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Mutagenesis Reveals Structure—Activity Parallels between Human Aza
Adenosine Receptors and Biogenic Amine G Protein-Coupled Receptors
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Structure—affinity relationships for ligand binding at the human A, adenosine receptor have
been probed using site-directed mutagenesis in the transmembrane helical domains (TMs).
The mutant receptors were expressed in COS-7 cells and characterized by binding of the
radioligands [3H]CGS21680, [*(H]JNECA, and [?H]XAC. Three residues, at positions essential
for ligand binding in other G protein-coupled receptors, were individually mutated. The residue
V(3.32) in the Aza receptor that is homologous to the essential aspartate residue of TM3 in the
biogenic amine receptors, i.e., V84(3.32), may be substituted with L (present in the Az receptor)
but not with D (in biogenic amine receptors) or A. H250(6.52), homologous to the critical N507
of rat m3 muscarinic acetylcholine receptors, may be substituted with other aromatic residues
or with N but not with A (Kim et al. J. Biol. Chem. 1995, 270, 13987—-13997). H278(7.43),
homologous to the covalent ligand anchor site in rhodopsin, may not be substituted with either
A, K, or N. Both V84L(3.32) and H250N(6.52) mutant receptors were highly variable in their
effect on ligand competition depending on the structural class of the ligand. Adenosine-5'-
uronamide derivatives were more potent at the H250N(6.52) mutant receptor than at wild
type receptors. Xanthines tended to be close in potency (H250N(6.52)) or less potent (V84L-
(3.32)) than at wild type receptors. The affinity of CGS21680 increased as the pH was lowered
to 5.5 in both the wild type and H250N(6.52) mutant receptors. Thus, protonation of H250-
(6.52) is not involved in this pH dependence. These data are consistent with a molecular model

predicting the proximity of bound agonist ligands to TM3, TM5, TM6, and TM7.

Introduction

The principal mechanism by which caffeine and other
alkylxanthines act as physiological stimulants is by
acting as competitive antagonists of the ubiquitous
neuromodulator adenosine.l2 Adenosine has a depres-
sant action on the central and peripheral nervous
systems and the cardiovascular, renal, and immune
systems, as well as other systems. Four pharmacologi-
cally distinct subtypes of adenosine receptors, A;, Aza,
Azg, and Az, have been cloned.34 These receptors are
members of the superfamily of rhodopsin-like G protein-
coupled receptors (GPCRs).

Site-directed mutagenesis has been used in an at-
tempt to identify amino acid residues in the transmem-
brane helical domains (TMs) of the human A, adeno-
sine receptor that are essential for ligand recognition.>~*
A rhodopsin-based model® of the human A, adenosine
receptor has been proven to be highly consistent with
mutagenesis results regarding orientation of individual
amino acid residues within the central ligand-binding
cavity, thus implicating residues in TM5 (fifth helical
transmembrane domain), TM6, and TM7 of the Asa
adenosine receptor in ligand recognition. The points of
ligand recognition in A; adenosine receptors have also
been probed either through single-amino acid
replacements®~10 or through the construction of chi-
merical receptors.’112 |n addition to mutagenesis we
have designed unique ligand probes for characterizing
adenosine receptors, including the affinity label PAPA-
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APEC, which provided the first evidence that A; and
Aza adenosine receptors were distinct molecular spe-
cies,’® and the fluorescent label FITC-APEC.1415 PAPA-
APEC has been shown to covalently cross-link to TM5
of the Az adenosine receptor.’® In mutagenesis studies
of adenosine receptors, amino acid residues both within
the transmembrane helical domains and in the second
extracellular loop,>!! which joins TM4 and TM5, have
been shown to be essential for ligand binding.

A recent review has noted striking similarity in
structure—function relationships among the diverse
GPCRs that bind small, non-peptide ligands,” suggest-
ing conservation of an overall molecular architecture.
A dendrogram based on the sequence alignment of many
GPCRs!® clearly shows that the adenosine receptors are
more closely related to the biogenic amine receptors
than to any other class. This study illustrates that
there is homology not only in sequence but also in the
conservation of function in ligand binding with respect
to specific positions on the transmembrane helices.
Thus, some homologous locations on the helices appear
to be important for ligand binding in both adenosine and
biogenic amine receptors, even though the amino acid
residues at the site may be entirely different and the
ligands are structurally very different (Figure 1).

In the present study we have introduced single-amino
acid replacements at three positions of the human Aza
adenosine receptor that are also known as important
ligand recognition elements in biogenic amine recep-
tors: positions 3.32, 6.52, and 7.43, using an extended
notation that allows immediate comparison to structural
studies of other receptors.1”1® (Residue identifiers!7.19
specify the helix (X.) and the position relative to a key
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Figure 1. Generalized features of GPCRs,*” showing residue locations in TM3, TM5, and TM7 that are important for ligand
binding in adenosine receptors and in biogenic amine receptors. Glycosylation occurs on the N-terminal segment (NT) in the
biogenic amine receptors and on the second extracellular loop (E2) in adenosine Aza receptors. A palmitoylation site occurs in
biogenic receptors at the C-terminal segment (CT) and in the adenosine A; and As receptors. A sodium-binding site occurring at
a D residue (2.50) modulates agonist binding. The third intracellular loop (13), which directly contacts G proteins, contains an
o-helical region. Adenosine is shown in the central cavity of the transmembrane region, which has been opened for illustration
purposes. Mutagenesis of human A,a receptors indicates that the adenine moiety is largely associated with aromatic residues in
TM5, TM6, and TM7.5 TM3 and TM7 contain residues, mutation of which selectively affects agonists, that are proposed to coordinate

the ribose moiety.®
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conserved residue in that helix, which is designated
(X.50).) In the human A, adenosine receptors these
positions correspond (in order) to V84 in TM3, to H250
in TM6, and to H278 in TM7. Position 3.32 corresponds
to the essential D present in the biogenic amine recep-
tors which forms the counterion to the charged amino
groups of (endogenous) ligands and has not previously
been mutated for any adenosine receptor subtype.
Residues at positions 6.52 and 7.43 were found to
influence ligand affinity in m3 muscarinic receptors. In
A; and A; adenosine receptor subtypes both are con-
served H residues. In A; and Aza adenosine receptors
these H residues have been shown to be involved in
ligand recognition.>8

Results

Ligand Binding Properties of Mutant Human
Aza Adenosine Receptors. Mutant human Aza ad-
enosine receptors containing single-amino acid replace-

ments at three positions within the transmembrane
helical regions were prepared using PCR techniques and
expressed in COS-7 cells. Amino acids mutated are
indicated using the residue identifiers as described in
van Rhee and Jacobson,” which specify the helix (X.)
and the position relative to a key conserved residue in
that helix, which is designated (X.50). For example, for
the helices mutated in the present study, the key
conserved residues are R102(3.50), P248(6.50), and
P285(7.50), V84(3.32), H250(6.52), and H278(7.43),
respectively, all of which are conserved between A; and
A, receptors and were individually substituted. The
following mutant receptors were prepared: V84A(3.32),
V84D(3.32), V84L (3.32), H250N(6.52), H278K(7.43), and
H278N(7.43). Other H250(6.52) and H278(7.43) recep-
tor mutants had been prepared in a previous study.>
Initially, radioligand binding experiments562021 using
fixed concentrations of the agonist [?BH]CGS21680 (80
nM), the agonist [EHJNECA (100 nM), or the antagonist
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Table 1. Binding Characteristics of Wild Type and Mutant Human A,; Adenosine Receptors Using the Agonist Radioligand

[BH]CGS216802
construct?
compound WT V84L H250N
Bmax (pmol/mg) [*H]CGS21680 5.69 + 0.51 3.16 + 0.15** 1.67 £+ 0.11**
Ka (NM) [BH]CGS21680 36.4+2.7 27.3 £ 3.2*%* 7.60 £ 1.49**
Ki (nM) agonists
DPMA 38.1+0.8 18.9 &+ 8.1** 359+44
NECA 216 +45 21.5+95 5.24 + 4.69**
IB-MECA 370 £ 91 143 + 28* 32.0 £ 13.7**
antagonists
CGS15943 0.142 + 0.047 0.842 +0.433 0.457 + 0.225
XAC 7.89 +£1.17 45.6 + 12.6** 15.6 + 6.4**
galangin 16700 + 900 18100 + 5000 33000 + 5800
nifedipine 24400 + 6300 22200 + 1700 22200 + 1900
CPX 226 + 28 788 + 93** 291 + 104
BTH, 106000° 72600 + 44000 54300 + 4400
amiloride 12000 + 4100 11600 + 2400 3280 + 1330*

a Agonist and antagonist binding affinities (K values, structures in Figure 2 and Jacobson et al., 1992) were determined in [FH]CGS21680
(15 nM) competition binding studies at pH 6.8 using membrane homogenates prepared from transiently transfected COS-7 cells, as described
in the Experimental Section. Data are presented as means +SD of three independent experiments, unless indicated, each performed in
duplicate. Each sample contained 7—11 ug of membrane protein/tube. K;values were calculated from 1Csg values using the KaleidaGraph
program. All constructs contain an HA tag sequence at the N-terminus (Kim et al., 1995). **P < 0.01, *P < 0.05 vs wild type receptors.
b Constructs that showed <3% of specific binding of [3H]CGS21680 (15 nM) found for HA-tagged wild type receptors were V84A, V84D,
H278N, and H278K mutant receptors. The expression levels at these four mutants showed levels comparable to HA-tagged wild type
receptors. Kq was determined in saturation experiments using [?H]CGS21680 at the V84L and H250N mutant receptors transfected in

COS-7 cells. ¢ n = 2 (105 and 107 uM).

Table 2. ELISA of A;a Receptor Mutants on the Surface of
COS-7 Cells

mutant expression level? (%)
V84A 98.2+ 4.0
V84D 99.4 + 6.7
H278N 95.7 + 5.6
H278K 975+ 4.4

a Table shows expression level as a percentage of HA-tagged
Aza wild type (100%), n = 8. Expression level was determined
using a standard curve (Kim et al., 1995). None of the values listed
were significantly different from control.

[BH]XAC (30 nM) were carried out on the wild type and
mutant receptors. The mutant receptors V84A(3.32),
V84D(3.32), H278K(7.43), and H278N(7.43) displayed
negligible specific binding (less than 10% of that of wild
type receptors) of all three radioligands. The mutant
receptors V84L(3.32) and H250N(6.52) displayed levels
of specific binding similar to that of wild type for all
three radioligands at the indicated concentrations.
Precise saturation and competition studies were carried
out on these mutants using [(H]CGS21680 (Table 1).

The V84D(3.32) mutant receptor was intended to
resemble the biogenic amine receptors. Since we could
not detect specific radioligand binding with adenosine
radioligands, the construct was probed for specific
binding using an extremely high-affinity muscarinic
acetylcholine receptor antagonist, [BSHJQNB.?22 Not un-
expectedly, no specific binding was observed at a radio-
ligand concentration of 10 nM.

To eliminate improper delivery of the receptors to the
plasma membrane as a probable cause of the lack of
high-affinity binding in membranes, a hemagglutinin
(HA) epitope tag was incorporated at the N-terminus
of all of the constructs, allowing immunological detec-
tion.> In this manner using an ELISA method the
V84A(3.32), V84D(3.32), H278K(7.43), and H278N(7.43)
mutant receptors were found to be properly expressed
on the surface of the COS-7 cells (Table 2). To estimate
approximate levels of receptor protein present in the
plasma membrane (percent with respect to the HA-
tagged wild type receptor), a standard curve was

constructed from different batches of transfected COS-7
cells expressing varying levels of wild type HA-tagged
A,a adenosine receptors (see the Experimental Section).>
The ELISA procedure does not interfere with the
intactness of the plasma membrane barrier.> Thus the
assay is specific for receptors having the extracellular
N-terminus properly oriented in the membrane.

Saturation experiments were carried out with the
wild type receptor and the V84L(3.32) and H250N(6.52)
mutant receptors (Table 1) using the agonist [3H]-
CGS21680 to label a high-affinity state. In Scatchard
analysis for each of these receptor constructs, only a
single high-affinity affinity state was detected. The Ky
value for [PH]CGS21680 binding at the V84L(3.32)
mutant receptor was only slightly lower than for the
wild type receptor, while at the H250N(6.52) mutant
receptor affinity of the radioligand was increased nearly
5-fold. The Bmax values of these two mutant receptors
were somewhat diminished.

The agonists selected for competition (Figure 2 and
Table 1) included adenosine derivatives? modified at the
N&-position (DPMA), the 5'-position (NECA), the 5'- and
2-positions (CGS21680), and the 5'- and N8-positions
(IB-MECA). Agonist competitors at V84L(3.32) mutant
receptors retained (NECA) or increased (DPMA, 2-fold;
IB-MECA, 2.6-fold) their affinity. At H250N(6.52)
mutant receptors, IB-MECA (Figure 3A) and NECA
were 12- and 4-fold more potent, respectively, than at
wild type receptors.

The diverse set of adenosine antagonists? shown in
Figure 2 was studied in competition for [BH]CGS21680
binding. Included in the set of adenosine antagonists
were two xanthines, the xanthine amine congener (XAC)
and 8-cyclopentyl-1,3-dipropylxanthine (CPX); a potent
and nonselective non-xanthine (CGS15943); amiloride;
nifedipine;?® and two recently reported antagonists, i.e.,
the flavonol galangin?* and the tetrahydrobenzothiophe-
none BTH4,2® both of which do not contain nitrogen
atoms. Among antagonist competitors of binding at
V84L (3.32) mutant receptors there was variation in the
affinity depending on the chemical class. At V84L (3.32)
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Figure 2. Structure of the agonists and antagonists used in this study. Structure numbering is included for adenosine and

xanthine derivatives.

mutant receptors CPX and XAC (Figure 3B) had re-
duced affinity (4—6-fold) compared to wild type recep-
tors. However nifedipine, galangin, amiloride, and
BTH, displayed wild type affinity for V84L (3.32) mutant
receptors. At H250N(6.52) mutant receptors most
antagonists displayed approximately wild type affinity,
except XAC, which displayed a 2-fold decrease in
affinity, and amiloride, which displayed a 4-fold gain
in affinity. Thus, the loss of affinity of the xanthine
antagonists XAC and CPX was more prevalent in the
V84L(3.32) than in the H250N(6.52) mutant receptor,
while a gain of affinity was present in only one case in
the H250N(6.52) mutant receptor.

pH Dependence of Ligand Binding. The affinity
of CGS21680 increases as the pH is lowered to 5.5 in
both the wild type and H250N(6.52) mutant receptors
(Table 3). Thus, it is highly unlikely that protonation
of H250(6.52) is involved in the pH dependence of the
wild type receptor.26:27

Discussion

Three amino acid residues of the human A;a adenos-
ine receptors, V84(3.32), H250(6.52), and H278(7.43),
are among those sites that appear to be involved in
ligand recognition based on site-directed mutagenesis
and radioligand binding with both agonists and an
antagonist (Figure 1). The combination of ELISA and
radioligand binding results indicates that the V84(3.32)
and H278(7.43) residues are particularly critical, either
through direct contact or indirect influence, for high-
affinity binding of ligands. Position 3.32 corresponds
to the essential D in TM3 of the biogenic amine
receptors,!” whereas position 6.52 corresponds to the
conserved N in TM6 of muscarinic acetylcholine recep-
tors that was shown to be important for antagonist
binding.?22 H278(7.43) of the human A, adenosine

receptor is homologous to K296(7.43) in bovine rhodop-
sin, the retinal anchor site, and Y533(7.43) in the
human m3 muscarinic acetylcholine receptor, which is
generally conserved as Y in biogenic amine receptors,
and substitution of this residue with either K or N
proved to be highly detrimental to ligand binding.
Mutations of H278(7.43) have been made in both A;
receptors (L)810 and Aya receptors (A, Q, F, or Y in ref
5; N or K in this study), and none are tolerated for high-
affinity ligand recognition. The requirement for H278-
(7.43) therefore appears to be absolute.

In a previous study® H250(6.52) was substituted with
other aromatic residues (as occur in o- and -adrenergic,
serotonin, and dopamine receptors), which resulted in
preservation of high-affinity radioligand binding, and
with A (as in rhodopsin), which resulted in loss of high-
affinity binding. In the present study this residue was
replaced with N (as in m1—m5 muscarinic receptors).
A gain of affinity was observed and most pronounced
for the agonists bearing a 5’-uronamide moiety
(CGS21680, NECA, and IB-MECA) at the H250N(6.52)
mutant receptor. Amiloride,?® which has a single car-
bonyl group proximal to the aromatic ring, was also
more potent than at wild type receptors. Xanthines and
CGS15943 tended to be close in potency at H250N(6.62)
mutant receptors and wild type receptors. The patterns
of changes in ligand affinity suggest that structural
classes may be discerned.

A pH dependence of binding of CGS21680 has been
noted previously.2627 It was speculated that this effect
was related to the protonation of one of the two histidine
residues in the binding pocket.?® Since one of the
receptor mutants in the present study, H250N(6.52),
was functional yet lacking a second histidine residue,
we also probed the participation of histidine residues
in the observed phenomena of the pH dependence of
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Figure 3. Representative competition curves for displacement
of binding of [?BH]CGS21680 at wild type and mutant human
Az receptors by IB-MECA (A) and XAC (B).

radioligand affinity. In this study we have shown that
even in the absence of a histidine residue at position
6.52, a pH dependence is still observed. Therefore, we
speculate that the remaining H278(7.43) is the most
likely candidate to be involved in this effect. We were
unable to directly test the hypothesis that the H278-
(7.43) residue is the site of protonation responsible for
the pH dependence of radioligand binding, because
mutations at this position were not tolerated.

Xanthines were less potent at V84L(3.32) mutant
receptors than at wild type receptors, but the affinity
of the other antagonists seemed to be unaffected by the
mutation. The pattern of changes in ligand affinity with
respect to the V84L(3.32) mutant parallels that of the
H250N(6.52) mutant. Thus, it is possible to discern
structural classes of ligands based on whether a par-
ticular mutation leads to enhanced or diminished af-
finity. There are other examples of the importance of
residues occupying position 3.32 in binding of nonbio-
genic amine ligands. This was shown, for example, in
NK1,30 rhodopsin,3! and TRH receptors.32 Mutation of
several hydrophilic residues, T88(3.36) and Q89(3.37),
of the human A;a adenosine receptor has also been
shown to affect ligand binding,® although these residues

Jiang et al.

Table 3. Saturation Binding Characteristics of Wild Type and
Mutant Human A,a Adenosine Receptors as a Function of pH,
Using the Agonist Radioligand [3H]CGS 216802

construct
WT H250N

pH 5.5

Bmax (Pmol/mg) 5.60 4+ 0.29 1.47 £+ 0.07

Ka (NM) 22.0 + 5.4* 4.30 + 1.80**
pH 6.8

Bmax (pmol/mg) 5.69 + 0.51 1.67 £0.11

Ka (NM) 36.4+ 2.7 7.60 & 1.50%*
pH 7.5

Bmax (Pmol/mg) 4.57 £ 0.39 1.00 + 0.04

Ka (NM) 74.0 + 12.8%* 11.6 4 2.0**
pH 8.4

Bmax (pmol/mg) 6.94 + 7.30 0.827 + 0.220

Kd (NM) 632 + 716 99 + 38**

aData are presented as means +£SD of three independent
experiments, each performed in duplicate. Each sample contained
7—11 ug of membrane protein/tube. **P < 0.01, *P < 0.05 vs pH
6.8 (WT column) or corresponding pH for wild type receptors
(H250N column).

are located more than one helical turn from V84(3.32)
in the cytosolic direction.

The structure—function parallels of the data pre-
sented above are strongest with mutagenesis studies
performed with receptors for biogenic amines. For
instance, in the rat 5HT, serotonin receptor the D155N-
(3.32) mutation led to a decreased affinity for both
agonists and antagonists,3® and similar effects were
observed for the D107N(3.32) mutant of human H;
histamine receptors.3* Moreover, in the hamster j3,
adrenergic receptor the D113E(3.32) mutation not only
decreased the affinity for agonists and antagonists but
also revealed certain antagonists to be partial agonists.3®
The more disparate mutation D113S(3.32) in the ham-
ster f3; adrenergic receptor displayed a general decrease
in affinity for antagonists but selectively changed the
affinity order of agonists.?® In human D, dopamine
receptors a D114C(3.32) mutant was shown to display
decreased affinity toward antagonists and in addition
strongly reacted with a thiol reagent®” indicating that
the position is exposed to the solvent in the cavity
formed by the transmembrane bundle. This, in turn,
is highly consistent with a role for V84(3.32) in the
binding of ligands to the human A, adenosine receptor.

The parallels between structure—function profiles for
Aza and biogenic amine receptors are not limited to TM3
but extend into TM6 and TM7. The change of a polar
to an acidic residue in the rat m3 muscarinic mutant
receptor, N507D(6.52), led to an overall decrease in
antagonist affinity and changed the rank order of
affinity for agonists.?2 The change from an aromatic
residue to an alanine in the human D, dopamine
receptor, F390A(6.52), resulted in an across the board
decrease of affinity,®® as was demonstrated for the
H250A(6.52) mutant of the human Aza adenosine recep-
tor.5 In the case of the Y316A(7.43) mutant of the
hamster (3, adrenergic receptor, ligand binding was
decreased to such an extent that impaired processing
was inferred to have caused this effect.3° In this study,
however, we have shown that although ligand binding
is absent from H278K(7.43) and H278N(7.43) human
A,a adenosine receptors, the receptors are still ex-
pressed at the cell surface with the N-termini properly
oriented (Table 2). Wess et al.*° demonstrated that the
Y533F(7.43) mutation in the rat m3 muscarinic receptor
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considerably decreased ligand affinity but that the
receptors were properly expressed at the cell surface.
This is consistent with our observations and suggests
that the contribution of an amino acid located at position
7.43 in the receptor (possibly specific hydrogen bonding
with ligands for either biogenic amine or adenosine
receptors) is both essential and a general principle.

In our earlier study of H278(7.43) mutants of the
human A,a adenosine receptor (Figure 1), we formed a
molecular model that contained a conjugated hydrogen
bond between S281(7.46), H278(7.43), and the 5'-posi-
tion of agonists.> Our current mutagenesis work on
H278K(7.43) and H278N(7.43) mutant receptors re-
mains consistent with this hypothesis. Also, the dem-
onstration of pH dependency with the H250N(6.52)
mutant similar to the wild type indirectly supports the
importance of the only other transmembrane histidine,
H278. Replacement of H278 by the positively charged
K did not result in high-affinity ligand binding, neither
did the replacement of this amino acid by N, a residue
with both hydrogen bond donor and acceptor functional-
ity, result in high-affinity ligand binding. Only in the
wild type H278(7.43) receptor is there a possibility that
a protonated residue can act as a proton relay system,”41
thereby sustaining the integrity of both the agonist and
the antagonist ligand-binding domain.

Furthermore, molecular modeling is consistent with
the proximity of bound agonist ligands to TM3, TM5,
TM6, and TM7, as has been proposed for muscarinic
and other biogenic amine receptors.1942:43

The coordinates of the human A4 receptor model® are
available from the Protein Database (Brookhaven Na-
tional Laboratory) using the URL http://www.pdb.bnl.
gov/cgi-bin/browse under the ID code Immh. As noted
previously,® the critical residue F182 (5.43) corresponds
to a serine essential for agonist binding in catechola-
mine receptors.

Molecular modeling has been used to gain insight into
the relative orientation of adenosine derivatives!” and
xanthines24144 in the adenosine receptor binding site.
Incorporation of XAC into an Aza adenosine receptor
model based on a bacteriorhodopsin template*! has been
carried out according to the hypothesis of ‘N¢/C8' overlay
investigated by van der Wenden et al.*#* The amine-
functionalized chain of XAC is oriented towards the
exofacial side of the receptor. Similar results were
obtained when XAC was docked according to this
hypothesis into our NECA-occupied Az receptor model
based on the structure of rhodopsin (5 and unpublished),
and moreover the model predicts that both the 8-sub-
stituent and the N3 propyl group of potent 1,3-dialkyl-
xanthine antagonists are oriented toward TM3, whereas
the N1 propyl group is in proximity to TM7. In addition
to the present and previous mutagenesis results®%12 and
the molecular modeling, the proximity of TM3 to the
ligand-binding site was further emphasized in photo-
affinity labeling experiments.*> An azido group located
on the N3 substituent of a xanthine was found to cross-
link with TM3.

Further modeling studies (in progress) will be re-
quired to analyze the microscopic basis for the differ-
ences between different antagonists binding to mutant
receptors. According to the computer model of adeno-
sine antagonists by van Rhee et al.,?> XAC and CGS15943
have a similar mode of orientation in the ligand-binding
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domain of the receptor, in which the furyl substituent
of CGS15943 occupies approximately the same space as
the phenyl ring of XAC. Both of the xanthine antago-
nists and CGS15943 lost affinity in the V84L mutant,
whereas the affinity of ligands with a very different
structure and lower wild type affinity (galangin, nife-
dipine, and BTHy,) is unchanged.

The desired, long term objective of receptor mutagen-
esis is to be able to design and synthesize more selective
ligands based on knowledge of ligand recognition in
receptor binding. This goal will require refinements in
molecular modeling methodology as well as in biophysi-
cal methods for obtaining corroborative evidence for
specific interactions. The present study has supported
the view that there is a common architecture in general
underlying GPCR structure—activity. Specifically, ad-
enosine receptors bear a resemblance to biogenic amine
receptors, to which they are closely related by sequence
homology.1718 Moreover, distinct differences in the
properties of diverse ligands binding to human Aza
adenosine receptors, mutated at critical positions, have
been identified.

Experimental Section

Materials. Human Az adenosine receptor cONA (pSVLA24)
was provided by Dr. Marlene A. Jacobson (Merck Research
Labs, West Point, PA). Taqg polymerase for the polymerase
chain reaction (PCR) was purchased from Perkin Elmer Cetus
(Emeryville, CA) and adenosine deaminase from Boehringer
Mannheim Biochemicals (Indianapolis, IN). All other enzymes
used in this study were obtained from New England Biolabs
(Beverly, MA). DPMA, NECA, CGS15943, XAC, nifedipine,
amiloride, and 2-chloroadenosine were purchased from Re-
search Biochemicals International (Natick, MA). Galangin
was purchased form Apin Chemicals Ltd. (Oxfordshire, U.K.),
and BTH, (ethyl 3-(benzylthio)-4-oxo0-4,5,6,7-tetrahydrobenzo-
[c]thiophene-1-carboxylate) was purchased from Maybridge
Chemicals (Trevillet, U.K.). The Sequenase Kit was from
United States Biochemical (Cleveland, OH). All oligonucle-
otides used were synthesized by Bioserve Biotechnologies
(Laurel, MD). A monoclonal antibody (12CA5) against a
hemagglutinin epitope (HA) was purchased from Boehringer
Mannheim Biochemicals (Indianapolis, IN), and goat anti-
mouse 1gG (y-chain specific) antibody conjugated with horse-
radish peroxidase, FBS, and o-phenylenediamine dihydrochlo-
ride were purchased from Sigma Chemical Co. (St. Louis, MO).
DEAE-dextran was obtained from Pharmacia-LKB (Piscat-
away, NJ). [PH]CGS 21680 and [*H]NECA were purchased
from DuPont NEN (Boston, MA), and [*H]XAC was custom
synthesized by the same supplier.

Plasmid Construction and Site-Directed Mutagenesis.
The coding region of pSVLA,a was subcloned into the pCD
cDNA expression vector,*® yielding pCDAza. All mutations
were introduced into pCDAa using standard PCR mutagenesis
techniques.*” The accuracy of all PCR-derived sequences was
confirmed by dideoxy sequencing of the mutant plasmids.*®

Epitope Tagging. A 9-amino acid sequence derived from
the influenza virus hemagglutinin (HA) protein (TAC CCC
TAC GAC GTC CCC GAC TAC GCC; peptide sequence:
YPYDVPDYA) was inserted after the second methionine
residue at the extracellular N-terminus of the A;a adenosine
receptor gene.®> Oligonucleotides containing the HA tag se-
guence were designed and used to generate PCR fragments,
which were then used to replace the homologous wild type
PCDAza Sequences.

Transient Expression of Mutant Receptors in COS-7
Cells. COS-7 cells (2 x 10°) were seeded into 100 mm culture
dishes containing 10 mL of Dulbecco’'s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Cells were transfected with plasmid DNA (4 ug of DNA/
dish) by the DEAE-dextran method*® approximately 24 h later
and grown for an additional 72 h at 37 °C.
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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
MgCl,). Harvested cells were homogenized using a Polytron
homogenizer (Brinkmann Instruments Inc., Westbury, NY)
and then spun at 27000g for 15 min. Cell membranes (pellet)
were resuspended in the same buffer.

Competition binding with [*H]CGS21680,5%° [*H]NECA,?
and [®H]XAC® and saturation experiments with [3H]-
CGS21680>%° were carried out as described previously. For
typical saturation curves, 0.5—70 nM [*H]CGS21680 was used.
Each tube contained 100 L of membrane suspension (contain-
ing 2 U/mLadenosine deaminase), 50 uL of radioligand, and
either 50 uL of buffer/competitor (50 mM Tris, pH 6.8, 10 mM
MgCl,) or 50 uL of 160 uM CADO in buffer (to determine
nonspecific binding). The mixtures were incubated at 25 °C
for 120 min, filtered, and washed three times with ap-
proximately 5 mL of ice-cold buffer/wash using a Brandel cell
harvester (Gaithersburg, MD). In competition experiments,
Ki values were calculated from ICs values according to the
Cheng—Prusoff equation.®® Data analysis was performed
using the KaleidaGraph program (Abelbeck Software, version
3.01).

ELISA. For indirect cellular ELISA measurements,® cells
were transferred to 96-well dishes (4—5 x 10* cells/well) 1 day
after transfection. About 48 h after splitting, cells were fixed
in 4% formaldehyde in phosphate-buffered saline (PBS) for 30
min at room temperature. After washing with PBS three
times and blocking with DMEM (containing 10% FBS), cells
were incubated with HA specific monoclonal antibody (12CA5),
20 ug/mL, for 3 h at 37 °C. Plates were washed and incubated
with a 1:2000 dilution of a peroxidase-conjugated goat anti-
mouse IgG antibody for 1 h, at 37 °C. Hydrogen peroxide and
o-phenylenediamine (2.5 mM each in 0.1 M phosphate—citrate
buffer, pH 5.0) served as substrate and chromogen, respec-
tively. The enzymatic reaction was stopped after 30 min at
room temperature with 1 M H,SO, solution containing 0.05
M Na,SO3, and the color development was measured bichro-
matically in the BioKinetics reader (EL 312, Bio Tek Instru-
ments, Inc., Winooski, VT) at 490 and 630 nm (baseline).

Abbreviations: BTH,, ethyl 3-(benzylthio)-4-oxo0-4,5,6,7-
tetrahydrobenzo[c]thiophene-1-carboxylate; CADO, 2-chloro-
adenosine; CGS15943, 9-chloro-2-furyl-1,2,4]triazolo[1,5-c]-
guinazolin-5-amine; CGS21680, 2-[[[4-(2-carboxyethyl)phenyl]-
ethyllamino]-5'-(N-ethylcarbamoyl)adenosine; CPX, 8-cyclo-
pentyl-1,3-dipropylxanthine; DMEM, Dulbecco’'s modified Ea-
gle’s medium; DMSO, dimethyl sulfoxide; DPMA, N&-[2-(3,5-
dimethoxyphenyl)-2-(2-methylphenyl)ethyl]adenosine; ELISA,
enzyme-linked immunosorbent assay; FBS, fetal bovine serum;
FITC-APEC, 2-[[[4-[2-[2-[[[1,3-dihydro-1,1-bis(4-hydroxyphen-
yl)-3-oxo-5-isobenzofuranthioureidyl]ethyl]Jamino]carbonyl]ethyl]-
phenyl]ethyl]lamino]-5'-(N-ethylcarbamoyl)adenosine; GPCR,
G protein-coupled receptor; HA, hemagglutinin; IB-MECA, N®-
(3-iodobenzyl)adenosine-5'-N-methyluronamide; NECA, 5'-(N-
ethylcarbamoyl)adenosine; NK, neurokinin; PAPA-APEC, 2-[[[4-
[2-[[[2-[([4-aminophenyl)acetyl]amino]ethyllamino]carbonyl]-
ethyl]phenyl]ethyl]amino]-5'-(N-ethylcarbamoyl)adenosine; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction;
QNB, quinuclidinyl benzilate; SAR, structure—activity rela-
tionships; TM, (helical) transmembrane domain; TRH, thy-
rotropin-releasing hormone; Tris, tris(hydroxymethyl)ami-
nomethane; XAC, 8-[[[[(2-aminoethyl)amino]carbonyl]methoxy]-
phenyl]-1,3-dipropylxanthine.
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