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SUMMARY

The A,, adenosine receptor, a member of the G protein-
coupled receptor family, is important in the regulation of do-
paminergic pathways of the brain and in platelet and cardio-
vascular functions. In this study, the role of extracellular loops
in ligand binding to the human A,, receptor was explored
through site-directed mutagenesis. Four glutamate/aspartate
residues (Glu's', Glu'®', Glu'®®, and Asp'’?) in the second
extracellular loop (E2) and a cysteine residue (Cys®®?) in the
third extracellular loop (E3) were individually replaced with ala-
nine and other amino acids. A proline residue (Pro'”3) in E2 was
mutated to arginine, the homologous amino acid in A; recep-
tors. The binding properties of the resultant mutant receptors
were determined in transfected COS-7 cells. The mutant re-
ceptors were tagged at their amino terminus with a hemagglu-
tinin epitope, thus allowing their detection in the plasma mem-
brane with immunological techniques. High affinity specific
binding of [°H]2-[4-[(2-carboxyethyl)phenyi]ethyil-amino}-5'-N-
ethylcarboxamidoadenosine (15 nm) and [3H]8-[4-[[[[(2-
aminoethyl)-aminojcarbonyllmethyl]oxy]phenyl]-1,3- dipropyl-
xanthine (4 nm), an A,, agonist and antagonist, respectively, was

not observed with four of the mutant receptors, E'*'A, E'®'Q,
E'S'D, and E'%A, although they were well expressed at the cell
surface. The E'5'A and E'®°A mutant receptors showed nearly
full stimulation of adenylyl cyclase at ~103-fold higher concen-
trations of 2-[4-[(2-carboxyethyl)phenyl]ethyl-amino]-5'-N-
ethylcarboxamidoadenosine. The E'®'A mutant receptor
showed an increase in affinity for the nonxanthine adenosine
antagonist 9-chloro-2-(furyl){1,2,4]triazolo[1,5-c]quinazolin-5-
amine (6-fold) but not for other ligands. An E'%°Q mutant gained
affinity (5-22-fold) for adenosine derivatives (agonists) substi-
tuted at N6 but not at C2 or C5' positions. Mutant receptors
D'7°K and P'73R were similar to wild-type receptors in binding
of both agonist and antagonist radioligands. A C?%2G mutant
also resembled the wild-type receptor in radioligand binding,
indicating that a potential disulfide bridge with another cysteine
residue in proximity is not required for the structural integrity of
the receptor. Our data suggest that certain amino acids in the
second extracellular loop may be directly or indirectly involved
in ligand binding. ’

Endogenous adenosine is released locally within various
organs such as the heart, brain, and liver, particularly in
response to physiological stress (1). The regulation of blood
pressure by centrally (2) and peripherally mediated (vascu-
lar) mechanisms (3) involves A,, receptors. Selective A,,
agonists such as CGS 21680 (4), which does not readily cross
the blood-brain barrier, have been evaluated as antihyper-
tensive agents. In the brain, A,, receptors occur primarily in
the olfactory tubercle and striatum, where they are colocal-
ized with postsynaptic, striatopallidal D, dopamine receptors
(5). Adenosine acts in a manner opposite to dopamine and

J.K. and Q.J. were equal contributors to this study.

therefore depresses locomotor activity (6). Thus, therapeutic
approaches for central nervous system disorders have been
proposed based on activating A,, receptors, targeting dis-
eases in which the dopaminergic system is hyperactive, e.g.,
schizophrenia (7), and Huntington’s disease (5). Parkinson’s
disease, in which the dopaminergic system is hyporespon-
sive, may be amenable to treatment by selective antagonism
of A,, receptors (5). A,, receptors have been -cloned from
thyroid, brain, and mast cell cDNA libraries (8). The A,,
adenosine receptor activates adenylyl cyclase (9 and refer-
ences therein) via coupling to G,.

Most of the mutagenesis and modeling studies of the bind-
ing of small molecules, such as biogenic amines (10, 11), to

ABBREVIATIONS: CGS 21680, 2-[4-[(2-carboxyethyl)phenyllethyl-amino]-5'-N-ethyicarboxamidoadenosine; CADO, 2-chloroadenosine; CGS
15943, 9-chloro-2-(furyl)[1,2,4}triazolo[1,5-c]quinazolin-5-amine; DPMA, N°-[2-(3,5-dimethoxyphenyi)-2-(2-methyiphenyljethylladenosine; ELISA,
enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GPCR, G protein-coupled receptor; HA, hemaggiutinin; IB-MECA, N°-(3-
iodobenzyi)adenosine-5'-N-methyluronamide; NECA, 5’-N-ethylcarboxamidoadenosine; PCR, polymerase chain reaction; PDE, phosphodiester-
ase; TM, transmembrane helical domain; XAC, 8-[4-[[[[(2-aminoethyl)-amino]carbonyijmethyljoxy]phenyi}-1,3- dipropyixanthine.
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TABLE 1

Ligand binding properties of wild-type, E'®'A, and E'®Q human A,, receptors
wwwmmwvﬂu‘qmmmPtﬂcGS21680(15m)eanpeﬁﬁmNndngmwngm«nbrmhumoommm
transfected COS- Experimental Procedures.

from transiently 7 cells, as described in K; values were calculated from IC4, value with the Kaleidagraph program.
Approximately 15 ug of membrane protein/tube were used. The K,(nu)andBwvaluosforFH]ceszwso(pmongern.hpmﬂm)m
Mnmdwld-lypo.zz3*46(155*01) E'®A, 41.7 £ 9.2 (17.0 + 2.7); and E'®°Q, 57.0 * 1.8 (9.26 * 0.37). Values are mean * standard error of two or three
independent experiments, each performed in duplicate.
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GPCRs in general and to adenosine receptors in particular
(12-15) have implicated the TMs in ligand recognition. Sev-
eral residues within TM5-7 of human A,, receptors that are
facing the ligand binding cleft have been shown to be in-
volved in ligand recognition (12). However, for peptide ligand
binding to GPCRs, residues of the extracellular loops, both
charged (16, 17) and uncharged (18), often play a crucial role.

For adenosine receptors, there is evidence that the binding of
xanthine antagonists, although small molecules, involves at
least one of the outer loops. Using chimeric A,/A; receptors,
Olah et al. (19) demonstrated the involvement of the carbox-
yl-terminal half of the second extracellular loop (E2) in an-
tagonist binding at bovine A, receptors.

In this study, the role of two of the extracellular loops in
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ligand binding was explored through site-directed mutagen-
esis of the human A,, receptor. It was noted that there is a
predominance of negatively charged residues in the second
extracellular loop and that these residues are somewhat con-
served within the adenosine receptor family. Thus, these
glutamic acid and aspartic acid residues as well as several
uncharged residues (cysteine and proline) in the extracellu-
lar loops were targeted in this study. We demonstrate that
mutation of specific amino acids in the second extracellular

loop, especially of Glu'®!, has strong effects on ligand bind-
ing.

Experimental Procedures

Materials. Human A,, adenosine receptor cDNA (pSVLA2a) was
provided by Dr. Marlene A. Jacobson (Merck Research Labs, West
Point, PA). Tag polymerase for the PCR was purchased from Perkin
Elmer Cetus (Emeryville, CA). All enzymes used in this study were
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obtained from New England Biolabs (Beverly, MA). The agonists
CGS 21680, NECA, R-N®-phenylisopropyladenosine, 2-chloroad-
enosine, and DPMA and the antagonists XAC and CGS 15943 were
purchased from RBI (Natick, MA). [*HICGS 21680 (38.3 Ci/mmol),
[PHINECA (26.7 Ci/mmol), and [*HIXAC (118 Ci/mmol) were ob-
tained from DuPont-NEN (Boston, MA), and [®*H}adenine (15 Ci/
mmol) was supplied by American Research Chemicals (St. Louis,
MO). IB-MECA was prepared as described (20). Chemical structures
of ligands used in this study are given in Table 1. FBS and o-
phenylenediamine dihydrochloride were purchased from Sigma
Chemical Co. (St. Louis, MO). The Sequenase kit, ATP, and cAMP
were acquired from United States Biochemical (Cleveland, OH). All
oligonucleotides used were synthesized by Bioserve Biotechnologies
(Laurel, MD). A monoclonal antibody (12CA5) against an HA epitope
was purchased from Boehringer Mannheim Biochemicals (Indianap-
olis, IN), and goat anti-mouse IgG (y chain specific) antibody conju-
gated with horseradish peroxidase was purchased from Sigma.
DEAE-Dextran was obtained from Pharmacia-LKB (Piscataway,
NJ). Rolipram was a gift from Schering AG (Berlin, Germany).

Plasmid construction and site-directed mutagenesis. The
coding region of pSVLA,, was subcloned into the pCD-ps cDNA
expression vector (21), yielding pcDA,,. All mutations were intro-
duced into pcDA,, with standard PCR mutagenesis techniques (22).
The accuracy of all PCR-derived sequences was confirmed by dideoxy
sequencing of the mutant plasmids (23).

Epitope tagging. A 9-amino acid sequence derived from the
influenza virus HA protein (TAC CCC TAC GAC GTC CCC GAC
TAC GCC; peptide sequence: YPYDVPDYA) was inserted after the
second methionine (residue 4) at the extracellular amino terminus of
the A,, adenosine receptor gene as described previously (12). The
first methionine (residue 1) was deleted as described by Kim et al.
12).

Transient expression of mutant receptors in COS-7 cells.
COS-7 cells (2 X 10°) were seeded into 100-mm culture dishes con-
taining 10 ml Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS. Cells were transfected with plasmid DNA (4 pug
DNA/dish) with the DEAE-dextran method (24) ~24 hr later and
grown for an additional 72 hr at 37°.

Membrane preparation and radioligand binding assay.
Cells were scraped into ice-cold lysis buffer (4 ml of 560 mM Tris, pH
6.8 at room temperature, containing 10 mmM MgCl,). Harvested cells
were homogenized with a Polytron homogenizer and then spun at
27,000 X g for 16 min. Cell membranes (pellet) were resuspended in
the same buffer.

For saturation and competition binding experiments with
[®*HICGS 21680 or [*HINECA at human A,, receptors expressed in
COS-7 cell membranes, each tube contained 100 ul of membrane
suspension (containing 2 units/ml adenosine deaminase; Boehringer
Mannheim Biochemicals), 50 ul of radioligand, and either 50 ul of
buffer/competitor (50 mM Tris, pH 6.8, 10 mM MgCl,) or 50 ul of
either 60 nM ([*HICGS 21680 binding) or 160 nM (*HINECA binding)
CADO in buffer (to define nonspecific binding). The mixtures were
incubated at 25° for 120 min, filtered, and washed three times with
~5 ml ice-cold buffer/wash with use of a Brandel cell harvester.
Saturation curves were established at =10 different concentrations.
Data analysis was performed with the KaleidaGraph program (Abel-
beck Software, version 3.01).

cAMP determination. cAMP levels were determined by measur-
ing the conversion of [PHJATP to [*H}cAMP. One day after transfec-
tion, cells were transferred from 100-mm dishes into six-well dishes
(~3 X 10° cells/well) and incubated with culture media containing 2
uCi/ml [*H]adenine. After 24 hr, the cultures were washed and
incubated with 1 ml/well Hanks’ balanced salt solution containing
0.1 mM rolipram for 15 min at 37°. The cells were incubated with
different concentrations of the agonist CGS 21680 (in culture media)
for 30 min at 37°. The reaction was terminated by aspiration of the
media and addition of 1 ml of ice-cold 6% trichloroacetic acid con-
taining 1 mM ATP and 1 mM cAMP. After 30-min incubation at 4°,

cell lysates were eluted through sequential chromatography on
Dowex and alumina columns (25). cAMP formation is expressed as
fold-stimulation of conversion of [PHJATP into [*'HJcAMP (26).

ELISA. For indirect cellular ELISA measurements, cells were
transferred to 96-well dishes (4-5 X 10* cells/well) at 1 day after
transfection. At ~48 hr after splitting, cells were fixed in 4% form-
aldehyde in phosphate-buffered saline for 30 min at room tempera-
ture. After being washed with phosphate-buffered saline three times
and blocked with Dulbecco’s modified Eagle’s medium (containing
10% FBS), cells were incubated with HA-specific monoclonal anti-
body (12CA5; 20 ug/ml) for 3 hr at 37°. Plates were washed and
incubated with a 1:2000 dilution of a peroxidase-conjugated goat
anti-mouse IgG antibody (Sigma) for 1 hr at 37°. H,O, and o-phen-
ylenediamine (each 2.5 mM in 0.1 M phosphate-citrate buffer, pH 5.0)
served as substrate and chromogen, respectively. The enzymatic
reaction was stopped after 30 min at room temperature with 1 M
H,SO, solution containing 0.05 M Na,SOg, and the color develop-
ment was measured bichromatically with the BioKinetics reader (EL
312, Bio Tek Instruments, Winooski, VT) at 490 nm while using
absorbance at 630 nm as the base-line.

Results

A sequence alignment of the human A, receptor and other
adenosine receptor clones was carried out manually, and the
second and third extracellular domains (E2 and E3) are
shown in Fig. 1. In these loop regions, there is a high degree
of sequence homology between bovine and human A, recep-
tors and between rat and human A,, receptors but a low
homology among subtypes of adenosine receptors; thus, the
alignment is necessarily imprecise. It was noted that there is
a predominance of acidic side chains in the E2, and accord-
ingly such residues are aligned whenever possible in Fig. 1.

Mutation sites and expression of mutant A, -adeno-
sine receptors. The residues of the human A,, receptor,
selected as targets for site-directed mutagenesis, are shown
in bold type (Fig. 1). Each of these amino acid residues was
individually replaced with alanine and/or other amino acids
(see below). These mutation sites include glutamate residues
(Glu'®?, Glu®?, and Glu'®®), an aspartic acid residue (Asp'®), a
proline residue (Pro'”®), and a cysteine residue (Cys®®2). Resi-
due Asp!”® was mutated to lysine, the homologous residue in
the A, receptor. Residue Pro'”® was mutated to arginine, the
homologous residue in the sheep and human A; receptors,
based on a prediction that this may be a site responsible for
enhanced affinity of acidic ligands (27). In E3, A, and A,,
receptors contain cysteine residues separated by two amino acid
residues and thus are positioned to stabilize a B-turn by forming
a disulfide bridge. The likelihood of such a p-turn at this posi-
tion has been discussed (28).

Each mutant (except C?62G) contained an epitope-tag se-
quence at the amino terminus for immunological detection.
The pharmacological properties of the mutant receptors were
compared with the wild-type receptor similarly modified.

Ligand binding properties of mutant A, -adenosine
receptors. Radioligand binding studies with a fixed concen-
tration of either the agonist [PSHICGS 21680 (15 nM) or the
antagonist [PHIXAC (4 nM) were carried out on the wild-type
and mutant receptors. Specific binding of either ligand was
greatly diminished (i.e., <1% of the specific binding of
[®HICGS 21680 observed with the wild-type receptor and
<8% of the [*HIXAC binding) in the following mutants:
E!81A, E151Q, E'®!D, and E'®°A. At position 169, a glutamine
residue, which, like glutamic acid, has hydrogen bond donat-
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A A AK R Fig. 1. Location of mutations carried out in this study
bAl 147 NN.L...SAV.ERSWLANGSVG..E...PVIECOFEKVISME 178 ilustrated through an alignment of the second (E2) and
hAl 147 NN.L...SAV.ERAWAANGSMG. .E...PVIKCEFEKVISM 177 third (E3) extracellular loops of selected adenosine recep-
rA2a 141 NN..C..SQ.KD....GNSTKTCGEGR..VT.CLFEDVVPM 169 tor subtypes. Due to the low sequence homology, this
[hAZa 144 NN..C..GQPKE...GKNHSQGCGEGQ..VA.CLFEDVVPM 174 I alignment is necessarily imprecise. Periods, gaps inserted
hA2b 145 NSKDSATNNCTE.PWD..GTTN..ESCCLV.KCLFENVVPM 179 in the sequence for alignment purposes. Bold type, A,
hA3 150 NMKL..TS...E..Y...H.RNV..TF.LS..CQFVSVMRM 174 receptor residues mutated in the present study. Under-

3rd Outer Loop

262

G
bAl 260 CPSC..HMP.RILI 270
hAal 260 CPSC..HKP.SILT 270
rA2a 254 CSTC.RHAP.PWLM 265
[haza 259 cepc.seap.Lwim 270 |
hA2b 260 QPAQGKNKP.KWAM 272
hA3 256 ...NG.EVPQLVL. 264

ing and accepting properties but is uncharged, may substi-
tute (see below). The K, (nM) and B,,,, values for [PHICGS
21680 binding at the E°°Q mutant receptor were found to be
57.0 + 1.8 nM and 9.26 * 0.37 pmol/mg protein, respectively
(three experiments). The comparable values for the wild-type
receptor expressed in COS-7 cells were 22.3 * 4.6 nM and
15.5 *+ 0.1 pmol/mg protein (four experiments). In contrast to
substitution of Glu'®®, at position 151, the requirement for
glutamic acid to achieve high affinity ligand binding is abso-
lute.

An immunological method (12) was used to determine
whether the pharmacologically inactive mutant receptors
were retained in an intracellular compartment or properly
delivered to the cell surface. A nonapeptide tag derived from
the HA epitope was attached near the amino terminus of the
receptor. Previously, this modification was found not to in-
terfere with binding or adenylyl cyclase activation by the A,,
receptor (12). To quantify the amount of HA-tagged receptor
protein present on the cell surface, an indirect cellular
ELISA was used (see Experimental Procedures). Essentially,
nonpermeabilized cells expressing an HA-tagged receptor
were incubated with a monoclonal antibody (12CA5) directed
against this epitope, followed by the addition of a secondary
peroxidase-conjugated antibody and the photometric deter-
mination of peroxidase activity. Previous studies showed that
the absorbance readings obtained with the ELISA system
were directly proportional to the amount of receptor protein
present on the cell surface (12). This ELISA procedure did
not interfere with the integrity of the plasma membrane
barrier, as determined in control experiments with carboxyl-
terminal tagged receptors (12). Thus, the ELISA measure-
ments are specific for receptor molecules properly inserted in
the cell membrane.

All of the mutant receptors that were undetectable with
the use of radioligands were found to be well expressed on the
cell surface with the ELISA assay. The following expression
levels (as percentage of expression of wild-type receptors)
were determined: E'51A, 90.8 + 4.1%; E'5'D, 95.1 + 5.3%;
E!%'Q, 88.9 + 2.8%; and E'®°A, 93.2 + 4.0%.

To eliminate the possibility that the lack of high affinity
binding of [*'HICGS 21680 to the various mutant receptors is

line, an 11-amino acid region of the bovine A, receptor
that restored the ability to bind xanthines when included
in a chimeric bovine A,/rat A; construct (19). Accession
numbers are bA1 (bovine), P28190; hA1 (human), P30542;
rA2a (rat), P30543; hA2a (human), P29274; hA2b (human),
P29275; and hA3 (human), P33765. Numbers above se-
quences, amino acid positions in the human A,, receptor.

not simply due to steric interference by the bulky chain
located at the 2-position of the ligand, binding studies were
also carried out with a high concentration of [FHINECA (100
nM). Nonspecific binding was determined with a final concen-
tration of 40 uM CADO. As reported above for [PHICGS 21680
binding, <10% of the specific binding of PHINECA observed
with the wild-type receptor was found with the following
mutants: E151A, E151Q, E'5'D, and E'6°A. Under these con-
ditions, wild-type receptors displayed specific binding con-
sisting of ~90% of total binding. ’

In addition to the E'®°Q mutant receptor, the E'®!A mu-
tant receptor retained the ability to bind ligands with high
affinity (Table 1), indicating that this site is not involved in
ligand recognition. The K, (nM) and B, values for [PHICGS
21680 binding at the E'6*A mutant receptor were found to be
41.7 + 9.2 nM and 17.0 = 2.7 pmol/mg protein, respectively
(three experiments). K; values for the binding of a variety of
agonists and antagonists versus [PHJCGS 21680 (Table 1)
were found to be comparable to those found with the wild-
type receptor; however, some differences were noted. For
example, the mutant receptor E!®A demonstrated selec-
tively enhanced affinity (6-fold) for the antagonist CGS
15943 (Fig. 2A). For all other ligands, the affinities at E16'A
mutant receptors were very similar to the corresponding
wild-type receptor values. At the E!*°Q mutant receptor,
antagonists bound with affinities within 2-fold of wild-type
receptors, but agonists, depending on the site of modification,
were considerably more or less potent than at wild-type re-
ceptors (Table 1 and Fig. 2B). The affinity of the following
N6-substituted agonists was enhanced in the E®°Q mutant
receptors: IB-MECA (8.5-fold), DPMA (22-fold), and R-N®-
phenylisopropyladenosine (4.7-fold). The agonists NECA and
CADO, which were substituted exclusively at positions other
than N6, displayed 22-fold and 6.6-fold diminished affinity,
respectively, for the E1®®*Q mutant receptors.

Mutant receptors D'7°K, P!73R, and C2%2G were similar to
wild-type receptors in binding of both agonist and antagonist
radioligands (determined with 15 nM [*H]JCGS 21680 and 4
nM [PHIXAC), indicating that these residues are not a re-
quirement for ligand recognition.
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Flga 2. Displacement of specific binding of the agonist radioligand [PHJCGS 21680 from epitope-tagged A,, wild-type (WT) and E'€'A (E161A) and
E'®Q (E169Q) mutant receptors expressed in COS-7 cells. Competitors used were CGS 15943 (A) and IB-MECA (B). Competition binding studies
were carried out with membrane homogenates prepared from transfected COS-7 cells, as described in Experimental Procedures. Data presented

are the results of a representative experiment carried out in duplicate.

Functional assay. To determine whether the two alanine
mutant receptors (E'®*A and E*®°A) that lacked high affinity
radioligand binding were still functional at high agonist con-
centrations, their ability to mediate increases in intracellular
cAMP levels was studied (Fig. 3). In the presence of the PDE
inhibitor rolipram (0.1 mm), the wild-type receptor expressed
in COS-7 cells stimulated adenylyl cyclase with an ECg,
value of 5.73 *+ 1.24 nM (Fig. 3). The E'5!A and E'®°A mutant
receptors stimulated adenylyl cyclase only at =10 um CGS
21680. In neither case was a full degree of stimulation

‘reached at 30 um CGS 21680; thus, it was not possible to
determine EC;, values for the mutant receptors. Neverthe-
less, it is clear that the concentration-response curves for
E'5'A and E'®°A mutant receptors are shifted to the right by
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Fig. 3. Stimulation of adenylyl cyclase in COS-7 cells transiently ex-
pressing epitope-tagged A,, wild-type or mutant A,,-adenosine recep-
tors in the presence of 2 units/ml adenosine deaminase and 0.1 mm
rolipram. The receptors studied were wild-type (WT), E'S'A (E151A),
and E'%°A (E169A). Transfected COS-7 cells were incubated for 30 min
at 37° (for details, see Experimental Procedures) with increasing con-
centrations of CGS 21680. In control experiments, untransfected
COS-7 cell membranes did not show stimulation at <30 um CGS
21680. Data are presented as fold increase in CAMP above basal levels
(400-600 cpm/well) in the absence of CGS 21680. Each curve repre-
sents the mean fold-stimulation of two independent experiments, each
carried out in duplicate.

~3 orders of magnitude and that substantial agonist efficacy
is present at the high concentrations. Under the same con-
ditions, CGS 21680 (=30 uM) failed to stimulate adenylyl
cyclase in the untransfected COS-7 cells.

Effects of divalent cations. Based on the hypothesis
that the E2 loop of the A,, receptor might participate in ion
complexation, we explored the effects of divalent metal cat-
ions on binding. This preliminary study was based on the
observation that calcium and magnesium ion binding sites in
other proteins such as calmodulin (29) often contain multiple
glutamic acid and aspartic acid residues. In addition, a direct
binding of divalent cations to the A,, receptor was proposed
(30).

Using wild-type A,, receptors expressed in COS cells, we
confirmed the findings of Johansson et al. (30) that at high
concentrations, Ca?* and Mg?* cause an increase in the level
of binding of the agonist radioligand (Fig. 4). The dependence
of levels of [*’HICGS 21680 binding in the E'¢’A and E'¢°Q
mutant receptors on the magnesium ion concentration was
similar to that seen with the wild-type receptor, i.e., a grad-
ual rise in binding on increasing the levels of the divalent
cation from 10 mum to 1 M (Fig. 4). If the high affinity binding
of [PH]JCGS 21680 were dependent on the presence of a re-
ceptor-bound divalent cation, then the radioligand binding in
the mutant receptors, which might have a lower affinity for
the metal ions, might be expected to be driven by raising the
Mg2* concentration. Yet, in the E***D mutant receptor, even
very high levels of Ca?* and Mg?* failed to restore specific
[®HICGS 21680 binding at a concentration of 15 nM. Either
CaCl, or MgCl, added to the incubation medium at a concen-
tration of 50 mmM, 100 mM, or 1 M failed to boost the level of
binding observed with the E5!D mutant beyond 2% of the
level of binding observed with the wild-type receptor. Thus,
we were unable to experimentally support the hypothesis
that the E2 loop participates in binding of Ca®* and/or Mg2*.

Discussion

A structural study of human A, receptors has shown that
residues in TM5, TM6, and TM7 are important for ligand
binding (12). Recently, the importance of TM3 was also es-



Ligand Recognition in A,, Adenosine Receptors 689

140

Fig. 4. The effect of magnesium
ions on the specific binding of the
radioligand [PHJCGS 21680 (15
nMm) at epitope-tagged A,, wild-
tyPe (WT), E'®'A (E161A) and
E'®°Q (E169Q) mutant receptors
expressed in COS-7 cells. The
amount of binding is expressed

T %Wt as a percentage of the binding in
—a&— % E161A  the presence of 10 mm Mg?*, the
—o0— 9 E169Q Standard concentration used in all

other binding experiments. The
specific binding of [PH]CGS
21680 (15 nm) at E'5'D mutant re-
ceptors expressed in COS-7 cells
was found to be undetectable
(<2% of wild-type) in the pres-

% Specific binding of [3H]CGS 21680

40 T ———rrr
0 A 1 10

p—
100
Conc. Mg2+ (mM)

tablished through mutagenesis of human A,, receptors.’ In
particular, two histidine residues in TM6 and TM7, which
are conserved among A, and A, receptors, have been impli-
cated in ligand binding (12, 32). Mutagenesis studies of bo-
vine A, receptors, involving single amino acid replacements
and the use of chimeric A,/A4 receptors, have also identified
regions that are involved in ligand recognition. Specifically, a
hexapeptide segment in TM5 (13) and several residues (Ile??*
and Ser®””) in TM7 (14, 15) are important for binding of
adenosine derivatives.

Neither of the molecular models proposed for A,, adeno-
sine receptors (12, 33) takes into account possible contribu-
tions of the extracellular loops in ligand recognition. Never-
theless, results by Olah et al. (28) prompted us to reevaluate
the functional importance of residues in these regions, as has
been done for other GPCRs. For example, in peptide GPCRs
the extracellular loops are often involved in ligand binding
(16-18, 34). In rhodopsin, mutational analysis of the intra-
discal loops has indicated that certain residues are essential
for retinal binding (35). In addition, in muscarinic acetylcho-
line receptors, a tryptophan residue in the first extracellular
loop was required for high affinity ligand binding (36).

In this study, anionic residues located in the E2 loop were
targeted for mutagenesis because the occurrence of gluta-
mate and aspartate residues in E2 of A,, receptors and other
GPCRs is greater than the statistical average. Many GPCRs
contain two or more negative charges in the E2 loop (16). For
example, other receptors that contain a glutamate residue at
positions close to Glu'®® of the A,, receptor, with respect to
the sequence of TM5, are dopamine D,, red opsin, neuroki-
ning, human thromboxane A,, and somatostatin, receptors
(34). Interestingly, glutamate and aspartate residues have
often been shown to be involved in carbohydrate recognition
by various enzymes and other proteins (37, 38).

Several residues in the E2 loop of the human A, receptor
were found to be essential for both agonist and antagonist
binding. Of the three glutamic acid residues mutated, Glu!5!
was found to be essential for ligand recognition, whereas
Glu'®! was not. The third glutamic acid residue (Glu'®®) was

1 Q. Jiang, A.M. van Rhee, J.H. Kim, S. Yehle, J. Wess, and K.A. Jacobson.
Hydrophilic side chains in the third and seventh transmembrane helical do-
mains of human A,, adenosine receptors are required for ligand recognition.
Submitted for publication.

TT"TTT7

ence of 10, 50, 100, or 1000 mm
Mg?* or in the presence of added
Ca?* at the same concentrations.
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important for recognition, but some modification was toler-
ated. All three point mutations at Glu'®! (alanine, aspartic
acid, and glutamine) prepared in this study were unable to
bind [PH]CGS 21680 at 15 nM. The fact that mutant receptor
E''D (differing from the wild-type receptor by only one
methylene unit) was unable to bind radioligand is indicative
of the strict structural requirements at this position. Curi-
ously, in rat A,, receptors an aspartic acid residue occurs in
the same region of the loop (Fig. 1). Mutagenesis at Glu'®®
was tolerated only for a side chain of comparable size, polar-
ity, and hydrogen bonding capability (glutamine), but pres-
ervation of the charge was not required. Because the amino
termini of mutant receptors E!5'A, E'5'D, E'51Q, and E!®°A
were expressed on the outer surface of the plasma mem-
brane, the lack of high affinity radioligand binding is not a
result of sequestering of the mutant receptors intracellularly.
It is likely related to ligand recognition, assuming proper
folding of the receptor. Moreover, for the two alanine mutant
receptors studied in a functional assay, the stimulation of
adenylyl cyclase achieved at high concentrations of CGS
21680 indicates proper folding. These results suggest that
both residues Glu'®! and Glu'®® appear to be involved, either
directly or indirectly, in the molecular recognition of both
adenosine agonists and antagonists. The affinity for the N®-
substituted adenosine agonist DPMA was enhanced by 34-
fold at the E'®°Q mutant receptor versus the wild-type re-
ceptor, and the affinity of other N®-substituted adenosine
analogues was also enhanced but to a lesser degree. The
disubstituted IB-MECA resembled other N®-substituted
adenosine analogues in this respect (Fig. 2B), indicating that
5’-substitution does not preclude the affinity enhancement in
the E°Q mutant receptor. Residue Glu'®! proved to be
nonessential for binding of either agonist or antagonist ra-
dioligand. However, the E'®*A mutant receptor displayed a
selectively enhanced affinity for the nonxanthine antagonist
CGS 15943 (Fig. 2A).

It remains unclear whether the E2 loop of the A,, receptor
is in direct contact with ligands. A direct contact is conceiv-
able, especially in light of the putative disulfide bridge
formed between Cys'®® (E2 loop) and a cysteine residue near
the amino terminus of TM3 (28), which would covalently
attach the E2 loop in physical proximity to the ligand binding
site. A folded loop projecting into the binding cavity of the
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receptor would be conformationally possible due to flexibility
of this region of the protein. Hydrophobic residues in the loop
might favor association with transmembrane domains. A
propensity for B-turns was predicted for the E2 loop of canine
A,, receptors through the use of two algorithms (28). Confor-
mational modeling studies are under way in our laboratory.
An alternate hypothesis is that the E2 loop is not in direct
contact with the ligand but can modulate the assembly of the
transmembrane domains (39), which are primarily involved
in ligand binding. The major sequence differences between
species might argue against a specific contact between the
glutamic acid residues and the A,, receptor-bound ligand.
Nevertheless, this loop region has a strong influence on li-
gand binding and might relate to differences among species
and among subtypes of adenosine receptors.

In certain ion channels proteins (40), the extracellular
loops are known to bend inward into the pore and to partic-
ipate in the complexation of small molecular species. Thus,
there is structural precedent for the proposal that the E2 loop
in human A,, adenosine receptors, and possibly in GPCRs in
general, may be in direct contact with the ligand by project-
ing into the cavity. Consistent with this proposal are the
findings of Olah et al. (19), which state that the carboxyl-
terminal 11 amino acids of this loop in bovine A, receptors
participate in antagonist recognition.

A conceivable role for multiple glutamate residues in the
E2 is that of metal complexation, although in this study we
were unable to restore binding properties to the mutant
receptor in the presence of high concentrations of divalent
cations. It has already been noted that the binding of
[®H]CGS 21680 is unusually dependent on both monovalent
and divalent cations (30) in a manner that is only partly
explained by a change in coupling to G proteins. Thus,
Johansson et al. (30) concluded that the effects of magnesium
ions are probably exerted by binding to the receptor itself. In
this study, the glutamate mutants that had [*HICGS 21680
binding properties nearly identical to those of wild-type re-
ceptors (E'®'A and E'°Q) also displayed the same depen-
dence of the level of binding on divalent cations as did wild-
type receptors (Fig. 4). Thus, neither residue Glu'®! nor the
carboxylate group of Glu'®® is essential for ion complexation.
A mutant receptor that totally lacked high affinity ligand
binding (E'®'D) was not “pharmacologically rescued” by very
high concentrations of magnesium or calcium ions. Neverthe-
less, it is still possible that the residue Glu'5! is essential for
ion complexation with strict structural requirements. The
role of divalent cations on A,, mutant and wild-type receptor
binding is presently being further explored.
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