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Caffeine and the Adenosine Receptors 
Caffeine is a substance present in coffee, tea and chocolate, among other 
food and beverages, consumed widely across the world. Caffeine is well-
known because of its effects upon consumption, resulting in a decreased 
feeling of tiredness for the consumer.[1] The molecular mechanisms behind 
the stimulatory effects have been elucidated about fifty years ago, when 
caffeine was found to block adenosine-responsive receptors.[2–4] In other 
words, caffeine prevents the molecule adenosine from binding to and 
stimulating ‘its’ receptor, thereby impairing the natural feeling of drowsiness 
caused by receptor activation. Up to today, four subtypes of adenosine 
receptor have been characterized: the A1, A2A, A2B and A3 receptors (coined 
A1AR, A2AAR, A2BAR and A3AR throughout this dissertation).[5] These 
subtypes vary in their molecular structure, induced effects upon activation and 
expression levels in certain cell- and tissue types.[5–7] All four subtypes share 
similar structural characteristics, as well as a mode of action that involves 
Guanine Nucleotide Binding Protein (G Protein) signaling, making them part 
of the so-called G Protein-Coupled Receptor (GPCR) family of proteins.[8] 

G Protein-Coupled Receptors (GPCRs) 
Proteins within the family of GPCRs share several characteristics. Considering structure, 
GPCRs have an extracellular N-terminus, seven transmembrane helices and an intracellular 
C-terminus.[9] Upon activation, GPCRs change their conformation, resulting in the dissociation 
of the intracellularly bound G Protein.[10] In turn, the G Protein is able to induce various 
intracellular pathways, of which cyclic adenosine monophosphate (cAMP) generation is the 
most well-studied (Figure 1).[11] Next to G Proteins, GPCRs have been found to bind arrestin, 
a signaling protein that induces internalization of the receptor from the membrane into the 
cell.[12–15] These “classical” and fundamental GPCR pathways have been known for a couple 
of decades. Nowadays, however, it is becoming clear that there are more factors that influence 
the fate of GPCRs and their signaling pathways.[16–19] 

One of the factors that influences the outcome GPCR signaling pathways is the ability of the 
GPCR to form protein-protein interactions (PPIs) with other proteins. Next to the well-known 
interactions with subtypes of G Protein and arrestin, PPIs between GPCRs and multiple other 
proteins have been discovered. Possible interactions partners are the same GPCR 
(homodimer formation), a different GPCR (heterodimer formation), other membrane proteins 
(e.g. adenylyl cyclase), or intracellular proteins (e.g. G protein-coupled receptor kinases 
(GRKs)).[16] A second factor of influence is the presence or absence of certain post-

translational modifications (PTMs): covalent reversible modifications onto the protein that 
are not encoded within their DNA.[17,18] GPCR signaling from other cellular compartments 

has also been observed, e.g. from organelles and vesicles. Cellular localization of GPCRs is 
thus a third factor that influences GPCR signaling. All of these factors, PPIs, PTMs and cellular 
localization, are highly intertwined, thereby complicating the outcome of the induced signaling 
pathways.[16–19] 

Knowledge of all different aspects of GPCR signaling is highly valuable when targeting a GPCR 
for medicinal purposes. In fact, GPCRs are one of the most popular drug targets, as roughly 
one third of all marketed drugs is targeting a specific GPCR, directly or indirectly.[23,24] The 
reason for their popularity is the important role of GPCR signaling in a wide range of 
physiological and pathological conditions. This is also true for all four of the adenosine 
receptors, that are involved in multiple pathophysiological conditions, ranging from immune 
regulation to cancer.[25] 

 
Caffeine was first 
isolated as a pure 
substance in 1819 by the 
German Friedlieb 
Ferdinand Runge and 
termed ‘Kaffeebase’. The 
molecule was later 
independently 
discovered by the French 
Pierre-Joseph Pelletier, 
who gave the substance 
the name ‘caffeine’. Both 
names are derived from 
the word ‘coffee’.  
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Figure 1. Activation of GPCRs results in intracellular signal transduction pathways, of which G protein-
dependent stimulation or inhibition of adenylyl cyclase (right-hand side) and arrestin-mediated 
internalization (left-hand side) are the most well studied. Adenylyl cyclase in turn produces cAMP from 
adenosine triphosphate (ATP). This figure was partly created using Protein Imager,[20] using the 
structures of the A2AAR (PDB: 7ARO), modified GS Protein (PDB: 8HDO), β-Arrestin1 (PDB: 7SRS) and 
predicted structure of Adenylyl Cyclase type 6 (Alphafold: AF-043306-F1).[21,22] 

Adenosine Receptors as Drug Target 
Although the adenosine receptors are a target for caffeine, the receptors are named after their 
endogenous ligand: adenosine (Figure 2).[5] Adenosine is a signaling molecule that is formed, 
next to other biosynthetic pathways, through the breakdown of extracellular ATP.[6] ATP 
functions as energy carrier of the cell. Hence, a high extracellular concentration of adenosine 
indicates high levels of ATP consumption. Increased concentrations of adenosine have been 
found in various pathological conditions, for example during inflammation, hypoxia and in the 
tumor microenvironment.[26,27] Cells respond to this adenosine-rich environment via binding of 
adenosine to one or more of the four adenosine receptors (ARs), most often leading to an 
immunosuppressive response. Targeting the adenosine receptors is therefore an interesting 
strategy to modulate immune responses in a variety of pathologies, as further outlined below. 

The adenosine A1 receptor (A1AR) is expressed in several brain regions (cortex, cerebellum, 
hippocampus), the heart (cardiomyocytes) and fat tissue (adipocytes), among other tissue 
types.[5] Activation of the receptor results in, for example, analgesic effects, reduction of 
ischemic injury or induction of lipolysis, however, this is highly dependent on cell- and tissue 
type.[30–32] Clinical trials of A1AR-targeting drugs have mostly been focused on reducing and 
preventing heart damage, using either (partial) agonists or antagonists for the A1AR.[30] More 
recent studies reveal a reduction of nociception upon treatment with an A1AR allosteric 
modulator, implying novel therapeutic pathways for the treatment of pain.[32] 

 

 

1

9

General introduction

168788 Beerkens BNW.indd   9168788 Beerkens BNW.indd   9 28-09-2023   09:1828-09-2023   09:18



 

The adenosine A2A receptor (A2AAR) is expressed in multiple brain regions (a high A2AAR 
receptor density is found in the basal ganglia), as well as on immune cells (granulocytes and 
lymphocytes, among other cells).[7] The stimulatory effects of caffeine are mostly caused by 
inhibition of A1ARs and A2AARs in the brain.[33] Next to that, antagonism of A2AARs in brain 
regions dampens the effects of neurodegenerative diseases, such as Parkinson’s and 
Alzheimer’s, leading to FDA approval of the A2AAR antagonist Istradefylline as therapy for 
Parkinson’s disease.[34–36] 

The adenosine A2B receptor (A2BAR) is expressed on smooth muscle cells, endothelial cells 
and immune cells (macrophages, dendritic cells and antigen-presenting cells, among other 
immune cells). Like the A2AAR, activation of A2BARs leads to local immune suppression.[37] 
Pathways involving both A2AARs and A2BARs have been found beneficial for the proliferation 
of cancerous cells within the tumor micro-environment.[26,27,37] Therefore, multiple clinical trials 
are currently ongoing using antagonists to block A2AARs and A2BARs in certain types of 
cancer.[7] 

Lastly, the adenosine A3 receptor (A3AR), is expressed on immune cells (granulocytes), 
various cancerous cell lines and in testes and lungs, among other tissue types.[5] Activation of 
the A3AR can lead to various immunomodulatory effects, depending on cell and tissue type, 
and ranges from the release of immune mediators to chemotaxis.[38–40] Altering immune 
signaling through the activation or inhibition of A3ARs is currently being investigated as 
treatment of rheumatoid arthritis, COVID-19 and psoriasis.[7] 

Figure 2. The four adenosine receptors are activated by their endogenous ligand adenosine and 
blocked by caffeine, although with differences in binding affinity between receptors, experiments and 
species.[7,28,29] ATP is a source of extracellular adenosine and is dephosphorylated by the membrane 
enzymes CD39 and CD73. This figure was partly created with Protein Imager,[20] using the structures of 
the A1AR (PDB: 7LD4), A2AAR (PDB: 7ARO), A2BAR (PDB: 8HDO) and predicted structure of the A3AR 
(Alphafold: AF-P0DMS8-F1).[21,22] 
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Challenges in Studying Adenosine Receptors  
As evident from the examples above, the adenosine receptors are widely expressed 
throughout the human body. Consequently, activation of the adenosine receptors can cause a 
variety of downstream effects, dependent on cell type and cellular environment. Using the 
adenosine receptors to modulate immune responses in heart diseases, neurodegenerative 
diseases, cancers and immune disorders are interesting new strategies for drug discovery 
programs. Nevertheless, caution must be taken upon targeting the ARs, as the multitasking 
role of the receptors might cause unwanted side effects.[41] It is therefore of great importance 
to investigate the ARs and decipher all aspects of AR signaling, prior to the introduction of new 
drug candidates.  

Studying the ARs, however, has many challenges. Being part of the GPCR family of proteins, 
ARs have various structural features that make them difficult to detect in standard biochemical 
assays. First of all, the seven hydrophobic transmembrane domains cause poor solubility of 
the receptors, thus requiring adjusted buffers and assay conditions.[9,42,43] This initially 
hampered the progress in crystallization studies of GPCRs but has become less of an issue 
with the rise of cryo-EM techniques.[43] Nevertheless, other biochemical assay types, for 
example chemical proteomics, still suffer from the poor solubility of GPCRs under standard 
assay conditions.[44]  

Next to that, low endogenous expression levels of ARs (not to be confused with the wide 
expression on various cell types) hinder detection of ARs on endogenous cells, while low levels 
are still of physiological importance.[6,42,44] Most studies towards AR detection have therefore 
been carried out on AR-overexpressing cell lines, purified membrane fractions or purified 
receptors.  

Lastly, the factors that influence GPCR signaling, as discussed above, also increase the 
complexity of AR signaling. These include PPIs, PTMs and (sub)cellular localization. All the 
ARs interact with other proteins, contain multiple PTM sites and partake in internalization 
pathways after agonist-induced activation.[45] The A2AAR has been the most extensively 
studied, resulting in the discovery of PPIs with multiple other proteins, such as members of the 
subfamilies of cannabinoid and dopamine receptors.[46–48] Next to the A2AR, homo- and/or 
heteromeric PPIs have been observed for the A1AR, A2BAR and A3AR, although the 
physiological relevance of these PPIs has yet to be understood.[49,50] 

Fortunately, various chemical and biochemical tools are being developed to aid the detection 
of ARs, as well as AR-induced signaling pathways. These include genetic alterations of the 
receptor, e.g. incorporation of FRET- and BRET-based proteins or tags, the development of 
antibodies, and the development of chemical probe molecules.[51,52] Of these tools, genetic 
incorporation of fluorescent sensors is not possible when looking at endogenous AR 
expression in native systems. Next to that, GPCR antibodies are often hindered by their low 
selectivity.[53,54] Therefore, this thesis focuses on the development and use of selective 
chemical probes to target and study the adenosine receptors.  

  

1

11

General introduction

168788 Beerkens BNW.indd   11168788 Beerkens BNW.indd   11 28-09-2023   09:1828-09-2023   09:18



 

Targeting the Adenosine Receptors with Chemical Probes  
Over the past decades, various types of chemical probes have been developed to target the 
adenosine receptors.[51] Practically, these chemical probes can be divided into two categories: 
reversible and covalent probes. Reversible chemical probes bind to ARs in a similar manner 
as adenosine and caffeine: through intermolecular forces in the binding pocket of the receptor. 
Reversible probes can leave the receptor binding pocket after binding, thereby generating an 
equilibrium between bound and unbound receptor (Figure 3A). Reversible probes for 
adenosine receptors include ligands that have been functionalized with radioactive isotopes 
(radioligands) or fluorophores (fluorescent ligands).[51,55,56] 

Covalent probes on the other hand, contain an electrophilic or photoreactive group that reacts 
with an amino acid residue near the probe binding pocket, inducing a covalent bond between 
probe and receptor (Figure 3B).[57] Covalent probes have an ‘infinite’ residence time and 
therefore show a time-dependent increase in receptor occupancy. Ligands functionalized with 
an electrophilic or photoreactive group (covalent ligands) have been used as tool to 
permanently block the adenosine receptors. A summary of most of the previously (before 2020) 
developed radioligands, fluorescent ligands and covalent ligands can be found in a recent 
review paper.[51] 

Building upon this, covalent ligands have been functionalized with reporter groups, such as 
radioactive isotopes, fluorophores and biotin moieties. Contrary to the reversible radioligands 
and fluorescent ligands, these reporter groups are attached to the receptor in a covalent 
manner, allowing detection of ARs in assay types that require thorough washing steps or the 
use of denaturing conditions. Different strategies to covalently functionalize GPCRs with small 
molecular probes are reviewed in chapter 2. In case of the ARs, two different types of 
functionalized covalent probes have been developed: affinity-based probes and ligand-
directed probes. 

Figure 3. Schematic overview of the types of probes that have been developed for the adenosine 
receptors. (A) Reversible probes; (B) Covalent ligands; (C) Affinity-based probes; (D) Ligand-directed 
probes. This figure was partly created with Protein Imager,[20] using the structure of the A2AAR (PDB: 
7ARO). 
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Affinity-based probes are covalent ligands functionalized with reporter groups and consist of 
three parts: a high affinity ligand to induce selectivity; an electrophilic or photoreactive group 
(‘warhead’) that ensures covalent bond formation between probe and receptor; and a reporter 
group that allows detection of the probe-bound receptor in biochemical assays (Figure 3C). 
Early examples of affinity-based probes for ARs contain a radioisotope that is directly 
conjugated to the molecular scaffold (one-step probes),[58–60] while more recent examples of 
affinity-based probes use click chemistry to ‘click’ detection moieties onto the probe-bound 
receptors in situ (two-step probes).[61–64] 

Ligand-directed probes consist of the same three parts as affinity-based probes: a high affinity 
ligand to induce selectivity; an electrophilic group that reacts with a nearby amino acid residue; 
and a reporter group that allows detection of all probe-bound receptors. However, ligand-
directed probes use a different type of electrophile: upon binding covalently to the receptor, 
the high affinity-ligand acts as leaving group (Figure 3D). This means that the binding pocket 
of the receptor is ‘free’ to bind other ligands, which allows studies towards receptor activation 
upon binding to various (partial) agonists. Both one-step and two-step ligand-directed probes 
have been developed for the ARs.[65,66]  

Aim and Outline of This Thesis 
The adenosine receptors are interesting protein targets from a drug discovery perspective. 
However, targeting specific AR pathways is hampered by the wide expression of ARs and their 
multitude of functionalities. Besides that, the inherent properties of being GPCRs, such as poor 
solubility, low expression levels, PPIs, PTMs and subcellar localization, all add extra layers of 
complexity to AR behavior. Therefore, in this thesis, we aim to develop new chemical probes 
that allow the detection of ARs in a broad range of assay types, in order to both overcome and 
study the abovementioned complexities. These chemical probes include covalent ligands, 
affinity-based probes and ligand-directed probes.  

Chapter 2 provides an overview of all the small molecular probes that have been developed 
to covalently functionalize the whole family of GPCRs. Various types of probes are discussed, 
as well as their potential applications in GPCR research. Chapter 3 describes the development 
of a covalent ligand for the adenosine A2B receptor. A set of potential covalent ligands for the 
A2BAR was synthesized and the effect of location and type of electrophile (‘warhead’) is 
evaluated in this chapter. In Chapter 4 the development of an affinity-based probe for the 
adenosine A1 receptor is reported. The synthesis of the probe is described, as well as the 
evaluation of the probe in radioligand binding assays. Furthermore, utilization of the affinity-
based probe in SDS-PAGE, pull-down proteomics and microscopy experiments is described. 
Chapter 5 reports the development of an affinity-based probe for the adenosine A3 receptor. 
Likewise, synthesis and pharmacological evaluation of the affinity-based probe are reported. 
This chapter also shows the application of the affinity-based probe in SDS-PAGE, microscopy 
and flow cytometry experiments to detect both overexpressed and endogenous A3AR. Chapter 

6 builds onto the work of chapter 3 and describes the development of a ligand-directed probe 
based on the aforementioned A2BAR covalent ligand. Reactivity, selectivity and functionality of 
the ligand-directed probe are evaluated in this chapter. Finally, Chapter 7 gives an overview 
of the developed probes and their use in various types of biochemical assays. In conclusion, 
future applications of the herein presented probe types are this discussed in this chapter.  
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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.[1] 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.[2] Such findings have led to a 
surge in GPCR drug discovery at the end of the 20th century, resulting in a high amount (>500) 
of currently marketed drugs targeting GPCRs.[3] 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.[4] 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.[5] 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.[6,7] 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.[5,8,9] 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.[7,10] Fortunately, a plethora of chemical and biological probes 
has been developed as tools to aid the molecular and pharmacological characterizations of 
GPCRs.[11–14] 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.[15] β-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.[13,14] 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.[13] While some antibodies have shown successful applications,[16,17] other 
antibodies suffer from low selectivity towards their target GPCR.[17–19] 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,[12,13] 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.[21] 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.[22] 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.[23] 

Considering the third functional moiety of AfBPs, the reporter group, a distinction can be made 
between ‘one-step’ and ‘two-step’ probes.[24–26] 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.  

 

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,[20] 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.[27] 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).[28–34] 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.[22] 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.[31] Thus, the right balance needs to be found between size and 
reactivity of the photoreactive group.  

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).[29] 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 GABAB receptor (GABABR),[30] D2R,[31,32] Neurokinin 1 receptor (NK1R),[33] 5-HT1A receptor 
(5-HT1AR) and 5-HT6 receptor (5-HT6R).[34] Of these one-step photo-affinity probes, 3 

(GABABR) has been used to elucidate PPIs within the GABABR signaling complex, while 5 

(D2R), 7 (5-HT1AR) and 8 (5-HT6R) 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. [34–41] 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,[34] 5-HT6R,[34] metabotropic glutamate receptor 2 
(mGlu2R)[35] and metabotropic glutamate receptor 5 (mGlu5R)[36]; 13 in flow cytometry 
experiments to investigate cannabinoid receptor type 2 (CB2R)[37] expression on lymphocytes; 
14-16 in target identification experiments to identify GPR39,[38] GPR75[39] and GPRC5A[40] as 
their respective protein targets; and 17 in pull-down experiments to map possible PPIs of the 
D2R.[41] 

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.[42] 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 SN2 mechanism with a lysine or tyrosine residue on the target GPCR.[43–46] 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).[47] 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 
A1, A2A and A3 receptors (A1AR, A2AAR and A3AR)[43–46] 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, A3AR and CCR2, respectively; 18 to observe internalization of the 
A1AR; and 20 to detect endogenously expressed A3AR 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. 

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.[48,49] Next to that, the Δ8/9-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).[50,51] 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.[52] 
Improvements to the enrichment of GPCRs, e.g. during protein solubilization steps,[53] 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.[54–57] 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.[55,58] 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,[55,59] 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).[60–62] An interesting 
strategy is the use of the O-nitrobenzoxadiazole moiety as both the electrophile and the 
fluorophore in LD probes 35 and 36.[62,63] 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 B2 
receptor (B2R),[64] A2AAR,[60,61] metabotropic glutamate receptor 1 (mGlu1R),[65] µ opioid 
receptor (MOR),[59]

, dopamine D1 receptor (D1R),[66] CB2R,[62] and smoothened receptor 
(SMOR).[63] Of these one-step LD probes, 30 has been used to selectively target endogenous 
A2AARs 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.[59,65] 
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Figure 5. Molecular structures of broad-spectrum affinity-based probes and the names of their parent 
molecules. Shown in red are the photoreactive groups, shown in green are the click handles for 
functionalization.  

Figure 6. Molecular structures of one-step ligand-directed probes and their GPCR targets. Show in in 
red are the electrophilic groups and in green the reporter groups. 

2

25

Functionalized covalent probes for GPCRs

168788 Beerkens BNW.indd   25168788 Beerkens BNW.indd   25 28-09-2023   09:1828-09-2023   09:18



 

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).[58,67] 
This strategy has been used to substitute fluorophores onto the B2R, among other protein 
targets,[58] 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 A2B receptor (A2BAR) (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 A2BAR, as observed in SDS-PAGE experiments. 

2.3. Glycan-targeting probes 
Glycosylation is a PTM expected to be present on all cell surface GPCRs.[6] A strategy has 
been developed that makes use of glycosylation to covalently label all cell surface proteins, 
including GPCRs.[68,69] 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).[68–71] 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)[68] and Latrophilin 2 receptor (LPHN2R)[72] 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.[12,73] 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 (H3R) (Figure 9). This has led 
to the detection of the H3R in FRET-based assays.[74] 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 α1 adrenergic receptor (α1R),[75] β1 and β2 
adrenergic receptors (β1R and β2R),[76,77] MOR[78] and D2R[79] 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. 

 

Figure 8. Molecular structures of glycan-targeting probes and their GPCR targets. Shown in purple are 
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.  

 

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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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,[37,45] mouse adipocytes,[43] or brain slices from 
rats and mice.[59,65] 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.[28,29,43,64] 

Next to that, covalent functionalization of GPCRs has also revealed the presence of several 
PTMs, of which N-glycosylation has been the most evident.[29,37,43,45,58,64]. Glycan-targeting and 
clickable sugar moieties are based on the idea of receptor glycosylation.[68–71,74] Nevertheless, 
many questions remain regarding location and sequence of N- and O-glycosylation, as well as 
their regulatory effects on receptor functioning.[6,7,80] S-palmitoylation as a PTM has been 
studied with two-step metabolic fatty acid probes to investigate agonist-induced 
internalization,[76] receptor stability and trafficking for their respective GPCRs.[77,79]  

Furthermore, covalent probes have shown to be elegant tools for the target identification of 
bioactive molecules using pull-down proteomics.[40,48–50,72] Yet, such proteomic strategies have 
not always yielded a detectable signal of the target GPCR.[39,41,81] Careful examination of 
multiple variables, e.g. expression level, solubilization and digestion methods, is therefore of 
great importance in target identification studies.[8,32,43,53,70] Further 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.[30,32,34,39,41] 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.[10] (ii) Covalently tagging GPCRs with biotin to perform pull-
down proteomics and subsequent MS experiments, identifying PTMs through sophisticated 
MS analysis software.[6,82] (iii) Covalently tagging GPCRs with fluorophores or biotin to detect 
protein interaction partners, using cross-linking chemistry (pull-down proteomics) or 
counterstaining (fluorescent microscopy) methods.[83,84] 

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. 

  

28

Chapter 2

168788 Beerkens BNW.indd   28168788 Beerkens BNW.indd   28 28-09-2023   09:1828-09-2023   09:18



 

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

Target 
GPCR 

Probe Name Type of 
probe 

Electrophile Reporter Detection 
Methods 

Ref 

5-HT1AR 7 5 one-step 
photo-
affinity 

benzophenone biotin mass 
spectrometry 

[34] 

5-HT1AR 9 7 two-step 
photo-
affinity 

benzophenone alkyne  SDS-PAGE [34] 

5-HT6R 8 16 one-step 
photo-
affinity 

benzophenone biotin mass 
spectrometry 

[34] 

5-HT6R 10 18 two-step 
photo-
affinity 

benzophenone alkyne  SDS-PAGE [34] 

A1AR 18 LUF7909 two-step 
electrophilic 

fluorosulfonyl alkyne SDS-PAGE, 
microscopy, 
mass 
spectrometry 

[43] 

A1AR, 
A3AR 

19 UODC9 two-step 
electrophilic 

fluorosulfonyl alkyne SDS-PAGE [44] 

A2AAR 30 1 one-step 
ligand-
directed 

2-fluorophenyl 
ester 

Cy5 SDS-PAGE, 
TR-FRET, 
microscopy 

[61] 

A2AAR 29 3c one-step 
ligand-
directed 

2-nitrophenyl 
ester 

biotin - [60] 

A2AAR 21 LUF7487 two-step 
electrophilic 

fluorosulfonyl alkyne SDS-PAGE [46] 

A2BAR 38 LUF8019 two-step 
ligand-
directed 

N-acyl, N-alkyl 
sulfonamide 

alkyne SDS-PAGE - 

A3AR 20 LUF7960 two-step 
electrophilic 

fluorosulfonyl alkyne SDS-PAGE, 
flow 
cytometry, 
microscopy 

[45] 

B2R 28 3 one-step 
ligand-
directed 

Acyl imidazole  biotin SDS-PAGE, 
microscopy 

[64] 

B2R 37 9 two-step 
ligand-
directed 

- tri-DMAP SDS-PAGE, 
microscopy 

[58] 

CB2R 34 15 one-step 
ligand-
directed 

N-acyl, N-alkyl 
sulfonamide 

DY-
480XL 

Imaging flow 
cytometry, 
microscopy 

[62] 

CB2R 35 2b one-step 
ligand-
directed 

O-nitro 
benzoxa 
diazole 

O-nitro 
benzoxa
diazole 

TR-FRET [62] 

CB2R 13 LEI121 two-step 
photo-
affinity 

diazirine alkyne SDS-PAGE, 
flow 
cytometry, 
mass 
spectrometry 

[37] 

CCR2 22 LUF7834 two-step 
electrophilic 

acrylamide alkyne SDS-PAGE, 
mass 
spectrometry 

[47] 
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CCR2 23 LUF7835 two-step 
electrophilic 

thiocyanate Alkyne SDS-PAGE, 
mass 
spectrometry 

[47] 

CXCR4 1 ATI-2766 one-step 
photo-
affinity 

diazirine TAMRA SDS-PAGE, 
microscopy 

[28] 

D1R 33 5h one-step 
ligand-
directed 

acyl imidazole DY647 TR-FRET, 
microscopy 

[66] 

D2R 17 5 two-step 
photo-
affinity 

benzophenone alkyne SDS-PAGE, 
flow 
cytometry, 
microscopy, 
mass 
spectrometry 

[41] 

D2R 5 CPT-
00031 

one-step 
photo-
affinity 

diazirine biotin SDS-PAGE, 
mass 
spectrometry 

[32] 

D2R 4 Probe 7 one-step 
photo-
affinity 

2-aryl, 5-
carboxy 
tetrazole  

biotin mass 
spectrometry 

[31] 

FPR1 2 Probe-
TAMRA 

one-step 
photo-
affinity 

diazirine TAMRA SDS-PAGE, 
flow 
cytometry, 
microscopy  

[29] 

GABAB 3 CGP 
64213B 

one-step 
photo-
affinity 

diazirine biotin SDS-PAGE [30] 

GPR39 14 1A two-step 
photo-
affinity 

diazirine alkyne mass 
spectrometry 

[38] 

GPR75 15 20-
ApheDa 

two-step 
photo-
affinity 

benzophenone azide SDS-PAGE, 
mass 
spectrometry 

[39] 

GPRC5A 16 x-alk-TA two-step 
photo-
affinity 

diazirine alkyne SDS-PAGE, 
microscopy, 
mass 
spectrometry 

[40] 

mGlu1R 31 CmGlu1
M 

one-step 
ligand-
directed 

acyl imidazole Alexa 
Fluor 647 

SDS-PAGE, 
microscopy 

[65] 

mGlu2R 11 (±)-14 two-step 
photo-
affinity 

acetophenone alkyne SDS-PAGE, 
microscopy 

[35] 

mGlu5R 12 8 two-step 
photo-
affinity  

phenyl azide alkyne SDS-PAGE [36] 

MOR 32 NAI-
A594 

one-step 
ligand-
directed 

acyl imidazole Alexa 
594 

SDS-PAGE, 
flow 
cytometry, 
microscopy 

[59] 

NK1R 6 Ac-Nle-
SP-probe 

one-step 
photo-
affinity 

diazirine biotin SDS-PAGE, 
microscopy, 
mass 
spectrometry 

[33] 

SMOR 36 9 one-step 
ligand-
directed 

O-nitro 
benzoxa 
diazole 

O-nitro 
benzoxa
diazole 

SDS-PAGE [63] 

[a] Nucleophilic group that reacts with oxidized glycan chains.  
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Abstract 
Signaling through the adenosine receptors (ARs), in particular through the adenosine A2B 
receptor (A2BAR), has shown to play a role in a variety of pathological conditions, ranging from 
immune disorders to cancer. Covalent ligands for the A2BAR have the potential to irreversibly 
block the receptor, as well as inhibit all A2BAR-induced signaling pathways. This will allow a 
thorough investigation of the pathophysiological role of the receptor. In this study, we 
synthesized and evaluated a set of potential covalent ligands for the A2BAR. The ligands all 
contain a core scaffold consisting of a substituted xanthine, varying in type and orientation of 
electrophilic group (warhead). Here, we find that the right combination of these variables is 
necessary for a high affinity, irreversible mode of binding and selectivity towards the A2BAR. 
Altogether, this is the case for sulfonyl fluoride 24 (LUF7982), a covalent ligand that allows for 
novel ways to interrogate the A2BAR. 
 
 
RSC Med Chem 2022, 13, 850–856.   
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Introduction 
The endogenous molecule adenosine acts as a signaling molecule on the G Protein-Coupled 
Receptor (GPCR) subfamily of adenosine receptors (ARs): the A1, A2A, A2B and A3 adenosine 
receptors (A1AR, A2AAR, A2BAR and A3AR).[1] Elevated concentrations of adenosine have been 
observed in various pathological conditions, e.g. cancer, inflammation and hypoxia, implying 
an important role for AR signaling.[2,3] Antagonizing ARs and blocking the adenosine-induced 
signaling pathways is therefore an interesting strategy to tackle a broad spectrum of 
pathological conditions.[4] 

A2BAR receptor activation has been linked to hallmarks of cancer, i.e. cancer cell proliferation, 
tumor growth, tumor metastasis and the suppression of surrounding immune cells, among 
others.[5–7] In fact, multiple clinical trials are currently investigating the inhibition of the A2BAR in 
cancers, e.g. in combination with an A2AAR antagonist or immune stimulants.[5] Nevertheless, 
persistent high levels of extracellular adenosine in the tumor microenvironment might hinder 
the proper inhibition of A2BAR-induced signaling pathways. 

Covalent A2BAR ligands on the other hand, cause an ‘infinite’ blockade of the A2BAR which 
constitutes a new strategy that may be deployed in targeting cancer progression as well as 
studying the inhibition of A2BAR signaling in cancerous cell lines and tissues.[8] After binding 
reversibly, covalent ligands react with an electrophilic substituent (‘warhead’) to a nearby 
amino acid residue, allowing the formation of an irreversible bond with the target protein.[9] This 
in turn leads to an ‘infinite’ occupancy of the ligand binding pocket, which in case of the A2BAR 
would prevent even high levels of adenosine from binding to and activating the receptor. 

Besides their medicinal potential, covalent ligands have proven especially useful as tools to 
study GPCR functioning, as they ‘lock’ the highly dynamic GPCRs into one conformation.[10] 
This facilitates purification, isolation and crystallization of the receptor and allows for a more 
thorough pharmacological characterization on a molecular level.[9,11] 

Over the past decades, various high affinity xanthine derivatives have been developed as 
antagonists for the adenosine receptors.[12] In case of the A2BAR these are mostly N1, N3-
dipropylxanthines, developed by the lab of Jacobson,[13,14] and N1-propylxanthines, developed 
by the lab of Müller.[15–17] While both classes exhibit high affinity, the latter type of compounds 
generally show higher selectivity towards the A2BAR over the other adenosine receptors. This 
prompted us to design covalent xanthine derivatives, based on the N1, N3-dipropyl and N1-
propyl series. Looking at the A2AAR, structurally the most similar to the A2BAR, multiple covalent 
ligands have been developed.[18–20] A lysine residue on the second extracellular loop (EL2) of 
the A2AAR is the target of at least one these ligands.[20] We therefore decided to substitute the 
herein synthesized xanthines with various electrophilic groups known to react with lysine 
residues. To increase the chances of covalent binding, we also varied the location of the 
warhead: either meta- or para-substituted at the C8-phenyl ring. 

Altogether, we have developed a set of twelve potential xanthine-based covalent ligands. Here, 
we show the synthesis, affinity, selectivity and covalent mode of action of these ligands. 
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Results and Discussion 

Design of covalent A2BAR ligands 
Analyzing the binding mode of xanthines into the A2AAR binding pocket,[21,22] as well as the 
amino acid sequences of the A2AAR and A2BAR, we found three interesting potential anchors 
for covalent binding: lysines K265EL3, K267EL3 and K2697.32.[23] In this respect, sulfonyl fluoride, 
fluorosulfonate and isothiocyanate groups were chosen to target either one of these lysine 
residues. Sulfonyl fluoride groups (-SO2F) have recently emerged as warheads that have a 
weak intrinsic reactivity, are often stable under physiological conditions and, under the same 
conditions, can be directed to react selectively with lysine or tyrosine moieties on drug 
targets.[24–26] These beneficial properties have helped to coin the term ‘SuFEx’ (Sulfonyl 
Fluoride Exchange) as a type of ‘click’ chemistry.[27] However, even before the use of sulfonyl 
fluorides in click chemistry applications, they were incorporated in ligands for the A1, A2A and 
A3 adenosine receptors.[20,28–31] Besides sulfonyl fluorides, we also decided to synthesize 
ligands containing fluorosulfonate groups (-OSO2F). Fluorosulfonate groups have shown to 
bear a much lower intrinsic reactivity, as compared to sulfonyl fluoride groups,[25,32] which might 
reduce off-target binding events. Lastly, we chose the isothiocyanate group (-NCS) as warhead 
to be incorporated in the series of ligands. Although known for its reactivity towards cysteine 
residues, the isothiocyanate group has shown to form a more stable product upon reacting 
with lysine residues.[33,34] Moreover, the isothiocyanate group has been used to develop potent 
agonists and antagonists that irreversibly bind to the A1AR.[35–37] In recent work from our lab, 
the isothiocyanate group was incorporated in a putative covalent ligand for the A2BAR.[38] This 
inspired us to further investigate this electrophilic substituent as a warhead to target the A2BAR. 

Synthesis of covalent A2BAR ligands 
Twelve potential covalent ligands were targeted for synthesis, each containing one of the 
abovementioned electrophilic warheads at the meta or para position on the C8-substituted 
phenyl ring of the xanthines. The synthesis started with 1,3-dipropyl 5,6-diamino uracil (1) 
(commercially obtained), or 1-propyl 5,6-diamino uracil (16), synthesized according to 
procedures reported by Müller et al.[39–42] These building blocks were subjected to an EDC-
mediated peptide coupling, using 3- or 4-fluorosulfonyl benzoic acid (2, 3, 17 and 18), 3- or 4-
fluorosulfonate benzoic acid (4, 5, 19 and 20), or benzoic acid containing a protected amine 
group at the 3- or 4-position (6, 7, 21 and 22) (Scheme 1). Purification of Boc-protected anilines 
turned out to be cumbersome in case of the N1-propyl series, therefore an Fmoc-protection 
was chosen instead. Next, the substituted uracil derivatives were subjected to a ring closure 
using trimethylsilyl polyphosphate (PPSE).[43,44] Gratifyingly, the electrophilic sulfonyl fluoride 
and fluorosulfonate groups stayed intact upon heating at 170 °C and in the presence of PSSE 
for several hours. In case of the Boc-protected anilines, basic conditions (reflux in 2 M NaOH) 
were chosen to achieve ring closure.[41] The anilines were then deprotected and subsequently 
subjected to thiophosgene to yield the corresponding isothiocyanates. Altogether this yielded 
sulfonyl fluoride-containing ligands 8, 9, 23 and 24, fluorosulfonate-containing ligands 10, 11, 
25 and 26, and isothiocyanate-containing ligands 13, 15, 28 and 30. 

3

37

A covalent ligand for the adenosine A2B receptor

168788 Beerkens BNW.indd   37168788 Beerkens BNW.indd   37 28-09-2023   09:1828-09-2023   09:18



 

 
Scheme 1. Synthesis of potential covalent ligands for the A2BAR. Reagents and conditions: (a) 
EDC·HCl, DIPEA, respective benzoic acid, dry DMF, rt, 2-20 h, 41-68%; (b) PPSE, 170 °C, 1-4 h, 10-
53%; (c) 2 M NaOH, dioxane, 120 °C, 2-3 h, 60-84%; (d) (i) TFA, DCM, rt, 1 h; (ii) thiophosgene, 3 M 
HCl, rt, 2 h, 68-77%; (e) EDC·HCl, respective benzoic acid, dry DMF, rt, 1 h – 2 days, 13-54%; (f) PPSE, 
150-170 °C, 2-7 h, 55-88%; (g) (i) piperidine, DMF, rt, 5 min; (ii) thiophosgene, 3 M HCl, rt, 2-4 h, 71-
75%. 

Assessment of time-dependent affinity towards the A2BAR 
To investigate the affinity of the twelve ligands and their potential to bind irreversibly to the 
A2BAR, radioligand displacement assays were carried out using CHO-spap membranes stably 
overexpressing the A2BAR. Two different conditions were chosen: no pre-incubation of receptor 
with ligand (pre 0 h) or a 4 h pre-incubation of receptor with ligand (pre 4 h), prior to the addition 
of radioligand. The pre-incubation step should allow any covalently binding ligand to 
irreversibly block the available receptor binding sites, thus increasing its apparent affinity for 
the receptor.[20,30,31] The reference A2BAR antagonist PSB-1115 was taken along as a non-
covalent control. 

Interestingly, substitution of the chosen warheads onto the xanthines mostly increased the 
apparent affinity towards the A2BAR (Table 1; pre 0 h), as compared to the affinity of PSB-1115 
in our hands.[15] Various patterns were deducted. First of all, the para-substituted xanthines all 
show a higher apparent affinity than their meta-substituted counterparts at 0 h of pre-
incubation. Secondly, at 0 h of pre-incubation, the N1-propyl xanthines show a higher apparent 
affinity than the N1, N3-dipropyl xanthines. The best performing compounds are thus N1-propyl 
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xanthines containing a para-substituted group. This is in line with the compounds presented in 
literature.[14–17] Looking at 4 h of pre-incubation (Table 1; pre 4 h), the SO2F-substituted 
xanthines and NCS-substituted xanthines all show decent shifts in Ki (>3), regardless of the 
positioning of the warhead (meta or para) (Examples depicted in Figures 1A and 1C). On the 
other hand, the shifts observed for the OSO2F-substituted xanthines are rather small, close to 
the values found for PSB-1115 (example in Figure 1B). This suggests a reversible binding 
mode. The SO2F-containing xanthines have a higher affinity and Ki shift when substituted at 
the 4-position, while the NCS-containing xanthines show a higher shift when substituted at the 
3-position. The biggest shifts are observed for the 3-NCS-substituted xanthines 13 and 28 (Ki 

shift of 19 and 74). This is probably the result of a low apparent affinity at 0 h of pre-incubation, 
in combination with the relatively high reactivity of the NCS group. This Ki shift data hints 
towards a covalent mode of action among the majority of the xanthine-based ligands. 

 

Figure 1. Displacement of [3H]PSB-603 from the A2BAR by (A) SO2F-substituted LUF7982; (B) OSO2F-
substituted LUF7993 and (C) NCS-substituted LUF8002. Displacement measured after 0 or 4 h of pre-
incubation of the respective ligand with CHO-spap membranes stably overexpressing the A2BAR. Data 
represent the mean ± SEM of three individual experiments performed in duplicate. 

Table 1. Time-dependent characterization of the synthesized adenosine A2B receptor ligands. 

 
Compound R1 R2 pKi (pre 0 

h)[a] 
pKi (pre 4 
h)[b] 

Ki shift[c] 

8 Propyl 3-SO2F 6.02 ± 0.10 6.80 ± 0.16* 7.1 
9 Propyl 4-SO2F 7.22 ± 0.28 8.62 ± 0.18* 27.3 
10 Propyl 3-OSO2F 6.25 ± 0.14 6.28 ± 0.09 1.2 
11 Propyl 4-OSO2F 7.31 ± 0.04 7.29 ± 0.04 1.0 
13 Propyl 3-NCS 6.21 ± 0.21 7.31 ± 0.15* 19.3 
15 Propyl 4-NCS 7.62 ± 0.11 8.49 ± 0.18* 7.7 
23 H 3-SO2F 6.88 ± 0.08 7.88 ± 0.14** 10.2 
24 (LUF7982) H 4-SO2F 8.10 ± 0.06 9.17 ± 0.12** 12.1 
25 H 3-OSO2F 6.85 ± 0.44 7.15 ± 0.32 1.6 
26 (LUF7993) H 4-OSO2F 7.93 ± 0.22 8.26 ± 0.20 2.2 
28 H 3-NCS 6.96 ± 0.27 8.55 ± 0.08** 74.3 
30 (LUF8002) H 4-NCS 8.67 ± 0.14 9.18 ± 0.01* 3.4 
PSB-1115 H 4-SO2OH 6.71 ± 0.09 6.72 ± 0.18 1.1 
 
[a] Apparent affinity determined from displacement of specific [3H]PSB-603 binding on CHO-spap cell 
membranes stably expressing hA2BAR at 25 °C after 0.5 h co-incubation; [b] Apparent affinity determined from 
displacement of specific [3H]PSB-603 binding on CHO-spap cell membranes stably expressing hA2BAR at 25 °C 
with compounds pre-incubated for 4 h, followed by a 0.5 h co-incubation with [3H]PSB-603. [c] Ki shift determined 
by ratio Ki(0 h)/Ki(4 h). Data represent the mean ± SEM of three individual experiments performed in duplicate. * 
p < 0.05, ** p < 0.01 compared to the pKi values obtained from the displacement assay with 0 h pre-incubation 
of [3H]PSB-603, determined by a two-tailed unpaired Student’s t-test. 
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Evaluation of binding towards the other adenosine receptors 
As mentioned in the introduction, xanthine-based ligands are prone to promiscuous AR 
binding. To investigate the selectivity of the synthesized ligands towards the A2BAR specifically, 
radioligand displacement experiments were carried out using 1 μM of ligand on CHO (A1AR 
and A3AR) or HEK (A2AAR) membranes stably overexpressing the respective other adenosine 
receptor (Table 2). Similar to the experiments for the A2BAR, the compounds were tested either 
with or without 4 hours of pre-incubation prior to radioligand addition. In our experiments, hardly 
any ligand showed a strong displacement of radioligand from the structurally similar A2AAR. 
Only compound 11 seems to bind decently, showing a displacement that exceeds 50%. In 
case of the A1AR, all of the N1,N3-dipropyl xanthines (8-13 and 15) show a strong displacement 
(>50%) of radioligand from the receptor. This is in line with earlier reports on such substituted 
N1,N3-dipropyl xanthines as generally excellent A1AR antagonists.[28,45,46]  

Considering the isothiocyanates (13, 15, 28 and 30), a moderate to high displacement of 
radioligand from A1 and A3 receptors was observed. Interestingly, the 3-NCS substituted 
xanthines (13 and 28) seem to perform especially well at the A3AR. A notable loss of 
displacement at the other adenosine receptors is observed upon removal of the N3-propyl 
group. Also the introduction of a sulfonyl group has a beneficial effect on selectivity towards 
the A2BAR over the other ARs. This group might be stabilized by interactions with K2697.32, not 
present in any of the other ARs.[17] This is especially seen for the OSO2F-containing 26 
(LUF7993), showing the highest selectivity for the A2BAR. Among the compounds with the 
highest apparent pKi values, 24 (LUF7982) shows a good selectivity towards the A2BAR and 
about 50% displacement of radioligand at the A2AAR. The latter suggests 24 (LUF7982) 
displays a 100-fold selectivity for the A2BAR without pre-incubation (and >1000-fold after 4 h of 
pre-incubation). Besides, the displacement at the A2AAR is not time-dependent and therefore 
it is expected that 24 (LUF7982) does not bind covalently to the A2AAR. The high affinity 
compound 30 (LUF8002) on the other hand, also binds to the A1AR and A3AR. 

Table 2. Radioligand displacement of the synthesized adenosine A2B receptor ligands on 
other adenosine receptors. 

 

  (%) displacement at 1 µM 

 hA1AR[a] hA2AAR[b] hA3AR[c] 

Compound 0 h 4 h 0 h 4 h 0 h 4 h 

8 52 61 19 23 30 43 
9 61 69 54 55 12 5 
10 76 77 13 12 64 58 
11 79 85 63 69 47 49 
13 73 96 47 34 89 100 
15  77 92 40 39 48 96 
23 6 36 20 6 14 10 
24 (LUF7982) 29 41 52 43 7 9 
25 6 1 2 0 14 5 
26 (LUF7993) 17 12 35 24 8 8 
28  7 16 0 6 58 95 
30 (LUF8002) 51 97 25 27 15 66 
  
[a] % displacement at 1 µM concentration of specific [3H]DPCPX binding on CHO cell membranes stably expressing 
hA1AR pre-incubated with the compounds for 4 or 0 hours at 25 °C, followed by a co-incubation with [3H]DPCPX for 
0.5h at 25 °C. [b] % displacement at 1 µM concentration of specific [3H]ZM241385 binding on HEK293 cell 
membranes stably expressing hA2AAR pre-incubated with the compounds for 4 or 0 hours at 25 °C, followed by a 
co-incubation with [3H]ZM241385 for 0.5h at 25 °C. [c] % displacement at 1 µM concentration of specific [3H]PSB-
11 binding on CHO cell membranes stably expressing hA3AR pre-incubated with the compounds for 4 or 0 hours at 
25 °C, followed by a co-incubation with [3H]PSB-11 for 0.5h at 25 °C. Data represent the mean of two individual 
experiments performed in duplicate. 
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Evaluation of the covalent mode of action of selected compounds 
As final validation of the putative covalent mode of binding, wash-out experiments were 
performed using the compounds highest in affinity and selectivity: 24 (LUF7982), 26 

(LUF7993) and 30 (LUF8002). PSB-1115 was taken along as reversible control compound. 
CHO-spap membranes stably overexpressing the A2BAR were incubated with ligand, followed 
by either a four-cycle wash treatment or no washing (control), before being exposed to 
radioligand (Figure 2). Both PSB-1115 and 26 (LUF7993) show an almost full recovery of 
radioligand binding after washing, indicating that all receptor-bound ligand has been washed 
away. These results correspond to the previously observed Ki shifts (Table 1), in which no 
great shifts were observed for PSB-1115 and the OSO2F-containing xanthines. Of note: it is 
possible that LUF7993 forms an adduct with the receptor, which is then hydrolyzed to produce 
a sulfonylated lysine and a reversibly bound phenol.[32] 24 (LUF7982) and 30 (LUF8002) on 
the other hand, show a persistent mode of binding, with no recovery of radioligand binding 
after four wash treatments (Figure 2). 24 (LUF7982) and 30 (LUF8002) thus form a stable 
adduct with the A2BAR, resistant to multiple washing steps and are therefore most likely 
covalent ligands for the A2BAR. 24 (LUF7982) is the most interesting of these two irreversible 
compounds due to its high selectivity towards the A2BAR. This compound was therefore further 
examined in docking experiments. 

Figure 2. Wash-out assays on the adenosine A2B receptor using the N1-propyl xanthines with para-
substituted warheads. CHO-spap cell membranes stably expressing the adenosine A2B receptor were 
pre-incubated with buffer (vehicle) or 1 µM of ligand (10 µM in case of PSB-1115), followed by a four-
cycle washing treatment (4 x wash) or no washing at all (control) before being exposed to [3H]PSB-603. 
Data represent the mean ± SEM of three individual experiments performed in duplicate. Statistics were 
determined using unpaired student’s t tests. ns: no significant difference; ****P < 0.0001. 

Docking of LUF7982 into the A2BAR binding pocket 
To predict the binding mode of LUF7982, we generated a model of the A2BAR-LUF7982 binding 
site based on homology modelling and docking. The first step was to identify the orientation of 
the xanthine core. The orientation of this chemotype in the AR family binding site is well studied 
and typically involves hydrogen bonding with N2546.55 and π-π stacking with F173EL2.[47] This 
pattern was also observed for the predicted A2BAR-LUF7982 binding complex (Figure 3A). This 
leaves the warhead of LUF7982 oriented towards the extracellular vestibule, pointing towards 
the region of the third extracellular loop (EL3). As mentioned in the introduction, three lysine 
residues (K265EL3, K267EL3 and K2697.32) in and near EL3 were identified as potential 
attachment point for covalent binding of the compounds herein reported. In our model, two out 
of three lysine residues were in close vicinity to the warhead, namely K267EL3 and K2697.32 (5.7 
and 3.9 Å, respectively) (Figure 3B). K267EL3 is predicted to form a salt bridge with E174EL2, 
similar to the salt bridge observed between a histidine and glutamic acid in the A2AAR.[47]  
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Figure 3. Predicted binding mode of LUF7982. Panel A: overview of the key interactions of LUF7982 in 
the binding site, which include two hydrogen bonds (yellow dashed lines) with N2546.55 and π-π stacking 
with F173EL2, both are conserved interactions in adenosine receptor ligand recognition. The sulfonyl 
fluoride warhead points towards the extracellular vestibule. Panel B: top view of the A2BAR-LUF7982 
binding pocket, showing potential lysine residues involved in covalent binding (K267EL3 and K2697.32). 

K265EL3 on the other hand was too far away from the warhead in our model (10.6 Å) to form a 
plausible target for covalent attachment. Whilst K267EL3 thus is within range, it would be 
energetically more unfavorable to disrupt the formed salt-bridge, and we therefore expect that 
K2697.32 is the most likely target for covalent attachment. Lysine residues K265EL3 and K2697.32 
are not present on the other three adenosine receptors, while K267EL3 is also present on the 
A1AR. A covalent mode of binding involving K2697.32 might therefore further explain the 
selectivity of 24 (LUF7982) towards the A2BAR. Further studies using single point mutations in 
the receptor would need to be carried out to prove this. 

Conclusion 
Herein we present the development of a set of twelve novel xanthine ligands for the A2BAR, all 
containing electrophilic groups to covalently target lysine residue(s) on the receptor. The 
xanthine moiety is a well-known and promiscuous scaffold for all four of the adenosine 
receptors. Nevertheless, among the synthesized ligands, sulfonyl fluoride- and fluorosulfonate-
substituted xanthines appear to be highly selective towards the A2BAR over the other 
adenosine receptors. This selectivity might be explained by the covalent (SO2F) and/or non-
covalent (OSO2F) interactions with lysine residue K2697.32. Isothiocyanate (NCS)-containing 
ligands on the other hand, showed to be less selective towards the A2BAR. This is most likely 
due to a higher intrinsic reactivity of the NCS group. Furthermore, sulfonyl fluoride 24 

(LUF7982) showed persistent binding to the A2BAR in radioligand displacement and wash-out 
assays. This points towards a covalent mode of action of the respective compound. 

The A2BAR is an emerging drug target that has been found to play a role in a broad spectrum 
of pathologies, such as cancers and immune disorders. Antagonizing adenosine signaling 
through inhibition of the A2BAR is therefore an interesting strategy to tackle a broad spectrum 
of conditions. Having covalent ligands for the A2BAR will pave the way for studies towards 
irreversible blockade of the receptor, e.g. in biochemical assays. LUF7982 might thus be used 
to study the behavior of the A2BAR in pathological conditions, to obtain insight in the structure 
of the A2BAR and to pharmacologically characterize the receptor. 

42

Chapter 3

168788 Beerkens BNW.indd   42168788 Beerkens BNW.indd   42 28-09-2023   09:1828-09-2023   09:18



 

Experimental 
 
Chemistry 
 
General 
All commercially available reagents and solvents were obtained from Sigma Aldrich, Fisher 
Scientific, VWR chemicals, Biosolve and J&K Scientific. All reactions were carried out under 
an N2 atmosphere, unless noted otherwise. Thin layer chromatography was performed on TLC 
Silica gel 60 F254 (Merck) and visualized using UV irradiation at a wavelength of 254 or 366 
nM. 1H NMR, 13C NMR and 19F NMR spectra were recorded on a Bruker AV-400 (400 MHz), 
Bruker AV-500 spectrometer (500 MHz) or Bruker AV-600 spectrometer (600 MHz). Chemical 
shift values are reported in ppm (δ) using tetramethylsilane or solvent resonance as the internal 
standard. Coupling constants (J) are reported in Hz. Multiplicities are indicated by s (singlet), 
d (doublet), t (triplet), h (hexuplet) or m (multiplet) followed by the number of represented 
hydrogen atoms. Compound purity was determined by LC-MS, using a LCMS-2020 system 
(Shimadzu) coupled to a Gemini® 3 µm C18 110Å column (50 x 3 mm). In brief, compounds 
were dissolved in H2O:MeCN:t-BuOH 1:1:1, injected onto the column and eluted with a linear 
gradient of H2O:MeCN 90:10 + 0.1% formic acid to H2O:MeCN 10:90 + 0.1% formic acid over 
the course of 15 minutes. 

Synthetic Procedures 
 
Dipropyl-substituted xanthines 
 

 

Scheme 1 Synthesis of 3- and 4-fluorosulfonate benzoic acid. 

 

 
Scheme 2 Synthesis of the N1, N3-dipropyl-substituted xanthines. 
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tert-Butyl 3-hydroxybenzoate (31)[48] 
3-Hydroxybenzoic acid (849 mg, 6.15 mmol, 1.0 eq) was suspended in dry benzene (100 mL) 
and refluxed. N,N-Dimethylformamide di-tert-butyl acetal (5.0 g, 24.59 mmol, 4.0 eq) was 
added dropwise over 20 minutes and the mixture was refluxed an additional 30 minutes. The 
mixture was then cooled, washed with water (50 mL), a saturated NaHCO3 solution (2 x 50 
mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and concentrated 
under reduced pressure. The residue was purified by column chromatography (Pentane:EtOAc 
5:1) to yield 31 as a colorless oil (440 mg, 2.27 mmol, 37%). TLC (Pentane:EtOAc 5:1) Rf = 
0.43. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.64 (dd, J = 2.7, 1.6 Hz, 1H), 7.54 (dt, J = 7.7, 1.3 
Hz, 1H), 7.48 (s, 1H), 7.27 (t, J = 7.9 Hz, 1H), 7.08 (ddd, J = 8.1, 2.6, 1.0 Hz, 1H), 1.58 (s, 9H). 
HPLC 99%, RT 9.686 min. LC-MS [ESI - H]+: 193.00. 
 

 

 

tert-Butyl 4-hydroxybenzoate (32)[49] 
tert-Butanol (49.5 mL, 521 mmol, 36.0 eq) was added to a solution of 4-hydroxybenzoic acid 
(2.0 g, 14.48 mmol, 1.0 eq) and DMAP (88 mg, 0.72 mmol, 0.05 eq) in dry THF (50 mL). A 
solution of DCC (3.0 g, 14.48 mmol, 1.0 eq) in dry THF (50 mL) was added dropwise over 30 
minutes. The mixture was stirred overnight at rt. The formed side-product was removed by 
filtration and the filtrate was concentrated, dissolved in DCM. A saturated NaHCO3 solution 
was added and the aqueous layer was extracted with DCM (3 x), dried over MgSO4, filtered 
and concentrated under reduced pressure. The residue was purified by column 
chromatography (Pentane:EtOAc 5:1) to yield 32 as a white solid (1.4 g, 7.41 mmol, 51%). 
TLC (Pentane:EtOAc 5:1) Rf = 0.50. 1H NMR (400 MHz, CDCl3) δ [ppm] = 7.89 (d, J = 8.8 Hz, 
2H), 6.86 (d, J = 8.8 Hz, 2H), 1.59 (s, 9H). 
 

 
tert-Butyl 3-((fluorosulfonyl)oxy)benzoate (33)[50] 
[4-(Acetylamino)phenyl]imidosulfuryl difluoride (AISF) (854 mg, 2.72 mmol, 1.2 eq) was added 
to a solution of 31 (440 mg, 2.27 mmol, 1.0 eq) in dry THF (10 mL). DBU (751 µL, 4.98 mmol, 
2.2 eq) was added and the mixture was stirred at rt for 1 h. EtOAc (50 mL) and 0.5 M HCl (50 
mL) were added and the mixture was extracted with EtOAc (3 x 50 mL). The organic layers 
were combined, washed with brine, dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by column chromatography (Pentane:EtOAc 9:1) 
to yield 33 as a colorless oil (571 mg, 2.07 mmol, 91%). TLC (Pentane:EtOAc 9:1) Rf = 0.90. 
1H NMR (400 MHz, CDCl3) δ [ppm] = 8.05 (dt, J = 7.4, 1.5 Hz, 1H), 7.96 – 7.92 (m, 1H), 7.58 
– 7.53 (m, 1H), 7.53 – 7.48 (m, 1H), 1.61 (s, 9H). 13C NMR (101 MHz, CDCl3) δ [ppm] = 163.7, 
150.0, 134.9, 130.4, 129.7, 124.9, 122.1, 82.5, 28.2. 
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tert-Butyl 4-((fluorosulfonyl)oxy)benzoate (34) 
AISF (777 mg, 2.47 mmol, 1.2 eq) was added to a solution of 32 (400 mg, 2.06 mmol, 1.0 eq) 
in dry THF (10 mL). DBU (683 µL, 4.53 mmol, 2.2 eq) was added and the mixture was stirred 
at rt for 1 h. EtOAc (50 mL) and 0.5 M HCl (50 mL) were added and the aqueous layer was 
extracted with EtOAc (3 x 50 mL). The organic layers were combined, washed with brine, dried 
over MgSO4, filtered and concentrated under reduced pressure. The residue was purified by 
column chromatography (Pentane:EtOAc 9:1) to yield 34 as a colorless oil (494 mg, 1.79 mmol, 
87%). TLC (DCM:MeOH 98:2) Rf = 0.83. 1H NMR (400 MHz, CDCl3) δ [ppm] = 8.12 (d, J = 8.9 
Hz, 2H), 7.39 (dd, J = 9.0, 0.9 Hz, 2H), 1.60 (s, 9H). 
 

 
3-((Fluorosulfonyl)oxy)benzoic acid (35) 
TFA (8.27 mL, 107 mmol, 60.0 eq) was added to a solution of 33 (571 mg, 2.07 mmol, 1.0 eq) 
in DCM (8 mL). The mixture was stirred for 3 h at rt, after which the reaction showed full 
completion. The solvents were evaporated under reduced pressure to yield 35 as a white solid 
(455 mg, 2.07 mmol, quant). 1H NMR (400 MHz, CDCl3) δ [ppm] = 11.83 (s, 1H), 8.23 – 8.17 
(m, 1H), 8.10 (s, 1H), 7.68 – 7.60 (m, 2H). 
 

OHO

OSO2F

 
4-((Fluorosulfonyl)oxy)benzoic acid (36) 
TFA (8.27 mL, 107 mmol, 60.0 eq) was added to a solution of 34 (494 mg, 1.79 mmol, 1.0 eq) 
in DCM (8 mL). The mixture was stirred for 3 h at rt, after which the reaction showed full 
completion. The solvents were evaporated under reduced pressure to yield 36 as a white solid 
(394 mg, 1.79 mmol, quant). 1H NMR (400 MHz, CDCl3) δ [ppm] = 8.26 (d, J = 9.0 Hz, 2H), 
7.48 (d, J = 8.5 Hz, 2H). 
 

 
3-((6-Amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)benzenesulfonyl fluoride (2) 
EDC·HCl (933 mg, 4.86 mmol, 1.1 eq) and DIPEA (770 µL, 4.42 mmol, 1.0 eq) were added to 
a solution of 5,6-diamino-1,3-dipropyluracil (1) hydrochloride (1511 mg, 5.75 mmol, 1.3 eq) 
and 3-(fluorosulfonyl)benzoic acid (903 mg, 4.42 mmol, 1.0 eq) in dry DMF (21 mL). The 
mixture was stirred overnight at rt. EtOAc (15 mL) was added and the organic layer was 
washed with water (400 mL) and brine (100 mL), dried over MgSO4 and concentrated under 
reduced pressure. The residue was purified by column chromatography (DCM:MeOH 99:1  
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97:3) to yield 2 as yellow solid (1085 mg, 2.63 mmol, 60%). TLC (DCM:MeOH 98:2) Rf = 0.27. 
1H NMR (400 MHz, CD3OD) δ [ppm] = 8,75 (s, J = 1.8 Hz, 1H), 8.51 (d, J = 7.9, 1.4 Hz, 1H), 
8.28 (d, J = 8.1, 1.3Hz, 1H), 7,89 (t, J = 7.9 Hz, 1H), 3.98 – 3.92 (t, 2H), 3.92 – 3.86 (t, 2H), 
1.79 – 1.70 (d, 2H), 1.70 – 1.61 (d, 2H), 1.02 (t, J = 7.4 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H). 
 

 
4-((6-Amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)benzenesulfonyl fluoride (3) 
EDC·HCl (932 mg, 4.86 mmol, 1.1 eq) and DIPEA (752 µL, 4.32 mmol, 1.0 eq) were added to 
a solution of 5,6-diamino-1,3-dipropyluracil (1) hydrochloride (1161 mg, 4.42 mmol, 1.0 eq) 
and 4-(fluorosulfonyl)benzoic acid (902 mg, 4.42 mmol, 1.0 eq) in dry DMF (20 mL). The 
mixture was stirred for 2.5 h at rt. EtOAc (150 mL) was then added and the organic layer was 
washed with water (150 mL). The aqueous layer was extracted with EtOAc (2 x 50 mL). The 
organic layers were combined, washed with water (3 x 100 mL), brine (100 mL), combined, 
dried over MgSO4 and concentrated under reduced pressure to yield 3 as an off-white solid 
(749 mg, 1.82 mmol, 41%). TLC (Pentane:EtOAc 1:1) Rf = 0.49. 1H NMR (400 MHz, (CD3)2CO) 
δ [ppm] = 8.34 (d, J = 8.3 Hz, 2H), 8.19 (d, J = 8.5 Hz, 2H), 6.46 (s, 1H), 3.97 (t, J = 7.8 Hz, 
2H), 3.82 (t, J = 7.3 Hz, 2H), 1.72 (h, J = 7.4 Hz, 2H), 1.58 (h, J = 7.5 Hz, 2H), 0.94 (t, J = 7.4 
Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H). 
 

 
3-((6-Amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-yl)carbamoyl)phenyl 

sulfurofluoridate (4) 
EDC·HCl (420 mg, 2.19 mmol, 1.1 eq) was added to a solution of 35 (439 mg, 1.99 mmol, 1.0 
eq) in dry DMF (10 mL). 5,6-Diamino 1,3-dipropyl uracil (1) hydrochloride (524 mg, 1.99 mmol, 
1.0 eq) was added and the mixture became a pink solution. DIPEA (693 µL, 3.98 mmol, 2.0 
eq) was added and to form a clear orange solution. The mixture was then stirred for 4 h, upon 
which no starting material was detected anymore by LCMS. EtOAc (50 mL) was added and 
the organic mixture was washed with brine (3 x 50 mL). The aqueous layers were combined 
and back-extracted with EtOAc (3 x 50 mL). The organic layers were combined, dried over 
MgSO4, filtered and concentrated under reduced pressure. The residue was purified by silica 
column chromatography to yield 4 as yellow substance (329 mg, 0.77 mmol, 39%). TLC 

(DCM:MeOH 96:4): Rf = 0.41. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 9.17 (s, 1H), 8.16 – 
8.10 (m, 2H), 7.80 (dd, J = 8.3, 1.4 Hz, 1H), 7.72 (t, J = 8.0 Hz, 1H), 6.84 (s, 2H), 3.85 (t, J = 
8.1, 7.2 Hz, 2H), 3.73 (t, J = 7.2 Hz, 2H), 1.60 – 1.54 (m, 2H), 1.53 – 1.47 (m, 2H), 0.89 (t, J = 
7.4 Hz, 3H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 164.6, 159.0, 
151.7, 150.4, 149.4, 137.3, 130.7, 128.7, 123.8, 120.5, 86.8, 43.7, 41.9, 20.9, 20.8, 11.2, 10.7. 
19F NMR (471 MHz, (CD3)2SO) δ 39.0. 
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4-((6-Amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-yl)carbamoyl)phenyl 

sulfurofluoridate (5) 
EDC·HCl (312 mg, 1.63 mmol, 0.9 eq) was added to a solution of 36 (376 mg, 1.71 mmol, 0.9 
eq) in dry DMF (7.5 mL). The mixture was stirred for 30 min and then 5,6-diamino 1,3-dipropyl 
uracil (5) hydrochloride (476 mg, 1.81 mmol, 1.0 eq) and DIPEA (257 µL, 1.48 mmol, 1.0 eq) 
were added. The mixture was stirred for 5 h, upon which DIPEA (257 µL, 1.48 mmol, 1.0 eq) 
was added. The mixture was then stirred overnight. EtOAc (25 mL) was added and the organic 
layer was washed with water (2 x 25 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by column chromatography (PE:EtOAc 7:3  0:1) 
to yield 5 as an orange solid (387 mg, 0.90 mmol, 50%). TLC (DCM:MeOH 98:2) Rf = 0.53. 1H 

NMR (500 MHz, (CD3)2CO) δ [ppm] = 9.13 (s, 1H), 8.18 (d, J = 8.9 Hz, 2H), 7.44 (d, J = 8.7 
Hz, 2H), 6.63 (s, 2H), 3.88 (t, J = 7.8 Hz, 2H), 3.77 (t, J = 7.2 Hz, 2H), 1.65 (h, J = 7.2 Hz, 2H), 
1.52 (h, J = 7.5 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.82 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, 
(CD3)2CO) δ [ppm] = 165.1, 160.5, 152.1, 151.6, 150.2, 134.6, 130.4, 120.5, 88.0, 44.2, 42.3, 
21.0, 21.0, 10.6, 10.2. 19F NMR (471 MHz, (CD3)2CO) δ [ppm] = 38.2. 
 

 
tert-Butyl (3-((6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)phenyl)carbamate (6) 
3-(Boc-amino)benzoic acid (474 mg, 2.00 mmol, 1.0 eq), EDC·HCl (422 mg, 2.20 mmol, 1.1 
eq) and DIPEA (350 µL, 2.00 mmol, 1.0 eq) were added to a solution of 5,6-diamino 1,3-
dipropyl uracil (1) hydrochloride (525 mg, 2.00 mmol, 1.0 eq) in dry DMF (10 mL). The mixture 
was stirred for 3 h, after which another 2.0 equivalents of DIPEA were added (350 µL, 2.00 
mmol, 1.0 eq). The mixture was stirred for another hour and then diluted with EtOAc (80 mL). 
The organic layer was washed with water (3 x 80 mL), brine (80 mL), dried over MgSO4, filtered 
and concentrated under reduced pressure. The residue was purified by column 
chromatography (DCM:MeOH 90:10  95:5) to yield 6 as an off-white solid (446 mg, 1.00 
mmol, 50%). TLC (DCM:MeOH 97:3) Rf = 0.42. 1H NMR (400 MHz, (CD3)2CO) δ [ppm] = 8.05 
(t, J = 2.0 Hz, 1H), 7.70 (dd, J = 8.0, 1.5 Hz, 1H), 7.62 (ddd, J = 7.8, 1.8, 1.1 Hz, 1H), 7.36 (t, 
J = 7.9 Hz, 1H), 3.94 (t, J = 7.8 Hz, 2H), 3.80 (t, J = 7.3 Hz, 2H), 1.72 (h, J = 7.1 Hz, 2H), 1.65 
– 1.51 (m, 2H), 1.49 (s, 9H), 0.94 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H). 
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tert-Butyl (4-((6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)phenyl)carbamate (7) 
4-(Boc-amino)benzoic acid (237 mg, 1.00 mmol, 1.0 eq), EDC·HCl (211 mg, 1.10 mmol, 1.1 
eq) and DIPEA (174 µL, 1.00 mmol, 1.0 eq) were added to a solution of 5,6-diamino 1,3-
dipropyl uracil (1) hydrochloride (263 mg, 1.00 mmol, 1.0 eq) in dry DMF (5 mL). The mixture 
was stirred for 4 h, after which LCMS indicated full consumption of starting material. EtOAc 
(50 mL) was added and the organic layer was washed with water (2 x 50 mL) and brine (50 
mL). The aqueous layers were combined and back-extracted with EtOAc (2 x 50 mL). The 
organic layers were combined, dried over MgSO4, filtered and concentrated under reduced 
pressure. The residue was purified by column chromatography (DCM:MeOH 99:1  90:10) to 
yield 7 as an off-white solid (302 mg, 0.68 mmol, 68%). TLC (DCM:MeOH 95:5) Rf = 0.27. 1H 

NMR (400 MHz, CD3OD) δ [ppm] = 7.93 (d, J = 8.8 Hz, 2H), 7.49 (d, J = 8.8 Hz, 2H), 3.88 – 
3.81 (m, 2H), 3.81 – 3.75 (m, 2H), 1.68 – 1.56 (m, 4H), 1.54 (s, 9H), 0.96 (t, J = 7.4 Hz, 3H), 
0.90 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, MeOD) δ [ppm] = 170.3, 162.1, 154.7, 154.2, 
152.2, 144.4, 130.0, 128.4, 118.4, 89.0, 81.2, 45.7, 44.0, 28.7, 22.2, 22.0, 11.6, 11.2. 
 

 
3-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonyl fluoride (8) 
PPSE (approximately 5 mL) was added to 2 (1085 mg, 2.63 mmol, 1.0 eq). The mixture was 
refluxed for 4 h at 170 °C and afterwards cooled down to rt overnight. MeOH (50 mL) was 
added and the formed residue was collected by filtration and subsequently purified by silica 
column chromatography (DCM:MeOH 99.5:0.5  85:15) to yield 8 as an off-white solid (281 
mg, 0.71 mmol, 27%). TLC (DCM:MeOH 99.5:0.5) Rf = 0.60. 1H NMR (400 MHz, (CD3)2SO) δ 
[ppm] = 14.32 (s, 1H), 8.83 (t, J = 1.7 Hz, 1H), 8.61 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 8.9 Hz, 
1H), 7.93 (t, J = 8.0 Hz, 1H), 4.02 (t, J = 7.4 Hz, 3H), 3.86 (t, J = 7.4 Hz, 2H), 1.74 (hept, J = 
7.4 Hz, 2H), 1.58 (hept, J = 7.5 Hz, 2H), 0.91 (d, J = 7.4 Hz, 3H), 0.87 (t, J = 7.4 Hz, 3H). 13C 

NMR (101 MHz, (CD3)2SO) δ [ppm] = 155.1, 151.5, 149.0, 147.9, 134.8, 133.6 (d, J = 24.1 
Hz), 132.4, 131.7. 130.3, 126.4, 109.6, 45.5, 43.2, 21.8, 21.8, 12.1, 12.0. 19F NMR (471 MHz, 
(CD3)2SO) δ [ppm] = 66.5. HPLC 100%, RT 11.292 min. LC-MS [ESI + H]+: 395.05. 
 

 
4-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonyl fluoride (9) 
PPSE (approximately 2 mL) was added to 3 (500 mg, 1.21 mmol, 1.0 eq), refluxed for 1 h at 
170 °C and afterwards cooled down to rt. MeOH was added and the product was allowed to 
crystallize overnight. The residue was collected and purified by silica column chromatography 
(DCM:MeOH 99.5:0.5  98.5:1.5) to yield 9 as an off-white solid (46 mg, 0.12 mmol, 10%). 
TLC (DCM:MeOH 98:2) Rf = 0.40. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 14.41 (s, 1H), 8.47 
(d, J = 8.6 Hz, 2H), 8.29 (d, J = 8.7 Hz, 2H), 4.03 (t, J = 7.2 Hz, 2H), 3.88 (t, J = 7.3 Hz, 2H), 
1.75 (h, J = 7.4 Hz, 2H), 1.59 (h, J = 7.5 Hz, 2H), 0.91 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.4 Hz, 
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3H). 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 66.8. HPLC: 97%, RT 11.395 min. LC-MS [ESI 
+ H]+: 395.05. 
 

 
3-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl sulfurofluoridate (10) 
PPSE (2 mL) was added to 4 (329 mg, 0.77 mmol, 1.0 eq) and refluxed at 170 °C. The mixture 
was stirred for 4 h and afterwards cooled down to rt. Water (50 mL) was added and the 
aqueous mixture was extracted with DCM (3 x 50 mL). The organic layers were combined, 
washed with brine (50 mL), dried over MgSO4, filtered and concentrated under reduced 
pressure. The residue was purified by column chromatography (DCM:MeOH 99.5:0.5  98:2) 
to yield 10 as a white solid (186 mg, 0.45 mmol, 59%). TLC (DCM:MeOH 99.5:0.5): Rf = 0.44. 
1H NMR (500 MHz, (CD3)2SO) δ 14.11 (s, 1H), 8.28 – 8.20 (m, 2H), 7.77 – 7.68 (m, 2H), 4.01 
(t, J = 7.2 Hz, 2H), 3.86 (t, J = 7.4 Hz, 2H), 1.74 (h, J = 7.4 Hz, 2H), 1.58 (h, J = 7.4 Hz, 2H), 
0.89 (dt, J = 12.1, 7.4 Hz, 6H). 13C NMR (126 MHz, (CD3)2SO) δ 154.2, 150.6, 150.0, 148.1, 
147.5, 131.7, 131.4, 127.0, 122.5, 118.5, 108.4, 44.5, 42.2, 20.8, 11.2, 11.0. 19F NMR (471 
MHz, (CD3)2SO) δ 39.6. 
 

NO

N

O

N

H
N

OSO2F

 
4-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl sulfurofluoridate (11) 
PPSE (2 mL) was added to 5 (387 mg, 0.90 mmol, 1.0 eq) and refluxed at 170 °C. The mixture 
was stirred for 4 h and afterwards cooled down to rt. Water (50 mL) was added and the 
aqueous layer was extracted with DCM (3 x 25 mL). The organic layers were combined, 
washed with brine (50 mL) and concentrated under reduced pressure. The residue was purified 
by column chromatography (DCM:MeOH 99.75:0.25  99.5:0.5) to yield 11 as a white solid 
(198 mg, 0.48 mmol, 53%). TLC (DCM:MeOH 98:2) Rf = 0.68. 1H NMR (500 MHz, (CD3)2SO) 
δ [ppm] = 14.06 (s, 1H), 8.32 – 8.26 (m, 2H), 7.76 (d, J = 8.9 Hz, 2H), 4.01 (t, J = 6.9 Hz, 2H), 
3.90 – 3.83 (m, 2H), 1.74 (h, J = 7.4 Hz, 2H), 1.58 (h, J = 7.5 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 
0.87 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 154.2, 150.6, 150.3, 148.2, 
148.0, 129.6, 128.8, 121.9, 108.4, 44.5, 42.2, 20.8, 20.8, 11.2, 11.0. 19F NMR (471 MHz, 
(CD3)2SO) δ [ppm] = 39.0. HPLC 98%, RT 11.524 min. LC-MS [ESI + H]+: 411.10. 
 

 
tert-Butyl (3-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl)carbamate 

(12) 
2 M NaOH (5 mL) was added to a solution of 6 (446 mg, 1.00 mmol, 1.0 eq) in dioxane (5 mL). 
The mixture was refluxed for 3 h at 120 °C. The reaction was then cooled down to rt and water 
(65 mL) was added. The aqueous layer was washed with EtOAc (4 x 80 mL). The organic 
layers were combined, dried over MgSO4, filtered and concentrated under reduced pressure. 
The residue was purified by column chromatography (DCM:MeOH 99:1  97:3) to yield 12 
(170 mg, 0.40 mmol, 40%) and Boc-deprotected 12 (65 mg, 0.20 mmol, 20%), both as an off-
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white powder. The products were combined and used directly in the next reaction (0.60 mmol, 
60%). TLC (DCM:MeOH 98:2) Rf = 0.42. 1H NMR (400 MHz, (CD3)2SO) δ [ppm] = 13.88 (s, 
1H), 9.57 (s, 1H), 8.27 (s, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.41 (t, J = 
7.9 Hz, 1H), 4.06 (t, J = 6.9 Hz, 2H), 3.90 (t, J = 7.5 Hz, 2H), 1.85 – 1.72 (m, 2H), 1.71 – 1.55 
(m, 2H), 1.53 (s, 9H), 0.95 (t, J = 6.2 Hz, 3H), 0.91 (t, J = 6.4 Hz, 3H). 
 

 
8-(3-Isothiocyanatophenyl)-1,3-dipropyl-3,7-dihydro-1H-purine-2,6-dione (13) 
TFA (3 mL) was added to a suspension of 12 (0.60 mmol, 1.0 eq) in DCM (7 mL) and the 
mixture was stirred for 1 h at rt. TLC indicated full consumption of starting material and 
therefore 2 M NaOH (65 mL) was added to neutralize the reaction. The aqueous layer was 
extracted with EtOAc (4 x 60 mL). The organic layers were combined, dried over MgSO4, 
filtered and concentrated to yield the respective amine. 3 M HCl (32 mL) was added to the 
crude amine to form a suspension. Thiophosgene (450 µL, 5.87 mmol, 9.8 eq) was added and 
the mixture was stirred for 2 h at rt. The mixture was then diluted with water (75 mL) and the 
aqueous layer was extracted with EtOAc (4 x 100 mL). The organic layers were combined, 
dried over MgSO4, filtered and concentrated under reduced pressure. The residue was purified 
by column chromatography (DCM:MeOH 98:2  90:10) to yield 13 as an off-white powder 
(173 mg, 0.46 mmol, 77% over two steps). TLC (DCM:MeOH 9:1) Rf = 0.26. 1H NMR (400 
MHz, (CD3)2SO) δ [ppm] = 13.99 (s, 1H), 8.13 (s, 1H), 8.09 (d, J = 7.9 Hz, 1H), 7.58 (t, J = 7.9 
Hz, 1H), 7.51 (d, J = 9.0 Hz, 1H), 4.01 (t, J = 6.8 Hz, 2H), 3.86 (t, J = 7.3 Hz, 2H), 1.74 (h, J = 
7.4 Hz, 2H), 1.58 (h, J = 7.5 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 3.6 Hz, 3H). 13C NMR 
(101 MHz, (CD3)2SO): δ [ppm] = 154.1 , 150.6 , 148.1 , 148.0, 134.9, 131.0, 130.7, 130.4, 
127.1, 125.6, 123.7, 108.2, 44.5, 42.2, 20.9, 20.9, 11.2, 11.1. HPLC 97%, RT 12.229 min. LC-

MS [ESI + H]+: 370.10. 
 

 
tert-Butyl (4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl)carbamate 

(14) 
2 M NaOH (10 mL) was added to a solution of 7 (302 mg, 0,68 mmol, 1.0 eq) in dioxane (10 
ml). The mixture was refluxed at 120 °C for 2 h and afterwards allowed to cool down to rt. 
Water (50 mL) was then added and the aqueous layer was extracted with EtOAc (3 x 50 mL). 
The organic layers were combined, dried with MgSO4, filtered and concentrated under reduced 
pressure to yield 14 as an off-white solid (242 mg, 0,566 mmol, 84 % yield). TLC (DCM:MeOH 
98:2): Rf = 0.42. 1H NMR (400 MHz, CDCl3) δ [ppm] = 13.11 (s, 1H), 8.22 (d, J = 8.3 Hz, 2H), 
7.51 (d, J = 8.3 Hz, 2H), 4.16 (t, J = 7.4 Hz, 2H), 4.06 (t, J = 7.6 Hz, 2H), 1.93 – 1.81 (m, 2H), 
1.78 – 1.69 (m, 2H), 1.54 (s, 9H), 1.02 – 0.93 (m, 6H). 13C NMR (101 MHz, CDCl3) δ [ppm] = 
155.8, 152.7, 151.8, 151.2, 149.9, 140.8, 128.1, 123.5, 118.3, 107.9, 67.2, 45.4, 43.4, 28.5, 
21.5, 21.5, 11.6, 11.3. 
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8-(4-Isothiocyanatophenyl)-1,3-dipropyl-3,7-dihydro-1H-purine-2,6-dione (15) 
TFA (6 mL) was added to a suspension of 14 (242 mg, 0.57 mmol, 1.0 eq) in DCM (12 mL). 
The mixture immediately became a clear solution. The mixture was stirred for 1 h, upon which 
TLC showed full consumption of starting material. 2 M NaOH (50 mL) was added and the 
aqueous phase was extracted with EtOAc (3 x 50 mL). The organic layers were combined, 
dried over MgSO4, filtered and concentrated. 3 M HCl (30 mL) was added to the crude amine 
to form a suspension. Thiophosgene (437 µL, 5.70 mmol, 10.0 eq) was added and the mixture 
was stirred for 2 h at rt. Water (70 mL) was then added and the aqueous layer was extracted 
with EtOAc (4 x 100 mL). The organic layers were combined, dried over MgSO4, filtered and 
concentrated under reduced pressure. The residue was purified by column chromatography 
(DCM:MeOH 99.75:0.25  99:1) to yield 15 as a white powder (144 mg, 0.39 mmol, 68% over 
two steps). TLC (DCM:MeOH 9:1) Rf = 0.30. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 13.95 
(s, 1H), 8.16 (d, J = 8.7 Hz, 2H), 7.56 (d, J = 8.7 Hz, 2H), 4.01 (t, J = 7.5, 7.0 Hz, 2H), 3.86 (t, 
J = 7.3 Hz, 2H), 1.74 (h, J = 7.3 Hz, 2H), 1.58 (h, J = 7.4 Hz, 2H), 0.93 – 0.85 (m, 6H). 13C 

NMR (126 MHz, (CD3)2SO) δ [ppm] = 154.1, 150.6, 148.5, 148.3, 134.7, 131.3, 127.9, 127.7, 
126.6, 108.2, 44.4, 42.2, 20.8 (2C), 11.2, 11.0. HPLC 98%, RT 12.194 min. LC-MS [ESI + H]+: 
370.10. 
  
Monopropyl-substituted xanthines 
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Scheme 3 Synthesis of 1-propyl 5-6-diamino uracil. 
 

 
Scheme 4 Synthesis of the N1-propyl-substituted xanthines. 
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6-Amino-3-propylpyrimidine-2,4(1H,3H)-dione (37)[42] 
6-aminouracil (20.00 g, 157 mmol, 1.0 eq) and ammonium sulfate (500 mg, 3.78 mmol) were 
added to a three-neck flask. HMDS (99 ml, 472 mmol, 3.0 eq) was added and the suspension 
was refluxed at 200 °C. After 2 h the suspension became a clear solution. The solution was 
cooled down to 80 °C and the HMDS was distilled off by boiling at 200 °C for 8 h. The solution 
was then cooled to 70 °C and iodine (150 mg, 0.591 mmol, cat) and 1-bromopropane (29 mL, 
314 mmol, 2.0 eq) were added. The mixture was refluxed at 70 °C overnight. Extra 1-
bromopropane (14.5 mL, 157 mmol, 1.0 eq) was added and the mixture was refluxed at 120 
°C for 8 h, following by stirring at 70 °C overnight. Full conversion of starting material was 
observed and the mixture was put on ice. A saturated bicarb solution (400 mL) was gradually 
added. The dirty pink suspension was filtered over a glass filter and subsequently washed with 
water (100 mL), toluene (100 mL) and diethyl ether (100 mL). This yielded pure 37 as an 
orange/brown solid (21.439 g, 127 mmol, 81 % yield). TLC (DCM:MeOH 9:1): Rf = 0.46. 1H 

NMR (500 MHz, (CD3)2SO) δ [ppm] = 10.31 (s, 1H), 6.16 (s, 2H), 4.53 (d, J = 1.9 Hz, 1H), 3.71 
– 3.50 (m, 2H), 1.46 (h, J = 7.5 Hz, 2H), 0.81 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) 
δ [ppm] = 162.9, 153.5, 151.0, 74.1, 40.2, 21.0, 11.2. 
 

 
6-Amino-5-nitroso-3-propylpyrimidine-2,4(1H,3H)-dione (38)[42] 
37 (21.439 g, 127 mmol, 1.0 eq) was dissolved in 300 mL H2O:AcOH 1:1 at 65 °C. Sodium 
nitrite (10.97 g, 159 mmol, 1.3 eq) was added in parts to the stirring solution. An immediate 
color change was observed from brown to purple and back to brown. After approximately 30 
minutes brown vapors started to form (NOx). At this point the reaction was cooled on ice, filtered 
over a glass filter and washed thoroughly with water. This yielded 38 as a brown solid (18.429 
g, 93 mmol, 73 % yield). TLC (DCM:MeOH 9:1): Rf = 0.29. 1H NMR (400 MHz, (CH3)2SO) δ 
[ppm] = 11.40 (s, 1H), 8.03 (s, 1H), 3.79 (t, J = 7.4 Hz, 2H), 1.59 (h, J = 7.5 Hz, 2H), 0.89 (t, J 
= 7.5 Hz, 3H). 13C NMR (101 MHz, (CH3)2SO) δ [ppm] = 161.2, 149.2, 144.5, 139.7, 41.4, 20.8, 
11.2. 
 

 
5,6-Diamino-3-propylpyrimidine-2,4(1H,3H)-dione (16)[51] 
38 (1000 mg, 5.05 mmol, 1.0 eq) was dissolved in MeOH (40 ml) and brought under an N2 
atmosphere. platinum(IV) oxide (20 mg, cat) was added and the mixture was flushed two times 
with H2 (g). The mixture was stirred for 1 h under H2(g), after which a white/grey precipitate 
had formed. DCM (180 mL) was added and the mixture was filtered over Celite. The Celite 
was washed with 10% MeOH in DCM (100 mL) and the filtrate was concentrated under 
reduced pressure. This yielded 16 as an orange/brown solid (806 mg, 4.38 mmol, 87 % yield). 
This was used in the next steps without further purification. 1H NMR (400 MHz, (CD3)2SO) δ 
[ppm] = 5.56 (s, 2H), 3.70 – 3.59 (m, 2H), 1.48 (m, 2H), 0.81 (t, J = 7.5 Hz, 3H). 
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3-((6-Amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)benzenesulfonyl fluoride (17) 
EDC·HCl (688 mg, 3.59 mmol, 1.20 eq) was added to a solution of crude 16 (551 mg, 2.99 
mmol, 1.0 eq) and 3-(fluorosulfonyl)benzoic acid (641 mg, 3.14 mmol, 1.05 eq) in dry DMF (10 
mL). The mixture was stirred overnight at rt. Water (80 mL) was then added and the aqueous 
layer was extracted with EtOAc (13x). The organic layers were combined, washed with brine 
(10 mL), dried over MgSO4 and concentrated under reduced pressure. The residue was 
purified by column chromatography (DCM:MeOH 96:4  90:10) to yield 17 as a white solid 
(598 mg, 2.99 mmol, 54%). TLC (DCM:MeOH 9:1): Rf = 0.48. 1H NMR (500 MHz, (CD3)2SO) 
δ [ppm] = 10.55 (s, 1H), 9.37 (s, 1H), 8.66 (t, J = 1.8 Hz, 1H), 8.45 (dt, J = 7.9, 1.4 Hz, 1H), 
8.31 (ddd, J = 8.0, 2.0, 1.1 Hz, 1H), 7.92 (t, J = 7.9 Hz, 1H), 6.28 (s, 2H), 3.66 (t, J = 7.2 Hz, 
2H), 1.51 (h, J = 7.5 Hz, 2H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] 
= 164.3, 160.6, 150.6, 149.9, 136.6, 135.8, 131.6 (d, J = 23.6 Hz), 130.7, 130.6, 127.6, 86.3, 
40.9, 21.0, 11.2. 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 66.1. HPLC RT 7.393 min. LC-MS 
[ESI + H]+: 371.00. 
 

NO

N

O

NH2

NH

H

O

SO2F

 
4-((6-Amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)benzenesulfonyl fluoride (18) 
EDC·HCl (513 mg, 2.67 mmol, 1.3 eq) was added to a solution of crude 16 (379 mg, 2.06 
mmol, 1.0 eq) and 4-(fluorosulfonyl)benzoic acid (462 mg, 2.26 mmol, 1.1 eq) in dry DMF (8 
mL). The mixture was stirred at rt overnight. Water (80 mL) was then added and the aqueous 
layers was extracted with EtOAc (7x). The organic layers were combined, washed with brine 
(10 mL), dried over MgSO4 and concentrated under reduced pressure. The residue was 
purified by column chromatography (DCM:MeOH 95:5  90:10) to yield 18 as a yellow solid 
(100 mg, 0.27 mmol, 13%). TLC (DCM:MeOH 9:1): Rf = 0.48. 1H NMR (500 MHz, (CD3)2SO) 
δ [ppm] = 10.55 (s, 1H), 9.30 (s, 1H), 8.27 (s, 4H), 6.26 (s, 2H), 3.66 (t, J = 7.4 Hz, 2H), 1.55 
– 1.46 (m, 2H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 164.8, 160.5, 
150.5, 149.9, 141.8, 133.4 (d, J = 23.7 Hz), 129.7, 128.3, 86.3, 40.9, 21.0, 11.2. 19F NMR (471 
MHz, (CD3)2SO) δ [ppm] = 66.0. HPLC RT 7.370 min. LC-MS [ESI + H]+: 371.00. 
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3-((6-amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-yl)carbamoyl)phenyl 

sulfurofluoridate (19) 
EDC·HCl (428 mg, 2.24 mmol, 1.2 eq) was added to a solution of crude 16 (343 mg, 1.86 
mmol, 1.0 eq) and 35 (430 mg, 1.96 mmol, 1.05 eq) in dry DMF (10 mL). The mixture was 
stirred overnight at rt. TLC and LCMS showed full conversion of starting material and therefore 
water (80 mL) was added. The formed precipitate was collected and the filtrate was extracted 
with 5% MeOH in hot CHCl3. The organic layer was concentrated and both residues were 
purified by column chromatography (CHCl3:MeOH 98:2  92.5:7.5), combined and re-
crystallized in MeOH to yield 19 as a white solid (237 mg, 0.61 mmol, 33%). TLC (CHCl3:MeOH 
95:5) Rf = 0.32. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 10.54 (s, 1H), 9.17 (s, 1H), 8.11 (d, 
J = 7.6 Hz, 2H), 7.86 – 7.76 (m, 1H), 7.72 (t, J = 8.0 Hz, 1H), 6.24 (s, 2H), 3.66 (t, J = 7.3 Hz, 
2H), 1.50 (h, J = 7.5 Hz, 2H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] 
= 164.5, 160.6, 150.6, 150.0, 149.4, 137.3, 130.8, 128.6, 123.8, 120.5, 86.4, 41.0, 21.0, 11.2. 
19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 38.9. HPLC 100%, RT 7.817 min. LC-MS [ESI + H]+: 
386.95. 
 

 
4-((6-Amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-yl)carbamoyl)phenyl 

sulfurofluoridate (20) 
EDC·HCl (446 mg, 2.33 mmol, 1.3 eq) was added to a solution of crude 16 (330 mg, 1.79 
mmol, 1.0 eq) and 36 (394 mg, 1.79 mmol, 1.0 eq) in dry DMF (10 mL). The mixture was stirred 
overnight at rt. TLC and LCMS showed full conversion of starting material and therefore water 
(80 mL) was added. The aqueous layer was extracted with EtOAc (4 x). The organic layers 
were combined, washed with brine (10 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by column chromatography (DCM:MeOH 94:6  
90:10) and re-crystallized in MeOH to yield 20 as a white solid (104 mg, 0.27 mmol, 15%). TLC 

(CHCl3:MeOH 94:6) Rf = 0.32. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 10.51 (s, 1H), 9.09 (s, 
1H), 8.14 (d, J = 8.5 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 6.19 (s, 2H), 3.66 (t, J = 7.2 Hz, 2H), 
1.50 (h, J = 7.4 Hz, 2H), 0.84 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 
164.0, 159.6, 150.2, 149.6, 149.0, 134.4, 129.6, 119.9, 85.5, 39.9, 20.0, 10.2. 19F NMR (471 
MHz, (CD3)2SO) δ [ppm] = 38.9. HPLC 100%, RT 7.875 min. LC-MS [ESI + H]+: 386.95. 
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(9H-Fluoren-9-yl)methyl (3-((6-amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)phenyl)carbamate (21) 
3-(Fmoc-amino)benzoic acid (1.34 g, 3.74 mmol, 1.05 eq) and EDC·HCl (819 mg, 4.27 mmol, 
1.2 eq) were added to a solution of crude 16 (656 mg, 3.56 mmol, 1.0 eq) in dry DMF (20 mL). 
The mixture was stirred for 2 days, after which LCMS and TLC showed full conversion of 
starting material. The DMF was removed by heating under reduced pressure and water (100 
mL) was added. The mixture was extracted with EtOAc (4 x 100 mL), washed with brine (100 
mL), dried over MgSO4, filtered and concentrated under reduced pressure. The residue was 
collected, washed several times with MeOH and acetone and further purified by column 
chromatography (CHCl3:MeOH 95:5) to yield 21 as an off-white solid (397 mg, 0.76 mmol, 
21%). TLC (CHCl3:MeOH 95:5) Rf = 0.20. 1H NMR (400 MHz, (CD3)2SO) δ [ppm] = 10.47 (s, 
1H), 9.89 (s, 1H), 8.84 (s, 1H), 7.99 (s, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 7.4 Hz, 2H), 
7.65 (d, J = 8.1 Hz, 2H), 7.43 (t, J = 7.4 Hz, 2H), 7.35 (td, J = 7.4, 1.3 Hz, 3H), 6.07 (s, 2H), 
4.47 (d, J = 6.8 Hz, 2H), 4.32 (t, J = 6.8 Hz, 1H), 3.66 (t, J = 7.6, 7.1 Hz, 2H), 1.50 (h, J = 7.5 
Hz, 2H), 0.84 (t, J = 7.5 Hz, 3H). 

 
(9H-fluoren-9-yl)methyl (4-((6-amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)phenyl)carbamate (22) 
4-(Fmoc-amino)benzoic acid (1.89 g, 5.25 mmol, 1.2 eq) and EDC·HCl (1.09 g, 5.70 mmol, 
1.3 eq) were added to a solution of 16 (806 mg, 4.38 mmol, 1.0 eq) in dry DMF (16 mL). The 
mixture was stirred for 1 h, after which LCMS showed completion of the reaction. EtOAc (250 
mL) was added and the organic layer was washed with brine (3 x 100 mL). Upon addition of 
brine, a precipitate formed in the organic layer. The precipitate was collected and recrystallized 
in MeOH to yield 22 as yellow/green solid (1.17 g, 2.22 mmol, 51%). TLC (DCM:MeOH 98:2): 
Rf = 0.44. 1H NMR (400 MHz, (CD3)2SO) δ [ppm] = 10.62 (s, 1H), 10.01 (s, 1H), 8.76 (s, 1H), 
7.92 (dd, J = 13.8, 7.9 Hz, 4H), 7.78 (d, J = 7.5 Hz, 2H), 7.54 (s, 2H), 7.45 (t, J = 7.4 Hz, 2H), 
7.37 (t, J = 6.8 Hz, 2H), 6.20 (s, 2H), 4.53 (d, J = 6.7 Hz, 2H), 4.34 (t, J = 6.6 Hz, 1H), 3.66 (t, 
J = 7.5 Hz, 2H), 1.51 (h, J = 7.1 Hz, 2H), 0.84 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, (CD3)2SO) 
δ [ppm] = 165.8, 160.7, 153.3, 150.6, 149.9, 143.7, 141.7, 140.8, 128.8, 128.3, 127.7, 127.2, 
125.2, 120.2, 117.1, 87.0, 65.8, 46.6, 40.9, 21.0, 11.2. 
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3-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonyl fluoride (23) 
Trimethylsilyl polyphosphate (PPSE) (2.50 g, 13.72 mmol, 9.0 eq) was added to 17 (568 mg, 
1.53 mmol, 1.0 eq). The mixture was refluxed at 150 °C for 3.5 h under an N2 atmosphere. 
LCMS measurements indicated full conversion of the reaction. The mixture was cooled on ice 
and MeOH (25 mL) was added. The mixture was stirred for 15 minutes and filtrated. The filtrate 
was stirred in MeOH (15 mL) and filtrated again. The residues were combined, washed with 
cold MeOH and dried in vacuo to yield 23 as a white powder (467 mg, 1.33 mmol, 86%). TLC 

(DCM:MeOH 98:2) Rf = 0.44. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 14.11 (s, 1H), 11.95 (s, 
1H), 8.78 (s, 1H), 8.55 (d, J = 8.0 Hz, 1H), 8.17 (d, J = 8.0 Hz, 1H), 7.89 (t, J = 7.9 Hz, 1H), 
3.80 (t, J = 7.4 Hz, 2H), 1.56 (h, J = 7.5 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 
(CD3)2SO) δ [ppm] = 154.9, 150.9, 147.4, 147.0, 133.5, 132.6 (d, J = 24.0 Hz), 131.4, 130.8, 
129.1, 125.5, 108.5, 41.5, 20.9, 11.2. 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 66.0. HPLC: 
100%, RT 9.095 min LC-MS [ESI + H]+: 353.00. 
 

 
4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonyl fluoride (24) 
(LUF7982) 
PPSE (430 mg, 2.36 mmol, 9.0 eq) was added to 18 (97 mg, 0.26 mmol, 1.0 eq) and refluxed 
at 150 °C for 7 h under an N2 atmosphere. More PPSE (430 mg, 2.36 mmol, 9.0 eq) was added 
and the mixture was refluxed for another 4 h, upon which LCMS measurements indicated full 
conversion of starting material. The mixture was cooled on ice, MeOH (25 mL) was added and 
the formed crystals were filtrated. The filtrate was stirred in MeOH (15 mL) for 15 minutes and 
filtrated again. The residues were combined, washed with cold MeOH and dried in vacuo to 
yield 24 (LUF7982) as a white powder (68 mg, 0.19 mmol, 74%). TLC (DCM:MeOH 98:2) Rf = 
0.44. 1H NMR (300 MHz, (CD3)2SO) δ [ppm] = 14.24 (s, 1H), 12.05 (s, 1H), 8.43 (d, J = 8.3 Hz, 
2H), 8.28 (d, J = 8.3 Hz, 2H), 3.83 (t, J = 7.5 Hz, 2H), 1.69 – 1.47 (m, 2H), 0.88 (t, J = 7.4 Hz, 
3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 154.98, 150.92, 147.68, 146.98, 135.92, 131.67 
(d, J = 23.9 Hz), 129.23, 128.02, 109.08, 41.54, 20.85, 11.19. 19F NMR (471 MHz, (CD3)2SO) 
δ [ppm] = 66.8. HPLC 99%, RT 9.124 min. LC-MS [ESI + H]+: 353.00. 
 

 
3-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl sulfurofluoridate (25) 
PPSE (2.2 g, 12.07 mmol, 22.2 eq) was added to 19 (210 mg, 0.54 mmol, 1.0 eq) and refluxed 
at 150 °C. LCMS showed full conversion of starting material after 3h. Therefore the mixture 
was cooled on ice and MeOH (50 mL) was added. The formed residue was collected and 
washed with cold MeOH. Recrystallization in CHCl3/MeOH yielded 25 as a white solid (161 
mg, 0.44 mmol, 80%). TLC (DCM:MeOH 95:5) Rf = 0.63. 1H NMR (400 MHz, (CD3)2SO) δ 
[ppm] = 14.00 (s, 1H), 11.98 (s, 1H), 8.22 (dd, J = 6.3, 2.0 Hz, 2H), 7.79 – 7.67 (m, 2H), 3.82 
(t, J = 7.5 Hz, 2H), 1.57 (h, J = 7.5 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 
(CD3)2SO) δ [ppm] = 154.9, 150.9, 150.0, 147.6, 147.5, 131.7, 131.5, 126.7, 122.9, 118.4, 
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108.3, 41.5, 20.9, 11.2. 19F NMR (471 MHz, CD3)2SO) δ [ppm] = 38.9. HPLC 97%, RT 9.332 
min. LC-MS [ESI + H]+: 368.95. 
 
 
 
 

 
4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl sulfurofluoridate (26) 
(LUF7993) 
PPSE (1.2 g, 6.59 mmol, 25.7 eq) was added to 20 and refluxed at 150 °C. The mixture was 
refluxed for 2 h, after which LCMS indicated full conversion of starting material. The mixture 
was cooled on ice and MeOH (25 mL) was added. The formed precipitate was collected, 
washed with cold MeOH and recrystallized in MeOH (15 mL). This yielded 26 (LUF7993) as a 
white powder (83 mg, 0.23 mmol, 88%). TLC (DCM:MeOH 95:5) Rf = 0.55. 1H NMR (500 MHz, 
(CD3)2SO) δ [ppm] = 13.90 (s, 1H), 11.94 (s, 1H), 8.26 (d, J = 8.9 Hz, 2H), 7.74 (d, J = 8.4 Hz, 
2H), 3.81 (t, J = 7.4 Hz, 2H), 1.57 (h, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (126 
MHz, (CD3)2SO) δ [ppm] = 154.9, 151.0, 150.3, 148.1, 147.6, 129.8, 128.7, 121.9, 108.2, 41.5, 
20.9, 11.2. 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 38.94. HPLC 99%, RT 9.327 min. LC-MS 
[ESI + H]+: 369.00. 
 

 
(9H-Fluoren-9-yl)methyl (3-(2,6-dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-

yl)phenyl)carbamate (27) 
PPSE (3.44 g, 18.88 mmol, 25.0 eq) was added to 21 (397 mg, 0.76 mmol, 1.0 eq) and the 
mixture was refluxed at 150 °C. After 3 h of stirring, TLC showed full conversion of the reaction. 
The mixture was cooled down to rt and water (40 mL) and brine (10 mL) were added. The 
aqueous layer was extracted by EtOAc (6 x 80 mL). The organic layers were combined, dried 
over MgSO4, filtered and concentrated under reduced pressure. This yielded 27 (269 mg, 0.53 
mmol, 70%) as an off-white solid. TLC (CHCl3:MeOH 95:5) Rf = 0.55. 1H NMR (400 MHz, 
(CD3)2SO) δ [ppm] = 13.71 (s, 1H), 11.92 (s, 1H), 9.94 (s, 1H), 8.33 (s, 1H), 7.92 (d, J = 7.5 
Hz, 2H), 7.76 (t, J = 7.1 Hz, 3H), 7.43 (t, J = 7.5 Hz, 3H), 7.40 – 7.32 (m, 3H), 4.49 (d, J = 6.8 
Hz, 2H), 4.33 (t, J = 6.8 Hz, 1H), 3.82 (t, J = 7.5 Hz, 2H), 1.57 (h, J = 7.1 Hz, 2H), 0.88 (t, J = 
7.4 Hz, 3H). HPLC 95%, RT 11.075 min. LC-MS [ESI + H]+: 508.10. 
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8-(3-Isothiocyanatophenyl)-1-propyl-3,7-dihydro-1H-purine-2,6-dione (28) 
20% Piperidine in DMF (6 mL) was added to remove the Fmoc group of 27 (265 mg, 0.52 
mmol, 1.0 eq). The deprotection was complete after 5 min of stirring at rt. The solvents were 
then removed under reduced pressure and the residue was washed with MeOH to remove the 
remaining N-Fmoc-piperidine. 3 M HCl (25 mL) was added to the crude amine to form a 
suspension. Thiophosgene (333 µL, 4.35 mmol, 8.4 eq) was added and the mixture was stirred 
for 4 h at rt. The aqueous suspension was filtered and the precipitate was washed thoroughly 
with EtOAc to yield 28 as a white solid (129 mg, 0.39 mmol, 75% over two steps). TLC 

(DCM:MeOH 95:5) Rf = 0.62. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 14.01 – 13.74 (s, 1H), 
11.94 (s, 1H), 8.12 (t, J = 1.9 Hz, 1H), 8.06 (dt, J = 7.9, 1.3 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 
7.48 (dd, J = 8.0, 1.0 Hz, 1H), 3.80 (t, J = 7.3 Hz, 2H), 1.56 (h, J = 7.3 Hz, 2H), 0.87 (t, J = 7.4 
Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 154.8, 150.9, 148.1, 147.4, 135.3, 131.0, 
130.7, 130.5, 126.8, 125.5, 123.6, 108.1, 41.4, 20.8, 11.2. HPLC 99%, RT 9.825 min. LC-MS 
[ESI - H]-: 326.95. 
 

 
(9H-Fluoren-9-yl)methyl (4-(2,6-dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-

yl)phenyl)carbamate (29) 
PPSE (22 mL) was added to 22 (1.17 g, 2.22 mmol, 1.0 eq) and refluxed at 170 °C. After 5 h 
of stirring, the mixture was cooled down to rt and water (250 mL) was added. The formed 
precipitate was collected and purified by column chromatography (DCM:MeOH 99.5:0.5  
95:5) to yield 29 as an off-white solid (618 mg, 1.22 mmol, 55%). TLC (DCM:MeOH 98:2) Rf = 
0.38. 1H NMR (400 MHz, (CD3)2SO) δ [ppm] 13.50 (s, 1H), 11.87 (s, 1H), 9.98 (s, 1H), 8.01 
(dd, J = 16.6, 8.5 Hz, 2H), 7.92 (d, J = 7.4 Hz, 2H), 7.76 (d, J = 7.4 Hz, 2H), 7.63 – 7.51 (m, 
2H), 7.43 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 7.3 Hz, 2H), 4.54 (d, J = 6.6 Hz, 2H), 4.33 (t, J = 6.5 
Hz, 1H), 3.81 (t, J = 7.5 Hz, 2H), 1.57 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H). 
 

 
8-(4-Isothiocyanatophenyl)-1-propyl-3,7-dihydro-1H-purine-2,6-dione (30) (LUF8002) 
20% Piperidine in DMF (6 mL) was added to remove the Fmoc group of 29 (85 mg, 0.17 mmol, 
1.0 eq). The deprotection was complete after 5 min of stirring at rt. The solvents were then 
removed under reduced pressure and the residue was washed with MeOH to remove the 
remaining N-Fmoc-piperidine. 3 M HCl (3 mL) was then added to the crude amine to form a 
suspension. Thiophosgene (150 µL, 1.96 mmol, 11.9 eq) was added and the mixture was 
stirred for 2 h at rt. LCMS indicated full conversion of starting material, therefore water (50 mL) 
was added. The formed precipitate was collected and washed with DCM (50 mL) and EtOAc 
(50 mL). The residue was dried under reduced pressure to yield 30 (LUF8002) as an off-white 
powder (40 mg, 0.12 mmol, 71% over two steps). TLC (DCM:MeOH 95:5) Rf = 0.55. 1H NMR 
(500 MHz, (CD3)2SO) δ [ppm] = 13.81 (s, 1H), 11.94 (s, 1H), 8.13 (d, J = 8.7 Hz, 2H), 7.56 (d, 
J = 8.7 Hz, 2H), 3.82 (t, J = 7.5 Hz, 2H), 1.57 (h, J = 7.3 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H). 13C 
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NMR (151 MHz, (CD3)2SO) δ [ppm] = 154.9, 151.0, 148.6, 147.6, 134.7, 131.3, 128.1, 127.7, 
126.7, 108.1, 41.5, 20.9, 11.2. HPLC 95%, RT 9.834 min. LC-MS [ESI + H]+: 327.95. 
 

Biology  
 
Cell lines 
CHO-spap cells stably expressing the human A2B receptor (CHO-spap-hA2BAR) were kindly 
provided by S.J. Dowell (Glaxo Smith Kline, UK). Chinese hamster ovary (CHO) cells stably 
expressing the human adenosine A1 receptor (CHOhA1AR) were kindly provided by Prof. S.J. 
Hill (University of Nottingham, UK). Human embryonic kidney 293 cells stably expressing the 
human adenosine A2A receptor (HEK293hA2AAR) were kindly provided by Dr. J. Wang 
(Biogen/IDEC, Cambridge, MA). CHO cells stably expressing the human adenosine A3 
receptor (CHOhA3AR) were a kindly provided by Dr. K.N. Klotz (University of Würzburg, 
Germany). 

Radioligands 
[3H]8-(4-(4-(4-Chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine ([3H]PSB-603, 
specific activity 79 Ci/mmol) was purchased from Quotient Bioresearch. [3H]1,3-dipropyl-8-
cyclopentyl-xanthine ([3H]DPCPX, specific activity 137 Ci/mmol) was purchased from ARC, 
Inc. [3H]4-(-2-[7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-ylamino)ethyl) phenol 
([3H]-ZM241385, specific activity 50 Ci/mmol) was purchased from ARC, Inc. [3H]8-Ethyl-4-
methyl-2-phenyl-(8R)-4,5,7,8-tetrahydro-1H-imidazo[2,1-i]-purin-5-one ([3H]PSB-11, specific 
activity 56 Ci/mmol) was a gift from Prof. C.E. Müller (University of Bonn, Germany). 

Chemicals 
5’-N-ethylcarboxamidoadenosine (NECA), N6-Cyclopentyladenosine (CPA) and adenosine 
deaminase (ADA) were purchased from Sigma Aldrich. ZM241385 was kindly donated by Dr. 
S.M. Poucher (Astra Zeneca, Manchester, UK). CGS21680 was purchased from Ascent 
Scientific. PSB 1115 potassium salt was purchased from Tocris Bioscience. All other 
chemicals were of analytical grade and obtained from standard commercial sources. 

Cell culture and membrane preparation 
CHO-spap-hA2BR cells, CHOhA1AR cells, HEK293hA2AAR cells and CHOhA3AR were cultured 
and membranes were prepared as previously reported.[52] 

Radioligand displacement assays 
Single point radioligand displacement assays on CHOhA1AR cells, HEK293hA2AAR cells and 
CHOhA3AR cells were performed as previously reported.[52] Full curve radioligand 
displacement assays were performed using ChO-spap-hA2BAR membranes and a 
concentration rage of competing ligand. 30 µg of protein in a total volume of 100 µL assay 
buffer (0.1% CHAPS in 50 mM Tris-HCl pH 7.4) was taken and pre-incubated for either 0 or 4 
h with the competing ligand. ~1.5 nM [3H]PSB-603 was then added and the membranes were 
co-incubated for 30 min at 25 °C. Nonspecific binding was determined in the presence of 10 
µM ZM241385. Incubations were terminated by vacuum filtration to separate the bound and 
free radioligand through prewetted 96-well GF/C filter plates using a Filtermate-harvester 
(PerkinElmer). Filters were subsequently washed 5 times with ice-cold wash buffer (0.1% BSA 
in 50 mM Tris-HCl pH 7.4). The plates were dried at 55 °C after which 25 µL of MicroscintTM-
20 cocktail (PerkinElmer) was added to each well. After 3 h the filter-bound radioactivity was 
determined by scintillation spectrometry using a 2450 MicroBeta2 Microplate Counter 
(PerkinElmer). 
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Wash-out assays 
100 µL of assay buffer (0.1% CHAPS in 50 mM Tris-HCl pH 7.4) containing 1 µM of competing 
ligand (10 µM in case of PSB 1115) and 200 µL of assay buffer were added to 100 µL of ChO-
spap-hA2BAR membrane suspension (80 µg of protein) in a 2 mL Eppendorf tube. The tubes 
were incubated 2 h at 25 °C while shaking. The ‘washed’ group of samples was centrifuged (5 
min, 13 200 rpm, 4 °C), the supernatant was removed, the pellet was resuspended in 1 mL of 
assay buffer and incubated for 10 min at 25 °C while shaking at 900 rpm. The washing steps 
were repeated three times. After the last washing step, the membrane pellets were 
resuspended in 300 µL of assay buffer to determine radioligand displacement. Both washed 
and unwashed samples were transferred to test tubes and incubated together with 100 µL of 
1.5 nM [3H]PSB-603 for 2 h at 25 °C. Nonspecific binding was determined in the presence of 
10 µM ZM241385. The incubation was terminated by vacuum filtration through prewetted 96-
well GF/C filter plates using a Brandol M24 Scintillation harvester. Filters were subsequently 
washed 3 times with ice-cold wash buffer (0.1% BSA in 50 mM Tris-HCl pH 7.4). The filter-
bound radioactivity was determined using a Tri-Carb 2900TR Liquid Scintillation Analyzer 
(PerkinElmer). 

Data Analysis  
All data from radioligand displacement and wash-out assays were analyzed using GraphPad 
Prism 9.0 (GraphPad Software Inc., San Diego, CA). IC50 values were converted to Ki values 
using the Cheng-Prusoff equation.[53] The KD values of [3H]PSB603 at CHO-spap-hA2BAR 
membranes (1.7 nM) was taken from in-house determinations. 

Computational Procedures 
 
Docking of LUF7982 in the adenosine A2B receptor 
The A2BAR homology model was retrieved from the GPCRdb.[54] Several orientations of the 
extracellular loop 3 (EL3) loop region (between residue numbers 258 and 270) were generated 
using MODELLER,[55] to obtain viable orientations of the Lysine residues in the binding site. 
3D coordinates of LUF7982 were generated using rdkit.[56] Thereafter, LUF7982 was manually 
docked in the receptor model using PyMOL,[57] and subsequently minimized using the all-atom 
minimization tool in ICM Pro.[58] Residue numbers are presented with their Ballosteros-
Weinstein numbering scheme.[23] Distances given in Å are the distances calculated between 
the N-atom of the lysine residue and the S-atom of the sulfonyl fluoride warhead. 

Author Contributions 
B.L.H.B., M.A. and J.P.D.V. synthesized compounds. X.W., L.N.A. and R.L. performed 
radioligand displacement experiments. B.L.H.B., M.A. and W.J. performed molecular docking 
experiments. L.H.H., A.P.IJ. and D.v.d.E. supervised the project. 
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A Chemical Biological Approach to Study G 
Protein-Coupled Receptors: Labeling the 
Adenosine A1 Receptor using an 
Electrophilic Covalent Probe 
 
 
Bert L. H. Beerkens, Çağla Koç, Rongfang Liu, Bogdan I. Florea, Sylvia E. Le Dévédec, Laura 
H. Heitman, Adriaan P. IJzerman, and Daan van der Es 
 
 
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, e.g. 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 A1 Receptor (A1AR). 
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. 
 
 
ACS Chem Biol 2022, 17, 3131–3139.   
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Introduction 
The adenosine receptors (A1, A2A, A2B and A3) are class A G Protein-coupled receptors 
(GPCRs) that respond to extracellular levels of adenosine.[1,2] 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.[3,4] This versatile role has prompted 
decades of research towards 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.[5,6]  

One reason for the lack of success might be the multitasking role of the adenosine receptors 
throughout the human body, e.g. the adenosine A1 receptor (A1AR) influences lipolysis in 
adipocytes, reduces ischemic injury in cardiomyocytes and shows analgesic activity in the 
spinal cord.[4,7,8] Other reasons might be receptor oligomerization, biased downstream signaling 
and the presence/absence of post-translational modifications (PTMs).[9,10] 

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.[11,12] 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)[13], it is important to 
get a better picture of all possible aspects that have an influence on receptor signaling. 

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.[14,15] To this end, our group recently developed LUF7746: a partial 
agonist for the A1AR equipped with an electrophilic fluorosulfonyl group, which facilitated 
covalent binding to the A1AR (Figure 1A).[16] Covalent ligands for GPCRs have especially 
proven useful in structural studies, ‘locking’ multiple individual receptors into the same 
conformation.[17,18]  

Aside from covalent ligands, multiple functional ligands have been developed over the years 
to expand the scope of GPCR profiling.[15] Among these tool molecules are ligands that are 
conjugated to e.g. fluorophores, bio-orthogonal click handles and photo-activatable groups.[19–

22] 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.[23,24] 
Having such an extensive arsenal of probes for GPCRs would allow for a more thorough 
investigation of these important drug targets in biological systems. 

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.[25] 
Classical activity-based probes target the active site of an enzyme, using warheads that make 
use of the enzyme’s intrinsic mechanism to react.[23,24] GPCRs on the other hand, do not have 
such an active site pocket. Therefore, in case of GPCRs, affinity-based probes (AfBPs) have 
been developed that either use photoactivatable or highly electrophilic groups as warhead.[26–

31] AfBPs thus rely on high affinity and selectivity towards a protein target for selective labeling. 
Besides that, 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.[32–34] Second, as mentioned before, oligomerization and PTMs greatly influence the 
behavior and appearance of GPCRs.[35,36] Third, GPCRs are membrane proteins, which are 
poorly soluble in aqueous media and thus prone to solubility issues.[37–39]  

Recently, a handful of AfBPs has been developed to target and label the adenosine receptors. 
Among these are a clickable antagonist for the A2AAR and a clickable antagonist with high 
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affinity for both the A1AR and A3AR.[29,31] The application of these probes however, has been 
limited to gel-based experiments. Presumably the aforementioned issues, such as expression 
levels and presence of PTMs, have impeded the detection of adenosine receptors in a 
biochemical setup. Therefore, further exploration on 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 A1AR in a multitude of biochemical assays. To achieve this, we 
developed the first agonistic AfBP for the A1AR, 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.[16] An alkyne group was chosen as ligation handle to 
be conjugated to a reporter tag in the Copper(I)-catalyzed Azide-Alkyne Cycloaddition 
(CuAAC).[40,41] 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 A1AR. Secondly, 
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. Lastly, 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 A1AR: SDS-PAGE, chemical proteomics and confocal microscopy. Here, we show 
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. 

 

Figure 1. (A) A1AR-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 partly created with BioRender.com. 
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Results and Discussion 

Design and Synthesis of A1AR-targeting AfBPs 
As mentioned before, our AfBP-design includes an alkyne moiety. In order 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 corresponding 3,5-
dicyanopyridines (7a-c) through a multiple component reaction using malononitrile and 
thiophenol.[42] 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).[8] 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 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-
Fluorsulfonyl benzoic acid (19) was coupled to the same amine in a peptide 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 NMR and LCMS measurements. 

Scheme 1. Synthesis of A1AR-targeting AfBPs. Reagents and conditions: (a) Propargyl bromide (80% 
in toluene), K2CO3, acetone, reflux, overnight, 80-100%; (b) Malononitrile, thiophenol, Et3N, EtOH, 50-
75 °C, 4-10 h, 30-47%; (c) Isopentyl nitrite, CuCl2, 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, NaHCO3, dry DMF, 
20-50 °C, 4 days, 40%; (g) (i) Potassium thioacetate, dry DMF, RT, 1-5 days; (ii) 2 M NaOH, RT, 1-3 
days, 62-78%; (h) 20, NaHCO3, dry DMF, RT, 1-2 days, 29-53%; (i) TBDMS-Cl (50% in toluene), 1H-
imidazole, dry DMF, RT, 5 h, quant.; (j) Propargylamine, DIPEA, MeCN , RT, 5 h, 52%; (k) 19, EDC·HCl, 
DIPEA, dry DMF, RT, 3 days, 58%; (l) Et3N·3HF, dry THF, RT, overnight, 92%; (m) TsCl, Et3N, dry DMF, 
RT, 2 days, 55%; (n) NaHCO3, dry DMF, RT, overnight, 31%; (o) Potassium bifluoride, H2O, dioxane, 3 
h, 95%; (p) 3-Bromopropylamine·HBr, Pybrop, DIPEA, dry DMF, RT, 12 days, 41%.
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Evaluation of the AfBPs in radioligand binding assays and docking studies 
With the molecules in hand, our attention was shifted towards the assessment of the potential 
probes’ binding affinity towards the A1AR, as well as the selectivity towards other adenosine 
receptors. The dicyanopyridine scaffold in particular is known to bind other adenosine receptor 
subtypes dependent on its substitutions.[42,43] In a single point radioligand displacement assay 
using 1 µM of probe at all four of the adenosine receptors, no considerable displacement of 
radioligand from the A2AAR, A2BAR and A3AR was observed (Figure 2A). Probes 2 and 3 did 
not show considerable displacement of radioligand from the A1AR, while 1 showed moderate 
(~70%) displacement and LUF7909 full (~100%) displacement. This indicates high affinity of 
LUF7909 towards the A1AR and selectivity over the other adenosine receptors. 

These differences can be rationalized by covalently docking the four ligands into the A1AR 
binding pocket. Using the crystal structure of adenosine-bound A1AR (PDB: 6D9H) and the 
binding pose of LUF7909 most similar (lowest RMSD) to the recently obtained crystal structure 
of structurally similar LUF5833 in the A2AAR, a representative image was generated (Figure 
3).[44] From this pose, it was deduced that the methylenedioxy group of LUF7909 is located 
deep inside the binding pocket of the A1AR. 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, i.e. incorporating 0 or 4 hours of pre-incubation of probe with the receptor (Figure 2B). 
Without pre-incubation (0 h), LUF7909 showed an apparent pKi of 7.8, while this increased to 
an apparent pKi of 9.5 upon 4 hours of pre-incubation (Table S1). Such an increase in apparent 
pKi (Ki 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 
[35S]GTPγS assay (Figure S2), having a similar potency as the full agonist N6-
cyclopentyladenosine (CPA) (pEC50 of 8.7), but a significantly lower Emax (74%). Hence, 
LUF7909 behaves as a partial agonist that binds covalently, with high affinity and selectivity 
towards the A1AR. 

Figure 2. Affinities of LUF7909 and analogs for the four adenosine receptor subtypes. (A) Displacement 
of [3H]DPCPX (A1AR), [3H]ZM241385 (A2AAR), [3H]PSB-603 (A2BAR) and [3H]PSB-11 binding (A3AR) by 
1 µM 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 [3H]DPCPX from the 
A1AR by LUF7909 measured after 0 or 4 hours of pre-incubation of LUF7909 with CHO membranes 
stably overexpressing the A1AR. TB = total radioligand binding; NSB = non-specific radioligand binding. 
Data represent the mean ± SEM of three individual experiments performed in duplicate. 
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Figure 3. Top-down view of docked LUF7909 into the ligand binding pocket of the A1AR. Crystal 
structure taken from the adenosine-bound A1AR (PDB: 6D9H). The final ligand pose was selected based 
on the crystal structure of LUF5833 in the A2AAR (PDB: 7ARO). Shown are the main amino acids that 
interact with LUF7909. The SO2F-containing warhead is located close to tyrosine 271 (Y271), while the 
alkyne moiety is pointing outwards from the receptor. 

Labeling of the A1AR 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 A1AR. Membranes were incubated with 
LUF7909 and subjected to click conjugation of probe to the fluorophore AF647-N3. Samples 
were denatured, 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 Ki of LUF7909 (16 nM at 0 h pre-incubation) a band at ~45 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 µM shows multiple extra proteins being labeled. This 
apparent non-specific 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 ~45 kDa disappeared 
upon pre-incubation with 1 μM of various A1AR-selective ligands, such as the full agonist CPA 
(CP), partial agonist Capadenoson (CA), 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 A1AR (~36 kDa), is indeed the A1AR.  

The slightly higher mass can be explained by N-glycosylation of the A1AR, as has been seen 
in early purification studies of endogenous A1AR.[45,46] Indeed, upon incubation with PNGase, 
a strong reduction is seen in molecular weight of the corresponding band (Figure 4C). Pre-
incubation with the reversible antagonist DPCPX resulted in full disappearance of both bands, 
thereby confirming that this pattern represents the A1AR. 
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Figure 4. Specific labeling of the A1AR using LUF7909 in CHO membranes overexpressing the A1AR. 
Membranes were pre-incubated 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 A1AR. (B) Labeling of the A1AR is dependent on 
the presence of copper(I) and probe during the click reaction, as well as the presence of known A1AR 
ligands: agonist CPA (CP), partial agonist Capadenoson (CA), covalent partial agonist LUF7746 (L), 
antagonist DPCPX (D) and covalent antagonist FSCPX (F; structures in Figure S3). (C) Labeling of the 
A1AR shows a strong reduction in molecular weight upon incubation with PNGase. Pre-incubation with 
1 µM of DPCPX shows full disappearance of both bands. CBB = Coomassie Brilliant Blue. The band 
that appears upon Coomassie staining (lane 3 and 4) corresponds to the molecular weight of PNGase. 

Enrichment and detection of the A1AR in chemical proteomics 

experiments 
To further explore binding of LUF7909 to the A1AR, as well as possible off-targets, chemical 
proteomics experiments were carried out. In brief, CHO cell membranes overexpressing the 
A1AR were incubated with LUF7909. A concentration of 1 μM 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 digestion enzyme did not lead to 
detection of A1AR-specific peptides. Therefore Chymotrypsin was chosen as digestion 
enzyme. Experiments without LUF7909 lead to detection of only one peptide of the A1AR. 
However, upon affinity purification with LUF7909, an average sequence coverage of 40% of 
the receptor was detected by LC-MS/MS (Figure 5A; Table S2).  

In the past years, considerable efforts have been done regarding the detection of GPCRs in 
chemical proteomics experiments.[28,47–51] This includes mostly work using photoactivatable 
groups, such as diazirines and 2,5-disubstituted tetrazoles.[28,47,50,52] To our knowledge, only 
one example of the use of an electrophilic ligand has been reported.[51] Besides that, most of 
these experiments yielded a low sequence coverage when a non-purified receptor was 
measured. Only in case of the metabotropic glutamate receptors in brain slices, a higher 
sequence coverage was found.[50] It is therefore remarkable that our experiment yielded an 
average sequence coverage of 40%. The detected peptides mostly include the non-membrane 
domains: C-terminus, N-terminus, intra- and extracellular loops. 
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Compared to DMSO-treated samples, a strong enrichment of the A1AR (>200-fold) was 
observed (Figure 5B). This fold change was greatly reduced upon pre-incubation of the 
samples with 10 µM of covalent ligand LUF7746 (Figure S5). 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 µM) of electrophilic probe in membrane 
fractions. 

Figure 5. Proteomic detection of the A1AR. (A) Snake plot of the adenosine A1 receptor. Highlighted in 
blue are the peptides that were detected upon affinity purification using 1 µM of LUF7909 in CHOhA1AR 
membranes. Amino acids highlighted in red are the glycosylation site (N159) and predicted probe 
binding site (Y271). Snake plot derived from gpcrdb.org.[53] (B) Volcano plot of affinity purification 
experiments comparing samples treated with 1 µM LUF7909 to samples containing DMSO as control. 
Plotted are the enrichment ratio (log2(Ratio)) and the probability (-log10(p)) as determined in a multiple t 
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 
(G3I1X8), malate dehydrogenase (G3HDQ2), sodium/potassium-transporting ATPase subunit alpha 
(G3H8Z9) and the adenosine A1 receptor (P30542) (highlighted in red). Also shown in red is the Adenine 
Nucleotide Translocator (G3H777).  

Investigation of the potential off-targets of LUF7909 in CHOhA1AR 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 A1AR. Contrary to the CHOhA1AR 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 due to its 
binding of adenine-containing substrates. We therefore pre-incubated both CHO and 
CHOhA1AR membranes with various concentrations of bongkrekic acid, a known inhibitor of 
ANT,[54] prior to the sequential addition of LUF7909, clicking to AF647-N3 subjecting to SDS-
PAGE and scanning using in-gel fluorescence (Figure S6B).  

Pre-incubation with bongkrekic acid resulted in a concentration-dependent inhibition of the 
band observed for the ‘empty’ CHO membranes, as well as the lower band observed for the 
CHOhA1AR membranes. This suggests that the extra band seen on gel corresponds to ANT. 
Also the pull-down experiments with LUF7909 in CHOhA1AR membranes show the presence 
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of ANT (Figure 5B), 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,[55] 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 A1AR 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 A1AR were 
incubated with 100 nM of probe, prior to membrane collection and click reaction with AF647-
N3. The samples were denatured, loaded on SDS-PAGE and analyzed using in-gel 
fluorescence (Figure 6A and S7). A ‘smear’ was observed at the height of the A1AR, which 
was not present upon pre-incubation with DPCPX (1 μM). This smear is presumably due to 
different glycosylation states of the A1AR. No other strong bands were detected, both in the 
CHO cells with and without overexpression of the A1AR. Secondly, affinity-based pull-down 
experiments were performed using live CHOhA1AR cells. Again, a high enrichment of the A1AR 
was found (Figure 6B), however less labeling of other proteins compared to the experiments 
with membrane fractions. It thus seems that labeling of the A1AR by LUF7909 is more specific 
in live CHOhA1AR cells, as compared to labeling in membrane fractions derived from these 
CHOhA1AR cells (Figure 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 A1AR were 
incubated with LUF7909 and subsequently fixed. The probe-bound proteins were stained with 
TAMRA-N3 (via a click reaction) and the cellular nuclei were stained with DAPI. As compared 
to the DMSO control, LUF7909 showed clear labeling of cell-cell contacts and cellular 
membranes by TAMRA-N3 (Figure 6C). The degree of labeling was diminished by pre-
incubation with 1 µM of covalent ligand FSCPX, and absent upon using CHO cells that do not 
overexpress the A1AR. These controls confirm that the observed labelling, in gel, LC-MS/MS 
and under the microscope, is indeed due to selective labeling of the A1AR and not an off-target 
protein. Furthermore, signs of A1AR 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 A1AR with an agonist.[56] Having a clickable (partial) agonist thus allows further 
studies towards receptor internalization. 

Labeling of LUF7909 in cells endogenously expressing the A1AR 
Having established labeling of the A1AR in CHOhA1AR membranes and live cells, we 
attempted to label the receptor in membrane fractions that endogenously contain the A1AR as 
a next step. For this, we used membranes derived from adipocytes: a cell type that is known 
to express the A1AR.[7,58] Adipocyte membranes were collected from gonadal fat pads from 
female mice and subsequently incubated with 100 nM LUF7909, deglycosylated with PNGase, 
clicked to AF647-N3, 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, 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 pre-incubation 
with 1 µM of the selective covalent A1AR 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 A1AR. The band at ~30 kDa (lane 1) shows a great 
difference in mass compared to observed A1AR 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 A1AR from brain to the A1AR from testis.[45]  
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Figure 6. Selective labeling of the A1AR in live CHO cells. (A) CHO cells with or without overexpression 
of the A1AR were pre-treated for 1 h with DPCPX (1 μM) 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-N3. 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 CHOhA1AR cells treated with 1 µM LUF7909 to cells treated 
with 1% DMSO (control). All data originate from six technical replicates. Shown is the uniprot code for 
the A1AR (P30542) (highlighted in red). (C) Confocal microscopy images. CHO cells with or without 
overexpression of the A1AR were pre-treated for 1 h with FSCPX (1 μM) or 1% DMSO and incubated 
for 1 h with of LUF7909 (100 nM) or 1% DMSO (control). The cells were then fixed and stained with 
TAMRA-N3 (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 μm. Figure was created using OMERO.[57] 
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Figure 7. Labeling of the A1AR in adipocyte membranes derived from mouse gonadal fat pads. The 
membranes were pre-treated with the covalent antagonist FSCPX (1 µM) or 1% DMSO prior to 
incubation with LUF7909 (100 nM) and subsequent incubation with click mix containing AF647-N3. 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 (lane 3 and 
4) corresponds to the molecular weight of PNGase.  

Besides the A1AR, LUF7909 also labeled multiple off-target proteins in these experiments, e.g. 
the bands at ~90 and ~65 kDa. Preliminary experiments showed a clear reduction in intensity 
for the band at ~90 kDa upon pre-incubation 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 seems 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. 

Conclusion 
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 A1AR in a broad 
spectrum of assays. LUF7909 showed labeling of the A1AR at about its apparent Ki, 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 A1AR overexpressing cells. In the latter two types of experiments, LUF7909 proved to be 
highly specific towards the A1AR. 

Altogether, this work shows various methods to implement AfBPs within the broad field of 
GPCR research. This paves the way towards an investigation of more physiologically relevant 
processes, e.g. 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 in both physiological and pathological conditions, opening up 
new avenues for drug discovery in general. 
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Supporting Tables 
 

Table S1. Time-dependent characterization of the affinity of LUF7909. 
 
Compound pKi (0 h)a pKi (4 h)b Ki shiftc 

LUF7909 7.8 ± 0.04 9.5 ± 0.01 44.0 ± 5.1 
 
Values represent apparent pKi ± SEM (n = 3) of individual experiments each performed in duplicate. a Affinity 
determined from displacement of specific [3H]DPCPX binding on CHO cell membranes stably expressing hA1AR 
at 25 °C after 0.5 h co-incubation; b Affinity determined from displacement of specific [3H]DPCPX binding on 
CHO cell membranes stably expressing hA1AR at 25 °C with compounds pre-incubated for 4 h, followed up by 
a 0.5 h co-incubation with [3H]DPCPX. c Ki shift determined by ratio Ki(0 h)/Ki(4 h). 

 
Table S2. Concentration-dependent labeling by LUF7909 in SDS-PAGE experiments. A 
concentration of 100 nM LUF7909 shows both a high intensity (70% intensity compared to the band 
at 1000 nM) and a low degree of off-target labeling (11%). 
 

Concentration LUF7909 (nM) Relative band intensity (%)a A1AR labeling vs. off-target 
labeling (%)b 

1 1 ± 0 31 ± 10 
3 5 ± 1 84 ± 6 
10 16 + 6 86 ± 5 
30 44 ± 12 95 ± 1 
100 70 ± 9 89 ± 4 
300 90 ± 14 74 ± 8 
1000 100 51 ± 13 
   

Values represent the mean percentage ± SEM (n = 3). Band intensities were determined with ImageLab 
software, using the gel images from Figure S3A. a The adjusted volumes of the bands were taken and corrected 
for the amount of protein after Coomassie staining. The highest band intensity (1000 nM probe) was set to 
100%; b The bands at approx. 45 kDa (A1AR) and approx. 30 kDa were selected in each lane and band 
percentages were calculated by ImageLab. The value in the table shows the percentage of the upper band 
(band 45 kDa (%) + band 30 kDa (%) = 100 (%)). 

 
Table S3. Detected A1AR peptides upon affinity purification using LUF7909 in CHO membranes 
that overexpress the A1AR. 
 

Sequence Length m/z Charges Start 
position 

End 
position 

Peptide 
scorea 

MPPSISAF 8 848.4102 1 1 8 150.82 
PPSISAF 7 717.3697 1 2 8 131.42 
AVKVNQALRDATF 13 1431.783 3 33 45 58.781 
INIGPQTY 8 904.4654 1 69 76 176.41 
MVACPVLIL 9 1014.561 2 82 90 97.306 
ALLAIAVDRY 10 1103.634 2 97 106 78.334 
LAIAVDRY 8 919.5127 2 99 106 104.45 
AIAVDRY 7 806.4287 2 100 106 103.29 
VVTPRRAAVAIAGCW 15 1625.882 2;3 118 132 58.676 
NNLSAVERAW 10 1158.578 2 147 156 131.44 
NKKVSASSGDPQKY 14 1507.763 2;3 212 225 197.3 
NKKVSASSGDPQKYY 15 1670.826 2;3 212 226 156.51 
FCPSCHKPSIL 11 1344.632 3 259 269 47.559 
CPSCHKPSIL 10 1197.563 2;3 260 269 128.6 
LTHGNSAMNPIVY 13 1415.687 2 276 288 156.83 
THGNSAMNPIVY 12 1302.603 2 277 288 157.96 
LKIWNDHF 8 1071.55 2;3 300 307 120.65 
KIWNDHF 7 958.4661 2 301 307 158.38 
RCQPAPPIDEDLPEERPDD 19 2248.007 2;3 308 326 218.16 
 
aAs determined by MaxQuant. 
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Supporting Figures 
 

 
Figure S1 Wash-out assay reveals persistent binding of LUF7909 to the A1AR. Membranes derived 
from CHO cells transiently transfected with the A1AR were pre-incubated with buffer (vehicle) or 1 µM 
LUF7909, followed by a four cycle washing treatment or no washing at all before being exposed to 
[3H]DPCPX in a standard radioligand binding assay. Data is expressed as the percentage of the vehicle 
group (100%) and represents the mean ± SEM of three individual experiments performed in duplicate. 
 

 
Figure S2 Functional characterization of LUF7909 in a [35S]GTPγS binding assay. Concentration-
dependent functional-effect curve of CPA and LUF7909 using membranes derived from CHO cells that 
were stably transfected with the hA1AR. Data is expressed as a percentage of the maximal response 
induced by 100 nM CPA and the mean ± SEM of three individual experiments performed in duplicate. 
**p < 0.01 as compared to the Emax value of CPA, determined by a two-tailed unpaired Student’s t-test. 
 

 
Figure S3. Molecular structures of the selective A1AR ligands used in this study: full agonist N6-
cyclopentyladenosine (CPA), partial agonist Capadenoson, covalent partial agonist LUF7746, 
antagonist DPCPX and covalent antagonist FSCPX. 
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Figure S4. Verification of A1AR labeling by LUF7909. Figures show SDS-PAGE and Western Blot 
experiments (left side), as well as N=3 data (right side). Conditions for A-D were the same as in Figure 
4. The gel was transferred to a 0.2 µm PVDF blot using a Trans-Blot Turbo Transfer System (Bio-
Rad)(2.5 A, 7 min) or stained with Coomassie Brilliant Blue (CBB). Blots were blocked with 5% BSA in 
TBST (1 h, rt), incubated with primary antibody (rabbitαratA1AR 1:5000 in 1% BSA in TBST)(4 °C, 
overnight), washed (3 x TBST), incubated with secondary antibody (goatαrabbit-HRP 1:2000 in 1% BSA 
in TBST)(1h , rt), washed (2 x TBST, 1 x TBS), activated with luminol enhancer and peroxide (3 min, rt, 
dark) and subsequently scanned on fluorescence and chemiluminescence. (D) Quantification of the 
amount of LUF7909 displaced by 1 µM of the respective covalent ligand. Values represent the mean 
percentage ± SEM (n = 3). Band intensities were determined with ImageLab software using the gel 
images from Figure S4B. The adjusted volumes of the bands were taken and corrected for the amount 
of protein after Coomassie staining. The band intensity of lane 4 (no competitor) was set to 0%. 
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Figure S5. The adenosine A1 receptor does not show a strong enrichment upon pre-incubation of the 
samples with LUF7746. Volcano plot of affinity purification experiments comparing samples treated with 
1 µM LUF7909 to samples that were pre-treated with 10 µM of LUF7746. Plotted are the enrichment 
ratio (log2(Ratio)) and the probability (log10(p)) as determined in a multiple t 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 Splicing factor 3B subunit 1 (G3HL16), Nuclear pore 
complex protein Nup96 (G3I3B3), Lamin-A/C (G3HG95), Catalase (G3GYY6) and Protein RCC2 
(G3IJB6). The adenosine A1 receptor (P30542) is highlighted in red. 
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Figure S6. Off-target investigation of the proteins labeled by LUF7909. (A) Volcano plot of affinity 
purification experiments comparing samples of CHO membrane fractions (not overexpressing the A1AR) 
treated with 1 µM LUF7909 to samples treated with 1% DMSO. Plotted are the enrichment ratio 
(log2(Ratio)) and the probability (log10(p)) as determined in a multiple t 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 Adenine Nucleotide Translocator (ANT)(G3H777) and 
Elongation factor 1-alpha 1 (G3HH39). (B) SDS-PAGE experiments show a concentration-dependent 
inhibition of the lower band by the ANT-inhibitor bongkrekic acid (BA) (N=3). CHO membrane fractions 
with and without overexpression of the A1AR were pre-incubated with various concentrations of BA, 
prior to incubation with 100 nM of LUF7909. The samples were then clicked to AF647-N3, denatured, 
resolved by SDS-PAGE and scanned using in-gel fluorescence. Coomassie Brilliant Blue (CBB) was 
used as protein loading control. (C) Quantification of LUF7909 displacement by BA. Values represent 
the mean percentage ± SEM (graph) or apparent affinity ± SEM (table) (n = 3). Band intensities were 
determined with ImageLab software using the gel images from Figure S6B. The adjusted volumes of 
the bands were taken and corrected for the amount of protein after Coomassie staining. The band 
intensity of lane 1 (no BA) was set to 100%. 
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Figure S7 Additional SDS-PAGE experiments supporting Figure 6. Figure shows SDS-PAGE and 
Western Blot experiments (left side), as well as N=3 data (right side). Live CHOhA1AR and non-
transfected CHO cells were pre-treated with DPCPX (1 μM) or 1% DMSO and incubated with LUF7909 

(100 nM) or 1% DMSO (control). Membranes were collected and incubated with click mix containing 
AF647-N3. The samples were then subjected to SDS-PAGE and analyzed by in-gel fluorescence 
scanning. The gel was transferred to a 0.2 µm PVDF blot using a Trans-Blot Turbo Transfer System 
(Bio-Rad)(2.5 A, 7 min) or stained with Coomassie Brilliant Blue (CBB). The blot was blocked with 5% 
BSA in TBST (1 h, rt), incubated with primary antibody (rabbitαratA1AR 1:5000 in 1% BSA in TBST)(4 
°C, overnight), washed (3 x TBST), incubated with secondary antibody (goatαrabbit-HRP 1:2000 in 1% 
BSA in TBST)(1h , rt), washed (2 x TBST, 1 x TBS), activated with luminol enhancer and peroxide (3 
min, rt, dark) and subsequently scanned on fluorescence and chemiluminescence. 
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Figure S8. Additional confocal microscopy images supporting Figure 6C. CHO cells with or without 
overexpression of the A1AR were pre-treated for 1 h with irreversible antagonist FSCPX (1 μM) 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-N3 (panel A; shown in the red channel) and DAPI (panel B; shown in the blue 
channel). FOV = Field of view. Images were acquired automatically from two biological experiments 
performed in duplicate. Shown are four of the FOVs from each of the imaged plates, selected based on 
a similar amount of cells present in the FOV (FOV 1-4: experiment 1; FOV 5-8: experiment 2). Scale bar 
= 10 μm. Panel was created using OMERO. (C) Example of automated image analysis of the total 
intensity of the Tamra-N3 signal per single cell with and without treatment with LUF7909. Total 
fluorescence intensity in the cytoplasm of single cells was quantified using CellProfiler. (D) Comparison 
of the fluorescence intensities between treatment conditions in experiment 2. One single dot represent 
one single cell. A significant increase in intensity is observed for the cells containing the A1AR, treated 
with LUF7909, without competing ligand versus those cells not treated with LUF7909. 
 

 

Figure S9 Labeling of LUF7909 in membranes derived from rat adipocytes. The membranes were pre-
incubated with competing ligand (25 µM FSCPX or 1 µL protease inhibitor cocktail (PIC), prior to 
incubation with 100 nM LUF7909. The samples were then incubated with PNGase, clicked to AF647-
N3, denatured and resolved by SDS-PAGE. The gels were scanned using in-gel fluorescence. (A) 
Competition with 25 µM of covalent antagonist FSCPX; (B) Intensity of the band at 90 kDa is reduced 
upon pre-incubation with 1 µL of PIC (Sigma Aldrich, cat # p8340). 
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Experimental 
 
Chemistry 
 
General 
All commercially available reagents and solvents were obtained from Sigma Aldrich, Fisher 
Scientific, VWR chemicals, and Biosolve. All reactions were carried out under a N2 atmosphere 
in oven-dried glassware. Thin layer chromatography was performed on TLC Silica gel 60 F254 
(Merck) and visualized using UV irradiation. Silica gel flash chromatography was performed 
using 60-200 μm 60 Å silica gel (VWR Chemicals). 1H-NMR spectra were recorded on a Bruker 
AV-300 (300 MHz), Bruker AV-400 (400 MHz) or a Bruker AV-500 spectrometer (500 MHz). 
13C-NMR spectra were recorded on a Bruker AV-400 (101 MHz) or a Bruker AV-500 (126 MHz) 
spectrometer. 19F-NMR spectra were recorded a Bruker AV-500 spectrometer (471 MHz). 
Chemical shift values are reported in ppm (δ) using tetramethylsilane or solvent resonance as 
the internal standard. Coupling constants (J) are reported in Hz. Multiplicities are indicated by 
s (singlet), d (doublet), t (triplet), q (quartet), p (pentuplet) or m (multiplet) followed by the 
number of represented hydrogen atoms. Compound purity was determined by LC-MS, using 
the LCMS-2020 system of Shimadzu coupled to a Gemini® 3 µm C18 110Å column (50 x 3 
mm). In brief, compounds were dissolved in H2O:MeCN:t-BuOH 1:1:1, injected onto the column 
and eluted with a linear gradient of H2O:MeCN 90:10 + 0.1% formic acid  H2O:MeCN 10:90 
+ 0.1% formic acid over the course of 15 minutes. High-resolution mass spectrometry (HRMS) 
was performed on a X500R QTOF mass spectrometer (SCIEX). Reaction schemes were 
created with ChemDraw Professional version 16.0.0.82 (PerkinElmer). 
 

Synthetic Procedures 
 

 
3-Methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde (6a) 
3-methoxy-4-hydroxy benzaldehyde (3.80 g, 25.0 mmol, 1.0 eq), propargyl bromide (80% in 
toluene) (8.30 ml, 74.5 mmol, 3.0 eq) and K2CO3 (5.18 g, 37.5 mmol, 1.5 eq) were dissolved 
acetone (250 mL). The mixture was refluxed overnight, after which a precipitate had formed. 
The precipitate was filtrated, dried under reduced pressure and purified by flash column 
chromatography (PE/EtOAc 95:5 → 70:30) to yield 6a (3.80 g, 20.0 mmol, 80%) as a white 
solid. TLC (PE/EtOAc 7:3): Rf = 0.57. 1H NMR (400 MHz, CDCl3): δ [ppm] = 9.87 (s, 1H), 7.46 
(dd, J = 8.2, 1.9 Hz, 1H), 7.43 (d, J = 1.9 Hz, 1H), 7.14 (d, J = 8.2 Hz, 1H), 4.86 (d, J = 2.4 Hz, 
2H), 3.94 (s, 3H), 2.56 (t, J = 2.4 Hz, 1H). 
 

 
4-Methoxy-3-(prop-2-yn-1-yloxy)benzaldehyde (6b) 
3-hydroxy-4-methoxybenzaldehyde (608 mg, 4.00 mmol, 1.0 eq) and K2CO3 (830 mg, 6.01 
mmol) were dissolved in acetone (20 mL). Propargylbromide (80% in toluene) (1.33 mL, 12.0 
mmol, 3.0 eq) was added and the solution was refluxed for 1 h at 80 °C and allowed cooled 
down to rt overnight. Water (40 mL) was added and the mixture was extracted with EtOAc (3 
x 40 mL). The organic layers were combined and washed with brine (1 x 50 mL), dried over 
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MgSO4 and evaporated to yield 6b (759 mg, 3.99 mmol, 100 %) as an off-white oil. TLC 

(PE/EtOAc 3:2): Rf = 0.67. 1H NMR (400 MHz, CDCl3): δ [ppm] = 9.66 (s, 1H), 7.42 – 7.27 (m, 
2H), 6.83 (d, J = 8.1 Hz, 1H), 4.64 (d, J = 2.5 Hz, 2H), 3.76 (s, 3H), 2.50 (t, J = 2.4 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ [ppm] = δ 190.3, 154.5, 146.9, 129.5, 126.9, 111.5, 110.7, 77.6, 
76.4, 56.2, 55.8. 
 

 
2-Amino-4-(3-methoxy-4-(prop-2-yn-1-yloxy)phenyl)-6-(phenylthio)pyridine-3,5-

dicarbonitrile (7a) 

Et3N (140 μL. 1.00 mmol, 0.05 eq) was added dropwise to a suspension of 6a (3.80 g, 20.0 
mmol, 1.0 eq) and malononitrile (2.73 g, 41.3 mmol, 2.1 eq) in EtOH (30 mL). The mixture was 
brought to 50°C. upon which thiophenol (2.18 ml, 21.3 mmol, 1.1 eq) was added. The mixture 
was then stirred at 50°C for 4 h, after which TLC revealed full consumption of the aldehyde. 
The mixture was cooled down to rt and the formed precipitate was collected by filtration to yield 
7a (3.87 g, 9.38 mmol, 47%) as an off-white solid. TLC (PE/EtOAc 7:3): Rf = 0.27. 1H NMR 
(400 MHz, (CD3)2SO): δ [ppm] = 7.78 (s, 2H), 7.63 – 7.58 (m, 2H), 7.55 – 7.46 (m, 3H), 7.28 – 
7.23 (m, 1H), 7.21 – 7.11 (m, 2H), 4.90 (d, J = 1.8 Hz, 2H), 3.81 (s, 3H), 3.64 (t, J = 2.1 Hz, 
1H). 
 

N

S
CN

NC
NH2

O
MeO

 
2-Amino-4-(4-methoxy-3-(prop-2-yn-1-yloxy)phenyl)-6-(phenylthio)pyridine-3,5-

dicarbonitrile (7b) 
Malononitrile (264 mg, 3.99 mmol, 1.0 eq) and piperidine (catalytic amount) were added to a 
solution of 6b (759 mg, 3.99 mmol, 1.0 eq) in EtOH (5 mL) at 50 °C. The mixture immediately 
became a yellow suspension. The mixture was refluxed at 50 °C for 5 h and afterwards cooled 
down to rt. The formed precipitate was filtrated and dried under reduced pressure to yield 611 
mg (2.56 mmol) of the malononitrile-substituted intermediate. This crude intermediate was then 
re-dissolved in EtOH (10 mL) by heating the mixture to 65 °C. Malononitrile (190 mg, 2.88 
mmol, 1.4 eq) and triethylamine (catalytic amount) were added and the solution was refluxed 
for 45 min at 65 °C. Thiophenol (288 µL, 2.82 mmol, 0.7 eq) was added and the solution was 
refluxed for 3 h at 65 °C, upon which TLC showed full consumption of the starting material. 
The mixture was cooled down to rt and allowed to crystallize overnight. The formed precipitate 
was collected by filtration and dried under reduced pressure to yield 7b (500 mg, 1.21 mmol, 
30% yield). TLC (PE/EtOAc 7:3): Rf = 0.22. 1H NMR (300 MHz, CDCl3): δ [ppm] = 7.59 – 7.52 
(m, 2H), 7.50 – 7.44 (m, 3H), 7.25 – 7.20 (m, 2H), 7.04 (d, J = 9.0 Hz, 1H), 5.43 (s, 2H), 4.83 
(d, J = 2.4 Hz, 2H), 3.95 (s, 3H), 2.59 (t, J = 2.4 Hz, 1H). LCMS (ESI, m/z): [M+H]+: 413.15. 
HPLC: 100%, RT 10.893 min. 
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2-Amino-4-(benzo[d][1,3]dioxol-5-yl)-6-(phenylthio)pyridine-3,5-dicarbonitrile (7c) 
Piperonal (3.00 g, 20.0 mmol, 1 eq) was added to a solution of malononitrile (1.32 g, 20.0 
mmol, 1.0 eq) in EtOH (20 ml). Piperidine (catalytic amount) was added and the solution was 
refluxed at 75 °C for 3 h, before slowly cooling down to RT. The formed yellow precipitate was 
collected by filtration, washed with EtOH and water and dried under reduced pressure to yield 
the malononitrile-substituted intermediate (3.72 g, 18.80 mmol). 1 gram of the crude 
intermediate was taken for the further steps (1.00 g, 5.05 mmol, 1.0 eq) and dissolved in EtOH 
(10 ml). Malononitrile (364mg, 5.51 mmol, 1.1 eq), thiophenol (567 μL, 5.56 mmol, 1.1 eq) and 
triethylamine (catalytic amount) were added and the mixture was refluxed at 75 °C for 10 h 
before slowly cooling down to rt. The formed yellow precipitate was collected by filtration and 
the residue was purified by automated flash column chromatography (DCM/MeOH 99:1 → 
95:5). The precipitate and the purified filtrate were combined to yield 7c (885 mg, 2.38 mmol, 
44% over two steps) as a yellow solid. TLC (PE/EtOAc 7:3): Rf = 0.27. 1H NMR (300 MHz, 
CDCl3): δ [ppm] = 7.58 – 7.52 (m, 2H), 7.50 – 7.43 (m, 3H), 7.04 (dd, J = 8.0, 1.8 Hz, 1H), 6.99 
(d, J = 1.7 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 6.08 (s, 2H), 5.43 (s, 2H). LCMS (ESI, m/z): 
[M+H]+: 373.10. HPLC: 100%, RT 10.924 min. 
 

 
4-(Benzo[d][1,3]dioxol-5-yl)-2-chloro-6-(phenylthio)pyridine-3,5-dicarbonitrile (8) 
Isopentyl nitrite (403 µl, 3.00 mmol, 1.4 eq) and copper(II)chloride (402 mg, 2.99 mmol, 1.4 eq) 
were added to a solution of 7c (797 mg, 2.14 mmol, 1.0 eq) in acetonitrile (10 ml) The mixture 
was refluxed at 60 °C for 20 h and afterwards slowly cooled down to rt. 1 M HCl (30 mL) was 
added and the resulting green aqueous layer was extracted with DCM (4 x 30 mL). The organic 
layers were combined, dried over MgSO4 and concentrated under reduced pressure. The 
residue was purified by flash column chromatography (PE/EtOAc 9:1 → 7:3) to yield 8 (606 
mg, 1,547 mmol, 72 % yield). TLC (PE/EtOAc 7:3): Rf = 0.63. 1H NMR (400 MHz, CDCl3): δ 
[ppm] = 7.64 – 7.44 (m, 5H), 7.06 (dd, J = 8.0, 1.9 Hz, 1H), 7.01 – 6.98 (m, 2H), 6.10 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 169.3, 158.5, 156.1, 150.8, 148.6, 135.7, 130.8, 129.8, 125.8, 
125.2, 123.9, 113.7, 113.4, 109.3, 109.0, 106.3, 105.0, 102.3. LCMS (ESI, m/z): [M+H]+: 
392.00. HPLC: 100%, RT 11.892 min. 
 

 
4-(Benzo[d][1,3]dioxol-5-yl)-2-(phenylthio)-6-(prop-2-yn-1-ylamino)pyridine-3,5-

dicarbonitrile (9) 
Propargyl amine (90 μL, 1.41 mmol, 2 eq) was added to a solution of 8 (274 mg, 0,699 mmol) 
in dry THF (3.5 ml) and the mixture was stirred at rt overnight. Water (25 mL) was then added 
and the aqueous layer was extracted with DCM (2 x 25 mL). The organic layers were combined 
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and washed with 1 M HCl (2 x 25 mL) and brine (25 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure to yield 9 (265 mg, 0.65 mmol, 92%) as a yellow solid. 
TLC (Pentane/EtOAc 8:2): Rf = 0.31. 1H NMR (500 MHz, CDCl3): δ [ppm] = 7.59 (dd, J = 7.9, 
1.7 Hz, 2H), 7.53 – 7.41 (m, 3H), 7.01 (dd, J = 8.0, 1.9 Hz, 1H), 6.97 (d, J = 1.8 Hz, 1H), 6.94 
(d, J = 8.0 Hz, 1H), 6.05 (s, 2H), 5.83 (t, J = 5.5 Hz, 1H), 3.74 (dd, J = 5.5, 2.5 Hz, 2H), 2.18 
(t, J = 2.5 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ [ppm] = 169.3, 157.7, 156.9, 150.0, 148.2, 
136.2, 130.1, 129.3, 127.2, 126.7, 123.3, 115.3, 115.1, 109.0, 108.9, 102.0, 95.1, 88.1, 78.9, 
71.9, 30.9. 

 
4-(Benzo[d][1,3]dioxol-5-yl)-2-mercapto-6-(prop-2-yn-1-ylamino)pyridine-3,5-

dicarbonitrile (10) 
Potassium thioacetate (178 mg, 1.56 mmol, 2.0 eq) was added to a solution of 9 (321 mg, 0.78 
mmol, 1.0 eq) in dry DMF (4 mL). After 6 h of stirring, 2.0 equivalent of potassium thioacetate 
(178 mg, 1.56 mmol) was added and the mixture was stirred for another 2 h, upon which the 
TLC indicated full consumption of starting material. EtOAc (50 mL) was added and the organic 
layer was washed with brine (3 x 50 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure to yield 10 as a yellow/brown solid (258 mg, 0.77 mmol, 99%), which was 
used in the next steps without further purification. TLC (DCM:MeOH 95:5): Rf = 0.18. 1H NMR 

(500 MHz, (CD3)2SO) δ [ppm] = 8.71 (t, J = 5.6 Hz, 1H), 7.22 (d, J = 1.8 Hz, 1H), 7.18 – 7.09 
(m, 2H), 6.21 – 6.11 (m, 3H), 4.08 (dd, J = 5.7, 2.5 Hz, 2H), 2.81 (t, J = 2.4 Hz, 1H). 13C NMR 
(126 MHz, (CD3)2SO) δ [ppm] = 162.4, 158.1, 157.0, 149.3, 147.5, 126.7, 123.4, 114.9, 114.6, 
109.0, 108.7, 101.9, 93.8, 89.8, 89.1, 72.0, 30.6. LCMS (ESI, m/z): [M+H]+: 334.95. 
 

 
4-((3-((4-(Benzo[d][1,3]dioxol-5-yl)-3,5-dicyano-6-(prop-2-yn-1-ylamino)pyridin-2-

yl)thio)propyl)carbamoyl)benzenesulfonyl fluoride (1) 
19 (350 mg, 1.08 mmol, 1.4 eq) and NaHCO3 (97 mg, 1.16 mmol, 1.5 eq) were added to a 
solution of 10 (258 mg, 0.77 mmol, 1.0 eq) in dry DMF (3.4 mL). The mixture was stirred for 2 
days, after which another 1.5 eq of NaHCO3 (97 mg, 1.16 mmol) was added. The mixture was 
then stirred at 50 °C for two days. DCM (50 mL) was added and the organic layer was washed 
with brine (3 x 50 mL), dried over MgSO4, filtered and concentrated under reduced pressure. 
The residue was purified by silica column chromatography (DCM:MeOH 99.5:0.5 → 99:1) and 
recrystallization in DCM to yield 1 as a yellow solid (177 mg, 0.31 mmol, 40%). TLC 
(DCM:MeOH 99:1): Rf = 0.38. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 8.95 (t, J = 5.6 Hz, 1H), 
8.56 (t, J = 5.6 Hz, 1H), 8.26 (d, J = 8.6 Hz, 2H), 8.19 (d, J = 8.5 Hz, 2H), 7.18 (d, J = 1.8 Hz, 
1H), 7.10 (d, J = 8.0 Hz, 1H), 7.05 (dd, J = 8.1, 1.8 Hz, 1H), 6.15 (s, 2H), 4.21 (dd, J = 5.6, 2.4 
Hz, 2H), 3.46 (q, J = 6.4 Hz, 2H), 3.38 (t, J = 6.9 Hz, 2H), 3.09 (t, J = 2.4 Hz, 1H), 2.04 (p, J = 
6.9 Hz, 2H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 167.2, 164.5, 157.6, 157.0, 149.0, 147.4, 
141.5, 133.4 (d, J = 23.8 Hz), 129.1, 128.6, 127.2, 123.1, 115.4, 115.0, 109.0, 108.6, 101.8, 
94.4, 87.4, 80.8, 72.8, 38.6, 30.9, 29.1, 27.7. 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 65.94. 
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HRMS (ESI, m/z): [M+H]+, calculated: 578.0963, found: 578.0970. HPLC: 99%, RT 11.262 
min. 
 

 
2-Amino-6-mercapto-4-(3-methoxy-4-(prop-2-yn-1-yloxy)phenyl)pyridine-3,5-

dicarbonitrile (11a) 
Potassium thioacetate (65 mg, 0.57 mmol, 2.4 eq) was added to a solution of 7a (99 mg, 0.24 
mmol, 1.0 eq) in dry DMF (2 mL). The mixture was stirred for 6 h, after which extra potassium 
thioacetate (65 mg, 0.57 mmol, 2.4 eq) was added. The mixture was stirred overnight and 
another 2.4 equivalent of potassium thioacetate (65 mg, 0.57 mmol) was added. The mixture 
was stirred for 4 h, after which full consumption of starting materials was observed by LCMS. 
2 M NaOH (5 mL) was added and the mixture was stirred at rt over the weekend. Water (10 
mL) and 1 M HCl (10 mL) were then added. Immediately a yellow precipitate formed, which 
was collected by extraction with EtOAc (3 x 20 mL). The organic layers were combined, dried 
over MgSO4, filtered and concentrated under reduced pressure to yield 11a (60 mg, 0.18 mmol, 
74%) a yellow solid, which was used in the next steps without further purification. TLC 
(DCM:MeOH 95:5): Rf = 0.15. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 12.98 (s, 1H), 7.95 (s, 
2H), 7.20 – 7.17 (m, 1H), 7.16 (s, 1H), 7.09 (dd, J = 8.4, 2.1 Hz, 1H), 4.89 (d, J = 2.4 Hz, 2H), 
3.80 (s, 4H), 3.62 (t, J = 2.4 Hz, 1H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 179.3, 158.4, 
154.5, 148.5, 148.2, 127.0, 120.9, 116.8, 114.8, 113.0, 112.3, 102.4, 81.6, 79.0, 78.7, 55.9, 
55.8. LCMS (ESI, m/z): [M+H]+: 337.00. 
 

 
2-Amino-6-mercapto-4-(4-methoxy-3-(prop-2-yn-1-yloxy)phenyl)pyridine-3,5-

dicarbonitrile (11b) 
Potassium thioacetate (276 mg, 2.42 mmol, 2.0 eq) was added to a solution of 7b (500 mg, 
1,21 mmol, 1.0 eq) in dry DMF (6 mL). The mixture was stirred at rt overnight and the next day 
another equivalent of potassium thioacetate (138 mg, 1.21 mmol, 1 eq) was added. The 
mixture was stirred over 3 days, upon which no starting material was visible anymore on TLC. 
2 M NaOH (6 mL) was added to hydrolyze the formed thioacetate. After stirring for 8 h at rt, 
another 6 mL of 2 M NaOH was added and the mixture was stirred overnight. Water (62 mL) 
and 1 M HCl (24 mL) were added to acidify the mixture. The product was allowed to crystallize 
overnight. The formed precipitate was collected by filtration, dried under reduced pressure and 
recrystallized in a mixture of EtOH and MeOH to yield 11b (253 mg, 0.75 mmol, 62%) as a 
yellow solid. TLC (DCM/MeOH 95:5): Rf = 0.17. 1H NMR (400 MHz, CD3OD): δ [ppm] = 7.30 
– 7.09 (m, 3H), 4.79 (d, J = 2.5 Hz, 2H), 3.92 (s, 3H), 2.97 (t, J = 2.4 Hz, 1H). 
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2-Amino-4-(benzo[d][1,3]dioxol-5-yl)-6-mercaptopyridine-3,5-dicarbonitrile (11c) 
Potassium thioacetate (863 mg, 7.56, mmol, 2.0 eq) was added to 7c (1409 mg, 3.78 mmol, 
1.0 eq) in dry DMF (19 mL). The solution was stirred at rt overnight, after which no starting 
material was observed anymore by TLC. Therefore 2 M NaOH (20 mL) was added to hydrolyze 
the formed thioacetate and the mixture was stirred for 7 h. Water (20 mL) was added to quench 
the and 1 M HCl (40 mL) was slowly added to bring the solution to a pH of 5. Upon addition, a 
yellow precipitate started to form. Another 80 mL of water was then added and the product 
was crystallized over 3 days. Afterwards the crystals were collected by filtration and re-
crystallized in EtOH and MeOH to yield 11c (877 mg, 2.96 mmol, 78%) as a yellow solid. TLC 

(DCM/MeOH 95:5): Rf = 0.23. 1H NMR (400 MHz, CD3OD): δ [ppm] = 7.12 – 6.89 (m, 3H), 
6.07 (s, 2H). LCMS (ESI, m/z): [M+H]+: 296.95. HPLC: 84%, RT 8.200 min. 
 

 
4-((3-((6-Amino-3,5-dicyano-4-(3-methoxy-4-(prop-2-yn-1-yloxy)phenyl)pyridin-2-

yl)thio)propyl)carbamoyl)benzenesulfonyl fluoride (2) 
19 (50 mg, 0.15 mmol, 1.4 eq) and NaHCO3 (19 mg, 0.23 mmol, 1.5 eq) were added to a 
solution of 11a in dry DMF (2 mL) and the mixture was stirred overnight. DCM was added and 
the organic layer was washed with brine (3 x 30 mL), dried over MgSO4, filtered and 
concentrated. The residue was purified by silica column chromatography (DCM:MeOH 
99.5:0.5 → 95:5) and recrystallization in DCM to yield 2 as a white solid (46 mg, 0.08 mmol, 
53% yield). TLC (DCM:MeOH 99:1): Rf = 0.30. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 8.93 
(t, J = 5.6 Hz, 1H), 8.26 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 8.5 Hz, 2H), 7.97 (s, 2H), 7.22 (d, J = 
2.1 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 7.10 (dd, J = 8.3, 2.1 Hz, 1H), 4.89 (d, J = 2.4 Hz, 2H), 
3.81 (s, 3H), 3.62 (t, J = 2.4 Hz, 1H), 3.45 (q, J = 6.5 Hz, 2H), 3.30 (t, J = 7.0 Hz, 2H), 1.97 (p, 
J = 6.9 Hz, 2H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 167.0, 164.6, 159.8, 157.9, 148.6, 
148.1, 141.5, 133.4 (d, J = 23.7 Hz), 129.1, 128.6, 126.8, 121.2, 115.7, 115.5, 113.2, 112.6, 
93.7, 85.7, 79.0, 78.7, 55.9, 55.8, 38.5, 28.6, 27.3. 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 
65.94. HRMS (ESI, m/z): [M+H]+, calculated: 580.1117, found: 580.1119. HPLC: 95%, RT 
10.910 min.  
 

 
4-((3-((6-Amino-3,5-dicyano-4-(4-methoxy-3-(prop-2-yn-1-yloxy)phenyl)pyridin-2-

yl)thio)propyl)carbamoyl)benzenesulfonyl fluoride (3) 
NaHCO3 (43 mg, 0.51 mmol, 1.5 eq) and 19 (150 mg, 0.46 mmol, 1.4 eq) in dry DMF (3 ml) 
were added to 11b (115 mg, 0.34 mmol, 1.0 eq) and the mixture was stirred for two days at 
RT. DCM (20 mL) was then added and the mixture was washed with water (20 mL), dried over 
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MgSO4, filtered and concentrated under reduced pressure. The residue was purified by flash 
column chromatography (Pentane/EtOAc 1:1 → 1:4) to yield 3 (60 mg, 0.10 mmol, 29%) as an 
off-white solid. TLC (Pentane/EtOAc 7:3): Rf = 0.31. 1H NMR (500 MHz, CDCl3): δ [ppm] = 
8.08 – 8.00 (m, 4H), 7.20 – 7.16 (m, 2H), 7.02 (d, J = 8.1 Hz, 1H), 6.99 (t, J = 6.0 Hz, 1H), 6.04 
(s, 2H), 4.80 (d, J = 2.4 Hz, 2H), 3.59 (q, J = 6.6 Hz, 2H), 3.24 (t, J = 7.1 Hz, 2H), 2.59 (t, J = 
2.4 Hz, 1H), 2.10 (p, J = 7.1 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ [ppm] = 168.6, 165.7, 
159.7, 157.6, 152.0, 146.9, 141.0, 135.4 (d, J = 25.1 Hz), 128.8, 128.5, 125.3, 123.3, 115.7, 
115.6, 114.7, 111.8, 96.1, 86.7, 78.0, 77.0, 57.2, 56.1, 39.6, 28.8, 28.1. 19F NMR (471 MHz, 
CDCl3): δ [p5pm] = 65.72. HRMS (ESI, m/z): [M+H]+, calculated: 580.1119, found: 580.1113. 
HPLC: 96%, RT 10.861 min. 
 

 
(3-Bromopropoxy)(tert-butyl)dimethylsilane (13) 
A solution of TBDMS-Cl (50 wt% in toluene)(7.83 mL, 22.50 mmol, 1.5 eq) was added to a 
solution of 3-bromopropanol(1.36 ml, 15.00 mmol) in dry DMF (10 mL). 1H-imidazole (2.04 g, 
30.00 mmol) was added the mixture was stirred for 5 h. DCM (100 mL) was then added and 
the mixture was washed with water (3 x 100 mL) and brine (1 x 100 mL), dried over MgSO4 
and concentrated under reduced pressure to yield crude 13 (7.60 g, 30.00 mmol, quant). 1H 

NMR (300 MHz, CDCl3): δ [ppm] = 3.73 (t, J = 5.7 Hz, 2H), 3.51 (t, J = 6.4 Hz, 2H), 2.04 (p, J 

= 6.5, 6.1 Hz, 2H), 0.89 (s, 9H), 0.06 (s, 6H). 13C NMR (75 MHz, CDCl3): δ [ppm] = 60.5, 35.7, 
30.8, 26.0, 25.8, -5.2. 
 

 
N-(3-((tert-Butyldimethylsilyl)oxy)propyl)prop-2-yn-1-amine (14) 
A solution of 13 (3.80 g, 15.00 mmol, 1.0 eq) and DIPEA (5.22 mL, 30.00 mmol, 2.0 eq) in 
acetonitrile (15 mL) was added dropwise to propargylamine (4.80 ml, 75.00 mmol, 3 eq) over 
a time period of 5 h using a syringe pump. After 5 h, the mixture had turned orange and LCMS 
analysis revealed mono- and disubstituted product. EtOAc (200 mL) was added and the 
mixture was washed with brine (3 x 150 mL), dried over MgSO4, filtered and concentrated 
under reduced pressure. The residue was purified by flash column chromatography 
(Pentane/EtOAc 6:4 → 4:6) to yield 14 (1.78 g, 7.81 mmol, 52%) as a brown oil. TLC (EtOAc): 
Rf = 0.48. 1H NMR (400 MHz, CDCl3): δ [ppm] = 3.70 (t, J = 6.1 Hz, 2H), 3.42 (d, J = 2.4 Hz, 
2H), 2.78 (t, J = 6.8 Hz, 2H), 2.20 (t, J = 2.4 Hz, 1H), 1.71 (p, J = 6.4 Hz, 2H), 0.89 (s, 9H), 
0.05 (s, 6H). 13C NMR (101 MHz, CDCl3): δ [ppm] = δ 82.4, 71.3, 61.9, 46.3, 38.4, 32.8, 28.2, 
18.4, -3.3. LCMS (ESI, m/z): [M+H]+: 228.10. 
 

 
4-((3-((tert-Butyldimethylsilyl)oxy)propyl)(prop-2-yn-1-yl)carbamoyl)benzenesulfonyl 

fluoride (15) 
EDC·HCl (1.65 g, 8.59 mmol, 1.1 eq) and 14 (1776 mg, 7,81 mmol, 1.0 eq) in dry DMF (10 
mL) were added to a solution of 4-fluorosulfonyl benzoic acid (1.75 g, 8.59 mmol, 1.1 eq) in 
dry DMF (10 mL) and the mixture was stirred at rt. After stirring for 1 h, DIPEA (2.72 mL, 15.62 
mmol, 2.0 eq) was added and the mixture was stirred overnight. The next day additional DIPEA 
(1.36 mL, 7.81 mmol, 1.0 eq) and 2 (616 mg, 3.02 mmol, 0.4 eq) were added and the mixture 
was stirred overnight. DIPEA (1.36 mL, 7.81 mmol, 1.0 eq) was added and the mixture was 
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stirred for another night. As no further progress of the reaction was observed, water (100 mL) 
was added and the aqueous layer was extracted with DCM (100 mL). The organic layer was 
washed with water (2 x 100 mL) and the aqueous layers were combined and back-extracted 
with DCM (100 mL). The organic layers were combined, washed with brine (100 mL), dried 
over MgSO4, filtered and concentrated under reduced pressure. The residue was purified by 
flash column chromatography (Pentane/EtOAc 95:5 → 75:25) to yield yellow oil 15 (1.88 mg, 
4.53 mmol, 58%) as a mixture of two rotamers, as determined by 1H NMR, 13C NMR, 19F NMR 
and LCMS measurements. TLC (Pentane/EtOAc 8:2): Rf = 0.77. 1H NMR (500 MHz, CDCl3): 
δ [ppm] = 8.08 – 7.92 (m, 2H), 7.66 (dd, J = 49.1, 8.0 Hz, 2H), 4.11 (d, J = 216.9 Hz, 2H), 3.78 
– 3.54 (m, 2H), 3.45 (dt, J = 37.9, 6.6 Hz, 2H), 2.31 (d, J = 43.6 Hz, 1H), 1.83 (d, J = 79.6 Hz, 
2H), 0.94 – 0.55 (m, 9H), 0.14 – -0.25 (m, 6H). 13C NMR (126 MHz, CDCl3): δ [ppm] = 168.8, 
168.5, 143.2, 143.1, 133.9, 133.7, 128.7, 128.0, 78.1, 73.6, 72.5, 60.5, 59.6, 46.0, 43.3, 39.5, 
34.0, 31.2, 30.8, 30.3, 25.9, 25.9, 25.7, 25.6, -5.4, -5.6. 19F NMR (471 MHz, CDCl3): δ [ppm] = 
65.81, 65.71. LCMS (ESI, m/z): [M+H]+: 414.05. HPLC: 99%, RT 10.437 min. 
 

 
4-((3-Hydroxypropyl)(prop-2-yn-1-yl)carbamoyl)benzenesulfonyl fluoride (16) 
Et3N·3HF (1.01 mL, 6.18 mmol, 6 eq) was added to a solution of 15 (426 mg, 1,03 mmol, 1.0 
eq) in dry THF (5 mL). The mixture was stirred overnight at room temperature, after which 
DCM (50 mL) was added. The mixture was then washed with brine (2 x 50 mL). The aqueous 
layers were combined and back-extracted with DCM (50 mL). The organic layers were 
combined and concentrated under reduced pressure. The residue was purified by flash column 
chromatography (DCM/MeOH 99.5:0.5 → 98:2) to yield 16 (283 mg, 0.95 mmol, 92%) as a 
colorless oil. TLC (DCM/MeOH 98:2): Rf = 0.38. 1H NMR (400 MHz, CDCl3): δ [ppm] = 8.06 (d, 
J = 8.1 Hz, 2H), 7.81 – 7.58 (m, 2H), 3.98 – 3.81 (m, 2H), 3.76 (t, J = 6.5 Hz, 2H), 3.65 – 3.47 
(m, 2H), 2.51 – 2.27 (m, 1H), 1.87 (p, J = 6.1 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ [ppm] = 
δ 169.8, 142.3, 134.3 (d, J = 25.0 Hz), 128.9, 128.1, 77.9, 74.2, 58.8, 42.6, 39.5, 29.7. 19F 

NMR (471 MHz, CDCl3): δ [ppm] = 65.70. LCMS (ESI, m/z): [M+H]+: 299.95. HPLC: 100%, RT 
8.158 min. 
 

 
3-(4-(Fluorosulfonyl)-N-(prop-2-yn-1-yl)benzamido)propyl 4-methylbenzenesulfonate 

(17) 
TsCl (906 mg, 4.75 mmol, 5.0 eq) and Et3N (264 μL, 1.90 mmol, 2.0 eq) were added to a 
solution of 16 (283 mg, 0.95 mmol, 1.0 eq) in dry DMF (5 mL). The mixture was stirred for two 
days at rt, after which another 2 equivalents of Et3N (264 μL, 1.90 mmol, 2.0 eq) were added. 
The mixture was stirred overnight and 2 equivalents of Et3N (264 μL, 1.90 mmol, 2.0 eq) were 
added. The mixture was stirred for another 2 h and afterwards diluted with DCM (25 mL). The 
organic layer was washed with H2O (25 mL) and brine (25 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure. The residue was purified by flash column 
chromatography (Pentane/Et2O 7:3 → 3:7) to yield the colorless oil 17 (238 mg, 0.52 mmol, 
55%) as a mixture of two rotamers, as determined by 1H NMR, 13C NMR, 19F NMR and LCMS 
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measurements. TLC (Pentane/EtOAc 1:1): Rf = 0.46. 1H NMR (500 MHz, CDCl3)* δ [ppm] = 
8.17 (d, J = 8.2 Hz, 2H), 7.96 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.9 Hz, 
2H), 4.40 (t, J = 5.9 Hz, 2H), 4.05 – 3.95 (m, 2H), 3.37 – 3.25 (m, 2H), 2.51 (t, J = 2.5 Hz, 1H), 
2.46 – 2.41 (m, 2H), 2.30 (s, 3H). 13C NMR (126 MHz, CDCl3)* δ [ppm] = 164.3, 142.6, 141.1, 
136.7 (d, J = 25.3 Hz), 136.2, 130.9, 129.1, 128.5, 125.9, 78.1, 73.3, 62.6, 43.7, 36.9, 25.3, 
21.4. 19F NMR (471 MHz, CDCl3)* δ [ppm] = 65.44. LCMS (ESI, m/z): [M+H]+: 453.95. HPLC: 
96%, RT 10.945 min. *Only the values of the most abundant rotamer are given. 
 

 
4-((3-((6-Amino-4-(benzo[d][1,3]dioxol-5-yl)-3,5-dicyanopyridin-2-yl)thio)propyl)(prop-2-

yn-1-yl)carbamoyl)benzenesulfonyl fluoride (LUF7909) (4) 

11 (238 mg, 0.52 mmol, 1.0 eq) in dry DMF (3 mL) was added to 14 (231 mg, 0.80 mmol, 1.5 
eq). NaHCO3 (44 mg, 0.52 mmol, 1.0 eq) was added and the mixture was stirred overnight at 
rt. The mixture was then diluted with DCM (25 mL). The organic layer was washed with brine 
(4 x 25 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The residue 
was purified by flash column chromatography (Pentane/Et2O 4:6 → 1:9) to yield 3 (90 mg, 0.16 
mmol, 31%) as an off-white solid. TLC (Pentane/EtOAc 1:1): Rf = 0.47. 1H NMR (500 MHz, 
CDCl3, 20 °C): δ [ppm] = 8.09 (d, J = 7.8 Hz, 2H), 7.87 – 7.61 (m, 2H), 7.00 (dd, J = 8.0, 1.7 
Hz, 1H), 6.95 (d, J = 1.7 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 6.28 – 5.82 (m, 4H), 4.20 (d, J = 
256.2 Hz, 2H), 3.68 (d, J = 99.6 Hz, 2H), 3.12 (d, J = 114.7 Hz, 2H), 2.54 – 2.31 (m, 1H), 2.31 
– 2.13 (m, 2H). 1H NMR (500 MHz, CDCl3, 59 °C): δ [ppm] = 8.08 (d, J = 7.9 Hz, 2H), 7.74 (d, 
J = 7.8 Hz, 2H), 7.00 (dd, J = 8.0, 1.8 Hz, 1H), 6.96 (d, J = 1.8 Hz, 1H), 6.93 (d, J = 8.0 Hz, 
1H), 6.05 (s, 2H), 5.93 (s, 2H), 4.01 (s, 2H), 3.73 (s, 2H), 3.20 (s, 2H), 2.45 – 2.27 (m, 1H), 
2.27 – 1.92 (m, 2H). 13C NMR (126 MHz, CDCl3): δ [ppm] = 169.1, 168.7, 159.7, 157.8, 150.0, 
148.3, 142.5, 134.5 (d, J = 25.7 Hz), 129.1, 128.1, 126.8, 123.3, 115.6, 115.2, 109.0, 108.9, 
102.0, 96.4, 86.7, 78.0, 74.4, 45.9, 40.1, 28.3, 27.0. 19F NMR (471 MHz, CDCl3): δ [ppm] = 
65.78. HRMS (ESI, m/z): [M+H]+, calculated: 578.0963, found: 578.1054. HPLC: 96%, RT 
11.122 min. 
 

 
4-(Fluorosulfonyl)benzoic acid (18) 
A solution of potassium bifluoride (2.34 g, 30,0 mmol, 3 eq) in water (20 mL) (1.5 M) was added 
to a solution of 4-(chlorosulfonyl)benzoic acid (2.21 g, 10,0 mmol, 1 eq) in dioxane (25 mL). 
The mixture was stirred for 3 h, after which TLC and LCMS showed full consumption of starting 
material. EtOAc (120 mL) was added and the organic layer was washed with water (2 x 150 
mL) and brine (1 x 100 mL). The aqueous layers were combined and back-extracted with 
EtOAc (100 mL). The organic layers were collected, dried over MgSO4, filtered and 
concentrated under reduced pressure to yield 18 (1.93 g, 9,47 mmol, 95%) as a white solid. 
TLC (PE/EtOAc 3:2 + 1% AcOH): Rf = 0.34. 1H-NMR (500 MHz, CD3OD): δ [ppm] = 8.33 (d, J 

= 7.9 Hz, 2H), 8.18 (d, J = 8.3 Hz, 2H). 19F NMR (471 MHz, CD3OD): δ [ppm] = 63.37. 
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4-((3-Bromopropyl)carbamoyl)benzenesulfonyl fluoride (19) 
3-bromopropylamine hydrobromide (2.18 g, 10.0 mmol, 1.3 eq) and PyBrop (4.26 g, 9.1 mmol, 
1.2 eq) were added to a solution of 18 (1.55 g, 7.6 mmol, 1 eq) in anhydrous DMF (1 mL) under 
N2. DiPEA (2.7 ml, 15.0 mmol, 2 eq) was added dropwise and the mixture was stirred at room 
temperature. After 3 days of stirring, TLC indicated starting material to be still present. 
Therefore an additional 0.6 eq of PyBrop (2,13 g, 4.6 mmol) and 1 eq of DiPEA (1.3 mL, 7.6 
mmol) were added and the mixture was stirred for another 9 days at rt. The mixture was then 
diluted with EtOAc (350 mL) and the organic layer was washed brine (350 mL) and water (2 x 
350 mL), dried over MgSO4, filtrated and concentrated under reduced pressure. The residue 
was purified by flash column chromatography (PE/EtOAc 2:1) to yield 19 (1.00 g, 3.1 mmol, 
41%) as a white solid. TLC (PE/EtOAc 2:1): Rf = 0.57. 1H NMR (400 MHz, CDCl3): δ [ppm] = 
8.10 (d, J = 8.5 Hz, 2H), 8.01 (d, J = 8.0 Hz, 2H), 6.45 (s, 1H), 3.68 (q, J = 6.5 Hz, 2H), 3.51 
(t, J = 6.3 Hz, 2H), 2.25 (p, J = 6.5 Hz, 2H). 19F NMR (471 MHz, CDCl3): δ [ppm] = 65.75. 
 

Biology 
 
Cell lines 
Chinese hamster ovary (CHO) cells stably expressing the human adenosine A1 receptor 
(CHOhA1AR) were kindly provided by Prof. S.J. Hill (University of Nottingham, UK). Human 
embryonic kidney 293 cells stably expressing the human adenosine A2A receptor 
(HEK293hA2AAR) were kindly provided by Dr. J. Wang (Biogen/IDEC, Cambridge, MA). CHO-
spap cells stably expressing the wildtype (WT) hA2B receptor (CHO-spap-hA2BAR) were kindly 
provided by S.J. Dowell (Glaxo Smith Kline, UK). CHO cells stably expressing the human 
adenosine A3 receptor (CHOhA3AR) were a kindly provided by Dr. K.N. Klotz (University of 
Würzburg, Germany). 
 
Radioligands 
[3H]1,3-dipropyl-8-cyclopentyl-xanthine ([3H]DPCPX, specific activity 137 Ci/mmol) and [3H]4-
(-2-[7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-ylamino)ethyl) phenol ([3H]-
ZM241385, specific activity 50 Ci/mmol) were purchased from ARC Inc. (St. Louis, USA). 
[3H]8-(4-(4-(4-Chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine ([3H]PSB-603, 
specific activity 79 Ci/mmol) was purchased from Quotient Bioresearch. [3H]8-Ethyl-4-methyl-
2-phenyl-(8R)-4,5,7,8-tetrahydro-1H-imidazo[2,1-i]-purin-5-one ([3H]PSB-11, specific activity 
56 Ci/mmol) was obtained with the kind help of Prof. C.E. Müller (University of Bonn, 
Germany). [35S]-guanosine 5’-(γ-thio)triphosphate ([35S]GTPγS, specific activity 1250 Ci/mmol) 
was purchased from PerkinElmer. 
 
Chemicals 
5’-N-ethylcarboxamidoadenosine (NECA), N6-Cyclopentyladenosine (CPA) and adenosine 
deaminase (ADA) were purchased from Sigma Aldrich. 4-(-2-[7-amino-2-(furan-2-yl)-
[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-ylamino)ethyl) phenol (ZM241385) was a gift from Dr. S.M. 
Poucher (Astra Zeneca, Manchester, UK). 3-[4-[2-[[6-amino-9-[(2R,3R,4S,5S)-5-
(ethylcarbamoyl)-3,4-dihydroxy-oxolan-2-yl]purin-2-yl]amino]ethyl]phenyl] propanoic acid 
(CGS21680) was purchased from Ascent Scientific (Bristol, UK). Bongkrekic acid was obtained 
from Enzo Life Sciences (cat # BML-CM113). Protease inhibitor cocktail was purchased from 
Sigma Aldrich (cat # p8340). Bicinchoninic acid (BCA) protein assay reagents were obtained 
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from Pierce Chemical Company (Rockford, IL, USA).[61] AF647-N3 was obtained from Jena 
Bioscience, Azide-Fluor-545 and Biotin-PEG3-Azide were ordered from Sigma Aldrich. 
Pierce™ Avidin agarose beads (cat # 11846734) and PierceTM ECL Western Blotting Substrate 
(cat # 32209) were ordered from Thermo Scientific. All other chemicals were of analytical grade 
and obtained from standard commercial sources. 
 
Biologicals 
Collagenase type I was purchased from Sigma Aldrich (Cat # C0130), PNGase was purchased 
from Promega (cat # V4831), Chymotrypsin was ordered from Promega (cat # V1062) and 
Enolase digest was ordered from Waters (cat # 186002325). RabbitαratA1AR antibody was 
ordered from Sigma Aldrich (cat # A268) and goatαrabbit-HRP antibody was purchased from 
Jackson ImmunoResearch Laboratories (cat # 115-035-003). Bovine Serum Albumin (BSA) 
was purchased from Acros Organics (cat # 268131000).  
 
Fat pads 
Gonadal fat pads from female mice were kindly donated by prof. Patrick C.M. Rensen and dr. 
Milena Schönke and obtained from APOE*3-Leiden.CETP mice (C57Bl/6J background). Mice 
were between 28 and 34 weeks old and 19.9-25.3 g at the time of sacrifice. All mouse 
experiments were performed in accordance with the Institute for Laboratory Animal Research 
Guide for the Care and Use of Laboratory Animals after approval from the Central Animal 
Experiments Committee (“Centrale Commissie Dierproeven”). 
 

Cell culture and membrane preparation 
CHO cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 
medium (1:1) supplemented with 10% (v/v) newborn calf serum 50 µg/mL streptomycin, 50 
IU/mL penicillin and 5% CO2. CHO cells were subcultured twice a week at a ratio of 1:15 on 
10 cm Ø plates. CHOhA1AR and CHOhA3AR cells were grown in DMEM and Ham’s F12 
medium (1:1) supplemented with 10% (v/v) newborn calf serum, 50 µg/mL streptomycin, 50 
IU/mL penicillin, and 200 µg/mL G418 at 37 °C and 5% CO2. CHOhA1AR cells were 
subcultured twice a week at a ratio of 1:20 on 10 cm Ø plates. CHOhA3AR cells were 
subcultured twice a week at a ratio of 1:8 on 10 cm Ø plates. HEK293hA2AAR cells were grown 
in culture medium consisting of DMEM supplemented with 10% newborn calf serum, 50 µg/mL 
streptomycin, 50 IU/mL penicillin, and 500 µg/mL G418 at 37 °C and 7% CO2. Cells were 
subcultured twice a week at a ratio of 1:8 on 10 cm Ø plates. CHO-spap-hA2BR cells were 
grown in DMEM and Ham’s F12 medium (1:1) supplemented with 10% (v/v) newborn calf 
serum, 100 µg/mL streptomycin, 100 IU/mL penicillin, 1 mg/mL G418, and 0.4 mg/mL 
hygromycin at 37 °C and 5% CO2. Cells were subcultured twice a week at a ratio of 1:20 on 
10 cm Ø plates. 
 
All cells were grown to 80-90% confluency and detached from plates by scraping them into 5 
mL PBS. Detached cells were collected and centrifuged (5 min, 200 G). The supernatant was 
removed and the pellets were resuspended in cold Tris-HCl buffer, pH 7.4. A Heidolph Diax 
900 homogenizer was used to homogenize the cell suspension. Membranes and the cytosolic 
fraction were separated by centrifugation in a Beckman Optima LE-80 K ultracentrifuge 
(Beckman Coulter, Fullerton, CA) (20 min, 100 000 G, 4 °C). The pellet was resuspended in 
Tris-HCl buffer, and homogenization and centrifugation steps were repeated. Tris-HCl buffer 
was used to resuspend the pellet, and ADA was added (0.8 U/mL) to break down endogenous 
adenosine. Membranes were stored in 250 µL and 500 µL aliquots at -80 °C. Total protein 
concentrations were measured using the BCA method. 
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Preparation of adipocyte membranes from mouse gonadal fat pads[58,62,63] 

Gonadal fat pads of 6 mice were placed into a 10 Ø petri dish containing Krebs-Ringer-HEPES 
(KRH) buffer (100 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 3.6 mM NaHCO3, 1.19 mM MgSO4, 
1.18 mM KH2PO4, 5 mM dextrose, 5 mM pyruvic acid, 1 mM ascorbic acid and 5 mM HEPES 
(pH 7.4) containing 1% fatty acid free BSA (Tebu-Bio). The fat pads were minced with scissors, 
added to a 50 mL centrifuge tube and KRH buffer was added to a final volume of 46 mL. 50 
mg Collagenase type I and 2 µM nicotinic acid in 4 mL KRH buffer were added and the mixture 
was digested for 1 h at 37 °C.[64] The resulting mixture was poured through a 200 µm cell 
strainer (pluriSelect Life Science) that was put onto a new 50 mL centrifuge tube. The filtrate 
was centrifuged (1 min, 400 G) and subsequently left for 5 min, upon which the adipocytes 
floated on top of the solution. The infranatant was removed and the adipocyte layer (±5 mL) 
was washed by addition of 45 mL KRH buffer and repetition of the centrifugation and floatation 
steps. The remaining 5 mL of adipocytes was dissolved in 45 mL of homogenization buffer 
(0.25 M sucrose, 1 mM EDTA and 10 mM Tris-HCl (pH 7.4)), put on ice and homogenized by 
20 up-and-down strokes of a motor-driven pestle (700 rpm). The homogenate was kept cold 
and centrifuged (30 min, 15 000 G, 4°C). The upper fat layer (45 mL) was transferred to a new 
50 mL centrifuge tube, homogenization buffer (5 mL) was added and the homogenization steps 
were repeated twice, yielding three supernatant fractions in total. The supernatant fractions 
were combined and centrifuged (30 min, 15 000 G, 4 °C) to pellet the membranes. The 
supernatant was removed and the pellet was redissolved in assay buffer (50 mM Tris-HCl, pH 
7.4). Adipocyte membranes from mice typically contain about 0.5-2 pmol of adenosine A1 
receptor per mg of membrane protein.[58] 

 

Radioligand displacement assays  
Single point radioligand displacement experiments were performed using 1 μM of competing 
ligand, full curve radioligand displacement experiments were performed using a concentration 
range of competing ligand, ranging from 10-11 to 10-6

 M. Experiments were carried out using 
1.6 nM [3H]DPCPX for CHOhA1AR, 5.5 nM [3H]ZM241385 for HEK293hA2AAR, 1.5 nM 
[3H]PSB-603 for CHO-spap-hA2BAR, and 10 nM [3H]PSB11 for CHOhA3AR. Nonspecific 
binding was determined in the presence of 100 µM CPA for CHOhA1AR, 100 µM NECA for 
HEK293hA2AAR and CHOhA3AR, and 10 µM ZM241385 for CHO-spap-hA2BAR. Competing 
ligand (50 μL) and radioligand (50 μL) were co-incubated with membrane aliquots containing 
the respective receptor. Membrane aliquots containing 5 µg (CHOhA1AR) total protein were 
incubated in a total volume of 100 µL assay buffer (50 mM Tris-HCl, pH 7.4) at 25 °C for 1 h. 
Membrane aliquots containing 30 μg (HEK293hA2AAR) total protein were incubated in a total 
volume of 100 μL assay buffer (50 mM Tris-HCl, pH 7.4) at 25 °C for 1 h. Membrane aliquots 
containing 30 µg (CHO-spap-hA2BR) total protein were incubated in a total volume of 100 µL 
assay buffer (0.1% CHAPS in 50 mM Tris-HCl, pH 7.4) at 25 °C for 2 h. Membrane aliquots 
containing 15 µg (CHOhA3AR) total protein were incubated in a total volume of 100 µL assay 
buffer (50 mM Tris-HCl, 10 mM MgCl2, 1mM EDTA, 0.01% (w/v) CHAPS, pH 8.0) at 25 °C for 
2 h. During full curve displacement experiments, CHOhA1AR membranes and competing 
ligand were pre-incubated for either 0 or 4 h at 25 °C, prior to addition of radioligand and 
subsequent co-incubation. Incubations were terminated by rapid vacuum filtration to separate 
the bound and free radioligand through prewetted 96-well GF/B filter plates using a 
PerkinElmer Filtermate-harvester (PerkinElmer). Filters were subsequently washed 12 times 
with ice-cold wash buffer: 50 mM Tris-HCl, pH 7.4 for CHOhA1AR and HEK293hA2AAR; 0.1% 
BSA in 50 mM Tris-HCl, pH 7.4 for CHO-spap-hA2BAR; and 50 mM Tris-HCl, 10 mM MgCl2, 
1mM EDTA, pH 8.0 for CHOhA3AR. The plates were dried at 55 °C after which MicroscintTM-
20 cocktail was added (PerkinElmer). After 3 h the filter-bound radioactivity was determined 
by scintillation spectrometry using a 2450 MicroBeta Microplate Counter (PerkinElmer). 
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Wash-out assay 
Wash-out assays were performed as previously described, using 100 µg of protein in 100 µL 
cell membrane suspension.[16] 
 
Functional [35S]GTPγS binding assay 
[35S]GTPγS binding assays were performed as previously described, using CHO cells that 
were stably transfected with the A1AR.[16] 
 
Data Analysis  
All experimental data were analyzed using the non-linear regression curve fitting program 
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA). IC50 values obtained from 
competition displacement binding data were converted into Ki values using the Cheng-Prusoff 
equation.[65] The KD value of [3H]DPCPX (1.6 nM) at CHOhA1AR membranes was taken from 
Kourounakis et al.[66] The KD value (1.0 nM) of [3H]ZM241385 at hA2AAR membranes, the KD 
value (1.7 nM) of [3H]PSB603 at CHO-spap-hA2BAR membranes, and the KD value (17.3 nM) 
of [3H]PSB11 at CHOhA3AR membranes were taken from in-house determinations. 
 
SDS-PAGE experiments of LUF7909 in membrane fractions 
18 μL of membrane fractions (1 mg/mL) were pre-incubated with 1 μL competing ligand (final 
concentration: 1 µM, unless stated otherwise) or DMSO (1%) for 1 h (rt, 650 rpm). 1 μl of 
LUF7909 was added (final concentration: 100 nM, unless stated otherwise) and the 
membranes were incubated for 1 h (rt, 650 rpm). 1 μL PNGase (10u) or MilliQ water was added 
and the membranes were incubated for 1 h (rt, 650 rpm). Click mix was prepared freshly by 
mixing 50 μL 100 mM CuSO4, 30 μL 1 M sodium ascorbate (NaAsc), 10 μL 100 mM tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) and 10 μL 100 μM AF647-N3. 2.3 μL of click mix 
was added and the membranes were shaken for 1 h (rt, 650 rpm). 7.8 μL of 4 x Laemmli 
Sample Buffer (Bio-Rad) containing β-mercaptoethanol was added and the membranes were 
shaken for 2 h (rt, 650 rpm). The samples were then subjected to 12.5% SDS-PAGE (180 V, 
100 min). In-gel fluorescence was measured on a Bio-Rad Universal Hood III using Cy3 
(605/50 filter) or Cy5 (695/55 filter) settings. Gels were transferred to 0.2 µm PVDF blots using 
a Trans-Blot Turbo Transfer System (Bio-Rad)(2.5 A, 7 min) or stained with Coomassie Brilliant 
Blue. Gel images were analyzed with Image Lab software (Bio-Rad). 
 

SDS-PAGE experiments of LUF7909 in live CHOhA1AR and CHO cells  
CHOhA1AR or CHO medium (as described above) containing 1 µM DPCPX or 1% DMSO 
(control) was added to a 10 cm Ø plate containing the respective cells (~90% confluence). The 
cells were incubated for 1 h (37 °C, 5% CO2). The medium was removed, replaced by medium 
containing 100 nM LUF7909 or 1% DMSO (control) and the cells were incubated for 1 h (37 
°C, 5% CO2). The cells were washed with PBS and membranes were collected (as described 
above). Membrane pellets were diluted to 1 mg/mL and 20 μL was taken per sample. Click mix 
was prepared freshly by mixing 50 μL 100 mM CuSO4, 30 μL 1 M NaAsc, 10 μL 100 mM 
THPTA and 10 μL 100 μM AF647-N3. 2.2 μL of click mix was added and the membranes were 
shaken for 1 h (rt, 650 rpm). 7.4 μL of 4 x Laemmli Sample Buffer containing β-mercaptoethanol 
was added and the membranes were shaken for 2 h (rt, 650 rpm). The samples were then 
subjected to 12.5% SDS-PAGE (180 V, 100 min) and in-gel fluorescence was measured on a 
Bio-Rad Universal Hood III. Gels were transferred to 0.2 µm PVDF blots using a Trans-Blot 
Turbo Transfer System (Bio-Rad)(2.5 A, 7 min) or stained with Coomassie Brilliant Blue. Gel 
images were analyzed with Image Lab software (Bio-Rad). 
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Western Blot experiments 
Blots were blocked in 5% BSA in TBST (1 h, rt), prior to incubation with primary antibody: 
rabbitαratA1AR (Sigma Aldrich, cat # A268) 1:5000 in 1% BSA in TBST (overnight, 4 °C). The 
blots were washed (3 x TBST) and incubated with secondary antibody: goatαrabbit-HRP 
(Jackson ImmunoResearch Laboratories, cat # 111-035-003) 1:2000 in 1% BSA in TBST. The 
blots were washed (2 x TBST, 1 x TBS), incubated with 1 mL of luminol enhancer solution and 
1 mL of peroxide solution (PierceTM,, ThermoFisher cat # 32106)(3 min, rt, dark) and scanned 
using chemiluminescence and fluorescence. Blot images were analyzed with Image Lab 
software (Bio-Rad). 
 

Affinity-based pull-down proteomics[67] 

 

Probe Incubation 
A. CHOhA1AR and CHO membranes 

CHOhA1AR or CHO membrane fractions were resuspended in assay buffer (50 mM Tris-HCl, 
pH 7.4) and diluted to a concentration of 2 mg/mL. 25 µL of LUF7746 (final concentration: 10 
µM), 10% SDS or 1% DMSO in assay buffer was added to 200 µL of membranes and the 
membranes were incubated for 1 h (rt, 650 rpm). 25 µL of LUF7909 (final concentration: 1 
µM) or 1% DMSO in assay buffer was added and the membranes were incubated for 2 h (rt, 
650 rpm).  

B. Live CHOhA1AR cells 
CHOhA1AR medium (as described above) containing 1 µM LUF7909 or 1% DMSO (control) 
was added to a 10 cm Ø plate containing CHOhA1AR cells (~90% confluence). The cells 
were incubated for 2 h (37 °C, 5% CO2). The medium was removed, the cells were washed 
with PBS and membranes were collected (as described above). Membrane pellets were 
diluted to 2 mg/mL, 225 μL was taken per sample and 25 µL of 1% DMSO in assay buffer (50 
mM Tris-HCl, pH 7.4) was added. 

Click reaction, precipitation, reduction and alkylation 
Click mix was prepared freshly by mixing 350 μL 100 mM CuSO4, 210 μL 1 M NaAsc, 70 μL 
100 mM THPTA and 70 μL 1 mM Biotin-PEG3-Azide. 27.5 µL of click mix was added per 
sample (from A or B) and the samples were incubated for 1 h (rt, 650 rpm). 92.5 µL 10% SDS 
(final SDS concentration: 2.5%) was added and the proteins were denatured for 1 h (rt, 650 
rpm). Proteins were precipitated based on the method of Wessel and Flügge.[68] In brief, 800 
µL MeOH, 400 µL CHCl3 and 400 µL water were added and the proteins were pelleted by 
centrifugation (10 min, 1 500 G, rt). The upper (aqueous) layer was removed and 600 µL MeOH 
was added. The samples were centrifuged a second time (10 min, 1 500 G, rt) and supernatant 
was removed to yield a more purified protein fraction. The proteins were then resuspended in 
500 µL 1% SDS containing 25 mM NH4HCO3. Probe sonication (Sonics Vibra-Cell, 3 x 5 s, 
30% amplitude) was necessary to fully dissolve the membrane proteins. The proteins were 
reduced by addition of 10 µL 0.5 M dithiothreitol (DTT) (15 min, 65 °C, 700 rpm), alkylated by 
addition of 80 µL 0.25 M iodoacetamide (IAA) (30 min, rt, dark) and further reduced by addition 
of 10 µL 0.5 M DTT (15 min, rt, 700 rpm). 
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Pull-down 
1400 µL of Avidin Agarose beads was divided over two 15 mL centrifuge tubes, washed with 
PBS (4 mL) and centrifuged (2 min, 2 500 G, rt). The supernatant was removed and the 
washing steps were repeated twice. The washed beads were resuspended in 2.3 mL PBS. 
250 µL of the beads solution was added per protein-containing sample and the mixture was 
added to a 15 mL centrifuge tube containing 9.1 mL PBS (final SDS concentration: 0.05%). 
The tubes were incubated overnight while rotating at 4 °C. The next day, beads were pelleted 
(200 G, 2 min, rt), supernatant was removed and the beads were transferred to a 2 mL 
Eppendorf tube. The beads were washed subsequently with 1 mL 0.1% SDS in PBS, 1 mL 
PBS (3 x) and 1 mL on-bead digestion buffer (100 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM 
CaCl2 and 2% (v/v) acetonitrile),[67] samples were centrifuged (2 min, 2 500 G, rt) after each 
step and supernatant fractions were removed.  
 
Digestion and desalting 
The remaining beads were dissolved in 250 µL on-bead digestion buffer. 2 µL chymotrypsin 
(0.5 µg/µL in 1 mM HCl) (cat # V1062, Promega) was added and the proteins were digested 
overnight (1000 rpm, 37 °C). The samples were quenched by addition of 12.5 µL of formic acid 
and beads were removed by centrifugation with Bio-spin columns (Bio-Rad) (2 min, 600 G, rt). 
Samples were purified using StageTips, as reported by Rappsilber et al. and van Rooden et 

al.[67,69] Briefly, StageTips were pre-conditioned with 50 µL MeOH, 50 µL of 0.5% (v/v) formic 
acid in H2O:MeCN 2:8 and 50 µL of 0.5% (v/v) formic acid in H2O. Peptide samples were then 
loaded on the StageTips and washed by addition of 100 µL of 0.5% (v/v) formic acid in H2O 
and centrifugation (2 min, 600 G, rt). Peptides were eluted in low-binding Eppendorf tubes by 
addition of 0.5% (v/v) H2O:MeCN 8:2 to the StageTips and subsequent centrifugation (2 min, 
600 G, rt). The solvents were evaporated in an Eppendorf Concentrator Plus (60 °C). 
 
Nano-LC-MS Settings 
Desalted peptide samples were reconstituted in 50 µl 97:3:0.1 solution (H2O, MeCN, FA) 
containing 10 fmol/µl yeast enolase digest. The desalted peptides solution was separated on 
an UltiMate 3000 RSLCnano system set in a trap-elute configuration with a nanoEase M/Z 
Symmetry C18 100Å, 5µm, 180µm x 20 mm (Waters) trap column for peptide loading/retention 
and nanoEase M/Z HSS C18 T3 100Å, 1.8µm, 75 µm x 250 mm (Waters) analytical column 
for peptide separation. The column was kept at 40°C in a column oven. Samples were injected 
on the trap column at a flow rate of 15 µl/min for 2 min with 99%A, 1%B eluent. The 85 min LC 
method, using mobile phase A (0.1% formic acid (FA) in ULC-MS grade water (Biosolve)) and 
mobile phase B (0.1% FA in ULC-MS grade acetonitrile (MeCN, Biosolve)) controlled by a flow 
sensor at 0.3µl/min with average pressure of 400-500 bar (5500-7000 psi), was programmed 
as gradient with linear increment to 1% B from t0 to t2 min, 5%B at t5 min, 22%B at t55, 40%B 
at t64, 90%B at t65 to t74 and 1%B at t75 to t85 min. The eluent was introduced by electro-
spray ionization (ESI) via the nanoESI source (Thermo) using stainless steel Nano-bore 
emitters (40 mm, OD 1/32”, ES542, Thermo Scientific). The QExactive HF was operated in 
positive mode with data dependent acquisition without the use of lock mass, default charge of 
2+ and external calibration with LTQ Velos ESI positive ion calibration solution (88323, Pierce, 
Thermo) every 5 days to less than 2 ppm. The tune file for the survey scan was set to scan 
range of 350 – 1400 m/z, 60.000 resolution (m/z 200), 1 microscan, automatic gain control 
(AGC) of 1e6, max injection time of 50 ms, no sheath, aux or sweep gas, spray voltage ranging 
from 1.7 to 3.0 kV, capillary temp of 250°C and an S-lens value of 80. For the 10 data 
dependent MS/MS events the loop count was set to 10 and the general settings were resolution 
to 15,000, AGC target 1e5, max IT time 100 ms, isolation window of 1.6 m/z, no fixed first mass 
and normalized collision energy (NCE) of 28 eV. For individual peaks the data dependent 
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settings were 5.00e4 for the minimum AGC target yielding an intensity threshold of 5.0e5 that 
needs to be reached prior of triggering an MS/MS event. No apex trigger was used, 
unassigned, +1 and charges >+8 were excluded with peptide match mode preferred, isotope 
exclusion on and dynamic exclusion of 20 sec. In between experiments, routine wash and 
control runs were done by injecting 5 µl 97.3.0.1 solution, 5 µl of 10 fmol/µl BSA or enolase 
digest and 1 µl of 10 fmol/µl angiotensin III (Fluka, Thermo)/oxytocin (Merck) to check the 
performance of the platform on each component (nano-LC, the mass spectrometer (mass 
calibration/quality of ion selection and fragmentation) and the search engine). 
 

LC-MS/MS Data processing  
MaxQuant (version 1.6.17.0)[70] was used for peptide identification and quantification using a 
custom made fasta file consisting of the Chinese Hamster proteome from the Uniprot database 
(UPID: UP000001075, downloaded January 12, 2021), the BETAS background (BSA P02769, 
yeast enolase P00924, trypsin pig P00761, avidin P02701 and streptavidin P22629) and the 
adenosine A1 receptor plus its isoform (P30542-1 and P30542-2). The following changes and 
additions were made to the standard settings of MaxQuant: The digestion enzyme was set to 
Chymotrypsin+ with 2 max. missed cleavages. Label-free quantification was chosen with an 
LFQ min. ratio count of 2. “Match between runs” was enabled. The minimum amount of 
peptides for protein identification was set to 3. The peptide length was set to be between 7 and 
25 with a max. peptide mass of 4600 Da. Oxidation (M) was set as possible peptide 
modifications and Carbamidomethyl (C) was set as fixed peptide modification. Contaminants 
were included. An FDR of 0.01 was used for PSM FDR, Protein FDR and Site decoy FDR. Six 
technical replicates of four different conditions were analyzed in the same MaxQuant analysis. 
The “peptides.txt” and “proteingroups.txt” files were used for further analysis. Proteins labelled 
as contaminant were removed from the output files. The LFQ intensities of major proteins were 
further analyzed in GraphPad Prism 8.1.1. for Windows (GraphPad Software Inc., San Diego, 
CA). Values of six technical replicates were used per condition. The log2(ratio) and p-values 
were determined by standard Volcano Plot settings, using multiple t-tests to calculate the p-
values. Log2(ratio) values show the ratio between the probe positive samples (+1 µM 
LUF7909) and the control samples (DMSO, or pre-incubation with 1%SDS or 10 µM LUF7746). 
 

Click microscopy experiments using LUF7909 in CHOhA1AR and CHO cells[71] 

CHOhA1AR and CHO cells were seeded in 96-wells plates and grown overnight in their 
respective medium (as described above). The next day, medium was replaced by medium 
containing 1 µM of DPCPX, 1 µM of FSCPX or 1% DMSO (control) and the cells were 
incubated for 1 h (37 °C, 5% CO2). The medium was then replaced by medium containing 100 
nM LUF7909 or 1% DMSO (control) and the cells were incubated for 1 h (37 °C, 5% CO2). 
Excess probe was washed away with PBS and the cells were fixed by incubation with a solution 
of 4% PFA in 10% formalin for 10 min. The remaining fixative was washed away with PBS and 
20 mM glycine in PBS and subsequently the cells were permeabilized by a 10 min incubation 
with 0.1% saponin in PBS. Remaining saponin was washed away with PBS and the fixed cells 
were stored at 4 °C until further steps were taken. Click mix was prepared freshly by mixing 
100 μL 100 mM CuSO4, 100 μL 1 M NaAsc, 100 μL 100 mM THPTA, 9.66 mL HEPES buffer 
(pH = 7.4) and 40 μL 1 mM Azide-Fluor-545. 100 µL of click mix was added per well and the 
fixed cells were incubated for 1 h (rt, dark). Remaining click mix was washed away with PBS 
and by incubation for 30 min with 1% BSA in PBS. The fixed cells were stored in PBS 
containing 300 nM DAPI until imaging by confocal microscopy. 
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Image acquisition 
Microscopy was performed on a Nikon Eclipse Ti2 C2+confocal microscope (Nikon, 
Amsterdam, The Netherlands) and this system included an automated xy-stage, an integrated 
Perfect Focus System (PFS) and 408 and 561 lasers. The system was controlled by Nikon’s 
NIS software. All images were acquired using a 20x objective with 0.7 NA, at a resolution of 
1024×1024 pixels for the main figure and 512x512 pixels for the SI figure. The acquisition of 9 
fields of view per well was done automatically using the NIS Jobs functionality. Representative 
images are shown in the figure and created by using OMERO.[57]  
 
Quantification of the Tamra-N3 signal at single cell level 
CellProfiler (version 2.2.0) was used to create a binary image of the Dapi channel and to 
propagate the cytoplasmic area based on the Dapi binary. An overlay of the binary 
cytoplasm/Tamra-N3 channel was generated to quantify per segmented pixel the Tamra-N3 
intensity. The sum of these intensities in the cytoplasm mask is referred to as the integrated 
Tamra-N3 intensity in the cytoplasm. Segmentation results were further processed using Excel 
while GraphPadPrism 9 was used for data visualization and statistics.  
 

Computational Procedures 
 
Covalent Docking of LUF7909 in the adenosine A1 receptor 
All calculations were performed in the Schrödinger Suite (release 2019-1) using the standard 
settings in Maestro (version 11.9).[59] The crystal structure of adenosine-bound human A1AR 
(PDB: 6D9H) was used for docking LUF7909. The protein and ligand were prepared for 
docking using the protein preparation tool and LigPrep tool, respectively. Adenosine was 
removed and induced fit docking was performed to dock LUF7909. Docking poses were 
compared to the binding pose of LUF5833 in the human A2AAR (PDB: 7ARO) using the 
superposition tool. The pose with the lowest scoring RMSD was further used in covalent 
docking calculations.[60] A custom reaction type was made to allow nucleophilic substitution of 
the phenolic OH onto the fluorosulfonyl group. This contained the following lines of code:  
 
RECEPTOR_SMARTS_PATTERN 2,[c;r6]-[S,O;H1,-1] 
RECEPTOR_SMARTS_PATTERN 2,[C]-[N;H2,H3] 
LIGAND_SMARTS_PATTERN 1,[*][F,Cl,Br,I] 
CUSTOM_CHEMISTRY ("<1>",("charge",0,(1))) 
CUSTOM_CHEMISTRY ("<1>|<2>",("bond",1,(1,2))) 
CUSTOM_CHEMISTRY ("<2>[F,Cl,Br,I]",("delete",2)) 
 
The covalent binding poses of LUF7909 were compared to the binding pose of LUF5833 in the 
human A2AAR using the superposition tool, as well as evaluated by visual inspection. 
 

Author Contributions 
B.L.H.B. and C.K. synthesized compounds. R.L. performed radioligand displacement 
experiments. B.L.H.B. performed SDS-PAGE experiments. B.L.H.B. performed molecular 
docking experiments. B.L.H.B. and B.I.F. performed MS-based pull-down experiments and 
carried out MS data analysis. B.L.H.B. and S.L.D. performed confocal microscopy 
experiments. S.L.D. carried out confocal microscopy data analysis. L.H.H., A.P.IJ. and D.v.d.E. 
supervised the project. 
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Abstract 
The adenosine A3 receptor (A3AR) is a G protein-coupled receptor (GPCR) that exerts 
immunomodulatory effects in pathophysiological conditions such as inflammation and cancer. 
Thus far, studies towards the downstream effects of A3AR activation have yielded contradictory 
results, thereby motivating the need for further investigations. Various chemical and biological 
tools have been developed for this purpose, ranging from fluorescent ligands to antibodies. 
Nevertheless, these probes are limited by their reversible mode of binding, relatively large size 
and often low specificity. Therefore, in this work, we have developed a clickable and covalent 
affinity-based probe (AfBP) to target the human A3AR. Herein, we show validation of the 
synthesized AfBP in radioligand displacement, SDS-PAGE and confocal microscopy 
experiments, as well as utilization of the AfBP for the detection of endogenous A3AR 
expression in flow cytometry experiments. Ultimately, this AfBP will aid future studies towards 
the expression and function of the A3AR in pathologies. 
 
 
J Med Chem 2023, 66, 11399-11413.   
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Introduction 
Adenosine is a signaling molecule that is the endogenous agonist to four adenosine receptors 
(ARs): the A1, A2A, A2B and A3 adenosine receptors (A1AR, A2AAR, A2BAR and A3AR) that are 
members of the larger G protein-coupled receptor (GPCR) family.[1–3] Activation of the ARs via 
binding of adenosine induces a cascade of intracellular signaling pathways, that in turn 
modulate the cellular response to physiological and pathophysiological conditions, examples 
being inflammation, autoimmune disorders and cancers.[4–6] The ARs are expressed on diverse 
cell and tissue types, in which the receptors all exert their own functions.[1] In case of the human 
A3AR (hA3AR), the receptor has been found expressed on granulocytes: eosinophils, 
neutrophils and mast cells, among other cell types.[7–10] Here, activation of the hA3AR leads to 
various immunomodulatory effects, ranging from degranulation to influencing chemotaxis.[7–13] 
However, multiple contradictory observations have been reported regarding the activation of 
hA3ARs. For example, both inhibition and promotion of chemotaxis have been observed upon 
addition of a selective hA3AR agonist to neutrophils.[11,13,14] Next to that, expression of the 
hA3AR is species-dependent, and large differences in hA3AR activity have been found between 
humans and rodents.[15,16] Thus, many questions regarding activity and functioning of the 
hA3AR, whether on granulocytes or on other cell types and tissues, remain unanswered. 

Most of the aforementioned studies have been carried out using selective ligands, e.g. agonists 
or antagonists to induce a cellular response as read-out. This has yielded valuable information 
on a biological level but ignores multiple factors that influence receptor signaling on a molecular 
level, such as receptor localization, protein-protein interactions (PPIs) and post-translational 
modifications (PTMs).[17] Traditionally, these aspects would be studied using antibodies. 
However, antibodies for GPCRs are hindered in their selectivity due to the low expression 
levels of GPCRs and the high conformational variability of extracellular epitopes on GPCRs.[18] 
This is especially true for the ARs that are lacking an extended extracellular N-terminus. 

In the past decade, multiple small molecules have been developed as tool compounds to study 
the hA3AR on a molecular level. Most prominently developed are the fluorescent ligands: 
agonists or antagonists conjugated to a fluorophore.[19–28] Noteworthy, one of these fluorescent 
ligands has been used to study internalization, localization and certain PPIs of the hA3AR on 
hA3AR-overexpressing Chinese hamster ovary (CHO) cells, as well as activated 
neutrophils.[12,24] Yet, the current use of fluorescent ligands is limited to the type of fluorophore 
conjugated, a fluorescent read-out in specific assay types and reversible binding to the 
receptor. Therefore, in this study, we aimed to develop a clickable affinity-based probe (AfBP) 
to broaden the current possibilities to measure and detect the receptor. 

AfBPs are tool compounds that consist of three parts. Firstly, an electrophilic group (‘warhead’) 
is incorporated, that ensures covalent binding of the AfBP to the receptor (Figure 1).[29,30] This 
allows usage of the probe in biochemical assays that rely on denaturation of proteins (e.g. 
SDS-PAGE and chemical proteomics). The warhead is coupled to a high affinity scaffold (the 
second part) that induces selectivity to the protein target of interest and thirdly, a detection 
moiety is introduced. Our lab has recently reported the development of electrophilic antagonist 
LUF7602 as an irreversible ligand of the hA3AR (Figure S1).[31] This compound contains two 
out of three functionalities of an AfBP, the only part missing being the detection moiety. Here, 
we introduced an alkyne group as ligation handle, that can be ‘clicked’ to a detection moiety 
through the Copper-catalyzed Alkyne-Azide Cycloaddition (CuAAC).[32,33] Together this 
approach results in a ‘modular’ probe that can be clicked in situ to any detection moiety of 
interest. The new probe allows specific detection of overexpressed hA3AR in various assay 
types, such as SDS-PAGE and confocal microscopy, as well as detection of endogenous 
hA3AR in flow cytometry experiments on granulocytes. 
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Figure 1. Strategy to label the hA3AR with an AfBP. First, the AfBP is added to cells or membrane 
fractions to allow irreversible bond formation between receptor and probe. Click reagents are then added 
to install a detection moiety onto the probe-bound receptor. Lastly, cells are further processed for 
detection, dependent on the detection method of interest. The image of the hA3AR was generated using 
Protein Imager,[34] using the structure of the hA3AR (AF-P0DMS8-F1) as predicted by Alphafold.[35,36]  

Results and Discussion 

DESIGN AND SYNTHESIS 
As mentioned in the introduction, a functional AfBP consists of three parts: warhead, 
pharmacological scaffold, and detection moiety. We decided on an alkyne moiety, to enable 
click-based incorporation of a detection moiety of choice onto the AfBP. Similar click strategies 
have already been used in the synthesis of fluorescent ligands for the hA3AR.[20,21,26,27,37] These 
ligands are however all lacking the electrophilic warhead. Additionally, contrary to those 
studies, we mainly performed the click reaction after binding of the AfBP to the receptor, 
preventing a loss of affinity due to bulky substituents. Such an approach has recently 
successfully been applied for the detection of other adenosine receptors, namely the A1AR 
and A2AAR.[38–40] Also a non-selective AfBP for the hA3AR has been reported, albeit without 
successful detection experiments.[38] In previous studies we observed that the position of the 
alkyne moiety on the scaffold can greatly influence the affinity of the AfBP towards the receptor, 
thereby affecting the functionality of the AfBP.[39] To increase the chances of obtaining a 
successful AfBP, we therefore introduced the alkyne group on three divergent locations onto 
the scaffold of LUF7602 (Scheme 1). 

All three synthetic routes started with compound 1, a high affinity selective antagonist for the 
hA3AR reported over two decades ago.[41] First, 1 was alkylated with bromopropane yielding 
tricyclic compound 2. The benzylic moiety was then removed using palladium over carbon and 
an excess of NH4HCO2.[31] The secondary amine of 3 was alkylated with alkyne-containing 
fluorosulfonyl moiety 4, synthesized as recently described,[39] to yield compound 5 (LUF7930) 
as the first out of three AfBPs. For the second AfBP, the secondary amine of 3 was alkylated 
by a protected propylamine, followed by deprotection of the Boc-group to yield compound 7. 
The methoxy group of 7 was removed using BBr3, yielding a zwitterionic intermediate that, 
after removal of remaining BBr3, was used immediately in a peptide coupling to synthesize 
fluorosulfonyl derivative 8. The alkyne moiety was then substituted onto the phenolic OH to 
yield compound 9 (LUF7960) as the second out of three AfBPs. For the last AfBP, the benzyl 
group of compound 1 was removed in the first step. However, synthesis and purification of 10 
turned out to be cumbersome. Therefore a crude mixture of 10 was used in the following 
alkylation step, resulting in a poor but sufficient yield of compound 11. The alkyne moiety was 
then substituted onto compound 11 using propargyl bromide, followed by deprotection of the 
Boc-group to yield compound 12. Lastly, fluorosulfonyl benzoic acid was introduced using 
peptide coupling conditions, yielding compound 13 (LUF7934) as the final out of three AfBPs.  
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Scheme 1 Synthesis of hA3AR-targeting affinity-based probes. Reagents and conditions: a) 
diazabicycloundecene (DBU), 1-bromopropane, MeCN, 70 °C, 1 h, quant.; b) Pd(OH)2/C, NH4HCO2, 
EtOH, 80 °C, 7 days, 53%; c) K2CO3, DMF, rt, overnight, 29%; d) tert-butyl (3-bromopropyl)carbamate, 
K2CO3, DMF, 100 °C, 2 h, 97%; e) TFA, CHCl3, 60 °C, overnight, 90%; f) (i) BBr3 1 M in DCM, CHCl3, 
50 °C, 6 days; (ii) 4-fluorosulfonyl benzoic acid, EDC·HCl, DIPEA, DMF, rt, two days, 13% over two 
steps; g) propargyl bromide (80% in toluene), K2CO3, DMF, rt, overnight, 30%; h) Pd(OH)2/C, NH4HCO2, 
EtOH, 80 °C, 7 days; i) tert-butyl (3-bromopropyl)carbamate, K2CO3, DMF, 0-40 °C, 6 days, 25%; j) (i) 
propargyl bromide (80% in toluene), DBU, MeCN, rt, overnight; (ii) TFA, DCM, rt, 2 h, 67%; k) 4-
fluorosulfonyl benzoic acid, EDC·HCl, DIPEA, DMF, rt, 3 h, 13%.  

AFFINITY AND SELECTIVITY TOWARDS THE hA3AR 
The affinity of the synthesized AfBPs was determined in radioligand binding experiments. First, 
single concentration displacement assays were carried out on all four human adenosine 
receptors, using a final probe concentration of 1 µM (Table 1). Over 90% displacement was 
observed on the hA3AR, while all probes showed minimal displacement (≤25%) of radioligand 
on the other ARs. This indicates good selectivity towards the hA3AR over the other human 
ARs, a trend that was also observed in case of the parent compound.[31] Next, the ‘apparent’ 
affinities (depicted as pKi values) towards the hA3AR were determined using full curve 
displacement assays. To study the presumable covalent mode of action, the apparent affinity 
was determined with (pre-4h) and without (pre-0h) four hours of pre-incubation of AfBP with 
hA3AR, prior to addition of radioligand. The three synthesized AfBPs show very similar affinities 
at pre-0h with apparent pKi values in the double digit nanomolar range (Table 2). In all three 
cases, the apparent pKi shows a strong increase upon 4 h of pre-incubation, towards values 
in the single digit nanomolar range. This difference in affinity is reflected in a shift in apparent 
pKi. Hence, substitution of an alkyne moiety at all three of the divergent positions is well 
tolerated in case of binding affinity. To investigate the binding mode of the probes within the 
orthosteric binding pocket, covalent docking experiments were performed using the previously 
determined nucleophile Y265 as anchor (Figure 2).[31] All three compounds show a hydrogen 
bond interaction with the conserved N250 and π-π stacking with Phe168, two well-known 
interactions in ligand recognition in adenosine receptors.[42] Thus, the alkyne substitution 
seems to be well tolerated for all three of the probes, thereby supporting the outcome of the 
radioligand displacement experiments. To further confirm the covalent mode of action, wash-
out experiments were performed. Compounds 5, 9 and 13 all showed to bind persistently to 
the hA3AR, while full recovery of radioligand binding was observed in case of the reversible 
control compound LUF7714 (Figure 3, Figure S1).[31] Altogether, this indicates that the three 
synthesized AfBPs bind covalently to the hA3AR. 

106

Chapter 5

168788 Beerkens BNW.indd   106168788 Beerkens BNW.indd   106 28-09-2023   09:1828-09-2023   09:18



 

Table 1. Radioligand displacement (%) of the synthesized hA3AR probes on the four adenosine 
receptors. 

Compound hA1AR[a] hA2AAR[b] hA2BAR[c] hA3AR[d] 

5 (LUF7930) 2 (3, 0) 0 (0, 0) 10 (22, -2) 95 (96, 94) 

9 (LUF7960) 21 (24, 18) 7 (11, 2) 1 (0, 2) 95 (94, 96) 

13 (LUF7934) 25 (24, 26) 8 (9, 7) 5 (4, 5) 92 (90, 93) 

 

[a] % specific [3H]DPCPX displacement by 1 μM of respective probe on CHO cell membranes stably expressing the 
human A1AR (hA1AR); [b] % specific [3H]ZM241385 displacement by 1 μM of respective probe on HEK293 cell 
membranes stably expressing the human A2AAR (hA2AAR); [c] % specific [3H]PSB-603 displacement by 1 µM of 
respective probe on CHO-spap cell membranes stably expressing the human A2BAR (hA2BAR); [d] % specific 
[3H]PSB-11 displacement at 1 μM of respective probe on CHO cell membranes stably expressing hA3AR. Probes 
were co-incubated with radioligand for 30 min at 25 °C. Data represent the mean of two individual experiments 
performed in duplicate. 

Table 2. Time-dependent apparent affinity values of the synthesized hA3AR probes. 

Compound pKi (pre-0h)[a] pKi (pre-4h)[b]  Fold change [c] 

5 (LUF7930) 7.55 ± 0.01 8.52 ± 0.05**** 9.5 ± 1.0 

9 (LUF7960) 7.27 ± 0.07 8.40 ± 0.03**** 13.5 ± 1.2 

13 (LUF7934) 7.17 ± 0.04 8.38 ± 0.05**** 16.6 ± 3.5 

 

[a] Apparent affinity determined from displacement of specific [3H]PSB-11 binding on CHO cell membranes stably 
expressing the hA3AR at 25 °C after 0.5 h of co-incubating probe and radioligand. [b] Apparent affinity determined 
from displacement of specific [3H]PSB-11 binding on CHO cell membranes stably expressing the hA3AR at 25 °C 
after 4 h of pre-incubation with the respective probe, followed by an additional 0.5 h of co-incubation with radioligand. 
[c] Fold change determined by ratio Ki(0 h)/Ki(4 h). Data represent the mean ± SEM of three individual experiments 
performed in duplicate. **** p < 0.0001 compared to the pKi values obtained from the displacement assay with 0 h 
pre-incubation of probe, determined by a one-way ANOVA test using multiple comparisons. 

 

Figure 2. Putative binding modes of compounds 5 (panel A), 9 (panel B) and 13 (panel C). All three 
compounds show a hydrogen bond interaction with the conserved N250 and π-π stacking with Phe168, 
two well-known interactions in ligand recognition in adenosine receptors.[42] The alkyne group, indicated 
with an arrow in each panel, fits into the binding pocket on each exit vector, and the binding orientation 
of the core compound, as published previously by our group, is maintained.[31] 

5

107

An affinity-based probe for the adenosine A3 receptor

168788 Beerkens BNW.indd   107168788 Beerkens BNW.indd   107 28-09-2023   09:1828-09-2023   09:18



 

 

Figure 3. Wash-out assay reveals covalent binding of all three probes to the hA3AR. CHO cells 
membranes stably transfected with the hA3AR were pre-incubated with 1% DMSO (vehicle), 1 µM of 
non-covalent control compound (LUF7714) or 1 µM of compounds 5 (LUF7930), 9 (LUF7960) or 13 

(LUF7934). The samples were washed for either 0 or 4 times, before being exposed to [3H]PSB-11 in a 
radioligand displacement assay. Data is expressed as the percentage of the vehicle group (100%) and 
represents the mean ± SEM of three individual experiments performed in duplicate. **** p < 0.0001 
determined by a two-way ANOVA test using multiple comparisons. 

LABELING OF THE hA3AR IN SDS-PAGE EXPERIMENTS 
Next, the potential AfBPs were investigated on their ability to label the hA3AR in SDS-PAGE 
experiments. Membrane fractions with stable expression of the hA3AR were incubated for 1 h 
with 50 nM (roughly the apparent Ki) of AfBPs 5, 9 or 13, subjected to click ligation with a Cy5-
fluorophore, denatured and resolved by SDS-PAGE. Pre-incubation with the hA3AR-selective 
antagonist PSB-11 was used as negative control,[43] and an extra incubation step with PNGase 
was introduced to remove N-glycans.[39] Detection of labeled hA3AR turned out to be difficult if 
not deglycosylated: the receptor appeared as a smear at about 70 kDa (Figure 4A and 5A). 
Yet, this mass corresponds to the band of rat A3AR as has been shown in SDS-PAGE 
experiments on overexpressing CHO cells.[44,45] N-deglycosylation of the mixture of membrane 
proteins revealed a protein band at ±30 kDa in case of all three AfBPs. This protein was not 
labeled after pre-incubation with reversible antagonist PSB-11 and is therefore most likely the 
hA3AR. To select one of these AfBPs for further labeling studies, the intensities of the bands 
at ±30 kDa were compared between the probes (Figure 4B), but no significant differences were 
found. Correspondingly, the alkyne groups do not inflict any strong unfavorable interactions 
upon covalent docking of the compounds in the hA3AR model (Figure 2). Examination of the 
amount of off-target labeling instead indicated there are fewer other proteins labeled by 9 
(LUF7960) than by the other two probes 5 and 13 (Figure 4A). Therefore we decided to 
continue our subsequent experiments with AfBP 9 (LUF7960). Further control experiments 
were performed: labeling in CHO membrane fractions without expression of the hA3AR, no 
addition of probe and clicking without copper or Cy5-N3 (Figure 4C). The band at ±30 kDa was 
not observed in any of the control lanes, confirming that this band is the hA3AR. Notably, we 
did not observe any hA3AR-specific labeling by a commercially available hA3AR antibody in 
Western Blot experiments (Figure S2). Presumably the selectivity and affinity of antibodies is 
compromised by the relatively short N-terminus and extracellular loops of the hA3AR. 
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Figure 4. Labeling of the hA3AR by the synthesized affinity-based probes. (A) Labeling of proteins by 5 
(LUF7930), 9 (LUF7960) and 13 (LUF7934). Membrane fractions from CHO cells stably overexpressing 
the hA3AR were pre-incubated for 30 min with antagonist (PSB-11, 1 µM final concentration) or 1% 
DMSO (control), prior to incubation for 1 h with the respective probe (50 nM final concentration). The 
proteins were subjected to PNGase or MilliQ (control) for 1 h to remove N-glycans. Samples were then 
clicked to Cy5-N3 (1 µM final concentration), denatured using Laemmli buffer (4x) and resolved by SDS-
PAGE. Gels were imaged using in-gel fluorescence and stained with Coomassie Brilliant Blue (CBB) as 
protein loading control. (B) Quantification of the lower hA3AR band (± 30 kDa). The band intensities 
were taken and corrected for the observed amount of protein per lane upon CBB staining. The band at 
55 kDa of the PageRuler Plus ladder (not shown) was set to 100% for each gel and band intensities 
were calculated relative to this band. The mean values ± SEM of three individual experiments are shown. 
Significance was calculated using a one-way ANOVA test using multiple comparisons (ns = not 
significant). (C) Control experiments with probe 9 (LUF7960). Membrane fractions from CHO cells with 
or without (first lane) stable expression of the hA3AR were pre-incubated for 30 min with antagonist 
(PSB-11, 1 µM final concentration) or 1% DMSO (control), prior to incubation for 1 h with 9 (LUF7960) 
(50 nM final concentration) or 1% DMSO (control). Proteins were deglycosylated with PNGase for 1 h. 
Click mix was then added, containing CuSO4 or MilliQ (control) and Cy5-N3 (1 µM final concentration) 
or DMSO (control). The samples were then denatured with Laemmli buffer (4x) and resolved by SDS-
PAGE. Gels were imaged using in-gel fluorescence and afterwards stained with CBB. The image shown 
is a representative of three individual experiments. 

LABELING OF hA3AR ON LIVE CHO CELLS 
Having confirmed binding and labeling of the hA3AR in CHO membrane fractions, we moved 
towards labeling experiments on live CHO cells stably expressing the hA3AR. Live cells were 
incubated with 50 nM of AfBP 9 (LUF7960), prior to processing for either SDS-PAGE or 
microscopy experiments. In case of SDS-PAGE experiments, membranes were collected, the 
probe-bound proteins clicked to a Cy5-fluorophore, denatured and resolved by SDS-PAGE. 
This yielded ‘cleaner’ gels as compared to labeling in membrane fractions: no strong off-target 
bands were observed (Figure 5). The smear of glycosylated hA3AR at ±70 kDa is now better 
visible (Figure 5A) and absent in the control lanes (no hA3AR, no AfBP or pre-incubation with 
PSB-11). Similar to the experiments on cell membranes, a strong reduction in size of the band 
is observed upon pre-incubation with PNGase (Figure 5B). Both signals were significantly 
reduced by pre-incubation with PSB-11 (Figure 5C-D). Thus, AfBP 9 (LUF7960) also binds 
and labels the hA3AR on live cells. We speculate that the increased amount of off-target 
labeling in membrane fractions is due to the high enrichment of subcellular membrane proteins. 
Together with the electrophilic nature of the AfBP, this can result in an increased amount of 
protein labeling, as we have observed in our experiments using an electrophilic A1AR probe 
(chapter 4).[39]  
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Figure 5. Labeling of the hA3AR on live CHO cells. CHO cells with or without (first lane) stable 
expression of the hA3AR were pre-incubated for 1 h with antagonist (PSB-11, 1 µM final concentration) 
at 37 °C, prior to incubation with 9 (LUF7960) (50 nM final concentration) for 1 h at 37 °C. After the 
incubation, unbound probe was washed away with PBS. Membranes were prepared, brought to a 
concentration of 1 µg/µL and subjected to the click reaction with Cy5-N3 (1 µM final concentration). 
Samples were then denatured with Laemmli buffer (4x), resolved by SDS-PAGE and imaged using in-
gel fluorescence. Gels were stained by Coomassie Brilliant Blue (CBB) as loading control. (A) Labeling 
of glycosylated hA3AR. (B) Labeling of deglycosylated hA3AR. PNGase was added prior to the addition 
of click reagents. (C-D) Quantification of the observed signals with and without addition of antagonist 
(PSB-11). The band intensities were calculated using ImageLab and corrected for the amount of protein 
measured after CBB staining. The band at 55 kDa of the PageRuler Plus ladder (not shown) was set to 
100% for each gel and band intensities were calculated relative to this band. The mean values ± SEM 
of three individual experiments are shown. Significance was calculated by a two-way ANOVA test using 
multiple comparisons (*** p < 0.001; ** p < 0.01). 

In case of the microscopy experiments, cells were fixed after probe incubation, followed by a 
click reaction with TAMRA-N3, multiple washing steps and staining of the cellular nuclei with 
DAPI prior to confocal imaging. A strong increase in TAMRA intensity was observed at the cell 
membranes upon addition of probe to the wells (Figure 6A), visible by the increase in signal at 
cell-cell contacts. This signal was reduced by pre-incubation with PSB-11 and was absent for 
CHO cells not expressing the hA3AR (Figure 6B-C). We therefore conclude that labeling of 
overexpressed hA3AR by 9 (LUF7960) on living CHO cells can be studied by both SDS-PAGE 
and confocal microscopy experiments. Multiple fluorescent ligands have already been verified 
in similar fluorescence microscopy assays.[19,21–24,28] Together these fluorescent ligands 
comprise a molecular ‘toolbox’ that allows extensive characterization of the hA3AR in 
microscopy assays, as well as localization and internalization (with fluorescent agonists) of the 
receptor.[12,24] The introduction of an electrophilic warhead and clickable handle on probe 9 
(LUF7960) extends the possibilities to study the hA3AR in microscopy assays, e.g. by allowing 
workflows that are dependent on thorough washing steps and/or denaturation of proteins. 
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Figure 6. Labeling of the hA3AR observed by confocal microscopy. CHO cells with (CHO-hA3AR) or 
without (CHO-K1) stable expression of the hA3AR were pre-incubated for 30 min with PSB-11 (1 µM 
final concentration) or 1% DMSO (control) and incubated for 60 min with 9 (LUF7960) or 1% DMSO 
(vehicle control). Cells were fixed, permeabilized and clicked to TAMRA-N3 as fluorophore (1 µM final 
concentration). The cells were then washed and kept in PBS containing 300 nM DAPI during confocal 
imaging. (A) Shown are DAPI staining (blue, first row), TAMRA staining (yellow, second row) and an 
overlay of both stains (third row). Images were acquired automatically at multiple positions in the well of 
interest and are representatives from two biological experiments. Scale bar = 50 µM. Figure was created 
using OMERO.[46] (B) Comparison of the integrated fluorescence intensity between treatment conditions. 
Data was obtained from 2x9 fields of view, from the same experiment performed in duplicate. Each data 
point represents the integrated fluorescent intensity of the TAMRA signal per individual cell. Shown in 
the bar graph is the average integrated fluorescence intensity of all individual cells ± SEM. Significance 
was calculated using a one-way ANOVA test using multiple comparisons. A significant increase in 
intensity is observed for the cells containing the hA3AR and treated with 9 (LUF7960), versus the other 
conditions. 

LABELING OF ENDOGENOUS hA3AR IN FLOW CYTOMETRY EXPERIMENTS 
Having established the potential of 9 (LUF7960) in overexpressing cell systems, we turned to 
native hA3AR expression in flow cytometry experiments in order to cope with expected low 
levels of observable fluorescence after receptor labeling caused by the notoriously low 
expression levels of GPCRs. Similar usage of fluorescent probes in flow cytometry 
experiments have thus far led to kinetic studies of ligand binding,[20,27] and detection of the 
hA3AR on the HL-60 model cell line.[21] In order to establish an assay setup for primary cells 
we first used CHO cells as a model system. To avoid the use of excess copper on live cells, 
AfBP 9 (LUF7960) was first clicked to a Cy5-fluorophore and desalted, before being incubated 
for 1 h with living CHO cells with or without stable expression of the hA3AR. Unbound probe 
was removed by washing steps and cells were analyzed by flow cytometry. The two types of 
CHO cells (+/- hA3AR) showed a difference in Cy5 mean fluorescence intensity (MFI), i.e.: 
hA3AR-expressing CHO cells showed a significant increase in Cy5 MFI upon probe labeling, 
which was absent for CHO cells without hA3AR (Figure 7A-B). Next to that, pre-incubation with 
PSB-11 significantly reduced the observed signal in case of the hA3AR-expressing CHO cells 
(Figure 7A-B), indicating that the observed signal is hA3AR-specific. Noteworthy, no significant 
labeling was observed with a commercially available fluorophore-conjugated hA3AR antibody. 
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Figure 7. Labeling of the hA3AR in flow cytometry experiments. Samples were pre-incubated for 30 min 
with the antagonist PSB-11 and incubated for 60 min with 9 (LUF7960) pre-clicked to a Cy5 fluorophore 
(9-Cy5). Samples were then washed and analyzed on Cy5 fluorescence by flow cytometry. (A) Cy5 
mean fluorescence intensity (MFI) in CHO cells with (CHO-hA3AR) and without (CHO-K1) stable 
expression of the hA3AR. Values represent the mean ± SEM of three individual experiments performed 
in duplicate. Significance was calculated by a one-way ANOVA test using multiple comparisons (*** p < 
0.001; ** p < 0.01; ns = not significant). (B) Representative graph showing the observed shift in MFI 
related to hA3AR labeling in CHO-hA3AR cells. (C) MFI of 9-Cy5 in neutrophils and eosinophils purified 
from human blood samples. Values represent the mean ± SEM (n=4) of four donors from two individual 
experiments. Significance was calculated by a one-way ANOVA test using multiple comparisons (**** p 
< 0.0001; *** p < 0.001; ns = not significant). (D) Representative graph showing the observed shift in 
MFI related to hA3AR labeling in human eosinophils. 

Next we used the optimized procedure for further investigation of hA3AR expression on human 
granulocytes. Eosinophils and neutrophils were purified from human blood samples obtained 
from four donors, subjected to Cy5-clicked AfBP 9 (LUF7960) and analyzed by flow cytometry. 
Within these experiments, purified neutrophils did not show a significant increase in Cy5 MFI 
upon incubation with probe (Figure 7C). The purified eosinophils however, showed a significant 
increase in MFI that was reduced upon pre-incubation with the antagonist PSB-11 (Figure 7C-
D). Thus, with the aid of AfBP 9 (LUF7960) we were able to selectively detect hA3AR 
expression on human eosinophils, but not on human neutrophils. In the past hA3AR expression 
has been observed on both human eosinophils and neutrophils,[7–9,12–14] though the basal 
hA3AR expression levels on human neutrophils were low in comparison to the expression on 
stimulated neutrophils.[12,13] Correspondingly, the herein investigated neutrophils showed little 
to no hA3AR expressed on the cell surface.  
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Future studies that make use of AfBP 9 (LUF7960) might therefore yield new information on 
hA3AR expression levels on stimulated neutrophils, among other leukocytes. Furthermore, the 
role of the hA3AR in inflammatory conditions, such as asthma, ischemic injury and sepsis,[47–

49] might be elucidated using AfBP 9 (LUF7960) as tool to detect receptor expression. 

Conclusion 
In this work, we have synthesized and evaluated three affinity-based probes 5, 9 and 13, that 
are all shown to bind covalently and with similar apparent affinities to the hA3AR. Although all 
three probes were able to label the hA3AR in SDS-PAGE experiments, we decided to continue 
with 9 (LUF7960) due to the low number of off-target protein bands detected on gel. We show 
that AfBP 9 (LUF7960) is a versatile AfBP that can be used together with different fluorophores, 
examples in this study being Cy5 and TAMRA. The combination of 9 (LUF7960) with click 
chemistry allowed us to label the hA3AR in various assay types, such as SDS-PAGE, confocal 
microscopy and flow cytometry experiments, on both model cell lines and cells derived from 
human blood samples. In our hands, 9 (LUF7960) showed to be successful in the selective 
labeling of the hA3AR, while commercial antibodies were not. We therefore believe that probe 
9 (LUF7960) will be of great use in the detection and characterization of the hA3AR in different 
types of granulocytes, among other cell types. 
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Supplementary Figures  
 

Figure S1. A3AR ligands used in this study: covalent antagonist LUF7602, reversible control LUF7714 
and antagonist PSB-11.[31,43] 

Figure S2. Labelling of the hA3AR is evident in SDS-PAGE, but not in western blot experiments. (A) A 
specific hA3AR band (lane 6) is observed upon measuring in-gel fluorescence after protein labelling by 
AfBP 9 (LUF7960); (B) No specific hA3AR band is observed upon measuring chemiluminescence after 
protein labelling by the commercially available antibody, i.e.: the labelled proteins appear in both 
membrane fractions with and without (lane 1) expression of the hA3AR. (A-B) Membrane fractions from 
CHO cells with and without (first lane) overexpression over the hA3AR were pre-incubated for 30 min 
with the selective antagonist PSB-11 or 1% DMSO (vehicle control), prior to incubation for 1 h with AfBP 
9 (LUF7960). N-Glycans were removed using PNGase, probe-bound proteins clicked to Cy5-N3, 
denatured using Laemmli buffer and subjected to SDS-PAGE. The gel was imaged using in-gel 
fluorescence (Figure A) and subsequently transferred to 0.2 µM PVDF blots (Bio-Rad) using a Bio-Rad 
Trans-Blot Turbo system (2.5 A, 7 min). The blot was blocked in 5% BSA in TBST (1 h, rt) and subjected 
to primary antibody (rabbitαhA3AR) 1: 10.000 in 1% BSA in TBST (overnight, 4 ºC). The blot was washed 
(3 x TBST), subjected to secondary antibody (goatαrabbit-HRP) 1:2.000 in 1% BSA in TBST (1 h, rt), 
washed again (2 x TBST, 1 x TBS), activated with luminol enhancer and peroxide (3 min, rt, dark) and 
subsequently scanned on fluorescence (Figure A) and chemiluminescence (Figure B). Images are 
representatives of three individual experiments. 
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Figure S3. Gating strategy during analysis of the flow cytometry data. CHOhA3AR (A) and CHO-K1 (B) 
cells were selected based on population density using SSC-A vs FSC-A gating and possible doublets 
were removed using FSC-H vs FSC-A gating. Neutrophils (C) and eosinophils (D) were selected based 
on population density using SSC-A vs FSC-A gating and PE signal of the PE-conjugated Siglec-8 
antibody (selective marker for eosinophils) using PE-A vs APC-A gating. Q4 (neutrophils) and Q1 
(eosinophils) were further analyzed on Cy5 intensity (APC channel). 
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Experimental 

Chemistry 
All reactions were carried out using commercially available reagents, unless noted otherwise. 
Reagents and solvents were purchased from Sigma-Aldrich (Merck), Fisher Scientific or VWR 
chemicals. All reactions were carried out under an N2 atmosphere in oven-dried glassware. 
Reactions were monitored by thin layer chromatography (TLC) using TLC Silica gel 60 F254 
plates (Merck) and UV irradiation (254 or 366 nM) as detection method. 1H, 13C and 19F NMR 
spectra were recorded on a Bruker AV-300 (300 MHz), Bruker AV-400 (400 MHz) or Bruker 
AV-500 (500 MHz) spectrometer. Chemical shift values are reported in ppm (δ) using 
tetramethylsilane (TMS) or solvent resonance as internal standard. Coupling constants (J) are 
reported in Hz and multiplicities are indicated by s (singlet), d (doublet), dd (double doublet), t 
(triplet), q (quartet), p (pentuplet), h (hexuplet) or m (multiplet). Compound purity was 
determined by LC-MS, using the LCMS-2020 system (Shimadzu) coupled to a Gemini® 3 µm 
C18 110Å column (50 x 3 mm). In short, compounds were dissolved in H2O:Acetonitrile 
(MeCN):t-BuOH 1:1:1, injected onto the column and eluted with a linear gradient of H2O:MeCN 
90:10 + 0.1% formic acid  H2O:MeCN 10:90 + 0.1% formic acid over the course of 15 
minutes. High-resolution mass spectrometry (HRMS) was performed on a X500R QTOF mass 
spectrometer (SCIEX). 
 

Synthesis of 5 (LUF7930) 
 

 
 
 

 
 
 

 
 
 

 

 
1-Benzyl-8-methoxypyrido[2,1-f]purine-2,4(1H,3H)-dione (1) 

Compound 1 was synthesized in our lab as previously reported.[31] 
 

 
1-Benzyl-8-methoxy-3-propylpyrido[2,1-f]purine-2,4(1H,3H)-dione (2) 

1 (7.37 g, 22.9 mmol, 1.0 eq) was dissolved in acetonitrile (145 mL) and diazabicycloundecene 
(DBU) (9.58 mL, 64.1 mmol, 2.8 eq) and 1-bromopropane (6.30 mL, 68.6 mmol, 3.0 eq) were 
added. The mixture was stirred for 1 h at 70 °C and cooled with ice overnight. The solvent was 
then removed under vacuum. The residue was filtered and washed with H2O, EtOH and Et2O 
and further dried under vacuum. This yielded 2 (quant., 8.33 g, 22.9 mmol) as a white solid. 
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TLC (DCM:MeOH 98:2): Rf = 0.88. 1H NMR (400 MHz, (CD3)2SO): δ [ppm] = 8.81 (d, J = 7.4 
Hz, 1H), 7.43 – 7.38 (m, 2H), 7.35 (t, J = 7.3 Hz, 2H), 7.33 – 7.26 (m, 2H), 6.98 (dd, J = 7.4, 
2.6 Hz, 1H), 5.29 (s, 2H), 3.94 (s, 3H), 3.91 (t, J = 7.4 Hz, 2H), 1.63 (h, J = 7.5 Hz, 2H), 0.91 
(t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, (CD3)2SO): δ [ppm] = 162.2, 154.6, 151.8, 150.5, 
137.7, 129.4, 128.7, 128.4, 128.3, 108.8, 101.0, 96.7, 57.2, 46.9, 42.9, 21.9, 12.1. 
 

 
8-Methoxy-3-propylpyrido[2,1-f]purine-2,4(1H,3H)-dione (3) 

2 (4.04 g, 11.1 mmol, 1.0 eq), Pd(OH)2/C (4.05 g, 28.8 mmol, 2.6 eq) and ammonium formate 
(0.72 g, 11.4 mmol, 1.0 eq) were suspended in EtOH (500 mL) and stirred at 80 °C under reflux 
conditions. Over the course of one week, 3 extra portions of ammonium formate (0.72 g, 11.4 
mmol, 1.0 eq) were gradually added. The mixture was then cooled to rt and filtered over Celite. 
The residue was extracted with hot DMF and the filtrate was concentrated. The residue was 
purified by column chromatography (DCM:MeOH 98:2  90:10) to yield 3 (1.60 g, 5.82 mmol, 
53 % yield) as a white solid. TLC (DCM:MeOH 95:5): Rf = 0.38. 1H NMR (400 MHz, (CD3)2SO): 
δ [ppm] = 12.05 (s, 1H), 8.74 (d, J = 7.4 Hz, 1H), 7.12 (d, J = 2.5 Hz, 1H), 6.90 (dd, J = 7.4, 
2.5 Hz, 1H), 3.91 (s, 3H), 3.82 (t, J = 7.6 Hz, 2H), 1.63 – 1.52 (m, 2H), 0.88 (t, J = 7.3 Hz, 3H). 
13C NMR (101 MHz, (CD3)2SO): δ [ppm] = 161.1, 154.5, 151.1, 150.5, 149.8, 127.5, 107.3, 
95.4, 56.2, 41.0, 21.0, 11.2. 
 

 
3-(4-(Fluorosulfonyl)-N-(prop-2-yn-1-yl)benzamido)propyl 4-methylbenzenesulfonate 

(4) 

Compound 4 was synthesized in our lab as described in chapter 4. 
 

 
4-((3-(8-Methoxy-2,4-dioxo-3-propyl-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)(prop-2-yn-1-yl)carbamoyl)benzenesulfonyl fluoride (5) (LUF7930) 

To a solution of 3 (37 mg, 0.14 mmol, 1.0 eq), 4 (63 mg, 0.14 mmol, 1.0 eq) in dry DMF (1.5 
mL) and K2CO3 (29 mg, 0.20 mmol, 1.5 eq) were added. The reaction stirred over two nights 
at rt. The mixture was diluted with EtOAc (5 mL) and washed with water (2 x 5 mL). The water 
layers were combined and extracted with EtOAc (2 x 10 mL). The organic layers were 
combined, dried with MgSO4 and concentrated under reduced pressure. The crude product 
was purified with column chromatography (DCM:MeOH 98:2  95:5) to yield 5 (22 mg, 0.04 
mmol, 29%) as a white solid. NMR measurements revealed the presence of two rotamers at 
20 °C, but not at 100 °C. TLC (DCM:MeOH 98:2 + 1% Et3N): Rf= 0.63. 1H NMR (500 MHz, 
(CD3)2SO, 20 °C): δ [ppm] = 8.74 (dd, J = 23.1, 7.2 Hz, 1H), 8.25 (d, J = 8.3 Hz, 1H), 7.93 (d, 
J = 8.3 Hz, 1H), 7.81 (d, J = 8.6 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.23 (d, J = 15.1 Hz, 1H), 
6.95 (t, J = 7.9 Hz, 1H), 4.35 (s, 1H), 4.16 (t, J = 6.2 Hz, 1H), 4.03 (s, 1H), 3.91 (d, J = 10.1 
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Hz, 5H), 3.78 (t, J = 6.8 Hz, 1H), 3.60 (t, J = 6.4 Hz, 1H), 3.40 (s, 1H), 3.32 – 3.24 (m, 1H), 
2.19 – 2.12 (m, 1H), 2.11 – 2.03 (m, 1H), 1.64 – 1.56 (m, 1H), 1.56 – 1.47 (m, 1H), 0.86 (dt, J 
= 23.2, 7.4 Hz, 3H). 1H NMR (500 MHz, (CD3)2SO, 100 °C): δ [ppm] = 8.79 (d, J = 7.3 Hz, 1H), 
8.09 (d, J = 7.8 Hz, 2H), 7.74 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 2.7 Hz, 1H), 6.94 (dd, J = 7.4, 
2.6 Hz, 1H), 4.20 (s, 2H), 4.10 (d, J = 5.3 Hz, 2H), 3.95 (s, 3H), 3.90 (t, J = 7.3 Hz, 2H), 3.52 
(s, 2H), 3.11 (s, 1H), 2.16 (p, J = 6.6 Hz, 2H), 1.63 (h, J = 7.5 Hz, 2H), 0.90 (t, J = 7.5 Hz, 3H). 
13C NMR (126 MHz, (CD3)2SO, 20 °C): δ [ppm] = 168.2, 167.9, 161.2, 153.7, 153.3, 150.9, 
150.8, 150.5, 149.5, 149.4, 143.4, 132.4, 132.2, 132.0, 131.8, 128.9, 128.6, 128.3, 127.9, 
127.7, 107.7, 100.1, 99.8, 95.6, 95.5, 79.3, 79.2, 75.9, 74.6, 56.2, 46.2, 42.8, 41.7, 40.7, 40.2, 
38.8, 33.7, 26.9, 25.5, 20.9, 11.2. 13C NMR (126 MHz, (CD3)2SO, 100 °C) δ [ppm] = 167.7, 
160.9, 153.2, 151.6, 150.5, 149.1, 143.0, 132.2 (d, J = 23.7 Hz), 127.9, 127.7, 127.2, 107.0, 
99.6, 95.4, 78.6, 74.3, 55.7, 41.4, 40.1, 25.8, 20.3, 10.4. 19F NMR (471 MHz, (CD3)2SO, 20 

°C): δ [ppm] = 67.08, 66.35. 19F NMR (471 MHz, (CD3)2SO, 100 °C): δ [ppm] = 65.99. HRMS 

(ESI, m/z): [M+H]+, calculated: 556.1661, found: 556.1628. HPLC 97%, RT 10.830 min. 
 

Synthesis of 9 (LUF7960) 

 
 
 

 
Tert-butyl (3-(8-methoxy-2,4-dioxo-3-propyl-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)carbamate (6) 

3 (1.18 g, 4.3 mmol, 1.0 eq), tert-butyl (3-bromopropyl)carbamate (1.54 g, 6.5 mmol, 1.5 eq) 
and K2CO3 (890 mg, 6.5 mmol, 1.5 eq) were dissolved in DMF (60 mL) and refluxed at 100°C 
for 2 h. Afterwards the mixture was allowed to cool down to rt overnight. The next day, the 
solvents were removed by evaporation under reduced pressure. The residue was dissolved in 
chloroform (100 mL), washed with H2O (3 x 100 mL), dried over MgSO4 and concentrated 
under reduced pressure to yield 6 (1.80 g, 4.2 mmol, 97%) as a white solid. TLC (DCM:MeOH 
99:1): Rf = 0.76. 1H NMR (300 MHz, CDCl3): δ [ppm] = 8.82 (d, J = 7.3 Hz, 1H), 6.94 (d, J = 
2.5 Hz, 1H), 6.75 (dd, J = 7.4, 2.5 Hz, 1H), 5.62 (s, 1H), 4.26 (t, J = 6.2 Hz, 2H), 4.01 (d, J = 
7.5 Hz, 2H), 3.92 (s, 3H), 3.17 – 3.06 (m, 2H), 2.03 – 1.92 (m, 2H), 1.80 – 1.61 (m, 2H), 1.45 
(s, 9H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ [ppm] = 161.8, 156.2, 154.7, 
151.9, 150.1, 128.1, 107.9, 95.3, 79.1, 56.0, 42.9, 40.9, 37.2, 28.6, 21.6, 11.5. 
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1-(3-Aminopropyl)-8-methoxy-3-propylpyrido[2,1-f]purine-2,4(1H,3H)-dione (7) 

TFA (12.8 mL, 166.6 mmol, 40.0 eq) was added to a solution of 6 (1.80 g, 4.2 mmol, 1.0 eq) 
in chloroform (40 mL) and the mixture was stirred at 60°C overnight. Afterwards, the pH was 
increased with 2M NaOH (50 mL) to a value of approx. 10. The aqueous layer was extracted 
with EtOAc (2 x 50 mL) dried over MgSO4, filtered and concentrated under reduced pressure 
to yield 7 (1.25 g, 3.8 mmol, 90%) as a white solid. TLC (DCM:MeOH 90:10 + 1% NEt3): Rf = 
0.44. 1H NMR (400 MHz, CDCl3): δ [ppm] = 8.83 (dd, J = 7.3, 0.7 Hz, 1H), 6.95 (d, J = 1.9 Hz, 
1H), 6.74 (dd, J = 7.4, 2.5 Hz, 1H), 4.29 (t, J = 6.7 Hz, 2H), 4.02 (t, J = 7.6 Hz, 2H), 3.92 (s, 
3H), 2.74 (t, J = 6.5 Hz, 2H), 1.97 (p, J = 6.6 Hz, 2H), 1.71 (h, J = 7.4 Hz, 2H), 1.24 (t, J = 7.0 
Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ [ppm] = 161.6, 154.5, 151.5, 
151.3, 149.9, 127.8, 107.6, 100.9, 95.1, 55.9, 42.6, 40.7, 38.8, 31.9, 21.4, 11.3. 
 

 
1-(3-Aminopropyl)-8-hydroxy-3-propylpyrido[2,1-f]purine-2,4(1H,3H)-dione (14) 

BBr3 (1M solution in DCM) (30.2 mL, 30.2 mmol, 10 eq) was added to a solution of 7 (1.00 g, 
3.0 mmol, 1.0 eq) in CHCl3 (40 mL). The mixture was refluxed at 50 °C overnight. As the 
reaction was not complete (as determined by LC-MS) additional BBr3 (1M solution in DCM) 
(30.2 mL, 30.2 mmol, 10 eq) was added and the mixture was refluxed for 5 days. The reaction 
was then cooled to rt, upon which H2O (100 mL) was added dropwise to quench the reaction. 
The mixture was stirred for 1 h and afterwards the organic layer was removed. The aqueous 
layer was concentrated to yield crude 14. This was used in subsequent reaction steps without 
further purification.  
 

 
4-((3-(8-Hydroxy-2,4-dioxo-3-propyl-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)carbamoyl)benzenesulfonyl fluoride (8) 

4-Fluorosulfonyl benzoic acid (678 mg, 3.3 mmol, 1.1 eq) and EDC·HCl (868 mg, 4.5 mmol, 
1.5 eq) were dissolved in dry DMF (10 mL) and stirred at rt. After one hour, the mixture was 
added to a solution of crude 14 (958 mg, 3.0 mmol, 1.0 eq) in dry DMF (20 mL). DIPEA (1.8 
mL, 10.6 mmol, 3.5 eq) was added and the mixture was stirred overnight. The reaction was 
not completed by then (as indicated by LC-MS) and therefore additional 4-fluorosulfonyl 
benzoic acid (678 mg, 3.3 mmol, 1.1 eq) and EDC·HCl (868 mg, 4.5 mmol, 1.5 eq) were added. 
The mixture was stirred overnight and the next day DCM (150 mL) was added. The organic 
layer was washed with 1M HCl (2 x 200 mL), dried over MgSO4, filtrated and concentrated 
under reduced pressure. The residue was purified by column chromatography (DCM:MeOH 
98:2  80:20) to yield 8 (194 mg, 0.4 mmol, 13% over two steps) as a white solid. TLC 

(DCM:MeOH 95:5): Rf = 0.45. 1H NMR (500 MHz, CDCl3): δ [ppm] = 8.77 (d, J = 7.1 Hz, 1H), 
8.69 (t, J = 6.2 Hz, 1H), 8.18 (d, J = 8.1 Hz, 2H), 8.06 (d, J = 8.1 Hz, 2H), 7.96 (m, 1H), 6.96 
(s, 1H), 6.80 (d, J = 7.0 Hz, 1H), 4.27 (t, J = 5.9 Hz, 2H), 3.99 (t, J = 7.4 Hz, 2H), 3.44 (m, 2H), 
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2.10 (m, 2H), 1.68 (h, J = 6.9 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 
[ppm] = 165.5, 161.0, 154.3, 151.9, 151.3, 150.2, 141.0, 135.3 (d, J = 25.1 Hz), 128.8, 128.6, 
108.3, 100.9, 98.1, 43.0, 40.9, 36.4, 27.4, 21.5, 11.4. 19F NMR (471 MHz, CDCl3): δ [ppm] = 
65.58. 
 

 
4-((3-(2,4-Dioxo-8-(prop-2-yn-1-yloxy)-3-propyl-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)carbamoyl)benzenesulfonyl fluoride (9) (LUF7960) 

A 80% v/v solution of propargyl bromide in toluene (0.42 mL, 0.4 mmol, 1.0 eq) was further 
diluted in dry DMF (4.2 mL) and added to a solution of 8 (194 mg, 0.4 mmol, 1.0 eq) in dry 
DMF (20 mL). K2CO3 (53 mg, 0.4 mmol, 1.0 eq) was added to the mixture, which was stirred 
overnight. The mixture was then diluted with EtOAc (80 mL) and the organic layer was washed 
with H2O (2 x 100 mL) and brine (100 mL), dried over MgSO4 and concentrated under reduced 
pressure. The residue was purified by column chromatography (Pentane:EtOAc 3:7) to yield 9 
(63 mg, 0.1 mmol, 30%) as a white solid. TLC (EtOAc): Rf = 0.54. 1H NMR (500 MHz, CDCl3): 
δ [ppm] = 8.91 (d, J = 7.4 Hz, 1H), 8.47 (t, J = 6.3 Hz, 1H), 8.27 (d, J = 8.0 Hz, 2H), 8.18 (d, J 
= 8.5 Hz, 2H), 7.03 (d, J = 2.5 Hz, 1H), 6.85 (dd, J = 7.4, 2.5 Hz, 1H), 4.82 (d, J = 2.4 Hz, 2H), 
4.35 (t, J = 5.8 Hz, 2H), 4.09 – 4.02 (m, 2H), 3.46 (q, J = 6.1 Hz, 2H), 2.64 (t, J = 2.4 Hz, 1H), 
2.16 (p, J = 5.9 Hz, 2H), 1.74 (h, J = 7.5 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 
CDCl3): δ [ppm] = 164.8, 159.8, 154.5, 152.1, 151.4, 149.5, 141.6, 135.4 (d, J = 29.1 Hz), 
128.9, 128.6, 128.4, 108.3, 101.3, 96.6, 77.7, 76.6, 56.6, 43.0, 40.8, 35.8, 27.6, 21.6, 11.5. 19F 

NMR (471 MHz, CDCl3): δ [ppm] = 65.76. HRMS (ESI, m/z): [M+H]+, calculated: 542.1504, 
found: 542.1478. HPLC 98%, RT 10.875 min. 
 

Synthesis of 13 (LUF7934) 
 

 
 
 

 
8-Methoxypyrido[2,1-f]purine-2,4(1H,3H)-dione (10) 

1 (5.0 g, 15.51 mmol, 1.0 eq) was suspended in EtOH (250 mL) . Pd(OH)2/C (2.2 g, 15.5 mmol, 
1.0 eq) was added and the reaction was brought under a nitrogen atmosphere. Ammonium 
formate (6.6 g, 105 mmol, 4.6 eq) was added and the mixture was refluxed at 80 °C. Over a 
period of one week, ten portions of ammonium formate (6.6 g, 105 mmol, 4.6 eq) were 
gradually added, as well as one portion of extra Pd(OH)2/C (2.20 g, 15.5 mmol, 1.0 eq). 
Afterwards, the mixture was cooled to rt and filtered over Celite. The residue was extracted 
five times with hot DMF (100 mL). The filtrates were combined and concentrated. The residue 
was purified by column chromatography (DCM:MeOH 90:10  80:2) to yield 3.0 g of crude 
mixture 10. This compound was used in subsequent reaction steps without further 
purifications. LC-MS [ESI+H]+: 233.00. 
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Tert-butyl (3-(8-methoxy-2,4-dioxo-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)carbamate (11) 

Crude 10 (1.57 g, 6.8 mmol, 1.0 eq) was dissolved in dry DMF (70 mL) and tert-butyl (3-
bromopropyl)carbamate (1.61 g, 6.8 mmol, 1.0 eq) was added. The mixture was cooled to 0 
°C and K2CO3 was added (1.40 g, 10.1 mmol, 1.5 eq). The mixture was allowed to warm up to 
rt overnight and was stirred for another 3 days. Due to the slow progress of the reaction, the 
mixture was heated at 40 °C and stirred for another 2 days. Extra tert-butyl (3-
bromopropyl)carbamate was then added (0.32 g, 1.4 mmol, 0.2 eq), which resulted in the slow 
formation of double substituted 3 (as determined by LC-MS). The reaction was therefore 
stopped. EtOAc (180 mL) was added and the organic layer was washed with H2O (3 x 180 mL) 
and brine (90 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The 
residue was purified by column chromatography (DCM:MeOH 98:2  95:5) to yield 11 (486 
mg, 1.68 mmol, 25%). LC-MS [ESI+H]+: 390.15. 
 

 
1-(3-Aminopropyl)-8-methobxy-3-(prop-2-yn-1-yl)pyrido[2,1-f]purine-2,4(1H,3H)-dione 

(12) 

(i) Propargylbromide (80% in toluene) (446 μL, 4.14 mmol, 3.0 eq) and DBU (0.619 mL, 4.14 
mmol, 3.0 eq) were added to a mixture of 11 (536 mg, 1.38 mmol, 1.0 eq) in acetonitrile (7 
mL), upon which the suspension became a clear solution. The mixture was stirred overnight 
and the next day H2O (25 mL) was added. The aqueous layer was extracted with DCM (2 x 35 
mL). The organic layers were combined, dried over MgSO4, filtered and concentrated under 
reduced pressure. (ii) The resulting residue was dissolved in DCM (10 mL) and TFA (5 mL) 
was added. The mixture was stirred for 2 h and afterwards quenched by the addition of 2M 
NaOH (50 mL). The aqueous layer was extracted with EtOAc (2 x 50 mL). The organic layers 
were combined, dried with MgSO4, filtered and concentrated under reduced pressure. The 
residue was purified by column chromatography (DCM:MeOH 95:5  85:15) to yield 12 (300 
mg, 0.92 mmol, 67%) as an off-white solid. TLC (DCM:MeOH 85:15 + 1% Et3N): Rf = 0.67. 1H 

NMR (500 MHz, CD3OD): δ [ppm] = 8.69 (d, J = 7.3 Hz, 1H), 6.99 (d, J = 2.5 Hz, 1H), 6.83 (dd, 
J = 7.4, 2.5 Hz, 1H), 4.70 (d, J = 2.4 Hz, 2H), 4.23 (t, J = 6.4 Hz, 2H), 3.90 (s, 3H), 2.99 (t, J = 
7.2 Hz, 2H), 2.48 (t, J = 2.4 Hz, 1H), 2.15 (p, J = 6.8 Hz, 2H). 
 

 
4-((3-(8-Methoxy-2,4-dioxo-3-(prop-2-yn-1-yl)-3,4-dihydropyrido[2,1-f]purin-1(2H)-

yl)propyl)carbamoyl)benzenesulfonyl fluoride (13) (LUF7934) 

EDC·HCl (347 mg, 1.81 mmol, 2.0 eq), 4-(fluorosulfonyl)benzoic acid (347 mg, 1.70 mmol, 1.9 
eq) and DIPEA (387 µl, 2,26 mmol) were added to a solution of 12 (300 mg, 0.92 mmol, 1.0 
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eq) in dry DMF (6 mL). The mixture was stirred for 3 h, after which all starting material was 
consumed (as determined by TLC). DCM (50 mL) was added and the organic layer was 
washed with water (50 mL) and brine (50 mL), dried over MgSO4, filtered and concentrated 
under reduced pressure. The residue was purified by column chromatography (DCM:MeOH 
99:1  98:2) and (Pentane:EtOAc 1:1  0:1) to yield 13 (60 mg, 0.12 mmol, 13%) as a white 
solid. TLC (DCM:MeOH 99:1): Rf = 0.35. 1H NMR (500 MHz, CDCl3): δ [ppm] = 8.85 (d, J = 
7.3 Hz, 1H), 8.27 (t, J = 6.2 Hz, 1H), 8.24 (d, J = 8.3 Hz, 2H), 8.14 (d, J = 8.5 Hz, 2H), 6.86 (d, 
J = 2.5 Hz, 1H), 6.82 (dd, J = 7.3, 2.5 Hz, 1H), 4.86 (d, J = 2.4 Hz, 2H), 4.37 (t, J = 6.0 Hz, 2H), 
3.92 (s, 3H), 3.48 (q, J = 6.0 Hz, 2H), 2.21 (t, J = 2.4 Hz, 1H), 2.20 – 2.14 (m, 2H). 13C NMR 
(126 MHz, CDCl3): δ [ppm] = 165.0, 162.5, 153.3, 151.5, 151.2, 149.9, 141.6, 135.4 (d, J = 
25.4 Hz), 128.8, 128.7, 128.4, 108.6, 101.0, 95.1, 78.5, 71.0, 56.2, 41.2, 36.0, 30.6, 27.5. 19F 

NMR (471 MHz, CDCl3): δ [ppm] = 65.71. HRMS (ESI, m/z): [M+H]+, calculated: 514.1191, 
found: 514.1149. HPLC 100%, RT 10.077 min. 
 

Biology 
 
Ethics approval 
The parts of the study involving human participants were reviewed and approved by Sanquin 
Institutional Ethical Committee (project number NVT0606.01). All blood samples were obtained 
after informed consent and according to the Declaration of Helsinki 1964. The patients and 
participants provided informed consent to participate in this study. 
 

Cell lines 
Chinese hamster ovary (CHO) cells stably expressing the human adenosine A3 receptor 
(CHOhA3AR) were kindly provided by Prof. K.N. Klotz (University of Würzburg). CHO cells 
stably expressing the human adenosine A1 receptor (CHOhA1AR) were kindly provided by 
Prof. S.J. Hill (University of Nottingham), human embryonic kidney 293 (HEK293) cells stably 
expressing the human adenosine A2A receptor (HEKhA2AAR) were kindly provided by Dr. J. 
Wang (Biogen) and CHO cells stably expressing the human A2B receptor (CHO-spap-hA2BAR) 
were kindly provided by S.J. Dowell (GlaxoSmithKline). 
 

Radioligands 
[3H]PSB-11, specific activity 56 Ci/mmol, was a kind gift from Prof. C.E. Müller (University of 
Bonn). [3H]DPCPX, specific activity 137 Ci/mmol, and [3H]ZM241385, specific activity 50 
Ci/mmol, were purchased from ARC Inc. and [3H]PSB-603, specific activity 79 Ci/mmol, was 
purchased from Quotient Bioresearch. 
 

Chemicals 
5’-(N-Ethylcarboxamido)adenosine (NECA), N6-Cyclopentyladenosine (CPA) and adenosine 
deaminase (ADA) were purchased from Sigma-Aldrich. ZM241385 was kindly provided by Dr. 
S.M. Poucher (AstraZeneca), CGS21680 was purchased from Ascent Scientific, PSB 1115 
potassium salt was purchased from Tocris Bioscience and PSB-11 hydrochloride was 
purchased from Abcam Biochemicals. Bicinchoninic acid (BCA) protein assay reagents were 
purchased from Thermo Scientific. All click reagents (CuSO4, sodium ascorbate (NaAsc), 
Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), Cy5-N3 and Azide-Fluor-545 (TAMRA-
N3)) were purchased from Sigma-Aldrich. PierceTM ECL Western Blotting Substrate was 
ordered from Thermo Scientific. 4x Laemmli Sample Buffer was ordered from Bio-Rad. All 
other chemicals were of analytical grade and obtained from standard commercial sources. 
 

122

Chapter 5

168788 Beerkens BNW.indd   122168788 Beerkens BNW.indd   122 28-09-2023   09:1828-09-2023   09:18



 

Biologicals 
PNGase (cat# V4831) was purchased from Promega (Leiden, The Netherlands). 
RabbitαhA3AR antibody (cat# bs-1225R) was ordered from Thermo Scientific (Landsmeer, The 
Netherlands), rabbitαhA3AR PE conjugate (cat# orb495084) was ordered from Biorbyt 
(Huissen, The Netherlands), goatαrabbit-HRP antibody (cat# 115-035-003) was purchased 
from Brunschwig Chemie (Amsterdam, The Netherlands) and PE anti-human Siglec-8 
Antibody (mouse IgG1 clone 7C9) (cat# 347104) was purchased from Biolegend (San Diego, 
CA, USA). Bovine Serum Albumin (BSA)(cat# 268131000) was purchased from Acros 
Organics (Geel, Belgium). 
 

Cell culture and membrane preparation 
CHOhA3AR, CHOhA1AR, CHOhA2AAR, CHO-spap-hA2BAR and CHO-K1 cells were cultured 
as previously reported.[50] Membranes were prepared in the following manner: cells were 
detached from plates by scraping in PBS (5 mL). The cells were collected and centrifuged (5 
min, 1000 rpm). Supernatant was removed and cells were resuspended in ice-cold Tris-HCl 
buffer (pH 7.4). The cells were homogenized (Heidolph Diax 900 homogenizer) and the 
membranes were separated from the cytosolic fraction by centrifugation (20 min, 31000 rpm, 
4°C) using a Beckman Optima LE-80 K ultracentrifuge. The pellet was resuspended in Tris-
HCl buffer and the homogenization and centrifugation steps were repeated. The resulting pellet 
was resuspended in Tris-HCl buffer and ADA was added (0.8 U/mL) to break down 
endogenous adenosine. Total protein concentrations were determined using the BCA 
method.[51]  
 

Radioligand displacement assays 
 
Single point assay on all four adenosine receptors 

Membrane aliquots containing 15 µg (CHOhA3AR), 5 µg (CHOhA1AR) or 30 µg 
(HEK293hA2AAR and CHO-spap-A2BAR) of protein were resuspended in assay buffer (A3AR: 
50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1mM EDTA, 0.01% CHAPS; A1AR and A2AAR: 50 mM 
Tris-HCl, pH 7.4; A2BAR: 50 mM Tris-HCl, pH 7.4, 0.1% CHAPS). Competing ligand (1 µM) 
and radioligand (A3AR: 10 nM [3H]PSB-11; A1AR: 1.6 nM [3H]DPCPX; A2AAR: 1.7 nM 
[3H]ZM241385; A2BAR: 1.5 nM [3H]PSB-603) were added and the samples were incubated in 
a total volume of 100 µL of the respective assay buffer for 30 min at 25 °C. Nonspecific binding 
was determined in the presence of 100 µM NECA (A3AR), 100 µM CPA (A1AR), 100 µM NECA 
(A2AAR) and 10 µM ZM241385 (A2BAR). Incubations were terminated by rapid vacuum filtration 
to separate the bound and free radioligand through prewetted 96-well GF/C filter plates using 
a PerkinElmer Filtermate-harvester. Filters were subsequently washed 12 times with ice-cold 
wash buffer (A3AR: 50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1mM EDTA; A1AR and A2AAR: 50 
mM Tris-HCl, pH 7.4; A2BAR: 50 mM Tris-HCl, pH 7.4, 0.1% BSA). The plates were dried at 55 
°C and MicroscintTM-20 cocktail (PerkinElmer) was added subsequently. After 3 h the filter-
bound radioactivity was determined by scintillation spectrometry using a 2450 MicroBeta 
Microplate Counter (PerkinElmer). 
 

Full curve assay on the adenosine A3 receptor 

Membrane aliquots containing 15 µg of protein (CHOhA3AR) were resuspended in assay buffer 
(50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1mM EDTA, 0.01% CHAPS). Competing ligand 
(concentrations ranging from 0.1 to 1000 nM) was added and pre-incubated with the 
membrane fractions for either 0 or 4 hours. Radioligand (10 nM [3H]PSB-11) was then added 
and incubated with the samples in a total volume of 100 µL of assay buffer for 30 min at 25 °C. 
Nonspecific binding was determined in the presence of 100 µM NECA. Incubations were 
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terminated by rapid vacuum filtration through prewetted 96-well GF/C filter plates using a 
PerkinElmer Filtermate-harvester. Filters were subsequently washed 12 times with ice-cold 
wash buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1mM EDTA). The plates were dried at 55 
°C and MicroscintTM-20 cocktail (PerkinElmer) was added subsequently. After 3 h the filter-
bound radioactivity was determined using a Tri-Carb 2810TR Liquid Scintillation Analyzer 
(PerkinElmer). 
 
Wash-out assay 

200 µL assay buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1 mM EDTA and 0.01% CHAPS), 
100 µL assay buffer containing competing ligand (final concentration: 1 µM) and 100 µL of 
CHOhA3AR membrane fractions (100 µg protein) were combined and pre-incubated for 2 h at 
25 °C while shaking. The ‘4x washed’ samples were centrifuged (5 min, 13000 rpm, 4 °C) and 
the supernatant removed. The resulting pellet was dissolved in 1 mL assay buffer and 
incubated for 10 min at 25 °C while shaking. The ‘4x washed’ samples were then again 
centrifuged (2 min, 13000 rpm, 4 °C), the supernatant removed and the resulting pellet 
dissolved in 1 mL assay buffer. The latter washing steps were repeated two times (four times 
washing total) and the final pellet was dissolved in 300 µL assay buffer. Radioligand (10 nM 
[3H]PSB-11) in 100 µL assay buffer was added to all samples and the samples were incubated 
at 25 °C for 1 h. Nonspecific binding was determined in the presence of 100 µM NECA. 
Incubations were terminated by addition of 1 mL ice-cold washing buffer (50 mM Tris-HCl, pH 
8.0, 10 mM MgCl2, 1mM EDTA) and rapid vacuum filtration through prewetted 96-well GF/B 
filter plates using a Brandel harvester. Filters were subsequently washed 5 times with ice-cold 
wash buffer. The plates were dried under vacuum and MicroscintTM-20 cocktail (PerkinElmer) 
was added subsequently. After 3 h the filter-bound radioactivity was determined using a 2450 
MicroBeta Microplate Counter (PerkinElmer). 
 
Data analysis and statistics 

Data analysis was performed using GraphPad Prism version 9.0.0 (San Diego, California 
USA). pIC50 values were obtained by non-linear regression curve fitting and converted to pKi 
values using the Cheng-Prusoff equation.[52] As such, the KD values of 1.6 nM of [3H]DPCPX 
at CHOhA1AR membranes and 1.7 nM of [3H]PSB603 at CHO-spap-hA2BAR membranes were 
taken from previous experiments,[53,54] while the KD values of 1.0 nM of [3H]ZM241385 at 
HEK293hA2AAR membranes and 17.3 nM of [3H]PSB-11 at CHOhA3AR membranes were 
taken from in-house determinations. Single point displacement values shown are mean 
percentages of two individual experiments performed in duplicate. All pKi values shown are 
mean values ± SEM of three individual experiments performed in duplicate. Statistical analysis 
was performed using a one-way ANOVA test with multiple comparisons (**** p < 0.0001).  
 

SDS-PAGE experiments 
 
SDS-PAGE experiments using membranes  

Membrane fractions were prepared as mentioned above and diluted to a concentration of 1 
µg/µL. 18 µL of membrane fractions from either CHOhA3AR or CHO-K1 cells were taken. 1 µL 
of competing ligand (PSB-11, unless noted otherwise) was added (final concentration: 1 µM in 
0.05% DMSO in assay buffer) and the samples were shaken for 30 min at rt. 1 µL of affinity-
based probe was then added (final concentration: 50 nM in 0.05% DMSO in assay buffer, 
unless noted otherwise) and the samples were shaken for 1 h at rt. Deglycosylation was 
initiated by addition of 0.5 µL PNGaseF (5U), 0.5 µL MilliQ water for the control samples, and 
the samples were shaken for 1 h at rt. Click mix was freshly prepared by adding together: 5 
parts 100 mM CuSO4 in MilliQ, 3 parts 1 M NaAsc in MilliQ, 1 part 100 mM THPTA in MilliQ 
and 1 part 100 µM Cy5-N3 in DMSO. 2.28 µL of click mix was added to the samples (final 
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concentration Cy5-N3: 1 µM in 1% DMSO in MilliQ) and the samples were shaken for 1 h at rt. 
Lastly 7.59 µL of 4x Laemmli buffer was added and the samples were shaken for at least 1 h 
at rt. The samples were then loaded on gel (12.5% acrylamide) and run (180 V, 100 min). In-
gel fluorescence was measured on a Bio-Rad Universal Hood III using Cy3 (605/50 filter) or 
Cy5 (695/55 filter) settings. Pageruler prestained protein ladder was used as molecular weight 
marker. After scanning, gels were either transferred to 0.2 µM PVDF blots (Bio-Rad) using a 
Bio-Rad Trans-Blot Turbo system (2.5 A, 7 min) or stained with Coomassie Brilliant Blue.  
 
SDS-PAGE experiments using live CHO cells 

CHOhA3AR and CHO-K1 cells were cultured as mentioned above. Cells were grown to ~90% 
confluency in 10 cm φ plates. 10 plates were used per condition per experiment. Medium was 
removed and competing ligand (PSB-11, unless noted otherwise) in medium (final 
concentration: 1 µM) was added. Cells were incubated for 1 h (37 °C, 5% CO2). Medium was 
removed and affinity-based probe (final concentration: 50 nM in medium) was added. The cells 
were incubated for 1 h (37 °C, 5% CO2) and washed with PBS to get rid of all the non-bound 
probe. Subsequently the membranes prepared and collected using the procedure as described 
above. Membrane aliquots were diluted to a concentration of 1 µg/µL and 20 µL was taken per 
sample. PNGase (0.5 µL, 5U) or MilliQ was added and the samples were incubated 1 h at rt. 
Next, click mix was freshly prepared by adding together: 5 parts 100 mM CuSO4 in MilliQ, 3 
parts 1 M NaAsc in MilliQ, 1 part 100 mM THPTA in MilliQ and 1 part 100 µM Cy5-N3 in DMSO. 
2.28 µL of click mix was added per sample (final concentration Cy5-N3: 1 µM in 1% DMSO in 
MilliQ) and the samples were shaken for 1 h at rt. 7.59 µL of 4x Laemmli buffer was added per 
sample and the samples were shaken for at least 1 h at rt. The samples were then loaded on 
gel (12.5% acrylamide) and run (180 V, 100 min). In-gel fluorescence was measured on a Bio-
Rad Universal Hood III using Cy3 (605/50 filter) or Cy5 (695/55 filter) settings. Pageruler 
prestained protein ladder was used as molecular weight marker. After scanning, gels were 
either transferred to 0.2 µM PVDF blots (Bio-Rad) using a Bio-Rad Trans-Blot Turbo system 
(2.5 A, 7 min) or stained with Coomassie Brilliant Blue. 
 
Western blot experiments 

Blots were blocked for 1 h at rt in 5% BSA in TBST. Primary antibody RabbitαhA3AR (bs-
1225R) 1:10.000 in 1% BSA in TBST was then added and the blots were incubated overnight 
at 4 °C. Blots were washed (3 x TBST) and incubated for 1 h at rt with secondary antibody 
goatαrabbit-HRP (115-035-003) 1:2.000 in 1% BSA in TBST. The blots were washed (2 x 
TBST and 1 x TBS) and activated by incubating 3 min in the dark using 1 mL of both reagents 
of PierceTM ECL Western Blotting Substrate. Blots were scanned on chemiluminescence and 
fluorescence using the Bio-Rad Universal Hood III. 
 
Data Analysis and statistics 

Gel images were analyzed using Image LabTM software version 6.0.1 (Bio-Rad). Quantification 
was done in the following manner: the area under the curve (AUC) of the bands was selected 
using the ‘Lane Profile’ tab and the adjusted volumes were taken. The adjusted volumes were 
then corrected for the amount of protein in each lane, using the adjusted total lane volumes of 
the Coomassie stained gels. The volume of the band at 55 kDa in the molecular weight marker 
(PageRuler Plus) was set to 100 (%) and the other bands were normalized accordingly. Further 
data analysis and statistics were carried out using Graphpad Prism. All given percentages are 
the mean values ± SEM of three individual experiments. Statistical analysis was performed 
using a one- or two-way ANOVA test with multiple comparisons (*** p < 0.001; ** p <0.01; ns 
= not significant). 
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Confocal Microscopy Experiments 
 
Probe binding and click reaction 

CHOhA3AR and CHO-K1 cells were cultured in a 96-well plate. Upon reaching a confluency of 
about 90%, the medium was replaced by medium containing PSB-11 (final concentration: 1 
µM) or 1% DMSO (control) and the cells were pre-incubated for 30 min (37 °C and 5% CO2). 
The medium was then replaced with medium containing LUF7960 (final concentration: 50 nM) 
or 1% DMSO (vehicle) and the cells were incubated for 60 min (37 °C and 5% CO2). The cells 
were washed with PBS to remove unbound probe and afterwards fixed using a 4% PFA in 10% 
formalin solution (15 min, rt). The remaining fixative was removed by washing with PBS and 
subsequently with 20 mM glycine in PBS. The cells were permeabilized by incubation in 0.1% 
saponin in PBS (10 min, rt). Remaining saponin was removed by a PBS wash and the cells 
were stored at 4 °C until further usage. At the day of imaging, PBS was removed and the cells 
were incubated for 1 h in freshly prepared click mix (100 µL 100 mM CuSO4 in MilliQ, 100 µL 
1 M NaAsc in MilliQ, 100 µL mM THPTA in MilliQ, 9.66 mL HEPES pH 7.4 and 40 µL 1 mM 
TAMRA-N3 in DMSO, added in the respective order). Remaining click mix was removed by 
washing with PBS, incubating for 30 min with 1% BSA in PBS and again washing with PBS. 
Cells were stored in 300 nM DAPI in PBS prior to imaging.  
 

Image acquisition 

Microscopy was performed on a Nikon Eclipse Ti2 C2+confocal microscope (Nikon, 
Amsterdam, The Netherlands) and this system included an automated xy-stage, an integrated 
Perfect Focus System (PFS) and 408 and 561 lasers. The system was controlled by Nikon’s 
NIS software. All images were acquired using a 20x objective with 0.75 NA at a resolution of 
1024x1024 pixels. The acquisition of 9 fields of view per well was done automatically using the 
NIS Jobs functionality. Representative images are shown in the figure and were created by 
using OMERO.[46]  
 
Quantification 

CellProfiler (version 2.2.0) was used to create a binary image of the DAPI channel and to 
propagate the cytoplasmic area based on the DAPI binary. An overlay of the binary 
cytoplasm/TAMRA channel was generated to quantify per segmented pixel the TAMRA 
intensity. The sum of these intensities in the cytoplasm mask is referred to as the integrated 
TAMRA intensity in the cytoplasm. Segmentation results were further processed using Excel 
while GraphPadPrism 9 was used for data visualization and statistics. 
 

Flow Cytometry Experiments 
 
Click reaction between LUF7960 and Cy5-N3 

Click mix was freshly prepared by combining in a 2 mL Eppendorf tube: 250 µL of 100 mM 
CuSO4 in MilliQ, 150 µL of 1 M NaAsc in MilliQ, 50 µL of 100 mM THPTA in MilliQ and 50 µL 
of 50 µM Cy5-N3 in DMSO, in the same respective order. Next, 500 µL of 2 µM LUF7960 in 
1% DMSO in MilliQ was added and the mixture was incubated for 1 h at rt while shaking (1000 
rpm). The mixture was desalted using a Waters Sep-Pak C18 column (WAT054945). Briefly, 
the mixture was loaded on the column and washed three times with 1 mL MilliQ. The product 
(LUF7960-Cy5) was then eluted using 1 mL of acetonitrile. The solvent was removed using an 
Eppendorf Concentrator Plus and the residue was dissolved in DMSO to obtain the stock 
concentrations of LUF7960-Cy5. 
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Flow cytometry experiments using CHO cells 

CHOhA3AR and CHO-K1 cells were cultured as mentioned above. The cells were detached 
using Trypsin and centrifuged (5 min, 1500 rpm). The pellet was dissolved in medium (1 mL), 
the cells were counted and the solution was diluted to 1.000.000 cells/mL. 100 µL of cell 
solution was added to each well of a 96-well plate. The plate was centrifuged (5 min, 1500 
rpm) and the medium was replaced by medium containing PSB-11 (final concentration: 1 µM) 
or 1% DMSO (control). Cells were resuspended and incubated for 30 min (37 °C, 5% CO2). 
The plate was centrifuged (5 min, 1500 rpm) and the medium was replaced by medium 
containing pre-clicked LUF7960-Cy5 (final concentration: 50 nM). Cells were resuspended and 
incubated for 1 h (37 °C, 5% CO2). The plate was centrifuged (5 min, 1500 rpm), the medium 
was removed and 1% BSA in PBS containing rabbitαhA3AR PE conjugate (1:500) was added. 
Cells were resuspended and incubated for 30 min at 4 °C. The cells were washed with 1% 
BSA in PBS to remove unbound probe and antibody and resuspended in 1% BSA in PBS. 
Cells were measured using a Cytoflex S (Beckman and Coulter, USA) and data was analyzed 
with FlowJoTM v10.0.7 (BD Life Sciences). The gating strategy is shown in Figure S3. 
 
Purification of human granulocytes 

Primary cells were isolated from human blood collected from healthy donors. 
Polymorphonuclear neutrophils (PMNs) were isolated using a Percoll gradient with a density 
of 1.076 g/ml.[55] Erythrocytes were lysed with isotonic NH4Cl/KHCO3, washed twice in PBS 
and resuspended in HEPES buffer (20 mM HEPES, 132 mM NaCl, 6.0 mM KCl, 1.0 mM CaCl2, 
1.0 mM MgSO4, 1.2 mM KH2PO4, 5.5 mM glucose and 0.5% (w/v) human serum albumin, pH 
7.4). Eosinophils were isolated from the PMNs as described before.[56] 
 
Flow cytometry experiments using human granulocytes 

100 µL of PMNs or purified eosinophils (2·106 cells/mL) in HEPES buffer was incubated with 
50 µL of PSB-11 (final concentration: 1 µM) or 1% DMSO (control) in HEPES buffer for 30 min 
at rt. 50 µL of pre-clicked LUF7960-Cy5 (final concentration: 50 nM) or 1% DMSO (vehicle) 
was added and the samples were incubated for 1 h at rt. The samples were then added to a 
96 well-plate and centrifuged (5 min, 1500 rpm, 4 °C). The supernatant was removed and the 
pellet was suspended in a solution containing antibody (Siglec-8 PE conjugate 1:100) in 0.5% 
HSA in PBS. The samples were incubated for 30 min at 4 °C, centrifuged (5 min, 1500 rpm, 4 
°C) and washed once with 0.5% HSA in PBS. The final pellet was suspended in 0.5% HSA in 
PBS. Cells were measured on a Canto II flow cytometer (BD, Franklin Lakes, NJ, USA ) and 
analyzed with FACSDiva software. The gating strategy is shown in Figure S3. 
 
 

Data analysis and statistics 

Histograms (Figure 7B and D) were created using FlowJo. Further data analysis was 
performed using Graphpad Prism. MFI values shown are mean ± SEM from three individual 
experiments performed in duplicate (Figure 7A) or four individual experiments (Figure 7C). 
Statistical analysis was performed using a one-way ANOVA test with multiple comparisons 
(**** p < 0.0001; *** p < 0.001; ** p <0.01; ns = not significant).  
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Computational Methods 
 
Docking of the affinity-based probes in an hA3AR homology model 

The Alphafold model of the hA3AR was retrieved from the GPCRdb.[35,36,57] This structure was 
prepared using the protein preparation wizard in Maestro (version 13.3, 2022-3, Schrödinger, 
LLC)[58] and the four compounds (compound 5, 9 and 13 from this work and 17b (LUF7602) 
from Yang et al.)[59] were prepared using LigPrep (Schrödinger, LLC).[60] Compound 17b 
(LUF7602) was docked in the receptor model using the covalent binding protocol,[61] and 
consecutively energy minimized using MacroModel (Schrödinger, LLC). The alkyne moiety 
was introduced on each of the exit vectors in 3D and subsequently subjected to an energy 
minimization step using MacroModel. Each of the resulting energy minimized structures was 
visualized using PyMOL (The PyMOL Molecular Graphics System, version 1.2r3pre, 
Schrödinger, LLC). 

Author Contributions 
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docking experiments. B.L.H.B. and S.L.D. performed confocal microscopy experiments. S.L.D. 
carried out confocal microscopy data analysis. B.L.H.B. and A.T.J.T. performed flow cytometry 
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Abstract 
Ligand-directed labeling is a biochemical technique that utilizes chemical probes to selectively 
conjugate protein targets to a detection moiety. Contrary to other probe molecules, e.g. 
covalent ligands and affinity-based probes, the pharmacophore of a ligand-directed probe does 
not bind covalently to the binding pocket of the target protein. Instead, during the labeling 
event, the directing-ligand acts as a leaving group, allowing novel methods to study protein 
activity. Recently, ligand-directed probes have been reported for multiple types of GPCRs, 
such as the adenosine A2A receptor, cannabinoid receptor type 2 and metabotropic glutamate 
receptor 1. In this work, we show the development and evaluation of the first ligand-directed 
probes for the adenosine A2B receptor (A2BAR). Two probe molecules were synthesized, 
pharmacologically characterized and biologically evaluated, of which one showed selective 
labeling of the A2BAR in SDS-PAGE experiments. Interestingly, activation of the A2BAR has 
been linked to the proliferation of cancer cells, among other hallmarks of cancer. Targeting the 
A2BAR with ligand-directed probes might therefore offer new opportunities to investigate A2BAR 
activity in cancer cell lines and tissues. 
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Introduction 
The Adenosine A2B Receptor (A2BAR) is a class A G Protein-Coupled Receptor (GPCR) that is 
activated through binding of the endogenous signaling molecule adenosine.[1] The A2BAR 
belongs to the subfamily of Adenosine Receptors (ARs), other members being the Adenosine 
A1, A2A and A3 receptors (A1AR, A2AAR and A3AR).[2] The ARs are widely expressed throughout 
the human body and activation of an individual receptor is strongly dependent on cell and 
tissue type. In recent years, the A2AAR and A2BAR have attracted attention due to their 
immunosuppressive role in the tumor micro-environment, leading to the proliferation of 
cancerous cells.[3–5] Antagonizing of the A2A and A2B receptors is therefore an interesting new 
strategy to target the tumor micro-environment. In fact, multiple clinical trials are currently 
ongoing using either selective or dual antagonists to target A2A and A2B receptors in cancer 
pathologies.[2] 
 
The A2AAR has been extensively studied: the receptor has been purified and crystallized as 
one of the first GPCRs and therefore became a prototypical GPCR for structure-based 
studies.[6] The A2BAR on the other hand, has been relatively poorly studied. Due to the low 
affinity of adenosine for the A2BAR, the receptor has been presumed to be of less importance 
in physiological and pathological conditions. This idea is changing however, as more and more 
research is being carried out to decipher the function of the A2BAR. The increase in popularity 
is reflected in the recent elucidation of the A2BAR three-dimensional structure,[7,8] as well as the 
surge of chemical tools to study the A2BAR, such as PET tracers,[9–11] fluorescent ligands,[12–14] 
and covalent ligands.[15,16] 
 
A wide variety of chemical and biological probe molecules has been developed to selectively 
target and detect GPCRs. Besides PET tracers, fluorescent ligands and covalent ligands, 
these include antibodies and affinity-based probes.[17–19] Of our particular interest are the 
affinity-based probes, that contain both an electrophilic and a reporter group on the same 
molecular scaffold. Together, these groups allow detection of GPCRs in an extended amount 
of biochemical assay types, as we recently have shown for the A1AR, A2AAR and A3AR.[20–22] 
Next to affinity-based probes, also ‘ligand-directed probes’ are being developed as novel 
interrogators of GPCR function.  
 
The idea behind ligand-directed chemistry, developed in the lab of Hamachi, is to selectively 
donate a functional group to a protein target of interest (POI) using mild electrophiles.[23–25] In 
brief, a high affinity ligand is conjugated to an electrophile and a reporter group, e.g. a 
fluorophore, biotin or a click handle. Upon binding of the ligand into the binding pocket of the 
POI, a nucleophilic amino acid residue in close proximity will attack the electrophilic group, 
leading to cleavage of the molecule and substitution of the reporter group onto the POI (Figure 
1). A big advantage of this technique, as compared to fluorescent ligands and affinity-based 
probes, is that the ligand itself can leave the binding pocket after covalent donation of the 
reporter group. This allows new ways to study native proteins, e.g. by activating or blocking 
the POI after labeling by the probe. 
 
Multiple GPCR-targeting ligand-directed probes have been developed over the past few years, 
e.g. for the bradykinin B2 receptor (B2R),[27] A2AAR,[28,29] metabotropic glutamate receptor 1 
(mGlu1R),[30] µ opioid receptor (MOR),[31] cannabinoid receptor type 2 (CB2R),[32] dopamine D1 
receptor (D1R),[33] and smoothened receptor (SMOR).[34] Most interestingly, one of the ligand-
directed probes for the A2AAR has been used to selectively label the A2AR in a breast cancer 
cell line,[29] while other ligand-directed probes have already been used to label endogenous 
mGlu1R and MOR in rodent brain slices.[30,31]  
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Figure 1. Labeling of GPCRs with ligand-directed probes. First, the probe binds to the receptor through 
its conjugated high affinity ligand. A nucleophilic amino acid residue then attacks the electrophilic group 
of the probe, inducing cleavage between the ligand and the reporter. The reporter group, e.g. a 
fluorophore, biotin or click handle, is now covalently bound to the receptor, while the ligand is allowed 
to leave the binding pocket (reversible mode of binding). This figure was partly created with Protein 
Imager,[26] using the structure of the A2BAR (PDB: 8HDO). 
 
In this study, we aim to expand the toolbox of ligand-directed probes for GPCRs by the 
development of A2BAR-targeting probes. We show the synthesis and evaluation of ligand-
directed probes for the A2BAR, as well as labeling of the receptor in SDS-PAGE experiments. 
Altogether this will allow future investigations towards the detection of native A2BAR in a 
multitude of biochemical assay types. 

Results and Discussion 

Design of the A2BAR ligand-directed probes 
In chapter 3 we reported on a xanthine-based compound, LUF7982, that covalently binds to 
the A2BAR through a reaction of the attached fluorosulfonyl group with presumably a lysine 
residue (Scheme 1A).[15,16] The location of the fluorosulfonyl group on the xanthine scaffold 
thus is a valid position for the implementation of an electrophilic group for ligand-directed 
chemistry. Next to that, Tamura et al. have recently reported on the use of an N-acyl N-alkyl 
sulfonamide (NASA) group for the selective alkylation of a lysine residue on the folate receptor 
(Scheme 1B).[25] As the NASA group is based around the sulfonyl moiety, we envisioned that 
transforming the fluorosulfonyl group of LUF7982 into a NASA group would yield the first 
candidate A2BAR ligand-directed probes (Scheme 1C). To increase the electrophilicity of the 
acyl group, Tamura et al. substituted various electron withdrawing groups onto the sulfonamide 
moiety (R2-position),[25] of which the cyano group showed to be superior in terms of reaction 
kinetics. Therefore we also incorporated a cyano group into the design of our A2BAR-targeting 
probes. For detection of the receptor, we chose to introduce an alkyne group at the R3-position. 
This allows the usage of copper-catalyzed click chemistry to ‘click’ any reporter group of 
interest onto the alkylated receptor, without having to incorporate a bulky fluorophore in the 
design of the ligand.[35,36] Lastly, we varied the length of the alkyl linker between the NASA and 
the alkyne group, as linker length might influence affinity, reactivity and stability of the 
compounds. We have therefore synthesized probes containing either a ‘short’ 3-carbon linker, 
or a ‘long’ 8-carbon linker. 
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Scheme 1. (A) Molecular structure of the previously synthesized covalent antagonist LUF7982 
(PSB21500) and its presumable mode of action at the A2BAR; (B) Molecular structure of the N-acyl N-
alkyl sulfonamide (NASA) group and its mode of action at the Folate Receptor (FOLR); (C) Design of 
the compounds synthesized in this work. 
 

Synthesis of the A2BAR ligand-directed probes 
Synthesis of the two ligand-directed probes started with nitrosylated uracil 1, synthesized as 
described in chapter 3.[15] The nitroso group was reduced with PtO2 and H2 (g) to obtain amine 
2,[37] which was used directly in a peptide coupling with 4-fluorosulfonyl benzoic acid and 
EDC·HCl to form amide 3 (Scheme 2). Trimethyl polyphosphate (PPSE) was used as 
condensating agent for the cyclization of uracil 3 to xanthine 4 (LUF7982),[38] and the 
fluorosulfonyl group was transformed into a sulfonamide group using aqueous ammonium 
hydroxide (28-30%). Sulfonamide 5 was used in the subsequent peptide couplings without 
further purifications and coupled to either 5-hexynoic acid or 10-undecynoic acid using 
EDC·HCl, DMAP and DIPEA to yield sulfonamides 6 and 8. Up until this step crystallization 
was the purification method of preference, as the poor solubility of the xanthine compounds 
hindered purification by column chromatography. Lastly, the cyano moiety was introduced. 
Iodoacetonitrile, as used in other syntheses,[25] showed to be too reactive for this step, resulting 
in oversubstitution at the secondary amines of 6 and 8. Therefore the milder bromoacetonitrile 
was used, yielding ligand-directed probes 7 (LUF8019) and 9 (LUF8023). 
 

Stability of the synthesized compounds 
Prior to investigating labelling of the A2BAR by the synthesized ligand-directed probes, we 
investigated the stability of the compounds in aqueous buffer, as well as standard cell culture 
medium. Probes 7 (LUF8019) and 9 (LUF8023) were added to the buffer or medium, shaken 
and measured at different time points by LC-MS. Probes 7 (LUF8019) and 9 (LUF8023) were 
not susceptible towards hydrolysis, as only minor degradation was observed upon incubation 
in PBS buffer (Figure 2A). This corresponds to the previously observed hydrolytic stability of 
the NASA group.[25] However, upon incubation in cell culture medium, both 7 (LUF8019) and 
9 (LUF8023) were eventually degraded to a compound with an m/z of 389 [M+H]+ (Figure 2B), 
corresponding to the molecular weight of dealkylated product 10. The observed bond cleavage 
is presumably the result of a reaction between the electrophilic NASA group and nucleophiles 
within the cell culture medium. Other teams have not reported on the susceptibility of the NASA 
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group towards nucleophiles other than the target proteins.[25,32] This might be due to a lack of 
investigation or differences in molecular structure. To prevent such unwanted side-reactions, 
we avoided the use of cell culture medium in all the subsequent experiments. 

 

Scheme 2. (A) Molecular structures of the previously synthesized covalent A2BAR antagonist LUF7982 
(PSB21500), the NASA warhead, and the design of our ligand-directed probes. (B) Reagents and 
conditions. (a) PtO2, H2 (g), MeOH, RT, 1 h; (b) EDC·HCl, dry DMF, RT, 3 h, 62%; (c) PPSE, 180 °C, 3 
h, 87%; (d) NH4OH (28-30%), RT, 2 h, 75%; (e) EDC·HCl, respective benzoic acid, DMAP, DIPEA, dry 
DMF, RT, overnight, 41-64%; (f) Bromoacetonitrile, DIPEA, RT, 6-8 days, 12-41%.  

 

 

Figure 2 Investigation of probe stability in buffer and medium. Probe 7 (LUF8019) and 9 (LUF8023) 
were added to (A) PBS buffer or (B) DMEM/F12 medium containing 10% (v/v) newborn calf serum. 
Samples were shaken for 2 h at rt and afterwards measured by LC-MS. The LC-MS spectra of 7 

(LUF8019) are shown as example. 
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Affinity towards the A2BAR 
First, to investigate the ability of the synthesized probes to bind to the A2BAR, radioligand 
displacement assays were carried out. Control compounds 6 and 8, lacking the cyano moiety, 
were included in these assays and a concentration range from 0.1 to 1000 nM of probe was 
chosen. Two different conditions were investigated: with and without 4 hours of pre-incubation 
between A2BAR and ligand, prior to addition of radioligand. Using this assay setup, we have 
observed in chapters 3,4 and 5 that a time-dependent increase in affinity (pre-0h to pre-4h) is 
a strong indication of a covalent mode of binding.[15,20,39] All synthesized probes showed a 
decent to good affinity towards the A2BAR, ranging from sub-micromolar (6) to double- (7-8) 
and single- (9) digit nanomolar values at pre-0h (Table 1). Of the four ligands, only 9 (LUF8023) 
showed to bind with similar strong affinity as 4 (LUF7982). However, contrary to covalent 
antagonist 4 (LUF7982), none of the synthesized ligands showed a significant time-dependent 
increase in affinity upon four hours of pre-incubation. This corresponds to the general idea of 
the ligand-directed probes, being able to leave the binding pocket after donation of the reporter 
group. Interestingly, compound 9 (LUF8023) showed a decrease in affinity upon 4 hours of 
pre-incubation. There are multiple possible explanations for this, for example, 9 (LUF8023) 
might have a higher affinity towards the A2BAR than its cleaved product (10), or the donated 
alkyl group might influence binding of the ligand or radioligand to the A2BAR. To investigate 
subtype selectivity of the synthesized probes, single point radioligand displacement 
experiments were carried out on the other adenosine receptors (Table 1). Most of the 
synthesized compounds showed poor binding to the other ARs (<50% displacement), while 
only control compound 8 (LUF8021) showed a strong displacement (82%) at the A1AR. The 
actual ligand-directed probes 7 (LUF8019) and 9 (LUF8023) thus are selective towards the 
A2BAR over the other ARs. 

Table 1. Radioligand displacement of the synthesized ligand-directed probes on the four adenosine 
receptors. 

 pKi (pre-0h)[a] pKi (pre-4h)[b] Displacement at 1 µM (%) 

Compound A2BAR A2BAR A1AR[c] A2AAR[d] A3AR[e] 

4 (LUF7982)[f] 8.10 ± 0.06 9.17 ± 0.12** 29 (28, 30) 52 (59, 46) 7 (11, 3) 

6 (LUF8015) 6.44 ± 0.06 6.60 ± 0.10 19 (21, 17) 9 (6, 12) -5 (-8, -2) 

7 (LUF8019) 7.31 ± 0.05 7.44 ± 0.12 34 (30, 38) 40 (35, 45) -2 (-8, 5) 

8 (LUF8021) 7.26 ± 0.07 7.51 ± 0.06 82 (82, 81) 0 (-3, 3) 6 (-2, 14) 

9 (LUF8023) 8.22 ± 0.10 7.75 ± 0.08* 46 (46, 46) 27 (15, 38) -9 (-14, -3) 

 

[a] Apparent affinity determined from displacement of specific [3H]PSB-603 binding on CHO-spap cell membranes 
stably expressing the hA2BAR at 25 °C after 0.5 h of co-incubating probe and radioligand. [b] Apparent affinity 
determined from displacement of specific [3H]PSB-603 binding on CHO-spap cell membranes stably expressing 
the hA2BAR at 25 °C after 4 h of pre-incubation with the respective probe, followed by an additional 0.5 h of co-
incubation with radioligand. [c] % specific [3H]DPCPX displacement by the respective probe on CHO cell 
membranes stably expressing the hA1AR at 25 °C after 0.5 h of co-incubating probe and radioligand; [d] % specific 
[3H]ZM241385 displacement by the respective probe on HEK293 cell membranes stably expressing the hA2AAR at 
25 °C after 0.5 h of co-incubating probe and radioligand; [e] % specific [3H]PSB11 displacement by the respective 
probe on CHO cell membranes stably expressing hA3AR at 25 °C after 0.5 h of co-incubating probe and radioligand. 
[f] Values obtained from previous experiments.[15] Data represent the mean ± SEM of three individual experiments 
performed in duplicate [a-b] or the mean of two individual experiments performed in duplicate [c-e]. *p < 0.05, **p < 
0.01 compared to the pKi values at pre-0h, determined by a two-tailed unpaired Student's t-test. 
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Figure 3 Ligand-directed labelling of the respective ligand-directed probes in CHO-A2BAR-spap 
membrane fractions. CHO-spap membrane fractions with stable expression of the A2BAR were 
incubated for 2 h with probes 6 (LUF8015), 7 (LUF8019), 8 (LUF8021) or 9 (LUF8023). Probe-bound 
proteins were clicked to Cy5-N3, denatured and resolved by SDS-PAGE. Gels were imaged by in-gel 
fluorescence. Coomassie Brilliant Blue (CBB) staining was used as loading control. (B) Quantification 
of the lane intensities. The lane intensities were taken and corrected for the observed amount of protein 
per lane upon Coomassie staining. The PageRuler Plus ladder (not shown) was used as reference lane 
and fold changes were calculated relative to this lane (adjusted intensity lane/adjusted intensity 
reference lane). The mean values ± SEM of three individual experiments are shown. 

Labelling of the A2BAR in SDS-PAGE experiments 
Finally, the probes were evaluated for their ability to label the A2BAR in SDS-PAGE 
experiments. In an initial screen probes 7 (LUF8019) and 9 (LUF8023) as well as control 
compounds 6 (LUF8015) and 8 (LUF8021) were investigated for their ability to label proteins 
in membrane fractions derived from A2BAR-expressing Chinese hamster ovary (CHO) cells. 
The membrane fractions were incubated with 10, 100 or 1000 nM of the respective probes, 
clicked to a Cy5 fluorophore, denatured and resolved by SDS-PAGE. Ligand-directed probes 
7 (LUF8019) and 9 (LUF8023) labelled multiple proteins at concentrations ≥10 nM (Figure 3A), 
while no labelling was observed for control compounds 6 (LUF8015) and 8 (LUF8021), 
indicating that the cyano substitution is necessary to enhance the electrophilicity of the N-acyl 
group. Additionally, probes 7 (LUF8019) and 9 (LUF8023) show unwanted off-target labelling. 
In case of the electrophilic probes for the A1AR and the A3AR (chapters 4 and 5), we also 
observed off-target labelling in membrane-derived samples, however not in cellular 
assays.[20,22] We therefore moved towards cellular assays in our endeavors to label the A2BAR. 
For these experiments, we chose a probe concentration of 100 nM as a balance between a 
low (10 nM) and high (1000 nM) degree of protein labeling (Figure 3B). 

Live CHO cells with and without stable expression of the A2BAR were first pre-incubated with 
1 µM competing ligand and then incubated with 100 nM of ligand-directed probe 7 (LUF8019) 
or 9 (LUF8023) in Hank’s Balanced Salt Solution (HBSS). Non-bound probe was washed away 
and membrane fractions were collected. Probe-bound proteins were clicked to Cy5-N3. 
Samples were then denatured, loaded on SDS-PAGE and the gels were visualized using in-
gel fluorescence. Probe 7 (LUF8019) showed clear labelling of one protein, visible as a smear 
at about 60 kDa (Figure 4A). This protein was absent in the control lanes (without A2BAR or 
probe) and therefore presumably the A2BAR. Removal of N-glycans through PNGase showed 
a strong reduction in molecular weight of the observed band, towards a molecular weight that 
more closely resembles the weight of the A2BAR (36 kDa). A similar pattern of bands has also 
been observed in western blot experiments and characterized as being the A2BAR.[40–42] Upon 
pre-incubation with covalent antagonist 4 (LUF7982) the observed fluorescent signal was 

6

137

A ligand-directed probe for the adenosine A2B receptor

168788 Beerkens BNW.indd   137168788 Beerkens BNW.indd   137 28-09-2023   09:1828-09-2023   09:18



 

significantly reduced (Figure 4B). The partial agonist BAY60-6583 and antagonist PSB1115 
however did not significantly reduce A2BAR labelling by probe 7 (LUF8019). Presumably their 
reversible mode of binding, in combination with sub-micromolar affinities for the A2BAR (212 
and 53 nM respectively)[43,44] allow occasional binding of the ligand-directed probe and 
subsequent labeling of the receptor. Contrary to probe 7 (LUF8019), ligand-directed probe 9 

(LUF8023) did not show any specific labelling of the A2BAR (Figure 4C). An increased reactivity 
of the probe, resulting in faster cleavage of the NASA group, may be the reason for this 
observation.  

Figure 4 Ligand-directed labelling of the A2BAR in and live CHO cells. CHO-spap cells with or without 
(lane 1) stable expression of the A2BAR were pre-incubated for 30 min with 1 µM antagonist in medium 
(BAY60-6583 ( BAY), PSB1115 (PSB) or 4 (LUF7982; LUF) and subsequently incubated for 2 h with 
100 nM probe (LUF8019 or LUF8023) in HBSS. Cells were washed with PBS and membranes were 
collected. N-glycans were removed using PNGase (5 U) and alkyne moieties were clicked to 1 µM Cy5-
N3. The samples were then denatured using Laemmli buffer and resolved by SDS-PAGE. Gels were 
imaged by in-gel fluorescence. Coomassie Brilliant Blue (CBB) staining was used as loading control. (A) 
Protein labeling by LUF8019. (B) Quantification of A2BAR labelling by LUF8019. The band intensities 
were taken and corrected for the observed amount of protein per lane upon Coomassie staining. The 
band at 55 kDa of the PageRuler Plus ladder (not shown) was set to 100% for each gel and band 
intensities were calculated relative to this band. The mean values ± SEM of three individual experiments 
are shown. Significance was calculated using a two-way ANOVA test with multiple comparisons; (C) 
Protein labeling by LUF8023. All shown gels are representatives of the experiments performed with n=3.  
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Altogether, of the two synthesized ligand-directed probes 7 (LUF8019) was able to selectively 
label the A2BAR in CHO cells. Looking at the ligand-directed probes developed for the A2AAR, 
slight differences in molecular structure already seem to cause different modes of binding. 
Probes bearing a 2-nitrophenyl ester fully blocked the orthosteric binding pocket in radioligand 
displacement assays, likely occupying the A2AAR in a covalent fashion.[28] On the contrary, a 
2-fluorophenyl ester-containing probe successfully labelled endogenous A2AAR.[29] The latter 
probe was studied in functional assays to measure receptor activation after labelling. Activation 
of the A2AAR was achieved after 16 h of incubation, indicating full dissociation of the released 
ligand. The 2-fluorophenyl ester probe thus seems to bind and label the A2AAR in a ligand-
directed manner, although with slow binding kinetics. To overcome such long incubation times, 
the NASA group has been developed and implemented as electrophile with fast kinetics.[25] 
This strategy yielded successful ligand-directed probes for the CB2R, as shown in flow 
cytometry and confocal microscopy experiments.[32] However, dissociation of the released 
ligands from their binding pockets has not been confirmed in these studies. Such experiments 
would therefore be a first step towards further characterization of the herein presented ligand-
directed probes for the A2BAR.  

Conclusion 
In summary, we show here the development of the first ligand-directed probe for the A2BAR. 
Two probes and two control compounds were synthesized, all showing a good affinity and 
selectivity towards the A2BAR in radioligand displacement assays. Both ligand-directed probes 
labelled proteins upon incubation in CHO membrane fractions, while only one of the two 
probes, 7 (LUF8019), showed specific labelling of the A2BAR in live CHO cells. Labelling of the 
A2BAR could be prevented by pre-incubation with a covalent antagonist, but not by reversible 
A2BAR ligands. Changing the assay conditions, e.g. by increasing the amount of competing 
ligand, increasing the competing ligand incubation time or decreasing the probe incubation 
time, might lead to a stronger competition by the reversible ligands for the A2BAR binding 
pocket. Probe 9 (LUF8023) on the other hand, did not label the A2BAR in live CHO cells. 
Altogether, this data suggests ligand-directed probe 7 (LUF8019) to be a valid tool to “tag” the 
A2BAR. 

The ability to click a fluorophore or a biotin moiety onto the receptor, together with the ability 
of the ligand to dissociate after donation of the reporter group, allows the investigation of 
agonist-induced activation of the receptor. For example, internalization and subcellar 
localization of the receptor might be studied with aid of ligand-directed probe 7 (LUF8019). We 
are currently investigating the optimal assay conditions that allow us to perform such 
experiments with probe 7 (LUF8019).  
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Experimental 
 

Chemistry 
 
General 
All reactions were performed using commercially available chemicals and solvents, purchased 
via Sigma-Aldrich (Merck), VWR chemicals and Thermo Scientific. All reactions were carried 
out under an N2 atmosphere and at room temperature, unless noted otherwise. Thin layer 
chromatography (TLC) was carried out using TLC Silica Gel 60 F254 (Merck) and visualized 
using UV irradiation at wavelengths of 254 and 366 nM. 1H, 13C and 19F NMR spectra were 
recorded on a Bruker AV-400 (400 MHz) or Bruker AV-500 (500 MHz) spectrometer. Chemical 
shift values are reported in parts per million (ppm) and designated by δ. Tetramethylsilane or 
solvent resonance was used as internal standard. Coupling constants (J) are reported in Hertz 
(Hz) and multiplicities are indicated by s (singlet), bs (broad singlet), d (doublet), t (triplet), td 
(triplet of doublets), p (pentuplet), h (hexuplet) or m (multiplet). Compound purity was 
determined by HPLC-MS, using a LCMS-2020 system coupled to a Gemini® 3 µm C18 110Å 
column (50 x 3 mm). Samples were dissolved in H2O:MeCN:t-BuOH 1:1:1, injected onto the 
column and eluted with a gradient of H2O:MeCN 9:1 + 1% formic acid to H2O:MeCN 1:9 + 1% 
formic acid over the course of 15 minutes. High-resolution mass spectrometry (HRMS) 
measurements were done on a X500R QTOF mass spectrometer (SCIEX). 
 
Synthesis of ligand-directed probes  
 

 
6-Amino-5-nitroso-3-propylpyrimidine-2,4(1H,3H)-dione (1) 

Compound 1 was synthesized as described in chapter 3. 
 

 

 
5,6-Diamino-3-propylpyrimidine-2,4(1H,3H)-dione (2)[37] 

Uracil derivative 1 (2.00 g, 10.09 mmol, 1.0 eq) was dissolved in MeOH (80 mL) and PtO2 (40 
mg) was added to the flask. The flask was flushed once with N2 (g), twice with H2 (g) and then 
kept under H2 (g) for hydrogenation. After 1 h, a gray solid was formed. DCM (500 mL) was 
added to the flask and the mixture was filtered over Celite. The filtrate was concentrated under 
reduced pressure to yield quantitative 2 as orange/brown solid. To prevent degradation, 
compound 2 was used in the next steps without further purifications. 
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4-((6-Amino-2,4-dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)benzenesulfonyl fluoride (3) 

EDC·HCl (2.01 g, 10,5 mmol, 1.2 eq) was added to a solution of diamine 2 (1.97 g, 9.63 mmol, 
1.1 eq) in dry DMF (44 mL). After stirring for 3 h, EtOAc (250 mL) was added and the organic 
layer was washed with H2O (250 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The compound was recrystallized overnight using MeOH/EtOAc to yield 3 
as an orange solid (2.30 g, 6.20 mmol, 62%). 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 10.55 
(s, 1H), 9.30 (s, 1H), 8.27 (s, 4H), 6.26 (s, 2H), 3.66 (t, J = 7.3 Hz, 2H), 1.50 (h, J = 7.5 Hz, 
2H), 0.84 (t, J = 7.5 Hz, 3H). 19F NMR (471 MHz, (CD3)2SO) δ [ppm] = 66.0. 
 

 
4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonyl fluoride (4) 

Trimethylsilyl polyphosphate (PPSE) (31 mL) was added to compound 3 (2.30 g, 6.20 mmol, 
1.0 eq) and the mixture was brought to 180 °C under reflux conditions. The formed solution 
was stirred for 3 h and afterwards cooled down to room temperature, followed by cooling on 
ice. MeOH (200 mL) was added and the mixture was stirred for 5 min. The mixture was filtered 
and the residue was washed with MeOH (100 mL), collected and dried under vacuum to yield 
4 (1.90 g, 5.39 mmol, 87%) as an off-white powder. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 
14.24 (s, 1H), 12.04 (s, 1H), 8.44 (d, J = 8.7 Hz, 2H), 8.28 (d, J = 8.7 Hz, 2H), 3.91 – 3.77 (m, 
2H), 1.58 (h, J = 7.5 Hz, 2H), 0.88 (t, J = 7.5 Hz, 3H). 19F NMR (471 MHz, (CD3)2SO) δ [ppm] 
= 66.2. 
 

 
4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)benzenesulfonamide (5) 

Sulfonyl fluoride 4 (1.6 g, 4.54 mmol, 1.0 eq) was dissolved in 28-30% ammonia solution (23 
mL) and stirred for 2 h. The reaction mixture was then quenched and acidified by dropwise 
addition of 6 M HCl (60 mL). The product was crystallized overnight and the residue was 
collected by vacuum filtration. To remove impurities, the residue was dissolved in 0.5 M NaOH 
(75 mL) and the aqueous mixture was washed using 100 mL of 5% MeOH in CHCl3. The pH 
was then brought to ~2 using 6 M HCl and the product was allowed to crystallize overnight. 
The residue was collected by vacuum filtration and dried under vacuum to yield 5 (1.19 g, 3.40 
mmol, 75 %) as a purple solid, which was used in the next steps without further purification. 
1H NMR (400 MHz, (CD3)2SO) δ [ppm] = 11.78 (bs, 1H), 8.21 (d, J = 8.6 Hz, 2H), 7.87 (d, J = 
8.3 Hz, 2H), 7.41 (s, 2H), 3.81 (t, J = 7.5 Hz, 2H), 1.56 (h, J = 7.6 Hz, 2H), 0.87 (t, J = 7.4 Hz, 
3H). 
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N-((4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl)sulfonyl)hex-5-

ynamide (6) (LUF8015) 

5-hexynoic acid (98 µL, 0.89 mmol, 1.6 eq), EDC·HCl (316 mg, 1.65 mmol, 3.0 eq), DMAP (20 
mg, 0.17 mmol, 0.3 eq) and DIPEA (290 µL, 1.66 mmol, 3.0 eq) were added to a solution of 
sulfonamide 5 (192 mg, 0.55 mmol,1.0 eq) in dry DMF (6 mL) and the mixture was stirred 
overnight. EtOAc (50 mL) was added and the organic layer was washed with H2O (3 x 50 mL). 
As the product resided in the aqueous layer, the aqueous layers were combined and the pH 
was brought to ~2 using 6 M HCl. The product was allowed to crystallize overnight and 
collected by vacuum filtration. The filtrate was recrystallized and the second residue was 
collected by vacuum filtration. The residues were combined and purified using column 
chromatography (DCM:MeOH 98:293:7) to yield 6 (101 mg, 0.03 mmol, 41%) as an off-white 
solid. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 14.03 (s, 1H), 11.99 (s, 1H), 8.28 (d, J = 8.7 
Hz, 2H), 8.00 (d, J = 8.7 Hz, 2H), 3.82 (t, J = 7.3 Hz, 2H), 2.76 (t, J = 2.6 Hz, 1H), 2.32 (t, J = 
7.4 Hz, 2H), 2.08 (td, J = 7.1, 2.7 Hz, 2H), 1.61 – 1.53 (m, 4H), 0.88 (t, J = 7.4 Hz, 3H). 13C 

NMR (126 MHz, DMSO) δ 172.2, 155.5, 151.5, 148.6, 148.1, 141.0, 133.7, 128.7, 127.2, 109.1, 
84.2, 72.3, 42.0, 34.9, 23.4, 21.4, 17.5, 11.7. HRMS (ESI, m/z): [M+H]+, calculated: 444.1336, 
found: 444.1308. HPLC 97%, RT 8.797 min. 
 

 
N-(Cyanomethyl)-N-((4-(2,6-dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-

yl)phenyl)sulfonyl)hex-5-ynamide (7) (LUF8019) 

Bromoacetonitrile (8 μL, 0.11 mmol,1.2 eq) was added to a solution of 6 (43 mg, 0.10 mmol, 
1.0 eq) in dry DMF (3 mL) and the mixture was stirred overnight. A small conversion of starting 
material was observed and therefore extra bromoacetonitrile (4 μL, 0.06 mmol, 0.05 eq) was 
added. The mixture was further stirred for 8 days during which DIPEA (14 µL, 0.08 mmol, 0.8 
eq) was added gradually. The reaction was then stopped to prevent overalkylation. EtOAc (50 
mL) was added and the organic layer was washed with H2O (3 x 50 mL), dried using MgSO4, 
filtered and concentrated under reduced pressure. The residue was purified using column 
chromatography (DCM: MeOH 99.5:0.5 97.5:2.5) to yield 7 (20 mg, 0.04 mmol, 41%) as 
white solid. 1H NMR (500 MHz, (CD3)2SO) δ [ppm] = 14.10 (s, 1H), 12.01 (s, 1H), 8.35 (d, J = 
8.6 Hz, 2H), 8.16 (d, J = 8.7 Hz, 2H), 4.98 (s, 2H), 3.82 (t, J = 7.4 Hz, 2H), 2.81 (t, J = 7.2 Hz, 
2H), 2.77 (t, J = 2.6 Hz, 1H), 2.16 (td, J = 7.0, 2.7 Hz, 2H), 1.65 (p, J = 7.1 Hz, 2H), 1.57 (h, J 
= 7.4 Hz, 3H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO) δ [ppm] = 172.2, 155.5, 
151.5, 148.1, 148.1, 138.7, 134.9, 129.1, 127.6, 116.9, 109.4, 84.0, 72.5, 42.1, 34.7, 34.5, 
23.4, 21.4, 17.3, 11.7. HRMS (ESI, m/z): [M+H]+, calculated: 483.1445, found: 483.1423. 
HPLC 96%, RT 9.721 min. 
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N-((4-(2,6-Dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)phenyl)sulfonyl)undec-10-

ynamide (8) (LUF8021) 

10-Undecynoic acid (328 mg, 1.80 mmol,1.6 eq), EDC·HCl (656 mg, 3 mmol, 3 eq), DMAP (42 
mg, 0.34 mmol, 0.3 eq) and DIPEA (600 µL, 3.44 mmol, 3.0 eq) were added to a solution of 5 
(400 mg, 1.14 mmol, 1.0 eq) in dry DMF (12 mL) and the mixture was stirred overnight. EtOAC 
(100 mL) was then added and the organic layer was extracted with H2O (3 x 100 mL). As the 
product resided in the aqueous layer, the aqueous layers were combined and the pH was 
brought to ~2 using 6 M HCl. The product was allowed to crystallize overnight and was 
collected by filtration. The product was further purified by recrystallization in a 1:4 mixture of 
H2O:EtOAc to yield compound 8 as a pink-white solid (376 mg, 0.73 mmol, 64%). 1H NMR 
(400 MHz, (CD3)2SO) δ [ppm] = 14.05 (s, 1H), 12.16 (s, 1H), 11.99 (s, 1H), 8.29 (d, J = 8.6 Hz, 
2H), 8.00 (d, J = 8.6 Hz, 2H), 3.82 (t, J = 7.4 Hz, 2H), 2.69 (t, J = 2.6 Hz, 1H), 2.20 (t, J = 7.2 
Hz, 2H), 2.06 (td, J = 7.0, 2.7 Hz, 2H), 1.57 (h, J = 7.5 Hz, 2H), 1.43 – 1.28 (m, 4H), 1.27 – 
1.18 (m, 2H), 1.17 – 1.02 (m, 6H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, (CD3)2SO) δ 
[ppm] = 172.3, 155.4, 151.4, 148.4, 148.1, 140.5, 133.8, 128.7, 127.1, 109.0, 84.9, 71.5, 42.0, 
35.8, 29.0, 28.8, 28.6, 28.5, 28.4, 24.4, 21.3, 18.1, 11.7. HRMS (ESI, m/z): [M+H]+, calculated: 
514.2119, found: 514.2089. HPLC 100%, RT 10.459 min. 
 

 
N-(Cyanomethyl)-N-((4-(2,6-dioxo-1-propyl-2,3,6,7-tetrahydro-1H-purin-8-

yl)phenyl)sulfonyl)undec-10-ynamide (9) (LUF8023) 

Bromoacetonitrile (21 µL, 0.30 mmol, 1.2 eq) was added to a solution of 8 (130 mg, 0.25 mmol, 
1.0 eq) in dry DMF (8 mL). DIPEA (14 µL, 0.08 mmol, 0.3 eq) was added gradually over a 
period of six days. The reaction was then stopped to prevent overalkylation. EtOAc (100 mL) 
was added and the organic layer was washed using H2O (3 x 100mL), dried over MgSO4 and 
concentrated under reduced pressure. The residue was purified using column chromatography 
(DCM: MeOH 99.5:0.598:2) to yield 9 (16 mg, 0.02 mmol, 12%) as a white solid. 1H NMR 
(500 MHz, (CD3)2SO) δ [ppm] = 14.11 (s, 1H), 12.00 (s, 1H), 8.35 (d, J = 8.8 Hz, 2H), 8.15 (d, 
J = 8.7 Hz, 2H), 5.00 (s, 2H), 3.82 (t, J = 7.3 Hz, 2H), 2.67 (t, J = 2.7 Hz, 1H), 2.64 (t, J = 7.2 
Hz, 2H), 2.06 (td, J = 7.0, 2.7 Hz, 2H), 1.58 (h, J = 7.4 Hz, 2H), 1.47 – 1.40 (m, 2H), 1.38 – 
1.29 (m, 2H), 1.25 – 1.20 (m, 2H), 1.17 – 1.09 (m, 6H), 0.88 (t, J = 7.5 Hz, 3H). 13C NMR (126 
MHz, (CD3)2SO) δ [ppm] = 172.7, 155.5, 151.5, 148.1, 148.0, 139.0, 134.8, 129.1, 127.5, 
117.0, 109.3, 85.0, 71.5, 42.1, 35.6, 34.5, 29.0, 28.8, 28.6, 28.5, 28.4, 24.4, 21.4, 18.1, 11.7. 
HRMS (ESI, m/z): [M+H]+, calculated: 553.2228, found: 553.2218. HPLC 98%, RT 11.300 min. 
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Biology 
 
Materials 
[3H]PSB-603 (specific activity 79 Ci/mmol) was purchased from Quotient Bioresearch, 
[3H]DPCPX, (specific activity 137 Ci/mmol) and [3H]-ZM241385 (specific activity 50 Ci/mmol) 
were purchased from ARC, Inc. and [3H]PSB-11 (specific activity 56 Ci/mmol) was kindly 
donated by Prof. C.E. Müller (University of Bonn, Germany). 5’-(N-
Ethylcarboxamido)adenosine (NECA), N6-Cyclopentyladenosine (CPA), EDTA-free protease 
inhibitor cocktail (cat# P8340) and all click reagents CuSO4, (+)-sodium L-ascorbate (NaAsc), 
Tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-yl)methyl)amine (THPTA) and Cy5-N3, were 
purchased from Sigma-Aldrich (Merck). ZM241385 was a gift of Dr. S.M. Poucher (Astra 
Zeneca, Manchester, UK) and CGS21680 was purchased from Ascent Scientific. PSB 1115 
potassium salt was purchased from Tocris Bioscience and BAY60-6583 and LUF7982 were 
synthesized in-house as reported before.[15] Adenosine Deaminase (ADA) was purchased from 
Sigma-Aldrich (Merck) and PNGase F (10 u/µL, cat# V4831) was purchased from Promega. 
Laemmli buffer was purchased from Bio-Rad and Hank Buffered Saline Solution (HBSS) (cat# 
1402550) was purchased from Thermo Fischer. All other reagents were purchased from 
standard commercial sources and of analytical grade.  
 

Stability assays 
5 µL of a 7.5 mM stock solution of probe was added to an LC-MS vial containing 95 µL of PBS 
buffer or CHO-hA2BAR-spap culture medium (DMEM/F12 1:1, 10% (v/v) Newborn Calf Serum 
(NCS), 100 mg/mL penicillin/streptomycin, 1 mg/mL G418 and 0.4 mg/mL hygromycin). The 
samples were constantly shaken at 1000 rpm (rt or 37 °C) to prevent the probes from 
crystallizing. Samples were measured by LC-MS after 2 h of incubation, using the method 
described above. 
 
Cell culture and membrane preparation 
Chinese Hamster Ovary (CHO)-spap cells stably expressing the human adenosine A2B 
receptor (CHO-spap-hA2BAR) were kindly provided by S.J. Dowell (GlaxoSmithKline, 
Stevenage, UK), CHO cells stably expressing the human adenosine A1 receptor (CHO-hA1AR) 
were kindly provided by Prof. S.J. Hill (Nottingham, UK), Human Embryonic Kidney (HEK) 293 
cells stably expressing the human adenosine A2A receptor (HEK293-hA2AAR) were kindly 
provided by Dr. J. Wang (Biogen, Cambridge, Massachusetts USA) and CHO cells stably 
expressing the human adenosine A3 receptor (CHO-hA3AR) were kindly provided by Dr. K.N. 
Klotz (University of Würzburg, Germany). All cells were cultured and membranes were 
prepared as reported before.[45] 
 

Radioligand displacement assays 
Full curve radioligand displacement experiments using CHO-hA2BAR-spap membranes and 
single point displacement assays using CHO-hA1AR, HEK293-hA2AAR and CHO-hA3AR 
membranes were carried out as previously reported.[15] Data was analyzed using GraphPad 
Prism 9.0 (Graphpad Software Inc., San Diego, California USA). IC50 values were obtained by 
non-linear regression curve fitting and converted to pIC50 values using the Cheng-Prusoff 
equation.[46] The KD values of 1.7 nM of [3H]PSB-603 at CHO-spap-hA2BAR membranes and 
1.6 nM of [3H]DPCPX at CHO-hA1AR membranes were taken from previous experiments.[47,48] 
The KD values of 1.0 nM of [3H]ZM241385 at HEK293-hA2AAR membranes and 17.3 nM of 
[3H]PSB11 at CHO-hA3AR membranes were taken from in-house determinations. All pKi 
values shown are mean values ± SEM of three individual experiments performed in duplicate. 

144

Chapter 6

168788 Beerkens BNW.indd   144168788 Beerkens BNW.indd   144 28-09-2023   09:1828-09-2023   09:18



 

Single point displacement values are the mean percentages of two experiments performed in 
duplicate. Statistical analysis was performed using a two-tailed unpaired student’s T-test. 

SDS-PAGE using CHO-hA2BAR-spap membrane fractions 
CHO-hA2BAR-spap membrane fractions were collected as previously reported.[45] Protease 
inhibitor cocktail (1:100) was added, the membrane fractions were diluted to a concentration 
of 1 mg/mL and 19 µL was taken per sample. 1 µL of probe LUF8015, LUF8019, LUF8021 or 
LUF8023 (final concentration: 100 nM) was added and the samples were incubated for 1 h at 
rt. Click mix was freshly prepared by combining 5 parts 100 mM CuSO4, 3 parts 1 M NaAsc, 1 
part 100 mM THPTA and 1 part 100 µM Cy5-N3. 2.22 µL of the prepared click mix was added 
per sample and the samples were incubated for 1 h at rt. Proteins were denatured by addition 
of 7.41 µL of Laemmli buffer (x4) and incubation for at least 1 h at rt. The samples were then 
loaded on gel (12.5% acrylamide) and run (180 V, 100 min). Gels were imaged on a Bio-Rad 
Universal Hood III using in-gel fluorescence. Pageruler prestained protein ladder was used as 
molecular weight marker. Coomassie Brilliant Blue (CBB) staining was carried out as control. 
 

SDS-PAGE using live CHO-hA2BAR-spap cells 
CHO-hA2BAR-spap cells were cultured as previously reported.[45] Upon reaching ~90% 
confluency, medium was removed and competing ligand PSB1115, BAY60-6583 or LUF7982 
(final concentration: 1 µM) or 1% DMSO (vehicle) in medium was added, followed by a 30 min 
incubation (37 °C, 5% CO2). Medium was then removed and probe LUF8019 or LUF8023 (final 
concentration: 100 nM) or 1% DMSO (vehicle) in HBSS was added, followed by incubation for 
2 h (37 °C, 5% CO2). HBSS was removed, non-bound probe was washed away with PBS and 
membranes were prepared as previously reported.[45] Protease inhibitor cocktail (1:100) was 
added, the membrane fractions were diluted to a concentration of 1 mg/mL and 20 µL was 
taken per sample. Click mix was freshly prepared by combining 5 parts 100 mM CuSO4, 3 
parts 1 M NaAsc, 1 part 100 mM THPTA and 1 part 100 µM Cy5-N3. 2.22 µL of click mix was 
added per sample and the samples were incubated for 1 h at rt. 0.5 µL PNGase (5U) was 
added by which the samples were deglycosylated for 1 h at rt. The samples were denatured 
by addition of 7.57 µL Laemmli buffer (x4) and incubating for at least 1 h at rt. Samples were 
then loaded on gel (12.5% acrylamide) and run (180 V, 100 min). Gels were imaged using a 
Bio-Rad Universal Hood III and in-gel fluorescence. CBB staining was carried out as protein 
control.  
 

SDS-PAGE data analysis 
Gels were analyzed with ImageLab software version 6.0.1 (Bio-Rad). The adjusted volumes 
of the selected bands were determined using the ‘Lane Profile’ tab and corrected for the 
amount of protein per lane, using the adjusted total lane volumes of the CBB stained gels. The 
adjusted volume of the band at 55 kDa in the molecular weight marker (Pageruler prestained 
protein ladder) was set to 100% and the other bands were normalized to this value. Further 
data analysis was carried out using Graphpad Prism. All given percentages are the mean 
values ± SEM of three individual experiments. Statistical analysis was performed using a one- 
or two-way ANOVA test with multiple comparisons. 

Author Contributions 
V.A. synthesized compounds. R.L. performed radioligand displacement experiments. B.L.H.B. 
and V.A. performed SDS-PAGE experiments. L.H.H., A.P.IJ. and D.v.d.E. supervised the 
project. 
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Conclusions 

On the development of covalent probes to target adenosine receptors 
This thesis summarizes the development of various types of covalent probes to target the 
adenosine A1, A2B and A3 receptors.  As discussed in chapter 2, the use of covalent small 
molecules in GPCR labelling studies has several benefits, one being the opportunity to target 
endogenous receptors, another the possibility to use denaturing assay conditions. However, 
several aspects have to be taken into account upon developing a valid covalent probe for 
GPCR labelling studies:  

1. Selectivity 
First of all, covalent probes should bear sufficient selectivity towards their target GPCR, in 
order to prevent covalent binding to off-target proteins. Due to the low expression levels of 
GPCRs, off-target labelling can easily hamper the detection of target GPCRs (chapters 4-6). 
A selective pharmacophore should therefore be included in the design of covalent probes. 
Fortunately, over the past two decades, selective ligands have been developed for all four of 
the adenosine receptors. In chapters 3 and 6 probe design was based on the A2BAR 
antagonist PSB 1115.[1] In chapter 3 we observed a drop in selectivity upon substitution of the 
prime scaffold with a ‘mere’ propyl group, indicating that small changes to the molecular 
scaffold can have a big influence on the selectivity of the probe. In chapter 4 probe design 
was based on the covalent A1AR agonist LUF7746, in turn derived from the clinical candidate 
Capadenoson.[2,3] In this study, we observed a loss in affinity for three out of four of the alkyne-
substituted probes, indicating that location of the substitution also drastically effects the on-
target affinity of the probe. In chapter 5 probe design was based on the covalent A3AR 
antagonist LUF7602.[4] Contrary to the previous chapters, three different locations of the 
alkynyl substituent did not decrease affinity nor selectivity towards the A3AR. Nevertheless, 
on- and off-target selectivity is greatly dependent on the selected molecular scaffold and thus 
should be investigated per case. 

2. Reactivity  
Secondly, a reactive warhead should be chosen that covalently binds the target nucleophilic 
amino acid residue, but not amino acid residues on unrelated proteins present in the sample. 
Thus, reactivity of the warhead also has a strong influence on overall selectivity of the probe. 
Besides that, the warhead should bear hydrolytic stability under standard biochemical assay 
conditions. Chapter 2 lists the various types of warheads that have been implemented in 
covalent GPCR probes. In chapter 3 we investigated three lysine-targeting warheads: 
fluorosulfonyl, fluorosulfonate and isothiocyanate groups, to covalently bind the A2BAR. In this 
study the fluorosulfonyl group showed optimal reactivity, while the fluorosulfonate group was 
not reactive enough, presumably due to an unstable reaction product, and the isothiocyanate 
group was too reactive, as observed in the increased binding towards other adenosine 
receptors. The fluorosulfonyl group was therefore our electrophile of choice, also in chapters 

4 and 5. In chapter 6 we implemented the electrophilic N-acyl-N-alkyl sulfonamide (NASA) 
group as warhead in a ligand-directed probe. Although labelling of the A2BAR was observed in 
SDS-PAGE experiments, the probe showed to be highly reactive under standard cell culture 
conditions. Changing the substituents of the NASA group, e.g. replacing the cyano moiety with 
a less electron withdrawing substituent, might decrease off-target reactivity and result in a more 
selective probe.[5] Taken together, the fluorosulfonyl group shows a well-balanced reactivity, 
and new types of electrophiles should be thoroughly investigated prior and after their 
implementation in covalent probes.  

150

Chapter 7

168788 Beerkens BNW.indd   150168788 Beerkens BNW.indd   150 28-09-2023   09:1828-09-2023   09:18



 

3. Detectability 
Lastly, binding of the covalent probe to the GPCR should lead to a measurable signal in 
biochemical assays. In chapter 2 the various detection moieties are listed that have been used 
to covalently functionalize GPCRs. A distinction can be made between one-step (direct) and 
two-step (via click chemistry) labelling strategies.[6–8] The affinity-based and ligand-directed 
probes from chapters 4, 5 and 6 all contain an alkyne group that allows the substitution of an 
azide-conjugated detection moiety via the copper-catalyzed alkyne-azide cycloaddition 
(CuAAC).[9,10] This two-step labelling strategy allows the choice between different detection 
moieties, while using the same stock of probe, in various biochemical assays. This prevents 
the need for the time-consuming synthesis of one-step probes individually functionalized with 
detection moieties, such as fluorescent ligands. A drawback of this strategy is the need for 
cytotoxic click reagents during additional incubation and washing steps, making the probes 
largely incompatible with live-cell experiments. Bioorthogonal strategies have been developed 
to overcome the use of cytotoxic reagents, using different click handles such as strained 
alkynes or tetrazines.[11–13] However, alkyne groups are synthetically accessible, relatively 
stable and due to their small size more attractive to implement in pharmacological scaffolds 
than strained alkynes or tetrazines. Therefore we have limited ourselves to the use of alkyne 
groups as click handles within our experiments. Nevertheless, in chapter 5 we managed to 
overcome the aforementioned drawbacks by performing the click reaction and subsequent 
purification prior to addition of the covalent probe to live cells. A similar strategy might be used 
in the future to functionalize other two-step probes targeting ARs prior to their use in live-cell 
experiments. 

In the following paragraphs, a closer look is provided on the detectability of GPCRs, in 
particular the adenosine receptors, in the various biochemical assay types that have been 
performed as part of this thesis.  

A. SDS-PAGE 
Throughout chapters 4, 5 and 6 SDS-PAGE experiments have been performed to detect 
labelled A1AR, A3AR and A2BAR. SDS-PAGE has been successfully used in the past as a 
technique to detect the presence of adenosine receptors, especially the A1AR and A2AAR, in 
various tissue types, by making use of radiolabeled photo-affinity probes as tool 
compounds.[14–22] In our experiments, detection of the respective AR was most clearly visible 
upon performing the experiment in overexpressing cell lines, prior to membrane fractionation, 
click reaction and protein separation. Interestingly, endogenous N-glycosylation of the 
receptors hampered their initial detection, as the receptor bands appeared as ‘smear’ over a 
range of molecular weights.[23–26] In each instance, incubation with PNGase resulted in clear 
bands at roughly the expected molecular weights. Similar enzymatic incubation steps might 
also be used in the future to study other post-translational modifications (PTMs). Performing 
the experiments in membrane fractions, however, resulted in an increase in off-target binding 
for all of the probes and even prevented detection of the A2BAR with LUF8019 (chapter 6). As 
speculated in chapters 4 and 5, we presume the increase in off-target labelling to be caused 
by a combination of the low expression levels of the respective receptor, the electrophilic 
character of probes, the high density of other proteins as compared to live cell assays and the 
presence of intracellular membrane proteins in our membrane fractions. Detection of 
adenosine receptors in non-overexpressing cell lines showed to be even more cumbersome. 
Attempts have been done using LUF7909 (A1AR) in adipocytes (chapter 4), but also using 
LUF7487 (A2AAR) and LUF7960 (A3AR) in various cancerous cell lines with detectable mRNA 
expression levels of the respective receptor (data not included). In the latter two experiments, 
no labelling of the respective AR was observed, while labelling of off-targets was evident. Thus, 
it seems that the low expression levels of the ARs hinder proper detection in SDS-PAGE 
experiments, partly due to the inherent reactivity of the electrophilic groups. Taken together, 
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the herein developed covalent probes should be used in SDS-PAGE experiments to verify 
binding of ligands, probes and other tool molecules to purified, overexpressed or highly 
expressed ARs, but not as a technique to detect expression levels of endogenous receptors 
on cells and tissues. 

B. Fluorescent Microscopy 
In chapters 4 and 5 fluorescent microscopy has been used as a technique to detect probe 
labelled ARs. A considerable amount of fluorescent ligands for ARs has already been 
developed in the past,[27] yet it still is a lively topic of research.[28–33] These studies deviate from 
our work by developing one-step and reversible probes, thereby requiring extensive synthetic 
steps and limiting the number of applications. The herein reported experiments on the A1AR 
and A3AR have been proof of concept studies to showcase selective labelling of the respective 
receptors in microscopy experiments. A drawback of the used experimental setup is the need 
for a fixation step, prior to incubation with click reagents. However, this hurdle might be 
overcome by performing the click reaction a priori to the first cellular incubation steps, as has 
been done in case of the flow cytometry experiments in chapter 5. Although selective labelling 
of the A1ARs and A3ARs was observed on overexpressing CHO cells, future work should unveil 
whether selective labelling of the ARs can also be detected in native/primary cells and tissues. 
Interestingly, selective labelling of the A2AAR on a breast cancer cell line has recently been 
performed using a ligand-directed probe, showing the future potential of covalently binding 
probes.[34] Next to that, labelling by the partial agonist probe LUF7909 (chapter 4) yielded 
information on internalization of the A1AR. Taken together, the use of affinity-based probes in 
fluorescent microscopy experiments is thus a valid strategy to study (sub)cellular receptor 
localization in overexpressing cell lines and potentially receptor expression in non-
overexpressing cells.  

C.  Flow Cytometry 
In chapter 5 flow cytometry has been used as technique to detect probe labelled A3ARs. 
Instead of fixing cells, as has been done throughout the microscopy assays, covalent probe 
LUF7960 was clicked to a Cy5 fluorophore prior to the addition to live cells. The pre-click step 
yielded a probe, LUF7960-Cy5, that had a ~20-fold lower affinity towards the A3AR (data not 
included), but allowed us to circumvent an additional incubation step with cytotoxic click 
reagents. Gratifyingly, the pre-clicked probe showed A3AR-selective labelling in A3AR-
overexpressing CHO cells, as well as native eosinophils. Fluorescent ligands for the A2AAR, 
A2BAR and A3AR have been used in flow cytometry experiments before, however mostly for 
competition binding experiments.[30,33,35–37] To the best of our knowledge, utilization of chemical 
probes for the detection of AR expression on native cells has thus far been reported only 
once.[37] In our experiments, commercial A3AR antibodies did not show selective labelling of 
the A3AR, presumably due to off-target activity.[38] As opposed to antibodies, chemical probes 
compete with agonists and antagonists for a ligand binding pocket on their respective receptor 
target. Competition experiments can therefore be used as control to verify selective labeling of 
the receptor, while such control experiments are not possible for the often poorly selective 
antibodies.[38–40] Altogether, covalent probes are interesting tool molecules for the detection of 
AR expression on native cells and tissues in flow cytometry experiments and show more 
promise than AR-targeting antibodies. The combination of covalent probes and flow cytometry 
is therefore an interesting strategy to map expression of the ARs in pathological and 
physiological conditions. 
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D. Chemical Proteomics 
In chapter 4 biotin-click and subsequent proteomic pull-down experiments have been 
performed to detect the A1AR using LC-MS/MS. Gratifyingly, almost 50% of the A1AR peptide 
sequence was detected, an amount that is remarkably high for a GPCR. Detection of non-
purified GPCRs by LC-MS/MS techniques is often hampered by the low expression levels of 
GPCRs, even in overexpressing cell lines. The use of covalent probes to pull-down target 
GPCRs from a complex protein mixture, thereby strongly reducing background noise, is 
therefore a path forward for detection in LC-MS/MS experiments. Next to that, we found the 
type of digestion enzyme (e.g. trypsin vs. chymotrypsin) to play an important role in the 
successful detection of the resulting peptides. Remarkably, pull-down experiments on GPCRs 
are often carried out using trypsin as digestion enzyme,[41–47] while the seven transmembrane 
helices contain little to zero sites that are susceptible to trypsin cleavage. In an ideal situation, 
multiple digestion enzymes are screened to find the optimal conditions for peptide formation. 
Next to the experiments on the A1AR, we also performed pull-down experiments with LUF7960 
(chapter 5) as a tool for the detection of the A3AR on overexpressing CHO cells. Unfortunately, 
we were not able to reliably detect the receptor. There are multiple possible reasons for this, 
such as the low expression of A3AR as compared to the A1AR on CHO cells, the poor solubility 
of the receptor due to its relatively small extracellular regions, or poor compatibility with the 
digestion enzyme chymotrypsin. It is therefore still questionable whether the current assay 
setup allows successful pull-down experiments on cells endogenously expressing ARs. 
However, we think that optimizing the aforementioned problems of solubility and digestion, as 
well as further reducing the background noise, will lead to an improved detection of the ARs. 
Ultimately, the detection of ARs in pull-down experiments will yield information that is difficult 
to obtain in SDS-PAGE, flow cytometry and fluorescent microscopy experiments, such as the 
presence of PTMs and interactions with other (non-defined) proteins. Taken together, using 
covalent probes in pull-down proteomics has the promise to be an important strategy for future 
studies on the ARs. 

Altogether, the herein developed covalent probes are promising tool molecules to detect and 
study the ARs in a multitude of biochemical assays. Each of the abovementioned biochemical 
assays bears its own challenges, ranging from off-target labelling to lack of sensitivity. The 
work described in this thesis addresses these issues, bringing the application of covalent AR 
probes one step further towards general usage. Having this ‘toolbox’ of covalent probes allows 
investigations towards many interesting aspects of AR signaling, that differ from the 
applications of reversible probes, antibodies and genetic techniques. 
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Future Prospects 

Detection of endogenous adenosine receptor expression 
The first application of covalent AR probes that one might think of is the detection of AR 
expression levels in pathophysiological conditions, e.g. using cell lines, tissues or disease 
models. Examples would be the investigation of A1AR expression in fat tissue under various 
lipolytic conditions,[48] the investigation of A2AAR and A2BAR expression in tumor models,[49] 
and the investigation of A3AR expression during inflammatory conditions.[50] The first steps 
towards covalent endogenous AR detection have been taken in chapters 4 and 5, as well as 
recent work on the A2AAR.[34] As mentioned in the conclusions, flow cytometry as a technique 
has, in our view, shown the highest potential to study endogenous expression levels of the 
ARs. Flow cytometry has already been used to verify binding of covalent probes to other 
GPCRs.[44,51–55] For example, experiments on the µ opioid receptor (MOR) showed that the 
fluorescence intensity after probe labeling was similar to the fluorescent intensity upon 
antibody staining.[55] Next to that, experiments on the Cannabinoid Receptor 2 (CB2R) revealed 
good correlations between the observed fluorescence intensity and mRNA levels in various 
leukocytes.[44] Covalent AR probes therefore have the potential to be used complementarily to 
mRNA techniques, as tool molecules to quantify relative receptor expression between various 
cell lines. Ideally, both non- and overexpressing cell lines are included in flow cytometry 
experiments to determine a binding window for thorough quantifications. In the future, such 
experiments might be performed to determine the total receptor expression level per cell type, 
as an alternative to the expensive radioligand binding experiments currently used for these 
purposes. 

A glimpse of other possible future applications of covalent GPCR probes has already been 
given in the outlook of chapter 2. These applications will be further elaborated in the 
paragraphs below.  

Investigation of (sub)cellular receptor localization 
Upon agonist-induced activation and G protein dissociation, the intracellular regions of GPCRs 
are prone to phosphorylation and subsequent arrestin binding, in turn leading to internalization 
of the GPCR via endosomal vesicles. According to current understanding, the fate of 
internalized GPCRs is dependent on multiple factors, such as PTMs, protein-protein 
interactions (PPIs) and protein-lipid interactions.[56,57] The most well-studied consequences of 
internalization are proteolytic degradation of the GPCR in lysosomes, recycling of the GPCR 
to the plasma membrane and intracellular signaling via arrestin. All of the former lead to a 
reduced response (desensitization) towards extracellular ligand binding. Over the past decade, 
a great amount of work has been carried out to unravel signaling activity of GPCRs upon 
internalization into cellular vesicles, exemplified by recent crystallographic work on the 
adrenergic receptors.[58,59] In case of the adenosine receptors, various extents of 
desensitization have been observed between cell- and tissue types.[57,60] However, receptor 
presence and/or activity via intracellular vesicles is still uncertain. Covalent functionalization of 
adenosine receptors with fluorescent groups may give answers to these questions, as covalent 
probes allow fluorescently labelled receptors to be traced in confocal microscopy experiments. 
Unfortunately agonist-induced internalization cannot be studied by an antagonist AfBP 
(LUF7960; chapter 5), though agonist AfBPs (LUF7909; chapter 4) and ligand-directed 
probes (LUF8019; chapter 6) can be suitable tools for this purpose.  
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Taking the A1AR as an example, internalization of the receptor has been studied by genetically 
engineering a yellow fluorescent protein (YFP),[61] or a HiBiT tag onto the receptor,[62] or by 
using anti-A1AR antibodies.[63–66] This has yielded valuable insights into receptor half-life time, 
endocytosis and PPIs of the A1AR, yet requires the use of engineered receptors or ‘large’, 
often poorly selective, antibodies. Functionalization of the A1AR by a small alkyne group for 
click chemistry is therefore an interesting opportunity to study internalization of native A1ARs. 
Taking the A3AR as another example, localization and clustering has been detected at the 
leading edge and on specific microdomains of membranes from activated neutrophils.[67,68] 
Most interestingly, a covalent ligand-directed probe has recently been used in imaging flow 
cytometry experiments to measure CB2R localization on cells.[54] Studying location-dependent 
signaling of the A3AR via imaging flow cytometry might therefore be an interesting case study 
for the use of the herein developed covalent probes.  

Lastly, a large number of GPCRs has also been found to signal from the membranes of 
intracellular organelles, such as the mitochondria, nucleus, endoplasmic reticulum (ER) and 
Golgi apparatus.[69] This has thus far not been observed for the four ARs. However, covalent 
probes may contribute to the discovery of novel intracellular signaling ‘hotspots’ through 
functionalization of the receptor with fluorescent groups and detection by confocal microscopy. 
One requirement for such assays would be proper membrane permeability of the probe, which 
therefore should be investigated a priori. 

Characterization of post-translational modifications 
All GPCRs are predicted to contain one or more PTMs of which the functions range from 
altering signaling pathways to intracellular trafficking from and to the plasma membrane.[70] 
Phosphorylation is the most well-studied PTM and, as mentioned above, plays a role in the 
internalization and desensitization of GPCRs. Phosphorylation of GPCRs takes place on the 
intracellular domain and is mediated by the protein family of GPCR Kinases (GRKs). More 
recently, specific phosphorylation patterns (‘barcodes’) have been found to induce specific 
downstream signaling pathways that vary from other phosphorylation barcodes.[71,72] Thus, the 
amount and pattern of phosphorylation are of physiological importance. In case of the ARs, for 
example the A1AR, phosphorylation has been studied by using radioactive phosphorous 
isotopes in SDS-PAGE experiments.[73,74] More recent experiments on other GPCRs avoid the 
use of radioactive isotopes and have moved to antibodies in SDS-PAGE experiments and 
purified GPCRs in mass spectrometry experiments.[71,72,75] The herein reported covalent 
probes may offer a more sophisticated approach to study phosphorylation of ARs. First of all, 
covalent probes can be used in SDS-PAGE experiments in tandem with phospho-specific 
antibodies to investigate presence of phosphorylated residues. This, however, will not yield 
information about the phosphorylation barcode itself. Instead, using covalent probes to pull-
down the respective AR for phosphoproteomics experiments can yield quantitative information 
on the exact peptides and/or residues that have been phosphorylated,[76] avoiding the need for 
extensive purification procedures. 

Besides phosphorylation, all GPCRs are predicted to contain one or more glycosylated 
asparagine residue(s) (N-glycosylation) in the extracellular region, necessary for trafficking of 
the GPCR from the ER and Golgi to the plasma membrane.[70,77] Next to that, N-glycosylation 
might have an effect on ligand binding and (biased) signaling.[70] Glycosylation of serine or 
threonine residues (O-glycosylation) has also been observed for a number of GPCRs. Most 
interestingly, it has been proposed that O-glycosylation, together with tyrosine sulfonylation, 
may dictate a barcode that regulates signaling of GPCRs, case of study being the Chemokine 
Receptor 5 (CCR5).[78] Contrary to the chemokine receptors, the ARs contain short intra- and 
extracellular regions and are therefore not predicted to be O-glycosylated. However, as 
observed in chapters 4-6, N-glycosylation of ARs is evident and can be studied with the herein 
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developed covalent probes. Utilization of the covalent probes in SDS-PAGE and pull-down 
proteomics experiments may yield information on the presence and location of the N-
glycosylated residues, e.g. by combining with site-directed mutagenesis experiments or 
sophisticated proteomics analyses. An interesting development is the field of glycoproteomics, 
in which the glycan chains on specific proteins are analyzed on their sequence and structure 
by LC-MS/MS techniques.[79] In the future, such experiments might be combined with pull-down 
steps to enrich probe-bound GPCRs from native samples. However, detection problems that 
arise from the low expression levels of GPCRs first have to be overcome. 

Further than that, other PTMs have been observed on GPCRs, examples being ubiquitination, 
palmitoylation, SUMOylation, S-nitrosylation and methylation.[70,77] While palmitoylation of ARs 
has been observed in early studies,[80,81] it is still questionable whether any other PTMs are 
present on the ARs. Covalent probes may help to elucidate the presence/absence of PTMs in 
a manner as mentioned before: through labelling in SDS-PAGE experiments, e.g. in 
combination with antibodies or labels specific towards the target PTM, or through pull-down 
experiments with subsequent LC-MS/MS analysis.  

Lastly, endogenous GPCRs can be prone to proteolytic cleavage. As example, cleavage of the 
N-terminus of the β1-Adrenergic receptor resulted in a population of cleaved and non-cleaved 
receptors, that both regulated their own signaling pathways in vivo.[82] In our studies, we also 
observed two populations of A2AAR upon labelling in SDS-PAGE experiments (data not 
included), although this is most likely due to the presence of proteases in the used membrane 
fractions. Nevertheless, covalent probes may be used to decipher the possible physiological 
impact of proteolytic cleavage.  

Unravelment of protein-protein interactions 
The most well-known protein interaction partners of GPCRs are the G protein subunits and 
arrestin variants. Classically, GPCRs have been found to signal via either G protein or arrestin. 
However, recent findings hint towards the formation of ‘megacomplexes’ in endosomal 
vesicles: signaling units that consists of a GPCR bound to both G protein and arrestin.[83] More 
interestingly, signaling ‘nanodomains’ of the glucagon-like peptide 1 receptor (GLP1R), as well 
as β2-adrenergic receptor (β2AR) have been observed on the plasma membranes of model 
cell lines.[84] Within these so-called receptor-associated independent cAMP nanodomains 
(‘RAINS’), agonist-induced cAMP formation was only observed within a few nanometers of the 
respective GPCR. Taken together, this indicates the presence of GPCR-signaling 
compartments in and near the plasma membrane, as well as on intracellular vesicles.[84] In 
fact, modern electron microscopy experiments reveal cells to be highly packed with vesicles, 
organelles and proteins.[85,86] It is therefore highly likely that GPCRs, even prior to agonist-
binding, reside in close proximity to the proteins that are involved in their signal transduction 
pathways.  

The ARs have been found to interact with multiple types of G proteins,[87] β-arrestins, GRKs 
and clathrin, among other proteins.[57] Next to that, interactions between ARs and the same 
(homodimers) or other (heterodimers) GPCRs have been observed,[88] mostly through co-
immunoprecipitation or FRET-based assays. Interestingly, the C-terminus tail of the A2AAR is 
significantly longer than the C-terminus of other ARs and has been found to interact with 
various proteins such as actinin,[89] calmodulin,[90,91] and Cathepsin D.[92] Multiple factors, e.g. 
state of the receptor, cell type, point in time, and molecular composition of the ‘nanodomain’, 
presumably influence protein binding towards the A2AAR, since it is unlikely that all of the 
reported proteins simultaneously occupy the receptor.[93] It would therefore be very interesting, 
also from a physiological perspective, to be able to map all the PPIs of ARs at specific points 
in space and time. Covalent probes may be the right tool molecules for this purpose. 
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First, dual labelling of the respective AR and its PPI might be studied in SDS-PAGE 
experiments, similar to co-immunoprecipitation studies. However, this requires predetermined 
knowledge about the nature of the PPI, as well as verified probes to label each protein 
interaction partner. More promising would be the detection of PPIs in a high throughput fashion, 
e.g. in chemical proteomics experiments. As an example, peroxidase-catalyzed proximity 
labelling has shown to be a promising strategy for the MS-based detection of GPCR PPIs, 
likely requiring the use of genetically altered receptors.[94] Interestingly, after a pull-down of the 
A1AR (chapter 4) we observed a significant enrichment of the G protein beta-1 subunit, a well-
known PPI of the A1AR. Similarly, presumable PPIs of the dopamine D2 receptor have recently 
been mapped using a photo-affinity probe.[47] In both cases however, enrichment of the protein 
interaction partners has been dependent on the reversible nature of the PPI. Such binding is 
easily disrupted during one of the many denaturing steps in a pull-down assay protocol and 
therefore not always reliable. More interestingly, pull-down strategies with covalent probes 
might be combined with cross-linking proteomics experiments.[95] Within these experiments, a 
cross-linking agent is added to cross-link proteins that are within a determined range of one 
another. Subsequent pull-down experiments with a covalent probe will then pull-down the 
respective AR, as well as all of its cross-linked proteins. This in turn leads to the detection of a 
whole ‘interactome’ of signaling proteins, dependent on the ‘space and time’ of the addition of 
the crosslinking agent. Altogether, this might lead to the detection of physiologically important 
PPIs involving the ARs.  

Final notes 
This thesis describes the development, verification and application of various types of covalent 
probes to target the adenosine receptors. These include a covalent ligand for the A2BAR, 
affinity-based probes for the A1AR and A3AR and a ligand-directed probe for the A2BAR. The 
applicability of the covalent probes has been investigated in SDS-PAGE, confocal microscopy, 
flow cytometry and chemical proteomics experiments, using either membrane fractions, model 
cell lines or native cells. Altogether, we hope that this thesis offers valuable information on the 
usage and limitations of covalent probes in various types of biochemical assays. Finally, we 
hope that the herein developed probes lead to new insights regarding adenosine receptor 
signaling, ultimately leading to more rational targeting of the adenosine receptors within drug 
discovery programs. 
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Summary 
 
The human body consists of a tremendous number of cells, classified into a wide variety of 
subtypes. Each individual cell is protected by a membrane bilayer that separates the 
intracellular compartments from the extracellular environment. Despite this ‘barrier’, cells must 
be able to respond towards external stimuli, such as small molecular drugs that float in the 
bloodstream. There are multiple mechanistic pathways that allow an intracellular response 
towards extracellular stimuli. One of the most important mechanistic pathways is the activation 
of G Protein-Coupled Receptors (GPCRs). GPCRs are receptor proteins that reside in the 
cellular membrane and consist of both an extracellular- and intracellular component. Upon 
binding towards an extracellular stimulus, e.g. a protein, peptide, small molecule or light, 
GPCRs will transduce a signal into the cell, ‘telling’ the cell how to respond to the specific 
stimulus. Malfunctioning GPCR signaling pathways can lead to severe states of disease. It is 
therefore no surprise that GPCRs have been of high interest in drug discovery programs of 
pharmaceutical companies, leading to some 25% of the currently marketed drugs. 
 
A subfamily of GPCRs that has sparked the interest of drug discoverers is the set of Adenosine 
Receptors (ARs). This subfamily consists of four subtypes of adenosine receptors: the A1, A2A, 
A2B and A3 adenosine receptors (A1AR, A2AAR, A2BAR and A3AR, respectively). Activation of 
the ARs through their natural ligand adenosine induces a wide variety of effects, strongly 
dependent on cell- and tissue type, but is often immunosuppressive. Caffeine is a famous drug 
that acts through the ARs, although via inhibition rather than activation. A more elaborated 
overview of the four ARs and their role in human physiology and pathology is presented in 
Chapter 1. In summary, the four ARs are involved in a plethora of cellular signaling pathways 
in both physiological and pathological conditions and therefore interesting targets from a drug 
discovery perspective.  
 
Studying the ARs, however, bears many challenges. As mentioned in Chapter 1, there are 
multiple factors, inherent to GPCRs, that hinder biochemical detection of the ARs. These 
factors include poor solubility, low expression levels and complex cellular signaling pathways. 
To overcome, as well as to study the complexities mentioned above, we have put our attention 
to the development of chemical probes that bind irreversibly (covalently) to either one of the 
ARs. Covalent probes induce persistent binding to the receptor of interest, requiring the 
implementation of a reactive group (‘warhead’) for irreversible binding. Functionalization of 
covalent probes with reporter groups, e.g. a fluorophore, biotin or click moiety, allows detection 
of the ARs in a broad range of biochemical assays. Throughout the chapters of this thesis, we 
have transformed known AR ligands into functionalized and/or covalent probes, for their 
utilization in biochemical assays. 
 
In Chapter 2 an overview is given of all the recently reported functionalized covalent probes 
that target GPCRs. These include affinity-based probes (AfBPs), ligand-directed probes, 
glycan-targeting probes and metabolically incorporated probes. The warheads of these probes 
are compared, and their use in biochemical assays is evaluated. In this thesis, we have 
focused on the development of covalent probes, AfBPs and ligand-directed probes. 
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Chapter 3 shows the development of a covalent ligand for the A2BAR. In this chapter, different 
types of warheads were chemically introduced onto a known scaffold for the A2BAR, leading to 
a set of 12 potential covalent probes. Pharmacological investigation of time-dependent affinity 
and subtype selectivity showed strong differences between the various substitutions. One of 
the synthesized compounds, LUF7982, was found to be superior in terms of affinity and 
selectivity and was therefore further investigated for its possible binding mode towards the 
receptor. 
 
While covalent ligands are interesting tools to study irreversible blockade of GPCRs, such 
probes do not allow direct detection of probe-bound receptors in biochemical assays. 
Therefore, in Chapters 4 and 5, we have put our efforts into the development of AfBPs for the 
A1AR and A3AR, respectively. In both chapters, a small set of clickable AfBPs was synthesized 
based on covalent ligands that had previously been developed in our lab. The potential AfBPs 
were pharmacologically evaluated on time-dependent affinity, AR selectivity and a covalent 
mode of binding. The best candidates were evaluated on their ability to fluorescently label the 
receptor in SDS-PAGE and confocal microscopy experiments. This yielded LUF7909 as AfBP 
for the A1AR and LUF7960 as AfBP for the A3AR. 
 
The possibilities of using LUF7909 and LUF7960 as tools to detect the A1AR and A3AR were 
further explored at the end of the corresponding chapters. We managed to utilize LUF7909 as 
a tool to ‘pull-down’ the A1AR from a complex mixture of proteins, as well as to detect possible 
protein off-targets using mass spectrometry. Unfortunately, we did not manage to detect the 
A3AR in a similar attempt with LUF7960. Presumably the relatively low expression level and 
hydrophobicity of the A3AR hinder detection in the current assay setup. Nevertheless, 
LUF7960 was shown to be a useful tool for the detection of the A3AR in flow cytometry 
experiments. Altogether, this led to the detection of the A1AR on rat adipocytes and the 
detection of the A3AR on human granulocytes. 
 
A drawback of AfBPs might be the irreversible occupancy of the receptor binding pocket. 
Therefore, in Chapter 6, we aimed to develop a ligand-direct probe for the A2BAR. Such probes 
do not irreversibly block the receptor binding pocket and therefore can be used as tool to label 
to receptor prior to agonist-dependent activation. Two ligand-directed probes were synthesized 
based on covalent ligand LUF7982. These compounds showed to bind the A2BAR with high 
affinity in pharmacological assays, but not in a time-dependent fashion, indicating a reversible 
mode of action. Preliminary SDS-PAGE experiments in A2BAR-overexpressing cells showed 
labeling of the A2BAR by one of these probes, LUF8019. However, other possible usages of 
LUF8019 in different biochemical assays and/or cell lines have yet to be explored. 
 
In Chapter 7, a critical view is taken at the aspects that are of importance to covalent chemical 
probes: selectivity, reactivity and detectability. Also the usage of covalently functionalized 
probes in SDS-PAGE, fluorescent microscopy, flow cytometry and chemical proteomics is 
discussed, and conclusions are drawn based on the experiments reported in this thesis. Lastly, 
future prospects are given on possible usages of the herein synthesized probes in future 
biochemical assays. 
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Nederlandse Samenvatting 
 
Het menselijk lichaam bestaat uit een enorme hoeveelheid cellen, geclassificeerd in een grote 
verscheidenheid aan subtypes. Iedere individuele cel is aan de buitenkant beschermd door 
een membraan dat het binnenste van de cel scheidt van de buitenkant. Ondanks deze 
beschermende laag moet een cel nog steeds kunnen reageren op hetgeen zich er buiten de 
cel afspeelt, zoals medicijnen die door de bloedbaan migreren. Hiervoor heeft een cel 
verschillende mechanismes, maar een van de belangrijkste is de activatie van G eiwit-
gekoppelde receptoren (GPCRs). GPCRs zijn receptoreiwitten die zich bevinden in het 
celmembraan en bestaan uit een intracellulair en extracellulair gedeelte. Wanneer een 
extracellulaire stimulus, bijvoorbeeld een eiwit, peptide, klein molecuul of licht, bindt aan de 
GPCR, zendt de GPCR een signaal naar de cel om door te geven hoe de cel hierop moet 
reageren. Een slecht functionerende GPCR kan leiden tot ernstige ziektebeelden. GPCRs zijn 
daarom al jaren interessante doeleiwitten voor de ontwikkeling van nieuwe medicijnen. Dit 
heeft ertoe geleid dat grofweg 25% van de huidige medicijnen een interactie aangaat met een 
GPCR. 
 
Een subfamilie van GPCRs die de interesse van medicijnontwikkelaars heeft gewekt is die van 
de Adenosine Receptoren (ARs). Er zijn vier verschillende ARs: de A1, A2A, A2B en A3 
adenosine receptoren (A1AR, A2AAR, A2BAR en A3AR, respectievelijk). Activatie van deze 
receptoren door het natuurlijke ligand adenosine veroorzaakt een grote verscheidenheid aan 
effecten, dat sterk afhankelijk is van het cel- en weefseltype, maar veelal een dempende 
werking heeft op het immuunsysteem. Cafeïne is waarschijnlijk het beroemdste molecuul dat 
bindt aan de ARs, al zorgt cafeïne voor blokkade van de receptoren in plaats van activatie. 
Een uitgebreid overzicht van de vier ARs en hun rol in het menselijk lichaam staat in 
Hoofdstuk 1. Samengevat zijn de vier ARs betrokken bij een groot aantal fysiologische 
omstandigheden en pathologische aandoeningen en hierdoor interessante doeleiwitten voor 
medicijnonderzoek. 
 
Het bestuderen van de ARs kent echter vele uitdagingen. Zoals uitgelicht in Hoofdstuk 1 zijn 
er meerdere factoren, inherent aan GPCRs, die de biochemische detectie van ARs 
bemoeilijken. Deze factoren zijn o.a. een slechte oplosbaarheid, lage expressielevels en 
complexe signaalpaden. Om deze problemen niet alleen op te lossen, maar ook dieper te 
bestuderen, hebben wij onze aandacht gericht op het ontwikkelen van chemische probes die 
irreversibel (covalent) aan de ARs binden. Een voordeel van covalente probes is de constante 
binding aan de receptor, maar daarentegen vereisen ze implementatie van een zeer reactieve 
groep (genaamd ‘warhead’) om de covalente binding mogelijk te maken. Het toevoegen van 
een extra chemische groep aan zulke covalente probes, bijvoorbeeld een fluorofoor, biotine, 
of een ‘klik’ groep, maakt detectie van de receptor mogelijk in biochemische analyses. In de 
verschillende hoofdstukken van dit proefschrift hebben we bekende AR liganden 
getransformeerd in covalente en/of gefunctionaliseerde probes, om het gebruik hiervan in 
biochemische analyses mogelijk te maken. 
 
Hoofdstuk 2 geeft een overzicht van de meest recentelijk ontwikkelde gefunctionaliseerde 
covalente probes. Dit betreft ‘affiniteit-gedreven probes’ (AfBPs), ligand-gestuurde probes, 
glycaan-gerichte probes en metabolisch geïncorporeerde probes. De verschillende ‘warheads’ 
van deze probes zijn in dit hoofdstuk vergeleken, alsmede het gebruik in biochemische 
analyses. Wij hebben ons in dit proefschrift gericht op de ontwikkeling van covalente liganden, 
AfBPs en ligand-gestuurde probes. 
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Hoofdstuk 3 beschrijft de ontwikkeling van een covalent ligand voor de A2BAR. Als onderdeel 
van dit hoofdstuk werden verschillende ‘warheads’ gesubstitueerd op bekende liganden voor 
de A2BAR, wat resulteerde in een set van 12 potentiële covalente probes. Farmacologisch 
onderzoek naar tijdsafhankelijke affiniteit, alsmede selectiviteit, liet sterke verschillen zien 
tussen de verschillende probes. Een van de gesynthetiseerde stoffen, LUF7982, was 
superieur wat affiniteit en selectiviteit betreft en werd daardoor verder bestudeerd op mogelijke 
bindingswijze aan de receptor. 
 
Covalente probes zijn interessante hulpmiddelen om de onomkeerbare blokkade van GPCRs 
te bestuderen, maar kunnen niet gebruikt worden voor de directe detectie van GPCRs zelf. In 
hoofdstukken 4 en 5 hebben we daarom AfBPs ontwikkeld voor respectievelijk de A1AR en 
A3AR. Als onderdeel van beide hoofdstukken werd een kleine set aan ‘klikbare’ AfBPs 
gesynthetiseerd, gebaseerd op covalente probes die in het verleden zijn gemaakt in ons lab. 
Deze potentiële AfBPs werden farmacologisch getest op tijdsafhankelijke affiniteit, AR 
selectiviteit en mogelijk covalente binding. De beste probes werden vervolgens gebruikt in 
SDS-PAGE en confocale microscopie experimenten om labeling van de betreffende AR te 
bestuderen. Dit heeft uiteindelijk twee AfBPs opgeleverd die selectief de A1AR en A3AR 
kunnen labelen: LUF7909 voor de A1AR en LUF7960 voor de A3AR.  
 
De verschillende mogelijkheden om LUF7909 en LUF7960 als hulpmiddel te gebruiken voor 
de detectie van de A1AR en A3AR zijn verder onderzocht aan het einde van de 
corresponderende hoofdstukken. Hierbij zijn we erin geslaagd om LUF7909 te gebruiken om 
de A1AR uit een complex eiwitmengsel te isoleren en met massaspectrometrie te detecteren. 
Dit lukte helaas niet met de A3AR, gebruikmakende van LUF7960 in een vergelijkbare poging. 
Waarschijnlijk hinderen de relatief lage expressie en hydrofobiciteit van de A3AR dit type 
biochemische analyse. Desondanks is het gelukt om LUF7960 te gebruiken voor de detectie 
van de A3AR in flow cytometrie experimenten. Al met al hebben bovenstaande experimenten 
geleidt tot detectie van de A1AR op vetcellen van de rat en detectie van de A3AR op humane 
granulocyten. 
 
Een potentieel nadeel van het gebruik van AfBPs is de onomkeerbare bezetting van de 
receptor. In Hoofdstuk 6 hebben we ons daarom gericht op de ontwikkeling van een ‘ligand-
gestuurde’ probe voor de A2BAR. Een dergelijke probe zorg niet voor onomkeerbare bezetting 
van de ligand-bindingsplaats van de receptor en kan daarom gebruikt worden om de receptor 
te labelen vóór activatie. Twee ligand-gestuurde probes werden daarom gesynthetiseerd, 
gebaseerd op het eerder beschreven covalente ligand LUF7982. Beide stoffen lieten een hoge 
affiniteit zien ten opzichte van de A2BAR in farmacologische studies. Deze affiniteit was niet 
tijdsafhankelijk, duidend op een niet-covalent bindingsmechanisme. SDS-PAGE experimenten 
lieten zien dat één van deze probes de A2BAR kan labelen in cellen met A2BAR-overexpressie. 
Toekomstig onderzoek moet uitwijzen of dit ook mogelijk is in andere typen experimenten en/of 
cellijnen. 
 
Hoofdstuk 7 werpt een kritische blik op een aantal aspecten die van belang zijn voor covalente 
chemische probes, namelijk selectiviteit, reactiviteit en detecteerbaarheid. Daarnaast wordt 
het gebruik van gefunctionaliseerde probes in SDS-PAGE, fluorescentie microscopie, flow 
cytometrie en massa spectrometrie experimenten besproken, waarbij conclusies worden 
getrokken op basis van de in dit proefschrift gedane bevindingen. Tot slot wordt een blik 
geworpen op toekomstige toepassingen van de gesynthetiseerde probes. 
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