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A B S T R A C T

The adenosine A2A receptor (A2AR) is a G-protein coupled receptor that has important anti-inflammatory effects 
in response to some agonists and consequently is considered a therapeutic target. Its activity is affected by local 
membrane lipid environment and presence of certain phospholipid classes, so studies should be conducted using 
extraction methods such as styrene maleic acid co-polymers (SMA) that retain the local lipids. Currently, little is 
known about the effect of oxidative stress, which may arise from inflammation, on the A2AR. Therefore, it was 
over-expressed in Pichia pastoris, SMA was used to extract the A2AR from cell membranes and its response to 
ligands was tested in the presence or absence of the radical initiator AAPH or reactive aldehyde acrolein. SMA- 
extracted A2AR was able to undergo conformational changes, measured by tryptophan fluorescence, in response 
to its ligands but oxidative treatments had no effect on the structural changes. Similarly, the treatments did not 
affect temperature-dependent protein unfolding. In contrast, in HEK293 cells expressing the A2AR, oxidative 
treatments increased cAMP levels in response to the agonist NECA but had no effect on direct activation of 
adenylate cyclase. Thus, oxidative stress may be a homeostatic mechanism that abrogates inflammation via the 
A2AR signalling pathway.

1. Introduction

Adenosine receptors belong to the largest class of G-protein coupled 
receptors (GPCRs), the rhodopsin-like receptor family, and are charac
terised as being activated by extracellular adenosine as a natural 
agonist, and inhibited by purine base xanthines, such as caffeine and 
theophylline [1]. The adenosine A2A receptor (A2AR) is an important 
GPCR that binds adenosine at nanomolar concentrations to inhibit 
inflammation and platelet aggregation. Other effects include vasodila
tion of coronary arteries to increase myocardial blood flow, causing 
hypotension, and inhibiting dopaminergic activity in the brain [2]. The 
downstream actions of the A2AR depend on its interaction with cytosolic 
G proteins, typically the heterotrimeric Gs protein, leading to activation 
of adenylate cyclase and production of cAMP to activate protein kinase 
A (PKA). This initiates a cascade of phosphorylation, although the 

specific signalling pathways are tissue and cell type dependent [1]. In 
terms of therapeutic targeting of A2ARs, only 2 marketed drugs are 
currently available, for coronary vasodilation and Parkinson’s disease 
[3]. Nevertheless, there is ongoing interest in the potential of the A2AR 
as an anti-inflammatory target, as several animal studies have demon
strated the anti-inflammatory and anti-oxidative roles of various A2AR 
agonists, including in Parkinson’s disease [4–7].

Inflammatory conditions lead to redox imbalance and oxidative 
stress through activation of innate immune cells and release of reactive 
oxygen species, which cause oxidative damage to a variety of bio
molecules [8]. Polyunsaturated phospholipids are susceptible to per
oxidation and subsequent rearrangement or breakdown of the oxidized 
fatty acyl chain to yield electrophilic lipid peroxidation products such as 
phospholipids and fatty acids containing cyclopentenone rings or small 
reactive molecules, including 4-hydroxynonenal, 4-hydroxyhexanal, 
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malondialdehyde and acrolein [9–11]. As well as altering membrane 
properties, the electrophilic lipid peroxidation products can react 
covalently with proteins to form adducts, a process known as lip
oxidation [12,13]. There is substantial evidence that lipoxidation can 
alter protein conformation, protein-protein interactions and enzymatic 
activity, with both inhibitory and activation effects reported, as 
reviewed previously [14]. For example, acrolein, hydroxyhexanal and 
malondialdehyde inhibit the activity of the glycolytic enzyme pyruvate 
kinase [15], acrolein and hydroxynonenal inhibit the dual specificity 
phosphatase PTEN [16], while H-ras [17,18] and the membrane channel 
TRPA1 [19] can be activated by electrophilic prostaglandins. Despite 
the important role of the A2AR in limiting inflammation, there have been 
few studies on the effects of oxidative damage and lipoxidation on its 
activity and downstream signalling, representing a significant gap in 
understanding.

The A2AR exists in dynamic equilibrium between the “inactive” 
conformations (absence of agonist or presence of an antagonist), 
intermediate-active (achieved on binding an agonist), and fully active 
states when it binds both an agonist and a cytosolic protein (e.g. Gs) to 
activate downstream signalling pathways [20,21]. Agonists, of which 
the most commonly used are the synthetic analogues CGS21680 and 5′- 
(N-Ethylcarboxamido) adenosine (NECA) [3,22,23], bind in the 
orthosteric binding pocket of the A2AR, which is highly conserved and on 
the extracellular part of the receptor [24]. This triggers multiple 
conformational changes, transduced from the orthosteric pocket to the 
intracellular ends of transmembrane helixes TM3, TM5, TM6, and TM7, 
which are essential for interaction with the cytosolic Gs protein and 
further stabilize the active conformation [25]. Conformational changes 
in response to different agonists and antagonists can be studied in vitro 
using tryptophan fluorescence, as its fluorescence wavelength and in
tensity are strongly influenced by the polarity of its microenvironment 
and non-covalent interactions such as hydrogen bonding [26]. Trypto
phan (trp) emits at shorter wavelengths (λEm 330–340 nm) when buried 
in the hydrophobic core of a protein in its ground state, whereas it emits 
at longer wavelengths (340–355 nm) when exposed to water in its 
excited state [27]. The native A2AR contains seven Trp residues, in TM1, 
TM4, TM6 and TM7 [22], so its activation state is amenable to study by 
this approach [28].

Many previous studies of the A2AR activation were conducted in vitro 
using detergent-extracted proteins. However, it is known that GPCRs, 
including the A2AR, can be affected by the local membrane lipid envi
ronment and the biophysical properties of the membrane, such as 
fluidity, thickness, curvature and lateral pressure [29,30], which are 
largely determined by the membrane lipid composition. Several studies 
support the concept that the anionic phospholipid phosphatidylinositol 
(PI) and phosphatidylinositol phosphates (e.g. PIP2) bind preferentially 
and may stabilize G protein binding in GPCRs, including the A2AR 
[31–35]. It has been reported that phosphatidylserine (PS) can also bind 
to and may stabilize A2AR-G-protein assemblies [32]. A study involving 
reconstitution of the β2AR into HDL particles showed that anionic 
phospholipids di-oleoyl-phosphatidylglycerol (DOPG), di-oleoyl- 
phosphatidylserine (DOPS) and di-oleoyl-phosphatidylinositol (DOPI) 
all enhanced agonist binding, whereas di-oleoyl- 
phosphatidylethanolamine (DOPE) and to a lesser extent di-oleoyl- 
phosphatidylcholine (DOPC) enhanced antagonist binding [31]. This 
was supported in part by atomistic molecular dynamic stimulations on 
the effects of DOPG, DOPE and DOPE on the β2AR, which showed that 
phosphatidylethanolamine (PE) tends to support a conformational 
transition from active to inactive states, in contrast to PG [36]. Simu
lations on the A2AR also suggested that in the presence of adenosine or 
NECA, DOPG enabled fully active receptor conformations that were able 
to dock Gs protein, whereas only an intermediate receptor conformation 
was obtained with DOPC [37]. Finally, it has been reported that 
cholesterol affects the bilayer fluidity and can regulate ligand binding 
affinity via either direct or indirect allosteric mechanisms [38,39].

Consequently, studies of A2AR activity and mechanism should be 

conducted in the present of native membrane lipids and under condi
tions where bulk membrane properties such as lateral pressure are 
retained. This can be achieved by the use of membrane-protein extrac
tion copolymers such as styrene maleic acid (SMA), which inserts into 
the membrane and extracts membrane proteins within small discs of 
bilayer styrene maleic acid encircled by the polymer, referred to as 
synthetic nanodiscs or SMALPs (SMA lipid particles) [40,41]. As 
SMALPs retain the native lipid environment of the membrane protein, 
they offer a more physiological model system and various papers have 
reported improved native structure and activity by this method [42,43]. 
An alternative co-polymer is diisobutylene maleic acid (DIBMA), which 
has the advantage that it has been reported to cause less perturbation of 
phospholipid bilayer dynamics than SMA [44].

To address the question of the effect of oxidative stress on the 
structure and function of the A2AR, two complementary approaches 
were used. Firstly, a his-tagged construct of the human A2AR was over- 
expressed in Pichia pastoris and extracted from membranes with 
SMA2000 or alternative polymers. The nanodisc-encapsulated A2AR was 
subjected to oxidative treatments and conformational changes and 
protein stability were monitored by tryptophan fluorescence and ther
mal unfolding measurements, respectively. Secondly, the A2AR was 
transiently over-expressed in HEK293 cells, and the effects of oxidative 
stress on ligand binding and cellular signalling were monitored by 
measuring cAMP production. The combined information provides novel 
insight into the effect of oxidative stress conditions on the A2AR and 
downstream signalling.

2. Materials and methods

2.1. Materials

The de-glycosylated C-terminal truncated A2AR (A316) with multiple 
tags including deca-histidine, FLAG, and biotin tags in pPICZB was 
utilized for expression in Pichia pastoris, essentially as described pre
viously [40]. HisPur™ Ni-NTA Resin was obtained from Thermo Fisher 
Scientific, as was 7-Diethylamino-3-(4′-Maleimidylphenyl)-4-Methyl
coumarin (CPM) (Invitrogen™ D346) and CPM stock was prepared at 5 
mg/mL. ZM241385 and 2,2′-azobis(2-amidinopropane) dihydrochloride 
were purchased from Merck.

Dulbecco’s Phosphate Buffered Saline (DPBS) was obtained from 
Sigma-Aldrich, UK (D8537).

2.2. Expression of the A2AR in Pichia pastoris

P. pastoris SMD1163 cells were transformed with the pPICZB-hA2AR 
(A316) plasmid (kind gift of Prof R.M. Bill, Aston University) and grown 
in the presence of 100 μg/mL zeocin, as described previously [40]. After 
initial growth at 30◦C in buffered glycerol complex medium (BMGY) 
(1% yeast extract, 2% peptone, 100 mM potassium phosphate at pH 6.0, 
1.34% yeast nitrogen base without amino acids, 0.00004% biotin, 1% 
glycerol) also containing zeocin, cells were washed and transferred to 
buffered methanol complex medium (BMMY) where the glycerol was 
replaced with methanol and grown at 22◦C for 24 h. After harvesting, 
pellets were either used immediately for cell membrane preparation and 
analysis of protein expression, or frozen at -80◦C for subsequent 
experiments.

2.3. P. pastoris membrane preparation

P. pastoris cells expressing the A2AR were resuspended in 50 mM 
sodium phosphate pH 7.4, 100 mM NaCl, 2 mM EDTA, 5% glycerol and 
1 mM phenylmethylsulfonyl fluoride to a final concentration of 0.3 g/ 
mL. Lysis was achieved by addition of an equal volume of acid-washed 
glass beads (425–600 μm) with 10 cycles of vortexing for 30 s followed 
by 1 min on ice. Unbroken cells and large debris were removed by 
centrifugation at 4000g for 5 min at 4◦C and 10,000g for 10 min at 4◦C. 
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The A2AR-expressing membrane fraction was obtained by ultra- 
centrifugation at 100,000g for 1 h at 4◦C in a Type 70 Ti Fixed-angle 
rotor (Optima XPN ultracentrifuge, Beckman Coulter Life Sciences). 
The pellet (membrane fraction) was resuspended at 80 mg/mL wet 
weight in 50 mM Tris-HCl pH 8, 500 mM NaCl, 10% glycerol. The 
membranes were homogenized and either used directly for the solubi
lization of the A2AR or stored at -80◦C.

2.4. A2AR solubilization using polymers or detergent

Membrane proteins were solubilized from the membrane fraction 
using the polymers SMA2000, DIBMA free acid, DIBMA monosodium 
salt, and Glyco-DIBMA or with the detergent DDM, as described previ
ously [45]. Membranes from A2AR-expressing cells were resuspended at 
40 mg/mL in solubilization buffer (50 mM Tris-HCl pH 8, 500 mM NaCl, 
10% glycerol) containing SMA2000, DIBMA free acid, DIBMA mono
sodium salt or Glyco-DIBMA pH 9.5 at final concentrations of 2.5% (w/ 
v), or the detergent n-Dodecyl β-D-maltoside (DDM) at 2% (w/v). 
Alternatively, a final concentration of 5% (w/v) of DIBMA polymers was 
used. The membrane fraction was incubated for 1 h at RT with gentle 
agitation or for 3 h at 4◦C for solubilization by detergent. The non- 
solubilized material was removed by ultra-centrifugation at 100,000g 
for 1 h at 4◦C to yield supernatants containing A2AR-SMALP, A2AR- 
DIBMALP or A2AR-DDM.

2.5. Purification and analysis of solubilized A2AR preparations

A2AR-SMALP and A2AR-DIBMALP were purified using Ni2+-NTA 
resins essentially as described previously [40]. The solubilized fractions 
(10 mL) were incubated overnight with 1 mL of HisPur™ previously 
equilibrated in 50 mM Tris-HCl pH 8, 500 mM NaCl, 10% glycerol at 
4◦C. The resin was washed with buffer containing 10 mM or 20 mM 
imidazole before eluting A2AR-SMALPs with 1 mL aliquots of the same 
buffer containing 60 mM imidazole. Elution fractions were buffer 
exchanged into imidazole free buffers using 30 kDa cut-off spin-con
centrators. The same procedures were used for A2AR-DDM except that 
0.1% DDM was included in the buffers and higher imidazole concen
trations were used for elution.

The protein concentrations in the membrane preparation, non- 
membrane fraction, solubilized fraction, non-solubilized material, and 
A2AR-SMALP in the elution fractions were quantified using the Pierce™ 
BCA Protein Assay Kit. Purification was assessed by SDS-PAGE in 12% 
resolving gels either stained with PageBlue or by transfer onto a PVDF 
membrane and western blotting with the monoclonal primary antibody 
anti-Adenosine Receptor A2a (ab79714, Abcam) at 1 μg/mL and the 
secondary antibody anti-mouse IgG HRP at a 1:3000 dilution. Mem
branes were imaged with SuperSignal west pico chemiluminescent 
substrate according to the manufacturer’s instructions (Fisher Scientific, 
UK).

2.6. Analysis of the A2AR protein by LC-MS/MS

After Coomassie staining of the gels obtained by SDS-PAGE, bands of 
interest corresponding to the A2AR monomer, A2AR dimer, and P. pastoris 
main contaminants were excised and subjected to in-gel digestion with 
trypsin or chymotrypsin essentially as described previously [15]. Pep
tides were separated and analysed using an ACQUITY UPLC M-Class LC 
System (Waters, US) coupled to a 5600 TripleTOF (ABSciex, Warrington, 
UK) controlled by Analyst software (TF1.5.1, ABSciex, Warrington,UK). 
The peptide solution (5 μL) was loaded onto a nanoEase MZ Symmetry 
C18 Trap (180 μm × 20 mm) (Waters, UK), and washed at 20 μL/min for 
4 mins, before separation on a nanoEase MZ Peptide C18 column (15 cm 
× 75 μm) (Waters, UK) at 35◦C. The samples were eluted at 500 nL/min 
using a gradient elution running from 2% to 45% HPLC Solvent B (99% 
acetonitrile and 0.1% formic acid) over 45 min. The peptides were 
ionized through electrospray ionization (ESI) with a spray voltage of 2.4 

kV, source temperature of 150◦C, declustering potential of 50 V, and 
curtain gas setting of 15. Survey scans were collected in the positive 
mode from 350 to 2000 Da using a high-resolution TOF-MS mode (MS/ 
MS IDA settings) with 10 ions selected, +2 to +5 charges, dynamic 
exclusion times of 12 s, and rolling collision energy. The data were 
analysed using the Mascot® search engine (Matrix Science, London, 
version 2.4.0) to interrogate SwissProt 2021_03 (565,254 sequences; 
203,850,821 residues) - Homo sapiens (human) (20,387 sequences) and 
Other fungi (22,282 sequences).

2.7. Analysis of conformational changes by tryptophan fluorescence 
measurements

Fluorescence measurements were made using a PTI QuantaMaster 
300 fluorimeter with continuous Xe arc excitation at 280 nm and 
emission spectra measured between 290 and 500 nm, essentially as 
described by [28]. The spectra were integrated to obtain the overall 
intensity. Isolated A2AR-SMALP was prepared at 50 μg/mL in 50 mM 
Tris-HCl pH 8, 500 mM NaCl, 10% glycerol. L-tryptophan (Sigma- 
Aldrich) as a control was prepared at 50 μg/mL in the same buffer, 
containing SMA at 2.5% (w/v). Alternatively, the A2AR-SMALP was 
treated with acrolein (ACR) or 2,2′-azobis(2-amidinopropane) dihydro
chloride (AAPH) at final concentrations of 20 μM, 40 μM, and 100 μM for 
24 h, prior to fluorescence measurements.

To determine the effect of ligand binding on the A2AR, the antagonist 
ZM241385 or the A2AR agonist NECA were titrated in at concentrations 
from 1 pM and 100 pM, up to final concentrations of 10 μM and 1 mM, 
respectively. The resulting intensity data were adjusted to take into 
account the effect A2AR-SMALP dilution by ligand addition, which was 
determined by titrating a L-tryptophan control solution with membrane 
buffer.

The data were analysed using SpectraGryph 1.2 - spectroscopy 
software and the percentage of integrated tryptophan intensity was 
calculated taking into account the dilution effect by titration and 
normalizing to apo A2AR-SMALP or Trp control as 100% of the signal. 
Data were plotted using GraphPad Prism 8 and expressed as the mean ±
standard deviation (SD), for n = 3. For statistical data analysis, the 
percentage of Trp fluorescence at each ligand concentration was 
compared between the A2AR-SMALP samples treated with different ACR 
and AAPH concentrations through an ordinary One-way ANOVA and 
Tukey’s multiple comparisons test.

2.8. Thermal unfolding analysis by CPM fluorescence

A2AR-SMALP samples were prepared at final concentration of 150 
μg/mL in SMA buffer (50 mM Tris-HCl pH 8, 500 mM NaCl, 10% glyc
erol, 2% w/v SMA2000); 45 μL of the sample was mixed with 5 μL of 200 
μg/mL 7-Diethylamino-3-(4′-Maleimidylphenyl)-4-Methylcoumarin 
(CPM) prepared in the same buffer. To study the effect of ligand binding 
on the thermal stability of the A2AR-SMALP, 1 μM ZM241385 and 10 μM 
NECA were added to the mixture. To study the effect of acrolein and 
AAPH, A2AR-SMALP was pre-incubated for 20 mins at room temperature 
with CPM before adding treatments at final concentration of 100 μM and 
incubating for 1 h at RT. All incubations with CPM were carried out in 
dark conditions. Thermal unfolding analysis was carried out in white- 
opaque 96-well PCR plates using a LightCycler® 480 System (Roche 
Diagnostics). The temperature was equilibrated at 20◦C and fluores
cence was measured at an excitation λ 465 nm and an emission λ 510 nm 
from 20 to 99◦C with a ramp rate of 3.6◦C/min. For calculation of the 
melting temperatures (Tm), blank-subtracted fluorescence was plotted 
against temperature, and the first derivative of the blank-subtracted 
fluorescence [46] was calculated using GraphPad Prism 8.

2.9. Mammalian expression of a hA2AR sequence

A construct for expression of a C-terminal truncated hA2AR in 
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mammalian cells was designed containing FLAG tag, deca-histidine tag, 
Kozak consensus sequence (AT), unstructured flexible linker (GGSGSG), 
EcoRI and NotI restriction sites, and was purchased from Eurofins Sci
entific cloned into a pEX-K248 standard vector (Supplementary Fig. 4). 
The C-terminal truncated sequence of the A2AR encodes a stable, func
tional, and degradation-resistant protein [47]. It is well established that 
the long C-terminal tail is dispensable for receptor folding and dimer
ization [48] and many A2AR structural studies have used C-terminal 
truncated sequences [49–52].

Following expansion of pcDNA3 empty vector and pEX-K248-hA2aR 
in competent DH5α E. coli, plasmid extraction by miniprep, and diges
tion of both with EcoRI and NotI, the empty vector and the insert were 
ligated using T4 DNA ligase (Promega) and transformed DH5a E. coli 
clones containing pcDNA3-hA2AR were selected on plates containing 
ampicillin using standard protocols.

Human Embryonic Kidney 293 T (HEK293T) cells were cultured in 
DMEM containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium 
pyruvate, 1500 mg/L sodium bicarbonate, and phenol red supplemented 
with 10% foetal bovine serum, penicillin (100 U/mL), and streptomycin 
(100 μg/mL) at 37◦C and 5% CO2. HEK293T cells in 6-well plates (9 ×
105 cells / well) were transfected with 100 μL Gibco™ Opti-MEM™ 
medium mixed with 2 μg of plasmid, 8 μL of polyethylenimine (PEI; 1 
mg/mL, in DPBS pH 7.5), according to the manufacturer’s instructions. 
The plates were incubated for 48 h at 37◦C and 5% CO2.

2.10. MTT assay for cell viability

HEK293T cells were seeded in 96-well plates at 40000 cells/well in a 
volume of 100 μL and incubated for 24 h at 37◦C and 5% CO2 before 

treatment with final concentrations of 5, 10, 20, 50, 100, 200, and 400 
μM acrolein or 0.25, 0.5, 1, 2, 5, 10, and 15 mM AAPH, and incubated for 
a further 2 or 24 h. The wells were washed once with phosphate- 
buffered saline pH 7.4 (PBS), resuspended in 90 μL of DMEM without 
phenol red containing FBS, penicillin and streptomycin. Ten μL of 0.5 
mg/mL 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro
mide (MTT) solution was added and the plate incubated for 3 h at 37◦C 
and 5% CO2, before addition of 100 μL of solubilization solution (10% 
SDS w/v in 10 mM HCl) to each well. Once formazan crystals were 
solubilized, the absorbance was measured at 570 nm with a reference 
wavelength of 670 nm using a Multiskan™ GO Microplate reader.

2.11. Cyclic AMP (cAMP) measurements

Cyclic AMP (cAMP) measurements were performed using the 
AlphaScreen cAMP Detection Kit (PerkinElmer) [53]. HEK293T cells 
(30,000 /well) were seeded in 96-well plates and incubated overnight at 
37◦C and 5% CO2 in 100 μL/well of complete DMEM before transfecting 
with the pcDNA3-hA2AR plasmid as described above. The cells were 
treated with vehicle (PBS), 250 μM AAPH, or 20 μM acrolein for 2 or 24 
h at 37◦C and 5% CO2. After treatment, the cells were washed once with 
PBS and starved in 90 μL/well of pre-warmed and sterile Stimulation 
Buffer (0.1% w/v BSA, 1 mM 3-isobutyl-1-methylxanthine (IBMX; 
phosphodiesterase 3&4 inhibitor) in phenol-free DMEM) for 1 h at 37◦C. 
The cells were stimulated with 10 μL of 10× ligand half-log serial di
lutions for 30 mins; the final ligand concentration in the assay was 100 
μM to 1 nM for forskolin and NECA. The ligand-containing medium was 
aspirated, and 50 μL of ice-cold 98% ethanol was added to each well and 
allowed to evaporate overnight. Lysis Buffer (75 μL; 0.1% w/v BSA, 

A2AR
Main 
contaminant

Fig. 1. Optimization of A2AR purification from Pichia pastoris using His-Pur Ni-NTA resin. SDS-PAGE with Coomassie staining to visualize the proteins. (A) The SMA- 
2000 solubilized membrane preparation was loaded onto the His-Pur column, washed with low imidazole concentrations and eluted with 2 × 1 mL aliquots each of 
60 and 250 mM imidazole. (B) A2AR-SMALP and contaminant separation by elution using multiple 1 mL aliquots of 60 mM imidazole; densitometry of the gel using 
ImageJ. (C) Imidazole elution of A2AR and contaminant after membrane solubilization with DDM. (D) Comparison of the bands corresponding to the A2AR and P. 
pastoris main contaminant following solubilization of membranes with SMA2000 or DDM and subsequent buffer exchange. All panels show representative data from 
multiple independent purifications, with at least n = 3 for the experiments shown.
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0.3% v/v Tween-20, 5 mM HEPES buffer, pH 7.5) was added to each well 
and incubated with shaking at RT for 10 mins. For accurate cAMP 
measurements, the samples were further diluted ten times in Lysis 
Buffer. The Biotin-cAMP Acceptor and Streptavidin Donor bead mixes 
were prepared following the manufacturer’s instructions and incubated 
for 30 min in the dark before being added to the assay plate. A cAMP 
standard curve with half-log dilutions from 1 μM to 10 pM in Stimulation 
Buffer was prepared fresh for each assay. cAMP standards or samples (5 
μL) were transferred to a 384-well white opaque Optiplate and, under 
reduced light conditions, 5 μL of the Acceptor bead and 15 μL of the 
Streptavidin Donor bead mixtures were added to each well and incu
bated in the dark at room temperature for 1 h. Fluorescence was 
measured with excitation at 680 nm and emission 520–620 nm.

2.12. Statistical analysis

All data were analysed and graphs prepared using GraphPad Prism 8. 
In most cases one-way ANOVA and Tukey’s multiple comparisons test 
were used with statistical significance set at p < 0.05, unless stated 
otherwise. cAMP data analysed with nonlinear regression and the 
Kruskal-Wallis test (nonparametric ANOVA) were used to determine 
statistical differences in pEC50 values. For data with only 2 sets of 
conditions, Student t-tests were used.

3. Results

3.1. hA2AR over-expression in Pichia pastoris, extraction and enrichment

A multi-tagged de-glycosylated C-terminal truncated form of the 
human A2A receptor was stably expressed in Pichia pastoris by trans
fection with the pPICZB-A2AR plasmid (Supplementary Fig. 1 A&B); 
expression was induced by growth in buffered methanol complex me
dium (Supplementary Fig. 1C). Plasma membranes were prepared by 
cell lysis and ultracentrifugation and solubilized using SMA2000 to form 
SMALPs. Western blotting of the resulting fractions shows that the A2AR 
was enriched in the membrane preparation and could be detected in 
both dimeric and monomeric forms, with the latter predominating 
(Supplementary Fig. 2 A). Although A2AR was present in the non- 
solubilized pellet, SMA2000 clearly solubilized the receptor and pro
vided clearer bands. Three different types of DIBMA were also tested and 
showed that only glyco-DIBMA was effective at extracting the A2AR 
protein, whereas the detergent DDM gave effective extraction (Sup
plementary Fig. 2B&C).

To isolate the his-tagged A2AR from other membrane proteins, nickel 
affinity binding to His-Pur resin with sequential elution by increasing 
imidazole concentrations was used both for nanodisc- and detergent- 
extracted membrane preparations. It was noticed that Pichia pastoris 
contained an endogenous protein that also bound to His-Pur resin and 
eluted with imidazole. Hence the affinity purification elution steps were 
optimized for A2AR-SMALPs to separate this contaminant. Good recov
ery of the A2AR was obtained with 60 mM imidazole without significant 
contamination, whereas both proteins eluted strongly at higher imid
azole concentration (Fig. 1A). Multiple elution steps at 60 mM imidazole 
separated the contaminant effectively (Fig. 1B), and this approach was 
effective with larger scale SMA-2000 solubilization following lysis with 
glass beads, whereas glyco-DIBMA solubilization was unsuccessful (data 
not shown). Purification of A2AR-DDM required higher imidazole levels 
(150–200 mM) to elute the A2AR and contaminant co-elution could not 
be prevented (Fig. 1C). Ultimately, membrane solubilization with 
SMA2000 enabled the best isolation of the A2AR (Fig. 1D).

The isolation of the A2AR was confirmed by in-gel digestion of the 
bands indicated as A2AR dimer and A2AR (monomer), and the contam
inant observed in the gels was identified as alcohol dehydrogenase 2 
(Table 1). However, the sequence coverage of the protein was very low; 
4% for the A2AR monomer band digested with trypsin (two unique 
peptides detected), 16% for A2AR monomer band digested with Ta
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chymotrypsin (seven unique peptides) and 6% for A2AR dimer band 
digested with chymotrypsin (three unique peptides) (Supplementary 
Table 1). This presumably reflects the challenges of proteomic analysis 
of membrane proteins.

3.2. hA2ARR-SMALP was able to undergo conformational changes in 
response to ligands

In view of SMA-2000 enabling the best isolation of the A2AR, sub
sequent experiments on A2AR function were carried out using A2AR- 
SMALPs or A2AR-DDM. Tryptophan fluorescence measurements were 
performed to determine the effect of ligand binding on the conforma
tional changes in the A2AR-SMALP. In the absence of any ligand, the 
A2AR-SMALP exhibited a broad fluorescence peak with maximum in
tensity at ~340 nm, demonstrating that the fluorescence of tryptophan 
residues of the A2AR, representing the averaged response from all Trp 
residues in the receptor, could be measured in low-concentration protein 
preparations (~50 μg/mL). An increase in fluorescence intensity, 
accompanied by a red shift, was observed upon the addition of the 
antagonist ZM241385 at 1 μM, indicated that the A2AR was folded in the 
SMALP, and its conformation could be modified upon antagonist bind
ing (Fig. 2A). In contrast, addition of the agonist NECA at 10 and 100 μM 
caused decreases in the fluorescence intensity but no emission shift was 
observed (Fig. 2B).

To investigate the dose-dependence further, titrations with antago
nist and agonist were carried out and the percentage Trp fluorescence 
signal was calculated by normalizing the fluorescence intensity to the 
apo-A2AR-SMALP. An increase in the Trp fluorescence signal after the 
addition of the antagonist to A2AR-SMALP was observed, with greatest 

effect above 100 nM leading to a 44% final increase in intensity 
(Fig. 2C). ZM241385 addition to the Trp solution control caused a slight 
decrease in the fluorescent signal, suggesting an effect of the ligand or 
buffer on tryptophan in solution. However, it is important to note that 
tryptophan in solution does not exhibit the same behaviour as Trp res
idues embedded in a protein environment, such as in A2AR-SMALP, 
which may represent a limitation of this control. Similarly, the agonist 
NECA progressively decreased the intensity in A2AR-SMALP with the 
largest effect above 10 μM, showing a greater response than the Trp 
solution control (Fig. 2D). Thus, the addition of the agonist NECA to the 
A2AR-SMALP preparation induced the opposite effect on the Trp fluo
rescence compared to the antagonist ZM241385. These results suggest 
the ability of the A2AR within a SMALP to undergo conformational 
changes from the active to inactive form, and vice versa.

Interestingly, A2AR prepared by solubilizing the membrane with 
DDM did not show the progressive increase in fluorescence emission in 
response to ZM241385 titration observed for the A2AR-SMALP and 
neither did NECA cause a progressive decrease in fluorescence intensity 
compared to the Trp control in DDM buffer (Supplementary Fig. 3). 
This suggested that A2AR-DDM preparation was not able to undergo 
conformational changes, hence further studies were carried out only 
with A2AR-SMALP.

3.3. hA2AR-SMALP conformational changes were not altered by 
oxidative treatments

We hypothesized that treatment of the A2AR-SMALP with the radical 
generator AAPH or reactive carbonyl compound acrolein would affect 
the ligand binding or ability of the A2AR to undergo conformational 
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Fig. 2. Ligand-induced changes in overall A2AR-SMALP fluorescence. The fluorescence emission of A2AR-SMALP was measured between 290 and 500 nm after 
excitation at 280 nm before (apo) and after the addition of (A) the antagonist ZM241385 and (B) the agonist NECA (exemplar data from n = 3. The integrated 
fluorescence emission of apo A2AR-SMALP and Trp control (both at 50 μg/mL in buffer) after the addition of increasing concentrations of the (C) antagonist 
ZM241385 and (D) agonist NECA by titration were measured. Results are presented as percentage Trp signal relative to apo A2AR-SMALP or initial Trp control as 
100%, and take into account the ligand dilution effect. Data are presented as the mean ± SD (n = 3). Statistical differences were determined by independent t-tests 
(**p < 0.01 for A2aR-SMALP vs Trp control).
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changes, either through direct action on the protein (acrolein) or by 
modification of phospholipids (AAPH) in the SMALP. Consequently, 
A2AR-SMALP preparations were treated with various concentrations of 
acrolein or AAPH and titrated with increasing concentrations of 
ZM241385 or NECA. Fig. 3 shows that neither acrolein nor AAPH caused 
significant changes to the ligand concentration-response curves: the 
A2AR was still able to undergo conformational change to the inactive 
conformation in the presence of ZM241385 and to the active confor
mation on incubation with NECA.

3.4. Oxidative treatments did not alter thermal unfolding of the hA2aR- 
SMALP

As no effects on conformational changes of A2AR-SMALP occurred 
following oxidative stress, the thermostability of the receptor was tested 
by measuring the fluorescence of the high-affinity probe CPM, which 
binds to accessible cysteine residues, causing a transition from a non- 
fluorescent to a fluorescent state and indicating the occurrence of pro
tein unfolding. The apo- and ligand-bound forms of A2AR-SMALP 
showed a similar pattern of fluorescence increase over the temperature 
ramp, with unfolding starting at 35-40◦C and finishing at ~60◦C 
(Fig. 4A). The melting temperatures (Tm) were determined from the first 
derivative of the fluorescence; they showed no differences between the 3 
samples with all Tm values ~45◦C (Fig. 4B), suggesting that ligand 
binding did not affect thermal stability. Treatment of the A2AR-SMALP 
with either 100 μM acrolein or AAPH also had no effect on CPM fluo
rescence, suggesting that these treatments did not alter the protein 
stability (Fig. 4C&D).

3.5. Expression of the A2AR in HEK-293 cells

In view of the lack of effect of oxidative treatments on A2AR ligand 
binding, conformational changes and thermostability in membrane 
nanodiscs isolated from Pichia pastoris, subsequent work focused on 
downstream signalling in mammalian cells, as yeast do not have the 
necessary signalling pathways. A construct for mammalian expression 
was designed and transiently transfected into HEK293 cells, and 
expression of the A2AR was confirmed by western blotting (Supple
mentary Fig. 4) and LC-MS/MS analysis of gel bands digested with 
trypsin or chymotrypsin (Supplementary Table 2).

3.6. Selection of oxidative treatment concentrations to maintain HEK-293 
cell viability

In order to determine appropriate oxidative treatments that would 
cause stress without causing loss of viability, MTT assays were carried 
out. Acrolein decreased cell viability in a concentration-dependent 
manner after 2 and 24 h of treatment, with significant decreases at or 
above 200 μM for 2 h treatments and 100 μM for 24 h treatment 
(Fig. 5A). AAPH also decreased cell viability in a concentration- 
dependent manner in cells subjected to 24 h treatment with significant 
effect at 5 mM or higher, whereas it had no significant effect on cells 
treated for 2 h (Fig. 5B). Consequently, concentrations of 20 μM acrolein 
and 250 μM AAPH were chosen for all further experiments, to maintain 
cell viability >85%.
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Fig. 3. ZM241385- and NECA-induced changes in the overall fluorescence of A2AR-SMALPs treated with acrolein and AAPH. The fluorescence emission of A2AR- 
SMALP control or subjected to oxidative stress was integrated between 290 and 500 nm after excitation at 280 nm before (apo) and after the addition of increasing 
concentrations of ligand. (A) Treatment with acrolein and titration with the antagonist ZM241385; (B) treatment with acrolein and titration with the agonist NECA. 
(C) Treatment with the radical generator AAPH and titration with the antagonist ZM241385; (D) treatment with AAPH and titration with the agonist NECA. The 
results are presented as the percentage of Trp signal compared to apo A2AR-SMALP as 100% as described for Fig. 2. No statistical differences were detected using one- 
way ANOVA when comparing untreated A2AR-SMALP with ACR- or AAPH-oxidized receptor (n = 3).
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3.7. Acrolein and AAPH increase cAMP production in response to NECA

To investigate the effect of oxidative treatments on downstream 
signalling, cAMP production was measured using the AlphaScreen cAMP 
detection kit. To confirm that transfection with the A2AR construct 
enabled signalling and cAMP production, untreated cells were stimu
lated with NECA as an A2AR agonist (Fig. 6A). Some (but very low) 
cAMP production was observed with untransfected cells, which could be 

due to activation of the adenosine A2B receptor, as HEK293T cells 
natively express this [54] but NECA has a much lower affinity for it (330 
nM vs 20 nM for A2AR) [55,56]. Transfected cells showed more potent 
NECA-induced production of cAMP (pEC50 6.28 ± 0.34) compared to 
untransfected cells (pEC50 3.82 ± 0). Direct adenylate cyclase activa
tion by forskolin in untransfected cells resulted in potent cAMP pro
duction with a pEC50 of 6.33 ± 0.13 (Fig. 6A). The responses to NECA 
were then tested in oxidatively stressed cells. Treatments with acrolein 
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Fig. 4. Impact of ligand binding and oxidative treatments on thermal unfolding of the A2ARR-SMALP monitored by CPM fluorescence. (A) Fluorescence caused by 
CPM binding to apo-, ZM241385-bound, and NECA-bound A2AR-SMALP were measured as the temperature increased from 20 to 100◦C. (B) The first derivative of 
fluorescence data from A was plotted against temperature. Gaussian nonlinear regression was performed on the first-derivative data to calculate the Tm. (C) 
Fluorescence caused by CPM binding to non-treated, ACR-, and AAPH-treated A2AR-SMALP with temperatures increasing from 20 to 100◦C. (D) The first derivative of 
the fluorescence data from C was calculated and plotted against temperature. Gaussian nonlinear regression was performed as above. Combined data from 3 rep
licates is shown.
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Fig. 5. The effect of acrolein and AAPH treatment on HEK293T cell viability. HEK293T cells were seeded at 40000 cells/well onto 96-well plates and treated with 
increasing concentrations of (A) acrolein or (B) AAPH for 2 and 24 h. Cell viability was determined by MTT assay after formazan solubilization for 30 min at room 
temperature shaking. Data are presented as mean viability percentage of all replicates (n = 3) ± SD. Statistical differences were determined by One-way ANOVA (* p 
< 0.05, ** p < 0.01 for 2 h treatments vs control; ## p < 0.01 for 24 h treatments vs control).
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and AAPH at both 2 and 24 h showed significantly higher cAMP pro
duction than the untreated controls for all data points, including the 
basal control in the absence of NECA (Fig. 6B&C). The basal levels of 
cAMP, Emax and pEC50 values are shown in Table 2. It was also 
observed that cAMP levels in samples treated with oxidants for 24 h 
were lower than those in samples treated for 2 h, suggesting longer cell 
incubation times (in the presence or absence of oxidants) caused 
decreased the responsiveness to the ligand. The NECA pEC50 values 
remained unchanged in treated cells compared to untreated cells for 
both 2-h and 24-h treatments, as determined by a Kruskal-Wallis test.

To investigate whether the increased cAMP production in treated 
cells could be due to a direct activation of adenylate cyclase, untrans
fected HEK293T cells were subjected to acrolein and AAPH treatment, 
and cAMP production was stimulated using forskolin. In contrast to the 
results obtained after NECA stimulation, forskolin increased cAMP levels 
in a concentration-dependent manner but oxidative treatments had no 
effect on cAMP concentration (Fig. 6D&E). The maximum cAMP levels 

Fig. 6. Effect of acrolein and AAPH on cAMP production in HEK293T cells stimulated with NECA or forskolin. The response to forskolin or NECA was compared in 
untransfected HEK293 cells or cells transiently-transfected with the A2AR plasmid (A). Transfected HEK293T cells expressing the A2AR were either untreated, treated 
with acrolein or AAPH for 2 h (B) or 24 h (C) and stimulated with NECA. Non-transfected HEK293T cells were either untreated, treated with acrolein or AAPH for 2 h 
(D) or 24 h (E) and stimulated with forskolin. cAMP production was measured as AlphaScreen signal, quantified by comparison with a cAMP standard curve and 
plotted against the logarithm of NECA concentration (M). Data are presented as the mean of all replicates (n = 3) ± SD. Statistical differences were determined by 
One-way ANOVA followed by Tukey’s multiple comparisons test ($ p < 0.05 NECA transfected vs untransfected; € p < 0.05 forskolin vs NECA untransfected; ** p <
0.01 acrolein vs untreated, ## p < 0.01 AAPH vs untreated; n.s. not significant).

Table 2 
The effect of oxidative treatment on Basal, Emax and pEC50 values for NECA 
stimulation, determined from the data in Fig. 6 B&C.

2 h oxidative treatment

Untreated Acrolein AAPH

Basal 0.24 ± 0.01 1.9 ± 0.15 (**)a 2.31 ± 0.44 (##)
Emax 7.36 ± 0.71 29.04 ± 1.93 (**) 25.81 ± 2.44 (##)
pEC50 6.04 ± 0.24 5.99 ± 0.18 (n.s.) 6.64 ± 0.15 (n.s.)

24 h oxidative treatment
Untreated Acrolein AAPH

Basal 0.43 ± 0.09 2.92 ± 0.18 (**) 2.05 ± 0.2 (##)
Emax 5.54 ± 0.88 25.69 ± 1.76 (**) 17.98 ± 1.51 (##)
pEC50 6.17 ± 0.17 6.24 ± 0.03 (n.s.) 6.24 ± 0.11 (n.s.)

a p-values for treatments vs untreated controls: ** p < 0.01 for acrolein; ## p 
< 0.01 for AAPH; n.s. not significant.
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induced by 100 μM forskolin were not significantly different after either 
oxidative treatment duration, as determined by one-way ANOVA. The 
Emax values were 26.57 ± 0.18, 27.45 ± 0.43, and 27.32 ± 0.43 for 
untreated cells and cells treated with acrolein and AAPH, respectively. 
Oxidative treatments also did not cause any significant changes in for
skolin pEC50 values according to ANOVA (2 h treatments: Control 5.76 
± 0.04, acrolein 5.77 ± 0.01, AAPH 5.86 ± 0.01; 24 h treatments 
Control 5.75 ± 0.03, acrolein 5.82 ± 0.4, AAPH 5.78 ± 0.04).

4. Discussion

The overall goal of this study was to investigate the effect of oxida
tive and lipoxidative stresses on the conformations, activity and sig
nalling of the human adenosine A2A receptor (A2AR). In order to achieve 
this, the A2AR was over-expressed in two validated expression systems: 
P. pastoris SMD1163 to enable protein purification and HEK293T 
mammalian cells to study cell signalling. In P. pastoris, cell membranes 
were isolated and solubilized using co-polymers to extract the receptor 
in nanodics, which retain the native membrane lipid environment. It 
was found that SMA2000 was the most effective co-polymer for 
extraction and gave the best purity (including separation from the fungal 
contaminant alcohol dehydrogenase 2) after extensive optimization of 
the Ni-NTA affinity purification. Moreover, analysis by tryptophan 
fluorescence indicated that the A2AR-SMALP was folded and able to 
undergo ligand-induced conformational changes, whereas A2AR 
extracted with the detergent DDM, which strips lipids away from the 
protein, did not show conformational changes. However, oxidative 
treatments did not alter the ligand-induced conformational changes, nor 
did they have any effect on the thermostability. In contrast, when 
HEK293 cells expressing the A2AR were subjected to sub-lethal oxidative 
stresses, cAMP production increased in response to the agonist in a dose- 
dependent manner, while direct activation of adenylate cyclase by for
skolin was unaffected. This represents the first study to demonstrate 
effects of oxidative stress on A2AR signalling, although previously the 
effect of free radical treatment on A2AR density in the striatum of rats has 
been reported [57].

Tryptophan fluorescence provides a convenient approach to study 
conformational changes in the A2AR and has been used in several pre
vious studies. The C-terminal truncated construct used in this study 
contained 6 Trp residues, instead of 7 in the native form, but still gave 
satisfactory fluorescence. The observation that the antagonist 
ZM241385 caused an increase and red-shift in fluorescence of A2AR- 
SMALP, corresponding to increased polar environment of the trypto
phans, is in agreement a previous report, which suggested that Trp246 
(helix 6.48) and Trp268 (helix 7.33) were responsible for the observed 
increase [28]. Interestingly, they did not observe the decrease in Trp 
fluorescence upon NECA binding that was found in the current study. 
Another study reported conformational changes in the tertiary structure 
of detergent-solubilized A2AR but did not observe changes on antagonist 
binding, whereas agonist binding caused a blue shift to 326 nm [58]. 
Our observation that the agonist and antagonist caused opposite 
changes in the fluorescence emission suggests that the receptor could 
transit to both active and inactive conformations from its apo state 
within the SMALP, indicating the existence of mixed populations of apo- 
encapsulated A2AR-SMALP in different conformational states. This 
agrees with a previous report that apo-A2AR can be found in different 
active and inactive states in the absence of ligand [59] and the addition 
of ligands alters the distribution of these conformational states [47]. The 
different results reported by other authors may reflect different pop
ulations of the apo-A2AR isolated. A limitation of the current study was 
that the isolated A2AR-SMALP was tested in the absence of added G- 
protein, which also causes conformational changes and induces tighter 
binding of the agonist [60].

The thermostability measurements confirmed that the A2AR was 
folded in SMALP, supporting the findings from tryptophan fluorescence. 
The presence of ligands did not stabilize the protein and result in higher 

Tm values, in contrast to some previous studies both for SMALPs and 
detergent extracted A2AR [46,58], although other authors have reported 
stabilizing effects only with certain ligands [52]. Thus, the stabilizing 
effect of ligands continues to be controversial.

A consistent but surprising finding from the studies of ligand-induced 
conformational changes was that oxidative treatments with acrolein and 
AAPH had no obvious effects on the equilibrium between conforma
tional states. The original hypothesis was that acrolein would cause 
direct lipoxidation of the protein while AAPH would either cause direct 
radical oxidation of the protein or the phospholipids within the SMALP. 
Phospholipid oxidation can modify the fluidity and lateral pressure 
within the lipid bilayer, which would be expected to affect A2AR acti
vation; likewise, covalent modification of the protein could interfere 
with ligand binding in the orthosteric pocket or alter the tertiary 
structure, affecting conformational changes. Alternative explanations 
for the lack of effects are considered below. Either the oxidative modi
fications did not affect the secondary and tertiary structure, allowing the 
A2AR to be properly folded and active, or the treatments were not suf
ficient to cause lipid or protein oxidation. However, acrolein concen
trations comparable to those used in this study (20 to 100 μM) were 
sufficient to cause pyruvate kinase lipoxidation, resulting in a significant 
reduction in protein activity [15], and phosphatase and tensin homolog 
(PTEN) lipoxidation and inactivation has been reported with 10 μM 
acrolein [16]. The concentrations of AAPH used in previous cell-based 
studies have varied greatly, from approximately 150 μM up to >25 
mM. For example, treatment with the IC50 concentration of 400 μM 
AAPH caused a 50% increase in formation of malondialdehyde, a 
breakdown product of lipid oxidation, in colon epithelial cells [61] and a 
similar increase was found with 280 μM AAPH in chicken embryos [62]. 
In contrast, ~60% viability of RAW 264.7 cells was observed with 200 
μM AAPH at 48 h, yet 5 mM AAPH for 24 h was required to give a 3-fold 
increase in malondialdehyde [63]. Another study reported only about 
20% loss of viability with 30 mM AAPH, with detectable oxidation of the 
phosphatidylserine headgroup [64]. This variability in findings may 
reflect the ratio of oxidant: cells /protein, which is known to be an 
important factor in determining levels of oxidative stress. The goal in 
our choice of treatment concentrations was to ensure that the cells were 
close to 100% viable, otherwise loss of viability could influence the cell 
signalling pathways. As cells and tissues contain protective antioxidant 
compounds and enzymes that are absent in SMALPs, we anticipated that 
similar concentrations would be appropriate in vitro. However, SMA 
encapsulation may protect both protein and lipid moieties from attack 
by reactive species, so higher treatment concentration might be needed 
to cause oxidative damage. A limitation of the current study was that 
despite digestions with both trypsin and chymotrypsin, very low 
sequence coverage of the A2AR-SMALP by bottom-up proteomic analysis 
was obtained, which did not enable mapping of covalent modifications. 
Moreover, the small amount of material in SMALPs was insufficient for 
analysis of lipid oxidation.

In contrast to the lack of effect of oxidative treatments in vitro on 
SMA2000-extracted protein, increased levels of cAMP in response to the 
agonist NECA were observed in HEK293 cells over-expressing the A2AR 
and subjected to non-lethal concentrations of acrolein and AAPH. The 
measurement of cAMP to investigate A2AR function has been well- 
validated in previous studies [65–67]. In the absence of ligands, the 
increase in cAMP levels was relatively small; a possible explanation for 
this could be an increase in extracellular adenosine during oxidative 
stress leading to adenosine receptor activation [68]. In terms of ligand- 
dependent effects, the NECA pEC50 values observed in the present study 
were in good agreement with previous pharmacological data [69,70], 
although lower values have also been reported [71]. Although NECA is 
not specific for the A2AR, the A1R and A3R couple to the Gi protein, 
which inhibits adenylate cyclase and decreases cAMP production, and 
therefore are unlikely to be contributing to the observed effect. The 
A2ARand A2BR both couple to the Gs protein and therefore activate 
cAMP production through adenylate cyclase, but as NECA induced very 
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low cAMP production in untransfected cells, which natively express 
A2BR, this suggested that the cAMP production was likely to be depen
dent on the A2AR. However, we cannot exclude the possibility that the 
site of action might be the G-protein, affecting its binding to the re
ceptor, rather than the A2AR itself; this could explain the lack of effect in 
A2AR-SMALPs compared to cell experiments. Alternatively, decreased 
antagonist binding could contribute. A study of rat brain striatum 
membranes found that radical generation by Fe2+ and ascorbate caused 
decreased binding of the receptor antagonist [3H]SCH 58261 to the 
A2AR, which was interpreted as decreased receptor density on the 
membrane, although downstream signalling was not measured [57]. 
Decreased antagonist binding affinity could explain an increase in 
downstream signalling, but decreased receptor density would be ex
pected to have the opposite effect.

The possibility that direct activation of adenylate cyclase was 
responsible was ruled out in this study by experiments with its agonist 
forskolin, which showed no response to oxidative treatments. This dis
agrees with a previous report in a different cell type (Parkin-mutant fi
broblasts) that oxidative stress could cause an increase in basal cAMP 
levels in via Ca-dependent activation of adenylate cyclase [72] but 
oxidative stress has also been reported to decrease cAMP levels and PKA 
activity in astrocytes [73]. Thus, the effect of redox stress on adenylate 
cyclase remains unclear, possibly owing to different types of oxidants or 
pathophysiological conditions.

The mechanism by which oxidative treatments lead to NECA- 
dependent increases in cAMP level is currently unclear. It is known 
that both oxidation and lipoxidation of proteins can cause a variety of 
conformational changes and alter protein-protein interactions [12,13]. 
Lipoxidation by longer chain lipid oxidation products (e.g. alkyl chains 
of 8 or more carbons) introduces hydrophobic moieties into proteins and 
can therefore have similar effects to lipidation, such as the activation of 
H-ras signalling by 15d-PGJ2 [18,74]. PPARγ [75,76] and the membrane 
proteins EGFR [77] and TRPA [19]) can also be activated by HNE or 
cyclopentenone-containing prostaglandins PGA1 and 15d-PGJ2. It is 
known that GPCRs can be modified post-translationally by myr
istoylation, palmitoylation, and isoprenylation [78], and this lipidation 
can regulate membrane binding, protein trafficking, and the subsequent 
activation of signalling pathways [79]. The A2AR can exhibit activity in 
the absence of agonists, owing to allosteric modulators that shift the 
equilibrium between states. Therefore, it is possible that covalent 
modification of the A2AR by longer chain lipid oxidation products could 
mimic the effects of lipidation, leading to its activation, although this is 
unlikely to be the case for acrolein. A limitation of the study is that the 
sequence coverage of the extracted A2AR protein was extremely low, as 
discussed for the experiments on A2AR-SMALP, and likewise it was not 
possible to detect covalent modifications of the protein to confirm that 
protein modification had occurred. Alternatively, oxidative stress might 
alter the membrane lipid profile, which is also known to affect GPCR 
activity. For example, oxidation of the headgroup of phosphatidylserine 
can form more negatively charged glycerophosphoacetic acid de
rivatives, which have been identified in mammalian cells treated with 
AAPH [64], and might be expected to have increased activation effects 
on the A2AR. Moreover, studies of another GPCR, the human serotonin 1 
A receptor, in giant unilamellar vesicles found that inclusion of the lipid 
oxidation product 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phos
phocholine led to increased receptor activity [80].

Although the cellular and in vitro results initially appear to be at 
odds, they are consistent in the sense that oxidative treatments did not 
adversely affect A2AR-SMALP conformation or stability, while the study 
of the A2AR in the cellular environment under oxidative stress revealed 
no impairment in its downstream function. On the other hand, if stim
ulation of A2AR signalling were due to an altered conformational equi
librium of the protein, it might be expected that this would manifest in 
altered pEC50 values in vivo and in a differential response to agonist and 
antagonist titrations in vitro. However, although widely used, trypto
phan fluorescence measurements are not the most sensitive measures of 

conformational states, so ultimately sensitive and structurally informa
tive methods would be required to confirm the molecular mechanisms.

5. Conclusion

While the effect of activating or inhibiting the A2AR on inflammatory 
conditions has been extensively investigated, very few studies have 
directly investigated the effect of oxidative stress on the A2AR. We 
believe this is the first report of the impact of oxidative stress on its 
conformational changes and downstream signalling. The upregulation 
of A2AR signalling in response to oxidative treatments implies the po
tential to modulate oxidative stress and inflammation and could repre
sent a negative feedback loop to control inflammation [4,81]. It also 
illustrates the concept of beneficial effects of oxidation at appropriate 
concentrations and the dichotomies that can occur in redox signalling.
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