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Chapter 2

Covalent Functionalization of G Protein-
Coupled Receptors by Small Molecular
Probes

Bert L.H. Beerkens, Adriaan P. I[Jzerman and Daan van der Es.

Abstract

Roughly one third of all marketed drugs act via binding to one or multiple of the >800 human
GPCRs, mostly through activation or inhibition via the orthosteric binding site. Next to that,
novel strategies to alter GPCR functioning are being developed, including allosteric, biased
and covalently binding ligands. Molecular probes play an important role to verify such drug
molecules with new modes of action and provide information on all factors involved in GPCR-
signaling. Various flavors of molecular probes have been developed, ranging from small
molecules to antibodies, each bearing its own advantages and disadvantages. In this mini-
review, a closer look is taken at small molecular probes that functionalize GPCRs in a covalent
manner, e.g. through conjugation of reporter groups such as a fluorophore or biotin. Covalently
bound reporter groups allow the investigation of GPCRs in an increasing amount of
biochemical assay types, yielding new information on GPCR-signaling pathways. Here, a
broad range of recently developed ‘functionalized covalent probes’ is summarized.
Furthermore, the use of these probes in biochemical assays, as well as their applications in
the field of GPCR research are discussed. Lastly, a view on possible future applications of
these types of small molecular probes is provided.
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1. Introduction

G protein-coupled receptors (GPCRs) are transmembrane proteins that share the same
structural features: seven trans-membrane helices, three extra- and three intracellular loops,
an extracellular N-terminus and an intracellular C-terminus. The human family of GPCRs
comprises >800 members, divided over multiple subfamilies classified by their ligand binding
partners.l' Upon binding to extracellular stimuli, GPCRs undergo conformational changes, in
turn inducing a cascade of intracellular signaling events. GPCRs thus allow cells to respond to
molecules in the extracellular environment. Signaling pathways that originate from GPCRs can
have a major influence on the physiology of the cell, and many pathophysiological conditions
have been linked to the activation or malfunctioning of GPCRs.? Such findings have led to a
surge in GPCR drug discovery at the end of the 20™ century, resulting in a high amount (>500)
of currently marketed drugs targeting GPCRs.®! Besides the development of ‘classical
orthosteric ligands, current strategies to modulate GPCR functioning include new types of
small molecules, examples being biased, allosteric, bitopic and covalent ligands. To take
advantage of these novel modulation strategies, it is important to study these ligands and
understand their molecular mechanisms of action.

Studying GPCRs however, has many challenges that share some common grounds. Firstly,
most GPCRs have a relatively low basal expression level on native cells, as compared to e.g.
cytosolic proteins, hindering purification and characterization.® Secondly, most GPCRs are
believed to contain multiple post-translational modifications (PTMs), such as extracellular
glycan modifications, intracellular phosphorylated residues and an intracellular palmitoyl
modification, all of which add another dimension of complexity to structure-based and
functional studies.®” Thirdly, having seven transmembrane helices, GPCRs contain a large
portion of hydrophobic amino acids that hamper solubilization and require additional
surfactants in conventional assay buffers.>8° Additionally, other factors, such as cellular
localization, protein-protein interactions (PPIs) and proteolytic cleavage all influence the fate
of a GPCR in its cellular context.”'% Fortunately, a plethora of chemical and biological probes
has been developed as tools to aid the molecular and pharmacological characterizations of
GPCRs.[""'4 Utilization of the right type of probe can help overcome and even study the
challenges mentioned above.

Radioactive chemical probes have historically been a primary source for GPCR
characterization.['™ B-emitting radioligands are being used to precisely determine the binding
affinity of putative ligands, while positron-emitting radioligands are being used to trace GPCR
distribution in vivo. Radiolabeled chemical probes, however, require the use of radioactive
material and specialized labs. Therefore, in addition to radioligands, fluorescent ligands have
been and are being developed as chemical probes for GPCRs.['*'Y Besides compound
screening and visualizing GPCR distribution, fluorescent ligands aid in determining subcellular
localization and cellular expression levels of GCPRs, using modern confocal microscopes and
flow cytometry techniques, respectively. Next to that, GPCR-targeting antibodies are being
developed as biological probes. The use of GPCR antibodies, however, is not without
challenges.l'® While some antibodies have shown successful applications,'®'7 other
antibodies suffer from low selectivity towards their target GPCR.['"-'° One reason for the lack
of selectivity is the low number of possible unique epitopes: the extracellular portion of a GPCR
‘merely’ consist of an N-terminus and three extracellular loops. Length of these extracellular
domains, and thus the ability to be selectively targeted by an antibody, differs greatly per
GPCR. Altogether, there is a broad overlap between the applications of radioligands,
fluorescent ligands and antibodies.

The chemical and biological probes mentioned above mostly bind in a reversible fashion. A
different strategy to study GPCRs is through covalent functionalization, in which the GPCR is
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covalently functionalized with a detection group of interest, such as a fluorophore, biotin moiety
or ‘click’ handle. A big advantage of covalent functionalization is the robustness of the bond
between GPCR and detection group, allowing the use of washing steps, reductants, oxidants,
surfactants and other chemicals in biochemical assays. This allows the investigation of GPCRs
in an expanded set of experiment types, for instance SDS-PAGE and pull-down proteomics.

In this mini-review, we will discuss the recently reported small molecular probes that are able
to covalently functionalize GPCRs. As the term ‘covalent probes’ is already used to describe
covalent ligands, we will use the term ‘functionalized covalent probes’ or ‘functionalized
covalent ligands’ throughout this mini-review. As such, we hope to put emphasis on both the
reactive groups and the reporter groups. Although covalent GPCR functionalization might also
be done through genetic or metabolic alterations,!'>'?l these strategies are not applicable to
native GPCRs and are therefore beyond the scope of this review. Here, we list most if not all
recently developed small molecular probes that covalently functionalize GPCRs. Additionally,
we will briefly discuss their applications.

2. Types of Probes

In the next paragraphs, four different types of functionalized covalent probes are being
discussed: affinity-based probes (AfBPs) (Figure 1A), ligand-directed probes (LD probes)
(Figure 1B), glycan-targeting probes (Figure 1C) and metabolic probes (Figure 1D). Each of
these probes label target GPCRs in their own specific manner.

2.1. Affinity-based probes

AfBPs are tool compounds that consist of three functional moieties: (1) a high affinity ligand
that promotes selective binding to the protein target of interest, hence the term ‘affinity-based’;
(2) a reactive group (‘warhead’) that induces covalent binding to the protein target; (3) a
reporter group that allows detection of the probe-bound protein in biochemical assays (Figure
1A). Although such probes have been synthesized for GPCRs for over three decades, the
recent term ‘affinity-based probes’ is a derivation of the term ‘activity-based probes’, as first
coined by Cravatt and coworkers.?'l Activity-based probes are similar tool compounds but
differ in reactivity, as their warheads target nucleophilic amino acid residues within the active
site of enzymes. GPCRs on the other hand, do not have such an active site nucleophile that
can be targeted. Therefore AfBPs for GPCRs require relatively more reactive warheads.

Two types of warheads can be distinguished: photoreactive groups and electrophilic groups.
AfBPs with photoreactive groups, also named ‘photo-affinity probes’, covalently bind their
target GPCR upon irradiation at specific wavelengths. Dependent on the type of photoreactive
group, carbene or nitrene species are generated that will insert into neighboring hydrogen-
heteroatom bonds.?? Due to this broad reactivity, most photo-affinity probes do not require a
particularly reactive amino acid residue to be present in the binding pocket of the receptor.
However, the broad reactivity might also cause an increased amount of off-target labeling.
Electrophilic AfBPs on the other hand, covalently bind their target GPCR through attack of a
proximate nucleophilic amino acid residue. Here, specific labeling of the target GPCR requires
a balanced electrophile: reactive enough to be attacked by the weakly nucleophilic amino acid,
but not randomly attacked by any amino acid residue in the proteome.

Considering the third functional moiety of AfBPs, the reporter group, a distinction can be made
between ‘one-step’ and ‘two-step’ probes.?28 In case of one-step AfBPs, the reporter group,
e.g. a fluorophore or biotin moiety, is directly conjugated to the probe. Two-step AfBPs on the
other hand, contain a bio-orthogonal group (click handle) that can be functionalized after
covalent binding to the target GPCR. Multiple probes have been developed that contain either
an alkyne or an azide group that can be functionalized using click chemistry. The advantage
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of two-step AfBPs is the lack of bulky reporter groups that might strongly influence the affinity
towards the target GPCR. Disadvantages are the introduction of an extra ‘click’ step in the
assay protocol, as well as possible use of cytotoxic reagents such as copper. In the next
paragraphs, the most recent advancements will be discussed considering the development of
one- and two-step, photo-affinity and electrophilic AfBPs for GPCRs.
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Figure 1. Schematic overview of the various functionalized covalent probes described in this review. (A)
Affinity-based probes (AfBPs). After reversible binding of an AfBP to the target GPCR, a nearby
nucleophilic residue attacks the electrophilic warhead, resulting in a covalently bound AfBP; (B) Ligand-
directed probes (LD probes). Upon reversible binding of an LD probe to the target GPCR, a nearby
nucleophilic residue attacks the electrophilic warhead, resulting in intramolecular bond cleavage and
subsequent donation of the reporter group to the GPCR; (C) Glycan-targeting probes. First, aldehydes
are generated through oxidation of the extracellular glycan chain of the GPCR. Next, the glycan-
targeting probe binds reversibly to the GPCR and the nucleophilic warhead attacks the generated
aldehyde, resulting in covalently bound glycan-targeting probe; (D) Metabolically incorporated probes.
First, fatty acids or sugar molecules derivatized with click groups are added to the cell culture medium.
These molecules are then post-translationally incorporated in the GPCR structure, allowing
functionalization of the GPCR via click chemistry. This figure was partly generated with Protein
Imager, 291 using the structure of the adenosine A2a receptor (PDB: 7ARO).

2.1.1. One-step photo-affinity probes

The introduction of photoreactive groups in the molecular structure of GPCR ligands has a
long history, as photo-affinity ligands have been widely used to decipher the location of binding
pockets in GPCRs.?! In some cases, these photo-affinity ligands have been equipped with
reporter groups, such as a fluorophore, biotin, or a radioisotope, to allow detection of the probe-
bound residues by SDS-PAGE and MS-techniques. Technological advances in the fields of
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microscopy and MS-based proteomics have led to new approaches to use photo-affinity
ligands to study GPCRs, resulting in the recent development of novel one-step photo-affinity
probes (Figure 2).2834 While initially most photo-affinity probes were equipped with
benzophenone and aryl azide groups, most modern probes contain a diazirine as
photoreactive group. The reasons for this are the relatively small size, favorable absorption
range and improved synthetic accessibility.?? On the other hand, Hayashi et al. implemented
multiple photoreactive groups into the scaffold of a known Dopamine D2 Receptor (D2R) ligand,
including diazirines, and found the 2-aryl 5-carboxytetrazole-contaning probe (4) to bind less
off-targets in proteomic studies.®'! Thus, the right balance needs to be found between size and
reactivity of the photoreactive group.
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Figure 2. Molecular structures of one-step photo-affinity probes and their target GPCRs. Show in in red
are the electrophilic groups and in green the reporter groups.
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One-step photo-affinity probes functionalized with a fluorophore for confocal imaging have
been developed for the C-X-C chemokine receptor type 4 (CXCR4)28 and the Formyl Peptide
Receptor 1 (FPR1).”% Both probes 1 and 2 were able to visualize agonist-induced
internalization upon binding their target GPCR. One-step photo-affinity probes functionalized
with biotin for proteomic pull-down (receptor capture) experiments have been developed for
the GABAGg receptor (GABAgR),1% D2R,®"-%2 Neurokinin 1 receptor (NK1R),3 5-HT14 receptor
(5-HT1aR) and 5-HTs receptor (5-HTeR).®4 Of these one-step photo-affinity probes, 3
(GABABR) has been used to elucidate PPIs within the GABAgR signaling complex, while 5
(D2R), 7 (5-HT+1aR) and 8 (5-HTsR) have been used to profile the protein interactome of their
respective molecular scaffolds.

2.1.2. Two-step photo-affinity probes

Most of the reported two-step photo-affinity probes were developed using a strategy that
combines the photoreactive group and the click handle onto the same ‘R’ group, substituted at
a location on the pharmacological scaffold that does not impair binding to the target GPCR
(Figure 3). However, having this option is strongly dependent on both the molecular scaffold
and GPCR binding pocket. The diazirine and benzophenone groups are the most popular
warheads among the two-step photo-affinity probes, but phenyl azide and acetophenone
groups have also been reported. B+ Two-step photo-affinity probes do not only avoid the use
of bulky reporter groups, as mentioned above, but also allow functionalization of the probe-
bound GPCR by any detection moiety of interest. This is reflected in the wide variety of assays
that have been performed, i.e. two-step photo-affinity probes 9-12 have been used in SDS-
PAGE experiments to detect the 5-HT1aR,4 5-HTgR,** metabotropic glutamate receptor 2
(mGlu2R)®! and metabotropic glutamate receptor 5 (mGlusR)®®; 13 in flow cytometry
experiments to investigate cannabinoid receptor type 2 (CB.R)®"! expression on lymphocytes;
14-16 in target identification experiments to identify GPR39,18 GPR758% and GPRC5AXY as
their respective protein targets; and 17 in pull-down experiments to map possible PPls of the
DoR.“1

2.1.3. Two-step electrophilic affinity-based probes

As general interest in covalent ligands is currently emerging, more and more electrophilic
covalent ligands are being developed to target GPCRs. Covalent ligands for GPCRs and their
wide variety of warheads are extensively reviewed elsewhere.*?! To the best of our knowledge
no one-step electrophilic AfBP for GPCRs has recently been developed. In case of the two-
step electrophilic AfBPs, the fluorosulfonyl group is the most popular warhead, reacting
through an Sy2 mechanism with a lysine or tyrosine residue on the target GPCR.*346] Next to
that, thiocyanate and acrylamide groups have been implemented in AfBPs to target cysteine
residues, reacting through reductive disulfide formation or a Michael addition, respectively
(Figure 4).477 In general, the strategy for the development of electrophilic AfBPs has been
substitution of a click handle, with or without extra linker, onto the scaffold of an existing
covalent ligand. Two-step probes provide the advantage of being used in a wide variety of
assay types due to ‘click’ functionalization in situ. This has resulted in the use of electrophilic
AfBPs in a broad range of assay types, such as SDS-PAGE, confocal microscopy, flow
cytometry and proteomic pull-down experiments, as has been showcased for the adenosine
Ai, Aza and As receptors (A1AR, A2xAR and A;AR)#381 and the chemokine receptor subtype 2
(CCR2).47 Of these electrophilic AfBPs, 18, 20 and 22 have been used to study N-
glycosylation of the A1AR, AsAR and CCR2, respectively; 18 to observe internalization of the
A+AR; and 20 to detect endogenously expressed AsAR on human primary cells.
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Figure 3. Molecular structures of two-step photo-affinity probes and their target GPCRs. Shown in red
are the photoreactive groups, shown in green are the click handles for functionalization.
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Figure 4. Molecular structures of electrophilic affinity-based probes and their target GPCRs. Shown in
red are the electrophiles, shown in green are the click handles for functionalization.

2.1.4. Broad-spectrum affinity-based probes

Besides targeting one specific GPCR, a (sub)family of GPCRs might also be targeted by a
‘broad-spectrum’ AfBP. Broad-spectrum activity-based probes have already found their
widespread use in proteomic studies towards various families of enzymes, such as hydrolases,
proteases and kinases. In case of GPCRs, the ‘high affinity’ moiety of the probe should be a
molecular scaffold that binds to multiple GPCRs. Steroids are a good example, as these
molecules have shown to allosterically bind GPCRs in crystallization studies. In fact, both
cholesterol and bile acid have been transformed in broad spectrum photo-affinity probes 24
and 25 for proteomics studies.*84% Next to that, the A8/9-Tetrahydrocannabinol (THC)-based
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probes 26 and 27 have been developed for the investigation of all THC-binding proteins
besides their target cannabinoid receptors (Figure 5).5%5" However, the number of GPCRs
detected by these broad-spectrum probes is still smaller than expected, presumably due to low
expression levels of GPCRs as compared to other proteins binders. For example, C-X-C motif
chemokine receptor 4 (CXCR4) is one of the GPCRs detected by utilization of probe 24, though
presumably picked up due to its relatively high expression levels in the cell line used.®?
Improvements to the enrichment of GPCRs, e.g. during protein solubilization steps,’ is
therefore necessary for the future detection of GPCRs with broad-spectrum AfBPs.

2.2. Ligand-directed probes

LD probes are very similar to AfBPs as they also consist of three functional moieties, (1) a high
affinity-ligand that induces selectivity, (2) an electrophilic group that reacts with a nucleophilic
amino acid residue, and (3) a reporter group for detection in chemical biological assays. The
main difference between AfBPs and LD probes is the electrophilic group. Upon reacting with a
nucleophilic amino acid residue, the electrophilic group of an LD probe induces bond cleavage
between the high affinity ligand and the reporter group (Figure 1B), allowing the high affinity-
ligand to leave the binding pocket after donation of the reporter group to the protein. LD probes
are therefore interesting new tools to label native GPCRs, without occupying the GPCR ligand
binding pockets.

The idea of LD probes has been developed by Hamachi and coworkers, where multiple
electrophilic groups have been investigated for their use in LD chemistry, examples being the
tosyl, dibromo benzoate, acyl imidazole and N-acyl, N-alkyl sulfonamide groups.®*57 An
important note is that the right balance should be found between selectivity and reactivity of
the electrophile, to prevent off-target labeling of the LD probe. The same team also provided
evidence for the first LD probe capable of tagging a GPCR.55%! Over the past decade, multiple
research groups have followed, resulting in a in a recent increase in LD probes as tools to
study GPCRs. Also in case of LD probes, one-step and two-step probes have been developed.
These will be discussed in the paragraphs below.

2.2.1. One-step ligand-directed probes

Early examples of one-step LD probes use the acyl imidazole group as electrophile,’®>% while
more recent one-step LD probes have also implemented 2-nitrophenyl esters, 2-fluorophenyl
esters and N-acyl, N-alkyl sulfonamides as electrophilic groups (Figure 6).15°-521 An interesting
strategy is the use of the O-nitrobenzoxadiazole moiety as both the electrophile and the
fluorophore in LD probes 35 and 36.52% Upon nucleophilic attack by a proximal lysine residue,
the moiety becomes fluorescent, resulting in a measurable ‘turn-on’ signal upon receptor
binding. Besides the nitrobenzoxadiazole group, one-step LD probes have been conjugated to
biotin and fluorophore moieties and used in SDS-PAGE, flow cytometry and confocal
microscopy experiments. One-step LD probes have been developed for the bradykinin Bz
receptor (B2R), AsnAR,1%611 metabotropic glutamate receptor 1 (mGluR),®® p opioid
receptor (MOR),® dopamine D1 receptor (DiR),® CB.R,®2 and smoothened receptor
(SMOR).6% Of these one-step LD probes, 30 has been used to selectively target endogenous
A2nARs on breast cancer cells; and one-step LD Probes 31 and 32 have been used to
selectively label endogenously expressed mGlu1R and MOR, respectively, in brain slices
derived from rodents.’%%¢
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2.2.2. Two-step ligand-directed probes

Incorporation of a click handle increases the versatility of the LD probe, however also demands
the implementation of an additional ‘click’ step during labeling assays. The latter might hamper
the use of LD probes in cellular environments. The first two-step LD probes for GPCRs were
based on a catalytic mode of action: a high-affinity ligand was conjugated to a catalytic group,
e.g. a dimethyl aminopyridine (DMAP) or pyridinium oxide (PyrOx) moiety, that catalyzes the
reaction of the reporter molecule with a nearby nucleophilic amino acid residue (Figure 7).1867
This strategy has been used to substitute fluorophores onto the B2R, among other protein
targets,%® and allowed receptor labeling in SDS-PAGE and confocal microscopy experiments.
These reactions however, are not specific between two functional groups and might therefore
result in unwanted off-target labeling. Instead, a click handle has been implemented in the
recently developed two-step LD probe 38 for the adenosine A2z receptor (A2sAR) (chapter 6).
This LD probe incorporated an N-acyl, N-alkyl sulfonamide group as electrophile for donation
of a clickable terminal alkyne group to the A2sAR, as observed in SDS-PAGE experiments.

2.3. Glycan-targeting probes

Glycosylation is a PTM expected to be present on all cell surface GPCRs.® A strategy has
been developed that makes use of glycosylation to covalently label all cell surface proteins,
including GPCRs.[58%9 First, the oligosaccharides within the glycan chain are mildly oxidized
to generate aldehyde groups that function as electrophiles. Next, a trifunctional probe is added,
again containing three functional moieties, (1) a high affinity ligand; (2) a nucleophilic group;
and (3) a reporter group for detection. The trifunctional probe binds to the target GPCR and
subsequently forms a covalent bond with an aldehyde of a proximal glycan chain (Figure 1C),
allowing detection of the GPCR in biochemical assays. The first glycan-targeting probe (coined
‘TRICEPS’) implemented trifluoroacetylated hydrazine as nucleophile, while later probes
implemented aminooxy groups (‘ASB’ probe) and acetone protected hydrazine groups
(‘HATRIC’ probe) (Figure 8).18-711 Noteworthy, all the reported glycan-targeting probes need to
be ‘pre-coupled’ to a GPCR ligand prior to their utilization in biochemical assays. Pre-coupling
is carried out via the electrophilic N-hydroxy succinimide ester or the nucleophilic thiol group.
Biotin has been the reporter moiety of choice in all these examples. Of these glycan-targeting
probes, 39 has been used in target identification experiments, leading to the detection and
identification of the Apelin Receptor (APLNR)®®! and Latrophilin 2 receptor (LPHN2R)"2 via
pull-down proteomics.

2.4. Metabolic incorporation of two-step probes

Huge efforts have been performed in the labs of Lin and Sakmar on the incorporation of
unnatural amino acids into the peptide sequence of GPCRs.['>7 These include amino acids
that contain photoreactive or clickable groups. Although these probes are beyond the scope
of this review, there are two interesting strategies that metabolically incorporate probes without
altering the genetic code of the GPCR (Figure 1D). First, clickable oligosaccharide 42 has been
incorporated in the glycan chains of the Histamine H3 Receptor (HsR) (Figure 9). This has led
to the detection of the HsR in FRET-based assays.l”¥ Secondly, clickable variants of palmitic
acid 43 and 44 have been metabolically incorporated as S-palmitoyl groups. This allowed
identification of the palmitoylation sites at the a; adrenergic receptor (a:R),”® B+ and B:
adrenergic receptors (B:1R and B2R),"®”1 MOR® and D,R[" through SDS-PAGE and western
blot experiments.
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Figure 7. Molecular structures of two-step ligand directed probes and their GPCR targets. Shown in
green are the chemical groups that allow functionalization of the receptor, show in red are the
electrophilic groups.
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the nucleophiles responsible for glycan binding, show in green are the detection moieties and shown in
blue are the chemical groups that allow ligand incorporation.
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Figure 9. Molecular structures of two-step probes for metabolic incorporation and their target GPCRs.
Shown in green are the click handles for functionalization.
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Chapter 2

3. Concluding Remarks

Over the past decade a modest set of roughly 40 small molecular probes has been developed
for the covalent functionalization of GPCRs (Table 1). These include affinity-based probes,
ligand-directed probes, glycan-targeting probes and metabolic probes, using either a one- or
two-step labeling strategy. Depending on the envisioned assay setup, a specific type of probe
might be preferable, e.g. one-step probes might be suitable for live-cell imaging experiments,
while ligand-directed probes might be used to track receptors upon ligand binding.

Thus far, most of the reported functionalized covalent probes have been used to detect the
presence of the receptor using overexpressing cell lines, although in some studies receptor
expression was assessed in human blood cells,®”#5 mouse adipocytes,*? or brain slices from
rats and mice.®8% Similar studies on GPCR expression have also been carried out using
reversible ligands, either fluorescent or radiolabeled, and are therefore not a specific
application of covalent probes. However, functionalized covalent probes can be used to track
GPCR localization inside the cell without possible loss of reversibly bound detection moieties.
This is exemplified in literature by the detection of agonist-induced internalization. 28294364

Next to that, covalent functionalization of GPCRs has also revealed the presence of several
PTMs, of which N-glycosylation has been the most evident.[2%37:43:4558.64 Glycan-targeting and
clickable sugar moieties are based on the idea of receptor glycosylation.®8-7"74l Nevertheless,
many questions remain regarding location and sequence of N- and O-glycosylation, as well as
their regulatory effects on receptor functioning.®”89 S-palmitoylation as a PTM has been
studied with two-step metabolic fatty acid probes to investigate agonist-induced
internalization,® receptor stability and trafficking for their respective GPCRs.["7:79

Furthermore, covalent probes have shown to be elegant tools for the target identification of
bioactive molecules using pull-down proteomics.[“%48-50.72 Yet, such proteomic strategies have
not always yielded a detectable signal of the target GPCR.%4:81 Careful examination of
multiple variables, e.g. expression level, solubilization and digestion methods, is therefore of
great importance in target identification studies.®324353701 Fyrther complicating, GPCRs also
form signaling complexes, interacting with both membrane and cytosolic proteins. Several of
the aforementioned probes have already identified potential interaction partners of
GPCRs.[3032343%41 However, in such experiments, careful analysis is necessary to distinguish
between off-target proteins and true PPI partners.

4. Outlook

For future studies, the toolbox with functionalized covalent probes will aid thorough
investigations of GPCRs. Example studies in the near future can be: (i) covalently tagging
GPCRs with fluorophores to track GPCRs intracellularly, investigating possible signaling
activity on intracellular organelles.l'” (ii) Covalently tagging GPCRs with biotin to perform pull-
down proteomics and subsequent MS experiments, identifying PTMs through sophisticated
MS analysis software.®#2 (i) Covalently tagging GPCRs with fluorophores or biotin to detect
protein interaction partners, using cross-linking chemistry (pull-down proteomics) or
counterstaining (fluorescent microscopy) methods. 8384

Altogether, there are many possibilities to make smart use of functionalized covalent probes.
However, it must be noted that these probes do not replace reversible probes, genetic
techniques or metabolic techniques to functionalize receptors. Instead, these techniques are
complementary towards one another, all yielding their own subset of information. In the future,
this combined toolbox filled with reversible, covalent, genetic and metabolic probes will
therefore be of great use in answering fundamental questions regarding GPCRs.
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Functionalized covalent probes for GPCRs

Table 1. List of functionalized covalent probes for GPCRs, sorted by GPCR name.

Target Probe Name Type of Electrophile Reporter Detection Ref
GPCR probe Methods
5-HT1aR 7 5 one-step benzophenone  biotin mass [34]
photo- spectrometry
affinity
5-HT1aR 9 7 tvsr/]o—tstep benzophenone alkyne SDS-PAGE [34]
oto-
gffinity
5-HTeR 8 16 one-step benzophenone  biotin mass [34]
photo- spectrometry
affinity
5-HTeR 10 18 tv%o-tstep benzophenone alkyne SDS-PAGE [34]
oto-
gffinity
AAR 18 LUF7909 two-step fluorosulfonyl alkyne SDS-PAGE, 143]
electrophilic microscopy,
mass
spectrometry
A1AR, 19 uoDC9 two-step fluorosulfonyl alkyne SDS-PAGE [44]
AsAR electrophilic
A21AR 30 1 one-step 2-fluorophenyl  Cy5 SDS-PAGE, [61]
ligand- ester TR-FRET,
directed microscopy
A2nAR 29 3c one-step 2-nitrophenyl biotin - 160]
ligand- ester
directed
A2nAR 21 LUF7487 two-step fluorosulfonyl alkyne SDS-PAGE 48]
electrophilic
A2sAR 38 LUF8019 two-step N-acyl, N-alkyl  alkyne SDS-PAGE -
ligand- sulfonamide
directed
AsAR 20 LUF7960 two-step fluorosulfonyl alkyne SDS-PAGE, [45]
electrophilic flow
cytometry,
microscopy
B2R 28 3 one-step Acyl imidazole  biotin SDS-PAGE, 164]
ligand- microscopy
directed
B2R 37 9 two-step - tri-DMAP  SDS-PAGE, 58]
ligand- microscopy
directed
CB2R 34 15 one-step N-acyl, N-alkyl ~ DY- Imaging flow [62)
ligand- sulfonamide 480XL cytometry,
directed microscopy
CB2R 35 2b one-step O-nitro O-nitro TR-FRET 162]
ligand- benzoxa benzoxa
directed diazole diazole
CB2R 13 LEI121 two-step diazirine alkyne SDS-PAGE, [37]
photo- flow
affinity cytometry,
mass
spectrometry
CCR2 22 LUF7834 two-step acrylamide alkyne SDS-PAGE, 47
electrophilic mass
spectrometry
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CCR2

CXCR4

DiR

D2R

D2R

D2R

FPR1

GABAs

GPR39

GPR75

GPRC5A

mGluiR

mGiluzR

mGilusR

MOR

NKiR

SMOR

23

33

17

14

15

31

11

12

32

36

LUF7835
ATI-2766

5h

CPT-
00031

Probe 7

Probe-
TAMRA

CGP
642138

1A

20-
ApheDa

x-alk-TA

NAI-
A594

Ac-Nle-
SP-probe

Chapter 2

two-step
electrophilic

one-step
photo-
affinity

one-step
ligand-
directed

two-step
photo-
affinity

one-step
photo-
affinity

one-step
photo-
affinity

one-step
photo-
affinity

one-step
photo-
affinity

two-step
photo-
affinity

two-step
photo-
affinity

two-step
photo-
affinity

one-step
ligand-
directed

two-step
photo-
affinity

two-step
photo-
affinity

one-step
ligand-
directed

one-step
photo-
affinity

one-step
ligand-
directed

thiocyanate

diazirine

acyl imidazole

benzophenone

diazirine

2-aryl, 5-
carbox
tetrazole

diazirine

diazirine

diazirine

benzophenone

diazirine

acyl imidazole

acetophenone

phenyl azide

acyl imidazole

diazirine

O-nitro
benzoxa
diazole

[a] Nucleophilic group that reacts with oxidized glycan chains.
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Alkyne

TAMRA

DY647

alkyne

biotin

biotin

TAMRA

biotin

alkyne

azide

alkyne

Alexa
Fluor 647

alkyne

alkyne

Alexa
594

biotin

O-nitro
benzoxa
diazole

SDS-PAGE,
mass
spectrometry

SDS-PAGE,
microscopy

TR-FRET,
microscopy

SDS-PAGE,
flow

cytometry,
microscopy,
mass
spectrometry

SDS-PAGE,
mass
spectrometry

mass
spectrometry

SDS-PAGE,
flow
cytometry,
microscopy

SDS-PAGE

mass
spectrometry

SDS-PAGE,
mass
spectrometry

SDS-PAGE,
microscopy,
mass
spectrometry

SDS-PAGE,
microscopy

SDS-PAGE,
microscopy

SDS-PAGE

SDS-PAGE,
flow
cytometry,
microscopy

SDS-PAGE,
microscopy,
mass
spectrometry

SDS-PAGE

[47]

[28]

[66]

[41]
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