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ABSTRACT. To provide insights into interactions between ligands and A, , adenosine receptors, site-directed
mutagenesis was used to test the roles of a glutamic acid residue in the first transmembrane domain (Glul3) and
a histidine residue in the seventh transmembrane domain (His278). The two residues, which have been
suggested to be closely linked in molecular modeling studies, were mutated to glutamine (E13QQ) and tyrosine
(H278Y), respectively. Saturation experiments revealed that [PH]ZM241385 (4-{2-[7-amino-2-(2-furyl)-1,2,4-
triazolo[1,5-a][1,3,5]triazin-5-yl-amino]ethyl}phenol) bound wild-type and mutant receptors in membranes from
COS-7 cells expressing human A, , adenosine receptors with high affinity and low non-specific binding. It was
found from the competition experiments that the affinity of the A, 5 adenosine receptor agonists for the mutant
receptors was 3- to 200-fold lower than for the wild-type receptor. Among antagonist competitors of binding at
E13Q and H278Y mutant receptors, there was variation in the affinity depending on their different structures,
although changes were relatively minor (<3-fold) except in the case of theophylline, whose affinity was
decreased approximately 20 times on the H278Y mutant. The possible involvement of the two residues in sodium
ion regulation was also tested. The agonist competition curves for PH]ZM241385 were shifted to the right in
both wild-type and mutant receptors in the presence of 1 M sodium ions, but the extent of shift (2- to 27-fold)
in wild-type receptor was generally larger than for the mutant receptors. Sodium ions also decreased
[PH]ZM241385 dissociation from both wild-type and mutant receptors, being more influential on the former
than the latter. The results suggest that the two closely linked residues Glul3 and His278 in A, adenosine
receptor are most important for agonist recognition and are partly responsible for the allosteric regulation by

ISSN 0006-2952/00/$—see front matter
PII S0006-2952(00)00357-9

sodium ions. BIOCHEM PHARMACOL 60;5:661-668, 2000. © 2000 Elsevier Science Inc.

KEY WORDS. A, , adenosine receptor; mutation; glutamic acid; histidine; sodium ions

The A, 5 adenosine receptor is a member of the superfamily
of G protein-coupled receptors that is involved in many
important physiological processes [1-3]. Activation of A,z
adenosine receptors results in vasodilation, and this effect
has been examined as the end point for potential antihy-
pertensive therapy using selective A,, agonists such as
CGS21680§ [4]. In the brain, A,, adenosine receptors
occur primarily in the striatum, where they are co-localized
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with D, dopamine receptors [5]. Adenosine acts in a
manner opposite to that of dopamine and thus elicits
locomotor depression [6]. Diseases in which the dopami-
nergic system is hyperactive such as schizophrenia [7] and
Huntington’s disease [6] may be improved by A,, adeno-
sine receptor agonists. Parkinson’s disease, in which the
dopaminergic system is hyporesponsive, may be treated
with A,, adenosine receptor antagonists [8, 9].

The pharmacological characterization of the receptor has
been hampered because of the lack of a commercially
available, selective high-affinity A, adenosine receptor
antagonist [10], particularly in a radiolabeled form. For
instance, site-directed mutagenesis studies to probe the
ligand binding site on the receptor have suffered from the
limited usefulness of radiolabeled agonists such as
[PH]CGS21680 and antagonist ["H]XAC, the latter having
low affinity and high non-specific binding [11-15]. The
antagonist radioligand [PH]SCH58261 has recently been
used to characterize the A, 4 adenosine receptor [16], but it
has not been made available. Only very recently, the potent
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FIG. 1. Molecular model for the human A, , adenosine receptor,
showing helices I and VII with Glu13 and His278, respectively
(see Materials and Methods). Atom colours: gray: carbon;
white: hydrogen; red: oxygen; blue: nitrogen.

and selective radiolabeled antagonist [PH]ZM241385 has
been generally introduced. Hence, we decided to use this
label to further investigate the ligand binding site on the
A, 4 adenosine receptor.

In a previous modeling study [17], it had been suggested
that Glul3 in the first transmembrane domain and His278
in the seventh transmembrane domain of the A,, adeno-
sine receptor are involved in agonist binding. In another
study on human A,, adenosine receptor [13], it was
proposed that there may be interactions between Glul3,
His278, and the ribose moiety of agonist molecules in the
activation of A,, adenosine receptors. A proton transfer
over the ribose group could be a communication mecha-
nism between Glul3 and His278. Recently, a molecular
model for the a-carbon positions in the seven transmem-
brane helices in the rhodopsin family of G protein-coupled
receptors has been presented [18]. Overlaying the amino
acid sequence of the human A,, adenosine receptor with
this three-dimensional architecture suggests that Glul3 and
His278 in the A, 4 adenosine receptor may even be closely
linked (Fig. 1).

Chemical modification studies of A,, adenosine recep-
tors indicated that histidine residues appear to be involved
in ligand binding [19]. In bovine A adenosine receptors, it
has been demonstrated that His278 in the seventh trans-
membrane domain is important for both agonist and antag-
onist binding [20]. Site-directed mutagenesis studies of A, 5
adenosine receptors also suggest that His278 is important
for ligand binding [11].

In this study, we characterized the binding of agonists
and antagonists of different structures (Fig. 2) to wild-type
and two mutant receptors, E13Q and H278Y, by using
[PH]ZM241385. Since Glul3 may be involved in the
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regulation of A, 4 adenosine receptors by sodium ions [13],
the possible involvement of the two residues in the regu-
lation of A, adenosine receptors by sodium ions was also
investigated.

MATERIALS AND METHODS
Materials

Human A, , adenosine receptor cDNA (expression vector
pSVL-A, ) was kindly provided by Dr. Marlene Jacobson
(Merck Research Labs). Taq polymerase for the polymerase
chain reaction (PCR) was purchased from Perkin Elmer.
All enzymes used in this study were obtained from New
England Biolabs. Oligonucleotides used were synthesized by
Bioserve Biotechnologies. [PH]ZM241385 (17 Ci/mmol)
was from Tocris Cookson Ltd. GTP was purchased from
Aldrich and BSA from Sigma. Adenosine deaminase was
obtained from Boehringer Mannheim. CGS15943 and
CGS21680 were gifts from Ciba-Geigy. CPA, NECA,
DPMA, theophylline, and XAC were obtained from RBI.
SCH58261 was a gift from Schering-Plough. All other
compounds were obtained from standard commercial
sources and were of analytical grade.

Plasmid Construction, Site-Directed Mutagenesis, and
Transient Expression of Wild-Type and Mutant
Receptors in COS-7 Cells

This protocol has been described previously [11, 13].
Membrane Preparation

Cells were scraped into ice-cold lysis Tris—HCI buffer (pH
7.4 at 20°, 50 mM). Harvested cells were homogenized
using a Polytron homogenizer and then spun at 27,000 g
for 15 min. The pellet (plasma membranes) was resus-
pended in the same buffer, incubated with 2 IU/mL of
adenosine deaminase at 37° for 30 min. The membrane
preparation was kept at —80° until use.

Radioligand Binding Assay

For saturation experiments, membranes (6—12 g of pro-
tein) were incubated with increasing concentrations (0.25—
8.0 nM) of [PH]ZM241385 in duplicate in a final volume of
0.4 mL of Tris—HCI buffer (50 mM, pH 7.4 at 20°), at 25°
for 120 min. Non-specific binding was defined as that
retained on the filter and membranes in the presence of 1
wM CGS15943. Where appropriate, NaCl (1 M) or GTP
(1 mM) was added to analyze their effects on the binding
process. Binding reactions were terminated by filtration
through Whatman GF/B glass fiber filters under reduced
pressure using an MT-24 cell harvester (Brandell). Filters
were washed three times with ice-cold buffer and placed in
scintillation vials with 5 mL scintillation fluid, and bound
radioactivity was determined by using a liquid scintillation
counter.

For competition experiments, membranes (6—-12 wg of
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FIG. 2. Chemical structures of ligands tested in this study.

protein) were incubated with 2.0 nM [PH]ZM241385 in
duplicate, together with increasing concentrations of the
competing compounds, in a final volume of 0.4 mL Tris—
HCI buffer at 25° for 120 min.

In kinetic studies, a single concentration of [PH]ZM241385
(2.0 nM) was used. The time—course of association of
PH]ZM241385 was measured by adding the radioligand to the
membrane fraction at 25° in a shaking water bath. At varying
times, the reaction was stopped and the samples were filtered
as described above. For dissociation kinetics, the membranes
and radioligand were incubated with other assay constituents

for 2 hr at 25°. The dissociation phase was initiated at 2 hr by
the addition of 1 pM CGS15943, in the presence or absence
of 1 M NaCl or I mM GTP. Duplicate samples were filtered
at various times. Non-specific binding was determined in
parallel samples with the addition of 1 uM CGS15943 before
the initiation of dissociation.

Molecular Modeling

The a-carbon template for human A, , adenosine receptor
was retrieved from the G protein-coupled receptor database
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TABLE 1. K, values (nM) of [PH]ZM241385 binding to wild-type and mutant human A,, adenosine receptors in the presence

and absence of sodium ions and GTP

WT E13Q H278Y
Control 1.8 = 0.20 3.0*+0.34 43 +0.49
+NaCl 0.95 = 0.08%* 1.9 = 0.37* 2.7+ 1.2%
+GTP 1.8 +0.23 2.8 +0.24 3.7 +0.79

Membranes (6—12 g of protein) were incubated with increasing concentrations (0.5-8.0 nM) of radioligand, in a final volume of 0.4 mL of Tris—HCI buffer, at 25° for 120 min.
Non-specific binding was defined as that retained on the filter and membranes in the presence of I pM CGS15943. The data are expressed as means = SE from three independent

experiments performed in duplicate. Binding parameters were obtained from non-linear regression analysis of the saturation curve using a one-site binding isotherm.

*P < 0.05 vs control.

on the WWW (http://www.gper.org/7tm/). It was graphi-
cally displayed on a Silicon Graphics 4000XZ workstation
using the molecular modeling software Biograf 3.2 (Molec-
ular Simulations Inc.).

Data Analysis

Binding parameters were estimated by GraphPad Prism
software (GraphPad). 1C5q values obtained from competi-
tion curves were converted to K; values by using the
Cheng—Prusoff equation [21]. Data were expressed as
means * SE for the number of experiments indicated.

RESULTS

Saturation Binding of [PH]ZM241385 to Human Wild-
Type and Mutant A,, Adenosine Receptors and the
Effects of Sodium Ions and GTP

Saturation experiments were carried out with both wild-
type and mutant receptors using "H]ZM241385 as a radio-
ligand. The experiments revealed that [PH]ZM241385
bound to a single class of wild-type receptors (K; = 1.8 =
0.20 nM; B,,.. = 7617 = 858 fmol/mg protein) displaying
low non-specific binding (<10%). The K, values for
[PH]ZM241385 binding at the E13Q and H278Y mutant
receptors were 2—3 times higher than for the wild-type
receptor. NaCl (1 M) produced a <2-fold decrease in K,
values in both the wild-type and mutant receptors. By
comparison, GTP did not influence the K; value. The
binding parameters are summarized in Table 1.

Kinetics of [’H]ZM241385 Binding to Wild-Type

and Mutant A,, Adenosine Receptors

Binding of [’H]ZM241385 to the wild-type receptor was
rapid, with half-maximal binding occurring at 8 min and
reaching equilibrium within 30 min. The data were fit to a
single exponential model with an association rate constant
of 0.15 + 0.08 nM ! min~". The time—course for associ-
ation of [PH]ZM241385 to E13Q and H278Y mutant
receptors was even more rapid than that for the wild-type
receptor. Sodium ions increased the association rates of
[PH]ZM241385 binding to wild-type receptor, but the
association to E13QQ and H278Y mutant receptors was not
significantly influenced. The values of the association rates
in the presence and absence of sodium ions are summarized
in Table 2.

The dissociation rate for [’H]ZM241385 binding was
determined by addition of an excess amount of CGS15943
(1 wM) after equilibrium was reached. The reversal of
binding was complete after 10 to 20 min. Calculation of the
K, from the kinetic experiments (k_,/k;) (Table 2) gave
an apparent K value for PH]ZM241385 of 2.0 + 0.7 nM,
which is in good agreement with the equilibrium K value
(1.8 = 0.20 nM). Na't decreased the [PH]ZM241385
dissociation rate from both wild-type and mutant receptors,
but to a different extent, being more influential on the
wild-type than on the two mutant receptors. The rates of
[PH]ZM241385 dissociation from the wild-type and the
E13Q and H278Y mutant receptors were decreased 2.6, 1.5,
and 1.4 times, respectively. GTP did not affect the disso-
ciation rate of [PH]ZM241385 significantly (data not

TABLE 2. [PH]ZM241385 association and dissociation rates in the presence and absence of sodium ions

k, (aM™! min™")

k_, (min~1')

WT E13Q H278Y WT E13Q H278Y
Control 0.15 = 0.08 0.32 = 0.07 0.25 = 0.04 0.29 = 0.03 0.60 = 0.05 0.51 = 0.09
+NaCl 0.096 = 0.013* 0.31 = 0.04 0.27 £ 0.04 0.11 = 0.02* 0.40 = 0.14* 0.35 = 0.06*
+GTP ND ND ND 0.27 = 0.04 0.57 = 0.09 0.52 = 0.08

Time—course of [PH]ZM241385 association binding to human wild-type and mutant A, adenosine receptors in the absence and presence of 1 M NaCl was determined as
described in Materials and Methods. After the pre-equilibration of PH]ZM241385 with membranes, the dissociation was started by addition of 1 pM CGS15943 mixed with 1
M NaCl or I mM GTP. The k; and k_; values are expressed as means * SE from three independent experiments performed in duplicate.

#*P < 0.05 vs control. ND, not determined.
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FIG. 3. Displacement of the binding of antagonist radioligand [*’H]ZM241385 from human wild-type and E13Q and H278Y mutant
A, 5 adenosine receptors expressed in COS-7 cells. Competitors include four agonists, CGS21680, CPA, DPMA, and NECA and four
antagonists, CGS15943, SCH58261, theophylline, and XAC. Competition binding studies were carried out using membrane
homogenates as described under Materials and Methods. Data are from one experiment representative of three independent

experiments, each performed in duplicate.

shown). The dissociation rate constants in the presence and
absence of sodium ions or GTP are summarized in Table 2.

Competitive Binding of Various Agonists and
Antagonists to Human Wild-Type and Mutant A, ,
Adenosine Receptors and the Effects of Sodium Ions and
GTP

The agonists selected for competition included adenosine
derivatives modified at the N®-position (DPMA, CPA), at
the 5’-position (NECA), and at both the 5'- and 2-posi-
tions (CGS21680). The affinity of all the agonist compet-
itors tested was 3 to 10 times lower for the E13Q mutant
and 10-200 times lower for the H278Y mutant than for the
wild-type receptor (Fig. 3). The K, values are summarized in
Table 3.

Figure 3 also shows the competition of the diverse set of
adenosine receptor antagonists for [PH]ZM241385 binding
to wild-type and mutant receptors. Among the antagonists
were two xanthines, XAC and theophylline; a potent and
non-selective non-xanthine, (CGS15943); and a potent
and selective non-xanthine, SCH58261. The affinity of
CGS15943 and XAC for both the wild-type and the E13Q
mutant receptor was similar, with a modest decrease in
affinity for the H278Y mutant receptor. Theophylline had
similar affinity for the wild-type and the E13QQ mutant
receptor, but its affinity for the H278Y mutant was about 20
times lower than for the wild-type receptor. The affinity of
SCH58261 for the mutant receptors was 2—3 times higher
than for the wild-type receptor. The K; values are summa-
rized in Table 3.

The shift of agonist competition curves for [P'H]ZM241385

by GTP (only for DPMA) was determined in both the
wild-type and mutant receptors (Table 3). GTP shifted the
DPMA competition curve for PH]ZM241385 1.5 to 2 times to
the right in all membrane preparations tested. We next
examined the influence of sodium ions on the affinity of
CGS21680, DPMA, and NECA. The shifts induced by
sodium ions were dependent on the different structural classes
of the compounds and the receptors used in the experiments.
Sodium ions caused a rightward shift in the CGS21680
competition curves of approximately 8, 2, and 2 times for the
wild-type and the E13Q and H278Y mutant receptors, respec-
tively. The DPMA competition curves were shifted to the
right 10 and 8 times in the wild-type and the E13(QQ mutant
receptor, respectively, whereas only a <2 times shift was
observed in H278Y mutant receptor. NECA’s affinity was
most affected, up to over 25-fold. The apparent K; values of
the compounds in the presence and absence of sodium ions
and the ranges of shift are summarized in Table 3.

DISCUSSION

In the present study, the interactions between the human
A, 5 adenosine receptor and its ligands were investigated by
site-directed mutagenesis. In a previous molecular modeling
study [17], it had been suggested that a glutamic acid in the
first transmembrane domain (Glul3) and a histidine in the
seventh transmembrane domain (His278) are somehow
linked and that they are involved in agonist binding to the
A, adenosine receptor and its ligands. We followed up on
this study by analyzing the binding behavior of the wild-
type and the E13Q and H278Y receptors to agonists and
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TABLE 3. Apparent K; values of various ligands binding to wild-type and mutant human A, , adenosine receptors

apparent K; (M)

WT E13Q H278Y
Agonists
DPMA 0.31 = 0.04 0.94 = 0.27 3013
DPMA + NaCl 3.2*022 8.2 £4.1 51 %18
DPMA + GTP 0.54 = 0.06 1.5+ 0.81 6.0+ 1.1
CGS21680 0.28 = 0.09 2.5+ 051 19.6 = 2.0
CGS21680 + 2.2 £048 53 £0.14 44.0 = 21.7
NaCl
NECA 0.06 = 0.01 0.33 = 0.06 13.8+33
NECA + NaCl 1.6 = 0.25 6.7x1.2 340 = 119
CPA 2.7 £030 219 £ 2.7 37.6 £6.5
Antagonists
CGS15943 0.002 = 0.0002 0.002 = 0.0001 0.006 = 0.002
SCH58261 0.008 = 0.003 0.003 = 0.001 0.003 = 0.0003
Theophylline 4.7+043 9.9 *+3.7 98.5 + 17.4
XAC 0.032 = 0.006 0.031 = 0.005 0.065 = 0.016

Membranes (6—12 g of protein) were incubated with 2.0 nM [PH]ZM241385 in duplicate, together with increasing concentrations of the competing compounds, in a final volume
of 0.4 mL Tris=HCI buffer (50 mM, pH 7.4 at 20°) at 25° for 120 min. Results were expressed as means = SE from three independent experiments performed in duplicate.

antagonists under various conditions. A newly available
tritiated antagonist, ["H]ZM241385, was used for this pur-
pose.

Significant differences in affinity shifts between agonists
and antagonists were observed. All agonists tested had
diminished affinity for the two mutant receptors, which
suggests that both Glul3 and His278 are involved in
agonist recognition of the A,, adenosine receptor, either
directly or indirectly. It was found that the extent of affinity
shifts was dependent on the structures of the compounds.
The 5’-substituted agonist NECA showed the largest de-
crease in affinity for the H278Y mutant receptor, whereas
the N%-substituted adenosine derivative DPMA exhibited
the smallest decrease. The adenosine derivative modified at
both the 5’- and 2-positions (CGS21680) displayed an
intermediate decrease.

Affinity changes were less pronounced for antagonist
competitors. The affinities of the non-selective antagonists,
CGS15943 and XAC, were similar for the wild-type and
the E13QQ mutant receptor, but their affinities for the
H278Y mutant receptor were modestly decreased. Theoph-
ylline had similar affinities for the wild-type and the E13Q
mutant receptor, but its affinity for the H278Y mutant
receptor was decreased 20 times. Interestingly, the potent
and selective antagonist SCH58261 showed a moderate
increase in affinity for both the E13Q and H278Y mutant
receptors. Thus, the binding mode of this antagonist seems
to be unique.

In a previous site-directed mutagenesis study on A,
adenosine receptors, it was demonstrated that agonist
affinity fell 10- to 100-fold after the mutation of the
corresponding glutamic acid residue (Glul6 in the human
A, adenosine receptor). The affinity for A; adenosine
receptor antagonists was not affected significantly, which is
consistent with the present result [22]. In the A, adenosine
receptor, the corresponding histidine (His278) appeared

important for both agonist and antagonist binding [20],
which is also in line with the result of the current study.

The addition of I mM GTP caused only a 2-fold shift of
the DPMA competition curve for [’H]ZM241385, due to a
presumed transition from high- to low-affinity states of the
receptor. The relatively small GTP effect was anticipated,
as a similar small shift had been observed with antagonists
PHIKF17837S and [PHJSCH58261 on rat striatal mem-
branes [16, 23]. A similar shift had also been observed in
our previous experiments using ["’H]XAC as a radiolabeled
antagonist [13]. The small range of the GTP shift suggests
that human A, , adenosine receptors are poorly coupled to
G proteins, as noted previously [24]. As the ranges of the
GTP shift in wild-type and mutant receptors are similar, it
is suggested that the mutations do not affect agonist
binding by influencing G protein coupling.

It has been suggested that Glul3 may be involved in the
modulation of agonist binding to human A,, adenosine
receptors by sodium ions [13]. This was again demonstrated
and further explored in the present study. As Glul3 and
His278 are closely linked, we also assessed whether His278
in TM7 was influenced by sodium ions. It was demonstrated
in the present study that the affinity of agonists for both
wild-type and mutant receptors was decreased in the pres-
ence of 1 M NaCl. Since NaCl is more influential on
wild-type than on mutant receptors, these two sites may
influence sodium effects on binding of various agonists to
different extents.

Ligand binding to many members of the G protein-
coupled receptors is regulated allosterically by monovalent
cations. Prominent among this group are receptors linked to
inhibition of adenylyl cyclase such as A; adenosine [25],
a,-adrenergic [26, 27], and D, dopamine receptors [28, 29]
as well as certain types of muscarinic receptors [30].
Monovalent cation modulation of binding has also been
demonstrated for B-adrenergic receptors [31], which are
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linked to stimulation of adenylyl cyclase as are the A,
adenosine receptors [32]. An aspartate residue in the second
transmembrane domain conserved in almost all G protein-
coupled receptors appears to be involved, as originally
demonstrated for the «,-adrenergic receptor [26]. This
residue has also been identified by site-directed mutagenesis
of the human A, adenosine receptor [22]. Mutation of
Asp55 to Ala eliminated allosteric regulation of ligand
binding by sodium ions. Thus, Asp55 in the A, adenosine
receptor appears to play a critical role in sodium ion
modulation. It was demonstrated in the present study that
mutation of Glul3 to glutamine and His278 to tyrosine
influenced the allosteric regulation by sodium ions to a
limited extent only. This suggests that Glul3 and His278 in
the A, adenosine receptor are probably not as important
in sodium ion regulation as the aspartate in helix II, which
is also present in the A, adenosine receptor. Sodium ions
increased the antagonist radioligand [*H]yohimbine disso-
ciation from «,-adrenergic receptors [26]. However, the
dissociation of the antagonist ["’H]ZM241385 from A4
adenosine receptors was significantly decreased in the
presence of sodium ions, indicating the mode of regulation
of A, adenosine receptors by sodium ions to be different
from that of the a,-adrenergic receptor.

As demonstrated in the present study, the affinity of all
agonists for the mutant receptors decreased. The affinity of
the antagonists for the mutant receptors was more variable
with both decreases and increases, which may be consistent
with the fact that all agonists are chemically closely related
to adenosine, whereas the antagonists show greater struc-
tural diversity [32]. As there is variation in the affinity of
the antagonists for the mutant receptors, there may be more
than just one antagonist binding site on the A, 4 adenosine
receptor. An alternative explanation would be that the two
amino acids, through direct interaction, are stabilizing the
receptor conformation that binds agonists with high affin-
ity.

It is interesting that among agonists NECA is most
affected by mutations and NaCl. This might be due to the
5'-N-ethylcarboxamide substitution on its ribose moiety. It
has been demonstrated on the A; adenosine receptor that
a serine residue adjacent to His278 (Ser277) also has
greatest impact on NECA’s affinity [33].

In summary, the two closely linked residues, Glul3 and
His278, are important for agonist recognition on the
human A, 4 adenosine receptor. The allosteric modulation
of A, , adenosine receptors by sodium ions is influenced by
these two residues, but to a rather limited extent.

We thank Miriam de Groote, Jacobien K. von Frijtag Drabbe Kiinzel,
and David S. Johnson for technical assistance.
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