosine receptor cell surface expression was
assessed using an anti-HA antibody as described previously
[27] with some modifications. Confluent cell monolayers in
24-well plates were fixed with 0.5% paraformaldehyde in
phosphate-buffered saline (PBS) for 5 min at room
temperature. Cells were washed three times with PBS,
incubated for 45 min with PBS, 1% bovine serum albumin
(BSA), and 2% ethylenediamine tetraacetic acid (EDTA)
containing 100 pg/ml of whole goat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA),
then incubated with a primary anti-HA rabbit antibody (71-
5500, Zymed-Invitrogen) or with a negative control
antibody (whole rabbit IgG, Jackson ImmunoResearch
Laboratories) at a concentration of 2 ug/ml in PBS/BSA/
EDTA for 1 h at room temperature. Cells were washed
three times with PBS and incubated with a secondary
antibody (goat anti-rabbit secondary antibody conjugated
with horseradish peroxidase, Jackson ImmunoResearch
Laboratories; 1:1,500 dilution in PBS/BSA/EDTA) for 1 h
at room temperature. Cells were washed three times with
PBS and a colorimetric peroxidase substrate solution (TMB
substrate, eBioscience, San Diego, CA, USA) was added.
When adequate color change was achieved, 100 ul of
sample was added to 100 ul of 1.8 N H,SO4 to terminate
the reaction, and the samples were read at 450 nm using a
microplate reader. The results were expressed as AODys,
with the optic density values for cells incubated with non-
specific primary antibody being subtracted from the values
obtained with anti-HA antibody.

Preparation of HEK 293 membranes

Monolayers of HEK 293 cells were washed with PBS once
and harvested in a buffer containing 10 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
pH 7.4), 10 mM EDTA, and 1:10 dilution of a protease inhibitor
cocktail (Roche, Indianapolis, IN, USA). Cells were homoge-
nized by repetitive passing through a syringe needle (21G, ten
times) and centrifuged at 20,000xg for 25 min at 4°C. The cell
pellets were washed twice with a buffer containing 10 mM
HEPES (pH 7.4), 1 mM EDTA, and protease inhibitors and
were resuspended in the same buffer supplemented with 10%
sucrose. Frozen aliquots were kept at —80°C.

Radioligand binding

A adenosine receptor binding was performed using [*H]-
ZM214385 as a radioligand. Maximum specific binding
(Bmax) Was estimated from saturation binding experiments.
Binding assays were started by mixing various concen-
trations of [PH]-ZM214385 with 25 pg membrane proteins
in 1 mM EDTA, 10 mM HEPES, pH 7.4 supplemented
with 1 U/ml adenosine deaminase. The assays were
incubated for 60 min, stopped by filtration using Brandel
cell harvester (Gaithersburg, MD, USA), and washed four
times with ice-cold 1 mM MgCl,, 10 mM HEPES, pH 7.4.
Non-specific binding was determined in the presence of
10 mM theophylline. All binding data were calculated by a
non-linear curve-fitting program GraphPad Prism (Graph-
Pad Software, Inc., San Diego, CA, USA).

Measurement of cAMP accumulation

Cells were preincubated for 10 min at 37°C in a buffer
containing 150 mM NaCl, 2.7 mM KCI, 0.37 mM
NaH,PO,4, 1 mM MgSO,4, 1 mM CaCl,, 5 g/l p-glucose,
10 mM HEPES-NaOH, pH 7.4, 1 U/ml adenosine
deaminase, and the cyclic adenosine monophosphate
(cAMP) phosphodiesterase inhibitor papaverine (I mM).
The adenosine receptor agonist NECA was added to cells
and incubation was allowed to proceed for 3 min at 37°C.
The reaction was stopped by the addition of trichloroacetic
acid to a final concentration of 5%. Cell extracts were
washed five times with 10 volumes of water-saturated ether.
Cyclic AMP concentrations were determined using a cAMP
assay kit (GE Healthcare, Little Chalfont, UK).

Measurement of [°H] inositol phosphates formation

Formation of inositol phosphates was determined using the
procedure described by Seuwen et al. [28] with modifica-
tion. Cells were labeled to equilibrium with myo-[°H]
inositol (2 uCi/ml, DuPont-NEN, Boston, MA, USA) for
18 h in inositol-free MEM medium. Cells were then washed
twice with PBS and preincubated in 150 mM NaCl,
2.7 mM KCI, 0.37 mM NaH,PO,4, 1| mM MgSO,4, 1 mM
CaCl,, 5 g/l b-glucose, 10 mM HEPES—NaOH, pH 7.4, and
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1 U/ml adenosine deaminase containing 20 mM LiCl, for
15 min at 37°C. The adenosine receptor agonist NECA was
added to cells, and incubation was allowed to proceed for
30 min at 37°C. Reaction was terminated by replacing the
incubation buffer with 200 ul of ice-cold 10 mM formic
acid (pH 3). After 30 min, this solution containing the
extracted inositol phosphates and inositol was collected and
diluted with 800 ul of 5 mM NHj solution (final pH 8-9).
The resulting mixture was then applied to a column
containing 0.2 ml anion exchange resin (AG 1-X8, formate
form, 200400 mesh, Bio-Rad Laboratories, Richmond,
CA, USA). Free inositol and glycerophosphoinositol were
eluted with 1.25 ml of H,O and 1 ml of 40 mM ammonium
formate/formic acid, pH 5. Total inositol phosphates were
eluted in the single step with 1 ml of 2 M ammonium
formate/formic acid, pH 5, and radioactivity was measured
by liquid scintillation counting.

Luciferase reporter assay

NECA-dependent effects of adenosine receptor constructs on
IL-8 reporter activity were compared after their transient
expression in CHO cells. IL-8 promoter-driven luciferase
reporter -133-luc, a firefly luciferase reporter plasmid, com-
prising 5’ flanking —133 to +44 base pairs of the human IL-
8 gene, was a generous gift from Dr. Naofumi Mukaida
(Kanazawa University, Ishikawa, Japan). A control constitu-
tively active Renilla luciferase plasmid pRL-TK was pur-
chased from Promega (Madison, WI, USA). CHO cells
growing in 12-well plates at 70% confluency were co-
transfected with ¢cDNA encoding adenosine receptor con-
structs and luciferase reporters at a ratio of 1:1 using Fugene
6 transfection reagent (Boehringer Mannheim). A ratio of 5:1
was used for experimental firefly luciferase reporter/control
Renilla luciferase reporter combination. Twenty-four hours
after transfections, the reactions were started in parallel by the
addition of 10 pM NECA or its vehicle (0.1% DMSO). Six
hours later, cells were lysed and reporter activities were
analyzed using a Dual-Luciferase Reporter Assay System
(Promega). Chemiluminescence resulted from luciferase
activity was measured with a TD 20/20 luminometer (Turner
Designs, Sunnyvale, CA, USA). Firefly luciferase reporter
activities were normalized against Renilla luciferase activities
from the co-expressed pRL-TK to correct for potential
fluctuations in cDNA transfection. NECA-dependent stimu-
lation of IL-8 reporter activity mediated by adenosine receptor
constructs was determined as an increase in luciferase activity
in the presence of NECA over vehicle control (set as 1).

Statistical analysis

Data were analyzed using the GraphPad Prism 4.0 software
(GraphPad Software Inc., San Diego, CA, USA) and
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presented as mean + SEM. Multiple comparisons between
different groups were performed using one-way analysis of
variance followed by Bonferroni’s post-tests. Comparisons
between several groups and a control group were performed
using one-way analysis of variance followed by Dunnett’s
post-tests. Comparisons between two groups were per-
formed using two-tailed unpaired ¢ tests.

Results

Expression of full-length and truncated versions of Ayp
adenosine receptors in CHO cells

Because CHO cells do not express endogenous adeno-
sine receptors, they represent a convenient cell model to
study coupling of transfected adenosine receptors to
intracellular signaling [29]. To test a role of the C-
terminus in the A,p receptor signaling, CHO cells were
stably transfected with plasmids driving the expression of
HA-tagged human full-length and truncated A,p receptors,
which included two versions, A,z-316 and A,g-AC-tail
(comprising amino acids 1-316 and 1-293 of the A,
receptor sequence, respectively; Fig. 1). Stable cell clones
were obtained by selection with G418. We could not
accurately measure receptor density by radioligand bind-
ing using [*H]-ZM214385 in agreement with previous
reports showing that stable transfection of A,p receptors in
CHO cells often results in low levels of expression [29—
31]. Instead, we estimated the relative cell surface
expression levels of full-length and truncated A,p recep-
tors with an anti-HA antibody, taking advantage of the
HA-epitope tag contained in the NH, terminus of the
receptor constructs. This analysis indicated that the cell
surface expression of all recombinant receptors was
similar (Fig. 2).

AZB

HA-A,,-293RNRDFRYTFHKIISRYLLCQADVKSGNGQAGVQPALGVGL332

a,,-316
HA-A,,-293RNRDFRYTFHKIISRYLLCQADVK316

A, -AC-tail
HA-A,,-293R

Fig. 1 Schematic representation of receptors designed to study
cytoplasmic carboxy-terminal tail of the A,p receptor. HA-tagged
human full-length (A,g) and truncated versions (A,p-316, A,p-AC-
tail) of the A,p receptor were constructed. HA-A,p-293 represents
NH,-terminally HA-tagged portion of the A, molecule that includes
amino acids 1-293. Cytoplasmic portions of receptor constructs are
presented in single-letter amino acid code. Numbers indicate amino
acid positions counted from the receptor NH,-terminus
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Fig. 2 Cell surface expression of HA-tagged receptor constructs in
stably transfected CHO cells. Transient transfection of CHO cells
(gray bars) with varying doses of cDNA encoding the HA-tagged A,p
receptors was assessed by cell surface HA-tag expression as described
under “Methods”. A,g (2 ng), Asg (1 pg), and mock denote CHO
cells transfected with 2, 1, and 0 pg of HA-tagged A,g cDNA. Cell
surface expression of full-length (A,p) and truncated versions (Ap-
316, A,p-AC-tail) of the A,p receptor was analyzed in stably
transfected CHO cells (black bars). Data are mean + SEM, n=3.
Asterisks indicate significant difference from mock transfection
control (¥*p<0.01, one-way analysis of variance with Dunnett’s
post-test); ns indicates no significant difference in HA-tag cell surface
expression between receptor constructs in stably transfected CHO
cells (p>0.05, one-way analysis of variance)

Receptor-mediated stimulation of cAMP accumulation
in CHO cells

We next analyzed the coupling of full-length and truncated
A,p receptors to Gs-adenylate cyclase signaling pathway in
CHO cells. As seen in Fig. 3, stimulation of full-length A,p
receptors with the adenosine receptor agonist NECA
increased cAMP levels in CHO cells in a concentration-
dependent manner with an estimated ECsq value of 328 nM
(182-590 nM, 95% confidence interval). NECA (100 uM)
produced a 5-fold increase in cAMP levels, from 1.26+0.06
to 6.19+0.41 pmol/10° cells. Complete removal of the C-
terminus (amino acids 294-332) resulted in a significant
loss of the receptor coupling to Gs-adenylate cyclase
signaling pathway; stimulation of A,g-AC-tail truncated
version of the A,p receptor with NECA (100 uM) only
slightly raised cAMP levels. Because concentration-
dependent stimulation of cAMP with NECA did not reach
a plateau, we could not accurately estimate an ECs, value
but agonist potency at the truncated A,g-AC-tail receptor
was obviously much lower than that at the full-length A,p
receptor. In contrast, partial truncation of the C-terminus
(amino acids 317-332) had little effect on agonist potency
(ECso of 520 nM; 300-898 nM, 95% confidence interval)
but significantly increased the maximal cAMP response to

NECA (100 uM), compared to that mediated via full-length
Asp receptors (11.01+0.63 versus 6.19+0.41 pmol/10°
cells, p<0.01 by one-way analysis of variance with
Dunnett’s post-test, n=3).

Receptor-mediated stimulation of cAMP accumulation
in HEK 293 cells

To ascertain that the enhanced Gs-adenylate cyclase
signaling via the A,p-316 truncated version of the A,p
receptor is not limited to CHO cells, we transiently
transfected HEK 293 cells with expression vectors encod-
ing full-length and truncated A,g receptors. HEK 293 cells
transfected with an empty pHM6 vector were used as a
negative control. In agreement with the previously reported
presence of endogenous A,p receptors in HEK 293 cells
[32, 33], 10 uM NECA raised cAMP levels in mock-
transfected cells from 0.58+0.03 to 1.59+0.04 pmol/10°
cells (p<0.001 by one-way analysis of variance with
Bonferroni’s multiple comparison post-test, n=4; Table 1).
Overexpression of full-length A,p receptors or truncated
A,p-316 receptors in HEK 293 increased basal cAMP
accumulation by approximately 2.5-fold compared to
control. In contrast, expression of A,p-AC-tail truncated
version of the A,g receptor had no significant effect on
basal cAMP levels (Table 1). These data suggest that both
full-length A,p and A,p-316, but not A,g-AC-tail recep-
tors, interacted with Gs proteins in HEK 293 cells even in
the absence of an agonist.

Constitutive activity of full-length A,p receptors in HEK
293 has been previously demonstrated using the inverse
agonist MRE 2029F20 [31]. Because the increased levels of
free Gsx subunits are known to enhance adenylate cyclase
responses to forskolin, this agent can be used to compare

*% *k

® Ay z-316
O Axp
v AZB'AC'ta“

-
o
1

*%

cAMP, pmol/10° cells
q

8 7 6 5 -4
Log[NECA], M

Fig. 3 Agonist-dependent cAMP accumulation in CHO cells stably
expressing full-length (A,p) and truncated versions (A,p-316, Asp-
AC-tail) of the A,p adenosine receptor. Data are results from three
experiments presented as mean = SEM. Asterisks indicate significant
difference from full-length A,p receptors for each NECA concentra-
tion (*p<0.05, **p<0.01, one-way analysis of variance with
Dunnett’s post-test)
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Table 1 Cyclic AMP accumulation (pmol/10° cells) in HEK 293 cells transiently expressing full-length (A,p) and truncated versions (A,p-316,

A,p-AC-tail) of the A, adenosine receptor

Control® Asp A,p-316 A,p-AC-tail
Basal® 0.58+0.03° 1.42+0.08 (p<0.01)" 1.38+0.22 (p<0.01) 0.53+0.02 (p>0.05)
Forskolin 2.32+0.12 9.72+0.34 (p<0.01) 10.9240.72 (p<0.01) 2.2240.23 (p>0.05)
NECA 1.59+0.04 2.35+0.05 (p<0.05) 5.31+0.37 (p<0.01) 1.73£0.05 (p>0.05)

? Mock-transfected HEK 293 cells were used as a control

® Cyclic AMP accumulation was measured in the absence (basal), or in the presence of 1 uM forskolin or 10 uM NECA

¢ Data are results from four experiments presented as mean + SEM

dp values in parentheses are results of one-way analysis of variance within each group (basal, forskolin, NECA) with Dunnett's post-tests versus

corresponding controls

constitutive activity of Gs-protein-coupled receptors [34].
Indeed, forskolin magnified the constitutive activity of full-
length A,p and truncated A,;p-316 but not A,p-AC-tail
receptors resulting in cAMP levels of 9.73+0.34, 10.92+
0.72, and 2.22+0.23 pmol/10° cells, respectively, versus
cAMP levels of 2.32+0.12 pmol/10° cells in control HEK
293 cells (Table 1).

Although transfection of CHO cells with A,3-316 and
full-length A,p receptors resulted in comparable basal and
forskolin-stimulated ¢cAMP accumulation, agonist-induced
activity of truncated A,p-316 receptors was significantly
greater than that of full-length A, receptors (5.314+0.37 and
2.35+0.05 pmol/10° cells, respectively; p<0.001 by one-way
analysis of variance with Bonferroni’s multiple comparison
post-test). In contrast, there was no significant difference in
NECA-induced cAMP levels between cells expressing
truncated A,p-AC-tail receptors and control HEK 293 cells
(1.73+0.05 versus 1.6+0.04 pmol/10° cells; Table 1).

To investigate further the enhancement of Gs-adenylate
cyclase signaling by the A,p-316 truncated version of the
A,p receptor, we selected two HEK 293 clones stably
expressing recombinant A,p-316 and full-length A,p recep-
tors. Based on specific [PH]-ZM214385 binding to mem-
branes obtained from both clones (Fig. 4a), we estimated
Bax values of 2,774 and 2,092 fmol/mg protein for full-
length and A,3-316 truncated version of the A,p receptor,
respectively. Even though the A,p-316 receptor density was
lower, stimulation of these receptors resulted in significantly
greater cAMP accumulation, compared to full-length A,p
receptors (Fig. 4b). Taken together, our results show that
partial truncation of the C-terminus (amino acids 317-332)
of the A,p receptor results in enhanced Gs-adenylate cyclase
signaling, whereas complete removal of the C-terminus
drastically reduces receptor coupling to this pathway.

Receptor-mediated stimulation of phosphoinositide
turnover in HEK 293 cells

In addition to coupling to Gs-adenylate cyclase, A,p
receptors can stimulate phospholipase C3 via coupling to
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Fig. 4 Stable expression of full-length (A,g) and truncated version
(A,p-316) of the A,p adenosine receptor in HEK 293. a Solid lines
represent saturation isotherm for specific binding of [*H]-ZM241385
to membranes from stably transfected HEK 293 cells. Dashed lines
represent non-specific binding. Data are means from duplicate
determinations. b NECA-dependent cAMP accumulation. Data are
results from six experiments presented as mean + SEM. Asterisks
indicate significant difference from full-length A,p receptors for each
NECA concentration (*p<0.05, **p<0.01, unpaired two-tailed 7 test)



Purinergic Signalling (2009) 5:289-298

295

Gq proteins [6, 7, 21]. Coupling of A,p receptors to Gq
proteins has been reported in several cell types, but it is not
a universal phenomenon [26]. For instance, it is absent in
CHO cells expressing recombinant A,p receptors and HEK
293 cells expressing endogenous A,p receptors. We were
not able to detect an increase in phosphoinositide turnover
in these cells upon stimulation with NECA. However, this
signaling pathway can be simulated in HEK 293 cells
overexpressing recombinant A,g receptors [7]. Therefore,
we transiently transfected HEK 293 cells with plasmids
encoding HA-tagged recombinant full-length and truncated
Ajp receptors and confirmed their expression with an anti-
HA antibody (data not shown).

To test the role of the C-terminus in A,p receptor
coupling to Gq-phospholipase C signaling pathway, we
measured agonist-induced accumulation of inositol phos-
phates. As shown in Fig. 5, 100 uM NECA induced
significant accumulation of inositol phosphates in HEK 293
cells expressing recombinant full-length A,p receptors.
Similar to stimulation of cAMP accumulation, complete
removal of the A,g receptor C-terminus in A,p-AC-tail
caused loss of the receptor’s ability to stimulate inositol
phosphates accumulation. In contrast to stimulation of
cAMP accumulation, however, partial truncation of the
Aop receptor C-terminus in A,p-316 did not result in
enhancement of inositol phosphates accumulation. These
results suggest a differential role of C-terminal segments
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Fig. 5 Agonist-dependent inositol phosphate formation in HEK 293
cells transiently expressing full-length (Ag) and truncated versions
(Azp-316, Ayp-AC-tail) of the A,p adenosine receptor. Accumula-
tion of total inositol phosphates was measured in the absence or in
the presence of 100 uM NECA. Mock-transfected HEK 293 cells
were used as a control. Basal concentrations of [3H]IPs were 5,000—
6,000 cpm/tube. Values are presented as difference between inositol
phosphates accumulation in the presence and in the absence of
agonist. Data are results from three experiments presented as mean +
SEM. Asterisks indicate significant difference from mock transfec-
tion control (¥**p<0.01, one-way analysis of variance with Dunnett’s
post-test). Pounds indicate significant difference from full-length
Asg receptor (**p<0.01, one-way analysis of variance with Dun-
nett’s post-test)

Table 2 Adenosine receptor structure—activity analysis of IL-8 reporter
stimulation in CHO cells

HA-tag expression® IL-8 promoter stimulation®

Mock 0.004+0.002 0.95+0.03
Asp 0.021+0.007 1.97+0.16
Ayp-AC- 0.029+0.011 (p>0.05)° 1.56+0.12 (p<0.05)
tail
Chimera 1 0.032+0.004 (p>0.05) 1.08+0.03 (p<0.01)
Chimera 2 0.024+0.002 (p>0.05) 1.08+0.04 (p<0.01)
Chimera 3 0.018+0.003 (p>0.05) 1.74£0.14 (p>0.05)
Chimera 4 0.036+0.007 (p>0.05) 1.94+0.08 (»>0.05)

Cells were co-transfected with reporters and vectors encoding full-
length (A,p), truncated (A,p-AC-tail), or chimeric A,A/Azp (depicted
in Fig. 6 as chimeras 1, 2, 3, and 4) receptors, or with empty pHM6
vector (mock). Cell surface HA-tag expression (AODys0) and NECA-
dependent stimulation of IL-8 promoter (fold) were determined as
described under “Methods”

?Data are results from three experiments presented as mean = SEM
®Data are results from six experiments presented as mean + SEM

p values in parentheses are results of one-way analysis of variance
with Dunnett's post-tests versus full-length A, receptor

distal to the seventh transmembrane helix in A,p receptor-
dependent stimulation of Gs-adenylate cyclase and Gg-
phospholipase Cf3 signaling pathways.

Receptor-mediated stimulation of IL-8 reporter in CHO
cells

We have previously reported that 100 uM NECA stimulat-
ed IL-8 reporter in CHO cells co-transfected with A,p but
had no effect in cells co-transfected with A, receptors
[17]. In the current study, we used this reporter system to
evaluate the role of A,g receptor C-terminus in the
receptor-dependent regulation of IL-8 production. The cell
surface expression of all adenosine receptor constructs was
verified using an anti-HA antibody (Table 2). NECA
(10 uM) had no effect on IL-8 reporter activity (0.95+
0.03-fold change) in control CHO cells co-transfected with
an empty vector (mock). In contrast, NECA significantly
increased IL-8 reporter activity in CHO cells co-transfected
with full-length A,p receptors by 1.97+0.16-fold (»p<0.01,
Dunnett's post-test versus mock control). Although NECA-
dependent stimulation of IL-8 reporter activity in CHO cells
co-transfected with A,p-AC-tail receptors was moderately
reduced compared to cells co-transfected with full-length
A,p receptors, NECA significantly stimulated IL-8 reporter
activity by 1.56+0.12-fold (p<0.01, Dunnett's post-test
versus mock control). Thus, in spite of the apparent loss of
function in the regulation of adenylate cyclase and
phospholipase C, the truncated A,g-AC-tail receptor
retained its ability to stimulate IL-8 reporter. Because
complete removal of the C-terminus led only to partial loss
of stimulation of IL-8 reporter activity, we evaluated the
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Fig. 6 Schematic representation of the wild type and chimeric A,p
and A,, adenosine receptors. The A,p sequence is denoted in black
lines and transmembrane domains are presented as closed rectangles.
The A, sequence is denoted in gray lines and transmembrane
domains are presented as open rectangles

role of other intracellular domains in the A,g receptor
molecule in the regulation of IL-8. For this purpose, we
created a series of A,p/A,n chimeric receptors. The N-
terminal parts of chimeras 1, 2, and 3 included the first,
both the first and the second, and all three intracellular
loops of the A,p receptor, respectively, whereas the C-
terminal parts of molecules represented A,, receptor
sequences corresponding to the remaining domains of the
A,p receptor (Fig. 6). Of these constructs, only chimera 3
mediated NECA-induced increase in IL-8 reporter activity,
which was comparable to that mediated by the full-length
A,g receptor (Table 2). As a complementary approach, we
used another chimeric receptor, in which the N-terminal
part included two intracellular loops of the A,, receptor
and the C-terminal part that included the intracellular
domain 3 and the C-terminus of the A,p receptors
(chimera 4, Fig. 6). As seen in Table 2, there was no
significant difference in the effects of NECA on IL-
8 reporter activities between CHO cells expressing this
chimera and the full-length A,y receptor. Taken together,
our results point to the intracellular loop 3 of the A,p
receptor as a potential interface for signaling leading to
upregulation of IL-8.

@ Springer

Discussion

A, adenosine receptors stimulate production of multiple
pro-inflammatory and angiogenic factors through activation
of divergent signaling pathways [6, 8, 17, 20, 21]. Initiation
of signaling in response to agonist stimulation requires the
interaction of receptor cytoplasmic domains with other
proteins. In this study, we focused on the role of
cytoplasmic C-terminus of the A,p receptor in the regula-
tion of adenylate cyclase and phospholipase Cf{3, which
depends on receptor interaction with Gs and Gq proteins,
respectively. In addition, we evaluated the role of cytoplas-
mic C-terminus and other intracellular domains of the A,p
receptor in the stimulation of IL-8 mediated via a signaling
pathway independent from adenylate cyclase and phospho-
lipase Cf3 [21].

Our results show that removal of the C-terminal
cytoplasmic portion of the A,z receptor rendered it
incapable of stimulating adenylate cyclase and phospholi-
pase Cf3. The loss of these functions could not be explained
by deficiency in receptor expression or agonist binding.
Cell surface expression of the HA-epitope tag contained in
the NH, terminus of the receptor constructs was similar in
cells transfected with either full-length or truncated versions
of the A,p receptor. Furthermore, the A,p receptor lacking
C-terminal cytoplasmic tail responded to agonist stimula-
tion with NECA by increasing IL-8 reporter activity. Thus,
our results suggest that the C-terminus is important for A,g
receptor interaction with Gs and Gq proteins, but not
essential for a signaling pathway leading to stimulation of
IL-8 production.

Although complete removal of the cytoplasmic portion
of the C-terminus resulted in the loss of A, receptor cou-
pling to both Gs-adenylate cyclase and Gg-phospholipase
Cp, partial truncation of the C-terminus had a differential
effect on these signaling pathways. Deletion of the distal 16
amino acids in the C-terminus enhanced A, receptor
efficacy in the stimulation of adenylate cyclase but not
phospholipase C{3. This enhancement was evident upon
both transient and stable transfections and was independent
of the cell line used. It is likely that truncation of distal 16
amino acids alters the structure of the remaining portion of
the A,p receptor in a way favorable for interaction with Gs
proteins over other potential receptor-binding partners. The
existence of sequence elements in the C-terminus that
restrain signaling to Gs protein has been demonstrated in
other receptors, e.g., [3-adrenoceptors [35]. Of interest,
deletion of the last 18 amino acids in the C-terminus of the
A, adenosine receptor also enhanced receptor-mediated
signaling [25]. In contrast, partial truncation of the C-
terminus of the A, adenosine receptor had no effect on the
receptor function [24]. In contrast to the 120-amino-acid-
long A, receptor C-tail lacking palmitoylation sites, the
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cytoplasmic portions of both A; and A,p receptor C-termini
are relatively short (36—40 amino acids) and can be divided
into membrane-proximal and membrane-distal segments by
the palmitoylated cysteine [3]. In this respect, the A,p
receptor structurally resembles more the A; receptor than
the A, receptor. In this study, we also found that partial
truncation of the C-terminus of the A, adenosine receptor
has a differential effect on coupling to intracellular path-
ways, enhancing stimulation of adenylate cyclase but not of
phospholipase C3. Thus, our results suggest that the C-
terminal segment most distal to the seventh transmembrane
helix restrains signal transduction from the A, receptor to
downstream Gs but not Gq proteins.

We have previously shown that stimulation of IL-
8 production by A, receptors was not affected by
inhibition of adenylate cyclase or phospholipase C, sug-
gesting that this signaling pathway does not require
receptor binding to Gs and Gq proteins [21]. Accordingly,
our results show that the A,g receptor can stimulate IL-
8 reporter even in the absence of the C-terminus, a
cytoplasmic domain critical for the binding to both Gs
and Gq proteins. Based on our previous observation that
only A,g but not A, receptors stimulated IL-8 reporter
upon co-expression in CHO cells [17], we profiled the
functional responses of a series of chimeric A,a/Asp
receptors in order to define the cytoplasmic regions of the
A,p receptors responsible for IL-8 stimulation. We found
that only chimeras containing the third intracellular loop of
the A,g receptor considerably stimulated IL-8 reporter
activity. This finding suggests that integrity of the third
intracellular loop is critical for interaction of the A,p
receptor with components of a signaling pathway leading to
IL-8 stimulation. The nature of these binding partners is
unclear. One mechanism for establishing regulatory protein
complexes is via protein—protein interaction with submem-
brane scaffolding proteins, which are known as PDZ
domain proteins. The third intracellular loop of the A,p
receptor contains the PDZ consensus (QRTEL) sequence
enabling it to interact with the scaffold-based regulatory
proteins containing PDZ-1 domain. Indeed, the A,y
receptor was shown to associate with ezrin (a cytoskeletal
linker protein), protein kinase A, and the PDZ-1 domain
protein NHERF-2 to form a multiprotein signaling complex
in intestinal epithelial cells [36]. Studies in other G-protein-
coupled receptors, including {3-adrenoceptors [37] and
k-opioid receptors [38], suggested a critical role of their
C-termini in receptor interactions with NHERF. However,
association of ezrin-NHERF-2 complexes with the A,p
receptor is preserved after removal of entire cytoplasmic
portion of the C-terminus (S. Ryzhov, unpublished data).
Furthermore, formation of these multiprotein signaling
complexes with the A,p receptor was abolished after
mutation of the PDZ consensus sequence in the third

intracellular loop [36]. It remains to be determined whether
this protein—protein interaction domain could be used by
Ajp receptors to bypass the requirement of G proteins to
activate intracellular signaling pathways leading to IL-
8 upregulation.

In summary, our study demonstrated that segments of the
C-terminus most distal to the seventh transmembrane helix
restrain signal transduction from the receptor to down-
stream Gs but not Gq proteins. The C-terminus is important
for A, receptor coupling to Gs-adenylate cyclase and Gq-
phospholipase C(3 signaling pathways, but not essential for
upregulation of IL-8. Our data indicate that the third
intracellular loop of the A,p receptor may be involved in
Gs- and Gg-independent stimulation of IL-8 production.
Whereas these results contribute to our understanding of
how cytoplasmic domains of the A,g adenosine receptor
couple to multiple intracellular signaling pathways, further
investigation is needed to elucidate basic mechanisms by
which these receptors exert their pro-inflammatory func-
tions in many pathological conditions.
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