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Abstract The G protein-coupled A, adenosine receptor rep-
resents an important drug target. Crystal structures and model-
ing studies indicated that three disulfide bonds are formed
between ECL1 and ECL2 (I, Cys71%%?-Cys159%3; 1I,
Cys74>22-Cys146*-°, and 111, Cys77°*°-Cys166*°-°°).
However, the A,gAR subtype appears to require only disul-
fide bond III for proper function. In this study, each of the
three disulfide bonds in the A, ,AR was disrupted by mutation
of one of the cysteine residues to serine. The mutant receptors
were stably expressed in Chinese hamster ovary cells and
analyzed in cyclic adenosine monophosphate (cAMP) accu-
mulation and radioligand binding studies using structurally
diverse agonists: adenosine, NECA, CGS21680, and PSB-
15826. Results were rationalized by molecular modeling.
The observed effects were dependent on the investigated ag-
onist. Loss of disulfide bond I led to a widening of the
orthosteric binding pocket resulting in a strong reduction in
the potency of adenosine, but not of NECA or 2-substituted
nucleosides. Disruption of disulfide bond II led to a significant
reduction in the agonists’ efficacy indicating its importance
for receptor activation. Disulfide bond III disruption reduced
potency and affinity of the small adenosine agonists and
NECA, but not of the larger 2-substituted agonists. While all
the three disulfide bonds were essential for high potency or
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efficacy of adenosine, structural modification of the nucleo-
side could rescue affinity or efficacy at the mutant receptors.
At present, it cannot be excluded that formation of the extra-
cellular disulfide bonds in the A;4AR is dynamic. This might
add another level of G protein-coupled receptor (GPCR) mod-
ulation, in particular for the cysteine-rich A, and A,gARs.
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Introduction

Adenosine receptors (ARs) belong to the class of purinergic G
protein-coupled receptors (GPCRs); they are divided into four
subtypes: Aj, Asa, Azp, and Ajz. These receptors are widely
expressed in the body and are involved in a number of phys-
iological and pathological processes [1, 2]. The four ARs are
potential drug targets for the treatment of neurodegenerative
[3], immune [4], cardiac [5], and inflammatory disorders [6, 7]
and cancer [8]. Recently, pharmaceutical companies have
been investing in the development of A;,AR antagonists as
a monotherapy or in combination with antibodies targeting
inhibitory check points, e.g., programmed cell death 1 protein
(PD-1) or its ligand PD-L1, pursuing an immu-
nochemotherapeutic approach [9]. The purine nucleoside
adenosine (1, Fig. 1) physiologically activates ARs showing
different affinities for each subtype [10]. The signaling path-
way involves G; protein coupling for A; and A3z AR subtypes,
leading to an inhibition of adenylate cyclase and a reduction in
cyclic adenosine monophosphate (cAMP) production. In con-
trast, A,o and A, ARs preferentially couple to Gy proteins
thereby increasing intracellular cAMP accumulation [1].
Among the four AR subtypes, A, and A, AR are the closest
homologs displaying a sequence identity of 58 % and a
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Fig. 1 Chemical structures of investigated adenosine receptor agonists

similarity of 73 %. Sequence analysis of the human A,, and
A, ARs revealed the largest differences in the loop regions,
especially in the extracellular loop 2 (ECL2) [11]. The endog-
enous ligand adenosine and its derivatives NECA (2) and
CGS21680 (3) show significantly higher affinity for the
AAAR than for the A,p receptor subtype, despite very similar
ligand binding sites of both receptors [12, 13]. The structural
reason for this striking difference is unknown.

The extracellular loops of GPCRs may be involved in ligand
binding and receptor activation [14]. In class A GPCRs, includ-
ing ARs, the ECL2 is the largest and most diverse of the three
ECLs. Its high variety even within subfamilies has been associ-
ated with ligand selectivity [15—19]. Most class A GPCRs con-
tain disulfide bonds in their extracellular domains rigidifying the
receptor structure. Several mutagenesis studies and X-ray struc-
tures [20-23] showed that the ECL2 adopts different conforma-
tions during the activation mechanism, switching between an
open and a closed state. In a previous study by de Graaf et al.,
the ECL2 sequences of 365 human non-olfactory GPCRs were
aligned, and the number of cysteine residues was analyzed [24].
The A, and A, AR subtypes were found to have the highest
number of cysteine residues in the ECL2 among the investigated
GPCRs, namely three (A4), or four (Asg) (Fig. 2). In most
rhodopsin-like GPCRs, two highly conserved cysteine residues
are present near the extracellular surface forming a disulfide
bond which has been shown to be essential for receptor structure
and activation [27, 28]. Both, A5 and A, AR subtypes, pos-
sess two of the cysteine residues that were found to be highly
conserved in most class A GPCRs: Cys***” in the ECL2 and
Cys®? located at the extracellular end of transmembrane do-
main 3 (TMD3) (Ballesteros Weinstein nomenclature [29] and
ECL nomenclature proposed by de Graaf et al. [24]). Despite the
high sequence similarity between A,, and A,gARs, discrepant
data are available regarding the structure of the extracellular
region of the two AR subtypes. Crystal structures of the
AsAAR as well as a subsequent molecular modeling study indi-
cated that four disulfide bonds were formed in that receptor
(Fig. 2): three linking the ECL2 with the ECL1 (Cys71%%-
Cys159*% (I), Cys74>*2-Cys146*-° (II), and Cys77>*-
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Cys166*-° (I, Fig. 2), and the fourth one forming an intra-
loop bond in the ECL3 (Cys259%%'-Cys262°%%) [25, 30-33].

Similarly, it was shown by mutagenesis studies that in the
closely related A,gAR, the two cysteine residues conserved in
class A GPCRs (Cys78>2° in TM3 and Cys1714° in ECL2,
corresponding to disulfide bond III of the A,,AR (Fig. 2)),
form a disulfide bond, which plays an essential role in ligand
binding and receptor activation [11]. On the contrary, muta-
tions of the other three cysteine residues present in the ECL2
of the A,gAR (Cysl54, Cys166, and Cys167) only slightly
affected receptor activation indicating that the potential disul-
fide bonds formed by those cysteine residues are not critical
for A,gAR function [11]. In addition, another purinergic re-
ceptor, P2Y ,, which is activated by ADP, was found by X-ray
crystallography to form the “GPCR-conserved” disulfide
bond found in almost all class A GPCRs only in the presence
of the agonists 2MeSADP and 2MeSATP [20, 34] but not
when the non-nucleotidic competitive antagonist AZD1283
was bound to the receptor [20]. Further mutagenesis studies
showed that the conserved cysteine residues were not essential
for the binding of the antagonist AZD1283 suggesting
the possibility of a dynamic disulfide bond in P2Y;,
receptors [20].

For these reasons, an investigation appears necessary to
explain the contradictory results regarding the number of es-
sential extracellular cysteine residues and disulfide bonds in
the two closely related AR subtypes A, and A,p. Recently, a
mutagenesis study on the A;4,AR was published in which
extracellular cysteine residues of the A;oAR were mutated
to alanine [35]. The authors suggested that the formation of
the “GPCR-conserved” disulfide bond Cys77°*-Cys166*-°
was neither essential for receptor localization at the cell sur-
face nor for ligand binding [35]. Their investigation was pure-
ly based on radioligand binding utilizing a single, 2-
substituted adenosine derivative, CGS21680 in each cysteine
mutant; functional data of the cysteine mutant receptors were
not provided. In the present study, we present a comprehen-
sive investigation on the importance of extracellular disulfide
bonds in the A,p,AR. We generated three A>oAR mutants
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Fig. 2 Cysteine residues and disulfide bonds in the extracellular loop 1
and 2 of the human A,, and A,g ARs. The amino acid sequence
alignment (a) of ECL1 and 2 of A and A,z ARs was done using
ClustalW [11]. The following cysteine residues in the ECL2 of the
A AAR are highlighted according to the colors of the cysteine mutants:
blue C146™*", yellow C159**, green C166™**. The other extracellular
cysteine residues in the A;,AR are highlighted in /ight gray. In the
A,pAR, the essential cysteine residues found by a mutagenesis study
[11] are indicated in red. The identical amino acid residues (*), the

replacing each cysteine residue present in the ECL2
(Cys1463%, Cys159*>* and Cys166*-°) by the sterically
and electronically similar amino acid serine, thereby
disrupting one of the potential disulfide bonds in each mutant
receptor. In addition, considering the high homology to the
closely related A,gAR subtype, we created an A, AR double
mutant exchanging the two cysteine residues in the ECL2
(Cys146*-% and Cys159*>*%) which were supposed to be
involved in disulfide bonds with the ECL1, thereby disrupting
two potential disulfide bonds in a single mutant receptor. The
goal of the current study was to investigate the importance of
extracellular disulfide bonds in the A; AR for ligand binding
and receptor activation by various agonists including the en-
dogenous ligand adenosine.

Material and methods
Materials
Cell culture media, supplements, and antibiotics were obtain-

ed from Invitrogen (Darmstadt, Germany). Chemicals were
purchased from Sigma-Aldrich (Taufkirchen, Germany),

conserved amino acid substitutions (:), and the semi-conserved amino
acid substitutions (.) in both receptor subtypes are indicated. The
positions of the cysteine residues are given for the A, and A,z ARs. b
The disulfide bonds found in the crystal structure of A;,AR [25] and the
corresponding ones in the A,gAR are designated /, /I, and /II. ¢ 3D
homology models of A;5AR based on the CGS21680-bound crystal
structure 4UHR and of A,gAR based on the A;4AR X-ray structure
3EML [25, 26]. Cysteine residues are represented as sticks and color-
coded according to (a)

Roth (Karlsruhe, Germany), or Applichem (Darmstadt,
Germany), unless otherwise noted. [PH]cAMP (specific activ-
ity 34 Ci/mmol) and [PH]NECA (17 Ci/mmol) were obtained
from Amersham-GE Healthcare (Frankfurt, Germany) while
[PH]CGS21680 (36.05 Ci/mmol) was from Perkin Elmer
(Rodgau, Germany). All enzymes and competent bacteria
were purchased from New England Biolabs (Frankfurt,
Germany). Primers and pcDNA3.1(—) vector were obtained
from Invitrogen (Darmstadt, Germany), while the retroviral
vector pQCXIN was purchased from Clontech (Heidelberg,
Germany). Adenosine deaminase (ADA) was purchased from
Sigma-Aldrich (Taufkirchen, Germany), Ro20-1724 (4-(3-
butoxy-4-methoxyphenyl)methyl-2-imidazolidone) from
Hoffmann La Roche (Grenzach, Germany), and the scintilla-
tion cocktail LUMASAFE from Perkin Elmer (Rodgau,
Germany). Adenosine and NECA were obtained from
Sigma-Aldrich (Taufkirchen, Germany), BAY60-6583
(2-[[6-amino-3,5-dicyano-4-[4-(cyclopro-
pylmethoxy)phenyl]-2-pyridinyl]thio]acetamide) and
CGS21680 (2-p-(2-carboxyethyl)phenethylamino-5'-/N-
ethylcarboxamidoadenosine) from Tocris (Wiesbaden-
Nordenstadt, Germany), and PSB-15826 (2-(4-(4-
fluorophenyl)piperazin-1-yl)ethylthioadenosine) was
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synthesized at the Pharmaceutical Institute of the University
of Bonn (El-Tayeb A., Miiller C. E. et al. unpublished).

Site-directed mutagenesis

The coding sequence of the human A;5AR was cloned into
the pcDNA3.1(—) vector, and point mutations corresponding
to single amino acid mutations were inserted with site-directed
mutagenesis using the polymerase chain reaction (PCR).
Oligonucleotide primers included the corresponding mis-
match flanked by 14-15 nucleotides at the 3'- and 5'- end.
The PCR reaction mixture consisted of 20 ng of template
DNA, 15 pmol of each forward and reverse primer, 10 mM
dNTPs, 1 xQ5 buffer, and 1 U of Q5 High Fidelity
Polymerase (New England Biolabs, Frankfurt, Germany).
The PCR was carried out as follows: 4 min at 94 °C, 20 cycles
consisting of 1 min at 94 °C, 1 min at 66 °C and 10 min at
72 °C followed by a final elongation step of 10 min at 72 °C.
The obtained DNA was digested by a methylation-sensitive
restriction enzyme, Dpnl, and then transformed into
Escherichia coli Top10. Single clones were isolated, and the
plasmid DNA was sequenced by GATC Biotech (Konstanz,
Germany). Mutated receptors were finally subcloned into the
retroviral vector pQCXIN.

Cell culture

Chinese hamster ovary (CHO) cells were cultured at 37 °C
with 5 % CO, in Dulbecco’s modified eagle medium-F12
(DMEM-F12) containing 10 % fetal calf serum (FCS),
100 U/ml penicillin G, and 100 pg/ml streptomycin. GP+
envAMI12 packaging cells [36] were cultured at 37 °C, 5 %
CO; in hypoxanthine/xanthine/mycophenolic acid (HXM)
medium which consists of DMEM, 10 % FCS, 100 U/ml
penicillin G, 100 pg/ml streptomycin, 1 % ultraglutamine,
0.2 mg/ml hygromycin B, 15 pg/ml hypoxanthine,
250 pg/ml xanthine, and 25 pg/ml mycophenolic acid.

Retroviral transfection

CHO cells stably expressing the human A;,AR, the human
A,pAR and the mutant A, receptors, were generated with a
retroviral transfection system. GP +envAM]12 packaging cells
were seeded in DMEM medium containing 10 % FCS, 100 U/
ml penicillin G, and 100 pg/ml streptomycin into a flask 24 h
before the transfection. The cells were then transfected with
the receptor DNA (6.75 pg) and the vesicular stomatitis virus
G protein DNA (VSV-G, 3.75 pug) using Lipofectamine 2000
(Invitrogen, Karlsruhe, Germany). After 15 h of incubation,
the medium was removed and replaced by 3 ml of DMEM
medium containing 10 % FCS, 100 U/ml penicillin G, and
100 pg/ml streptomycin, including 5 mM sodium butyrate.
The packaging cells were incubated at 32 °C with 5 % CO,
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for 48 h. Then the supernatant of the GP + envAM12 cells was
filtered, mixed with 6 ul of polybrene solution (4 mg/ml), and
incubated with CHO cells for 2.5 h at 37 °C. After 48 h, the
cells were selected using 0.8 mg/ml of geneticin, G418. After
two weeks, the concentration of G418 was reduced to
0.2 mg/ml.

Cell surface expression

The cell surface expression of the human A, AR, the human
A,pAR and the cysteine mutant receptors in CHO cells, was
verified by enzyme-linked immunosorbent assay (ELISA);
200,000 cells/well were seeded into 24-well plates 24 h before
the assay. Cells were washed with phosphate-buffered saline
(PBS), blocked for 5 min with 1 % bovine serum albumin
(BSA)/PBS, and then incubated with an human influenza
hemagglutinin (HA) antibody solution (Covance, Munich,
Germany), diluted 1:1000 in 1 % BSA/PBS, for 1 h at room
temperature (rt). After washing with PBS, cells were fixed
with a cold 1:1 (v/v) methanol/acetone solution for 15 min at
—20 °C, washed and blocked again under the same conditions
as described above. The horseradish peroxidase-coupled sec-
ondary antibody (goat anti-mouse, Sigma, Munich, Germany)
was diluted 1:5000 in 1 % BSA/PBS and incubated for 1 h
with the cells at rt. Finally, the cells were washed with PBS
and incubated for 50 min with 300 pl of ABTS (2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)) substrate
(Thermo Scientific Pierce, Rockford, USA). An aliquot of
the substrate (170 pl) was transferred into a 96-well plate,
and the absorbance was measured at 405 nm. Independent
experiments were performed in triplicates.

Determination of cAMP accumulation

CHO cells (200,000 cells/well) were seeded into 24-well
plates 24 h before performing the assay. Cells were then
washed and incubated for 2 h at 37 °C and 5 % CO, in
Hank’s balanced salt solution (HBSS; 20 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 13 mM
NaCl, 5.5 mM glucose, 5.4 mM KCl, 4.2 mM NaHCO;,
1.25 mM CaCl,, 1 mM MgCl,, 0.8 mM MgSOy,, 0.44 mM
KH,PO,, and 0.34 mM Na,HPO,, pH 7.4) with 1 U/ml of
ADA. Where adenosine was tested as an agonist, ADA was
omitted. Cells were then incubated 15 min with the phospho-
diesterase inhibitor Ro20-1724 (final concentration 40 uM) at
37 °C and 5 % CO,. Different dilutions of agonist in 5 %
DMSO (dimethylsulfoxide)/HBSS buffer (final DMSO con-
centration: 1 %) were added to the cells and incubated for
15 min under the same conditions described above. The su-
pernatant was then removed, and 500 pl of hot lysis buffer
(90 °C; 4 mM EDTA (ethylenediaminetetraacetic acid) and
0.01 % Triton X-100, pH 7.4) was added. After one hour of
mixing on ice, the cAMP (cyclic adenosine monophosphate)
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amount in the lysates was determined by competitive
radioligand binding [4]. An aliquot of lysate (50 pl) was in-
cubated with 30 ul of [PH]cAMP solution in lysis buffer (final
radioligand concentration 3 nM) and 40 pul of cAMP-binding
protein (50 pg/vial) [37]. For the cAMP standard curve, 50 ul
of different cAMP concentrations were measured instead of
cell lysate. Total binding was obtained by mixing radioligand
solution and cAMP-binding protein with lysis buffer, and the
background was defined in the absence of binding protein. For
experiments under reducing conditions, cells were preincubat-
ed for 2 h with a final concentration of 10 mM dithiothreitol
(DTT). The mixture was incubated for 60 min on ice and then
filtered through GF/B glass fiber filters using a Brandel har-
vester. The filters were then washed with ice-cold Tris buffer
(2-amino-2-(hydroxymethyl)propane-1,3-diol; 50 mM, pH
7.4), transferred into vials, and incubated for 6 h with 2.5 ml
of scintillation cocktail LUMASAFE. The vials were then
counted in a liquid scintillation counter (Tricarb 2900TR,
Perkin Elmer, Rodgau, Germany). Independent experiments
were performed in duplicates. Amounts of cAMP were calcu-
lated by linear regression from a standard curve and normal-
ized to the maximal effect induced by 100 uM of forskolin (set
equal to 100 %).

Membrane preparation

Stably transfected CHO cells were cultured in dishes until
confluency. In order to increase the exogenous protein expres-
sion, valproic acid was added (final concentration: 0.5 mg/ml)
one day before harvesting [38]. Then cells were washed with
sterile PBS and scraped off using ice-cold Tris buffer (5 mM
Tris and 2 mM EDTA, pH 7.4). The cell suspension was
homogenized and centrifuged for 10 min at 1000g to remove
unbroken cells and nuclei. The supernatant was centrifuged at
30000g for 60 min. The pellet was resuspended in ice-cold
50 mM Tris-HCI buffer (pH 7.4) and stored at —80 °C until
used. Protein concentrations were determined by the Bradford
method [39].

Radioligand binding

Competition experiments were performed with
[PH]CGS21680 and [PH]NECA in a final volume of 400 pl.
The vial contained 10 pl of dissolved test compound in
DMSO, 90 ul of Tris buffer (50 mM, pH 7.4), 100 ul of
MgCl, solution (final concentration: 10 mM), 100 ul of
radioligand solution (final radioligand concentration:
[PH]CGS21680, 5 nM; [’H]NECA, 3 nM), and 100 ul of
membrane preparation (70—150 pg/vial), which was previous-
ly incubated with 2 U of adenosine deaminase per milligram
of protein for 20 min. Total binding was measured in the
absence of test compound, while non-specific binding was
determined in the presence of 50 pM NECA in experiments

with [*H]CGS21680, and 100 pM of N°-(R)-(2-
phenylisopropyl)adenosine (R-PIA) in experiments with
[*HINECA. After incubation ([?’H]CGS21680, 1 h;
[PHJNECA, 3 h), the assay mixture was filtered through GF/
B glass fiber filters using a Brandel harvester (Brandel,
Gaithersburg, USA). The filters were washed three times with
300 pl ice-cold Tris buffer (50 mM, pH 7.4), transferred into
scintillation vials and incubated for 6 h with 2.5 ml of scintil-
lation cocktail LUMASAFE. The vials were then counted in a
liquid scintillation counter (Tricarb 2900TR, Perkin
Elmer, Rodgau, Germany). Independent experiments
were performed in duplicates. In the homologous com-
petitive binding, a single concentration of radiolabeled
ligand and various concentrations of the identical unla-
beled ligand were used. For the analysis, it is assumed
that the system is at equilibrium and that both hot and
cold ligands bind with identical affinities. Thus, the Kp
and K; values are identical. With the Cheng and
Prussoff equation, the K; value is calculated from the
ICs resulting in K,=K;=1Csp—[radioligand].

Molecular docking

The recent co-crystal structure of the human A, AR with the
agonist CGS21680 (4UHR.pdb) was obtained from the RCSB
(Research Collaboratory for Structural Bioinformatics)
Protein Data Bank [32]. The agonist structure PSB-15826
was docked into the binding pocket of the A;oAR using
AutoDock 4.2 [40]. As an initial step, the co-crystallized water
molecules and the ligand were removed from the X-ray struc-
ture. The hydrogen atoms were added and protonated using
Protonate in Molecular Operating Environment (MOE
2014.08) [41]. The AutoDockTools package was applied to
calculate the partial charges, generate the docking input files,
and analyze the docking results [40]. Three-dimensional en-
ergy scoring grids of 60 % 60 x 60 points with a spacing of
0.375 A were computed. To define the binding pocket for
the docking procedure, the grids were centered based on the
co-crystallized ligand. In the final step, PSB-15826 was
docked into the binding site using the search algorithm
Lamarckian Genetic Algorithm and the default scoring func-
tion, which is a hybrid scoring function (semi-empirical and
free-energy) implemented in AutoDock4.2. The putative
binding mode of PSB-15826 was selected on the basis of the
lowest binding energy and visual inspection of the interac-
tions. For obtaining a comparison with the binding conforma-
tion of NECA and adenosine, the respective X-ray crystal
structures (PDB ID 2YDO and 2YDV) were downloaded
from the RCSB protein data bank and superimposed on the
structure obtained with CGS21680 [31]. For the mutant recep-
tors, we generated a receptor model by substituting the resi-
dues using the protein builder and minimization modules of
MOE2014.08.
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Results

Potential role of disulfide bonds in the adenosine A, 4
receptor

The relevance of disulfide bond formation for the function of
the A;4AR was experimentally observed by treating A, 5-ex-
pressing CHO cells with a reducing agent, dithiothreitol
(DTT), followed by agonist-induced cAMP accumulation as-
says. As shown in Fig. 3, reducing of the disulfide bonds
accessible to DTT caused a rightward shift of the dose-
response curves obtained by NECA or by CGS21680 stimu-
lation, respectively, in comparison with untreated cells.
NECA-induced cAMP production was more affected than
CGS21680-induced cAMP accumulation. After DTT treat-
ment, the potency of NECA at the A, AR was 100-fold lower
(ECsq values: 6.81+1.27 vs. 606+ 12 nM) while the potency
of CGS21680 was only reduced by 6-fold (ECs, values: 22.6

+3.6 vs. 119£6 nM). The DTT treatment did not cause any
non-specific effect on cAMP accumulation levels at A, ,AR-
expressing CHO cells, neither on the baseline (after DTT
treatment: 3.22+0.72 cpm and without DTT treatment: 5.23

+1.29 cpm; n=06, two-tailed ¢ test: not significantly different)
nor on the forskolin-stimulated cAMP level (after DTT treat-
ment: 94.4+15.2 cpm and without DTT treatment: 101

+8 cpm, n=06, two-tailed ¢ test: not significantly different).

Generation and characterization of mutant cell lines

Since the initial DTT experiments suggested that disulfide
bonds play an important role in A, AR function, the next step
was to generate A,, mutant receptors by site-directed muta-
genesis, exchanging a single cysteine residue present in the
ECL2 (C146, C159, or C166) for a serine residue. This led to
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Fig. 3 Effect of DTT on activation of the human A,,AR. cAMP
accumulation induced by NECA (a) and CGS21680 (b) in CHO cells
stably expressing the human A;,AR with and without DTT pretreatment
(10 mM, 2 h, 37 °C). Data represent means +SEM of two independent
experiments performed in duplicates. Determined ECs, values for
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the disruption of a single disulfide bond between ECL1 and
ECL2 in each of the cysteine mutants (C146S, C159S, and
C166S), see Fig. 2. A fourth A, receptor mutant was gener-
ated by replacing both cysteine residues, that are not con-
served in class A GPCRs, in the ECL2 (C146S-C159S) there-
by disrupting two disulfide bonds at the same time.

After the CHO cell lines that stably expressed the cysteine
A, mutant receptors had been established, their cell surface
expression was compared to that of the wild type (wt) A;oAR
by enzyme-linked immunosorbent assay (ELISA; see
Table 1). For this purpose, each receptor had been linked at
the N terminus to a human influenza hemagglutinin (HA) tag,
which was previously shown not to interfere with receptor
function or ligand binding [11, 42]. In addition, cysteine mu-
tant receptors were analyzed by homologous competition
binding using CGS21680 versus the agonist radioligand
[3H]CGS21680 and calculating B,.x and Kp values
(Table 1). Differently, from the ELISA which was performed
with intact cells to detect only receptor surface expression, this
method was performed with cell membranes thereby quanti-
fying the density of receptors present in all membranes, in-
cluding intracellular ones. Moreover, the agonist radioligand
[*H]CGS21680 may preferably label the active receptor con-
formation although binding has been shown to be not
nucleotide-sensitive [43].

The mutant C159S A, 4 receptor showed a significant gain
in affinity (3-fold) for CGS21680 and a higher cell surface
expression level (227 %) than the wt A,oAR (100 %). Both,
the single mutant C166S and the double mutant C146S-
C159S receptors, displayed somewhat lower expression levels
than the wt A, AR as determined by ELISA (40 and 87 % of
the wt expression, respectively) and homologous binding ex-
periments (48 and 74 % of the wt expression, respectively). A
different radioligand, [PH]NECA (3 nM), was used to
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= hA,AR+10 mMDTT
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NECA: without DTT: 6.81+1.27 nM; after DTT pretreatment: 606

+12 nM™™". ECs, values for CGS21680: without DTT: 22.6+3.6 nM;

after DTT pretreatment: 119+6 nM"". (Two-tailed 7 test: ~p<0.01 and

ook

p<0.001)
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Table 1 Expression levels (Bnax) and Kp values of the wt human Ay
receptor and the A, 5 cysteine mutants. Data are obtained by homologous
binding versus [PH]CGS21680 (5 nM; upper table) and [PHINECA

(3 nM; lower table). Data are means+ SEM of the three independent
experiments, unless otherwise noted. ELISA data are shown for
comparison between the wt hA;oAR and the mutants

[PH]JCGS21680 Kp+SEM (nM) Bumax = SEM (finol/mg of protein) ELISA (%)
hAs wt 127+3 478+70 100+16
hA,A C166S 110+£4> 1 230+£38> " 40.1+124™
hA,, C159S 462+6.5% " 421+51™ 2274
hA,, C146S — C159S 124+105 18 35247850 87.4+152"
[PHINECA

hA, wt 6.33+1.42 129413 100416
hA,, C146S 258+5.9" 1524171 230465

4 not determined, because of the low expression of the hA,, C146S mutant; ™ not significantly different from wt hA;, AR (determined using the two-

tailed ¢ test)
in=4
bp=5
*p<0.05

" p<0.01
™ p<0.001

determine K, and B, values of the C146S mutant, because
of the narrow window between total and non-specific binding
values obtained with the less affine radioligand
[PH]CGS21680. While the cell surface expression of the
C146S mutant receptor was found to be significantly de-
creased in comparison to the wt A;4,AR (23 % of the wt
expression determined by ELISA), the B,,,,x value determined
in membrane preparations was not significantly different from
that of the wt receptor.

Receptor activation

The function of the A, receptor mutants was investigated by
agonist-induced cAMP accumulation assays (Fig. 4) and com-
pared to that of the wt A;oAR as well as the homologous
A,gAR. Structurally diverse agonists were tested: the endog-
enous agonist adenosine (1, Fig. 1), its close analog NECA
(2), the 2-substituted acidic agonist CGS21680 (3), and the 2-
substituted uncharged adenosine derivative PSB-15826 (4).
The response of the endogenous agonist adenosine at all cys-
teine mutant receptors was significantly altered in comparison
with the wt A,4AR (ECsq values and efficacies are listed in
Table 2). At three cysteine mutants adenosine displayed sig-
nificantly reduced potency (22-fold at C159S, 30-fold at
C166S, and 253-fold at C146S-C159S) whereas at the
C146S mutant, adenosine induced almost no activation (max-
imal effects: 4+ 1 vs. 44+3 % of forskolin activation). Upon
analyzing the receptors’ activation by other agonists, we no-
ticed that the C166S mutant receptor showed only minor po-
tency changes for the adenosine derivatives NECA,
CGS21680, and PSB-15826 compared to the wt A,,AR
(Table 2). The C146S mutant receptor could be moderately

activated by NECA and CGS21680 (efficacies: 20 and 18 %
vs. 55 and 52 %, respectively) while it showed no activation
by PSB-15826. A gain in potency was found at the C159S
mutant receptor for all the adenosine derivatives (10-fold for
NECA, 6-fold for CGS21680, and 21-fold for PSB-15826).
The activity of the double mutant C146S-C159S was more
affected by smaller agonists (potency loss: 253-fold for aden-
osine and 87-fold for NECA) than the larger ones (ECsg
values similar to wt A;pAR for CGS21680 and PSB-15826,
Table 2).

Radioligand binding studies

Competitive binding experiments versus the radioligand
[PH]CGS21680 (Fig. 5) were used to determine the affinity
of the cysteine A, mutant receptors for the selected agonists
(K; values are listed in Table 3). Adenosine was not tested in
binding experiments since cell membrane preparations al-
ready contain endogenous adenosine and are normally
pretreated with adenosine deaminase to remove endogenous
adenosine. A biphasic behavior was observed for NECA bind-
ing at the C159S mutant receptor, with a low K; value of
4.92 nM that was 16-fold lower in comparison to the wt
A;AAR (81.2 nM). The C166S mutant receptor characterized
by a disruption of the “GPCR-conserved” disulfide bond
showed similar affinity for the adenosine derivatives NECA
and CGS21680 as the wt A;oAR, and a slight but significant
reduction in affinity (1.7-fold) for PSB-15826 (see Table 3).
The double mutant receptor C146S-C159S significantly lost
affinity (30-fold) for the small ligand NECA while only a
slight decrease (2-fold) was observed for PSB-15826 in com-
parison with the wt A;,AR. The agonist radioligand
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Fig. 4 Agonist-induced cAMP accumulation studies in CHO cells stably
expressing the wt human A;AAR, the wt human A,gAR, or the Aja
cysteine mutant receptors. Cells were stimulated with different
concentrations of selected agonists: adenosine (a), NECA (b), PSB-
15826 (¢), and CGS21680 (d). Data are normalized to forskolin

[*HINECA was used for the A,, C146S mutant receptor be-
cause of the narrow window between total binding and non-
specific binding values obtained with the radioligand
[PH]CGS21680. A significant loss in affinity was noticed for
NECA itself in comparison to the wt A;,AR (K; values: 7.06
+1.27 vs. 39.1£1.3 nM, see Table 3).

Binding mode and interactions

To understand the significance of extracellular disulfide bonds
for receptor function, and to find possible explanations for the
results obtained in mutagenesis experiments, we explored the
X-ray crystal structures available for the A,,AR co-
crystallized with some of the ligands used in this study. A
recent co-crystal structure with the agonist CGS21680
(4UHR.pdb) was considered as a reference, and two other
structures crystallized with the agonists NECA (2YDV.pdb)
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(100 uM), set as 100 %. The disrupted disulfide bond is indicated in
brackets. Data represent mean+ SEM of at least three independent
experiments performed in duplicates. ECso values and maximal effects
are listed in Table 2

and adenosine (2YDO.pdb) were superimposed. For the aden-
osine derivative PSB-15826, a putative binding mode was
predicted by docking of the compound into the known
orthosteric binding site of the A,4AR. The docking calcula-
tion was evaluated by redocking of the co-crystallized agonist
CGS21680 which yielded a root-mean-square deviation
(RMSD) value of 0.90 A. The results for PSB-15826 showed
that the lowest binding energy binding pose was well corre-
lated with the binding conformation of CGS21680. Similar to
the binding interactions of adenosine (Fig. 6), NECA
(Supplementary Fig. 1a), and CGS21680 (Supplementary
Fig 1b), the adenine moiety of PSB-15826 forms a 7t-7t inter-
action with Phel168, a hydrophobic interaction with Leu249
and hydrogen bond interactions with the amino acids residue
Asn253 and Glul69 (Supplementary Fig 1c and 2). The 2'-
OH function of the ribose interacts with Ser277, and the 3'-
OH group possibly forms interactions with His278
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Table 2 ECsq values and efficacies of selected A, agonists
determined in cAMP accumulation assays at the wt hA;, AR, the wt
hA,pAR, and the A,4 cysteine mutant receptors. Data are normalized

to 100 uM forskolin, set as 100 %, and represent mean+ SEM of the
three independent experiments, unless otherwise noted

Compounds hA,, Wt hA,5 wt hA,, C146S hAs, C166S  hAy, C159S  hA,, C146S — C159S
Adenosine  ECso+SEM (nM)  170£29 11,900£670™"  n.d. 511032 3670+719"  43,100+8090*
Efficacy + SEM (%) 44+3 40+ 6" 4+1" 334£2" 38+£2™ 85+8""
NECA ECso+SEM (nM)  10.5+0.8  109+37" 1.43+0.43™ 314+£74%™  127+024™  870+107"
Efficacy +SEM (%) 55+3 51+£4™ 20+1" 58£3™ 55+£2m 94+4"
CGS21680  ECso+SEM (nM)  16.6+0.1  31,100+£7130™"  0.653+0.055" " 259+1.1%""  3.05+0.15"" 7.16+1.59"
Efficacy = SEM (%) 522 33£7™ 18+1" 62+2" 56+2" 7142
PSB-15826 ECso+SEM (nM)  62.0+14.8 n.d. n.d. 750+£16.6™  241+£079"  83.5+4.1™
Efficacy + SEM (%) 79+4 No increase No increase 56+3" 53+3" 101+4"

‘n=4
*p<0.05

" p<0.01
™ p<0.001

(Supplementary Fig 1c). The N-ethylcarboxamido group of
NECA and CGS21680 was replaced with a
hydroxymethylene group in PSB-15826 which forms interac-
tions with Thr88 (Supplementary Fig 1c and 2d). In compar-
ison, the N-ethylcarboxamido group binds to Thr88 and
His250 (Supplementary Fig 1b). The 2-(4-(4-
fluorophenyl)piperazin-1-yl)ethylthio group of PSB-15826
might form hydrophobic interactions with the residues Ile66
and Leul67 similar to the (2-carboxyethyl)phenylethylamino
group of CGS21680. On the other hand, the negatively
charged carboxy function of CGS21680 and the fluorophenyl
group of PSB-15826, which acquires a partial negative
charge, might be similarly hydrated in the extracellular space
(Supplementary Fig 2 c—d). This network stabilizes the
receptor-ligand complex beyond the interactions with the core
adenosine structure located in the orthosteric binding site of
the receptor.

Models of cysteine mutant adenosine A, receptors

A model of each of the cysteine mutant A, receptors was
generated using the crystallographic structure of the human
A>AAR bound to CGS21680 (4UHR.pdb) as a reference.
Disulfide bond I (Cys71*%°-Cys159%3*%) is formed in the
middle of ECL2, and its disruption would increase the flexi-
bility of the entire loop, in particular of two amino acids close
to Cys159, GIn157, and GIn163, which might then form in-
teractions with distant residues (Fig. 7a). When disulfide bond
11 (Cys74°*2-Cys146*>2%) is disrupted (Fig. 7b) by the C146S
mutation, Ser146 is found in close proximity to polar residues
such as His75 and Asn144, with which it might form interac-
tions. In the wt A,AAR, the Cysl6645 9 residue is found in
proximity to two residues involved in ligand binding, Phe168

< not determined; ™ not significantly different from wt hA;, AR (determined using the two-tailed ¢ test)

and Glul69. The C166S mutation causing the disruption
of disulfide bond III (Cys77°?°-Cys166*-°%) may cause
a rearrangement of those amino acids (Fig. 7c). Finally,
the double mutant A,,AR, in which disulfide bonds I
and II are disrupted, is characterized by a high flexibil-
ity of ECL1 and 2 (Fig. 7d) influencing the orthosteric
binding pocket as well. Several charged amino acids
close to the mutated Cys146*>%and Cys159%°*3, espe-
cially Lys150 and Lys153, become more flexible and
free to form new interactions.

Discussion

The similarity in the orthosteric binding pockets of the four
AR subtypes impedes the discovery of receptor subtype-
selective drugs [44]. Structural investigation of adenosine re-
ceptors (ARs) is therefore critical for rational drug discovery.

A landmark in the analysis of the structure of ARs was the
first X-ray structure of the A, 4AR published in 2008 bound to
the antagonist ZM241385 [25]. Subsequently, several other
Aja co-crystal structures were solved with a wide range of
ligands, including NECA, adenosine [31], XAC, caffeine
[45], UK-432097 [46], and CGS21680 [32]. The A;oAR
was captured in different conformational states, inactive states
[25, 30, 45, 47], intermediate states [31], and fully activated
conformations [32, 46]. Due to their high flexibility and con-
formational diversity, the extracellular loops (ECLs) of the
A,;AAR have been resolved only in a few of the available
crystal structures but the presence of disulfide bonds between
ECLs has been consistently demonstrated in each of these X-
ray structures [30—-32]. Three disulfide bonds constrain ECL1
and ECL2, Cys71%%°-Cys159** (I), Cys74>**-Cys146*-°
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Fig. 5 Competition binding studies at the wild type (wt) human A;,AR
and the A4 cysteine mutants versus [3H]CGSZI680 (5 nM; a, c, e) or
[PHINECA (3 nM; b, d, f). The agonists NECA (a, b), CGS21680 (c, d),
and PSB-15826 (e, f) were tested. The affinity of the agonists at the hA;
C146S mutant receptor could only be defined with [PH]NECA as

(1), and Cys77°°-Cys166*> (III), see Fig. 2. The latter is
conserved among most of the rhodopsin-like class A GPCRs
[28]. A fourth intra-loop disulfide bond is present in the ECL3
(Cys259%1-Cys262%%%).

The two closely related A, 5 and A,gAR subtypes are char-
acterized by a high sequence identity (58 %). Nevertheless,
the endogenous ligand adenosine (1) and most of its
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radioligand due to the low mutant expression level and the higher
affinity of [’H]NECA as compared to [PH]CGS21680. The disrupted
disulfide bond number is indicated in brackets. Data points represent
means + SEM of at least three independent experiments performed in
duplicates. K; values are listed in Table 3

derivatives display much higher affinity for the A;oAR as
compared to the A,gAR (70-fold difference in ECsq values
in our experiments: 170 vs. 11900 nM, see Table 2).
Contradictory data were also found regarding the essential
cysteine residues and extracellular disulfide bonds present in
the two AR subtypes. While crystal structures and a recent
molecular modeling study indicated that the four extracellular
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Table 3  Affinities of selected ligands for the wt human A;,AR
compared to the cysteine mutant receptors determined in radioligand
binding studies versus [PH]CGS21680 (5 nM) or [P’HINECA (3 nM). K;

values were calculated based on the K, values obtained in homologous
competition experiments (see Table 1). Data are mean + SEM of the three
independent experiments, otherwise noted

K;+SEM (nM)
[PH]CGS21680 NECA Fold shift! CGS21680 Fold shift® PSB-15826 Fold shift¢
hAs wt 81.2+11.4% 130+1° 118+1
hA,A C166S 99.4+152"™ 12 1144451 0.9 196+ 17" 1.7
hA,A C159S Low® 4.92+0.68" 0.1 50.1+0.7> " 0.4 29.2+3.6% " 0.3
High 467+ 119" 5.8
One-site 20.2+0.8 0.3
hA,x C146S — C159S 2490 +3% " 31 128+ 10% ™ 1.0 278 +8% " 24
[PHINECA
hA,, wt 7.06+127 17.8+3.5 435+53
hA,, C146S 39.1+13™ 55 19.5+3.4" 1.1 33.9+2.2" 0.8
‘n=4
bp=5

¢ Low and high refer to the two K; values of the biphasic curve of the C159S mutant, while one-site refer to the single K; value calculated with one-site

competition fit
9 The shift represents the ratio K; (mutant):K; (wt)

" not significantly different from wt hA;, AR (determined using the two-tailed ¢ test)

*p<0.05

»<0.001

disulfide bonds are formed in A;AAR [25, 30-33], no crystal
structure of the A,gAR has been determined so far.
Mutagenesis studies of extracellular cysteine residues of the
A,5AR subtype [11] demonstrated that for the A, subtype,
only the two “GPCR-conserved” cysteine residues
(Cys78>%3-Cys171%% located at the extracellular end of

transmembrane domain 3 (TMD3) and in the ECL2 form a
disulfide bond that is essential for ligand binding and receptor
activation [11].

Several hypotheses might explain those discrepancies,
e.g., the disulfide bonds observed in the A,,AR crystal
structures might be artifacts due to artificial conditions

Fig. 6 Binding modes of
adenosine in the A,pAR.

All three disulfide bonds are required for
high potency of adenosine

Disruption of disulfide bonds | and Il

Crystallographic binding poses of
the endogenous agonist adenosine
(represented in stick, carbon
atoms in yellow) in the binding
pocket of the A, AAR (represented
as gray ribbon) are shown. The
side chains of important residues
in the binding pocket are shown
as sticks with carbon atoms in
cyan. The cysteine residues
involved in disulfide bonds are
shown as sticks, and the carbon
atoms are color-coded (Cys71%%°-
Cys159%%* orange, Cys74>*%-
Cys146*73° blue, and Cys77>%-
Cys166**°° green). The disulfide

Not required for
binding and activation
by NECA, CGS21680
and PSB-15826

- higher flexibility
-> increased efficacy of adenosine and NECA

important for
receptor folding and
activation

bond number is indicated. The
main results are summarized in
figure

conserved in most class A GPCRs.
In A,,AR, required only
for high affinity of adenosine
but not for NECA or 2-substituted
adenosine derivatives
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Fig. 7 3D homology models of A;4AR wt and mutant receptors. The
models of the four mutant and the wild type A, receptors are shown with
the ligand CGS21680 (stick representation with carbons in yellow). The
sidechains of important residues in the orthosteric binding pocket are
shown as sticks with carbons in cyan. The cysteine residues involved in
disulfide bonds are shown as sticks, and the carbon atoms are color-coded
as before (Cys71>%-Cys159*** orange, Cys74>?-Cys146*°° blye,
and Cys77°°-Cys166*>°° green). The mutated serine residues are

TMD6

during the crystallization process. Another explanation
could be that the cysteine residues found to be not
essential for the function of the A,gAR might possess
a different role, other than the formation of intramolec-
ular disulfide bonds. In order to find out whether the
predicted disulfide bonds in the A;,AR are actually
required for ligand binding and receptor function, a fo-
cused investigation was required.

The importance of A,,AR disulfide bonds for
[PH]CGS21680 binding had previously been shown by
pre-incubation with reducing agents, such as tris-(2-
carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT)
[48, 49]. A recent mutagenesis approach suggested that
the “GPCR-conserved” disulfide bond in the A;,AR
(Cys77*?-Cys166*°°°) was neither essential for its
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shown in the respective color code as well. Amino acids which play an
important role in the mutated receptors are highlighted as sticks with
carbons in magenta, and predicted interactions are encircled with dotted
lines. a Disruption of disulfide bond I (Cys71*%-Cys159*3 - > Ser159).
b Disruption of disulfide bond II (Cys74>?*-Cys146*>° ->Ser146). ¢
Disruption of disulfide bond III (Cys77>*-Cys166*>% ->Ser166). d
Disruption of disulfide bonds I and II (Serl159, Ser146). e Wild type
AsAAR model based on the CGS21680-bound crystal structure

expression in the plasma membrane nor for high-
affinity binding of [PH]CGS21680 [35] indicating that
this disulfide bond observed in the A;5AR crystal struc-
ture might be an artifact. However, the published muta-
genesis study [35] focused on radioligand binding ex-
periments utilizing only a single adenosine derivative,
CGS21680, while functional data were not measured.
Our investigation included both, binding and functional
analysis of several A;oAR cysteine mutants, character-
izing them with structurally diverse agonists. In addi-
tion, 3D homology models of the cysteine mutant recep-
tors were generated. It should be emphasized that the
models of the mutant receptors are speculative; never-
theless, they are useful and supported by our experi-
mental data.
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Extracellular disulfide bonds are important for high
agonist potencies

Initially, we confirmed the relevance of disulfide bonds for the
function of the A;4AR: DTT pre-incubation, which leads to a
disruption of accessible disulfide bonds by reducing them to
thiols, led to a marked reduction in potency for agonists. The
receptors could still be fully activated, but the curves were
shifted to the right (Fig. 3). The effect was much more pro-
nounced for the small nucleoside NECA (100-fold decrease in
potency) than that for CGS21680 (5-fold decrease), which
contains a large substituent in the 2-position that extends to
the extracellular space. Thus, CGS21680 can rescue a large
part of the potency lost by disulfide bond disruption
probably by keeping the ECLs in a favorable conforma-
tion. DTT treatment will cause the disruption of all
accessible disulfide bonds present in the A,,AR; there-
fore, a precise understanding of the importance of single
disulfide bonds for the stability and function of the re-
ceptor has not been feasible by that method.

Role of single extracellular disulfide bonds the in A,,AR

In order to get a detailed view on the role of extracellular
disulfide bonds of the A;oAR, we generated mutant A, re-
ceptors in which cysteine residues were exchanged with serine
(C146S, C159S, C1668S, and a double mutant C146S-C159S)
focusing on ligand binding and receptor function with various
ligands (Fig. 1). We tested A;4AR agonists with different
substituents evaluating their effects on the mutant receptors,
including the endogenous ligand adenosine (1); its ribose-
modified derivative NECA (2); the A,-selective CGS21680
(3); aNECA derivative with a long, acidic substituent in the 2-
position of the adenine core structure; and PSB-15826 (4), an
adenosine derivative with a bulky 2-substituent that is also
selective for the A,oAR. After the CHO cell lines stably ex-
pressing the mutant receptors had been established, two ap-
proaches were used to determine AR expression levels: (i) by
ELISA, we characterized the amount of ARs transported to
the cell surface, and (ii) by radioligand binding on cell mem-
branes, we determined A;4AR expression in the membrane
preparations (Bn.x value), see Table 1. All mutant re-
ceptors were expressed in the cell membrane with mod-
erate differences in expression levels between 23-227 %
of that of the wt A,oAR (=100 %). Differences in Bj,ax
values determined in radioligand binding studies were
smaller and dependent on the employed radioligand.
By this method, using membrane preparations rather
than whole cells, receptors expressed on intracellular
cell organelles will be captured in addition to those in
the outer cell membrane. All in all expression could be
confirmed although the data obtained with various
methods showed some differences.

The three extracellular disulfide bonds are critical
for A, AR activation by adenosine

Each of the investigated cysteine mutations led to dramatic
reductions in the potency of adenosine (Table 2;
Supplementary Table 2). Disruption of disulfide bond I
(C159S mutant) and III (C166S mutant) resulted in receptors
at which adenosine had very low potency but was still able to
fully activate the receptor. Thus, both mutant receptors be-
haved similarly as the wt A,gAR, which is a “low-affinity”
AR subtype, towards adenosine, see Fig. 4 [50]. Disruption of
disulfide bond II in the C146S mutant yielded a receptor that
could hardly be activated anymore by adenosine, while the
disruption of both disulfide bonds I and II was activatable
by adenosine, but with very low potency. Thus, all the three
disulfide bonds appeared to be critical for the response of the
AsAAR induced by the endogenous agonist adenosine
(Table 2; Supplementary Table 2). Surprisingly, this was not
the case for other agonists, even those with close structural
similarity such as NECA (see below). All observed effects
were strongly dependent on the agonist’s structure under study
(Supplementary Table 2). Thus, it appears to be essential to
always investigate effects using the relevant ligand, and not a
surrogate compound.

Disruption of disulfide bond I

The C159S mutant receptor, in which the first, most extracel-
lular disulfide bond is disrupted, could be fully activated by all
the four investigated agonists, see Fig. 4. While adenosine
showed significantly reduced potency, the affinities and po-
tencies of the other agonists, NECA, CGS21680, and PSB-
15826, were increased (Tables 2 and 3; Supplementary
Table 1). This effect might partly be due to the 2-fold higher
expression level of this mutant in comparison to the wt
A,AAR as determined by ELISA (Table 1). The disulfide
bond I (Cys71*%°-Cys159*>%%) restricts the movement of the
receptor, and the amino acid residues GIn157 or GIn163,
which are close to Cys159, form an interaction network in
proximity to the natural ligand adenosine (Figs. 6 and 7a).
This could explain the significant loss in potency for adeno-
sine when Cys159%>* was mutated (Table 2) and the interac-
tion network was disrupted. In the C159S mutant receptor, the
orthosteric ligand binding pocket will become wider than in
the wild type receptor (Fig. 7a), which could then lead to a
reduced affinity for adenosine.

Besides the orthosteric binding site, a so-called meta-bind-
ing site has been postulated by Moro et al. [51], which is
thought to be responsible for initial ligand-receptor contacts
and may serve as a pre-filter. Moro et al. investigated the
A;AAR using a molecular dynamics simulation approach,
termed “supervised molecular dynamics” (SuMD). Using var-
ious adenosine receptor ligands, they detected for adenosine
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and NECA a meta-binding site in the loop region, to which the
affinity of the ligands appeared to be almost as strong as for
the orthosteric binding site. In our receptor, mutant adenosine
might stay longer in the meta-binding site as compared to the
orthosteric binding site due to stronger interactions (Fig. 7a).
The presence of a high-affinity meta-binding site might also
be an explanation for the biphasic binding curve observed for
NECA (Fig. 5a). Another explanation could be the presence of
mono- and di- or multimeric receptor species with different
affinities for NECA.

Contrarily, the agonists NECA (containing a carboxamido-
modified ribose), and the much larger 2-substituted nucleo-
sides CGS21680 (NECA derivative) and PSB-15826 (adeno-
sine derivative) can probably form more interactions than
adenosine itself with the mutated receptor resulting in higher
affinity for the orthosteric binding site (Table 3; Figs. 5 and
7a). Residues in the loop region such as Lys150 or Lys153 are
predicted to form interactions with the large agonists
CGS21680 and PSB-15826 thereby increasing affinity and
potency of the ligands at the more flexible mutant re-
ceptor (Fig. 7a).

Disruption of disulfide bond IT

The mutation of Cys146*>* leading to the disruption of di-
sulfide bond II in the A,,AR led to an about 4-fold reduced
cell surface expression of the receptor as determined by
ELISA (Table 1). Similar results had been reported by
Naranjo et al. for the corresponding C146A mutant, in which
cysteine 146 was replaced by alanine instead of serine [35].
These data suggest that the disulfide bond Cys74>%-
Cys146*-° connecting TMD3 and ECL2 is important for
correct folding of the receptor, and its disruption might cause
receptor aggregation and retention in the endoplasmatic retic-
ulum, as it was previously proposed for other cysteine mutant
GPCRs [20, 52]. The C146S mutant receptors that were
transported to the plasma membrane may have adopted a dif-
ferent, stabilized conformation due to new interactions which
are formed with the exchanged serine residue. The side chain
of serine is sterically and electronically similar to cysteine and
could form a hydrogen bond with the nearby residue Asn144
or with His75 (Fig. 7b).

Both, adenosine and its 2-substituted derivative PSB-
15826, were virtually unable to activate the mutant receptor
(Fig. 4; Table 2), while the other investigated agonists (NECA
and the NECA derivative CGS21680) showed significantly
reduced efficacies as compared to the wt A,,AR (Fig. 4;
Table 2). However, affinities and potencies of NECA and
CGS21680 did not seem to be much affected
(Supplementary Table 1 and 2). Interestingly, the adenosine
derivative PSB-15826 displayed unaltered, high binding af-
finity for the mutant A,,AR, despite its inability to activate
the receptor (Tables 2 and 3).
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The mutation of Cys146*°>° may lead to the stabili-
zation of an inactive conformational state of the
A>AAR, which abolishes (in case of adenosine deriva-
tives) or hampers (in case of NECA derivatives) recep-
tor activation (Fig. 7b). The N-ethylcarboxamido group
of NECA and CGS21680 may act as an anchor that
facilitates the induction of a conformational change of
the receptor eventually leading to G protein activation.
In the related A,gAR subtype, disulfide bond II is not
present due to the lacking of corresponding cysteine
residues (Supplementary Table 1).

Disruption of the “GPCR-conserved” disulfide bond III

C166S mutation led to the disruption of disulfide bond III
(Cys77*%-Cys166*% in the A>4AR, which is typically
conserved in most rhodopsin-like GPCRs. The loss of this
disulfide bond led to a strong reduction in potency for adeno-
sine (30-fold), but not for the other investigated agonists
(Table 2 and Supplementary Table 2). All of them showed
similarly high potency and affinity at the mutant as compared
to the wt receptor (Tables 2 and 3; Supplementary Table 2).
Efficacy of all agonists including adenosine was also quite
similar or only slightly lower (in case of PSB-15826) as for
the wt A,AAR (Fig. 4; Table 2).

As shown in Fig. 7c, the location of two of the residues
important for the interaction with the adenine core of
nucleosidic agonists, Phe168 and Glul169, might be affected
by the loss of the disulfide bond when Cys166*? is mutated,
since it is very close to the disulfide bond. Thus, the conserved
disulfide bond Cys77°*>-Cys166*-° (III) appears to be es-
sential for high affinity of the endogenous ligand adenosine.

The adenosine derivatives NECA, CGS21680, and PSB-
15826 are characterized by modifications and substitutions of
the ribose moiety, or the adenine core, respectively,
which interact with the A,oAR receptor, and appear to
be thereby able to compensate for the effect of the
“GPCR-conserved” disulfide bond disruption
(Supplementary Table 2). Comparison of adenosine
(30-fold loss in potency) and NECA (minor loss) con-
firms that the N-ethylcarboxamido group largely contrib-
utes to the stabilization of the ligand-receptor complex
(Table 2 and Supplementary Table 2). This finding is
supported by the results obtained for the NECA deriva-
tive CGS21680 which is equally potent at the mutant
and the wt A,,AR (Fig. 4; Table 2). Despite the fact
that PSB-15826 has no NECA modification on the ri-
bose ring, its potency at the mutant receptor is compa-
rable to that at the wt A,,AR (Table 2) because the
long 2-substituent which extends to the extracellular
space stabilizes the receptor and compensates for the
disrupted disulfide bond by forming other interaction
networks (Fig. 7c).
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Concurrent disruption of disulfide bonds I and II

In the double mutant receptor C146S-C159S, the two “non-
GPCR-conserved” disulfide bonds I and II (Cys71%°°-
Cys159°2% and Cys74°**-Cys146*°7), close to the extracel-
lular surface, were disrupted.

Functional studies showed that the potency and efficacy at
this mutant receptor are affected by the length of the substitu-
tion in position 2 at the adenine moiety of the ligand (Tables 2
and 3; Supplementary Table 1). Small ligands such as adeno-
sine and NECA showed a considerable loss in potency and
affinity in the double mutant receptor (253-fold decreased
potency for adenosine, 87-fold loss in potency/31-fold de-
crease in affinity for NECA) as compared to the wt A;,AR,
see Tables 2 and 3. On the other hand, 2-substituted adenosine
derivatives like CGS21680 and PSB-15826 only showed mi-
nor changes in potency and affinity in comparison to the wt
A;AAR (Table 3).

The disruption of the two most extracellular disulfide
bonds in the double mutant receptor probably results in high
flexibility of ECL1 and ECL2 (Fig. 7d). The double disruption
could also influence TMD2 and TMD?3 of the receptor and
furthermore, affect the conformation of amino acid residues
located in the orthosteric binding pocket. The high flexibility
of the loops will therefore affect the interaction of the A,,AR
with the agonists in the binding site, as observed for the small
ligands adenosine and NECA (Supplementary Table 1 and 2).
However, in case of the agonists that feature an extended 2-
substituent, the flexible ECL2 of the double mutant receptor
may be stabilized by that large substituent of CGS21680 and
PSB-15826, resulting in similar potency and efficacy as at the
wt A;AAR (Supplementary Table 2). Probably, as already ex-
plained for the C159S mutant, the charged amino acid resi-
dues Lys150 or Lys153 are likely to form interactions with
CGS21680 and PSB-15826 and contribute to the fact that
these agonists show similar potency and affinity at the double
mutant as at the wt A,oAR (Fig. 7d).

The smaller agonists adenosine and NECA displayed
higher efficacy at the double mutant receptor as com-
pared to the wt A,oAR (85 and 94 % vs. 44 and 55 %
for the wt A;AAR, respectively; see Table 2). Those
small ligands are not expected to stabilize the flexible
ECL2 of the double mutant receptor. Due to the lacking
of the two disulfide bonds, the mutant receptor will be
more flexible, and the equilibrium between receptor
conformations may be more easily shifted towards an
active conformation.

Conclusions

Functional studies indicated that all the three disulfide bonds
between ECL1 and 2 of the A;4,AR are essential for high

potency of the receptor for the endogenous agonist adenosine
(Fig. 4 and Table 2). At present, it cannot be excluded that the
formation of the extracellular disulfide bonds of the cysteine-
rich A;4AR is dynamic as suggested for other GPCRs includ-
ing the closely related A,gAR [11] and the P2Y, receptor
[17, 50]. The dynamic and emergent disruption of extracellu-
lar disulfide bonds may add another level of GPCR modula-
tion in general, and of the regulation of A, and A,gAR func-
tion in particular.
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