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NUCLEOSIDE MODIFICATION AND CONCERTED MUTAGENESIS OF
THE HUMAN A; ADENOSINE RECEPTOR TO PROBE
INTERACTIONS BETWEEN THE 2-POSITION OF ADENOSINE
ANALOGS AND GIn'®7 IN THE SECOND EXTRACELLULAR LOOP

Heng T. Duong, Zhan-Guo Gao, and Kenneth A. Jacobson 0 Molecular
Recognition Section, Laboratory of Bioorganic Chemistry, National Institute of Diabeles,
Dagestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland, USA

O Residues of the second extracellular loop are believed to be important for ligand recognition in

adenosine receptors. Molecular modeling studies have suggested that one such residue, GIn'®” of the
human A3 receptor; is in proximity to the C2 moiety of some adenosine analogs when bound. Here
this putative interaction was systematically explored using a neoceptor strategy, i.e., by site-directed
mutagenesis and examination of the affinities of nucleosides modified to have complementary
Sfunctionality. GIn'%” was mutated to Ala, Glu, and Arg, while the 2-position of several adenosine
analogs was substituted with amine or carboxylic acid groups. All compounds tested lost affinity
lo the mutant receplors in comparison to the wild type. However, comparing affinities among the
mutant receptors, several compounds bearing charge at the 2-position demonstrated preferential
affinity for the mutant receptor bearing a residue of complementary charge. 13, with a positively-
charged C2 moiety, displayed an 8.5-fold increase in affinity at the Q167E mutant receptor versus
the Q167R mutant receptor. Preferential affinity for specific mutant receptors was also observed
for 8 and 12. The data suggests that a direct contact is made between the C2 substituent of some
charged ligands and the mutant receptor bearing the opposite charge at position 167.

Keywords G protein—coupled receptor; Purines; Neoceptor; Mutagenesis; Extra-
cellular loop

INTRODUCTION

Extracellular adenosine receptors are classified into four distinct sub-
types (A1, Aga, Agp, and As) and constitute an attractive target for drug
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design.[l_ﬁ] Agonists of the Ag adenosine receptor (AsAR), for instance,
have been shown to be cardioprotective and cerebroprotective in several
ischemic models.[>%! Additionally, activation of the A3AR may also elicit an
anti-cancer effect.!”] While these potential therapeutic applications warrant
careful study of the receptorligand interactions of the AgAR, the incisive-
ness of such efforts has been confounded by the lack of a crystal structure
of the receptor. In the family of Class I GPCRs to which adenosine recep-
tors belong, only bovine rhodopsin has had its crystal structure solved at
high resolution.!®! Consequently, defining the orthosteric binding site of the
A3AR and other adenosine receptors has been achieved primarily through
indirect means with the tools of computational modeling, synthetic chem-
istry, and classical pharmacology.

Previous studies of the A3AR in this lab and others have suggested that
the binding site is defined primarily by transmembrane helical domains
(TMs) 3, 5, 6, 7 and extracellular loop 2 (EL2).1°1 Of these domains, the
role of EL2 in ligand binding is the least well-characterized. However, it is
believed that this domain of the A3AR and other GPCRs may play an impor-
tant role in ligand recognition.!'%12} A recent model put forth by this labo-
ratory posited a putative interaction between GIn'%” of EL2 and the C2 sub-
stituent of N°-methyl substituted adenosine analogs.!!® Substitutions at the
2-positions of adenosine analogs have been shown to modulate affinity at the
Ag subtype, with several 2-substituted compounds exhibiting enhanced affin-
ity at the receptor when compared to their unsubstituted counterparts.!!*]
Thus, elucidating the amino acid residues that are involved in recognition
of the 2-position could prove useful for future drug development efforts by
achieving greater subtype selectivity.

One method of verifying putative interactions between a ligand moiety
and a given GPCR is by taking advantage of the neoceptor approach.!'%! This
approach was developed for Asy and A3ARs as a method of engineering
receptors by creating a mutant receptor (neoceptor) that is selectively
activated by a novel synthetic ligand (neoligand) at concentrations that
do not activate the native receptor.!!>1%1 Applied to exploring atomic
interactions between ligand and receptor, a receptor residue and ligand
moiety which are thought to be in close proximity can be modified in a
complementary fashion so that the two groups exhibit a novel mode of
interaction, e.g., exchanging a hydrogen bonding interaction for a salt
bridge or reversal of hydrogen bonding pairs. The resulting impact on
affinity can reveal details about the interaction between a ligand moiety
and receptor residue of interest. If a stabilizing interaction exists between
these two groups, an increase in affinity is expected at the mutant receptor
relative to the wild type.

In order to probe the potential role of GIn""’ in ligand recognition, we
mutated this amino acid residue to alanine, arginine, and glutamic acid.
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According to rhodopsin-based homology modeling of the A3AR, the side
chain of this residue in EL2 projects into the putative ligand binding site."]
The importance of EL2 in small molecule ligand recognition was first noted
for the ARs in a study of chimeric receptors.[!”! Based on this model, a
charged 2-position substituent of nucleoside ligands could, in theory, form
a salt bridge with a residue bearing a side chain of the opposite charge.
This was tested in the present study using known ligands that bore charged
groups (e.g., —NHs™ or —COO™) at the 2-position, with some compounds
exhibiting a charged group in proximity to the adenine ring while in others
it was distal.

METHODS

Oligonucleotides used were synthesized by Bioserve Biotechnologies
(Laurel, Maryland). 2I-AB-MECA (2000 Ci/mmol) was from Amer-
sham Biosciences (Amersham, United Kingdom). Adenosine deaminase,
CGS15943, compounds 12-14, and NECA were obtained from Sigma (St.
Louis, Missouri). Compounds 4-11 were synthesized as described.!'? All
other compounds were obtained from standard commercial sources and
were of analytical grade.

Site-directed Mutagenesis

The protocols used were as described in the QuikChange Site-directed
Mutagenesis Kit (Stratagene, La Jolla, California). Mutations were confirmed
by DNA sequencing. Lipofectamine 2000 (Invitrogen Life Technologies)
was used for transfection of WI and mutant receptor cDNA to HEK-293
cells using manufacturer’s protocol.

Membrane Preparation

After 48 h of transfection, HEK-293 cells were harvested and homog-
enized with a Polytron homogenizer. The homogenates were centrifuged
at 20,000 g for 20 min, and the resulting pellet was resuspended in the 50
mM TriseHCI buffer (pH 7.4) and stored at —80°C in aliquots. The protein
concentration was determined by using the method of Bradford.[!®!

Radioligand Binding Assay

The procedures of 2I-AB-MECA binding to WT and mutant human
AsARs were similar to those previously described.!®?! Briefly, the mem-
branes (20 pg of protein) were incubated with 0.8 nM ’I-AB-MECA in
duplicate, with increasing concentrations of the competing compounds, in
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a final volume of 0.25 mL TriseHCI buffer (50 mM, pH 7.4) at 25°C for
60 min. Binding reactions were terminated by filtration through Whatman
GF/B glass-fiber filters under reduced pressure with an MT-24 cell harvester
(Brandel, Gaithersburg, Maryland). Samples were counted using a Packard
Cobra 5500 gamma counter (Packard Biosciences).

Statistical Analysis

Binding parameters were estimated with GraphPad Prism software
(GraphPad, San Diego, California). IC5o values obtained from competition
curves were converted to K; values by using the Cheng-Prusoff equation. "]
Data were expressed as mean =+ standard error.

RESULTS

Mutational Effects on Binding of Known Agonist
and Antagonist

Competitive binding assays with 2°I-AB-MECA were carried out at the
WT and mutant AgARs. K; values for various known ligands (Figure 1) are
shown in Table 1.

The nonselective agonist 2, which lacks a 2-position substituent but
bears a 5-N-ethyl uronamide moiety, exhibited reduced affinity at all the
mutant receptors (Figure 2A). Reduced affinity was also observed for the
triazoloquinazoline antagonist, 1 (Figure 2B). Despite the distinct steric and
electrostatic properties of the 3 mutant side chains, the affinity of each of
these compounds was shown to be similar at all three mutant receptors.
Thus, a reduction in affinity of roughly 20-fold for 2 and 10-fold for 1 was
observed at all mutant receptors.

Effects of 2-Substituted Long-chain Adenosine Derivatives

Compounds derived from the potent AgsAR agonist, 12, were tested at
the WT A3AR and at the Q167 mutant receptors. These compounds share
the 5'-N-ethyl uronamide group with 2 but also contain a sterically bulky
substituent at the 2-position terminating in either a carboxylic acid, the cor-
responding methyl ester, or a positively-charged aminoethyl amide group.
12, containing the negatively-charged carboxylate derivative, exhibited a 3.6-
fold decrease in affinity at the Q167R mutant receptor in comparison to
the wild type (Figure 3B). However the decrease in affinity of 12 at the
other mutant receptors was more pronounced. Compared to the Q167R
mutant receptor, the Q167E mutant receptor showed an additional 2.4-fold
decrease in affinity, and the alanine mutant, a 3.4-fold further decrease.
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FIGURE 2 Inhibition of specific binding of '*ILILAB-MECA by known nonselective antagonist (1)
and agonist (2). All compounds were tested three times independently. Their K; values, averaged
from 3 independent experiments, are listed in Table 1. Graphs shown are from a single experiment
representative of at least 3 experiments of similar results.
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These values correspond to 8.7 and 12-fold decreases in affinity compared
to WT A3AR, respectively. In contrast, the positively-charged derivative 13,
although 2.8 times weaker at the Q167E mutant receptor than at WT,
showed enhancement at that mutant receptor in comparison to the alanine
and arginine variants (Figure 3C). The affinity of 13 was increased 3 and 8.5-
fold at the Q167E mutant receptor in comparison to the Q167A and Q167R
mutant receptors, respectively. The uncharged methyl ester derivative CGS
23058, 14, had a similar affinity for all three mutant receptors.

Effects of N8-Substituted Derivatives

The effect on affinity of appending a charged group to the N° posi-
tion was also investigated. The negatively-charged sulfophenyl-containing
compound 15 showed a 2.6 and 3.7-fold decrease in affinity at Q167E and
Q167A, respectively, when compared to the positively-charged Q167R mu-
tant receptor (Figure 3D). In contrast, the positively charged 16 did not
show a pronounced enhancement at the Q167E mutant receptor, with a
less than 2-fold gain in affinity when compared to the Q167R mutant recep-
tor and a roughly 2.5-fold gain in comparison to the Q167A. 16 also showed
a 4-fold decrease in affinity at Q167E as compared to the wild-type receptor.

Recently Synthesized Adenosine Derivatives

Compounds 4-6, 8-9, and 11 were originally synthesized as derivatives
of the potent Ag agonists 3, 7 (a partial agonist), and 10, respectively.“?’]
These modifications were previously used to assess the effect of 2-position
substitutions on modulating adenosine receptor affinity and efficacy.!!%!

At the wild type A3AR, the N-methyl substituted compounds (3-6)
displayed a loss of affinity that appeared to be correlated to the size of the
substituent. Thus, in order of decreasing affinity, 3 > 4 > 5 > 6. This rank
order of affinity was preserved in each of the mutant receptors, although
compounds displayed a decrease in affinity at the mutant receptors in
relation to the wild type. There was not a substantial difference in affinities
of individual compounds across different mutant receptors, despite the
chemical diversity of the different mutations at position 167.

The C2 unsubstituted agonist 10 displayed high affinity at both the wild
type and mutant receptors, displaying slightly greater affinity at the wild type
A3AR versus the Q167 mutant receptors. 11, the 2-carboxylate derivative of
10, also showed higher affinity at the wild type AR in comparison to the
mutant receptors, but the addition of the 2-carboxylate group dramatically
decreased affinity at mutant and wild-type receptors.

The series of N°-5-chloro-2-methoxy-benzyl compounds (7-9) displayed
reduced affinity at mutant receptors compared to wild type. The negatively-
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charged 8 displayed a preference for the Q167R receptor and, among the
three mutant receptors, displayed the weakest affinity for the Q167E mutant
receptor (Figure 3A). Substitution of the 2-carboxylate group of 8 with the
methyl ester moiety of 9 did not produce a similar effect, suggesting that
the charge on the C2 moiety is important for this enhancement.

DISCUSSION

The goal of this study was to use a neoceptor approach to detect ligand-
receptor interactions between adenine-substituted adenosine derivatives
and GIn!%7 of the AsAR. The effects of substitution of adenosine at N® and
C2 positions on affinity and intrinsic efficacy at the wild type AsAR have
been studied extensively.l'%142] Here, GIn'%7 was systematically mutated to
the approximately isosteric, but negatively charged glutamate, the positively-
charged arginine, and alanine in order to cover a range of possible ligand-
receptor interactions. No compound displayed enhanced affinity at any
mutant receptor over the wild type receptor. However, some compounds
displayed a preferential selectivity for one mutant receptor over the others,
indicative of charge complementarity in a GPCR binding site.!?*) The
negatively-charged 12 displayed enhanced binding at the Q167R mutant
receptor in comparison with the others. Furthermore, 13, structurally
similar to 12, but bearing a positively-charged moiety at the C2 position,
demonstrated an affinity enhancement at the negatively-charged Q167E
mutant receptor. Lastly, the uncharged methyl ester derivative, 14, displayed
no affinity preference for any mutant receptor. This suggests that the C2
position of compounds derived from 12 as a scaffold may be in proximity
to the residue at position 167 when bound to a receptor mutated at that
position.

In all, four compounds demonstrated a preference for one of the
charged mutant receptors over the other mutant receptors. The instances of
enhancement involved ligands that carried a charge opposite to the charge
on the mutated residue. There were no instances where any compounds
tested displayed an enhanced affinity at the alanine mutant versus the
charged mutant receptors. Additionally, each of the uncharged ligands (1-4,
7,9, 10, and 14) displayed similar affinities across all mutant receptors.
This suggests that charge complementation may have been a factor in
the energetics of binding between some ligands and mutant receptors,
dependent on a precise geometry in the binding site.

Although there was evidence for direct contact between the C2 moiety
and residue 167 of the mutant receptor for the long chain adenosine
derivatives, this was not as clear for ligands bearing smaller C2 substituents.
For compounds 3-11, only 8 displayed any marked affinity preference for
a particular mutant receptor. Furthermore, 15, which bears a negatively-
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charged group at the N° position, and not C2, slightly favored binding at
the Q167R mutant. Because of the diverse nature of the ligands tested,
different nucleoside binding modes may exist. Furthermore, introduction
of a mutated residue itself can lead to local conformational changes in the
receptor binding site, possibly altering the mode of binding.

Nevertheless, our evidence suggests the importance of GIn'®’ and,
consequently, that of the second extracellular loop in ligand binding, since
all mutant receptors displayed reduced ligand affinity. 12 was enhanced at
QI167R relative to other mutant receptors and 13 was enhanced at Q167E,
consistent with electrostatic attraction between the mutated side amino acid
chain and the extended 2-position substituent of each ligand.

167
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