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Abstract: In an effort to provide an overview of the biophysical approaches used to study G-protein-
coupled receptors, we chose to consider the adenosine A2A receptor as a model, as it is widely
reported in the literature to explore the way GPCRs are studied nowadays. After a brief introduction
of the receptor, we gathered descriptions of the various tools used to investigate the pharmacology
and structure of the A2A receptor. We began by describing the key developments which have led
to successful studies of GPCRs including the cloning, expression and purification of A2A, and the
subsequent characterizations including quality control, binding and functional studies that have
been necessary for the further understanding of the receptor. Then, we reviewed the reconstitution
of A2A into nanodiscs as well as the use of this biological material in structural mass spectrometry,
NMR, calorimetry and various other approaches to gain not only information about the structure
and function of A2A, but also the dynamics of the receptor and the tools necessary to pursue such
investigations. The body of techniques presented herein are applicable to all GPCRs amenable
to purification.

Keywords: adenosine receptor A2A; biophysical approach; NMR; mass spectrometry; molecular
pharmacology; expression; purification; reconstitution; ligands; techniques; review
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1. Foreword: Biophysical Approaches to Answer Which Questions?

During the last two to three decades, as researchers in the GPCR area, we saw a
profound evolution in the study of these membrane-bound proteins. It started with the
description of whole genomes and the systematic comparison of sequences that revealed the
remarkable conserved topology of this exceptionally large family of proteins. This in turn
shed light on the necessity to explore the subtle molecular mechanisms and determinants
that were responsible for recognizing such a variety of ligands, to understand how these
receptors were selectively activated and how they are involved in so many cellular processes.
Initially, the aim was to better understand the pharmacology of these proteins, and thus it
became key to be able to study these entities in solution, or in reconstituted and controlled
environments. The endpoint is to identify and develop directly interacting molecules
that could become novel or “better” drugs. This includes molecules which provide safer
pharmacological profiles, improved efficacy, in addition to greater precision, efficiency,
and potency. Our scientific community therefore invested intensive efforts to produce and
isolate these GPCRs and, hence, to assay and develop integrated analytical techniques
to enable the characterization of GPCR structures, functions and dynamics, and further
understand the way these receptors are modulated. To make such a characterization, a
large diversity of biophysical principles have been exploited, including light, fluorescence,
mass and NMR spectroscopies, surface plasmon resonance (SPR), X-ray diffraction and
electron microscopy, among others. All of these techniques have been successfully applied
to the biophysical dissection of the molecular functioning of GPCRs.

Like many other protein families in similar studies, a small number of prototypical
receptors served the development of these GPCR-tailored methodologies, among which
is the adenosine A2A receptor (A2A) which we chose to focus on in the present review.
This receptor from the Class A GPCR family is indeed of continuing interest as a major
therapeutic target in a panel of inflammatory, neurodegenerative and cancer disease types.
More importantly, unlike a large proportion of GPCRs that are still recalcitrant to molecular
investigations, this receptor rapidly appeared favorably throughout the literature to be
produced and isolated in various experimental formats that prove compatible with a
remarkable diversity.

The present review summarizes the main biophysical techniques that brought impor-
tant information on GPCRs through the data obtained on the adenosine A2A receptor. In
the first section, we will remind the reader of the main facts known about this receptor. The
next sections extensively review the preparative conditions leading to the isolation of the
receptor and the many biophysical approaches that contributed to our understanding of
the structure and function of GPCRs in general.

2. Background and Introduction

Adenosine is a natural compound formed by an adenine attached to a ribose via a
β-N9-glycosidic bond. It occurs widely in nature in the form of many diverse derivatives
from multiple sources. All those molecules in which adenosine is a central chemical play
important roles in living organisms. It is a part of one of the four building blocks of which
the nucleic acids are made and its phosphorylated derivatives are key elements of the
energetic system in all living systems. Finally, it exists also under a cyclic form, cAMP,
which is a clear element of signaling pathways via the regulation of its key synthesis
enzyme, adenylate cyclase. Adenosine is recognized essentially by four GPCRs: A1, A2A,
A2B and A3. A full survey of these receptor characteristics can be found in Fredholm et al. [1].
The human A2A receptor is a 412-amino-acid-long protein encoded by the gene located at
chromosome position 22q11.23. The A2A receptor was initially isolated and purified as early
as 1974 [2]. Although membrane protein purification under an active form is not trivial,
this receptor was widely used because its cloning and expression from human sources were
reported early [3]. It was possible to express it in E. coli [4] and its characterization began
from there.
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A complete review of A2A pharmacology exists and is a reference for the matters
concerning this receptor [5]. In brief, the A2A expression pattern concerns mainly the
brain [6], peripheral T cells [7] and platelets as well as various organs such as the colon,
heart and kidneys [5].

The main coupling routes of the receptors are in human platelets, cAMP [8], while
coupling to ERK1/2 has also been reported on the human cloned receptor [9]. Early works
clearly indicated that A2A is not linked to intracellular calcium modifications, at least upon
reference to its agonist effects [10]. In 1995, interplays were suspected with other GPCRs,
leading to the A2A-dependent reduction in dopamine receptor activation [10]. A very
complex picture of the co-regulations of ion channels was drawn later (see, for example,
Ikeuchi et al. [11] and Wang and Zhou [12]).

The key step for receptor studies is the binding assay on membranes, whether derived
from native tissues or from hosts in which the receptor has been cloned. This is also depen-
dent on the availability of specific radioligands, such as the agonists [3H]-CGS21680 [13]
or [3H]-NECA [14], generally preferred over tritiated adenosine [15], and the antagonist
[3H]-XAC (xanthine amine congener) [16], with pKd in the range of 8. New ligands were
added, with pKd in the range of 9, such as [3H]-ZM241385 [17].

A complete survey of the clinical status of A2A receptor ligands as therapeutic drugs
can be found in Ijzermann et al. [5]. More than 50 different drug trials were still active in
2022 for targeting A2A as treatments for cancer (Imaradenant), pain (Spongosine), Parkin-
son’s disease (BIIB014, Taminadenant) and sickle cell disease (Regadenoson), for which the
infusion of the A2A agonist reduces the production of IFN-γ and enhances the production
of IL-13 and CD39 [18].

3. Mass Production of A2A Receptors
3.1. Expression Systems

Owing to their finely regulated functions, GPCRs are naturally scarce in native biolog-
ical sources. Accordingly, robust recombinant expression systems are needed to produce
the milligram amounts required for their biophysical analyses. These systems should not
only fit yield criteria but should also offer the most adapted environment for producing
properly folded and functional GPCRs. Several systems have been developed with the
aim of producing large amounts of the receptor properly folded with various degrees of
sophistication and success rates. These include cell-free approaches [19,20], bacterial [21]
or yeast [22–24] microorganisms, insect and animal cells using viral-infection or DNA-
transfection strategies [25], photoreceptor cells of transgenic animals [26,27] and even
whole organisms such as silkworm (Bombyx mori) larvae [28].

Among the many GPCRs investigated in these studies, A2A is remarkably one of
the very few that has been successfully expressed at relatively high levels in nearly all
recombinant systems. It was indeed produced in milligram amounts in E. coli, either
unfolded in inclusion bodies [29], or as ligand-binding active receptors in the bacterial
membranes [30–32]. A2A was also efficiently produced in the membranes of yeast cells,
mainly Saccharomyces cerevisiae [33–35] and Pichia pastoris [22,36–39]. These hosts combine
the advantages of handling the simplicity of microorganisms with the complex cellular
machineries of eukaryotes. S. cerevisiae notably offers a large panel of molecular tools and
engineering possibilities that were exploited for functional studies of many GPCRs [40]
as well as for extensive screenings of stabilizing mutations and preparative conditions,
including for A2A [41–46]. Concerning P. pastoris, its peculiar methylotrophic metabolism,
the tightly regulatable expression conditions and the exceptional cell densities it can afford,
make this yeast well suited for expressing membrane proteins for structural studies. Ac-
cordingly, it has not only allowed two of the high-resolution structures of A2A to be solved
by X-ray crystallography [38,47], but it has also delivered various isotopically labelled
samples for most of the NMR-based studies conducted on A2A [47–50].

Though technically more demanding and more time-consuming than microbes, animal
cell systems offer a closer native-like environment and have therefore been extensively
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used as recombinant hosts for A2A production. Most notably, recombinant baculovirus
infecting either Trichoplusia ni (Tni) or Spodoptera frugiperda (Sf9) insect cells became the
reference systems for generating crystallography-grade GPCR samples over the years.
For A2A in particular, the majority of high resolution structures referenced to date were
obtained from various forms of the receptor produced with this insect cell expression
system [51–55]. Concerning mammalian cells, low expression levels and cost issues initially
precluded the direct use of the high-quality receptors they produce for further biophysical
analyses. Until recently, CHO or HEK 293 cell lines were thus mainly used as orthogonal
recombinant systems for evaluating and validating the pharmacological properties of
engineered or mutated A2A receptors that were designed for structural studies with other
systems [39,51,56–59]. With the development of HEK 293-derived cell lines adapted to
suspension and high cell density culturing in optimized media, combined with their
transient transfection with tetracycline-inducible plasmids, GPCRs produced in these quasi-
homologous host cells, including A2A, have now become accessible to thorough biophysical
and structural studies [60,61].

3.2. Molecular Constructs

The design of A2A sequences that were expressed in these different systems are
representative of the strategies classically employed for the large-scale production and
purification of membrane proteins. The A2A coding sequence, sometimes optimized to fit
the codon preference of the host cell [38], has been N- or C-terminally fused to various tags
(most commonly His6, His8, His10 and FLAG) to enable detection and purification schemes,
or to reporter proteins (GFP, RFP) [33,41,62,63] to monitor expression and purification
optimization. These supplementary sequences were often separated from the A2A coding
sequence by a cleavage sequence (TEV or 3C protease sequence) [22,62,64,65]. Finally,
signal peptide sequences adapted to the expression host (from influenza hemagglutinin
HA in animal cells, or from α-Factor in yeast systems) were almost always added upstream
of the fusion constructs to improve protein translocation in the ER and target the plasma
membrane [22,33,51,66,67].

More specific modifications were further implemented in the A2A sequence when
homogeneity and stability issues had to be addressed, notably for crystallography or cryo-
electron microscopy (cryo-EM) structural studies. As further described in Section 8 below,
besides a systematic truncation of the last C-terminal amino acids 317 to 412 [38,51,52],
two complementary or combined sequence engineering strategies were employed to sta-
bilize A2A. The first one consists of replacing flexible domains of the receptor with more
structured and stable soluble proteins, the most common being the phage T4 lysozyme
(T4L) [51,58,68] and the apo-cytochrome b562RIL (BRIL) [54,56,61,65,69,70]; however, other
less-used proteins such as flavodoxin, xylanase and rubredoxin [71], as well as custom-made
de-novo-designed α-helical proteins have been successfully employed [43]. The second
approach relied on the introduction of thermostabilizing point mutations, identified via
directed-evolution [31,45] or structure-guided [55] approaches, allowing crystallographic
studies [52,72] and other biochemical analyses [42,59,62]. An additional point mutation
aiming at suppressing a glycosylation site at position N154 to improve receptor homo-
geneity was often introduced [38,47,52,72]. However, similar constructs bearing no such
mutation also led to homogenous and crystallography grade samples [51,56,68]. Finally, for
some specific NMR studies, several amino acids exposed at the intracellular surface were
replaced by cysteine residues for targeted labeling with 19F chemical probes [48,73–75].

4. Extraction and Purification

When the expression conditions are met, the next challenge before biophysical investi-
gations of isolated membrane proteins consists of extracting and purifying the expected
amounts of pure, homogenous, and correctly folded receptors. As for a large majority of
GPCRs and other membrane proteins studied in solution [25,76], A2A was mainly solu-
bilized using the mild detergent n-dodecyl-β-D-maltopyranoside (DDM), independently
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of the expression system used [30,38,62,63,67,77], or with the more recent lauryl maltose
neopentyl glycol (LMNG) [47,48,50,61]. The physicochemical properties of these two sur-
factants are particularly suited for destabilizing biological membranes, while providing
the receptors a reasonably stable hydrophobic environment to maintain their folding and
function throughout their preparation and the planned analyses [78].

In the case of thermostabilized A2A sequences, the higher stability conferred by the
selected point mutations allowed the solubilization of the receptors with n-decyl-β-D-
maltopyranoside (DM), a harsher maltoside-based detergent. Compared to DDM, DM
forms smaller micelles and has a higher critical micelle concentration, which was better
adapted to further detergent exchanges and crystallographic studies using vapor diffusion
crystallization conditions [52,69,72,79,80].

For the non-thermostabilized A2A constructs, the stability issues during solubiliza-
tion and purification were addressed via the addition of specific ligands, locking the
receptors into a limited number of conformations. Theophylline was the most frequently
used [30,38,47–51,55,56,58,71,79–82], even if other ligands such as caffeine [69], DPCPX [77]
and ZM241385 [61,63] appeared to also be useful. The stabilizing effect of these lig-
ands [56,83–85] was very often combined with the supplementation of cholesteryl hemisuc-
cinate (CHS), a cholesterol derivative that modulates the shape of detergent micelles in
a pseudo-bicelle architecture. The addition of CHS into the purification buffers has been
known to be beneficial for improving the stability of numerous solubilized GPCRs [86],
including A2A [30,56,63,87]. Finally, other agents commonly applied to minimize the ag-
gregation of membrane proteins in solution were also often added, such as glycerol which
likely acts as an amphiphilic interface between hydrophobic domains and the polar sol-
vent [88], and NaCl which contributes to maintaining proteins soluble in aqueous solutions
through a “salting in” effect. Incidentally, sodium ions are also considered an allosteric
modulator of A2A [89]. Iodoacetamide can also be used to prevent protein aggregation by
intermolecular disulfide-bond formation.

The strategies used for purifying detergent-solubilized A2A were essentially based
on affinity chromatography (AC) approaches. Since nearly all recombinant receptors
were fused to a poly-histidine tag, an immobilized-metal affinity chromatography was
most often performed as a first step, either on Co2+ [50,51,63,67,90,91] or Ni2+-grafted
resins [30,34,52,77]. Some procedures also involved agarose resins covalently bound to
XAC, a non-specific, high A2A affinity antagonist at adenosine receptors [92], which were im-
plemented as ligand-affinity columns in a first [30] or second purification step [49,50,93,94].
Recently, AC procedures using anti-tag antibodies coupled to agarose resins, such as M1
anti-FLAG [61], or anti-Rho-1D4 [59] antibodies, were also reported.

Purification of A2A has often been finalized by a polishing step on size exclusion
chromatography (SEC) Superdex 200 columns, allowing the recovery of homogenous
populations of monomeric receptors, and the elimination of additional impurities and
specific compounds eluted from the previous AC step(s).

5. Isolation in Lipid Nanoparticles

As detailed in the previous section, a variety of conditions has allowed the isolation
of A2A in detergent, in a sufficiently stable and convenient environment for a panel of
biochemical and biophysical studies. However, the hydrophobic environment brought
by detergents is chemically and physically distinct from the complexity of biological
membranes, which poses certain limitations and issues for a number of investigations.
Examples of such issues include the interference of detergents with certain analytical
methods, insufficient stability for prolonged periods of analyses, absence of critical lipid
and/or protein interactants for a receptor’s structure and function [95]. To overcome these
difficulties, several methods have been developed over the years to reinsert detergent-
isolated GPCRs in a more stable and more native lipid environment, including lipid-
detergent bicelles, lipid bilayer nanoparticles or unilamellar lipid vesicles (ULVs) [95–97].
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Bicelles are discoidal particles made of a planar phospholipid bilayer surrounded by
a belt of detergent. While the reconstitution of several purified GPCRs in bicelles proved
useful for their structural and functional investigations [98–100], none of these approaches
have been reported so far for the characterization of A2A.

Concerning the implementation of ULVs, or liposomes, the situation is just slightly
better documented. In an NMR study on A2A purified in detergent, liposome reconstitution
was used as a quality control material to evaluate the functionality of the highly deuterated
receptor for its capacity to activate its heterotrimeric G protein [67]. In another study,
an original liposome synthesis method called INSYRT (in situ lipid synthesis for protein
reconstitution technology) was recently developed and validated with A2A [101]. The
receptor was solubilized and purified with DDM thioester analogs that served as precursors
for the synthesis of phospholipids via a native chemical ligation (NCL) reaction. The
resulting proteoliposomes were further characterized to contain A2A, showing ligand-
binding pharmacological properties similar to those described in cellular membranes, and
to the receptor reconstituted in the so-called nanodiscs (NDs).

Nanodiscs are nanometric discoidal lipid bilayers stabilized by two copies of a mem-
brane scaffold proteins (MSP) deriving from the Apo-A1 lipoprotein [102]. Since it has
been demonstrated that likely every detergent-solubilized membrane protein can self-
assemble in such particles and maintain its structure and activity in a stable environ-
ment [103], NDs have been the prevailing source of material for the biophysical inves-
tigation of numerous GPCRs reconstituted in a lipid bilayer in recent times [104]. This
is particularly the case for A2A for which the use of ND particles generated led to the
discovery of a number of findings on receptor–ligand interactions and the structural
dynamics of the receptor. The different approaches used included surface plasmon res-
onance (SPR) [62,105], mass spectrometry (MS) [106], miniaturized weak affinity chro-
matography (nanoWAC) [77], single molecule fluorescence microscopy [75] and ligand- or
receptor-oriented NMR techniques [49,50,74,75,107]. In these studies, detergent-purified
A2A was successfully assembled with different versions of the engineered MSP, either
MSP1∆H5 [50,74], MSP1D1 [62,80,106,107], MSP1E3D1 [49,77] or the less widespread
Apolipoprotein A1 from zebrafish, Zap1 [105], which essentially differ in their molecular
size and in the disk size of the generated NDs (from approximately 9 to 12 nm in diame-
ter [103]). Some of these MSP were genetically [62] or chemically [77] modified to allow
the grafting of the resulting NDs via their MSP on different supports for SPR and WAC
analyses. The lipid composition essentially consisted of POPC:POPG mixtures incubated
with MSP and A2A at various molecular ratios, in some cases replaced by or supplemented
with other components used to evaluate their effect on the ND assembly efficiency [80]
and/or on the receptor function [49,50,74].

Amphiphilic polymers, mainly amphipols, have also been largely used for isolating
GPCRs in a membrane-mimicking environment [108,109]. While these particles have proven
to be highly stable and allowed many investigations in detergent-free solutions, they are
essentially generated after the reconstitution of proteins already purified in detergents.
Thus, they may lack some lipids important for the conformational dynamic and function of
the receptors. To date, no publication has reported on A2A reconstitution in amphipols.

Alternative amphiphilic co-polymers made of styrene and maleic acid (SMAs) are
being increasingly used for the characterization of isolated membrane proteins, notably
GPCRs, in lipid bilayers [97,110]. Unlike the standard amphipols, which are acrylate-based
polymers grafted with octylamine, SMA compounds hold the ability, under defined condi-
tions, to destabilize biological membranes and spontaneously form SMA lipid disc particles
(SMALPs). Those containing the protein of interest can then be directly purified. A2A has
been successfully isolated in SMALPs generated from the membranes of Pichia pastoris
and HEK recombinant cells, and was characterized for its ligand-binding capacity and
its increased stability compared to the receptor isolated in detergent [39]. Further studies
reported by the same group investigated A2A SMALPs from Pichia pastoris membranes to
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evaluate ligand-binding events via fluorescence correlation spectroscopy [111], as well as
some ligand-induced conformational changes in A2A via fluorescence spectroscopy [112].

6. Quality Controls on Isolated Receptors

Once the protein material is isolated and purified, a panel of biochemical and/or
biophysical tests are generally performed to assess the integrity of the receptor including
the purity, homogeneity, stability and the activity of the isolated receptors. These are all
important or even critical criteria to be met before initiating the functional and structural
characterizations that are described in sections below.

Receptor integrity and purity are almost always assessed via classical SDS-PAGE
analyses, sometimes complemented with A2A-specific immunodetection. The evaluation of
sample homogeneity is often necessary to identify the presence of potential residual con-
taminant, but also to appreciate the oligomerization states of the receptor. This is essentially
assessed through standard size-exclusion chromatography (SEC) analyses [35,51,71,94,106],
or by discriminating the particle size either in the final sample via dynamic light scattering
(DLS) [80] or during its purification via SEC-MALS [35,43,91,94]. Negative-staining EM
imaging may also provide a useful qualitative complementary approach [61,77,91].

Native mass spectrometry (native MS) is often used as a first-line technique after the
protein purification of soluble proteins to address oligomerization issues. This technique
aims at transferring and detecting intact non-covalent interactions in the gas phase of a mass
spectrometer. While native MS has been established for the analysis of soluble proteins
and protein complexes, it is however challenging for membrane protein analyses [113,114],
but has been successfully applied to A2A. Figure 1, panel B, represents a native mass spec-
trum of A2A solubilized in DDM, highlighting several species corresponding to different
populations of receptors, including full-length, degraded or modified forms.
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Figure 1. A2A mass measurement using mass photometry and native MS. Mass Photometry (A) is an
emerging technique for fast mass and oligomeric state determination of proteins. Analysis of A2A

showed a good homogeneity and enabled the determination of a mass of 54 ± 22 kDa (molecular
mass distribution histogram of A2A—the solid blue line represents major species fit with a Gaussian
function). The quite large mass distribution obtained can be explained by the accuracy of the
technique itself but also by the presence of potentially remaining micelles around the protein which
may average out the overall mass obtained and thus increase the mass deviation. Native MS (B) is a
powerful analytical tool for the study of membrane proteins embedded in detergent. The technique,
preserving non-covalent interactions in the gas phase for mass analysis, enabled the visualization
of the A2A protein with nano electrospray. Several populations (48.6 kDa, the expected mass of
A2A; 46.4 and 47.9 kDa, truncated forms of the protein) have been identified after optimization of
the instrumental parameters. These finely tuned and harsh conditions are essential for efficient
detergent removal.

The implementation of mass photometry, a very recent label-free technique that quan-
tifies molecular weights of biomolecules at the single-molecule level by interferometric
detection of scattered light [115], provides an additional way for the characterization of
membrane protein sample homogeneity [116]. In this context, we evaluated the technique
for the analyses of A2A samples (Figure 1, panel A). The obtained results highlight the
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complementarity of mass photometry and native MS for the characterization of membrane
proteins. Requiring low amounts of starting material (approximately 100 ng protein) and
no additional buffer exchange steps during the preparation, mass photometry can be used
to obtain information on the sample studied with less optimization than native MS, pro-
viding heterogeneity and oligomerization information very quickly but with considerably
less accuracy.

As mentioned earlier, the stability of the isolated protein is often critical for a number
of analyses, in particular for crystallography studies or when the analytical methods re-
quire extended periods of measurement. For A2A, this issue has been mostly addressed
via methods assessing the thermal stability of the isolated protein. Those were mainly
fluorescence-based techniques, either involving the thiol-reactive chemical probe N-[4-(7-
diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide that covalently binds to internal
cysteines and fluoresces upon thermal denaturation [55,56,71,83], consisting of a fluores-
cence size-exclusion chromatography (FSEC) evaluation that requires the presence of a
fluorescent protein (i.e., GFP) fused to the receptor [62], or label-free tryptophan fluores-
cence monitoring upon unfolding [117]. A2A thermal stability was also assessed via the
analyses of migration profiles of the protein on acrylamide gel after denaturation, either re-
vealed via Western blotting [84] or via clear-native PAGE [63]. As an alternative to thermal
denaturation, an isothermal chemical denaturation method using guanidium chloride has
been successfully applied to assess the stability of A2A when isolated in the presence of
various ligands [90].

Perhaps the most important indication of the quality of a protein sample relies on its ca-
pacity to fulfill its function. A variety of techniques have been applied to assess the activity
of A2A via its ability either to bind specific ligands or to activate its associated heterotrimeric
G-protein partner upon agonist stimulation. These methods include radioligand binding
assays in filtration [36,77,91] or scintillation proximity assay (SPA) formats [62,105], GTPγS
activity assays [67], fluorescence analyses [111], and a panel of SPR-, MS- or NMR-based
approaches, which are described in more detail in the following sections.

7. Functionality of the Isolated A2A
7.1. Ligand Binding
7.1.1. Radioactive Ligand Binding

As far as specific radiolabeled compounds are available, for decades, this direct evalu-
ation of receptor–ligand interactions has been the preferred technique to study and define
the pharmacology of GPCRs. It is a highly sensitive approach based on the counting of the
radiation emitted by the radioactive compounds bound to their receptors, from which are
deduced precise affinity parameters either in saturation or competition modes. In the most
classical methods, receptor-bound and free radioligands are separated via filter-based tech-
niques that are particularly well suited to evaluating GPCRs in membrane fraction samples.
When GPCRs are solubilized and isolated, standard filter-based assays are generally not
compatible with the small size of the particles to be analyzed, so alternative separation
methods were needed. For A2A, these mainly relied on the use of mini-spin gel filtration
columns [30–32,36,39,49,118,119], on the filter-based separation of the receptor–ligand com-
plexes either precipitated with polyethylene glycol (PEG) [77,91] or immobilized on agarose
beads [34,83], or by immobilization on functionalized scintillating bead supports designed
for SPA [47,62,77,79,105]. These studies were essentially conducted to characterize and
validate the pharmacology of A2A isolated either in detergent micelles [30,31,36,39,49,91],
in NDs [49,62,77,105], in SMALPs [39] or in liposomes [101]. Interestingly, one study con-
ducted on different A2A samples generated from P. pastoris or HEK cells, either in membrane
fractions or isolated in detergent or in SMA particles [39], determined comparable affinity
values for several agonist and antagonist ligands. In addition, this work demonstrated
the increased stability overtime of SMALP or ND samples over detergent micelles on the
ligand-binding activity of the isolated receptor [39].



Receptors 2023, 2 55

Radioactive ligand binding has also been the key method for evaluating the thermal
stability of solubilized A2A, either for screening thermostabilizing mutations [31,52] or for
evaluating the stabilizing effect of various detergents and additives [119].

7.1.2. Surface Plasmon Resonance

Several alternative biophysical methods, such as SPR, have emerged to determine bind-
ing affinities and kinetics, as they are essential for drug discovery and development [120].
Indeed, the kinetics of drug–receptor complex formation, and in particular the residence
time of the ligand [121], is a crucial element that affects the functional properties of a ligand
and its pharmacological profile [122–124].

SPR is a label-free technique that allows the quantitative analysis of molecular binding.
One binding partner is immobilized on a biosensor surface and the other is introduced
into a microfluidic system and flows in solution over the surface. The binding causes
a small change in the refractive index at the biosensor surface due to the accumulated
adsorbed mass. Continuous monitoring of this signal allows the determination of the
kinetic parameters such as the association rate constant (kon), the dissociation rate constant
(koff) and the affinity (Kd) of the interaction [125].

SPR has become the method of choice for studying ligand binding to various
GPCRs [126–129]. This technique requires small amounts of membrane proteins in
a native or similar environment. The challenges are to maintain high levels of binding
activity of the immobilized receptor and to detect the binding of low-molecular-weight
ligands, as this technology is based on mass changes [130–132]. This has been success-
fully applied to assess the ligand-binding affinities of a number of GPCRs. A variety
of A2A/ligand interactions have been studied using SPR over the past decades. Find-
ings from these studies illustrates how SPR technology supports structure-based ligand
discovery and fragment screening and contributes to the better understanding of the
molecular aspects of signaling. Detergent-solubilized A2A, either non modified or ther-
mostabilized (A2A-StaR), has been widely investigated and generally extracted from
insect cells membranes. Several A2A-StaR (purified or as crude solubilized extracts)
were captured through their C-terminal 10His tag to a Ni-loaded NTA sensor surface
(carboxymethylated dextran functionalized with nitrilotriacetic acid) [90,131,133–135].
Small antagonists (molecular weight ranging from 285 to 345 Da) were shown to inter-
act with a Kd ranging from 0.3 to 160 nM in accordance with the classical competition
radioligand binding assay [133]. Importantly, from the screening point of view, SPR
is able to detect even weaker GPCR/compound complexes (Kd > 1 µM) [131]. The
groundwork was laid for the cross-screening of a panel of antagonists with mutated
A2A-StaR. The resulting matrix of binding kinetics data was then combined with molec-
ular modelling and docking data from a refined map of the A2A binding site, thereby
facilitating the structure-based drug design [135,136]. Affinity and kinetic rate constants
measured at different temperatures allow the calculation of enthalpic and entropic en-
ergy components as well as the analysis of kinetics of the transition state, constituting the
thermodynamic signature of a target-ligand complex [137–139]. Calculating the kinetic
transition state components for six ligand–A2A–StaR complexes and combining them
with supervised molecular dynamics (MD) and metadynamics approaches clarified the
crucial role of receptor and antagonist solvation/desolvation in the transition states of
entropic nature. Thermodynamics combined with kinetic analyses allows a better under-
standing of the details of the molecular interactions. They could also help rationalize the
drug design since kinetics better correlates with EC50 than thermodynamic equilibrium
affinity constant values for some GPCR–ligand complexes [138].

Solubilized GPCR micelles are unstable and tend to denature and/or aggregate over
time. As detailed previously in Section 5, several strategies have been developed to re-
constitute GPCRs in a lipid bilayer, such as proteoliposomes or high-density lipoproteins
known as NDs, to provide more stable conditions for the receptor compared to detergents.
The kinetic characterization, using SPR, of the binding of nine adenosine antagonists to a
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A2A-StaR reconstituted in NDs correlates well with those of the same receptor in a mem-
brane environment obtained from the conventional radioligand binding assay. NDs likely
correspond to a more native environment than detergent and may avoid the problems of
ligand partitioning in micelles [105]. Bocquet et al. conducted different binding assays (SPA
and SPR) with the A2A-StaR in membranes, in NDs and in detergent micelles [62]. Different
set-ups were evaluated in the SPR assay, with NDs being immobilized via different tags
fused either on the receptor or on the MSP of the NDs, without impacting the binding
kinetics of small antagonists (337 to 428 Da). In addition, the receptor was shown to be
more stable in NDs than in detergent micelles.

The SPR approach has also been validated for fragment screening investigations
on A2A (see Section 9). The success of such experiments requires a high density of im-
mobilized GPCRs with high binding capacity, as well as careful experimental design, to
reduce false positive results since high concentrations of fragments are tested and tend
to non-specifically bind to many targets (reviewed in Shepherd et al. [132] and Coyle
and Walser [140]). This approach was first developed for a solubilized A2A-StaR with a
panel of 70 fragments derived from xanthine, with molecular weights ranging from 136 to
194 Da. [134]. SPR was also used to validate putative ligands of a A2A-StaR issued from a
mass spectrometry fragment screening [141]. In another study, the native, non-stabilized
A2A receptor, as well as three other receptor subtypes from the same family (A1, A2B and
A3), were investigated via SPR. [142].

As GPCRs interact with different intracellular partners of the downstream signaling
cascade, SPR was also used to study some of these molecular interactions. It was notably
shown that the binding of solubilized A2A to immobilized Gα subunit proteins was affected
by GDP analogues and that the C-terminus of A2A was necessary for its high-affinity
association to this G-protein subunit [143]. In another study on A2A in NDs bound to a
full or a partial agonist, the binding characteristics for the heterotrimeric Gαβγ proteins
were determined using SPR [50]. No differences in affinity and kinetics were observed, but
complementary structural analyses using NMR suggested a model based on conformational
changes in the receptor to explain their different functional output. Other aspects of A2A
functioning have been explored via SPR, such as the impact of mutations in a cholesterol
consensus motif on G-protein binding [59].

7.1.3. Calorimetry

Isothermal titration calorimetry (ITC) is a label-free biophysical technique that can
measure kinetics and the thermodynamic parameters of binding, such as affinity, stoi-
chiometry, enthalpy and entropy between macromolecules (e.g., between two proteins)
or between a macromolecule and its small molecule ligands [144,145]. Applied to GPCRs,
ITC allows for a deeper understanding of the binding interactions. Indeed, it reflects the
subtle structural and dynamic changes between bound and unbound forms, identifying
the most important regions of the binding interface [146,147] as well as receptor–ligand
specificity, cell surface expression, endocytosis and recycling [148]. A2A is of particular
interest because it possesses a long and flexible C-terminal region which favors interactions
with several proteins, including G-protein-coupled receptor kinases, β-arrestins, α-actinins,
calmodulin (CaM), ubiquitin-specific protease 4 (USP4), and neuronal calcium sensor
protein 1 (NCS-1) [149–156]. The affinity and stoichiometry of A2A binding to two of its
partners, CaM and α-actinin 1, have been recently studied together with their regulation by
calcium using ITC [157,158]. In this study, human CaM and two A2A C-terminal regions
of different lengths (A2A-ctL comprising 293-412 amino acids and A2A-ctS comprising
321-412 amino acids). CaM was titrated into the protein in the presence of calcium with or
without the addition of EDTA. In the absence of EDTA, the binding between A2A and CaM
displayed strong affinity (Kd = 97.9 nM) with a 1:1 stoichiometry. In the presence of calcium,
the binding of CaM to A2A-ctL led to an exothermic reaction with a favorable enthalpy,
but unfavorable entropy, possibly indicating conformational changes. No binding occurs
in the presence of the calcium chelator, EDTA. The binding site of CaM on the A2A-ctL
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region was further identified using the A2A-ctS construct lacking the amino acids 293 to
320. CaM binding in the presence of calcium led to small exothermic peaks signalling a loss
of affinity. These results, confirmed by NMR spectroscopy, identified the residues 293-310
as the binding epitope of CaM onto A2A [158].

Similarly, mutating arginine residues in this region abolished CaM binding. These data
are in agreement with previously published results [151]. α-Actinin binding to A2A was
suspected to be implicated in the internalization of the receptor after agonist activation. To
characterize the domain responsible for the interaction between the C-terminal domains of
A2A and α-actinin 1, α-actinin1 wild-type constructs limited to the calcium binding domain
(CABD), the rod domain or the CABD-rod domains were used. In the absence of calcium,
the titration of the rod-CABD domains led to exothermic peaks and to a saturable binding
curve. The affinity of rod-CABD domains to α-actinin was found to be in the micromolar
range (Kd = 39 µM), which was weaker than for A2A-ctL with CaM. Together, the results of
the ITC experiments suggest that the A2A C-terminus binds to the distal part of α-actinin
1 C-terminal domain, either in the CABD or at the subsequent C-terminus, a region shown
to interact with CaM, and in fact it has been demonstrated that these proteins compete
when binding to A2A. It is worth highlighting that ITC is a classical approach to identify
GPCR partners and should be systematically used to validate and characterize receptor
partners at the molecular level.

7.1.4. Receptor Fluorescent Labeling

Many different techniques have been applied to illuminate the molecular bases of trans-
membrane signaling through GPCRs in general, and through A2A, in particular. Among
them, fluorescence-based studies appear to be particularly adapted to investigate the func-
tioning of these receptors, as they can be used in many different environments ranging
from native and recombinant cell lines to isolated receptors in membrane-mimicking sys-
tems [159]. These techniques nevertheless require GPCRs to be specifically labelled with
adapted fluorophores. For the last two decades, several approaches have been developed
to label receptors for fluorescence-based applications. Besides the fluorescent ligands
described later (Section 9), these include protein and peptide tags compatible with mea-
surements in live cells (e.g., GFP, YFP, SnapTag and FlAsH-tetracysteine tag) [160]. Several
of these labelling strategies have been applied to the A2A. For instance, the concomitant in-
sertion of a Cyan Fluorescent Protein and the FlAsH-tetracysteine tag into human A2A was
combined with fluorescence resonance energy transfer (FRET) measurements to provide a
description of the activation process of this receptor in cellular model systems [161]. More
recently, a covalent ligand was used to couple a fluorophore to A2A [162]. Although this
latter approach was used in a cell-based system, it could be extended to isolated receptors as
well. Besides cell-based studies, strategies to label purified receptors in detergent micelles
or nanodiscs have also been developed. In many cases, the insertion of the fluorescent
probe primarily involves the labelling of unique reactive cysteines with a fluorescent probe
through a maleimide-based reaction. This strategy was applied to recombinant A2A to
successfully introduce probes for NMR- and fluorescence-based applications [75]. For the
latter, cyanine 3 was attached to the purified receptor expressed in P. pastoris and assembled
into nanodiscs [163]. This opened the way to single-molecule fluorescence experiments
aimed at describing the conformational transitions of A2A. In the same way, a purified
mutant receptor containing single reactive cysteines was labeled with an environment-
sensitive dye, BODIPY-FL, for fluorescence quenching experiments aimed at delineating the
dynamics of the TM6 domain of A2A [164]. In addition, orthogonal labeling strategies were
also described in this same study [164]. Specifically, a double-cysteine mutant with reactive
Cys residues on TM4 and TM6 was used for double-labeling with a fluorescence donor
(Alexa Fluor 488) and acceptor (Alexa Fluor 647), paving the way for single molecule-FRET
analyses of receptor conformational fluctuations. In addition to these classical protein
engineering approaches, alternative labeling strategies have been described for A2A. In
particular, a modified aminoacyl-tRNA-synthetase and a suppressor tRNA were used in
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a cell-free system to incorporate an unnatural amino acid that was further coupled to a
fluorescent dye [165]. Together, these studies provide evidence that the isolated adenosine
A2A receptor in different membrane-mimicking environments can be efficiently labeled
with fluorophores, providing a convenient system to describe its energy ensemble and the
modulations by the environment using fluorescence-based techniques.

7.1.5. Ligand-Based NMR

Ligand-observed NMR experiments are widely used to measure and analyze small
molecule binding to soluble and membrane proteins such as GPCRs [166]. No protein
labeling is required, and experiments can be performed in micelles, membranes and
nanodiscs. Ligand-observed NMR experiments are suitable for moderate- to low-affinity
ligands (10 nM to mM affinities). This is of particular interest as far as screening approaches
are concerned, as the net results of most of the screening campaigns are poor affinity
binders. Nevertheless, the binding of higher-affinity ligands can be monitored through
competition experiments, using the NMR binding signal of a moderate-affinity compound
as a reference signal. Saturation transfer difference (STD), nuclear Overhauser effect
spectroscopy (NOESY) experiments or 19F NMR on labeled ligands have been reported on
A2A [74,91,107]). Experiments are typically compared to a control experiment where the
receptor is either missing or blocked by a high-affinity ligand. The NMR experiments allow
the identification of novel ligands and of their binding pockets when a reference compound
at a known binding site is available. Furthermore, they may reveal other binding pockets on
A2A. For example, the binding of adenosine in an allosteric pocket was observed through
STD experiments recorded with A2A bound to ZM241358 [91].

Three-dimensional structures of A2A–ligand complexes can be calculated from NOESY
experiments called INPHARMA (Interligand Noes for PHArmacophore Mapping) [107,167].
For example, the structure of the complex between A2A and 3-pyrrolidin-1-ylquinoxalin-2-
amine (PQA) was obtained from the interligand NOESY observed between PQA and the
antagonist compound ZM241358 [107].

Finally, ligand-observed NMR can be used to investigate allosteric mechanisms, as pos-
itive and negative allosteric modulators (PAMs and NAMs), respectively, increasing or de-
creasing the binding of a ligand and thus its NMR binding signal. Recently, Huang et al. [74]
investigated the binding of cholesterol on A2A using 19F-labeled cholesterol analogs. They
observed the broadening of the NMR resonances as well as a 0.5 ppm up-field shift for the
19F-labeled cholesterol bound to A2A in nanodiscs compared to empty nanodiscs. However,
the NMR spectrum was not modified upon the addition of an inverse agonist, full agonist,
or a G-protein mimetic, suggesting that the cholesterol interactions with A2A are transient
and unspecific, and that the effect of cholesterol is due to changes in the membrane bilayer
properties [74]. The investigation of the allosteric modulation of A2A by small molecules
using ligand-observed NMR represents a rapid and robust approach that should be further
used to explore the biology of A2A.

7.1.6. Native Mass Spectrometry

As described above (see Section 6), native MS is often used to check the quality of
a purified protein and to address oligomerization issues. In addition, native MS is also
a valuable method to evaluate molecular interactions between the protein and various
partners. Yen et al. [168] used native MS to reveal that A2A in its apo state still binds
to endogenous phosphatidylserines (PS) and phosphatidylinositol (PI). Native MS was
next applied for the affinity ranking of such compounds, demonstrating that PI(4,5)P2 is a
better binder compared to other phospholipids during binding assays [168]. Even more
challenging is the native MS detection of a heterotrimeric G-protein complex involving
the monomeric A2A, the Gα subunit and a nanobody to stabilize the entire assembly [168].
The lipids bound to this receptor complex were measured after quadrupole selection and
collisional activation of the whole complex. To obtain such high-quality, high-resolution
native MS data of GPCRs, all steps of the native MS workflow must be carefully optimized,
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from sample injection using nano-emitters, to MS methods. Furthermore, an optimization
of collisional conditions is required to allow efficient desolvation and membrane-mimic
removal while maintaining an intact membrane for protein analysis. Comparisons between
ligand-binding native MS results obtained from classical NH4OAc buffer and NaCl-based
buffers on A2A and glucagon receptors in the presence of different ligands demonstrated
that ligand-binding interactions are better conserved on GPCRs using NaCl-based buffers
than NH4OAc buffers [169]. For A2A, the authors could differentiate agonist from antag-
onist compounds based on the capacity of the receptor to retain sodium adducts from
the storage buffer, thus paving the way for the use of native MS screenings on GPCRs
for the detection and characterization of non-covalent interactions under more relevant
physiological conditions.

7.2. Activity
7.2.1. G-Protein Coupling and Arrestin Recruitment

Advanced Resonance Energy Transfer (BRET/FRET) strategies have been developed
during the last decade to monitor receptor–effector coupling and selectivity in signaling.
These approaches have been extensively reviewed [170,171] and have been mostly used
with recombinant cell systems expressing receptor and effectors labeled with fluorophores
and/or fused to fluorescent/bioluminescent partners or fragments. In the case of isolated
receptors, apart from the purification of stable signaling complexes for subsequent struc-
tural studies, in vitro assays monitoring the coupling to signaling partners are also currently
used to assess the functional properties of the isolated GPCRs, in parallel to ligand-binding
assays. Initially, these assays focused on the allosteric stabilization of the active state of the
receptor and its impact on an agonist’s affinity and/or receptor stability. Such assays were
used, for instance, to reveal the coupling of the isolated adenosine receptor to engineered
mini-G proteins [53]. Specifically, mini-Gs were shown to increase the affinity of the purified
A2A in detergents for NECA, and significantly increased the stability of the receptor in the
presence of the agonist. Besides these assays, experimental designs have been implemented
to monitor receptor-catalyzed G-protein activation through GTP turnover (Figure 2). This
process can be visualized by monitoring the binding of a radiolabeled [35S]GTPγS [172]
or the fluorescent analog of GTP (Bodipy-GTPγS) [173] to the Gα-subunit of the purified
Gαβγ heterotrimer. [35S]GTPγS binding was used to decipher the G-protein coupling to
A2A in Sf9 membranes [174]. Besides membrane fractions, labeled GTPγS binding assays
can also be applied to GPCRs isolated in detergent micelles [175,176] or nanodiscs [177,178].
More recently, a GTP turnover assay has been devised that monitors the amount of free
GTP after receptor-catalyzed G-protein activation. Initially described for other GPCRs
such as the α2-adrenergic [179] or ghrelin [180] receptors, this assay has been recently
used to reveal the allosteric modulation of the adenosine A2A receptor in nanodiscs by
cholesterol [74].

Regarding arrestin coupling, although some alternative assays have been reported that
are based, for instance, on the use of radiolabeled arrestin [181], a popular in vitro assay
with isolated GPCRs relies on the use of recombinant arrestin labeled on its finger loop with
a specific fluorophore, monobromobimane (mBBR) (Figure 2). This fluorophore is attached
to recombinant arrestin through a unique reactive cysteine [182]. The emission properties
(intensity, maximum wavelength) of mBBR vary upon coupling to the receptor, and as
such, allow for visualization of the GPCR–arrestin interaction. Initially developed with
rhodopsin and visual arrestins [183], this assay has since been extended to other GPCRs
such as the vasopressin, β2-adrenergic or ghrelin receptors in detergents, amphipols and
nanodiscs [178,184–186]. To the best of our knowledge, this assay has not been used with
purified A2A so far but could be directly applied to this receptor isolated in membrane-
mimicking systems, allowing, for instance, screening for particular ligands that would
selectively trigger arrestin recruitment.
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Figure 2. Schematic representation of the in vitro assays for G-protein activation and arrestin re-
cruitment. These assays monitor receptor-catalyzed G-protein activation through GDP-to-GTP ex-
change by measuring either the binding of a labeled GTP analog or the depletion of GTP in the 
solution. To study arrestin recruitment, the most popular assay relies on monitoring the changes in 
the emission profile of a fluorophore, monobromobimane (mBBR), attached to the finger loop of 
recombinant arrestin. 
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cruitment. These assays monitor receptor-catalyzed G-protein activation through GDP-to-GTP
exchange by measuring either the binding of a labeled GTP analog or the depletion of GTP in the
solution. To study arrestin recruitment, the most popular assay relies on monitoring the changes
in the emission profile of a fluorophore, monobromobimane (mBBR), attached to the finger loop of
recombinant arrestin.

It is clear from the last years in GPCR biology that our understanding of receptor
signaling pathways has been completely changed by two concepts: (i) the description of
the signaling bias of receptors [187–189] and (ii) the numerous proteins that have been
found associated with receptors, such as the MT1 receptor [190]. For the first point, isolated
systems are necessary to better understand how the activation of receptors are controlled.
For the second point, an understanding of the activation routes of a receptor will be clearly
defined from isolated systems for which potential coupling between purified receptors and
their protein binding partners will be studied in the defined environment of nanodiscs.

7.2.2. Functionality of Isolated Receptors: Activity of Receptor Dimers and Oligomers

Even though a monomeric A2A receptor is sufficient to promote G-protein activation
or β-arrestin recruitment, this receptor, like many other GPCRs, has been shown to form
dimers and larger oligomers [191–194]. GPCR oligomers offer additional inter-receptor
communications to potentially regulate their own functional properties. A2A receptor was
shown to associate with itself [195], forming A2A homodimers, but also with other receptors
to form heterodimers or larger oligomers. In particular, A2A could form heterodimers with
the other adenosine receptors A1, A2B and A3 [196,197], as well as with the cannabinoid
CB1 receptor [198], the dopamine D2 and D3 receptors [199–202] or the glutamate mGlu5
receptor [203]. Most of these studies were performed in heterologous systems, mainly
using BRET or FRET approaches. Among the heterodimers, A2A/D2 has gained a lot of
attention. First, its existence is well documented in vivo both in animal models [204] and
in the post-mortem human brain [205]. Second, A2A/D2 heterodimers are located in the
GABAergic striatopallidal neurons, a region critical in locomotor activity and central in
the physiopathology of Parkinson’s disease [206]. Interestingly, A2A/D2 heteromers were
shown to operate a reciprocal negative functional crosstalk and the interaction between
the two receptors is reduced along the development of the pathology [206,207]. Therefore,
A2A/D2 constitutes a major therapeutic target for the treatment of Parkinson’s disease.

While cellular and in vivo studies provide a general picture of the functional crosstalk
within GPCR oligomers [208] (whether homodimers, heterodimers or heteromers) including
A2A/D2, a precise characterization of the pharmacological, conformational or signaling
specificity of each oligomer relative to the monomers or other oligomers is very difficult
to reach in these complex systems where several oligomeric species are likely to co-exist.
Therefore, isolated systems where a single receptor combination is present, either monomer
or oligomer, bring invaluable information to elucidate the molecular, pharmacological and
signaling signatures. Additionally, in isolated systems, specific mutations (e.g., non-binding
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or non-coupling mutations) can easily be introduced to a given protomer. They can analyze
the overall effect of the absence of the oligomer function. To date, a single publication
reported A2A oligomers in isolated systems [94]. However, other GPCR oligomers have
been analyzed in such systems illustrating the power of the method but also highlighting
the technical challenges to overcome [197,209].

As indicated above, purified receptors can be obtained either in detergent micelles,
or reconstituted in proteoliposomes or in lipid nanodiscs. Depending on the protein con-
centration, isolation procedures and purification steps, samples containing the desired
receptor composition are obtained. For example, the neurotensin NTS1 receptor is mostly
monomeric in detergent at low protein concentrations and becomes dimeric at higher
concentrations [210]. Leukotriene BLT2 receptor has been shown to be present in a mixture
of monomers and dimers with each species successfully isolated after HPLC fraction-
ation [176]. For nanodiscs, the incorporation of monomeric or dimeric GPCRs can be
achieved by acting on the receptor-to-scaffold protein ratio as reported for rhodopsin [211].
Alternatively, the reconstitution of the purified glutamate mGlu2 receptor into nanodiscs
has been shown to lead to a mixture of discs containing monomers or dimers that can
be isolated by HPLC fractionation [212]. Upon reconstitution, the dimer can assemble in
parallel or anti-parallel orientations, with only the former having a physiological relevance.
A general assessment of the relative orientation can be conducted using fluorescently la-
beled protomers either at the N- or C-terminus. Indeed, FRET would occur only at a short
distance, i.e., when both fluorophores are located at the same side of the receptor relative
to the lipids. Thus, if FRET is detected between probes inserted at the N- and C-terminus,
anti-parallel dimers are present [176]. To overcome this phenomenon and to purify only the
parallel dimers from a mixture, an original strategy has been developed using the stable
CaM binding simultaneously to two similar sequences derived from the CaM binding
domain from Petunia glutamate decarboxylase (PGD). Accordingly, after the fusion of the
26-residue PGD-tag to the N-terminus of the receptor of interest, only parallel dimers can
be purified using a CaM binding step followed by SEC. This method was efficiently used
on lipid nanodiscs containing LTB1 receptor dimers or ghrelin GHSR receptor dimers [213].
When considering heterodimers, their formation in detergents or in nanodiscs gives a
mixture of several species such as monomers, homodimers and heterodimers. In order
to select the heterodimers from this mixture, double tag purification strategies have been
developed. Indeed, the fusion of a different tag to each receptor of interest, followed by
two successive purification steps, each using one of the tags, lead to the purification of
only dimers presenting one of each tag [214]. This method has been used to prepare BLT1
receptor dimers in detergent where one of the subunits only is mutated in its binding site
for coupling with a G protein [214]. It is worth noting that some receptors assemble in
complexes larger than dimers. Therefore, nanodisc size is not compatible with the insertions
of these large complexes. To overcome this limitation, proteoliposomes are an alternative
that have been used to reconstitute a heterotetramer composed of two GHSR and two
D2 receptors [215]. The heterotetramers were further isolated from the proteoliposomes
using SMALPs.

Following the isolation of receptor complexes, functional and conformational experi-
ments can be performed similarity to those carried out on isolated monomeric receptors,
highlighting the specific properties of the different complexes. For example, in a rhodopsin
dimer, only one of the protomers is in a high-affinity state upon recruitment of G protein
while the dimers have a lower affinity for β-arrestin 1 than the monomer [211,216]. The
analysis of the GHSR/D2 heteromer highlights that heteromerization directly modulated
D2-mediated Gi protein activation. More specifically, such heterocomplexes act directly on
the conformation of the Gαi subunit [215]. Applying similar strategies to the analysis of the
A2A homodimer or A2A/D2 heteromer analysis would bring important information on the
precise mechanism underlying the function of the complexes and would lead to new hy-
potheses of how to more precisely regulate these pathophysiologically relevant heteromers.
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8. Structure of A2A

The early evidence for a necessary transfer of information from structure to function
has been reviewed by Piirainen et al. [217] and clearly showed an early path for the
rationalization of GPCR structure determination to gain an understanding of the function
of the A2A receptor and GPCRs in general. The central role of biophysical techniques
in the determination of the structure and function of GPCRs has been nicely reviewed
by Langelaan et al. [218]. Furthermore, artificial intelligence approaches, such as with
AlphaFold, are powerful tools to predict three-dimensional protein structures and protein–
protein interactions. This technology can be accessed for the prediction of the human A2A
three-dimensional structure, in addition to almost all other GPCRs [219,220].

8.1. Structural Mass Spectrometry Approaches

Among the large panel of biophysical methods available, structural MS techniques
have become a valuable tool for either ligand screening or for more detailed structural
characterization of purified GPCRs, including the A2A receptor. The structural MS toolbox
encompasses a series of techniques, such as native MS for stoichiometry and oligomer-
ization determination, ion mobility MS for the assessment of global conformation, and
labeling methods such as hydrogen/deuterium exchange MS (HDX-MS) and chemical
cross-linking to investigate interacting regions and/or conformational changes [221,222].

While native MS and mass photometry have great capacity for the characterization of
oligomeric state or binding events (see Sections 6 and 7 above), both techniques are not
adapted to provide either amino acid resolution information on binding regions, or the dy-
namics of assembly or disassembly [113,114]. In recent years, HDX-MS has become a very
powerful labeling method for membrane protein analysis, adapted to tackle conformational
issues related to ligand binding and even allostery [223]. A typical HDX-MS experiment
includes the incubation of a protein of interest in two or more states (apo- or holo-states for
example) in deuterated buffer at different time points to allow hydrogens from backbone
amides to exchange with deuterium. The exchange reaction is then quenched by switch-
ing to acidic pH and low temperature followed by online digestion with acid-functional
proteases. The generated peptides are then separated on a reversed phase-HPLC system
and detected using MS. Dynamics and binding-site mapping are then extracted by com-
paring apo- and holo-states. While HDX-MS is becoming a well-established technique for
soluble proteins with standardized workflows and protocols [224], the study of membrane
proteins remains technically challenging. Thus, extensive work on the optimization of the
experimental conditions (composition of buffers, choice of digestion protease, etc.) must
be carried out systematically. For instance, nepenthesin protease seems to be particularly
suited for membrane protein studies compared to the standard pepsin one. Similarly, the
addition of urea as denaturant in quench buffers seems to be beneficial when working with
membrane proteins [225]. Other dedicated workflows and methodological developments
have been set up to prevent the early deterioration of the instruments caused by the large
amounts of detergents and phospholipids in the samples, including an additional off-line
cleaning of the LC columns, or the use of zirconium beads for lipid depletion, etc. [226,227].

Figure 3 presents a typical HDX-MS workflow used to monitor the binding of the
antagonist ZM241385 on A2A and the induced conformational changes. Online digestion
of the protein allowed to cover 70.8% of the sequence with 79 identified peptides and a
redundancy of 2.7, due to the use of nepenthesin II protease, was reported as more efficient
on GPCRs. Experiments carried out on apo A2A showed a low deuterium incorporation on
transmembrane domains, reflecting their known low accessibility to the solvent. Among
these domains, some peptides (20-31; 58-62; 86-93; 134-141; 234-241; 245-253; 271-280) exhib-
ited a dramatically low deuterium incorporation typically less than 10%, which is consistent
with the known structure of the protein. Upon ZM241385 binding, a significant part of
the protein was protected meaning that A2A incorporates less deuterium in the presence
of the ligand. Several peptides exhibited statistically significant differences in deuterium
incorporation (p-value of 0.01). Peptides 168-175, 245-250 and 245-253 in the known ligand
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binding region [38] (F168, N253 and I274 residues) presented a H/D protection higher than
5% confirming the ZM241385 binding site. The significant protection of additional peptides
59-65, 276-288, 277-282 and 277-288 supports the known ligand fixation, as involved in
the following residues (A63, H278), forming a cleft to accommodate the phenol group of
ZM241385, as well as for the end of the transmembrane domain 7 (TM7) represented by
residues 281 to 298 [72]. Other regions showing differences in incorporation (TM3, TM4 and
the loop in between) may reflect the induced-structural rearrangement of the receptor upon
ligand binding. This example highlights the ability of HDX-MS experiments to measure
membrane protein conformational dynamics in their native state.
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identified peptides shown on the A2A sequence; transmembrane domains are highlighted in blue
and the agonist ligand-binding region in green (left). The relative deuterium uptake of A2A of each
identified peptide at each deuteration times are plotted, with peptides in the transmembrane regions
framed in blue (middle). Relative fractional uptake differences between A2A and A2A with the ligand
ZM241385 are represented on the protein structure (PDB code: 4EIY [56]) at a 30 min deuteration
time; regions not covered are colored in grey (right).

In addition to continuous labeling studies (deuteration time points from a few seconds
to hours), HDX-MS can also be used in a time-resolved manner to monitor sequential
conformational changes in the protein of interest over time, using very short “pulsed”
deuteration time [223] either in the apo state to report on folding and aggregation [228] or
in an holo state to report on protein–protein interaction. To our knowledge, this pulsed
HDX-MS approach has been reported only once on A2A by Du et al. [229], in order to
better understand why GPCR/G-protein complexes are stabilized in a GDP free-state,
how this nucleotide is released and to lay the structural basis of coupling specificity
between G-protein subtypes and GPCRs. Interestingly, the authors used hydroxyl radical
protein footprinting with mass spectrometry [230,231], which aims at looking at protein
conformational changes after the irreversible labeling of amino acid side chains by hydroxyl
radicals (generated by radiolysis or photolysis reactions), as an orthogonal technique to
detect very early events (from a few milliseconds to seconds).

Among the emerging structural MS methods, chemical cross-linking followed by
MS analysis is still rarely used for in vitro membrane protein analysis. The first step
consists of the covalent binding of a cross-linker agent to the side chain of amino acids,
followed by the quenching of the reaction and the reduction, alkylation and digestion
step. Then, peptides including cross-linked dipeptides are separated and analyzed using
LC-MS/MS and finally identified via different software due to the mass increment due
to the cross-linking reagent [232,233]. The A2A receptor was used as a model to assess
which chemical cross-linkers are suitable for the characterization of GPCRs by cross-linking
mass spectrometry (XL-MS) [234]. Similar to HDX-MS, all steps of the XL-MS workflow
have to be adapted to membrane protein analyses, especially the choice of the cross-linker
reagent and the cross-linking conditions, enzymatic digestion and sample clean up, along
with adapted LC-MS methods and data treatment. By comparing the MS-identified cross-
links to the structurally compatible cross-links from available GPCR structures, Jones et al.
concluded arginine-arginine cross-linker and lysine-arginine are best adapted for XL-MS
analyses of GPCRs and are highly complementary to the existing classical cross-linkers
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present in the toolbox of specialists [235]. Altogether, structural MS methods have great
potential to complement more classical high-resolution structural biology techniques, and
are becoming more and more popular.

8.2. X-ray Crystallography of GPCRs: Uncovering Conserved Activation Mechanisms Using A2A
as a Model

GPCRs are highly dynamic and become particularly unstable during the purifica-
tion process once extracted from the cell membrane. As a consequence, crystallization
of GPCRs remains a challenging task. To overcome such difficulties, protein engineering
strategies have been developed to reduce the flexibility and to increase the stability of
these membrane receptors. A2A was one of the first receptors for which the high-resolution
structure was solved using X-ray crystallography. The T4 Lysozyme (T4L) fusion part-
ner, initially established for resolving the high-resolution crystal structure of the beta-2
adrenergic receptor (β2AR) [236], was later applied to solve the first structure of A2A [51].
The T4L increases the hydrophilic surface of detergent-solubilized GPCRs to promote
crystal contacts, and reduces the flexibility associated with the TM6 helix [236]. Subsequent
developments led to the application of the BRIL fusion partner into intracellular loop
3 to solve the A2A crystal structure at 1.8 Å [56]. Another key engineering strategy to
overcome the instability of GPCRs in detergents is by introducing point mutations in the
7TM domain to select thermostabilized ligand-bound conformations. The development of
conformational thermostabilization of the A2A [31,237] has been successfully applied for a
range of co-crystallized agonist- and antagonist-bound structures [52,72].

Ciancetta pointed out in 2019 that [238] “A2A represents to date (2019) one of the rare
Class A GPCR that has been solved in the inactive (R) [79], active-intermediate (R*) [68],
and fully active state coupled to an engineered Gs protein α subunit (R * G) [53,64]”. Most
of these structures have been obtained using X-ray crystallography. During the last 3 years,
more structures were solved in similar configurations for other Class A GPCRs.

The structural determination of multiple A2A conformational states has contributed
greatly to the understanding of Class A GPCR activation mechanisms [38,51–53,68,72,239].
The antagonist-binding pocket has been thoroughly characterized by the co-crystallization
of A2A bound to ZM241385 (Figure 4A) and to various xanthine-containing compounds
including caffeine and XAC, using either thermostabilization or fusion protein strate-
gies [72]. Later developments combining the antagonist-thermostabilized point mutations
with the BRIL fusion partner provided the highly utilized construct known as A2A-StaR2-
bRIL [69,79,240]. Multiple structures of antagonist-bound states also revealed the sodium
allosteric modulation of A2A [56,58]. The allosteric sodium ion-binding site is nested in a
set of highly conserved residues, located below the orthosteric binding pocket, and bound
to the highly conserved Asp2.50 [56,58].
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Figure 4. Three-dimensional structures of the human adenosine A2A receptor. The A2A receptor is
bound to the antagonist ZM241385 (A; PDB: 4EIY [56]), agonist adenosine (B; PDB: 2YDO [52]), NECA
and mini-Gs protein (C; PDB: 6GDG [241]). These figures represent the inactive, intermediate-active,
and fully active states, respectively. Polar contacts are represented as yellow dashed lines, with the
sodium ion depicted as a purple sphere and water molecules as red spheres.

Agonist-binding modes of UK-432097 [68], NECA and adenosine (Figure 4B) to the
thermostabilized A2A highlight the molecular interaction of the ribose moiety of all agonists
with Ser277 and His278 and contraction of the receptor binding site [52]. Agonist bind-
ing also initiates a slight outward movement of TM6 that defines an intermediate-active
conformation [52,57,58,68,242]. The crystal structure of the A2A bound to an engineered
Gs protein (known as mini-Gs) illustrated the large outward movement of TM6 that is
required for the mini-Gs to bind, in addition to slight movements of TM5 and TM7 and
rotamer shifts of several amino acids near the G-protein binding site (Figure 4C) [53].

This was further validated by solving the cryo-EM structure of A2A bound to the
heterotrimeric mini-Gs (Figure 4C) [241]. However, comparisons between the NECA
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binding pocket in the intermediate [52] and fully activated conformation [53] show identical
binding modes. Together, these studies provided an overview of the conserved activation
mechanisms of Class A GPCRs [243].

High-resolution crystal structures of A2A have also led to the advancement of structural-
based drug design (SBDD) [70,135]. Recent reports have outlined chemical modifications
of an adenosine scaffold, commonly attributed to A2A agonist activity, which led to the
alteration of the compound from an agonist to an antagonist [244]. Although the ribose
moiety is accepted to be important for A2A agonist activity, recent structural and functional
data have demonstrated the binding mode of a non-riboside partial agonist [242]. Although
allosteric regulation of the human A2A remains relatively unexplored, differences between
antagonist-bound conformations have suggested the possibility of an allosteric binding site
within the 7TM binding pocket [245]. Taken together, these studies highlight future avenues
for the design of selective orthosteric A2A modulators and the possibility of development
of allosteric ligands.

Technical advances have been made in macromolecular crystallography for speeding
up the workflow for screening, data collection and processing, proving to be essential for
the progress of GPCR structural biology. The infrastructure developments of synchrotron
microfocus beamlines have also been key for solving A2A structures and GPCRs in gen-
eral. Moreover, the use X-ray free-electron lasers (XFELs) and lipid cubic phase (LCP)
injectors for sample delivery has allowed the structural determination of A2A at room
temperature, opening new possibilities for investigating the highly dynamic nature of
GPCRs [78,81,246–251]. Currently, X-ray crystallography has become one of the more
accessible approaches for the structural determination of GPCRs. Understanding the dy-
namic activation mechanism of A2A remains of strong interest. Accordingly, the use of
integrated approaches, such as cryo-EM, will uncover more details of A2A in complex with
its signaling partners in the future.

8.3. Cryo-Electron Microscopy

Cryo-EM is a powerful technique for solving structures of challenging and dynamic
proteins that are difficult to obtain using X-ray crystallography. While there is a debate
on the respective virtues of cryo-EM versus X-ray crystallography for the determination
of protein structures, particularly those of membrane-bound and integral membrane pro-
teins [252–254], it is clear to us that the complementarity between those approaches opens
avenues for a better description of membrane-bound proteins in the future, as reviewed by
others [255,256].

A key advantage of cryo-EM is that it does not require the preparation of protein
crystals, rather it allows for the imaging of single isolated particles in isomorphous ice
prepared directly from purified samples. Conversely, the application of the cryo-EM
technology for proteins or complexes smaller than 60 kDa remains challenging due to the
inherent low signal-to-noise ratio (or low contrast) that limits the accurate alignment of
projections during image analyses. Accordingly, the relatively small size of a ligand-bound
Class A GPCR such as A2A (approximately 35–45 kDa) is typically not adapted to cryo-EM
studies but is suitable for X-ray crystallography which remains the preferred technique for
the determination of GPCR structure in the inactive state [257].

This size limitation has been recently circumvented by increasing the molecular weight
of GPCRs isolated in protein complexes. Most remarkably, advances of the near-atomic
resolution of activated GPCRs in complex with G-protein binding partners have been
achievable with the use of cryo-EM [258]. Cryo-EM has since been successfully employed
to solve the structure of an engineered A2A thioredoxin fusion protein (TrxA-A2A) in
complex with the mini-Gs protein [241]. A recent study made use of an anti-BRIL Fab
in complex with the A2A-BRIL to increase the molecular weight of A2A and to facilitate
cryo-EM data processing [61].

One method recently developed, known as microcrystal electron diffraction (MicroED),
combines crystallization in LCP with the acquisition of cryo-EM for structural determina-
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tion. Here, a beam of electrons is transmitted through protein microcrystals grown in LCP,
rather than X-rays by conventional crystallography. A2A is currently the only GPCR for
which this method has been successfully employed [259]. Future work ought to apply the
use of cryo-EM to investigate the structures of the purified A2A in complex with signaling
partners such as the full-length Gs heterotrimer and other intracellular signaling partners.

8.4. NMR Approaches

At a molecular level, GPCR signaling can be described through the concept of free
energy landscape [260] where orthosteric ligands, intracellular effectors and allosteric
modulators influence both the population and lifetime of various inactive, intermediate
and active states. High-resolution NMR spectroscopy is a powerful tool to investigate
these complex energy landscapes. While NMR can be used to obtain de novo structures of
proteins, in the case of large complexes such as GPCRs associated with various surfactants
or lipids, most of the NMR studies that are conducted in solution concern conformational
landscapes or interactions, with considerations sometimes relating to chemical exchanges.
They rely advantageously on the plethora of atomic scale structures obtained from X-
ray crystallography and cryo-EM to highlight the coexistence of several inactive and
active sub-states, including lowly populated states, but also, to a much lesser extent, the
detection of some chemical exchanges. Along with the β2AR, A2A is one of the GPCRs most
studied with NMR. These studies are based on different isotopic labeling strategies and/or
expression systems.

An appreciable amount of NMR studies of A2A is based on fluorine (19F) NMR [48,50,73,93].
This nucleus can be easily incorporated in proteins via biosynthetic pathways or chemical
reactions and has the advantage of displaying a large chemical shift dispersion compared
to other nuclei that are traditionally detected to study biomolecules [261,262]. This partly
counterbalances the fast 19F transversal relaxation due to the large chemical shift anisotropy,
which becomes the major source of linewidth in high magnetic fields. As GPCRs are usually
expressed in eukaryotic expression systems, 19F labeling via chemical reactions is generally
preferred. However, in this case, only solvent-exposed residues can be labeled due to
the accessibility for the chemical reaction to occur and, consequently, all these studies are
based on single extra-membrane 19F probes. Following such a strategy, the conformational
landscape of the receptor was observed using one-dimensional (1D) 19F NMR at the three
following positions that are all located at the extracellular tip of TM helices: V229C6.31 (TM
helix VI, TM6) [48,93], L225C6.27 (TM6) and A289C7.54 (TM7) [73]. 1D 19F spectra in these
locations display a pattern characteristic of a complex conformational ensemble, composed
of several inactive and active sub-states in equilibrium. Their population strongly depends
on the presence or absence of ligands and their associated pharmacological properties, as
well as the presence or absence of effectors. This illustrates that signal transduction by A2A
relies on a dynamic equilibrium of several conformations that can be detected through a
fluorine probe. Interestingly, several coexisting active states, whose populations are related
to specific ligands were observed, fitting with the concept of partial agonism, i.e., when a
GPCR is activated to a sub-maximal level.

By investigating these three positions of the 19F probe, different distributions of popu-
lations in the conformational ensemble could be identified in the apo or holo (e.g., in the
presence of the full agonist NECA) states. Between V229C6.31 [48,93], or L225C6.27 [73], and
A289C7.54 [73], this may reflect a different response to drug efficacy at the intracellular ends
of TM6 and TM7 [73]. In contrast, it is most puzzling that the distribution of populations
is not the same between V229C6.31 and L225C6.27, as these two residues are localized very
closely with each other at the extracellular tip of TM6 [48,73]. Moreover, these two studies
were performed in the same detergent solution. This discrepancy could be associated with
different possible effects of aromatic ring current fields in the vicinity of these two 19F NMR
probes that could partially respond differently to conformational changes [263].

Interestingly, looking at the conformational ensemble of V229C6.31 in the apo state or
in the presence of NECA of A2A embedded in a lipid nanodiscs, the 1D 19F NMR spectra
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are very different from what has been previously observed in detergent [50] (Figure 5),
highlighting the importance of studying the energy landscape of membrane proteins in a
native-like lipid bilayer environment, even if using very small nanodiscs where the receptor
is surrounded by just one layer of lipid (lipoprotein ∆H5 [264]), such as those used in
Huang et al. [50]. Furthermore, this study is also remarkable as they could additionally
depict the conformational ensemble of V229C6.31 in the presence of a heterotrimeric G
protein, revealing a G-protein-bound intermediate and distinct nucleotide-free state in
the presence of either a partial or a full agonist. This study further suggests a scaffolding
role for the Gβγ-associated subunits, facilitating the allosteric transmission through the
transmembrane part of the receptor from the orthosteric ligand site to the intra-cellular
side in a ligand-dependent manner [50].
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Figure 5. A2A exhibits a different distribution of states and slower exchange dynamics in a lipid
bilayer environment than in detergent micelles (A,B). Comparison of the 19F NMR spectra of apo (A)
or agonist-bound (B) A2A reconstituted in either LMNG micelles or phospholipid nanodiscs (legend
and figure adapted from Huang et al. [50] with automatic permission from Elsevier).

A common feature identified in all of these studies is that most of the sub-states sam-
pled by the 19F probe suggest a slow chemical exchange at the 19F chemical shift timescale
(millisecond timescale), under the assumption that some chemical exchanges are present
between the conformations revealed by the fluorine probe. A strong indication that such
chemical exchanges are indeed present is given by the observed variations in either chem-
ical shifts and/or signal linewidths in association with measurements of the transversal
relaxation time (T2) upon the addition of various ligands and/or a heterotrimeric G protein
or a Gα mimetic peptide. 1D 19F NMR can also be expanded with a second 19F frequency
axe to directly visualized conformational exchanges by 2D [19F-19F] exchange spectroscopy
(EXSY) spectra [73] (Figure 6).
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Figure 6. Conformational exchange in the A2A complex with the full agonist NECA observed using
2D exchange spectroscopy. A contour plot is shown of a 2D [19F, 19F]-EXSY spectrum collected at
280 ◦K with a mixing time of 100 ms. The diagonal peak positions of the active-like sub-states P1,
P2, and P4 are labeled, and a dashed box indicates cross-peaks observed between conformations P1
and P2. This spectrum indicates the existence of a low-energy barrier for interconversion between
sub-states P1 and P2 (legend and figure adapted from Susac et al. [73] with automatic permission
from PNAS).

Among the various allosteric modulators that have been identified in the activation of
GPCRs, lipids play an important role by either binding to specific sites, e.g., cholesterol
or phosphatidylinositol molecules acting as specific cofactors [180], or by modulating the
physical properties of the lipid bilayer [265], thereby impacting the activation of these
receptors. Docosahexaenoic acid (DHA) phospholipid chains are well represented in the
membrane of cells where A2A is highly expressed. With the help of the introduction of a 13C-
labeled and protonated methyl group in methionine residues, Mizumura et al. investigated
the effect of these acyl chains on the activation of A2A [49]. Thanks to deuteration, this study
could be performed on quite large nanodiscs stabilized by the lipoprotein MSP1E3 [103].
Based on 2D [1H,13C] NMR spectra, they deduced that in the presence of a partial agonist,
A2A is in an equilibrium between inactive and active states, while a full agonist shifts the
equilibrium towards the active state only. Interestingly, the addition of DHA enhances the
G-protein activation by A2A, a positive allosteric effect that has also been observed, for
instance, with phosphatidylinositol (4,5)-bisphosphate and an analog of cholesterol in the
activation of ghrelin [180] and leukotriene receptors [266], respectively. Based on these
observations, they make the assumption that DHA acyl chains modify the conformational
equilibrium centered at the NPxxY motif that would induce a large clockwise rotation
of TM6, which is based on the lipid-dependent chemical shift variations of methionine
residues located at the cytoplasmic ends of TM3 and TM6 (M106 and M232, respectively).

Another important class of allosteric modulators of GPCRs are cations. Deciphering
A2A conformation landscape in various situations, Ye et al. confirmed the negative allosteric
modulation of A2A activity by sodium ions, as already observed in pharmacological and
structural studies and confirmed as being common to many Class A GPCRs [56]. Interest-
ingly, they observed an opposite trend upon the addition of divalent cations, e.g., Ca2+ and
Mg2+, which had positive allosteric effects that were boosted by the presence of an agonist
and a G-protein-derived peptide [93]. With the aid of molecular dynamic (MD) simulations,
they propose that divalent cations would establish bridges between extra-cellular acidic
residues belonging to TM5 and TM6, which would allosterically contribute to the opening
of the G-protein binding cavity on the intracellular side of the receptor.

19F NMR can be useful to study GPCR conformational ensembles thanks to a large
chemical shift dispersion, a high sensitivity (a gyromagnetic ratio close to the proton) and
the fact that there are no background signals. However, if using just a single incorporated
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probe, in particular, localized in an extra-membrane region, it is very difficult to obtain a
global and coherent view of the molecular mechanism governing activation. To overcome
these limitations, Eddy et al. used uniform-labeling of the receptor with 15N and 2H isotopes
to investigate the allosteric coupling between the drug binding event and intracellular
signaling [47]. The authors took advantage of the 1H,15N correlation peak chemical shifts
of exchangeable Gly amide (1HN) and Trp indole protons, as their 1H/15N cross-peaks
resonate in well-isolated parts in typical 2D [1H,15N] correlation spectra. Thanks to an
additional partial deuteration (~70%), this strategy enabled them to identify well resolved
NMR cross-peaks that could be assigned to six individual Trp indole protons and eight
Gly amide protons by single mutagenesis. As discussed in this study, multiplying the
number of sampling points in the receptor is only interesting if most of the assigned
residues are located in the vicinity of “ring current fields” to increase the sensitivity of
these nuclei to subtle changes in the conformational polymorphism of the receptor. Hence,
significant 1H and/or 15N chemical shift variations for 11 of the 14 assigned residues were
observed between A2A bound to an agonist and to an antagonist. Incidentally, no data
were reported on the apo state in this work. The synthesis of all their observations leads
to a model where there is a strong interplay between the very-well-conserved residue
of A522.50 and W2566.48; the latter, which is located just below the ligand orthosteric
pocket, has previously been hypothesized to change its rotameric state upon activation
(“toggle switch”) [267]. The authors also extended the use of indole protons of tryptophan
to introduce extrinsic tryptophan residues in A2A to sample the energy landscape of
the receptor at additional locations, confirming that the receptor responds differently
to ligands with variable efficacy and that the intracellular end of TM6 samples wide
conformational variations upon activation [268]. More recently, they applied this same
strategy to compare the conformational ensembles of A2A associated with two different
partial agonists (LUF5834 and Regadenoson) and the full agonist NECA [269]. Their study
suggests a different signal propagation pathway based on variations in populations of
simultaneously coexisting conformations at equilibrium [269].

Solution-state NMR undoubtedly represents a key ally to classical structural ap-
proaches using crystallography or electron microscopy to further explore the energy
landscape of very dynamic proteins, such as GPCRs. Numerous studies performed at
or nearly at physiological temperatures with no or just a few chemical modifications depict
a complex conformational landscape often associated with high kinetic barriers. A2A is
no exception, and beyond representing an important target for several human diseases, it
also portrays an interesting model to study the fundamental properties of GPCRs, such as
biased or partial agonism and the impact of allosteric modulators in the activation process.
From the studies performed so far, it appears to be better to sample several locations at the
same time within the receptor, whenever possible. In order to connect different parts of
the receptor in the molecular activation mechanism(s), it will also be important to sample
novel positions beyond the water-exposed regions. This should also limit the discrepancies
between different approaches relying on nuclei with different physical properties and/or
sample conditions. Moreover, as a membrane protein in solution is highly sensitive to its
swimming belt, it seems to be essential to try to study the receptor in a membrane-like
environment. Furthermore, in consideration of the importance of the constitutive activity
in GPCR signaling, it will be crucial to include the apo state in all subsequent studies, as
this has not been conducted systematically in the studies mentioned here. One major
objective for NMR remains the determination of the kinetic barriers separating the different
sub-states observed, which, in addition to the determination of populations, will finally
provide fundamental kinetic and thermodynamic data to better understand the signaling
process through these integral membrane receptors such as A2A. One possible path to
help to increase the amount of information gained from an NMR experiment would be to
improve the deuteration level of the receptor in conjunction with the use of appropriate
isotope-labeling schemes, high magnetic fields and other suitable methodologies [270]. This
would allow not only base NMR-derived activation models on chemical shift variations or
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intensities of NMR signals, but would also be of particular advantage to investigate the
dynamics in GPCRs using the relaxation phenomena of nuclear spins [271].

8.5. Future Trends for GPCR Structure Studies
8.5.1. Cryo-Electron Tomography

Cryo-electron tomography (cryo-ET) data can be collected with the same transmission
electron microscopes as single-particle analysis data. Cryo-ET is label-free and provides
three-dimensional snapshots of organelles and proteins at nanometer resolutions within
their functional cellular environments, allowing users to visualize and understand how
they, and other molecules, work together to carry out major processes in a cell.

The majority of Class A GPCRs are relatively small and thus very difficult to identify
in vivo in a cellular environment. However, one can cite the very interesting example on
visual rhodopsin, a member of the GPCR family [272]. In this work, the authors identified
the highly ordered arrangement of rhodopsin molecules in the disk membrane of intact
photoreceptors with molecular resolution. Due to the small size of rhodopsin (40 kDa), the
resulting molecular map was not amenable to fitting with the X-ray structure of rhodopsin.
However, the resolution was sufficient to identify that rhodopsin was forming dimers as
building blocks of a hierarchical supramolecular architecture.

This structure is characterized by aligned rows of dimers, and pairs of rows. The
authors proposed that GPCR dimerization and oligomerization offer possibilities for the
allosteric regulation of GPCR activity. These results support previously published work,
which show for the first time that rhodopsin molecules assemble in dimers and form
paracrystals in native rod outer segment membranes using atomic force microscopy (AFM)
images [273].

8.5.2. Structural Flexibility of GPCR Investigated Using Single Molecule Fluorescence and
Atomic Force Microscopy

Evidence has emerged that, rather than being activated by ligands in an on/off manner
switching from an inactive to an active state, GPCRs exhibit high structural flexibility in the
absence and even in the presence of ligands. The physiological as well as pharmacological
impact of this structural flexibility remains puzzling. Single molecule fluorescence offers the
advantage of monitoring the structural dynamics of biomolecules in real-time, with minimal
structural invasiveness and in the context of complex biological environments; in particular,
single-molecule Förster resonance energy transfer is a key method to measure actual
distance changes between two probes, and highlight conformational changes occurring at
timescales relevant for protein conformational movements [159].

AFM-based high-resolution imaging and force spectroscopy have been also success-
fully used to better understand the molecular mechanism details of how GPCR conforma-
tions are modulated by ligand-binding or GPCR-transducer complex formation [274].

9. Pharmacology of the Isolated Protein A2A
9.1. Background

While finding inhibitors or ligands for soluble proteins is relatively easy, and basically
concerns the number of molecules one can screen, for membrane-associated proteins,
such as GPCRs, it is far more complicated. A key to understand GPCR function still
resides in the availability of molecules with chemically diverse structures—in other words,
structurally diverse ligands (agonists as well as antagonists) are needed. Although this
is more important for some GPCRs (melatonin, dopamine) than for others (histamine,
serotonin), it is crucial that efforts are made in screening large libraries of molecules with
the hope of finding new ligands. The availability of new approaches, particularly in
silico, will assist in the discovery of new molecules, although many obstacles remain on
these avenues.
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9.2. Background on Ligand Chemistry
9.2.1. A2A Receptor Agonists

Not surprisingly, most adenosine receptor agonists are derivatives of adenosine,
while only a few examples of non-nucleoside agonists have been found, as shown in
Figure 7 [5,275]. Due to the well-known fact that adenine is the “address portion” of the
adenosine scaffold, while ribose encodes the “message portion”, most modifications of the
ribose part usually resulted in a decrease in efficacy. The only well-tolerated modification
identified so far was the exchange of the primary hydroxyl with an ethyl amide. Besides
that, a thioether analogue, GS9667, and a molecule containing a rigid pseudo-ribose moiety,
MRS-5151, also proved to be successful agonists [276]. In contrast, adenines lacking the
entire ribose entity most often act as antagonists. Modifications at the C-2 and C-6 positions
on the adenine ring were well explored and tolerated, and led to the discovery of the first
A2A selective agonist, CGS 21,680 [277]. There are two main families of non-nucleoside
agonists, based on other heterocyclic scaffolds such as the dicyanopiridines [278].
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Figure 7. Structures of the main A2A receptors non-nucleoside based agonists.

Most of these compounds have pKi ranging from 9.4 (Apadenoson) to 5 (MRS-3558)
and display some specificity over the other adenosine receptor subtypes. However, the
specificity profile of these compounds remains poorly explored outside the adenosine
receptor family. Activities of agonists at A2A and other receptors have generally been
poorly reported, and most of them came from industrial origins (e.g., Pfizer, AstraZeneca,
Ciba-Geigy). Comprehensive molecular details of available A2A receptor ligands, including
functional motif, binding sites, EC50/IC50, pKi, pA2, and related references can be found
either in the IUPHAR data base [1] or in IJzermann et al. [5].

9.2.2. A2A Receptor Antagonists

For the discovery of antagonists, theophylline and adenine initially served as a nature-
derived starting points (shown in Figures 8 and 9), from which compounds with diverse
modifications were produced. Nevertheless, alternative scaffolds including flavonoids
or antimalarial quinolines were also used to design antagonists of adenosine receptors
(Figure 10). Alkylxanthines, such as CSC or Rolophylline, are the prototypical adenosine
receptor antagonists and hundreds of analogues have been reported, leading to selective
compounds for each adenosine receptor subtype [279]. The best A2A receptor antago-
nists were developed with the incorporation of 8-styryl groups on the xanthine scaffold,
resulting in the first approved A2A antagonist drug, Istradefylline (Figure 8). A large
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number of adenine derivatives without the ribose moiety have been reported as adenosine
receptor antagonists, starting with the A1-selective N-0840 first reported in 1987 [280]. It
was followed by many alternative but closely related heterocycles, including fused five-
and six-membered rings. One of the tricyclic series has progressed to Preladenant [281],
which reached the clinical phase (Figure 9). It is worth noting that the most powerful
antagonist is SCH442416 [282,283], although the actual antagonistic property seemed not
to be experimentally determined, but was based on the fact that this compound displaced
the potent antagonist, SCH58261 [284]. This compound and its reported analogues were
also structurally related to adenine. The development of this molecule led to a positron
emission tomography (PET) imaging compound applied to visualize the A2A expression
in vivo [283,285].

Molecular pharmacology shows that the A2A agonist and antagonist families are
well-populated. They form a large ensemble of molecules with a large panel of properties,
although their chemical diversity is somewhat restricted, as is often the case for small
molecule GPCRs, such as melatonin [286] or serotonin [287] receptors.
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9.3. Allosteric Modulators

Among the new descriptions of GPCR ligands, besides the classical antagonists,
agonists and inverse agonists, are also the allosteric modulators of GPCR signaling which
have previously been reviewed in depth [288–290]. In brief, such compounds bind to the
receptor at a site different to the orthosteric site, leading to subtle modifications of the area,
and hence to changes in either the affinity for the agonist or of the activity of orthosteric
ligands. Two major classes of allosteric ligands have been described, i.e., negative allosteric
modulators (NAMs) or positive allosteric modulators (PAMs). NAMs inhibit the activation
of the receptor and the downstream signal transduction. On the other hand, PAMs increase
the activation of the receptor. Furthermore, ions are also considered as allosteric modulators
for multiple GPCRs, such as Na+ for the adenosine A2A receptor [89,291] or Zn2+ for the β2-
adrenergic receptor [292] for which they have been shown to bind at allosteric sites which
differ from the orthosteric site as reviewed by van der Westhuizen et al. [290]. While they
offer new ways to modulate and fine-tune GPCR activity, they are quite difficult to screen
for, as they might be dependent on the nature of the agonist they work in conjunction with.
This poses a great challenge for the screening format, especially when functional assays
are performed on living cells. Furthermore, to characterize this novel, more peculiar type
of binding sites of NAMs and PAMs, a large panel of biophysical techniques is required,
including molecular dynamics (MD) simulations, ligand structure–activity relationship
studies, and in-solution NMR analyses, to name a few [293].

The main example of an A2A PAM is perhaps DFIABA (3,4-difluoro-2-((2-fluoro-4-
iodophenyl)amino)benzoic acid), a compound that enhances adenosine signaling at the
A2A receptor, and thereby induces slow wave sleep without affecting body temperature
in mice [294]. This remarkable feature exemplifies the role of these types of molecules,
promising precise modulations of signaling processes with reduced side effects. Other
molecules with similar functions include, AEA061 [295], or inosine. Inosine is an endoge-
nous molecule, that could open avenues in the concept of natural PAMs or NAMs, adding
to the arsenal of molecules modulating GPCRs functions [296]. The interplay between
several receptors, in pathological models illustrates the complexity of various pharmaco-
logical ligands, as soon as they interfere with several profoundly different GPCRs, e.g., M4
and A2A [297], mGlu4 and A2A [298] or (TLR)4 and A2A [299]. Adenosine receptors have
also been screened for NAMs, as adenosine receptor subtype-specific negative allosteric
modulators would offer access to new potential treatments for analgesia, possibly with
minimum negative off-target effects, an area where immense treatment progress remains to
be done [300].



Receptors 2023, 2 75

9.4. Fluorescent Ligands

Adenosine receptors are of therapeutic interest and, as such, selective ligands attract
particular attention. Indeed, a plethora of ligands with well-defined pharmacological
profiles have been developed during the last years for A2A. Due to the accumulation of the
three-dimensional structures of A2A in different activation states, the design of ligands is
now largely structure-based. Different compounds with particular pharmacological profiles
have been identified and reviewed exhaustively [5], as well as their modified counterparts
such as radiolabeled, covalent or bivalent ligands [301]. We will focus here on a particular
class of labeled compounds, fluorescent ligands. Indeed, such compounds are of major
interest when developing ligand-binding assays with isolated receptors [302]. A full series
of fluorescent A2A-selective ligands have been devised to be used in native membranes or
cell-based systems [303]. These include agonists such as the initial compound FITC-APEC
that was derived from the conjugation of the A2A agonist APEC to fluorescein [304]. An
alternative version of FITC-APEC, with Alexa Fluor 488 as the fluorophore instead of
fluorescein, has been more recently used to study the kinetics of A2A redistribution in
living cells [305]. Besides agonists, fluorescent antagonists have also been designed, for
instance by coupling the selective A2A antagonist preladenant to Alexa Fluor 647 [306],
or using either of the two pharmacophores, 1,3-dipropyl-8-phenylxanthine and triazolo
[1,5-c]quinazolin-5-yl)amine [307]. Regarding isolated receptors, the number of studies
with fluorescent ligands is much more limited, and these compounds have been mostly
used in the context of ligand-binding experiments. A fluorescent antagonist, CA600245,
was recently used to assess the ligand-binding ability of A2A encapsulated into SMALPs
generated by solubilizing membranes of P. pastoris expressing A2A with the SMA polymer.
In this case, the fluorescent ligand comprised the antagonist xanthine amine moiety linked
to a red BODIPY630/650 fluorophore (Figure 11A). The resulting study demonstrated that
A2A in SMALPS is a powerful model system to characterize ligand-receptor complexes
when used in combination with fluorescence spectroscopy [111]. More recently, the flu-
orescent compound FITC-APEC described above (Figure 11B) was used to provide an
experimental and theoretical framework for monitoring ligand-binding kinetics to the A2A
in detergent micelles under ligand depletion conditions using fluorescence anisotropy
measurements [308]. Taken together, the availability of different fluorescent probes from
distinct pharmacological classes now provides a toolbox of labeled ligands to develop
radioactive-free ligand-binding assays with purified receptors, as well as to probe the
pharmacological behavior of A2A isolated in detergent micelles and nanodiscs.
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9.5. Structure-Based Ligand Discovery for A2A

Structure-based methods in drug discovery comprise a variety of different computer-
assisted strategies, including either ligand- or structure-based virtual screening approaches,
as well as pharmacophore-based, fragment-based and comparative molecular field anal-
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ysis [309–312]. These methods are widely used to identify novel ligands exerting either
an agonistic or an antagonistic effect on a specific protein target and they also have had
considerable impact on the drug-discovery-related pharmacology of A2A. There are several
examples in the literature that illustrate the practical application of structural information
for the discovery of A2A antagonists which have been reviewed by Jazayeri et al. [313]. Fur-
thermore, molecular docking has also been employed for the design of either A2A agonists
or PDE10A inhibitors, and has been a recent focus in the search of novel antiproliferative
agents [314]. In addition, MD simulations have been used extensively to investigate the
conformational dynamics at the A2A or PDE10A [315–321]. In a recent paper, Kalash et al.
studied a novel structure-based method for identifying ligands that activate A2A, while
simultaneously inhibiting the PDE10A [322]. The focus of this approach was on the key
interacting residues that are reported in the literature to discriminate between agonist and
antagonist activity of A2A ligands [52,57,64,68]. It has been postulated that the motion
of the residue Val84 in theTM3, upon A2A ligand binding, might discriminate between
agonist and antagonist activity, which had not been studied previously by any of the MD
simulations of A2A [64,323]. Kalash et al. show that the motion of this residue can be
used as a conformational descriptor for the characterization of receptor activation by A2A
ligands [322]. Furthermore, it is suggested that a selective interaction of ligands with His250

accounts for A2A sub-type selectivity. This interaction has only been detected in co-crystal
structures with selective A2A agonists, such as CGS21680 [57] and UK432097 [58]. Moreover,
MD simulation analysis demonstrated that this residue undergoes conformational changes
only when selective A2A agonists are bound and not when non-selective agonists bind to
A2A [322]. Additionally, the analysis of the MD trajectories highlighted the motion of Val84
in TM3 as an essential requirement for A2A activation, which is a strong indicator for the
potential application of structure-based methods in the discovery of novel A2A ligands.

9.6. Fragment-Based Ligand Discovery for A2A

Fragment-based ligand design is a well-established approach for the generation of
novel protein inhibitors or modulators [324]. In a first step, fragment hits are identified
from the screening of a fragment library against the protein target. In a second step,
selected fragments are iteratively optimized using three-dimensional structures of the
protein–ligand complex until a high-affinity compound is obtained. Fragment libraries
typically regroup thousands of highly soluble small molecules with low molecular weight
(<300 g/mol). Fragment screening using biophysical methods has been achieved for A2A
using target immobilized NMR screening [325], SPR [134], STD-NMR [91] and Affinity
Mass Spectrometry [293] with A2A samples prepared in detergents, or weak-affinity chro-
matography with A2A prepared in nanodiscs [77]. Whereas main studies are conducted
with the wild-type receptor, a thermostabilized receptor was used in the study reported
by Congreve et al. [134]. All techniques, except for STD-NMR, require the immobilization
of A2A onto a solid support. To avoid the identification of false positive hits, the binding
signal observed in the presence of A2A is compared to the one observed in the absence
of A2A or in the presence of the receptor blocked with a reference ligand. In addition
to experimental biophysical screening, fragment-based computer-aided design was re-
ported by several groups [293,311,326–329]. To probe the conformational changes in the
receptor upon fragment-based ligand binding, serial crystallography could play a key
role in the future as a method for obtaining high-resolution conformational dynamics of
protein–inhibitor complexes.

9.7. Mass Spectrometry-Based Ligand Screening

Among the available modern screening methods described in this Section, affinity
selection-mass spectrometry (AS-MS) is emerging as a technique of choice for the iden-
tification and confirmation of binders from large compound libraries, due to its high
throughput capacity. AS-MS has been applied by the group of Shui to find new A2A recep-
tor binders [106]. As a proof of concept, they first developed AS-MS using a small model
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library consisting of a fifteen-compound mixture including eight known binders (such
as adenosine, NECA, caffeine or ZM241385) and A2A reconstituted in nanodiscs. All the
known compounds were identified as positive binders from the AS-MS screen, validating
the set-up for hit discovery on GPCRs. They next highlighted the potential of AS-MS to
screen large compound libraries (approximately 20,000 compounds) on A2A in one pool,
leading to the discovery of three new antagonist compounds [141]. Interestingly, affinity
MS experiments were successfully performed on a purified A2A immobilized on nickel
agarose beads as well as on the receptor embedded in cell-membranes. More recently [293],
the same authors adapted their methodology to screen a library of 1100 fragments with the
purpose of finding new NAMs of A2A. Among the 28 initial hits, 17 have been confirmed to
be specific binders at A2A, and 9 as strong binders by SPR. These nine binders were then an-
alyzed using affinity mass spectrometry in the presence of A2A, free or bound to ZM241385.
Thanks to an extensive optimization of immobilization and incubation conditions (see
scheme in Figure 12), their method was initially validated as it allowed the detection of
three known weak antagonists with binding affinity above 20 µM (theophylline, NG-52
and LH-846). The six fragments that retained 50% binding in the presence of ZM241385
were further tested in competition with HMA (5-(N,N-hexamethylene)amiloride), one of
the most potent NAMs of A2A. Two new HMA-competitive binders were discovered using
this approach and confirmed as NAMs using a competitive radioligand binding assay,
molecular docking and 19F-labeled protein NMR experiments [293].
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Figure 12. Schematic workflow of modern affinity selection mass spectrometry (AS-MS) used for A2A

hit identification. Additionally, called automated ligand identification system (ALIS), this technique
is performed to identify small molecules that engage a specific target, such as A2A. The protein of
interest is incubated with a mixture of compounds, each with unique molar mass. The protein–ligand
complexes are separated from unbound compounds using SEC. The protein peak (depicted in blue on
the figure) is then directed to a reverse-phase liquid chromatography (RPLC) column for dissociation,
desalting, and elution of any ligands into an ESI-MS system for identification. Alternatively to this
2D-LC set-up, an ultracentrifugation or an offline gel filtration step can be performed prior to LC-MS.
This high-throughput screening technique enables hit identification for large collections of ligands.

10. Concluding Remarks and Perspectives

As the isolation of A2A and its reconstitution in an active form were achieved relatively
early compared to most other GPCRs, its handling became more streamlined compared to
other GPCRs. Accordingly, A2A has become a highly amenable model for the application
and development of novel innovative approaches for the biophysical characterization of
GPCRs. Moreover, A2A is also a very important drug target in several human disease
areas, and it goes without saying that the accumulation of knowledge of the structure
and function of A2A was also driven by the desire to discover novel and more specific
pharmacological compounds. Indeed, the progress made in many of the cellular biology
and cellular chemistry domains, together with the in silico approach of modelling the
receptor structures and the three-dimensional structure of ligands, lead to the discovery
of a series of novel ligands including compounds containing novel chemical scaffolds.
Nonetheless, it remains to be seen if this knowledge will be transferable to the studies of
other, more challenging to obtain GPCRs, especially from other families.
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Many other areas could be further explored for A2A that might be more advanced
in the context of other receptors. For example, the structural effects of the variety of
agonists existing for this receptor should be further investigated by cryo-EM, possibly also
in complex with different G proteins, to investigate the possibility of biased agonism at
this receptor and how it can be explained at the structural level. Similarly, the structural
effects on signal transduction of allosteric modulators are still largely unknown for the
A2A receptor. To further understand these mechanisms, as well as the effects of subtle
variations of the agonists on the structure of the G-protein binding site, dynamics kinetics
need to further be studied. To this end, single molecule studies, molecular dynamics and
also ensemble NMR studies will be invaluable.

While studies of the isolated receptor are crucial for understanding the mechanisms
of signal transduction, it is of the upmost importance to also study receptors in their
cellular context. Indeed, the progress recently made in the chemical alkylation of proteins
in situ (for instance by click chemistry) might eventually allow high resolution studies
of the receptor in a “native” milieu, surrounded by its “natural” neighbors in A2A-richly
expressing membranes isolated from human tissues. However, the prerequisite of such
experimental endeavors will be to introduce a handle at the receptor that can be recognized
specifically by the chemical reaction. Combining the use of stem cells with the expression
of such handles in a neutral genomic area of the transgene could provide a closer model of
the physiological situation.

Finally, A2A has been proven to be an excellent model in many cases of biophysical,
structural and even pharmacological characterizations of a GPCR. This is probably due
to the relative easiness with which the receptor has been cloned, expressed and isolated,
together with a natural stability that helped keep it active once purified.
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