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ABSTRACT: G protein-coupled receptors (GPCRs) have been
known for decades as attractive drug targets. This has led to the
development and approval of many ligands targeting GPCRs.
Although ligand binding effects have been studied thoroughly for
many GPCRs, there are multiple aspects of GPCR signaling that
remain poorly understood. The reasons for this are the difficulties
that are encountered upon studying GPCRs, for example, a poor
solubility and low expression levels. In this work, we have managed
to overcome some of these issues by developing an affinity-based
probe for a prototypic GPCR, the adenosine A, receptor (A;AR).
Here, we show the design, synthesis, and biological evaluation of
this probe in various biochemical assays, such as SDS-PAGE,
confocal microscopy, and chemical proteomics.

B INTRODUCTION

Adenosine receptors (A, Ay, Ay, and A;) are class A G
protein-coupled receptors (GPCRs) that respond to extrac-
ellular levels of adenosine."”” These receptors play a role in a
wide variety of physiological and pathological processes,
ranging from the suppression of immune responses to the
regulation of nociception.”* This versatile role has prompted
decades of research toward the effects of modulating adenosine
receptors and led to the development of multiple clinical
candidates. However, only few chemical entities have thus far
reached the markets.”®

One reason for the lack of success might be the multitasking
role of the adenosine receptors throughout the human body;
for example, the adenosine A; receptor (A;AR) influences
lipolysis in adipocytes, reduces ischemic injury in cardiomyo-
cytes, and shows analgesic activity in the spinal cord.””* Other
reasons might be receptor oligomerization, biased downstream
signaling, and the presence/absence of post-translational
modifications (PTMs).”"°

The latter observations are not limited to the adenosine
receptors but have been found to play a role in the signaling of
GPCRs in general'"'”> Altogether, there is a plethora of
possible mechanisms that could affect targeting of GPCRs in a
specific disease state. As GPCRs are the target of roughly one
third of the FDA-approved drugs (~34% in 2017)," it is
important to get a better picture of all possible aspects that
have an influence on receptor signaling.
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Parallel to the development of novel assays and more

accurate read-outs in existing assay setups, the development of
tool compounds is a valid approach to obtain a better
understanding of GPCRs.'*'® To this end, our group recently
developed LUF7746: a partial agonist for the A;AR equipped
with an electrophilic fluorosulfonyl group, which facilitated
covalent binding to the A;AR (Figure 1A)."° Covalent ligands
for GPCRs have especially proven useful in structural studies,
“locking” multiple individual receptors into the same
conformation.'”"®

Aside from covalent ligands, multiple functional ligands have
been developed over the years to expand the scope of GPCR
profiling."> Among these tool molecules are ligands that are
conjugated to, for example, fluorophores, bio-orthogonal click
handles, and photoactivatable groups.'”~>* In other protein
families such as hydrolases and proteases, many so-called
activity-based probes have already been developed to broadly
characterize the respective protein family.””** Having such an
extensive arsenal of probes for GPCRs would allow for a more
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Figure 1. (A) A AR-targeting 3,5-dicyanopyridines: covalent partial agonist LUF7746 and AfBP LUF7909. (B) Typical affinity-based protein
profiling workflow used in this study. First, membrane fractions or live cells are incubated with alkyne-containing AfBP. Second, the alkyne moiety
of the probe is conjugated to an azide-containing reporter group through the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Third, the
probe-bound proteins are being processed for further detection methods. These include SDS-PAGE experiments, chemical proteomics, and
confocal microscopy. Figure created with BioRender.com.

Scheme 1. Synthesis of A|AR-Targeting AfBPs®
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“Reagents and conditions: (a) Propargyl bromide (80% in toluene), K,CO;, acetone, reflux, overnight, 80—100%; (b) malononitrile, thiophenol,
Et;N, EtOH, 50—75 °C, 4—10 h, 30—47%; (c) isopentyl nitrite, CuCl,, MeCN, 60 °C, 20 h, 72%; (d) propargyl amine, dry THF, RT, overnight,
92%; (e) potassium thioacetate, dry DMF, RT, 8 h, 99%; (f) 20, NaHCO;, dry DMF, 20—50 °C, 4 days, 40%; (g) and (i) potassium thioacetate,
dry DMF, RT, 15 days; (i) 2 M NaOH, RT, 1—3 days, 62—78%; (h) 20, NaHCO,, dry DMF, RT, 1—-2 days, 29—53%; (i) TBDMS-CI (50% in
toluene), 1H-imidazole, dry DMF, RT, 5 h, quant.; (j) propargylamine, DIPEA, MeCN, RT, S h, 52%; (k) 19, EDC-HCI, DIPEA, dry DMF, RT, 3
days, 58%; (1) Et;N-;HF, dry THF, RT, overnight, 92%; (m) TsCl, Et;N, dry DMF, RT, 2 days, 55%; (n) NaHCO;, dry DMF, RT, overnight, 31%;
(o) potassium bifluoride, H,O, dioxane, 3 h, 95%; (p) 3-bromopropylamine-HBr, Pybrop, DIPEA, dry DMF, RT, 12 days, 41%.

thorough investigation of these important drug targets in heads.”*™*" AfBPs thus rely on high affinity and selectivity

biological systems. toward a protein target for selective labeling. Besides that,
Activity-based probes consist of three parts: a selective

targeting moiety, a reactive electrophilic group (warhead), and
a reporter tag to detect the probe-bound proteins.”® Classical
activity-based probes target the active site of an enzyme, using
warheads that make use of the enzyme’s intrinsic mechanism

there are various challenges associated with the biochemical
profiling of GPCRs. First, most receptors have low expression
levels, even when stably overexpressed in model cell lines."*>**

Second, as mentioned before, oligomerization and PTMs

. . 9,10
to react.**** GPCRs, on the other hand, do not have such an greatly influence the behavior and appearance of GPCRs.
active site pocket. Therefore, in case of GPCRs, aflinity-based Third, GPCRs are membrane proteins, which are poorly
probes (AfBPs) have been developed which either use soluble in aqueous media and thus prone to solubility
photoactivatable or highly electrophilic groups as war- issues.””
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Recently, a handful of AfBPs has been developed to target
and label the adenosine receptors. Among these are a clickable
antagonist for the A,,AR and a clickable antagonist with high
affinity for both the A;AR and A;AR.*”*" The application of
these probes, however, has been limited to gel-based
experiments. Presumably, the aforementioned issues, such as
expression levels and the presence of PTMs, have impeded the
detection of adenosine receptors in a biochemical setup.
Therefore, further exploration of the design, synthesis, and
applicability of such probes is warranted.

In this study, we explored another avenue to study the
adenosine receptors with AfBPs, enabling the profiling of the
AJAR in a multitude of biochemical assays. To achieve this, we
developed the first agonistic AfBP for the A AR, starting from
the aforementioned covalent partial agonist LUF7746.
LUF7746 already contains two elements of an AfBP, the
only element lacking is the reporter tag for detection.'® An
alkyne group was chosen as a ligation handle to be conjugated
to a reporter tag in the CuAAC.*>*® The choice of the alkyne
moiety has two advantages compared to a direct conjugation
with a reporter group (one-step-probe). First, the alkyne group
is a small moiety and thus accounts for minimal steric clashes
in the binding pocket of the A;AR. Second, having such a
ligation handle provides the flexibility to “click” various types
of reporter tags onto the probe-bound protein.

In an exemplary GPCR profiling assay, live cells or
membrane fractions are first incubated with the probe to
selectively label the desired receptor in the presence of other
proteins (Figure 1B). In the subsequent incubation step, the
desired reporter group is “clicked” onto the probe, effectively
labeling the receptor. Finally, the reporter-bound receptor is
further processed, depending on the type of detection method.
In our case, three different techniques were used to detect the
AJAR: SDS-PAGE, chemical proteomics, and confocal
microscopy. Here, we show that our synthesized probe,
LUF7909, was successfully used in all three of these profiling
setups. Taken together, this allows us to gain more insight into
various receptor properties, such as expression, glycosylation,

and the effects of ligand binding.

B RESULTS AND DISCUSSION
Design and Synthesis of A;AR-Targeting AfBPs. As

mentioned before, our AfBP-design includes an alkyne moiety.
To explore the effects that introducing an alkyne has on the
binding of LUF7746 to the receptor, multiple ligands were
synthesized (i.e., 1, 2, 3, and 4) each having the alkyne group
substituted at a different position of the scaffold (Scheme 1).
In all four cases, the synthesis started from the respective
benzaldehydes (6a—c) which were converted to the corre-
sponding 3,5-dicyanopyridines (7a—c) through a multiple
component reaction using malononitrile and thiophenol.”” 3,5-
Dicyanopyridine 7c was subjected to a Sandmeyer reaction (to
furnish chloride 8), followed by a substitution by propargyl
amine (to give alkyne 9).® The four 3,5-dicyanopyridines (7a—
c and 9) were deprotected using thioacetate (10, 11a—c) and
subsequently used in a nucleophilic substitution reaction with
compound 20 to yield the AfBPs 1, 2, and 3.

In the case of probe 4, the alkyne group was introduced onto
the warhead-containing linker moiety prior to nucleophilic
attack of the thiol. In brief, 3-bromopropanol was protected
with a TBDMS group (13) and converted to compound 14 by
a dropwise addition of propargyl amine. 4-Fluorosulfonyl
benzoic acid (19) was coupled to the same amine in a peptide
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coupling (15) followed by a TBDMS-deprotection (16) and a
tosylation (17) of the compound. The tosylate 20 was then
used in the substitution reaction, yielding AfBP LUF7909 (4)
as a mixture of two rotamers, as determined by nuclear
magnetic resonance (NMR) and liquid chromatography—mass
spectrometry (LC—MS) measurements.

Evaluation of the AfBPs in Radioligand Binding
Assays and Docking Studies. With the molecules in
hand, our attention was shifted toward the assessment of the
potential probes’ binding affinity toward the A AR, as well as
the selectivity toward other adenosine receptors. The
dicyanopyridine scaffold in particular is known to bind other
adenosine receptor subtypes dependent on its substitu-
tions.”*® In a single-point radioligand displacement assay
using 1 uM probe at all four adenosine receptors, no
considerable displacement of the radioligand from the
A uAR, ApAR, and A;AR was observed (Figure 2A). Probes
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Figure 2. Affinities of LUF7909 and analogues for the four adenosine
receptor subtypes. (A) Displacement of [PH]DPCPX (A,AR),
[*H]ZM241385 (A,,AR), [PH]PSB-603 (A,3AR), and [PH]PSB-11
(A3;AR) binding by 1 uM of the respective AfBP. Data represent the
values of two individual experiments performed in duplicate and are
normalized to the vehicle control (100%). (B) Displacement of
[*H]DPCPX from the A;AR by LUF7909 measured after 0 or 4 h of
preincubation of LUF7909 with CHO membranes stably over-
expressing the AJAR. TB total radioligand binding (vehicle
control); NSB = nonspecific radioligand binding. Data represent the
mean + SEM of three individual experiments performed in duplicate.

2 and 3 did not show considerable displacement of the
radioligand from the A;AR, while 1 showed moderate (~70%)
displacement and LUF7909 full (~100%) displacement. This
indicates high affinity of LUF7909 toward the A;AR and
selectivity over the other adenosine receptors.

These differences can be rationalized by covalently docking
the four ligands into the A;AR binding pocket. Using the
crystal structure of adenosine-bound A;AR (PDB: 6D9H) and
the binding pose of LUF7909 most similar (lowest RMSD) to
the recently obtained crystal structure of structurally similar

https://doi.org/10.1021/acschembio.2c00589
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LUFS833 in the A;,AR, a representative image was generated
(Figure 3).” From this pose, it was deduced that the

Figure 3. Top-down view of docked LUF7909 into the ligand binding
pocket of the AjAR. Crystal structure taken from the adenosine-
bound A;AR (PDB: 6D9H). The final ligand pose was selected based
on the crystal structure of LUF5833 in the A,,AR (PDB: 7ARO).
Shown are the main amino acids that interact with LUF7909. The
SO,F-containing warhead is located close to tyrosine 271 (Y271),
while the alkyne moiety is pointing outward from the receptor.

methylenedioxy group of LUF7909 is located deep inside the
binding pocket of the A;AR. Substitutions at this position
might therefore result in a loss in binding affinity, as observed
for compounds 2 and 3. Furthermore, the alkyne group of
LUF7909 does not seem to hinder the important interactions
that take place in the binding pocket (with residues F171,
E172, and N254), thus explaining the high affinity.

Next, LUF7909 was submitted to a full curve radioligand
displacement assay. To study the potential covalent binding
mode of the probe, the assay was executed at two different
time points, that is, incorporating 0 or 4 h of preincubation of

probe with the receptor (Figure 2B). Without preincubation (0
h), LUF7909 showed an apparent pK; of 7.8, while this
increased to an apparent pK; of 9.5 upon 4 h of preincubation
(Table S1). Such an increase in apparent pK; (K; shift of 44.0)
is a strong indicator of a covalent mode of action. A wash-out
experiment confirmed the persistent mode of binding of
LUF7909 to the receptor, even after multiple washing steps
(Figure S1). Besides that, LUF7909 acted as a partial agonist in
a functional [*S]GTPyS assay (Figure S2), having a similar
potency to the full agonist N°-cyclopentyladenosine (CPA)
(pECs, of 8.7), but a significantly lower E,_,, (74%). Hence,
LUF7909 behaves as a partial agonist that binds covalently,
with high affinity and selectivity toward the A|AR.

Labeling of the A;AR in SDS-PAGE Experiments. As a
first assessment of the labeling potential of our probe, SDS-
PAGE experiments were carried out on CHO membranes that
overexpress the A;AR. Membranes were incubated with
LUF7909 and subjected to click conjugation of the probe to
the fluorophore AF647-N;. Samples were denatured and
loaded on gel, and the gel was visualized by in-gel fluorescence
scanning. First, various concentrations of LUF7909 were
investigated (Figure 4A). At roughly the apparent K; of
LUF7909 (16 nM at 0 h preincubation), a band at ~4S5 kDa
appeared on the gel. Increasing the concentration of LUF7909
revealed additional labeling of a protein at ~30 kDa, where a
probe concentration of 1 #M shows multiple extra proteins
being labeled. This apparent nonspecific binding at high
concentrations is presumably due to the electrophilic nature of
the fluorosulfonyl warhead.

The optimal balance between selective labeling and intensity
of the observed bands seemed to occur at a concentration of
100 nM of LUF7909 (Table S2), which was therefore used in
further SDS-PAGE experiments. Of note, no labeling was
observed in the absence of copper(I) or probe during the click
reaction (Figure 4B). Furthermore, the band at ~4S5 kDa
disappeared upon preincubation with 1 #M of various A;AR-
selective ligands, such as the full agonist CPA, partial agonist
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Figure 4. Specific labeling of the A]AR using LUF7909 in CHO membranes overexpressing the AjAR. Membranes were preincubated with or
without competitor, incubated with LUF7909, subsequently “clicked” to AF647-N3, denatured, subjected to SDS-PAGE, and analyzed using in-gel
fluorescence scanning. (A) Concentration-dependent labeling of the A;AR. (B) Labeling of the A|AR is dependent on the presence of copper(I)
and probe during the click reaction, as well as the presence of known A AR ligands: agonist CPA, partial agonist CAP, covalent partial agonist
LUF7746 (LUF), antagonist DPCPX (D), and covalent antagonist FSCPX (F; structures in Figure S3). (C) Labeling of the A;AR shows a strong
reduction in molecular weight upon incubation with PNGase. Preincubation with 1 uM DPCPX shows full disappearance of both bands. CBB =
Coomassie Brilliant Blue. The band that appears upon Coomassie staining (lanes 3 and 4) corresponds to the molecular weight of PNGase.
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Figure 5. Proteomic detection of the AjAR. (A) Snake plot of the adenosine A, receptor. Highlighted in blue are the peptides that were detected
upon affinity purification using 1 M LUF7909 in CHOhA ;AR membranes. Amino acids highlighted in red are the glycosylation site (N159) and
predicted probe binding site (Y271). Snake plot derived from gpcrdb.org.** (B) Volcano plot of affinity purification experiments comparing
samples treated with 1 M LUF7909 to samples containing DMSO as the control. Plotted are the enrichment ratio (log,(Ratio)) and the
probability (log,o(p)) as determined in a multiple ¢ test. All data originate from six technical replicates. The Uniprot codes are given for proteins
that meet a threshold value of ratio > 2 and p-value < 0.05 (dotted lines). These are the G protein subunit beta-1 (G311X8), malate dehydrogenase
(G3HDQ2), sodium/potassium-transporting ATPase subunit alpha (G3H8Z9), and the adenosine A, receptor (P30542) (highlighted in red). Also

shown in red is the adenine nucleotide translocator (G3H777).

Capadenoson (CAP), parent compound LUF7746 (LUF),
reference antagonist DPCPX (D), and covalent antagonist
FSCPX (F; structures in Figure S3). Western blot experiments
(Figure S4) further confirmed that the band at ~45 kDa,
though slightly higher than the expected mass of the AjAR
(~36 kDa), is indeed the A;AR.

The slightly higher mass can be explained by N-glycosylation
of the A;AR, as has been seen in early purification studies of
endogenous A AR Indeed, upon incubation with PNGase,
a strong reduction is seen in the molecular weight of the
corresponding band (Figure 4C). Preincubation with the
reversible antagonist DPCPX resulted in full disappearance of
both bands, thereby confirming that this pattern represents the
AAR.

Enrichment and Detection of the A,AR in Chemical
Proteomics Experiments. To further explore binding of
LUF7909 to the A AR, as well as possible off-targets, chemical
proteomics experiments were carried out. In brief, CHO cell
membranes overexpressing the A;AR were incubated with
LUF7909. A concentration of 1 M was chosen to obtain a full
proteomic profile of all the LUF7909-labeled proteins. Probe-
bound proteins were “clicked” to biotin-azide, denatured,
precipitated, reduced, alkylated, and pulled-down using
streptavidin beads. The bound proteins were first washed
and then digested. The obtained peptides were measured by
LC—MS/MS. Initial attempts using trypsin as the digestion
enzyme did not lead to detection of AjAR-specific peptides.
Therefore chymotrypsin was chosen as the digestion enzyme.
Experiments without LUF7909 lead to detection of only one
peptide of the A;AR. However, upon affinity purification with
LUF7909, an average sequence coverage of 40% of the
receptor was detected by LC—MS/MS (Figure SA; Table S2).

In the past years, considerable efforts have been made
regarding the detection of GPCRs in chemical proteomics
experiments.”***~*® This includes mostly work using photo-
activatable groups, such as diazirines and 2,5-disubstituted
tetrazoles.”>***>*” To our knowledge, only one example of the
use of an electrophilic ligand has been reported.* Besides that,
most of these experiments yielded a low sequence coverage
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when a nonpurified receptor was measured. Only in case of the
metabotropic glutamate receptors in brain slices, a higher
sequence coverage was found.” It is therefore remarkable that
our experiment yielded an average sequence coverage of 40%.
The detected peptides mostly include the nonmembrane
domains: C-terminus, N-terminus, intra-, and extracellular
loops.

Compared to DMSO-treated samples, a strong enrichment
of the A;AR (>200-fold) was observed (Figure SB). This fold
change was greatly reduced upon preincubation of the samples
with 10 M covalent ligand LUF7746 (Figure SS). Other
proteins that showed a significant but substantially lower
enrichment as compared to DMSO-treated samples were the G
protein subunit beta-1, malate dehydrogenase, and ATPase
subunit alpha. These off-targets might be the result of using a
high concentration (1 M) of electrophilic probe in membrane
fractions.

Investigation of the Potential Off-Targets of LUF7909
in CHOhA;AR Membrane Fractions. In Figure 4, it is
visible that a potential off-target of LUF7909 (concentrations
up to 300 nM) has an approximate molecular mass of 30 kDa.
This molecular weight does not correspond to any of the
proteins that were significantly “pulled-down” by LUF7909
during the chemical proteomics experiments. To further
investigate this probable off-target, we performed similar
chemical proteomics experiments, this time using CHO
membrane fractions that do not overexpress the A;AR.
Contrary to the CHOhA ;AR membranes, only small-fold
changes were observed for the detected proteins (vs DMSO
control) (Figure S6A). There are however two proteins that
show a significant enrichment (>4): Elongation factor 1-alpha
1 and an isoform of the adenine nucleotide translocator
(ANT), the latter being an interesting target because of its
binding of adenine-containing substrates. We therefore
preincubated both CHO and CHOhA AR membranes with
various concentrations of bongkrekic acid, a known inhibitor of
ANT,* prior to the sequential addition of LUF7909, clicking
to AF647-N; subjecting to SDS-PAGE, and scanning using in-
gel fluorescence (Figure S6B).
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Figure 6. Selective labeling of the A|AR in live CHO cells. (A) CHO cells with or without overexpression of the A;AR were pretreated for 1 h with
DPCPX (1 uM) or 1% DMSO and incubated for 1 h with LUF7909 (100 nM) or 1% DMSO (control). Membranes were collected, treated with
PNGase, and incubated with click mix containing AF647-Nj;. The samples were then subjected to SDS-PAGE and analyzed by in-gel fluorescence
scanning. CBB = Coomassie Brilliant Blue. (B) Volcano plot of affinity purification experiments comparing live CHOhA AR cells treated with 1
M LUF7909 to cells treated with 1% DMSO (control). All data originate from six technical replicates. Shown is the Uniprot code for the A;AR
(P30542) (highlighted in red). (C) Confocal microscopy images. CHO cells with or without overexpression of the A;AR were pretreated for 1 h
with ESCPX (1 M) or 1% DMSO and incubated for 1 h with LUF7909 (100 nM) or 1% DMSO (control). The cells were then fixed and stained
with TAMRA-N; (first row) and DAPI (second row). The third row shows an overlay of both stains. TAMRA = red, DAPI = blue. Arrows indicate
examples of labeled membranes and labeling inside cells. Images were selected manually as representatives of blinded measurements from two
separate experiments (see Figure S8). Scale bar = 10 um. Figure was created using OMERO.*>*

Preincubation with bongkrekic acid resulted in a concen-
tration-dependent inhibition of the band observed for the
“empty” CHO membranes, as well as the lower band observed
for the CHOhA AR membranes. This suggests that the extra
band seen on gel corresponds to ANT. Also the pull-down
experiments with LUF7909 in CHOhA AR membranes show
the presence of ANT (Figure SB), although not significantly
enriched compared to the DMSO control samples (fold
change of 1.2). The reason for this may be the high expression
level of ANT in mitochondria,® causing an enrichment of
ANT in our membrane fractions. We assume that binding of
LUF7909 to ANT occurs because of a high concentration of
ANT in combination with the electrophilic nature of the
probe.

Labeling of the A;AR on Live Cells. Moving a step closer
to a more endogenous system, we tested the labeling properties
of LUF7909 in live CHO cells. First;, CHO cells with or
without overexpression of the A;AR were incubated with 100
nM probe, prior to membrane collection and click reaction
with AF647-N;. The samples were denatured, loaded on SDS-
PAGE, and analyzed using in-gel fluorescence (Figures 6A and
S7). A “smear” was observed at the height of the A;AR, which
was not present upon preincubation with DPCPX (1 uM).
This smear is presumably due to different glycosylation states
of the A|AR. No other strong bands were detected, both in the
CHO cells with and without overexpression of the A;AR.
Second, affinity-based pull-down experiments were performed
using live CHOhA AR cells. Again, a high enrichment of the
AAR was found (Figure 6B), however less labeling of other
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proteins compared to the experiments with membrane
fractions. It thus seems that labeling of the A;AR by
LUF7909 is more specific in live CHOA AR cells, as
compared to labeling in membrane fractions derived from
these CHOhA, AR cells (Figures 4 and 5).

To confirm these observations, labeling of the receptor in
live CHO cells was studied using confocal microscopy. Live
CHO cells with or without overexpression of the A;AR were
incubated with LUF7909 and subsequently fixed. The probe-
bound proteins were stained with TAMRA-N; (via a click
reaction), and the cellular nuclei were stained with DAPIL. As
compared to the DMSO control, LUF7909 showed clear
labeling of cell—cell contacts and cellular membranes by
TAMRA-N; (Figure 6C). The degree of labeling was
diminished by preincubation with 1 uM covalent ligand
FSCPX and absent upon using CHO cells that do not
overexpress the A;AR. These controls confirm that the
observed labeling, in gel, LC—MS/MS, and under the
microscope, is indeed due to selective labeling of the A;AR
and not an off-target protein. Furthermore, signs of AjAR
labeling inside the cells were observed in Figure 6C. The
reason for this might be internalization, an effect that has been
reported to take place upon incubating the A;AR with an
agonist.51 Having a clickable (partial) agonist thus allows
further studies toward receptor internalization.

Labeling of LUF7909 in Cells Endogenously Express-
ing the A;AR. Having established labeling of the A|AR in
CHODQA AR membranes and live cells, we attempted to label
the receptor in membrane fractions that endogenously contain
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the A|AR as a next step. For this, we used membranes derived
from adipocytes: a cell type that is known to express the
AAR.”*? Adipocyte membranes were collected from gonadal
fat pads from female mice and subsequently incubated with
100 nM LUF7909, deglycosylated with PNGase, clicked to
AF647-N,, denatured, resolved by SDS-PAGE, and analyzed
using in-gel fluorescence scanning. This resulted in multiple
bands (lane 1, Figure 7) at molecular weights of roughly 90,

FSCPX(1pM) -+
PNGase - - + +

T ELTETET S

Fluorescence

Figure 7. Labeling of the A;AR in adipocyte membranes derived from
mouse gonadal fat pads. The membranes were pretreated with the
covalent antagonist FSCPX (1 uM) or 1% DMSO prior to incubation
with LUF7909 (100 nM) and subsequent incubation with click mix
containing AF647-N;. The samples were then denatured, subjected to
SDS-PAGE, and analyzed using in-gel fluorescence scanning. CBB =
Coomassie Brilliant Blue. The band that appears upon Coomassie
staining (lanes 3 and 4) corresponds to the molecular weight of
PNGase.

65, and 60 kDa and a smear of presumably two bands at 30
kDa. The intensity of the bands at 30 kDa (indicated with an
arrow) is strongly diminished upon preincubation with 1 M
of the selective covalent AJAR antagonist FSCPX. Full
reduction of this band was observed when using a high
concentration of FSCPX (Figure S9A), which gives a strong
indication that this band is in fact the A;AR.

The band at ~30 kDa (lane 1) shows a great difference in
mass compared to observed AJAR in CHO cells. The
presumable reason for this is a difference in glycosylation
pattern of the receptors, an effect that has also been observed
when comparing the AjAR from brain to the AJAR from
testis.*’

In addition to the A;AR, LUF7909 also labeled multiple off-
target proteins in these experiments, for example, the bands at
~90 and ~65 kDa. Preliminary experiments showed a clear
reduction in intensity for the band at ~90 kDa upon
preincubation with a protease inhibitor cocktail (Figure
S9B). This would indicate off-target binding to a presumable
protease. We did not further examine this finding.

The labeling and visualization of low-abundant GPCRs in
SDS-PAGE experiments thus seem to be challenging when
high levels of potential off-targets are present. For future
studies using AfBPs, we therefore suggest to perform affinity-
based pull-down proteomics, confocal microscopy, or flow
cytometry experiments to investigate GPCRs on native cells
and tissues.
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B CONCLUSIONS

In this study, we have described the design and synthesis of
LUF7909, a versatile probe molecule acting as a partial agonist
that was used to characterize the A AR in a broad spectrum of
assays. LUF7909 showed labeling of the A AR at about its
apparent K;, as well as labeling of other proteins in SDS-PAGE
experiments. The observed off-targets on gel were not
significantly enriched in proteomic studies, nor found in live
cell experiments, both carried out in A;AR overexpressing cells.
In the latter two types of experiments, LUF7909 proved to be
highly specific toward the A;AR.

Altogether, this work shows various methods to implement
AfBPs within the broad field of GPCR research. This paves the
way toward an investigation of more physiologically relevant
processes, for example, the presence/absence of PTMs on
GPCRs (through LC—MS/MS investigations) and receptor
internalization (through confocal microscopy). This will
ultimately help to get a better understanding of GPCRs
under both physiological and pathological conditions, opening
up new avenues for drug discovery in general.

B METHODS

See the Supporting Information.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.2c00589.

Additional tables and figures, experimental procedures,
synthetic procedures, and NMR spectra (PDF)

Labeling the adenosine Al receptor using an electro-
philic covalent probe (xlsx)

B AUTHOR INFORMATION

Corresponding Author
Daan van der Es — Division of Drug Discovery and Safety,
Leiden Academic Centre for Drug Research, Leiden
University, 2333 CC Leiden, The Netherlands; © orcid.org/
0000-0003-3662-8177; Email: d.van.der.es@
lacdr.]leidenuniv.nl

Authors

Bert L. H. Beerkens — Division of Drug Discovery and Safety,
Leiden Academic Centre for Drug Research, Leiden
University, 2333 CC Leiden, The Netherlands

Cagla Kog — Division of Drug Discovery and Safety, Leiden
Academic Centre for Drug Research, Leiden University, 2333
CC Leiden, The Netherlands

Rongfang Liu — Division of Drug Discovery and Safety, Leiden
Academic Centre for Drug Research, Leiden University, 2333
CC Leiden, The Netherlands

Bogdan 1. Florea — Department of Bioorganic Synthesis,
Leiden Institute of Chemistry, Leiden University, 2333 CC
Leiden, The Netherlands; © orcid.org/0000-0001-7114-
2266

Sylvia E. Le Dévédec — Division of Drug Discovery and Safety,
Leiden Academic Centre for Drug Research, Leiden
University, 2333 CC Leiden, The Netherlands; © orcid.org/
0000-0002-0615-9616

Laura H. Heitman — Division of Drug Discovery and Safety,
Leiden Academic Centre for Drug Research, Leiden

https://doi.org/10.1021/acschembio.2c00589
ACS Chem. Biol. 2022, 17, 3131-3139


https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00589/suppl_file/cb2c00589_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daan+van+der+Es"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3662-8177
https://orcid.org/0000-0003-3662-8177
mailto:d.van.der.es@lacdr.leidenuniv.nl
mailto:d.van.der.es@lacdr.leidenuniv.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bert+L.+H.+Beerkens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C%CC%A7ag%CC%86la+Koc%CC%A7"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongfang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bogdan+I.+Florea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7114-2266
https://orcid.org/0000-0001-7114-2266
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sylvia+E.+Le+De%CC%81ve%CC%81dec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0615-9616
https://orcid.org/0000-0002-0615-9616
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+H.+Heitman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?fig=fig7&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

University, 2333 CC Leiden, The Netherlands; Oncode
Institute, 2333 CC Leiden, The Netherlands

Adriaan P. IJzerman — Division of Drug Discovery and Safety,
Leiden Academic Centre for Drug Research, Leiden
University, 2333 CC Leiden, The Netherlands; © orcid.org/
0000-0002-1182-2259

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschembio.2c00589

Author Contributions

B.LH.B. and CK. synthesized compounds. RL. performed
radioligand displacement assays. B.L.H.B. performed SDS-
PAGE experiments and covalent docking studies. B.L.H.B. and
B.LF. performed MS-based experiments and MS data analysis.
B.LH.B. and S.L.D. performed confocal microscopy experi-
ments. AP.LJ. and D.v.d.E. supervised the project. B.L.H.B.
wrote the manuscript with contributions from all authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank P.C.N. Rensen and M. Schénke (LUMC, Leiden,
The Netherlands) for their kind donation of female mouse
gonadal fat pads. We also thank 1. Boom (LACDR, Leiden,
The Netherlands) for performing high-resolution mass
spectrometry measurements. The authors gratefully acknowl-
edge the imaging core facility, the Leiden University Cell
Observatory, for their support and assistance in this work.

B REFERENCES

(1) Fredholm, B. B,; IJzerman, A. P.; Jacobson, K. A.; Linden, J.;
Miiller, C. E. International Union of Basic and Clinical Pharmacology.
LXXXI. Nomenclature and Classification of Adenosine Receptors -
An Update. Pharmacol. Rev. 2011, 63, 1-34.

(2) Jzerman, A. P.; Jacobson, K. A; Miiller, C. E.; Cronstein, B. N.;
Cunha, R. A. International Union of Basic and Clinical Pharmacology.
CXII: Adenosine Receptors: A Further Update. Pharmacol. Rev. 2022,
74, 340—372.

(3) Allard, B.; Allard, D.; Buisseret, L.; Stagg, J. The Adenosine
Pathway in Immuno-Oncology. Nat. Rev. Clin. Oncol. 2020, 17, 611—
629.

(4) Draper-Joyce, C.J.; Bhola, R.; Wang, J.; Bhattarai, A.; Nguyen, A.
T. N,; Cowie-Kent, I; O’Sullivan, K;; Chia, L. Y.; Venugopal, H,;
Valant, C.; Thal, D. M.; Wootten, D.; Panel, N.; Carlsson, J.; Christie,
M. J; White, P. J.; Scammells, P.; May, L. T.; Sexton, P. M.; Danev,
R.; Miao, Y.; Glukhova, A.; Imlach, W. L.; Christopoulos, A. Positive
Allosteric Mechanisms of Adenosine Al Receptor-Mediated An-
algesia. Nature 2021, 597, 571-576.

(5) Miiller, C. E.; Jacobson, K. A. Recent Developments in
Adenosine Receptor Ligands and Their Potential as Novel Drugs.
Biochim. Biophys. Acta 2011, 1808, 1290—1308.

(6) Chen, J. F; Eltzschig, H. K; Fredholm, B. B. Adenosine
Receptors as Drug Targets-What Are the Challenges? Nat. Rev. Drug
Discovery 2013, 12, 265—286.

(7) Yun, Y.; Chen, J.; Liu, R;; Chen, W.; Liu, C.; Wang, R;; Hou, Z;
Yu, Z; Sun, Y,; IJzerman, A. P,; Heitman, L. H,; Yin, X,; Guo, D.
Long Residence Time Adenosine Al Receptor Agonists Produce
Sustained Wash-Resistant Antilipolytic Effect in Rat Adipocytes.
Biochem. Pharmacol. 2019, 164, 45—52.

(8) Meibom, D.; Albrecht-Kiipper, B.; Diedrichs, N.; Hiibsch, W.;
Kast, R.;; Krimer, T.; Krenz, U,; Lerchen, H. G.; Mittendorf, J.; Nell,
P. G,; Siissmeier, F.; Vakalopoulos, A.; Zimmermann, K. Neladenoson
Bialanate Hydrochloride: A Prodrug of a Partial Adenosine A,
Receptor Agonist for the Chronic Treatment of Heart Diseases.
ChemMedChem 2017, 12, 728—737.

3138

(9) Vecchio, E. A,; Baltos, J. A.; Nguyen, A. T. N.; Christopoulos, A.;
White, P. J; May, L. T. New Paradigms in Adenosine Receptor
Pharmacology: Allostery, Oligomerization and Biased Agonism. Br. J.
Pharmacol. 2018, 175, 4036—4046.

(10) Goth, C. K; Petiji-Repo, U. E.; Rosenkilde, M. M. G Protein-
Coupled Receptors in the Sweet Spot: Glycosylation and Other Post-
Translational Modifications. ACS Pharmacol. Transl. Sci. 2020, 3,
237-248S.

(11) Wootten, D.; Christopoulos, A.; Sexton, P. M. Emerging
Paradigms in GPCR Allostery: Implications for Drug Discovery. Nat.
Rev. Drug Discovery 2013, 12, 630—644.

(12) Jacobson, K. A. New Paradigms in GPCR Drug Discovery.
Biochem. Pharmacol. 2015, 98, 541—3555.

(13) Hauser, A. S.; Attwood, M. M.; Rask-Andersen, M.; Schi6th, H.
B.; Gloriam, D. E. Trends in GPCR Drug Discovery: New Agents,
Targets and Indications. Nat. Rev. Drug Discovery 2017, 16, 829—842.

(14) Weichert, D.; Gmeiner, P. Covalent Molecular Probes for Class
A G Protein-Coupled Receptors: Advances and Applications. ACS
Chem. Biol. 2015, 10, 1376—1386.

(15) Yang, X,; Heitman, L. H,; IJzerman, A. P.; van der Es, D.
Molecular Probes for the Human Adenosine Receptors. Purinergic
Signal. 2021, 17, 85—108.

(16) Yang, X.; Dilweg, M. A.; Osemwengie, D.; Burggraaff, L.; van
der Es, D.; Heitman, L. H.; IJzerman, A. P. Design and
Pharmacological Profile of a Novel Covalent Partial Agonist for the
Adenosine Al Receptor. Biochem. Pharmacol. 2020, 180, No. 114144.

(17) Jérg, M.; Scammells, P. J. Guidelines for the Synthesis of Small-
Molecule Irreversible Probes Targeting G Protein-Coupled Receptors.
ChemMedChem 2016, 11, 1488—1498.

(18) Glukhova, A.; Thal, D. M.; Nguyen, A. T.; Vecchio, E. A.; Jorg,
M.,; Scammells, P. J.; May, L. T.; Sexton, P. M.; Christopoulos, A.
Structure of the Adenosine Al Receptor Reveals the Basis for Subtype
Selectivity. Cell 2017, 168, 867—877.e13.

(19) Kozma, E; Jayasekara, P. S.; Squarcialupi, L.; Paoletta, S.;
Moro, S.; Federico, S.; Spalluto, G.; Jacobson, K. A. Fluorescent
Ligands for Adenosine Receptors. Bioorg. Med. Chem. Lett. 2013, 23,
26—36.

(20) Jayasekara, P. S.; Phan, K; Tosh, D. K.; Kumar, T. S.; Moss, S.
M.; Zhang, G.; Barchi, J. J.; Gao, Z. G.; Jacobson, K. A. Modulation of
G Protein-Coupled Adenosine Receptors by Strategically Function-
alized Agonists and Antagonists Immobilized on Gold Nanoparticles.
Purinergic Signal. 2013, 9, 183—198.

(21) Bahamonde, M. I; Taura, J.; Paoletta, S.; Gakh, A. A,
Chakraborty, S.; Hernando, J.; Ferndndez-Duefas, V.; Jacobson, K.
A,; Gorostiza, P.; Ciruela, F. Photomodulation of G Protein-Coupled
Adenosine Receptors by a Novel Light-Switchable Ligand. Bio-
conjugate Chem. 2014, 25, 1847—1854.

(22) Taura, J.; Nolen, E. G.; Cabré, G.; Hernando, J.; Squarcialupi,
L.; Lopez-Cano, M.; Jacobson, K. A.; Fernindez-Duenas, V.; Ciruela,
F. Remote Control of Movement Disorders Using a Photoactive
Adenosine A2A Receptor Antagonist. ]. Controlled Release 2018, 283,
135—142.

(23) Greenbaum, D.; Medzihradszky, K. F.; Burlingame, A.; Bogyo,
M. Epoxide Electrophiles as Activity-Dependent Cysteine Protease
Profiling and Discovery Tools. Chem. Biol. 2000, 7, 569—581.

(24) Liu, Y.; Patricelli, M. P.; Cravatt, B. F. Activity-Based Protein
Profiling: The Serine Hydrolases. Proc. Natl. Acad. Sci. U. S. A. 1999,
96, 14694—14699.

(25) Overkleeft, H. S.; Florea, B. L Activity-Based Proteomics:
Methods and Protocols; Springer, 2017.

(26) Gregory, K. J,; Velagaleti, R; Thal, D. M; Brady, R. M,;
Christopoulos, A.; Conn, P. J.; Lapinsky, D. J. Clickable Photoaffinity
Ligands for Metabotropic Glutamate Receptor 5 Based on Select
Acetylenic Negative Allosteric Modulators. ACS Chem. Biol. 2016, 11,
1870—1879.

(27) Garcia, V.; Gilani, A,; Shkolnik, B.; Pandey, V.; Zhang, F. F;
Dakarapu, R.; Gandham, S. K; Reddy, N. R.; Graves, J. P.; Gruzdey,
A.; Zeldin, D. C,; Capdevila, J. H.; Falck, J. R.; Schwartzman, M. L.
20-HETE Signals Through G-Protein-Coupled Receptor GPR7S

https://doi.org/10.1021/acschembio.2c00589
ACS Chem. Biol. 2022, 17, 3131-3139


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriaan+P.+IJzerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1182-2259
https://orcid.org/0000-0002-1182-2259
https://pubs.acs.org/doi/10.1021/acschembio.2c00589?ref=pdf
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1124/pharmrev.121.000445
https://doi.org/10.1124/pharmrev.121.000445
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1038/s41586-021-03897-2
https://doi.org/10.1038/s41586-021-03897-2
https://doi.org/10.1038/s41586-021-03897-2
https://doi.org/10.1016/j.bbamem.2010.12.017
https://doi.org/10.1016/j.bbamem.2010.12.017
https://doi.org/10.1038/nrd3955
https://doi.org/10.1038/nrd3955
https://doi.org/10.1016/j.bcp.2019.03.032
https://doi.org/10.1016/j.bcp.2019.03.032
https://doi.org/10.1002/cmdc.201700151
https://doi.org/10.1002/cmdc.201700151
https://doi.org/10.1002/cmdc.201700151
https://doi.org/10.1111/bph.14337
https://doi.org/10.1111/bph.14337
https://doi.org/10.1021/acsptsci.0c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.0c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.0c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd4052
https://doi.org/10.1038/nrd4052
https://doi.org/10.1016/j.bcp.2015.08.085
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1021/acschembio.5b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.5b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11302-020-09753-8
https://doi.org/10.1016/j.bcp.2020.114144
https://doi.org/10.1016/j.bcp.2020.114144
https://doi.org/10.1016/j.bcp.2020.114144
https://doi.org/10.1002/cmdc.201600066
https://doi.org/10.1002/cmdc.201600066
https://doi.org/10.1016/j.cell.2017.01.042
https://doi.org/10.1016/j.cell.2017.01.042
https://doi.org/10.1016/j.bmcl.2012.10.112
https://doi.org/10.1016/j.bmcl.2012.10.112
https://doi.org/10.1007/s11302-012-9338-z
https://doi.org/10.1007/s11302-012-9338-z
https://doi.org/10.1007/s11302-012-9338-z
https://doi.org/10.1021/bc5003373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc5003373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2018.05.033
https://doi.org/10.1016/j.jconrel.2018.05.033
https://doi.org/10.1016/S1074-5521(00)00014-4
https://doi.org/10.1016/S1074-5521(00)00014-4
https://doi.org/10.1073/pnas.96.26.14694
https://doi.org/10.1073/pnas.96.26.14694
https://doi.org/10.1021/acschembio.6b00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.6b00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.6b00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1161/CIRCRESAHA.116.310525
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

(Gq) to Affect Vascular Function and Trigger Hypertension. Circ. Res.
2017, 120, 1776—1788.

(28) Soethoudt, M.; Stolze, S. C.; Westphal, M. V.; Van Stralen, L.;
Martella, A.; Van Rooden, E. J.; Guba, W.; Varga, Z. V,; Deng, H,;
Van Kasteren, S. L; Grether, U.; IJzerman, A. P.; Pacher, P.; Carreira,
E. M.; Overkleeft, H. S.; Ioan-Facsinay, A.; Heitman, L. H.; van der
Stelt, M. Selective Photoaffinity Probe That Enables Assessment of
Cannabinoid CB2 Receptor Expression and Ligand Engagement in
Human Cells. J. Am. Chem. Soc. 2018, 140, 6067—6075.

(29) Yang, X; Michiels, T. J. M; de Jong, C.; Soethoudt, M,;
Dekker, N.; Gordon, E.; van der Stelt, M.; Heitman, L. H.; van der Es,
D.; Dzerman, A. P. An Affinity-Based Probe for the Human
Adenosine A2A Receptor. J. Med. Chem. 2018, 61, 7892—7901.

(30) Hellyer, S. D.; Aggarwal, S; Chen, A. N. Y,; Leach, K;
Lapinsky, D. J.; Gregory, K. J. Development of Clickable Photoaffinity
Ligands for Metabotropic Glutamate Receptor 2 Based on Two
Positive Allosteric Modulator Chemotypes. ACS Chem. Neurosci.
2020, 11, 1597—1609.

(31) Trinh, P. N. H,; Chong, D. J. W.; Leach, K; Hill, S. J.; Tyndall,
J. D. A; May, L. T; Vernall, A. J.; Gregory, K. J. Development of
Covalent, Clickable Probes for Adenosine Al and A3 Receptors. J.
Med. Chem. 2021, 64, 8161—8178.

(32) Helbig, A. O; Heck, A. J. R; Slijper, M. Exploring the
Membrane Proteome-Challenges and Analytical Strategies. J.
Proteomics 2010, 73, 868—878.

(33) Rosenbaum, D. M.; Rasmussen, S. G. F.; Kobilka, B. K. The
Structure and Function of G-Protein-Coupled Receptors. Nature
2009, 459, 356—363.

(34) Vit, O.; Petrak, J. Integral Membrane Proteins in Proteomics.
How to Break Open the Black Box? J. Proteomics 2017, 153, 8—20.

(35) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A
Stepwise Huisgen Cycloaddition Process: Copper(I)-Catalyzed
Regioselective “Ligation” of Azides and Terminal Alkynes. Angew.
Chem., Int. Ed. 2002, 41, 2596—2599.

(36) Sletten, E. M.; Bertozzi, C. R. From Mechanism to Mouse: A
Tale of Two Bioorthogonal Reactions. Acc. Chem. Res. 2011, 44, 666—
676.

(37) Beukers, M. W.; Chang, L. C. W.; von Frijtag Drabbe Kiinzel, J.
K.; Mulder-Krieger, T.; Spanjersberg, R. F.; Brussee, J.; IJzerman, A.
P. New, Non-Adenosine, High-Potency Agonists for the Human
Adenosine A2B Receptor with an Improved Selectivity Profile
Compared to the Reference Agonist N-Ethylcarboxamidoadenosine.
J. Med. Chem. 2004, 47, 3707—3709.

(38) Guo, D.; Mulder-Krieger, T.; IJzerman, A. P.; Heitman, L. H.
Functional Efficacy of Adenosine A2A Receptor Agonists Is Positively
Correlated to Their Receptor Residence Time. Br. J. Pharmacol. 2012,
166, 1846—1859.

(39) Amelia, T.; van Veldhoven, J. P. D.; Falsini, M.; Liu, R;;
Heitman, L. H.; van Westen, G. J. P.; Segala, E.; Verdon, G.; Cheng,
R. K Y,; Cooke, R. M,; van der Es, D.; IJzerman, A. P. Crystal
Structure and Subsequent Ligand Design of a Nonriboside Partial
Agonist Bound to the Adenosine A2A Receptor. . Med. Chem. 2021,
64, 3827—3842.

(40) Nakata, H. Al Adenosine Receptor of Rat Testis Membranes.
Purification and Partial Characterization. J. Biol. Chem. 1990, 265,
671-677.

(41) Gao, Z.; Robeva, A. S.; Linden, J. Purification of A1 Adenosine
Receptor—G-Protein Complexes: Effects of Receptor down-Regu-
lation and Phosphorylation on Coupling. Biochem. J. 1999, 338, 729—
736.

(42) Blex, C.; Michaelis, S.; Schrey, A. K.; Furkert, J.; Eichhorst, J.;
Bartho, K; Gyapon Quast, F.; Marais, A.; Hakelberg, M.; Gruber, U.;
Niquet, S.; Popp, O.; Kroll, F.; Sefkow, M.; Schiilein, R.; Dreger, M.;
Koster, H. Targeting G Protein-Coupled Receptors by Capture
Compound Mass Spectrometry: A Case Study with Sertindole.
ChemBioChem 2017, 18, 1639—1649.

(43) Sobotzki, N.; Schafroth, M. A,; Rudnicka, A.; Koetemann, A.;
Marty, F.; Goetze, S.; Yamauchi, Y.; Carreira, E. M.; Wollscheid, B.

3139

HATRIC-Based Identification of Receptors for Orphan Ligands. Nat.
Commun. 2018, 9, 1519.

(44) Miiskens, F. M.; Ward, R. J.; Herkt, D.; van de Langemheen,
H.; Tobin, A. B.; Liskamp, R. M. J; Milligan, G. Design, Synthesis,
and Evaluation of a Diazirine Photoaffinity Probe for Ligand-Based
Receptor Capture Targeting G Protein—Coupled Receptors. Mol.
Pharmacol. 2019, 95, 196—209.

(45) Miyajima, R; Sakai, K; Otani, Y.; Wadatsu, T.; Sakata, Y,;
Nishikawa, Y.; Tanaka, M.; Yamashita, Y.; Hayashi, M.; Kondo, K;
Hayashi, T. Novel Tetrafunctional Probes Identify Target Receptors
and Binding Sites of Small-Molecule Drugs from Living Systems. ACS
Chem. Biol. 2020, 15, 2364—2373.

(46) Ma, M.; Guo, S.; Lin, X; Li, S.;; Wy, Y.; Zeng, Y.; Hu, Y.; Zhao,
S; Xu, F; Xie, X,; Shui, W. Targeted Proteomics Combined with
Affinity Mass Spectrometry Analysis Reveals Antagonist E7 Acts As an
Intracellular Covalent Ligand of Orphan Receptor GPRS2. ACS
Chem. Biol. 2020, 15, 3275—3284.

(47) Muranaka, H.; Momose, T.; Handa, C.; Ozawa, T. Photo-
affinity Labeling of the Human A2A Adenosine Receptor and Cross-
Link Position Analysis by Mass Spectrometry. ACS Med. Chem. Lett.
2017, 8, 660—66S.

(48) Henderson, P. J. F.; Lardy, H. A. Bongkrekic Acid. J. Biol. Chem.
1970, 245, 1319—1326.

(49) Kooistra, A. J.; Mordalski, S.; Pandy-Szekeres, G.; Esguerra, M.;
Mamyrbekov, A.; Munk, C.; Keser¢, G. M.; Gloriam, D. E. GPCRdb
in 2021: Integrating GPCR Sequence, Structure and Function. Nucleic
Acids Res. 2021, 49, D335—D343.

(50) Klingenberg, M. The ADP and ATP Transport in Mitochondria
and Its Carrier. Biochim. Biophys. Acta, Biomembr. 2008, 1778, 1978—
2021.

(51) Klaasse, E. C.; IJzerman, A. P.; de Grip, W. J.; Beukers, M. W.
Internalization and Desensitization of Adenosine Receptors. Purinergic
Signal. 2008, 4, 21-37.

(52) Allan, C.; Burel, J. M.; Moore, J.; Blackburn, C.; Linkert, M.;
Loynton, S.; MacDonald, D.; Moore, W. J.; Neves, C.; Patterson, A.;
Porter, M.; Tarkowska, A.; Loranger, B.; Avondo, J.; Lagerstedt, L;
Lianas, L.; Leo, S.; Hands, K; Hay, R. T.; Patwardhan, A.; Best, C,;
Kleywegt, G. J.; Zanetti, G.; Swedlow, J. R. OMERO: Flexible, Model-
Driven Data Management for Experimental Biology. Nat. Methods
2012, 9, 245-253.

(53) Liang, H. X.; Belardinelli, L.; Ozeck, M. J.; Shryock, J. C. Tonic
Activity of the Rat Adipocyte Al-Adenosine Receptor. Br. J.
Pharmacol. 2002, 135, 1457—1466.

https://doi.org/10.1021/acschembio.2c00589
ACS Chem. Biol. 2022, 17, 3131-3139


https://doi.org/10.1161/CIRCRESAHA.116.310525
https://doi.org/10.1021/jacs.7b11281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c02169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c02169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jprot.2010.01.005
https://doi.org/10.1016/j.jprot.2010.01.005
https://doi.org/10.1038/nature08144
https://doi.org/10.1038/nature08144
https://doi.org/10.1016/j.jprot.2016.08.006
https://doi.org/10.1016/j.jprot.2016.08.006
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4
https://doi.org/10.1021/ar200148z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200148z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049947s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049947s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049947s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1476-5381.2012.01897.x
https://doi.org/10.1111/j.1476-5381.2012.01897.x
https://doi.org/10.1021/acs.jmedchem.0c01856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c01856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c01856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0021-9258(19)40102-6
https://doi.org/10.1016/s0021-9258(19)40102-6
https://doi.org/10.1042/bj3380729
https://doi.org/10.1042/bj3380729
https://doi.org/10.1042/bj3380729
https://doi.org/10.1002/cbic.201700152
https://doi.org/10.1002/cbic.201700152
https://doi.org/10.1038/s41467-018-03936-z
https://doi.org/10.1124/mol.118.114249
https://doi.org/10.1124/mol.118.114249
https://doi.org/10.1124/mol.118.114249
https://doi.org/10.1021/acschembio.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.7b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.7b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.7b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0021-9258(18)63238-7
https://doi.org/10.1093/nar/gkaa1080
https://doi.org/10.1093/nar/gkaa1080
https://doi.org/10.1016/j.bbamem.2008.04.011
https://doi.org/10.1016/j.bbamem.2008.04.011
https://doi.org/10.1007/s11302-007-9086-7
https://doi.org/10.1038/nmeth.1896
https://doi.org/10.1038/nmeth.1896
https://doi.org/10.1038/sj.bjp.0704586
https://doi.org/10.1038/sj.bjp.0704586
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

