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Abstract
Organization of G protein-coupled receptors at the plasma membrane has been the 
focus of much recent attention. Advanced microscopy techniques have shown that 
these receptors can be localized to discrete microdomains and reorganization upon 
ligand activation is crucial in orchestrating their signaling. Here, we have compared 
the membrane organization and downstream signaling of a mutant (R108A, R3.50A) 
of the adenosine A3 receptor (A3AR) to that of the wild-type receptor. Fluorescence 
Correlation Spectroscopy (FCS) studies with a fluorescent agonist (ABEA-X-BY630) 
demonstrated that both wild-type and mutant receptors bind agonist with high affin-
ity but in subsequent downstream signaling assays the R108A mutation abolished 
agonist-mediated inhibition of cAMP production and ERK phosphorylation. In fur-
ther FCS studies, both A3AR and A3AR R108A underwent similar agonist-induced 
increases in receptor density and molecular brightness which were accompanied by 
a decrease in membrane diffusion after agonist treatment. Using bimolecular fluo-
rescence complementation, experiments showed that the R108A mutant retained the 
ability to recruit β-arrestin and these receptor/arrestin complexes displayed similar 
membrane diffusion and organization to that observed with wild-type receptors. 
These data demonstrate that effective G protein signaling is not a prerequisite for 
agonist-stimulated β-arrestin recruitment and membrane reorganization of the A3AR.
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1 |  INTRODUCTION

The adenosine A3 receptor (A3AR) belongs to a subfam-
ily of four G protein-coupled receptors (GPCRs) that 
are all activated by their cognate ligand adenosine.1 The 
A3AR is expressed in a range of tissues and its activation 
is thought to play an important role in a variety of disease 
states such as rheumatoid arthritis, ischemic cardiovascular 
conditions, and neuropathic pain.2 In addition, the A3AR 
is known to be overexpressed in a variety of cancers.3 
Therapeutics targeting this receptor are under development 
for the treatment of neuropathic pain, although there is still 
some debate regarding whether an A3-agonist or antagonist 
would be clinically beneficial.4 This differing role of the 
A3AR under different pathological settings raises the pos-
sibility that targeting a specific signaling pathway may be 
advantageous.

GPCRs are dynamic proteins that can exist in multiple 
states ranging from a fully inactive conformation to a fully 
active conformation.5 In addition, it has recently been shown 
that there is not just one active and inactive conformation, but 
also multiple different active and inactive conformations can 
exist.6 The interplay between these states can be influenced 
by the presence of agonist or antagonist molecules that bind 
the receptor, intracellular binding proteins such as G proteins 
and arrestins, and the composition of the cell membrane en-
vironment.6-8 In addition, it is becoming clear that GPCRs 
are not uniformly distributed at the cell surface and that some 
GPCRs are organized within membrane compartments and 
microdomains.9,10 The precise organization of receptors at 
the cell surface is the focus of intense study using a range of 
techniques and the interplay of all these elements on receptor 
activity allows one receptor to give rise to multiple signaling 
outcomes.

The recent advances in single molecule microscopy 
have seen a range of these techniques applied to study the 
heterogeneity of GPCRs at the single cell level.9 One such 
technique, fluorescence correlation spectroscopy (FCS), 
measures the temporal fluctuation of fluorescent species as 
they pass through a small defined confocal volume.11 By ex-
amining the changes in these fluctuations over time through 
autocorrelation analysis, information on the number of mo-
bile particles in the volume (N) and the average dwell time 
of the molecules (τD) can be obtained. As the measurement 
volume can be quantitatively defined, τD can subsequently 
be converted to a diffusion coefficient (D).11,12 We have pre-
viously characterized the diffusional characteristics of ago-
nist and antagonist-occupied A3AR receptor in FCS studies 
using fluorescent agonists and antagonists and shown that it 
can be used to distinguish between different receptor affinity 
states.13,14

According to the ternary complex model of GPCR acti-
vation proposed in 1980, GPCRs can exist in resting (R) or 

activated (R*) conformations, the latter of which may also be 
coupled to a G protein (R*G) with agonists binding preferen-
tially, and with high affinity, to the active conformations.15 
In 1993, it was found that replacement of the third intracel-
lular loop of the β2 adrenergic receptor with the equivalent 
sequence of the α1B adrenergic receptor resulted in a receptor 
that signaled in the absence of ligand. To account for this 
the authors proposed the extended ternary complex model to 
take into account receptor that was active in the absence of 
ligand.16 A number of GPCRs have been found to naturally 
exist in a constitutively active form that spontaneously cou-
ples to G proteins and activates cell-signaling pathways in the 
absence of agonists17 and as mentioned above, biophysical 
data has highlighted the ability of GPCRs to exist in a number 
of active and inactive states.5,6 To increase the levels of con-
stitutive activity, mutations can be introduced that often dis-
rupt the intracellular network of salt bridges stabilized by the 
conserved DRY (aspartic acid, arginine, and tyrosine) motif 
found at the bottom of transmembrane domain three.18 The 
A3AR has been shown to exhibit low levels of basal consti-
tutive activity and mutation of the highly conserved arginine 
residue within the DRY motif to alanine (R108A; R3.50A 
according to the numbering of Ballesteros and Weinstein19) 
has been reported to result in a receptor that displays higher 
affinity for an agonist radioligand than the wild-type recep-
tor. In addition, A3ARs with this mutation have been shown 
to have high basal activity in the phospholipase C pathway 
and reduced basal levels of cAMP, consistent with increased 
Gi activity.20 The A3AR is a predominately Gi-coupled recep-
tor, which leads to inhibition of the cAMP pathway via the 
Gαi subunit and activation of PLC via the βγ subunits.2

To further examine the interplay between active and inac-
tive forms of a GPCR, the aim of this study was to introduce 
the R108A mutation into the A3AR and to fully characterize 
its pharmacology. Using a combination of second messenger 
assays and FCS, we have studied the signaling, diffusion, and 
organization of this mutant receptor at the cell surface under 
a variety of different conditions, including its agonist and 
β-arrestin bound states.

2 |  MATERIAL AND METHODS

2.1 | Generation of constructs used

Previously described A3AR fused in-frame with YFP (A3-
YFP), the C-terminal portion of YFP (A3-vYc)21 or GFP (A3-
GFP)14 on the A3AR C-terminus were used as the template 
to generate A3 R108A-YFP, A3 R108A-vYc, and A3 R108A-
GFP using the QuikChange site-directed mutagenesis kit 
(Agilent Technologies, Cheshire, UK). Introduction of the 
mutation was confirmed by DNA sequencing following by 
excision of the full length A3 R108A-YFP, A3 R108A-vYc, 
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or A3 R108A-GFP, which was then subcloned into a native 
pcDNA3.1 vector.

2.2 | Cell culture and generation of stable 
cell lines

CHO-K1 cells stably expressing a cAMP response ele-
ment-secreted placental alkaline phosphatase (CRE-SPAP) 
reporter gene (CHO CRE-SPAP) under hygromycin se-
lectivity, CHO-K1 cells stably expressing β-arrestin2-
vYnL (CHO β-arrestin2-vYnL, a gift from Dr N. Holliday, 
University of Nottingham, Nottingham, UK; β-arrestin2 is 
also known as arrestin3), and CHO-K1 cells were main-
tained in DMEM/F12 medium containing 10% of FCS and 
2 mM of L-glutamine at 37°C in a humidified atmosphere 
of air/CO2 (19:1). A3-YFP CRE-SPAP, CHO β-arrestin2-
vYnL co-expressing A3-vYc, and CHO A3-GFP were as 
previously described.14,21 A3 R108A-YFP CRE-SPAP, 
CHO β-arrestin-2-vYnL/A3 R108A-vYc, and CHO A3 
R108A-GFP cell lines were generated and dilution cloned 
as described previously.21

2.3 | cAMP accumulation assay

A3-YFP or A3 R108A-YFP CRE-SPAP cells were grown 
to confluency in 24-well plates. On the day of analysis, 
cells were labeled with [3H]-adenine (2 µCi/mL) in a total 
volume of 600  µL normal growth medium per well for 
2 hours at 37°C/5% CO2. After 2 hours, the medium was 
removed; cells were washed once in serum-free medium; 
and fresh serum-free medium, containing 10 µM rolipram, 
was added. Increasing concentrations of NECA were added 
to the required wells and cells incubated for 10 minutes at 
37°C. After 10 minutes, 10 µM forskolin (FSK) was added 
to all wells, apart from basal wells, and cells incubated for 
a further 1 hour at 37°C. The assay was terminated by the 
addition of 50 µL concentrated HCl per well. The levels of 
[3H]-cAMP were measured by sequential Dowex and alu-
mina chromatography and the efficiency of each column 
determined by the recovery of [14C]-cAMP as described by 
previously.22

2.4 | CRE-SPAP gene transcription assay

A3-YFP or A3 R108A-YFP CRE-SPAP cells were grown to 
confluency in 96-well plates. One day before assay, normal 
growth medium was removed from the cells and replaced 
by serum-free medium. Where applicable, pertussis toxin 
(PTx; 100 ng/mL) was added at this stage. On the day of 
analysis, the medium was removed and replaced with fresh 

serum-free medium containing the required concentration 
of agonist or antagonist and cells incubated for 1 hour at 
37°C/5% CO2. After 30  minutes, the required concentra-
tion of FSK was added, and cells were incubated for a 
further 5  hours at 37°C/5% CO2. Following this, all me-
dium was removed, 40 µL of fresh serum-free medium was 
added to each well and cells incubated for a further 1 hour 
at 37°C/5% CO2. The plates were then incubated at 65°C 
for 30 minutes to destroy any endogenous alkaline phos-
phatases. Plates were cooled to room temperature and 100 
µL of 5  mM 4-nitrophenyl phosphate in diethanolamine-
containing buffer [10% (v/v) diethanolamine, 280  mM 
NaCl, 500 µM MgCl2, pH 9.85] was added to each well. 
The plates were then incubated at 37°C for 25 minutes and 
the absorbance at 405  nm was measured using a Dynex 
MRX plate reader (Chelmsford, MA, USA).

2.5 | ERK1/2 phosphorylation assay

A3-YFP or A3 R108A-YFP CRE-SPAP cells were grown to 
confluence in clear 96-well plates. Where required, cells were 
treated with 100 ng/mL PTx for 16 hours in normal growth 
medium. Normal growth medium was replaced with serum-
free medium (DMEM/F12 containing 2 mM L-glutamine) for 
a least 2 hours prior to agonist stimulation. Levels of ERK1/2 
phosphorylation were measured using the AlphaScreen or 
AlphaLISA SureFire p-ERK assay kit (PerkinElmer). For the 
AlphaScreen assay, cells were stimulated with 10 µM NECA 
for between 5 and 60 minutes in fresh serum-free medium 
or with increasing concentration of NECA for 5  minutes. 
Medium was removed from each well and replaced with 
40 µL SureFire lysis buffer. After shaking for 5 minutes, a 
1:80:20:180 v/v dilution of AlphaScreen beads: lysate: ac-
tivation buffer: reaction buffer in a 5.5 µL total volume was 
transferred to a white opaque 384-well proxiPlate in low-
light conditions. After 2 hours of incubation in the dark at 
room temperature, the fluorescence signal was measured 
with an EnVision plate reader (PerkinElmer) using stand-
ard AlphaScreen settings. For the AlphaLISA assay, cells 
were stimulated with increasing concentrations of NECA for 
5 minutes. Medium was removed and replaced with 50 μL 
AlphaLISA lysis buffer. After shaking for 10 minutes, 4 μL of 
lysate was transferred to a white opaque 384-well proxiPlate, 
and then, 2 μL of a 1:2:23.5:23.5 v/v dilution of AlphaScreen 
acceptor beads: activation buffer:reaction buffer1:reaction 
buffer2 was added to each well and incubated in the dark 
for 1 hour at room temperature. After 1 hour, 2 μL of 1:49 
v/v dilution of Alphascreen donor beads:dilution buffer was 
added to each well and incubated in the dark for a further 
1  hour at room temperature. The fluorescence signal was 
then measured on a PHERAstar plate reader (BMG Labtech) 
using standard AlphaScreen settings.
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2.6 | Confocal imaging

Live-cell imaging was performed on cells grown in Nunc 
LabTek 8-well plates and images obtained using a Zeiss 
LSM710 confocal microscope (Carl Zeiss GmbH, Jena, 
Germany) fitted with a 63x plan-Apochromat NA1.4 DIC 
oil-immersion objective. A 488 nm argon laser was used to 
excite both YFP and complemented vYFP (from vYc and 
vYnL23; and emission was detected using a BP505-530 filter. 
Normal growth medium was replaced with HEPES-buffered 
saline solution (HBSS; 10 mM HEPES, 10 mM D-glucose, 
145  mM NaCl, 5  mM KCl, 1  mM MgSO4, 2  mM sodium 
pyruvate, 1.3 mM CaCl2, and 1.5 mM NaHCO3) containing 
10 µM of NECA where required and cells incubated at 37°C 
for 60 minutes. A pinhole of 1 Airy Unit was used in all ex-
periments and laser power, gain, and offset were optimized 
on a per experiment basis and kept consistent between the 
wild-type and mutant constructs to allow comparison of fluo-
rescence intensity.

2.7 | Automated imaging of receptor 
internalization

CHO β-arrestin2-vYnL cells expressing either A3-vYc or 
A3 R108A-vYc were seeded into the central 60 wells of a 
clear-bottomed, black-walled 96-well plates (µclear base, 
Greiner Bio One, Stonehouse, UK) and grown to confluency. 
Immediately before experimentation, normal growth medium 
was replaced with serum-free medium and increasing con-
centrations of NECA, and cells were incubated for 60 min-
utes at 37°C/5% CO2/95% air. After 60 minutes, all medium 
was removed and cells were washed once in phosphate-buff-
ered saline (PBS). Cells were then fixed by the addition of 
3% paraformaldehyde solution in PBS for 20 minutes at room 
temperature. After fixation, cells were washed twice in PBS, 
before staining of the cell nuclei with the cell permeable dye 
H33342 (2 µg/mL in PBS) for 20 minutes at room tempera-
ture, followed by two additional washes with PBS. Images 
were obtained using an ImageXpress Ultra confocal plate 
reader (Molecular Devices, Sunnyvale, CA, USA). Four cen-
tral images were obtained per well using a Plan Fluor 40x 
NA0.6 extra-long working distance objective. vYFP images 
were obtained by excitation with a 488  nm laser line with 
emission collected through a 525-550  nm band-pass filter 
and H33342 images obtained by excitation with a 405  nm 
laser line and emission collected through a 447-460 nm band-
pass filter. Granularity analysis was performed on the result-
ing images using a granularity algorithm within MetaXpress 
software (Molecular Devices) and intensity above back-
ground was set for each individual experiment.23 Areas of 
internalized receptors were defined as having a diameter 
of between 7 and 15 µm and nuclei as having a diameter of 

between 6 and 9 µm, resulting in a measurement of granule 
count per cell for each image.

2.8 | Fluorescence correlation spectroscopy

CHO cells stably expressing A3-GFP or A3 R108A-GFP or 
CHO β-arrestin2-vYnL cells stably co-expressing either A3-
vYc or A3 R108A-vYc were seeded into Nunc LabTek 8-well 
plates. On the day of experimentation, cells were washed 
twice with HBSS prior to ligand stimulation.

FCS measurements were performed using a Confocor2 
fluorescence correlation spectrometer (Zeiss) fitted with a 
c-Apochromat x40, 1.2 NA water immersion objective. A 
488 nm argon laser was used to excite GFP or vYFP (for GFP 
or BiFC-tagged cells) and a 633  nm HeNe laser was used 
to excite the BODIPY 630/650 labeled ABEA-X-BY630.24 
Emission was collected through a 505/550nm bandpass filter 
and a 650nm longpass filter respectively. For each FCS mea-
surement, fixed camera exposure times were used across all 
cell lines to ensure cells of comparable fluorescence intensi-
ties were selected.

The detection volume was positioned in the x-y plane 
above the cell nucleus and subsequently in the z plane using 
an intensity scan to identify the upper membrane of the cell. 
For FCS measurements using fluorescent ABEA-X-BY630, 
fluorescence fluctuations were recorded following a 10 sec-
onds prebleaching step at a laser power of 0.2  kW/cm2 
with two 30 seconds reads recorded using a laser power of 
0.3  kW/cm2. For measurements using GFP-tagged recep-
tors, fluorescence fluctuations were recorded following a 
10 seconds pre-bleaching step at a laser power of 0.05 kW/
cm2 with two 30 seconds reads recorded using a laser power 
of 0.15 kW/cm2.

Fluorescence fluctuations were analyzed using standard 
autocorrelation analysis within the Zeiss AIM 4.2 software 
as described in Corriden et al.14

For all experiments using GFP-tagged receptors in con-
junction with the fluorescent agonist ABEA-X-BY630, 
cells were washed twice with HBSS. Cells were then 
treated with 1, 2.5, or 5  nM ABEA-X-BY630 (in HBSS) 
for 10 minutes at 22°C, prior to FCS measurements being 
recorded from individual cells (22°C). To ascertain the ef-
fect of NECA pretreatment on ABEA-X-BY630 binding, 
cells were preincubated with 10  nM NECA (in HBSS) 
for 10  minutes at 22°C, followed by addition of 2.5  nM 
ABEA-X-BY630 for a further 10  minutes at 22°C. FCS 
recording were then acquired from individual cells (at 
22°C). For all measurements acquired in the presence of 
ABEA-X-BY630, autocorrelation curves were fitted using 
a model containing one 3D component (τD1, representing 
freely diffusing fluorescent ligand) and two 2D diffusion 
components (τD2 and τD3, representing receptor bound 
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ABEA-X-BY630) in addition to a pre-exponential term 
accounting for the fluorophore triplet state as previously 
described.14 ABEA-X-BY630 binding was determined 
using the value of N obtained from the fitted autocorrela-
tion curve and contribution of τD2 and τD3 components. The 
value for τD1 was fixed during fitting to that determined for 
free ligand in HBSS. ABEA-X-BY630 binding was repre-
sented by the τD3 component alone.14

For experiments using cells expressing GFP-tagged 
receptors in the absence of ABEA-X-BY630, cells were 
washed twice with HBSS. Cells were then treated with ve-
hicle of NECA (10 μM; 30 minutes at 37°C). Assay plates 
were placed on the microscope stage and allowed to equili-
brate for 5 minutes. FCS measurements were then acquired 
from individual cells at 22°C. Autocorrelation curves were 
fitted to a model containing two 2D diffusion components 
and a pre-exponential term accounting for GFP photophys-
ical effects. These experimental conditions and autocor-
relation model were also used for cells expressing A3-vYc/
βarrestin2vYnL or A3 R108A-vYc/βarrestin2vYnL BiFC 
constructs.

Prior to all experiments, the system was calibrated by 
calculating the mean dwell time of aqueous solutions of 
Rhodamine 6G (for the 488  nm laser line; Invitrogen,  D 
2.8 × 10–6 cm2 s–1) or Cy5 NHS ester (for the 633 nm laser; 
Sigma Aldrich, D 3.16 × 10–6 cm2 s–1) fitted using a model 
containing a single 3D diffusing component with a pre-ex-
ponential triple state component. This allowed the radius 
of the confocal volume at the beam waist to be determined 
(ω1  =  (4⋅τD⋅D)1/2) for each individual experiment. Average 
ω1 values were subsequently used to calculate beam area at 
the waist (A = π · ω1

2) and the particle densities (N/μm2) of 
fluorescent components present. Average dwell times (τD) 
were converted to diffusion coefficients (D) using the equa-
tion D =  ω0

2/4.τD. Particle number (N) was determined as 
the fractional contribution of the τD2 (GFP or BiFC experi-
ments) or τD3 (ABEA-X-BY630) diffusing component mul-
tiplied by the total particle number (N), determined from the 
autocorrelation curve fit. Particle number was subsequently 
expressed as particles per μm2 (N/μm2).

Molecular brightness (ε) values were determined from 
photon counting histogram (PCH) analysis of the fluctua-
tion data obtained in FCS experiments. For each individ-
ual experiment, first-order correction values were obtained 
from Rhodamine 6G calibration data (20  nM) fitted to a 
one component fit using a bin time of 20 μs. This first-or-
der correction value was used for all subsequent data fit-
ting. For GFP-tagged receptors, PCH data were fitted using 
a bin time of 100 μs with all traces preferentially fitting to 
a one component fit. For BiFC receptor/βarrestin-2 com-
plexes all traces preferentially fit to a PCH model contain-
ing two components using a bin time of 100 μs (brightness 
1 and brightness 2).

2.9 | Data analysis

For [3H]-cAMP experiments, data were normalized to basal 
(in the absence of agonist) and 10  µM FSK response. For 
ERK1/2 phosphorylation and internalization assays, data 
were normalized to basal and the maximal 10 µM NECA re-
sponse in wild-type cells, which was included in each sepa-
rate experiment.

All data were fitted using nonlinear regression in Prism 7 
(GraphPad Software, San Diego, CA, USA). Concentration 
response curves were fitted to the following equation:

where Emax is the maximal response and the EC50 is the 
molar concentration of agonist required to generate 50% of 
the Emax.

For FCS experiments, data from curve fitting were ana-
lyzed in Microsoft Excel, and then, representation and statis-
tical analysis were performed using GraphPad Prism 8.

Data are presented as mean  ±  SEM with the number 
of individual cells and/or independent experiments stated. 
Statistical significance was determined using unpaired 
Student's t test or one-way analysis of variance (ANOVA) 
with post hoc Tukey's multiple comparisons analysis as 
stated.

3 |  RESULTS

3.1 | A3 R108A binds agonists with high 
affinity

Previous studies have found that substitution of arginine for 
alanine at residue 108 in the A3AR resulted in a receptor that 
was constitutively active.20 In the present study, we have 
used a combination of microscopy and second messenger as-
says to evaluate the impact of this mutation on agonist bind-
ing, signaling, internalization, and diffusion characteristics.

To investigate if A3AR R108A can still bind agonists 
with high affinity and express at the cell surface, FCS 
was used to monitor the binding of a fluorescent agonist, 
ABEA-X-BY630. We have previously shown that the use 
of very low concentrations of fluorescent agonists can fa-
cilitate selective monitoring of the high-affinity active form 
(R*) of the receptor.13 First, the R108A mutation was in-
troduced into an A3-GFP fusion protein and a stable CHO 
cell line was generated. Using CHO cells stably express-
ing A3-GFP14 or A3 R108A-GFP and low concentrations of 
ABEA-X-BY630 (1, 2.5, and 5 nM, 10 minutes, 22°C), FCS 
measurements of the fluctuations resulting from the fluores-
cent ligand were measured at the upper plasma membrane. 

Response =
E

max
× [A]

[A] + EC50



6 of 16 |   STODDART eT Al.

For both A3-GFP and A3 R108A-GFP, the number of bound 
ABEA-X-BY630 molecules (N/μm2) increased with in-
creasing concentrations of ligand (Figure  1A). The diffu-
sion coefficient (τD3) of bound ABEA-X-BY630 (2.5 nM) 
was similar in both cell lines (A3-GFP = 0.15 ± 0.02 μm2/s; 
A3 R108A-GFP  =  0.16  ±  0.02 μm2/s). To further inves-
tigate this high-affinity binding, A3-GFP and A3 R108A-
GFP cells were preincubated with a low concentration of 

the nonselective adenosine receptor agonist NECA (10 nM, 
10 minutes, 22°C) prior to the addition of 2.5 nM ABEA-
X-BY630. A significant decrease in ABEA-X-BY630 bind-
ing was observed for both A3-GFP and A3 R108A-GFP 
(Figure 1B P < .05; unpaired Student's t tests). As the con-
centration of NECA added here is very low, this indicates 
that both receptors can bind agonist with high affinity at the 
cell surface.

F I G U R E  1  High-affinity agonist binding measured by FCS. CHO cells stably expressing A3-GFP (black bars) or A3 R108A-GFP (blue bars) 
were stimulated with 1, 2.5, or 5 nM fluorescent adenosine agonist ABEA-X-BY630 (22°C; 10 minutes; A). Total ABEA-X-BY630 binding at each 
concentration was measured using fluorescence correlation spectroscopy (FCS). Data were collected from four independent experiments (n = 32-
34 cells) and expressed as mean ± SEM. Statistical significance was determined using a one-way ANOVA with Tukey's multiple comparisons 
test (****P < .0001). B, To confirm ABEA-X-BY630 binding at the A3 or A3 R108A receptor, cells were incubated with 10 nM NECA (22°C; 10 
minutes) followed by 2.5 nM ABEA-X-BY630 (22°C; 10 minutes). Data were acquired from three independent experiments (n = 10-14 cells) and 
are expressed as mean ± SEM Statistical significance of ABEA-X-BY630 displacement at each receptor was determined using unpaired Student's t 
tests (*P < .05)

F I G U R E  2  Agonist-mediated inhibition of FSK-stimulated cAMP levels by the A3-YFP and A3R108A-YFP receptors. A, A3-YFP (black 
circles) and A3 R108A-YFP-expressing (blue circles) cells were loaded with [3H]-adenine, and then, exposed to increasing concentrations of NECA 
for 10 minutes, followed by the addition of 10 μM FSK for 1 hour. Levels of [3H]-cAMP were estimated by scintillation counting after separation 
by sequential Dowex and alumina chromatography. Data were normalized to basal (in the absence of FSK) and 10 µM FSK  
[3H]-cAMP accumulation for each cell line. Data shown represent the mean ± SEM of three experiments performed in triplicate. B, Bar graph of 
basal and 10 µM FSK [3H]cAMP levels in dpm in A3-YFP (black bars) and A3 R108A-YFP (blue bars) expressing cells. Data shown in  
(A) represent the mean ± SEM of three experiments performed in triplicate and in (B) one representative example of three separate experiments 
performed in triplicate and data represent the mean ± SEM
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3.2 | Influence of the R108A mutation in 
A3AR on downstream functional responses

To investigate the impact of the R108A mutation on consti-
tutive and agonist-mediated signaling, the R108A mutation 
was introduced into an A3-YFP construct and a stable CHO 
cell line containing a cAMP reporter gene (cAMP response 
element linked secreted placental alkaline phosphatase; 
CRE-SPAP) was generated. The effect of this mutation on 
cAMP production was investigated by two independent 
methods: first, by direct measurement of [3H]-cAMP levels 
and second, by cAMP-mediated activation of the CRE-SPAP 
reporter gene and compared to those obtained in a CHO 
CRE-SPAP cell line expressing wild-type A3-YFP. As the 
A3AR predominantly couples to the Gi family of G proteins, 
activation of the receptor results in an inhibition of forsko-
lin (FSK)-stimulated cAMP production. As expected, in A3-
YFP cells, stimulation with the known A3AR agonist NECA 
for 1  hour caused a substantial concentration-dependent  
inhibition of FSK-stimulated [3H]-cAMP accumulation 
(Figure  2A, Table  1). In A3 R108A-YFP cells, NECA did 
not induce any measurable inhibition of cAMP production 
(Figure 2A). In addition, there was no difference in the basal 
(P =  .26, unpaired t test) or FSK-stimulated (P =  .84, un-
paired t test) levels of cAMP produced in A3 R108A-YFP-
expressing cells compared to cells expressing A3-YFP, 
suggesting that A3 R108A-YFP does not constitutively cou-
ple to Gi (Figure 2B).

To further investigate the ability of A3 R108A to signal 
through the cAMP pathway, the ability of the receptor to 
activate CRE-mediated gene transcription was investigated. 
Initially, the effect of a fixed concentration of the agonist 
NECA (10  µM, 30  minutes) on the potency of FSK was 
tested. In A3-YFP-expressing cells, there was a rightward 
shift in the FSK concentration response curve due to the 
inhibition of FSK-stimulated CRE-mediated SPAP produc-
tion (Figure 3A, pEC50, FSK = 5.27 ± 0.13; FSK + 10 μM 
NECA = <4; n = 5). In contrast, in A3 R108A-YFP, there 
was no change in the pEC50 of FSK in the presence of NECA 
(Figure  3B, pEC50, FSK  =  5.54  ±  0.11; FSK  +  10  μM 
NECA = 5.50 ± 0.10; n = 5). The potency of NECA to inhibit 
FSK-stimulated CRE-mediated SPAP production was then 
determined (Figure 3C,D). As seen in the [3H]-cAMP assay, 
in the CRE-SPAP assay NECA was unable to stimulate any 
reduction in FSK-stimulated SPAP production in A3 R108A-
YFP-expressing cells. Both cell lines were then treated with 
Pertussis toxin (PTx) to block any agonist mediated and 
constitutive signaling to Gi/o G proteins. As expected with 
a predominantly Gi/o-coupled receptor, PTx treatment abol-
ished the ability of NECA to inhibit FSK-stimulated SPAP 
production in A3-YFP cells. In A3 R108A-YFP-expressing 
cells there was no effect on SPAP production upon PTx treat-
ment, supporting the evidence that A3 R108A does not show T
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constitutive activity through the cAMP pathway and no cou-
pling to Gs (Figure 3D).

The A3AR has been shown to signal through a variety 
of other pathways, including the ERK1/2 pathway. The ef-
fect of the R108A mutation on the time-dependence of the 
A3AR to stimulate ERK1/2 phosphorylation was determined. 
Stimulation of A3-YFP with NECA (10  µM) resulted in an 
increase in the levels of phosphorylated ERK1/2 that was 
maximal at 5 minutes (Figure 4A). In NECA-treated A3-YFP 
cells, the levels of pERK1/2 reduced to a plateau of approx-
imately 40% of the maximal response, which was sustained 
for the duration of the experiment (60 minutes pERK = 34 ± 
8% of maximal, n = 4). Unlike the cAMP assays, in the A3 
R1018A-YFP-expressing cells, NECA appeared to stimulate 
a small increase in levels of pERK1/2. The peak response at 
A3 R108A-YFP was after 5 minutes, with 7.3 ± 1.2% of the 
maximal A3-YFP response. As in these experiments a maxi-
mal concentration of agonist was used, the concentration de-
pendence of the response was then measured (Figure 4B–D). 
Stimulation of A3-YFP cells with increasing concentrations 
of NECA for 5 minutes resulted in a large increase in pERK 
with pEC50 of 7.74 ± 0.21 (n = 12) (Figure 4B,C). In contrast, 

there was no consistent concentration dependence of this 
small response to NECA in cells expressing A3 R108A-YFP 
(Figure 4B,D). To determine if A3-YFP-stimulated ERK phos-
phorylation was mediated by Gi/o protein activation, cells were 
pretreated with PTx (100 ng/mL/16 hours) prior to stimula-
tion with NECA. In A3-YFP cells, PTx abolished the ability 
of the receptor to stimulate ERK phosphorylation indicating 
that it is fully dependent on G protein activation (Figure 4C). 
In A3 R108A-YFP-expressing cells, there was no change in the 
pERK response after PTx treatment (Figure 4D).

3.3 | Membrane distribution and diffusion 
characteristics of A3 and A3 R108A in response 
to agonist treatment

We next investigated the cellular distribution of the mutant 
receptor and determined whether this changed in response 
to agonist treatment. Initial confocal imaging confirmed the 
ABEA-X-BY630-binding data showing that A3 R108A-YFP 
was predominately expressed at the cell surface. After treatment 
of A3 R108A-YFP with a saturating concentration of NECA, 

F I G U R E  3  Agonist and PTx effects on FSK-stimulated CRE-mediated SPAP production by the A3-YFP and A3 R108A-YFP receptors. 
A3-YFP (A) and A3 R108A-YFP-expressing (B) cells were pretreated with 10 µM NECA (30 minutes, circles) prior to the addition of increasing 
concentrations of FSK (no pretreatment, open diamonds) and the levels of SPAP produced monitored. A3-YFP (C) and A3 R108A-YFP-(D) 
expressing cells were treated overnight with normal medium (closed circles) or medium containing 100 ng/mL PTx (open circles) prior to 
treatment with increasing concentrations of NECA and levels of SPAP produced monitored. Data shown represent mean ± SEM of one experiment 
performed in triplicate and are representative of four performed
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there was a distinct change in the distribution of the receptor 
from the cell surface to intracellular granules (Figure 5A). This 
is similar to the pattern observed with A3-YFP, although the in-
tracellular granules in A3-YFP appeared more defined. The less 
well-defined granules of internalized receptor in agonist-treated 
A3 R108A-YFP-expressing cells made it difficult to quantify 
the numbers of granules using automatic image analysis as we 
have previously performed for A3-YFP.21

To further investigate the redistribution of wild-type and 
R108A versions of the A3AR, FCS studies were performed on 
A3-GFP and A3 R108A-GFP cells treated with NECA. In con-
trast to our initial FCS experiments, which specifically moni-
tored agonist-receptor complexes, in this set of experiments we 
monitored the fluctuations of the receptor-GFP itself. Here, we 
were therefore quantifying the diffusion coefficient (μm/s2), 
receptor density (particle number, N/μm2), and clustering (mo-
lecular brightness, ε), to gain insights into the diffusion, den-
sity, and clustering of the total membrane receptor population. 

Under basal conditions, the FCS parameters for A3-GFP and A3 
R108A-GFP were very similar (Figure 5, Table 2), demonstrat-
ing similar expression levels at the cell surface and basal organi-
zation for both receptors. For both A3-GFP and A3 R108A-GFP, 
there was an increase in receptor density (N/μm2), slowing in 
the diffusion (D, μm2/s), and increase in receptor aggregation 
(molecular brightness, ε) at the upper plasma membrane upon 
NECA treatment (Figure 5, Table 2). Taken together, this indi-
cates that there is significant reorganization of both A3-GFP and 
A3 R108A-GFP upon agonist treatment.

3.4 | Influence of the R108A mutation 
on the diffusion characteristics of receptor-
arrestin complexes

In view of the change in the distribution of A3 R108A upon 
agonist treatment, supported by the imaging and FCS data, 

F I G U R E  4  Agonist-mediated phosphorylation of ERK1/2 by the A3-YFP and A3 R108A-YFP receptors. A3-YFP (black circles) and A3 
R108A-YFP (blue circles) expressing cells were exposed to 10 µM NECA for increasing amount of time (A) or to increasing concentrations of 
NECA for 10 minutes (B). Levels of phosphorylated ERK1/2 were quantified using the SureFire AlphaScreen kit. Data were normalized to the 
10 µM NECA response in A3-YFP-expressing cells. The data shown represent the mean ± SEM of nine (B, A3 R108A-YFP), six (B, A3-YFP), or 
four (A) experiments performed in triplicate. A3-YFP (C) and A3 R108A-YFP (D) expressing cells were treated overnight with normal medium 
(closed circles) or medium containing 10 ng/mL PTx (open circles) prior to treatment with increasing concentration of NECA for 5 minutes. Levels 
of phosphorylated ERK1/2 were quantified using the SureFire AlphaLISA kit. Data were normalized to the 10 μM NECA response in A3-YFP-
expressing cells. The data shown represent the mean ± SEM of six (C and D) experiments performed in triplicate
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we next investigated if this mutant receptor could interact 
with β-arrestin2 (also known as arrestin3). To do this, we 
used a bimolecular fluorescence complementation (BiFC) 
approach to trap receptor-β-arrestin complexes through the 
interaction between two fragments of venus YFP (vYFP) and 
subsequent visualization of the resulting complemented ma-
ture vYFP chromophore.25 We have previously21 generated a 
stable CHO cell line expressing β-arrestin2-vYnL (residues 
1-173 of vYFP) in combination with A3-vYc fusion protein 
(residues 155-238 of vYFP), therefore, we generated an ad-
ditional CHO cell line co-expressing β-arrestin2-vYnL and 
A3 R108A-vYnL. Confocal imaging showed low levels of 
BiFC under control conditions in both A3-vYc/βarrestin2-
vYnL and A3 R108A-vYc/βarrestin2-vYnL cell lines and 
as BiFC is essentially irreversible any low levels of recep-
tor-arrestin interaction would result in trapped BiFC com-
plexes. This suggests that A3 R108A shows no increase in 
basal β-arrestin2 interaction compared to the wild-type re-
ceptor. Treatment with 10 μM NECA for 60 minutes caused 

a substantial increase of BiFC fluorescence in both cell 
lines indicating formation and internalization of receptor-β-
arrestin complexes (Figure  6A). Quantification of the con-
centration-dependent increase in BiFC was carried out using 
an automated confocal plate reader (MD ImageXpress Ultra) 
and image analysis (MetaXpress) to detect fluorescent gran-
ules of complemented vYFP. A concentration-dependent 
increase in BiFC was observed in both cell lines indicating 
agonist-dependent recruitment of β-arrestin2 (Figure 6B,C). 
When taking into account the granule count per cell, there 
appears to be a larger number of granules in the A3 R108A-
vYc/βarrestin2-vYnL-expressing cells compared to A3-
vYc/βarrestin2-vYnL cells. The granularity analysis takes 
into account the total number of cells in the field of view 
and as observed in Figure  6A, there is a lower number of 
A3-vYc/βarrestin2-vYnL-expressing cells compared to A3 
R108A-vYc/βarrestin2-vYnL which results in a lower gran-
ule count per cell. The potency (pEC50) of NECA-stimulated 
BiFC in the A3 R108A-vYc/βarrestin2-vYnL cell line was 

F I G U R E  5  Agonist-stimulated internalization and reorganization of A3-YFP and A3 R108A-YFP. A, Confocal images of A3-YFP (top panels) 
and A3 R108A-YFP- (bottom panels) expressing cells were obtained in the absence of agonist (left-hand panels) and after treatment with 10 µM 
NECA for 60 minutes at 37°C (right-hand panels). Images are representative of those obtained in three separate experiments. For fluorescence 
correlation spectroscopy (FCS) experiments, CHO cells stably expressing A3-GFP or A3 R108A-GFP were stimulated with vehicle or NECA 
(10 μM; 37°C for 30 minutes). Particle numbers (B) and diffusion coefficients (C) of A3-GFP (black symbols) or A3 R108A-GFP (blue symbols) 
were determined from data acquired from three independent experiments (n = 21-26 cells) and are expressed as mean ± SEM. Molecular brightness 
(D) values were determined from FCS traces using photon counting histogram analysis (PCH) with all traces fitting to a one component model. 
Statistical significance was determined using one-way ANOVA with Tukey's multiple comparisons test (*P < .05; **P < .01)
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7.35 ± 0.21 which was very similar to that in the A3- vYc/
βarrestin2-vYnL cell line (7.35 ± 0.10; P = .98, unpaired t 
test).

To gain further insights into the effects of the R108A 
mutant on the ability of the A3AR to engage β-arrestin2, 
FCS measurements were taken on the upper plasma mem-
brane of cells expressing A3-vYc/βarrestin2-vYnL or A3 
R108A-vYc/βarrestin2-vYnL. Under basal conditions, 
FCS measurements were obtained in both cell lines, in-
dicating that both A3AR and A3AR R108A could recruit 
and form complexes with β-arrestin2 in the absence of ag-
onist (Figure 6D, Table 3). In the absence of agonist, there 
were fewer complexes (lower particle number) in the A3AR 
R108A cells compared to the A3AR cells, but no difference 
in the diffusion coefficient obtained (μm2/s) for A3-vYc/
βarrestin2-vYnL complexes compared to A3 R108A-vYc/
βarrestin2-vYnL (Figure 6E, Table 3). Upon agonist stim-
ulation, there was a significant slowing of both A3-vYc/
βarrestin2-vYnL and A3 R108A-vYc/βarrestin2-vYnL 
complexes as indicated by the decreased diffusion co- 
efficient (Figure  6D) but no significant change in the 
particle number (Figure  6D). The majority of the pho-
ton counting histogram (PCH) traces, which were used to 
calculate molecular brightness, under both basal and ag-
onist-stimulated conditions fitted to two components indi-
cating two populations of significantly different brightness 
(Figure 6F). This contrasted with the A3R-GFP data where 
only one population was observed (Figure 5D). In A3-vYc/
βarrestin2-vYnL cells, NECA caused a significant increase 
in the brightness of the second component, whereas in A3 
R108A-vYc/βarrestin2-vYnL cells NECA stimulation did 
not result in a change in the brightness in either component 
(Figure 6F, Table 3).

4 |  DISCUSSION

The organization of GPCRs at the plasma membrane is the 
focus of much recent attention. Through the use of advanced 
microscopy techniques, it is clear that some GPCRs are lo-
calized to discrete microdomains, and reorganization occurs 

upon ligand activation.26 It has been suggested that differ-
ences in membrane organization underpin the difference in 
signaling outcomes from different ligands.12,27 Therefore, un-
derstanding the influence of the binding of effector proteins 
and receptor conformation on its membrane organization is 
required. To achieve this, we characterized the membrane 
organization of a mutant (R108A) of the adenosine A3 recep-
tor (A3AR), which showed impaired G protein coupling but 
retained the ability to recruit β-arrestin2.

The residue mutated in this study, R108 or R3.50 accord-
ing to the numbering of Ballesteros and Weinstein,19 is one 
of the most conserved residues within family A GPCRs, with 
Arg being present in 95% of receptors.28 Many of the con-
served residues within GPCR transmembrane domains are 
involved in the switch between inactive and active receptor 
conformations. R3.50 is one of three highly conserved res-
idues at the cytoplasmic end of transmembrane helix 3 and, 
with two adjacent residues, forms the E/DRY motif. In the 
rhodopsin crystal structure, the DRY motif forms a strong 
hydrogen bonding network. Furthermore, the interaction 
between Arg135 and the Glu247 and Thr251 residues in 
helix 6 has been proposed to form an “ionic lock” holding 
the receptor in the inactive conformation.29 To date, there is 
no crystal structure of the A3AR available, but the closely 
related adenosine A2A receptor (A2A AR) crystal structure 
has been solved bound to an engineered Gs protein (mini-
Gs). Within this structure, R3.50 undergoes a rotamer change 
when compared to the agonist-bound intermediate structure 
and also forms van der Waals interactions with the mini-Gs.

30 
Therefore, it is no surprise that mutation of this residue in the 
A3AR impairs G protein coupling as we have observed in this 
study. We examined the ability of A3AR R108A to inhibit 
the cAMP pathway by two separate methods and to stimulate 
phosphorylation of ERK. In all three assays, no consistent 
concentration-dependent responses to NECA were observed. 
The data obtained within the FCS experiments indicated 
that A3AR R108A still retained the ability to bind agonist 
with high affinity and, taken together with the functional and 
structural data from the A2AAR, this suggests that there is a 
disconnect between agonist binding and effective G protein 
coupling.

T A B L E  2  Summary of particle number, diffusion, and molecular brightness for vehicle and agonist-stimulated A3-GFP and A3 R108A-GFP

Particle number  
(N/μm2)

Diffusion coefficient  
(τD2, μm2/s)

Molecular brightness  
(ε1, cpm. s–1) n

A3-GFP Vehicle 36.7 ± 4.6 0.13 ± 0.007 18 111 ± 1582 23

NECA 64.1 ± 6.8* 0.09 ± 0.007** 24 027 ± 1933 26

A3 R108A-GFP Vehicle 43.6 ± 5.1 0.13 ± 0.008 18 152 ± 1584 22

NECA 67.1 ± 8.5* 0.10 ± 0.007* 26 351 ± 1915* 23

Note: Particle number (N/μm2), diffusion coefficient (τD2, μm2/s), and molecular brightness (ε1, cpm. s–1) were determined from FCS traces obtained from A3-GFP and 
A3 R108A-GFP cells in the absence or presence of NECA (10 µM, 30 minutes). Values are mean ± SEM from n separate experiments. * and ** denote significance vs 
vehicle in the same cell line determined using one-way ANOVA with Tukey's multiple comparisons test (*P < .05; **P < .01).
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F I G U R E  6  Quantitative analysis of A3 and A3 R108A β-arrestin2 BiFC complexes using image analysis and FCS. A, Confocal images of 
A3-vYc/βarrestin2-vYnL (top panels) and A3 R108A-vYc/βarrestin2-vYnL (bottom panels) expressing cells were obtained after treatment with 
vehicle (left-hand panels) or 10 µM NECA (right-hand panels) for 60 minutes at 37°C. Images are representative of those obtained in three separate 
experiments. B, A3-vYc/βarrestin2-vYnL (black circles) and A3 R108A-vYc/βarrestin2-vYnL (blue circles) cells were treated with increasing 
concentrations of NECA for 60 minutes. Automated confocal images were obtained on the ImageXpress Ultra plate reader and granularity analysis 
performed to quantify levels of internalized vYFP. The data shown represent (B) granule count per cell and (C) normalized granule count per 
cell as a percentage of the 10 µM NECA response for each receptor. Each data point represents the mean ± SEM of five experiments performed 
in triplicate. For fluorescence correlation spectroscopy (FCS) experiments, CHO cells stably expressing A3-vYc/βarrestin2-YnL (black symbols) 
or A3 R108A-vYc/βarrestin2-vYnL (blue symbols) were stimulated with vehicle or NECA (10 μM; 37°C for 30 minutes). Particle numbers (D) 
and diffusion coefficients (E) were determined from data acquired from three independent experiments (n = 27-50 cells) and are expressed as 
mean ± SEM. Molecular brightness (F) values were determined from FCS traces using photon counting histogram analysis (PCH). For each 
condition, molecular brightness values from the first (open circles) or second (closed circles) component are shown. Traces from all cells fit to a 
two-component model of molecular brightness. Statistical significance was determined using one-way ANOVA with Tukey's multiple comparisons 
test (*P < .05; **P < .01). *# = comparison of brightness component 1 of vehicle traces with component 1 of NECA traces for A3/βarr2vYnL, 
 **$ = comparison of brightness of component 2 of vehicle traces with component 2 of NECA traces for A3/βarr2vYnL
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Within the current study, we found no evidence for consti-
tutive second messenger signaling or internalization of A3AR 
R108A. This is in contrast to a previous study on the A3AR, 
which found that in COS-7 (an African green monkey kidney 
fibroblast like cell line), A3AR R108A displayed lower basal 
cAMP levels, higher basal inositol phosphate formation, and 
an increase in affinity for radiolabeled agonist.20 In the present 
study, we used CHO (Chinese Hamster Ovary) cells and did 
not see any decrease in basal cAMP levels in the [3H]-cAMP 
accumulation assay, therefore, these difference may be due to 
the different cell backgrounds and endogenously expressed 
proteins within these cells. In the CRE-SPAP assay, basal lev-
els of activation are difficult to compare across cell lines. To 
address this, we determined the potency of FSK, as any consti-
tutive activity would lead to a lower potency (similar to the ef-
fect observed in the presence of NECA in wild-type cells). The 
potency of FSK in A3AR R108A-expressing cells was simi-
lar to that in A3AR cells, indicating no constitutive activation 
through the cAMP pathway. Mutation of the highly conserved 
DRY residues in Family A GPCRs has a range of effects al-
though in many cases it is mutation of the aspartic acid (D) 
that results in constitutive activity31 and this been observed for 
the α1B adrenergic receptor32 and β2 adrenergic receptor33,34 
among others.31 Similar observations to those observed here 
have been made upon mutation of R3.50 in both the histamine 
H4

35 and cannabinoid CB2 receptors.36 In both these studies, 
the mutant receptors retained high-affinity agonist binding, 
were unable to couple to G proteins in the presence of ago-
nists and showed no increase in constitutive activity, although 
effects on β-arrestin coupling and internalization were not 
studied.35,36 For the bradykinin B2 receptor, a R3.50A mutant 
was also unable to stimulate a second messenger pathways and 
was not constitutively active.37 However, sequestration of the 
receptor from the membrane, as measured using a radiolabeled 
agonist, was observed,37 suggesting that this may be a more 
general phenomenon for this mutation.

Through the use of FCS, we demonstrated that A3AR 
R108A could still bind agonists with high affinity. The 

binding affinity of the fluorescent agonist ABEA-X-BY630 
was consistent with that observed in previous FCS studies of 
agonist-A3AR complexes, with similar levels of bound fluo-
rescent agonist and diffusion coefficients.13 As observed in 
many previous FCS studies of fluorescent ligand binding to 
GPCRs, the autocorrelation curves obtained using ABEA-
X-BY630 contained three species; a fast diffusing species 
(τD1), representing the unbound ligand freely diffusing in 
solution, and two more slowly diffusing species (τD2 and τD3), 
with the slower diffusing species (τD3) representing the ma-
jority of the total binding.13,14 It was originally hypothesized 
that these two diffusion rates represented two distinct pop-
ulations of receptor.13 Further studies of the A3AR, involv-
ing the use of an allosteric modulator to increase the relative 
proportion of τD2, strongly indicated that τD2 was generated 
by the dissociation of the fluorescent ligand from the recep-
tor species during its transit through the confocal volume.14 
Therefore, the FCS data with fluorescent agonist presented in 
the current study are only for τD3.

The diffusion coefficient of free and fluorescent ag-
onist-bound A3-GFP and A3 R108A-GFP were similar 
(0.13-0.16 μm2/s). This is in line with diffusion coefficients 
observed previously for the A3AR13,14 and is slower than ex-
pected for an individual receptor freely diffusing in the plasma 
membrane.38 This would indicate that the receptor forms part 
of a larger complex or has restricted diffusion through in-
teraction with different components of the membrane.11 It 
has previously been shown that pertussis toxin (which inhib-
its Gi/oα subunits coupling to receptors) has no effect on the 
high-affinity agonist binding at the A3AR, indicating that the 
agonist-occupied receptors were not coupled to G proteins.13 
This is supported by the data in the present study, where a re-
ceptor that has impaired G protein coupling displayed similar 
diffusion characteristics to the wild-type receptor.

Although the A3 R108A mutant was unable to effectively 
couple to G proteins, the combination of confocal, FCS, and 
BiFC experiments demonstrated that it could recruit β-arrestin2  
and undergo redistribution at the plasma membrane in 

T A B L E  3  Summary of particle number, diffusion, and molecular brightness for vehicle and agonist-stimulated A3-vYc/βarrestin2-vYnL and 
A3 R108A-vYc/βarrestin2-vYnL

Particle number 
(N/μm2)

Diffusion coefficient 
(τD2, μm2/s)

Molecular brightness (ε1, cpm s–1)

nComponent 1 Component 2

A3-vYc/
βarrestin2-vYnL

Vehicle 7.9 ± 1.2 0.24 ± 0.03 4383 ± 359 34 006 ± 2063 40

NECA 7.5 ± 1.1 0.12 ± 0.02** 2996 ± 255*# 44 028 ± 2187**$ 50

A3 R108A-vYc/
βarrestin2-vYnL

Vehicle 3.7 ± 0.6 0.25 ± 0.04 3087 ± 392 40 618 ± 1892 27

NECA 5.3 ± 1.0 0.14 ± 0.02* 4185 ± 461 43 968 ± 2712 42

Note: Particle number (N/μm2), diffusion coefficient (τD2, μm2/s), and molecular brightness (ε1, cpm. s–1) were determined from FCS traces obtained from A3-vYc/
βarrestin2-vYnL and A3 R108A-vYc/βarrestin2-vYnL cells in the absence or presence of NECA (10 µM, 30 minutes). Values are mean ± SEM from n separate 
experiments. * and ** denote significance vs vehicle in the same cell line determined using one-way ANOVA with Tukey's multiple comparisons test (*P < .05; 
**P < .01) *# = comparison of brightness component 1 of vehicle traces with component 1 of NECA traces for A3-vYc/βarrestin2-vYnL, **$ = comparison of 
brightness of component 2 of vehicle traces with component 2 of NECA traces for A3-vYc/βarrestin2v-YnL.
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response to agonist stimulation. Receptor-arrestin complexes 
have also been shown to have high affinity for agonists39 
suggesting that the high affinity of A3 R108A for agonists 
could be due to the formation of a receptor-arrestin complex, 
and the allosteric effect of the receptor-arrestin interaction. 
Through the use of CRISPR/Cas9 technology, it has recently 
been shown that, in cells lacking functional Gα proteins, 
GPCRs can still recruit β-arrestins and internalize but do not 
signal to the ERK pathway.40 This supports our findings that 
a receptor that cannot effectively couple to G proteins can still 
recruit β-arrestin and internalize. This is further supported by 
evidence that some GPCRs, including the V1b vasopressin 
receptor41 and follicle-stimulating hormone receptor,42 can 
recruit β-arrestin in the absence of phosphorylation by G pro-
tein receptor kinases.

Confocal imaging suggests that a large proportion of both 
A3AR and A3AR R108A were internalized upon agonist stim-
ulation. This is in contrast to the FCS experiments where an 
increase in receptor density (N/μm2) for both A3-GFP and A3 
R108A-GFP was seen upon agonist stimulation, indicating a 
higher number of individual receptor-containing complexes at 
the cell surface. This apparent increase in receptor density is 
coupled with a slowing in the lateral diffusion of both recep-
tors as demonstrated by the reduction in diffusion coefficient. 
Taken together, these data suggest that we have sampled areas 
of the plasma membrane where the diffusion of both wild-
type and mutant A3AR is significantly restricted but as there 
is no concurrent increase in clustering as measured by molec-
ular brightness this may not represent clustering within clath-
rin-coated pits prior to internalization. By design, each FCS 
measurement only detects fluorescent fluctuations in a small 
circular area of the plasma membrane (~0.1 μm2) and requires 
the fluorescent species to be mobile to detect fluctuations. It 
is therefore likely that we are selectively monitoring clusters 
of mobile receptors and the increase in apparent number of 
fluorescent particles is a consequence of release of receptors 
from immobilized regions of the membrane upon agonist ac-
tivation. Molecular brightness data are consistent with this 
and suggests that there was a modest reorganization of the A3 
and A3 R108A receptors into higher-order complexes, again 
suggesting clustering of the receptor.

FCS experiments that selectively monitored the diffusion 
of specific receptor-arrestin complexes revealed an additional 
layer of complexity regarding the diffusion and organization of 
A3AR and A3AR R108A. As we are monitoring the diffusion 
of complemented vYFP, this allowed us to selectively monitor 
receptor-arrestin complexes. One drawback of this BiFC tech-
nique is that the complementation is essentially irreversible25 
meaning that the receptor and arrestin will be kept in close 
proximity even if the interaction is transient. Technologies 
such as NanoBiT have been developed where the interaction 
between the two complementing portions of a luciferase pro-
tein is low affinity, and therefore, reversible.43 However, since 

luminescence output is low energy it requires very sensitive 
cameras and long exposures for imaging-based detection, as a 
consequence the detection of a luminescence output is not cur-
rently achievable using FCS. Under basal conditions, recep-
tor-arrestin BiFC complexes displayed faster diffusion when 
compared to receptor-GFP fusions (A3-GFP, 0.13  ±  0.007 
μm2/s vs A3-vYc/β-arrestin2-vYnL, 0.24 ± 0.03 μm2/s). Upon 
agonist stimulation, both A3 and A3 R108A-arrestin complexes 
slowed compared to basal complexes. This suggests that under 
basal conditions, receptor-arrestin complexes (which com-
prise a small proportion of the total receptor population) are 
in different compartments compared to the main population 
of receptor-GFP fusions and this is unaffected by the introduc-
tion of the R108A mutation. In the BiFC FCS experiments, 
no change in particle number was observed after agonist stim-
ulation although the confocal imaging indicated an increase 
in BiFC complexes within the cell. As FCS specifically mea-
sures complexes at the cell membrane, it is likely that agonist 
stimulation generates an increased number of receptor-arrestin 
complexes that are rapidly internalized. Since there is a sig-
nificant increase in the molecular brightness of the A3-vYc/β-
arrestin2-vYnL complexes with NECA treatment, indicating 
aggregation of these receptor-arrestin complexes, these data 
support the findings from FCS experiments that reorganiza-
tion occurs upon agonist treatment. It has been demonstrated 
previously that A3AR is phosphorylated by GRKs upon ago-
nist stimulation.44,45 The molecular brightness data are, there-
fore, consistent with the possibility that this phosphorylation is 
required for the movement of receptors into a more confined 
area prior to internalization. This hypothesis is supported by a 
recent study which showed, through a combination of FCS and 
fluorescence recovery after photobleaching, that agonist-in-
duced reorganization of the μ opioid receptor was mediated 
by GRK2/3.12

In summary, we have demonstrated here that introduction 
of a R108A mutation into the A3AR severely impairs G pro-
tein-dependent signaling by the receptor, yet, preserves its 
ability to recruit β-arrestin2 and does not change its move-
ment and organization within the plasma membrane. By 
comparing the diffusion and membrane organization of wild-
type and R108A A3AR under different conditions, we have 
provided additional support to the theory that the A3AR is not 
pre-coupled to G proteins at the plasma membrane. In addi-
tion, we have provided evidence that prior to internalization, 
agonist-stimulated A3ARs undergo reorganization within the 
plasma membrane. This demonstrates the power of combin-
ing FCS with population assays to gain insights into the sig-
naling and organization of a GPCR.
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