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A b s t r a c t  

A glutamic acid residue in the first transmembrane domain of the human adenosine A2A receptor was mutated to glutamine. 
Radioligand binding studies on COS-7 cell membranes expressing either the wild-type or the mutant receptor revealed that the affinity of 
the prototypic agonist CGS21680 (2-[4-[(2-carboxyethyl)phenyl]ethylamino]-5'-N-ethylcarboxamidoadenosine) for the mutant receptor 
was 15-fold lower than for the wild-type receptor. This was confirmed in functional studies with intact cells. The ECs0 values of 
CGS21680 for the stimulation of cAMP production differed in a similar way. Antagonists of various chemical structure were equally 
effective on both mutant and wild-type receptors, thus the mutation selectively diminishes agonist affinity. We propose an indirect 
perturbation of the binding site, perhaps through a proton transfer mechanism as suggested by molecular modelling. 
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1.  I n t r o d u c t i o n  

Adenosine receptors belong to the superfamily of G- 
protein-coupled receptors. Four subtypes, A 1, A2A, A2B 
and A 3, have been identified both on pharmacological and 
molecular biological grounds. Adenosine A2A receptors 
appear to be involved in important physiological processes, 
such as cardiovascular homeostasis, and brain function 
related to dopaminergic pathways (for a review see Jacob- 
son et al., 1992). 

On the basis of the primary sequence of the adenosine 
A2A receptor we constructed a three-dimensional model 
for this receptor, using the atomic coordinates of bacterio- 
rhodopsin as a template (IJzerman et al., 1994). From this 
model it was suggested that a glutamic acid residue present 
in the first transmembrane domain and highly specific for 
adenosine receptors could be involved in ligand binding 
and activation, being more relevant for agonists than for 
antagonists. 

* Corresponding author. LACDR/Medicinal Chemistry, PO Box 9502, 
2300 RA Leiden, Netherlands. Tel.: +31 71 5274651; fax: +31 71 
5274277. 

In the present study we mutated this negatively charged 
glutamic residue in the human adenosine A2A receptor 
(Furlong et al., 1992) for an (uncharged) glutamine (E13Q), 
and analysed its effects on ligand binding and receptor 
activation. 

2 .  M a t e r i a l s  a n d  m e t h o d s  

2.1. M a t e r i a l s  

Human adenosine A2A receptor cDNA (expression vec- 
tor pSVL-A2a) was kindly provided by Dr. Marlene Jacob- 
son (Merck Research Labs, West Point, PA, USA). Taq 

polymerase for the polymerase chain reaction (PCR) was 
purchased from Perkin Elmer (Emeryville, CA, USA). All 
enzymes used in this study were obtained from New 
England Biolabs (Beverly, MA, USA). Oligonucleotides 
used were synthesized by Bioserve Biotechnologies 
(Laurel, MD, USA). The following compounds were gifts 
that are gratefully acknowledged: CGS21680 (2-[4-[(2- 
carboxyethyl)phenyl]ethylamino]-5'-N-ethylcarboxamido- 
adenosine) and CGS15943 (9-chloro-2-(furyl)[1,2,4]tri- 
azolo[1,5-c]quinazolin-5-amine) from Ciba Geigy (Sum- 
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mit, NJ, USA); amiloride from Merck, Sharp & Dohme 
(Haarlem, Netherlands). XAC (8-[4-[[[[(2-aminoethyl)ami- 
no]carbonyl]methyl]oxy]phenyl]- 1,3-dipropylxanthine) was 
obtained from RBI (Natick, MA, USA). [3H]CGS21680 
(41 Ci/mmol)  and [3H]XAC (109 Ci/mmol;  custom syn- 
thesis) were from DuPont NEN (Dordrecht, Netherlands). 
All other reagents which were obtained from standard 
commercial sources were of analytical grade. 

2.2. Methods 

2.2.1. Plasmid construction, site-directed mutagenesis and 
transient expression of wild-type and mutant receptors in 
COS-7 cells 

This protocol has been described before (Kim et al., 
1995), except that the receptor proteins were untagged. 

2.2.2. Membrane preparation and radioligand binding as- 
say 

Cells were scraped into ice-cold lysis buffer (4 ml of 50 
mM Tris, pH 6.8 at room temperature, containing 10 mM 
MgC12). Harvested cells were homogenized using a Poly- 
tron homogenizer and then spun at 27 000 × g for 15 min. 
The pellet (plasma membranes) was resuspended in the 
same buffer, incubated with 2 U / m l  adenosine deaminase 
at 37°C for 30 min, quickly frozen and kept at -80°C 
until use. 

Competition binding experiments were performed with 
both a tritiated agonist ([3H]CGS21680) and a tritiated 
antagonist ([3H]XAC) as radioligands. The [3H]CGS21680 
binding assay was done as follows. Each test tube con- 
tained 50 /xl of radioligand (final concentration approxi- 
mately 5 nM), 50 /xl of competitor/buffer (50 mM Tris, 
pH 6.8 at 25°C, 10 mM MgCI 2) and 100 ~1 membrane 
suspension (20 /xg of protein). The mixtures were incu- 
bated at 25°C for 90 min, filtered and washed three times 
with 3 ml of ice-cold buffer each using a Brandel cell 
harvester. The [3H]XAC binding assay was performed as 
follows. Each test tube contained 50 /~1 of radioligand 
(final concentration 1.5-2.0 nM), 50 /zl of competitor or 
buffer (50 mM Tris, pH 7.4 at 25°C), 50 /zl of GTP (1 
mM) or buffer, 50 ~1 of NaC1 (1 M) or buffer and 100 /zl 
of membrane suspension (20 /zg of protein). The mixtures 
were incubated at 25°C for 90 min and filtered over 
Whatman G F / B  filters using a Brandel cell harvester. The 
filters were presoaked for 2 h in 0.3% polyethyleneimine, 
and washed three times with 3 ml of ice-cold buffer to 
which 0.01% polyethyleneimine was added. All filters 
were dried for 45 min at 70°C and subsequently counted in 
an LKB Rackbeta 1214 liquid scintillation spectrometer 
after the addition of 3 ml Emulsifier Safe counting liquid 
(Packard). 

Saturation binding experiments were done with 
[3H]XAC only, according to a similar protocol as de- 
scribed above, with [3H]XAC concentrations ranging from 
0.3 to 50 nM. 

2.2.3. cAMP generation and assay 
cAMP levels were determined by measuring the conver- 

sion of [3H]ATP to cyclic [3H]AMP. One day after trans- 
fection, cells were transferred from 100-mm dishes into 
6-well dishes (about 3 × 105 cells/well) and incubated 
with culture media containing 2 /xCi/ml [3H]adenine. 
After 24 h the cultures were washed and incubated with 1 
ml/well  Hank's balanced salt solution containing 0.1 mM 
rolipram and 2 U /m l  adenosine deaminase for 15 min at 
37°C. The cells were incubated with different concentra- 
tions of the agonist CGS21680 (in culture media) for 30 
min at 37°C. The reaction was terminated by aspiration of 
the media and addition of 1 ml of ice-cold 5% trichloro- 
acetic acid containing 1 mM ATP and 1 mM cAMP. After 
30 min incubation at 4°C, cell lysates were eluted through 
sequential chromatography on Dowex and alumina 
columns. Cyclic AMP formation was expressed as fold- 
stimulation of conversion of [3H]ATP into cyclic [3H]AMP 
(Weiss et al., 1985). 

2.2.4. Data analysis 
All saturation, displacement and dose-response curves 

were analysed with the PRISM software package (Graph- 
Pad Software, San Diego, CA, USA). 

3. Results 

3.1. Radioligand binding studies 

In a first series of experiments membranes from both 
wild-type and mutant receptors were incubated with 
[3H]CGS21680. At 5 nM of the radioligand no specific 
binding was detected on cell membranes with the E13Q 
mutant. Ample receptor binding (approximately 50% of 
total binding at 5 nM of the radioligand) was present on 
the cell membranes with the wild-type receptor. Similar 
experiments with the antagonist [3H]XAC as the radioli- 
gand (2 nM) revealed almost identical receptor binding for 
both the wild-type and the mutant receptor (approximately 
70% of total binding). These findings prompted us to 
perform full saturation binding experiments, yielding simi- 
lar K o and Bma x values for [3H]XAC on both receptors 
(wild-type: K D = 25 + 3 nM, B m a  x = 6.4 + 1.1 pmol /mg 
protein; EI3Q: K o = 30 + 4 nM, B m a  x = 8.4 + 2.0 
pmol /mg protein). These data led us to use the radiola- 
beled antagonist [3H]XAC for further experiments. 

In Table 1 the affinities of adenosine receptor ligands 
for the wild-type and mutated adenosine A 2A receptor are 
summarized. The agonist CGS21680 was significantly less 
(15-fold) potent on the mutant receptor both in the absence 
and presence of GTP. The addition of GTP as such shifted 
the affinity of CGS21680 to higher IC50 values (approxi- 
mately 2-fold) both on the wild-type and the mutant 
receptor. A further inclusion of NaCI in the assay de- 
creased affinity even more although to a different extent 
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Table 1 
Approximated 1C50 values (~M) of agonists and antagonists obtained in 
radioligand binding studies with [3H]XAC on the wild-type (WT) and 
E13Q mutant of the cloned human adenosine A2A receptor (n = 2, with 
individual IC50 values differing less than 30%: CGS21680 alone: n = 3, 
IC50 _+ S.E.M.) 

Compounds WT El 3Q Shift a 

Agonist 
CGS21680 0.85+0.22 13.0+4.3 15 
CGS21680 + GTP b 1.65 24.8 15 
CGS21680+GTP b +NaCI ~ 10.5 37.9 3.6 

Antagonists 
XAC 0.018 0.042 2.3 
CGS 15943 0.0022 0.0027 1.2 
Amiloride 52 46 0.9 

IC50. EI3Q/ICso. WT" b GTP concentration (final): 1 mM. ~ NaCI con- 
centration (final): 1 M. 

for the two receptors, resulting in a smaller shift (3.6) 
between the wild-type and the mutant receptor. Neither 
GTP nor NaCI influenced [3H]XAC binding significantly. 

The affinities of the three antagonists studied, XAC, 
CGS15943 and amiloride, did not differ between the two 
receptors. CGS15943 was most potent, in the low nanomo- 
lar range, whereas amiloride had micromolar  affinity. The 
addition of  both GTP and NaC1 (only studied for XAC)  
did not influence the affinity of  this antagonist (data not 
shown). 

3.2. Cyclic AMP production 

preserves other characteristics such as size and hydrogen 
bonding capacity. The results obtained with the wild-type 
and the mutant receptors in both the radioligand binding 
(Table 1) and the functional (cAMP) studies agree to a 
great extent. The prototypic agonist CGS21680 had dimin- 
ished affinity for the mutant receptor, whereas the antago- 
nists considered (XAC, CGS15943 and amiloride) did not 
differentiate between wild-type and mutant receptors. 

The 15-fold lower affinity of CGS21680 observed in 
the binding studies could explain the absence of  specific 
binding when the tritiated form of  CGS21680 was used as 
the radioligand on the mutant receptor. The receptor affini- 
ties of  CGS21680 reported in Table 1 reflect the concomi- 
tant presence of high- and low-affinity states of the recep- 
tor due to the use of  an antagonist radioligand. Due to the 
l imited amounts of  receptor protein available we decided 
not to perform detailed binding experiments to explore this 
well-known phenomenon further. The addition of  GTP (1 
mM) caused a small, only 2-fold, reduction in affinity due 
to a presumed shift in the ratio of  high- and low-affinity 
states of the receptor. Such a small effect of  GTP was 
anticipated, since a similar small shift had been observed 
previously with another antagonist radioligand, [3H]- 
KF17837S (8-(3,4-dimethoxystyryl)- l ,3-dipropyl-7-meth-  
ylxanthine), binding to rat striatal membranes (Nonaka et 
al., 1994). The GTP sensitivity was similar for the wild-type 
and the mutant receptor. This finding suggests that both 
receptors recognize the G-protein equally well. A further 
addition of  NaCI (1 M), known to remarkably reduce 

CGS21680 dose-dependently increased the cAMP pro- 
duction in the cells transfected with either the wild-type or 
the E13Q mutant cDNA. In both cases the maximal  stimu- 
lation achieved was 4 - 5 - f o l d  over control values. How- 
ever, the ECs0 values of  CGS21680 were significantly 
different, i.e. 2.1 + 0.8 nM (n = 3) for the wild-type and 
17 nM (n  = 2, 9 - 2 5  nM) for the mutant receptor, respec- 
tively. 

catalytic triad 
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4. Discussion 

In the present study the interaction between the human 
adenosine A2A receptor and its ligands was studied by 
mutational analysis. In a previous molecular  modell ing 
study (IJzerman et al., 1994) it was suggested that a 
glutamic acid residue (E l3 )  in transmembrane a-hel ix  I 
was involved in the interaction of  the receptor with ago- 
nists rather than antagonists. It was speculated that this 
glutamic acid residue could play a role in some form of 
proton transfer based on structural analogies with the 
catalytic triad in the enzyme family of  serine proteases 
(Fig. l). 

The mutation of glutamic acid to glutamine (E13Q) 
eliminates the negative charge of the residue but it largely 

agonist - adenosine receptor interaction? 

/ 0  . . . . . . . . . . . . . . . . . . . . . . .  H / O ~ - ~  --J 

~---"~O ............ ',(H-- N......~.N,~ .......... H~.O...~_O A 

Glu 13 His 278 ribose of agonist 

Fig. 1. Upper panel: Catalytic triad as found in serine proteases. Proton 
transfer is possible from a serine, via a histidine, to an aspartic acid 
residue along the dashed lines. Lower panel: Proposed mechanism of 
activation of the adenosine A2A receptor by a proton transfer from (the 
ribose moiety of) an agonist ligand (A, adenine or modified adenine 
base), via histidine 278 in helix VII, to glutamic acid 13 in helix 1 along 
the dashed lines. 



272 A.P. 1Jzerman et al. // European Journal of Pharmacology 310 (1996) 269-272 

agonist affinity even further (Linden et al., 1988), was 
more influential on the wild-type than on the mutant 
receptor. It may therefore be that the negatively charged 
glutamic acid, as present in the wild-type receptor, is 
neutralized to some extent by the positive sodium ions, 
thereby regulating agonist affinity. The neutral glutamine 
would not favour a strong interaction with the sodium ion. 
It has been documented for various other G-protein-cou- 
pled receptors that another, highly conserved, acidic residue 
(mostly an aspartic acid) in the second transmembrane 
domain is also critical for allosteric sodium ion regulation 
(see overview in Ceresa and Limbird, 1994). 

Antagonist binding was hardly influenced by the muta- 
tion. Both XAC (in saturation as well as displacement 
studies) and CGS15943 were and remained bound in the 
nanomolar range. The diuretic amiloride has been shown 
to be a modestly potent adenosine receptor antagonist 
(Garritsen et al., 1991). Its chemical structure bears a 
positively charged guanidino group, unlike most other 
adenosine receptor antagonists. It is not likely, however, 
that this positive charge is close to the glutamic acid 
residue, since amiloride's affinity for the mutant was virtu- 
ally unchanged. 

Functional studies on the intact cells revealed that 
CGS21680 was capable of stimulating both the wild-type 
and the mutant receptor, yielding an almost equal extent of 
cAMP production. However, the agonist had again lower 
potency on the mutant receptor, in agreement with the 
radioligand binding studies. Apparently, El3 is involved in 
agonist recognition, but it does not seem to be essential for 
the coupling of receptor and G-protein. It remains to be 
seen whether this residue is an integral part of the ligand 
binding site or that its influence is of a more indirect 
nature. The ideas presented in the modelling study (IJzer- 
man et al., 1994) were based on the experimentally deter- 
mined structure of bacteriorhodopsin. It has to be kept in 
mind that there is virtually no sequence homology between 
this bacterial proton pump and G-protein-coupled recep- 
tors. Its mammalian homolog rhodopsin, however, is a 
G-protein-coupled receptor, and its overall structure has 
been elucidated too (Schertler et al., 1993). Its appearance 
is that of bacteriorhodopsin, although the helices might be 
more tilted relative to each other. The spatial character- 
istics of the ligand binding domain, being more or less in 
the middle of the receptor cavity, are probably not very 
different between rhodopsin and bacteriorhodopsin (Bal- 
dwin, 1993). Mutation studies based on the above model 
were subsequently performed (Kim et al., 1995) and proved 
largely confirmatory, suggesting that the binding site (de- 
fined as all amino acids within 4A of the agonist) does not 
include the glutamic acid residue. A histidine residue in 
helix VII (H278 in the human adenosine A2A receptor) 
appears crucial for the binding of the agonist molecule, 
probably by virtue of hydrogen bonding to the 2'- and 
3'-hydroxy groups present in the ribose moiety. Since 

helices I and VII are adjacent, residues El3 and H278 are 
in close proximity. In that case, a proton transfer could be 
a communication mechanism between the binding site 
histidine and El3. This hypothesis resembles the catalytic 
triad in serine proteases, where a proton transfer is possible 
between a serine (the ribose hydroxy groups here), a 
histidine and an aspartic (here glutamic) acid residue (Fig. 
1). 

In conclusion, the combination of molecular modelling 
and molecular biological techniques is a powerful means 
to study ligand-receptor interactions. It identified a glu- 
tamic acid residue in helix I of the adenosine receptor as 
critical in the recognition of agonists. It is our belief that 
this strategy, in which such various techniques are inte- 
grated, is pivotal for a better understanding of drug action. 
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