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ABSTRACT: Photoaffinity labeling (PAL) is widely used for the
identification of ligand-binding proteins and elucidation of ligand-binding
sites. PAL has also been employed for the characterization of G protein-
coupled receptors (GPCRs); however, a limited number of reports has
successfully identified their cross-linked amino acids. This report is the first
of its kind to determine the cross-link position of the human A2A adenosine
receptor by PAL with the novel diazirine-based photoaffinity probe 9.
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The G protein-coupled receptor (GPCR) superfamily
comprises the largest groups of membrane-bound

receptors. It has been estimated that GPCRs make up more
than 30% of marketed drug targets.1 GPCRs share a common
seven-transmembrane (TM) topology and are involved in
cellular responses to a variety of extracellular signals, ranging
from light, ions, odor, taste, neurotransmitters, lipids, peptides,
and hormones.2 GPCRs are classified into five main classes:
rhodopsin (class A), secretin (class B), glutamate (class C),
adhesion, and frizzled (class F) receptors,3 in which class A
contains the largest number of receptors (approximately 200
nonsensory receptors with known ligands).4 The human
adenosine receptors are a member of the class A GPCRs and
four different subtypes (A1, A2A, A2B, and A3) exist,5 among
which A2A adenosine receptor (A2AAR) antagonism has been
suggested to modulate CNS stimulatory effects by high
expression in the striatum. Various A2AAR antagonists have
been developed for the treatment of Parkinson’s disease and
other neurodegenerative conditions.6 Additional promising
applications are currently being explored, including those for
Alzheimer’s disease, attention deficit hyperactivity disease, and
more recently cancer immunotherapy.7,8 Thus, ARs in
particular constitute attractive targets in recent drug discovery.9

The first X-ray structure of A2AAR with the high-affinity
antagonist ZM241385 (1) was published by Jaakola et al.10 in
2008 to reveal the inactive states of the receptor. Since then,
over 10 crystal structures of A2AAR not only with antagonists
such as XAC (2) and caffeine (3), but also with agonists
including adenosine (4) and NECA (5) have been published by
different groups (Chart 1a).11 Owing to recent technological
improvements in membrane protein crystallography, nearly 30
distinct structures of GPCRs have been characterized to date
from each of the major classes A, B, C, and F, which have
significantly contributed to the understanding of drug action
and novel compound design in drug discovery.12−14 Despite the

number of GPCR structures growing quite rapidly, it still
represents a small proportion of the known GPCRs (more than
800 including taste and olfactory receptors).3 An alternative
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Chart 1. (a) Examples of A2AAR Ligands and (b)
Photoaffinity Probe Design
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approach to structural characterization is photoaffinity labeling
(PAL), which forms an irreversible covalent bond between
photoreactive ligands and neighboring amino acids under the
irradiation of light. PAL has proven to be a powerful tool for
the identification of target proteins and the investigation of
protein−protein interactions and ligand-binding sites.15,16 PAL
has also been applied in the characterization of membrane-
bound proteins, including GPCRs.17 Numerous reports have
successfully utilized PAL with radiolabeled photoaffinity
analogues to confirm the localization of GPCRs by auto-
radiography, and identify the cross-link sites by Edman
degradation in some case. In the earlier work on PAL, Piersen
et al.18 performed PAL of the canine A2AAR overexpressed in
COS M6 cells with 125I-azido-PAPA-APEC and tracked the
cross-link transmembrane span, but did not reveal individual
amino acids. More recently, Moss et al.19 reported the site-
specific chemical modification of the human A2AAR with
chemically reactive agonists to covalently modify the receptor,
although they did not perform PAL.
The combined approach of PAL and mass spectrometry is

increasingly becoming popular for analyzing photolabeled
proteins and identification of cross-link amino acids.20

However, these applications have been mostly for soluble
proteins and the studies identifying cross-linked amino acids on
GPCRs by mass spectrometry are scarce. This is possibly due to
the low expression level of receptors, the difficulty in devising
active membrane protein preparations, and the requirement of
further analysis steps, such as protease digestion, following MS/
MS sequencing of relatively hydrophobic peptides. Indeed,
Rosa et al.21 reported in 2015 that only six GPCRs had their
primary protein sequences completely determined (i.e., over
80% sequence coverage) using proteomic analyses.
For the structural study, a high level of recombinant GPCR

production was achieved in a range of expression systems that
included bacteria, yeast, insect, and mammalian cells.22 Fraser23

described the expression and functional purification of a
glycosylation-deficient version of hA2AAR in Pichia pastoris
having native-like pharmacological properties and demonstra-
ted that the receptor retained its function during the
solubilization and purification process. Thus, provided that
they maintain native-like characteristics, treatment of receptors
in a solution state facilitates the monitoring of the photo-cross-
link reaction as well as the identification of the cross-link sites
by mass spectrometry. This has prompted us to conduct PAL
using solubilized hA2AAR as a model GPCR for the
identification of cross-link amino acids. If successful, this
strategy may be applicable for elucidating the ligand−receptor
interaction of other GPCRs even if they are allosteric. In this
letter, we present the findings of a PAL study on hA2AAR using
a novel diazirine-based photoaffinity probe and cross-link
position analysis by mass spectrometry.
Various types of photoreactive groups that show high

reactivity under UV light irradiation have been reported,
including arylazides, benzophenones, and diazirines. Among
them, diazirines are the smallest photophor that generate a
reactive carbene upon irradiation with light.24 Diazirines are
also the preferred photophor for minimizing structural changes
from parent molecules. In our initial hA2AAR labeling trials, we
adopted the trifluoromethylphenyl diazirine (TPD) group as a
photophor and the pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]-
pyrimidine (PTP) nucleus as a template.25 7FB-PTP (6) and
8FB-PTP (7) are one of the first reported compounds having a
PTP nucleus (Chart 1b). 8FB-PTP (7) is known as a highly

potent antagonist (Ki rA2AAR = 1.2 nM), whereas 7FB-PTP (6)
showed a decreased affinity (Ki rA2AAR = 12 nM). We designed
two novel photoaffinity probes, 8 and 9, by substituting the
fluorine atom on the phenyl ring at the para position of 7FB-
PTP (6) and 8FB-PTP (7) for a TPD group (Chart 1b). The
synthetic route is depicted in Scheme 1. The reaction of

commercially available benzyl bromide 10 with 5-amino-2-(2-
furyl)pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine (11)26 in
the presence of anhydrous potassium carbonate produced a
mixture of N7 isomers, 8, and N8 isomers, 9, that were separable
by column chromatography.
The hA2AAR was expressed in a Pichia pastoris system with a

10× His-tag at the C-terminal end. The sedimented membrane
fractions were solubilized by overnight incubation at 4 °C in the
buffer containing 16 mM Tris-HCl, pH 7.4, 120 mM NaCl,
2.0% n-dodecyl-β-D-maltoside (DDM), and 0.4% cholesteryl
hemisuccinate (CHS). The receptor was purified by a cobalt-
based affinity resin (TALON resin, Clontech, Palo Alto, CA,
USA) and subsequently adopted in LC−MS analyses and PAL
studies.
The affinity of compounds 8 and 9 for the solubilized

hA2AAR was determined by fluorescence polarization (FP).
Saturation binding experiments were performed using the
fluorescent tracer MRS5346 (12) reported by Kecskeś et al.27,28

with some modification (Figure 1a). FP signals were measured
with an Infinite M1000 plate reader (TECAN, Morrisville, NC,
USA) at an excitation wavelength of 470 nm and emission
wavelength of 520 nm. Millipolarization (mP) values using four
different concentrations of tracer 12 (8, 4, 2, and 1 nM) in the
assay buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05%
DDM, 0.01% CHS) were recorded. Data analysis was
performed to determine the receptor concentrations at which
50% of the tracer 12 was bound (Figure 1b).29 Binding
specificity was confirmed in the presence of 10 μM of the
antagonist SCH442416 (13).30 Apparent Kd values were
determined by nonlinear curve fitting using PRISM (version
4.03, GraphPad Software, La Jolla, CA, USA). Based on these,
we estimated that less than 2 nM (Kd = 30.8 ± 0.5 nM) of the
tracer 12 approached the true Kd value for the solubilized
receptor, which was similar to findings reported using
membrane preparations from HEK293 cells (Kd = 16.5 ± 4.7
nM).27 Taking the S/B ratio into account, 2 nM of the tracer
12 and 25 nM of hA2AAR were used in ensuing competitive
binding assays. FP competitive binding experiments were
performed under the optimized conditions to determine the
affinity of compounds 8 and 9 together with several adenosine

Scheme 1. Photoaffinity Probe Synthesisa

aReagents and conditions: (a) K2CO3, DMF, r.t.; 39.6% for compound
8, 19.4% for compound 9.
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ligands, including both antagonists 1, 2, and an agonist 5. The
concentration of compounds required to displace 50% of the
tracer 12 was elucidated (IC50). As illustrated in Figure 1c, the
rank order of potency was as follows: ZM241385 (1) >
compound 9 ⩾ XAC (2) > NECA (5) > compound 8. The Ki
values were calculated using the Cheng−Prusoff equation, and
the known ligands showed similar Ki values to those of the
binding experiments with [3H]-ZM241385 using membrane
preparations of hA2AAR expressed in Pichia pastoris reported by
Fraser (see Supporting Information 1). The N8 isomers 9 had a
high affinity (Ki = 39.7 ± 0.03 nM) comparable to that of XAC
(2) (Ki = 50.1 ± 0.03 nM). The N7 isomers 8, meanwhile,
showed a more than 30-fold lower affinity (Ki = 1520 ± 0.06
nM) relative to N8 isomers 9. The observed SAR was the same
as that of the parent molecules; that is, 8FB-PTP (7) was a
more potent antagonist than 7FB-PTP (6). As a result of the

FP competitive binding experiments, we selected compound 9
for further photolabeling experiments.

Prior to photolabeling experiments, three reaction mixtures
were prepared at 10 μM hA2AAR in the same buffer as for FP
experiments: a DMSO control, a 2-fold molar excess of
compound 9 relative to hA2AAR, and the same mixture
containing a 5-fold molar excess of ZM241385 (1) relative to
compound 9 as a competitor. After incubation at room
temperature for 30 min, the mixtures were kept on ice and
irradiated with a model B-100A UV light (UVP, Upland, CA,
USA) for 30 min from a distance of 5 cm.
The progress of the photo-cross-link reaction was monitored

by mass spectrometry using a 6520 Accurate-Mass Q-TOF
instrument with a 1200 series HPLC (Agilent Technologies,
Santa Clara, CA, USA). Chromatographic separation was
carried out in a polystyrene divinylbenzene column (PLRP/S,
Agilent Technologies)31 with a two-step short-gradient elution.
The mobile phase in the first gradient step consisted of 0.1%
formic acid water solution and 0.1% formic acid acetonitrile. In
the second gradient step, the organic phase was changed to
0.1% formic acid isopropyl alcohol. Excess compound 9 and its
phototransformation products together with the detergents and
a small proportion of hA2AAR were washed out in the first

Figure 1. (a) Chemical structures of the fluorescent tracer MRS5346
(12) and the antagonist SCH442416 (13). (b) FP saturation binding
experiments on solubilized hA2AAR with the tracer 12 at different
concentrations: red squares, 8 nM; brown triangles, 4 nM; green
inverted triangles 2 nM; blue diamonds, 1 nM; black circles, 2 nM in
the presence of 10 μM of SCH442416 (13). (c) Normalized FP
competitive binding experiments with 2 nM of the tracer 12 and 25
nM of hA2AAR: red squares, ZM241385 (1); blue diamonds, XAC (2);
black circles, NECA (5); brown triangles, compound 8; green inverted
triangles, compound 9. Data in parts b and c are shown as means ±
SEM; N = 3.

Figure 2. Deconvoluted mass spectrum of the hA2AAR. (a) Purified
hA2AAR. The 37 640 Da cluster represents the mass of the hA2AAR.
(b) DMSO control after UV irradiation. (c) The photolabeled hA2AAR
with compound 9. The 38 051 Da cluster corresponds to compound 9
singly cross-linked to the hA2AAR with a loss of N2. (d) Competition
experiment in the presence of a 5-fold molar excess of ZM241385 (1)
relative to compound 9.
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gradient step, while the relatively hydrophobic hA2AAR retained
in the column was eluted in the second gradient step. The
multiply charged ions produced by ESI were deconvoluted to
zero-charge molecular mass values using MassHunter Work-
station Software Qualitative Analysis with BioConfirm Software
(version B.06.00, Agilent Technologies) by means of the
Maximum Entropy deconvolution algorithm. The deconvoluted
mass spectrum findings for each mixture are shown in Figure 2.
As shown in Figure 2a, the peak cluster was observed at 37

640 Da, which was in close agreement with the calculated mass
of a 10× His-tagged hA2AAR containing four disulfide bonds
(calcd for 37 639 Da), indicating there was no detectable
postmodification during protein expression. In the DMSO
control, no obvious peak shift was observed after UV
irradiation, which suggested that receptor oxidation was almost
completely suppressed during UV irradiation and highlighted
one of the advantages of the diazirine photophore (Figure 2b).
In the presence of compound 9, a new cluster of peaks was
clearly observed at 38 051 Da after UV irradiation (Figure 2c).
The mass difference of 411 Da between the two major peaks
represented the cross-link of a single compound 9 molecule
minus N2 with a negligible difference (calcd for 412 Da).
Moreover, the absence of double-labeling peak clusters
indicated that specific binding of compound 9 had occurred.
In the presence of a 5-fold molar excess of ZM241385 (1), no
peaks were detected around 38 051 Da, implying that
compound 9 bound to the same site as did ZM241385 (1)
(Figure 2d).
Since the cross-link of compound 9 could be ascertained at

the protein level, the mixture was ensuingly subjected to
protease digestion for identification of precise cross-link
positions. The photoreacted mixture was precipitated with
trichloroacetic acid, and the protein fraction was dissolved in
digestion buffer containing a nonionic surfactant, 0.05% 5-
cyclohexyl-1-pentyl-β-D-maltoside (CYMAL-5, Anatrace, Mau-
mee, OH, USA)32 as well as an ionic surfactant 0.1% RapiGest
(Waters, Milford, MA, USA). Disulfides were reduced by tris(2-

carboxyethyl)phosphine and alkylated with iodoacetamide.
Overnight proteolysis was performed with sequencing-grade
chymotrypsin or trypsin (Promega, Madison, WI, USA). The
reaction was terminated by the addition of trifluoroacetic acid
(pH < 2) followed by incubation to decompose the ionic
surfactant. After centrifugation, the supernatant was subjected
to LC−MS/MS analysis, wherein multiply charged ions were
automatically selected for further MS/MS sequencing analysis.
Several additional ions were manually selected for the second
analysis to increase peptide sequence coverage. As the results of
peptide mapping by PEAKS Studio (version 7.5, Bioinformatics
Solutions Inc., Waterloo, Canada), 89% coverage was obtained
to include most of the residues in the extracellular and
intracellular loops as well as six of seven TM domains (see
Supporting Information 2). To search for cross-link peptides,
we compiled a list of all theoretical digested peptide formulas,
with modifications for cysteine carbamidomethylation and one
molecule of compound 9−carbene addition, using in-house
software. The Agilent MassHunter’s Find-by-Formula (FBF)
algorithm was employed using the list to search for all possible
combinations of the peptide formulas with multiply charged
ions at a 10 ppm mass tolerance. The isotopic distribution
pattern and the presence of other multiply charged ions for the
FBF hit peptides were visually inspected. As a result of the
search, quadruply charged peptide ions with m/z = 913.9158
(calcd for m/z = 913.9226, z = 4) together with triply charged
peptide ions with m/z = 1218.2253 (calcd for m/z =
1218.2278, z = 3) that corresponded to a single peptide
(Cys2596.61−Phe2867.51) were detected.
An additional LC−MS/MS analysis targeted to the

quadruply charged cross-link peptide ion (m/z = 913.9226, z
= 4) was carried out to determine the cross-link position.
Several MS/MS product ion spectra at different collision
energies (31, 34, and 37 V) were acquired, and the merged
fragment ion spectra were analyzed by PEAKS Studio, which
assigned sufficient b-series ions to enable sequence identi-
fication. The coexistence of b11 (without compound 9

Figure 3. (a) MS/MS spectrum for the Cys2596.61−Phe2867.51 peptide labeled with compound 9 analyzed by PEAKS Studio.
Carbamidomethylcysteines are designated in lower case. The asterisk indicates the cross-link position. The mass difference between C-terminal
fragment ions b11 (without compound 9) and b13 (with compound 9) identified Met2707.35 or Tyr2717.36 of the hA2AAR as cross-linked amino
acids. (b) An enlarged MS/MS spectrum. The weak doubly charged b12 ion indicated the most plausible cross-link site to be Tyr2717.36. The
numbering of amino acids is based on the human A2A adenosine receptor.
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modification) and b13 (with compound 9 modification) ions
indicated the cross-linked amino acid as either Met2707.35 or
Tyr2717.36 (Figure 3a). Further to the discovery of a weak
doubly charged ion corresponding to b12 (with compound 9
modification), we concluded that the most plausible cross-link
site was Tyr2717.36 in TM7 (Figure 3b).
We last investigated the precise location of Tyr2717.36 in the

crystal structure of the hA2AAR. Compound 9 was docked into
the ligand-binding site of the hA2AAR (PDB code: 3EML) by
FRED (version 3.0.1, OpenEye Scientific Software, Santa Fe,
NM, USA). One of the docking models showed the TPD
moiety of compound 9 to be in close proximity to the
Tyr2717.36 in TM7 (Figure 4). The tricyclic PTP part of
compound 9, including the 2-furyl ring, overlapped closely with
the bicyclic triazolo-triazine component of ZM241385 (1).
Several mutations of Tyr2717.36 in hA2AAR have been reported.
While one Tyr2717.36Ala mutant lost its binding capabil-
ities,33,34 mutations to other aromatic residues (Phe and His) or
Arg did not affect agonists and antagonists binding according to
unshown data.34 A recent crystal structure of A1AR with a
covalently bound xanthine-based antagonist showed that this
residue was the precise point for covalent attachment of the
antagonist.35 Overall, Tyr2717.36 in TM7 appeared to be the
most appropriate cross-link position.

In conclusion, we successfully conducted PAL of detergent-
solubilized hA2AAR using the novel photoaffinity probe 9
having a TPD group and identified the most likely cross-linked
amino acid (Tyr2717.36) in TM7. To our knowledge, this is the
first application of PAL on the hA2AAR to elucidate the cross-
link position at an amino acid resolution by mass spectrometry.
Further use of PAL for characterization of GPCRs is currently
being planned.
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Jacobson, K. A. Site-Directed Mutagenesis Identifies Residues Involved
in Ligand Recognition in the Human A2a Adenosine Receptor. J. Biol.
Chem. 1995, 270, 13987−13997.
(35) Glukhova, A.; Thal, D. M.; Nguyen, A. T.; Vecchio, E. A.; Jörg,
M.; Scammells, P. J.; May, L. T.; Sexton, P. M.; Christopoulos, A.
Structure of the Adenosine A1 Receptor Reveals the Basis for Subtype
Selectivity. Cell 2017, 168, 867−877.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.7b00138
ACS Med. Chem. Lett. 2017, 8, 660−665

665

http://dx.doi.org/10.1021/acsmedchemlett.7b00138

