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Abstract 
Adenosine receptors (ARs) are widely distributed throughout the human body 
and exist in four subtypes: A1, A2A, A2B, and A3. The endogenous ligand adenosine 
modulates numerous physiological responses across various tissues and organs, 
including the cardiovascular system and both the central and peripheral nervous 
systems, through activation of these receptors. Among them, the A1 adenosine 
receptor (A1 AR) has been extensively investigated as a therapeutic target for 
conditions such as arrhythmia, heart failure, neuropathic pain, and diabetes. 
However, no A1 AR-targeting candidate has successfully completed clinical trials 
and reached the market. Challenges in drug development stem not only from the 
complexity of the A1 AR system but also from an incomplete understanding of its 
interactions with other proteins and its diverse cellular responses. 

Dr. Comeo E. developed ligand-directed (LD) covalent labelling probes for A1 AR. 
One probe directly transfers a sulfo-Cy5 fluorophore to A1 AR, while the other 
transfers a trans-cyclooctene (TCO) handle. The covalent sulfo-Cy5 tag enables 
real-time visualisation of receptor localisation and trafficking. Additionally, 
protein–protein interactions involving A1 AR can be studied using techniques 
such as BRET, FRET, and FCCS. The TCO handle allows broader applications via 
inverse electron demand Diels–Alder (IEDDA) reactions with tetrazine-
conjugated reporters, which may include fluorophores, biotin, or radiolabels, 
depending on experimental design. However, both subtype selectivity and 
labelling efficiency require further optimisation. 

This thesis presents the design, synthesis, and pharmacological evaluation of 
novel LD probes based on Comeo’s templates. Probe 5-8, a sulfo-Cy5 
transferring LD probe, improved A1/ A2A selectivity from 5.9-fold (Comeo’s original 
probe) to 40-fold, while maintaining selectivity over other AR subtypes. Probe 4-
5, a TCO-transferring LD probe, enhanced A1/ A2B selectivity from 60-fold to 210-
fold. Parameters such as the click reaction pair, buffer or medium composition, 
probe concentration, and incubation time were systematically investigated to 
optimise labelling efficiency.  

In addition to using agonist-induced internalisation to assess orthosteric binding 
pocket accessibility post-labelling, a BRET-based assay was conducted with 
probe 4-5. FRET between the AF488 tag (introduced via probe 4-5 and a tetrazine-
AF488), along with a red fluorescent reversible ligand 3-29 (BODIPY630/650), 
confirmed the availability of the orthosteric binding site. These findings were 
further validated using FLIM-FRET experiments. 

The novel LD probes 5-8 (sulfo-Cy5) and 4-5 (TCO), with improved subtype 
selectivity, represent valuable tools for advancing the study of A1 AR biology. 
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These tools are expected to facilitate deeper exploration of A1 AR pharmacology 
and contribute to expanding our understanding of its therapeutic potential. 
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Chapter 1 

1. General Introduction 

1.1 G-Protein Coupled Receptor (GPCR) 

G-protein coupled receptors (GPCRs) are transmembrane proteins that play a 
critical role in cellular signalling. Based on a phylogenetic analysis of the human 
genome, Fredriksson classified GPCRs into five main families: Glutamate (G), 
Rhodopsin (R), Adhesion (A), Frizzled/Taste2 (F), and Secretin (S)1. Members of 
this superfamily share a highly conserved structure composed of seven 
transmembrane domains connected by three extracellular and three 
intracellular loops. The N-terminus of GPCRs resides outside the cell, while the 
C-terminus remains inside (Figure 1-1). This unique structure, in conjunction 
with G-proteins, enables GPCRs to function as molecular transducers. When 
stimuli such as photons, hormones, or peptides activate specific GPCRs, the 
external signals are transmitted into intracellular signalling regulated by G-
proteins, GPCR kinases (GRKs), and arrestins2. 

In the G-protein-mediate signalling pathway, activation begins with the 
recruitment of a heterotrimeric G-protein complex. Upon coupling with an 
activated GPCR, the GDP bound to the Gα subunit is exchanged for GTP, 
triggering dissociation of the heterotrimer. The Gα subunit then regulates 
downstream effectors such as adenylyl cyclase, phospholipase C, and 
potassium channels2,3. Meanwhile, the Gβγ dimer modulates other effectors, 
including phospholipase C β, Src kinase, calcium channels, and recruits GRKs2,3. 
Signal termination occurs through GRK-mediated phosphorylation of the GPCR, 
which promotes arrestin binding4. Arrestin binding sterically hinders further G-
protein coupling, leading to receptor desensitization and facilitating its 
internalisation5. Beyond terminating G-protein signalling, arrestins also function 
as scaffolds for kinases such as extracellular signal-regulated kinases (ERKs) 
and mitogen-activated protein kinases (MAPKs)4,6, thereby mediating signalling 
pathways distinct from those regulated by G-proteins (Figure 1-2)7. However, the 
precise mechanisms underlying arrestin-mediated signalling remain 
incompletely understood, with conflicting observations reported by different 
research groups7–9. 

GPCRs, being fragile membrane proteins, present challenges for structural 
analysis through traditional X-ray crystallography10. However, advances in 
electron cryo-microscopy (cryo-EM) and image processing techniques have 
significantly accelerated the elucidation of GPCR structures. Since the first 
GPCR structure was resolved using cryo-EM in 2017, the number of GPCR 



2 
 

structures solved via cryo-EM has rapidly increased, surpassing those 
determined by X-ray crystallography since 201910. This structural information has 
facilitated structure-based drug discovery and virtual molecular docking 
experiments. The availability of more receptor structures, combined with 
emerging concepts such as ligand-depend biased signalling (where a ligand 
preferentially activates a specific signalling pathway over others, offering 
potential for designing ligands that enhance therapeutic effects while minimising 
adverse side effects11,12), protein-protein interactions (e.g., homodimers and 
heterodimers), and ligand-induced receptor rearrangements, has made GPCR 
research a thriving area in both academia and industry. 

Several examples highlight the successful translation of novel GPCR modulation 
strategies into marketed drugs. Oliceridine, approved by the FDA in 2020, 
exemplifies the application of biased signalling mechanisms6. As a biased partial 
agonist of the μ-opioid receptor, it selectively activates the G-protein-dependent 
pathway to provide analgesic effects while minimising activation of the arrestin 
pathway, which is associated with adverse effects13,14. Another example is 
avacopan, approved by the FDA in 2021 as an adjunct therapy for anti-neutrophil 
cytoplasmic autoantibody-associated vasculitis (ANCA-AV)15,16. Avacopan acts 
as an allosteric modulator of the complement C5a receptor (C5aR), forming a 
complex with the receptor to prevent its transition to an active conformation, 
unlike traditional antagonists that block the orthosteric binding site16. 

To date, approximately 800 GPCRs have been identified17, and these receptors 
regulate diverse physiological processes through complex signal transduction, 
making them highly attractive drug targets. An analysis of approved drugs (data 
up to February 2024) revealed that over one-quarter of marketed drugs (535 out 
of 2,054) target GPCRs16. To evaluate current trends, FDA-approved drugs from 
2020 to 2024 were manually categorised. During this period, 32 new drugs 
targeting GPCRs were approved, representing 13% of the 246 approved drugs. 
GPCR-targeting drugs ranked as the fifth most common drug class approved in 
the last five years, maintaining a steady pace of innovation (Figure 1-3A and B).  
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Figure 1-1. Cartoon Structure of a GPCR.  
The left panel illustrates the components of the GPCR, each represented in distinct colours: 
red for the N-terminus, black for extracellular loops, grey for intracellular loops, yellow for the 
C-terminus and blue for transmembrane domains. The right panel provides a simplified 
depiction of the GPCR in its folded structure. Graph was generated via BioRender 
(www.BioRender.com). 

 

 
Figure 1-2. Schematic Representation of GPCR Activation Signalling Pathways via G-
Protein and Arrestin.  
The green circle represented an agonist while red circles with a white “P” indicated as 
phosphorylation sites. The figure was adapted from Conflitti et al. (2025)16. Graph was 
generated via BioRender (www.BioRender.com). 
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Figure 1-3. Analysis of FDA Approved Drugs in Recent 5 Years.  
(A) The pie chart shows the percentage distribution of 246 FDA-approved drugs, categorised 
into eight target groups. The total count of 264 reflects cases where drugs target multiple 
categories. (B) The bar chart summarises the annual approval trends by target group. 
Biologicals, the largest group, manly contributed by antibody-based drugs. The antisense 
oligonucleotide (ASO), classified under "Others," are consistently present in the approved lists 
each year. The approved drug lists were downloaded from FDA website and classified into 8 
categories manually. Figure part A was generated via BioRender (www.BioRender.com) while 
part B created through GraphPad Prism. 
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1.2 Adenosine and Adenosine Receptors (ARs) 

Adenosine is a purine nucleoside consisting of adenine and ribose (Figure 1-4). 
It serves as the core scaffold and metabolite for energy-transferring molecules 
like ATP. Ubiquitous in the human body, adenosine mediates diverse 
physiological effects through the activation of adenosine receptors (ARs)18–20. 
These receptors, members of the GPCR family, are classified into four subtypes: 
A1, A2A, A2B, and A3

5,18–20. The precise regulation of physiological processes by 
adenosine and its receptor subtypes is orchestrated by several factors, including 
the specific effector cascades associated with each subtype, receptor 
interactions (homo- and heterodimers), cell type-specific expression, and 
receptor affinity. 

Each AR subtype is coupled to distinct signalling pathways. A1 ARs are associated 
with Giα and Goα proteins21, which inhibit adenylyl cyclase (AC), and modulate 
ion channels (K⁺ and Ca²⁺)18,20,22. A2A ARs interact with Gsα and Golfα proteins21, 
stimulating AC and inhibiting Ca²⁺ channels18,20,22. A2B ARs couple with Gsα and 
Gq/11α proteins, activating both AC and PLC-β18,20,22. Similarly, A3 ARs are linked to 
Giα and Gq/11α proteins, inhibiting AC as A1 ARs do while activating PLC-β like A2B 
ARs18,20,22. These distinct pathways ensure specificity in adenosine's effects 
across various physiological contexts. 

The affinity of AR subtypes for adenosine further refines their modulation. A1 ARs 
exhibit the highest affinity, whereas A2B ARs display relatively low affinity5,20,22. 
These differences play a crucial role in fine-tuning receptor activation. For 
example, in striatal neurons, both A1 and A2A ARs are expressed, often forming 
heterodimers21. Presynaptic A1 ARs suppress glutamate release, while A2A ARs 
facilitate it. Adenosine causes a biphasic glutamate release pattern via activating 
A1 and A2A ARs with concentration from 0.1 to 100 μM21. At low adenosine 
concentrations, A1 ARs inhibit glutamate release. At higher concentrations, A2A 
ARs become dominant, promoting glutamate release and inhibiting A1 AR activity 
through A1-A2A heterodimer interactions21. This affinity and heterodimer-
dependent switch mechanism exemplifies how adenosine can dynamically 
regulate physiological responses23,24. 

Receptor interactions extend the functional scope of ARs. Except for A1-A2A 
heterodimers, A2A ARs interact with dopamine D2 receptors (D2R) in striatal 
neurons25. When A2A ARs bind agonists or antagonists, the resulting 
conformational changes in the A2A-D2R complex reduce the affinity and efficacy 
of D2R agonists26. Such receptor-receptor interactions allow adenosine to 
influence dopamine signalling indirectly, demonstrating the broader impact of 
AR systems. 
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Tissue-specific expression and effects further contribute to the physiological 
diversity of AR-mediated signalling. In the cardiovascular system (CVS), A1 AR 
activation produces negative inotropic, chronotropic, and dromotropic 
effects19,27, while A2A AR activation enhances inotropy27. In the central nervous 
system (CNS), A1 ARs inhibit glutamate release and regulate postsynaptic 
neuronal activity19, whereas A2A ARs facilitate glutamate release21. Both A2B and 
A3 ARs mediate coronary vasodilation27. In CNS, A2B ARs activation is correlated 
with increasing glutamate release28 while A3 AR activation is linked to 
antinociceptive effects29. 

Through its receptor subtypes, adenosine exerts a wide range of physiological 
effects, driven by differences in receptor affinity, interactions between receptors, 
and tissue-specific expression patterns (Table 1-1). These versatile mechanisms 
underscore the therapeutic potential of ARs as targets for drug discovery. 

 
Figure 1-4. Structure of Adenosine.  
Adenosine is composed of adenine and ribose. It is metabolised rapidly in vivo with a half-life 
around 10 second22. 

 

Table 1-1. Brief Comparation between Four Adenosine Subtypes 

AR 
Subtype 

Adenosine 
Affinity* 
(nM)20,22 

Coupled Gα-
subunit20–22 

Receptor 
complex25 

Activation 

CNS effect CVS effect27 

A1 70/ 1-10 Gi/Go 
A1-A1, 

A1-A2A
21 

Decrease glutamate 
releasing21 

Negative inotropic, 
dromotropic, and 

chronotropic effects 

A2A 150/30 Gs/Golf 
A2A-D2

26, 
A2A-A2A 

Increase glutamate 
releasing21 

Enhance inotropy 

A2B 500/1000 Gs/Gq/11  
Increase glutamate 

releasing28 
Coronary vessel 

dilation 

A3 650/100 Gi/Gq/11  Alleviate pain29 Coronary vessel 
dilation 

*: the adenosine affinity values were from two separate literature. The anterior one is from reference 20 
while the posterior one from reference 22. The varied affinity values may result from experiment setting. 
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1.3 Potential of the Adenosine A1 Receptor for Clinical Applications 

A1 ARs are abundantly expressed in the brain, spinal cord, and atria, with 
moderate expression in adipose tissue, liver, and kidneys, and low expression in 
the lungs and pancreas22,30,31. Their widespread distribution and ability to 
modulate physiological effects make A1 ARs promising targets for drug discovery. 
For instance, the negative inotropic, chronotropic, and dromotropic effects 
mediated by A1 ARs have been explored for arrhythmias19,20,31. The antidiuretic 
effect from A1 ARs inhibition is investigated for heart failure (HF) treatment32,33. 
Additionally, the involvement of A1 ARs in lipolysis and insulin secretion offers 
potential therapeutic avenues for dyslipidemia and type 2 diabetes mellitus 
(T2DM)19,20,25,31,34. In the central nervous system (CNS), A1 AR stimulation is 
associated with pain relief, raising the prospect of developing non-narcotic 
analgesics19,34. 

1.3.1 A1 AR Ligands in Cardiovascular Diseases 

Adenosine modulates heart contraction strength, rate, and conduction via A1 ARs 
and has been approved by the FDA for treating paroxysmal supraventricular 
tachycardia (PSVT)34,35. However, it may induce atrial fibrillation (AF) in 
approximately 15% of cases and cause side effects by activating other AR 
subtypes34,35. To minimise off-target effects, medicinal chemists have developed 
selective A1 AR ligands. Tecadenoson and selodenoson (Figure 1-5), adenosine-
based full agonists with N6-position substitutions, were investigated for 
arrhythmia treatment19,34. Although tecadenoson reduced off-target effects, it 
was discontinued in 2009 due to a lack of clear therapeutic benefit, and 
selodenoson failed to advance beyond phase II trials19,34,36. 

A1 AR antagonists have been evaluated for HF treatment31. Diuretics play a role 
in HF treatment for decreasing cardiac pre- and after- loads37. Unlike traditional 
diuretics, which activate tubuloglomerular feedback (TGF), A1 AR antagonists 
provide diuretic effects without activating TGF and compromising glomerular 
filtration rate32,37. However, clinical trials of the xanthine-based A1 AR antagonists 
tonapofylline (BG9928) and rolofylline (Figure 1-5) were terminated—the 
former in phase II due to sponsor decisions and the latter in phase III due to 
insufficient efficacy compared to placebo25,38. 

1.3.2 A1 AR Ligands in Metabolic Diseases 

A1 ARs regulate lipolysis, insulin sensitivity, and secretion in adipose tissue, liver, 
skeletal muscle, and pancreatic cells33,39. GR79236 (Figure 1-5), a selective A1 AR 
agonist, inhibited lipolysis and reduced plasma non-esterified fatty acids in 
rats34,40. However, its clinical development for T2DM was hindered by dose-
dependent bradycardia and hypotension resulting from cardiac A1 AR 
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activation19,34,41. These cardiovascular side effects redirected research from full 
agonists to partial agonists to mitigate such issues19,31,34. 

1.3.3 A1 AR Ligands for Pain Relief 

Activation of A1 ARs in the brain and spinal cord has demonstrated analgesic 
effects42,43. Study shows that adenosine’s pain-relieving properties are absent in 
A1 AR knockout mice, while morphine-induced analgesic effect is still 
preserved44. This highlights a distinct mechanism of A1 AR agonist for analgesics 
compared to opioids44. These findings suggest that selective A1 AR agonists could 
provide pain relief while avoiding opioid-related side effects. GR79236 and GW-
493838 (Figure 1-5) were tested as antinociceptive agents but failed due to 
cardiovascular side effects and insufficient analgesic efficacy34,41,45,46. It was 
proposed that the insufficient analgesic effect may result from inadequate CNS 
penetration46. 

1.3.4 Challenges and Potential Resolutions for A1 AR Ligands 

Despite the extensive evaluation of A1 AR-targeting candidates, many clinical 
trials have failed due to desensitisation, efficacy, and on- and off-target effects47. 
Selective A1 AR agonists have minimised off-target effects caused by activating 
other adenosine receptor subtypes. However, full agonists frequently exhibit 
undesirable on-target cardiovascular side effects, such as bradycardia and 
hypotension34,40. Full agonists also induce tachyphylaxis, which diminishes 
therapeutic efficacy and limits long-term benefits31,34. 

To address these challenges, A1 AR partial agonists, positive allosteric 
modulators (PAMs), and biased agonists have emerged as potential 
alternatives34,41,46. Partial agonists provide partial receptor activation, reducing 
receptor desensitisation and offering tissue selectivity by eliciting responses that 
vary based on receptor expression levels47. However, partial agonists face 
limitations such as insufficient therapeutic effects due to their partial agonism 
and increased on-target side effects at higher doses such as 
neladenoson48,49(Figure 1-5). In clinical trial NCT002988, neladenoson 
exhibited a dose-dependent decline in renal function and limited improvement 
in cardiac function, suggesting that the initial hypothesis—where partial A1 AR 
agonists could retain therapeutic benefits while avoiding adverse effects—may 
not hold true48. 

Conversely, PAMs offer improved subtype selectivity by targeting less conserved 
allosteric binding sites, as opposed to the orthosteric binding pockets shared 
across receptor subtypes47. PAMs enhance the affinity and/or efficacy of 
endogenous ligands, enabling precise activation of A1 AR-PAM complexes in 
pathological tissues or organs where adenosine concentrations are elevated47,49. 
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For example, MIPS521 (Figure 1-5) demonstrates this approach in animal 
models, reducing cardiac side effects while preserving analgesic effects50,51. 

Another promising candidate is BnOCPA (Figure 1-5), an A1 AR-biased agonist 
with a unique Gα coupling preference for Gob, differing from conventional 
agonists that activate both Goa and Gob pathways equally50,52. In animal studies, 
BnOCPA exhibits minimal cardiac side effects, locomotor disturbances, 
respiratory suppression, and sedation, while also demonstrating effective 
analgesic properties in rat models52. 

These promising ligands, MIPS521 and BnOCPA, offer new hope in A1 AR drug 
development, a field historically hindered by on-target side effects and frequent 
clinical trial failures, previously leading to the classification of A1 ARs as an 
undruggable target53. 
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Figure 1-5.  Cases of A1 Full Agonist, Partial Agonist and Antagonist Failed from Clinical 
Trials.  
Two promising ligands targeting A1ARs: Positive allosteric modulator (PAM)-MIPS521 and 
BnOCPA.  
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1.4 Fluorescent Probes Targeting A1 ARs 

Numerous tools are available for studying A1 ARs, each suited to different 
research objectives. Over the past decades, the toolbox for labelling A1 ARs has 
expanded to include fluorescent ligands, radioactive probes, recombinant A1 ARs 
fused with fluorescent proteins, and antibodies. Among these, fluorescent 
ligands and radioactive probes are small molecules that can be synthesised in 
an organic chemistry lab. Radioactive probes have long been employed in 
pharmacological investigations for ligand-binding assessments. However, safety 
concerns and the complexities of handling and disposal of radioactive materials 
have motivated researchers to seek alternatives54. 

Fluorescent ligands offer a radiation-free option. Combined with techniques 
such as resonance energy transfer, advanced microscopy, flow cytometry, and 
high-throughput screening, fluorescent ligands have significantly broadened 
their applications in pharmacological studies54,55. These advantages have 
spurred interest in developing fluorescent ligands. 

1.4.1 Strengths and Weaknesses of Fluorescent Ligands Compared to 
Radioactive Probes 

The primary limitation of radioactive probes is their associated radiation hazards. 
Extensive safety measures must be implemented before conducting bioassays 
with radioactive ligands, including managing operator exposure, securing 
permissions for the operating area, handling waste disposal, and regulating 
radioactive material transport. While radioligands are widely used in receptor-
ligand binding assays to determine binding affinity, safety concerns restrict their 
use at high concentrations, limiting their application in fragment-based drug 
discovery for low-affinity ligands. Furthermore, radioactive binding assays often 
require a separation step to distinguish receptor-bound ligands from free ligands, 
which complicates the process and precludes real-time assessments55. 

The scintillation proximity assay (SPA) addresses this drawback by eliminating 
the need for separation. SPA employs beads that emit photons only when 
radioactive ligands are in proximity (Figure 1-6)55. Immobilising target proteins on 
SPA beads ensures that emitted photons primarily originate from bound ligands56. 
Tritium- or I125-labelled ligands further enhance the signal-to-noise ratio due to 
their short radiation range in solution, minimising activation by free ligands56. 
However, SPA has limitations. Not all target proteins retain their structure and 
function when immobilised on beads, and the assay is relatively costly. Despite 
these challenges, radioligands remain indispensable and complementary tools 
in pharmacological research. Firstly, they offer a distinct advantage in structural 
modification, as they typically retain the pharmacological properties of the 
parent compound with minimal alterations—such as substituting H1 with H3. 
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Secondly, radioligands emit radiation intrinsically and do not require external 
excitation energy. Consequently, issues such as photobleaching and donor–
acceptor orientation are circumvented when employing radioligands. These 
advantages make radioligands a valuable method for reconfirming and validating 
probe affinity initially investigated using fluorescent probes. 

In contrast, fluorescent ligands are safer and simpler to use in ligand-binding 
assays. They allow discrimination between bound and free ligands directly or 
indirectly without the need for separation steps55. Techniques such as 
fluorescence polarization (FP)57, flow cytometry (FC), and resonance energy 
transfer (RET)54 enable real-time assessment by measuring fluorescence and 
distinguishing ligand states based on polarization, quantum level or proximity 
(Figure 1-7)58. Studies have demonstrated that ligand affinities determined using 
fluorescent ligands are comparable to those obtained with radioligands54. 
Furthermore, fluorescent ligands do not face safety-related concentration limits, 
enabling the assessment of low-affinity ligands at high concentrations, provided 
solubility is not an issue. 

Fluorescent ligands also enable real-time visualisation of labelled receptors and 
monitoring receptor dynamics using advanced microscopy59. However, their 
major limitation lies in the structural modifications required to attach 
fluorophores. Fluorescent ligands typically consist of a pharmacophore, a linker, 
and a fluorophore. The linker length and fluorophore type can significantly alter 
the original ligand affinity, selectivity, and biophysical properties, necessitating 
extensive structural optimisation60–62. 

Given their safety, broad applicability, and simplified binding assessment 
procedures, fluorescent ligands hold great potential for A1 AR studies. 
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Figure 1-6. Radioactive ligand affinity assessment.  
The left part shows that the separation process is needed in traditional radioligand binding 
assay. The right-hand part depicts the scintillation proximity assay (SPA) which directly 
measure photons generated from scintillation beads by receptor-bound ligands excitation. 
Picture was adapted from Soave et al. (2020)55 and created via BioRender 
(https://BioRender.com). 

 
Figure 1-7. Methods of ligand affinity assessment with fluorescent ligands.  
Fluorescent ligands affinity on wild type receptors can be measured via flow cytometry (FC) 
and fluorescence polarization (FP). Fluorescence resonance energy (FRET) and 
bioluminescence resonance energy transfer (BRET) detect fluorescence only when ligands are 
in proximity with tags set on receptors (Tags: fluorophore in FRET, luciferase in BRET). 
Therefore, FRET and BRET are employed in ligand binding assessment as they are distance 
sensitive. The graph was created via BioRender (https://BioRender.com). 
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1.4.2 Reversible, Agonist-Based A1 AR Fluorescent Ligands (Table 1-2) 

The development of A1 AR fluorescent ligands typically begins with 
functionalised AR agonists or antagonists as pharmacophores. These are further 
modified by adding a linker for fluorophore attachment. The first reported A1 AR 
fluorescent ligands in this category were ADAC-FITC and ADAC-NBD, introduced 
by Jacobson in 198763. Both ligands, incorporating the adenosine amine 
congener (ADAC), exhibited nanomolar binding affinity toward A1 ARs in bovine 
brain63. 

Subsequent ligands were primarily based on 5′-(N-ethylcarboxamido)adenosine 
(NECA). In 1998, Macchia synthesised a series of fluorescent ligands with varying 
linker lengths between NECA and dansyl fluorophores64. A six-carbon linker 
yielded the most selective ligand for fluorescence microscopy of rat cerebellar 
cortex64. However, dansyl’s absorption wavelength (340 nm) limited its 
application due to cellular autofluorescence. To address this issue, Macchia 
replaced dansyl with 7-nitrobenzofurazan (NBD, absorption at 465 nm) in 2001, 
but the resulting ligands showed a shift in selectivity from A1 AR to A3 AR65. 

In 2007, Middleton developed NECA-based ligands coupled with the red-
emitting fluorophore BODIPY 630/650 through varying linker lengths66,67. Among 
these, ABEA-X-BY630 demonstrated the highest A1 AR affinity but suffered from 
high nonspecific cytoplasmic uptake in confocal images60. Later, Baker 
examined the effects of different fluorophores on ABEA derivatives, revealing that 
fluorophore and linker composition significantly influenced receptor affinity and 
selectivity60. Among the various fluorophore-conjugated ABEA derivatives, ABEA-
X-BY630 stood out as a promising fluorescent probe, maintaining high A1 AR 
affinity but requiring further optimisation to mitigate nonspecific cell uptake60,68. 

In 2015, Stoddart introduced ABEA-X-BY630 analogues with tripeptide linkers 
(Gly-Ala-Ala)68. Four possible combinations of D- and L-form amino acids were 
screened, revealing comparable potency for both A1 and A3 ARs68. Notably, the 
high potency of ABEA-Gly-(D)Ala-(D)Ala-X-BY630 facilitated the visualisation of 
A3 AR internalisation68. 

1.4.3 Reversible, Antagonist-Based A1 AR Fluorescent Ligands (Table 1-3) 

In 1987, Jacobson reported XAX-FITC and XAC-(Gly3)-FITC, which displayed 
nanomolar binding affinity toward A1 ARs in bovine brain63. Xanthine amine 
congener (XAC) subsequently became a widely used pharmacophore for 
fluorescent ligand development. In 2004, Briddon introduced XAC-X-BY630, 
enabling single-cell A1 AR visualisation via fluorescence correlation 
spectroscopy and confocal microscopy69. 
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To investigate the effects of fluorophore and linker composition, Baker evaluated 
XAC analogues attached with various fluorophores across emission 
wavelengths60. XAC-X-BY630 retained A1 AR affinity as XAC, whereas other 
derivatives showed diminished affinity60. Modifications to XAC-X-BY630, such as 
introducing a polyamide linker (e.g., CA200645), enhanced A3 AR selectivity and 
enabled applications like fragment affinity screening70. Additional derivatives 
with dipeptide linkers, such as XAC-Ser-Tyr-X-BY630, further improved A3 
selectivity71. 

In 2021, Comeo synthesised xanthine-based fluorescent ligands, identifying 
EC.44b and EC.46a as subtype-selective ligands with relatively high A1/A3 
selectivity72. These ligands represent advancements in antagonist-based 
fluorescent probe development for A1 ARs. 

 

 
Figure 1-8.  Structures and Spectrum Data of Fluorophores Attached in Ligands Targeting A1 
ARs Mention Above.  
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Table 1-2. Structures of agonist-based, reversible A1 AR fluorescent ligands targeting A1 ARs are listed in the table below. Each 
structure is dissected into three parts as an orthostere, a linker, and a fluorophore. (Structures of fluorophores are list in Figure 1-8; ligand 
affinity and references are listed in Table 1-4). 

No CompoundA Orthostere Linker Fluorophore 

1-1 ADAC-FITC 

 

- FITC 

1-2 ADAC-NBD - NBD 

1-3 NECA-Dansyl 
(n=3) 

 

 

Dansyl 

1-4 NECA-Dansyl 
(n=4) B  

1-5 NECA-Dansyl 
(n=6)  

1-6 NECA-Dansyl 
(n=8)  

1-7 NECA-Dansyl 
(n=10)  
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No CompoundA Orthostere Linker Fluorophore 

1-8 NECA-Dansyl 
(n=12) 

 

 
Dansyl 

1-9 NECA-NBD (n=2) 
 

NBD 

1-10 NECA-NBD (n=4) 
 

1-11 NECA-NBD (n=6) 
 

1-12 NECA-NBD(n=8) 
 

1-13 NECA-NBD (n=10) 
 

1-14 AprEA-X-BY630 
 

BODIPY 630/650 

1-15 ABEA-X-BY630 
 

1-16 APEA-X-BY630 
 

1-17 AOEA-X-BY630 
 

1-18 ADOEA-X-BY630 
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No CompoundA Orthostere Linker Fluorophore 

1-19 ABA-X-BY630 

 

 

BODIPY 630/650 

1-20 NECA-BY630 
(n=2) 

 

 

1-21 NECA-BY630 
(n=3)  

1-22 NECA-BY630 
(n=4)  

1-23 
NECA-BY630 

(n=8)  

1-24 NECA-BY630 
(n=11)  

1-25 NECA-BY630 
(PEG, n=2)  

1-26 NECA-BY630 
(PEG, n=3)  

1-27 ABEA-BY FL 
 

BODIPY FL 
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No CompoundA Orthostere Linker Fluorophore 

1-28 ABEA-X-BY FL 

 

 
BODIPY FL 

1-29 ABEA-X-Texas red 
 

Texas red 

1-30 ABEA-Cy5 
 

Cy5 

1-31 ABEA-EvoBlue30 
 

EvoBlue30 

1-32 ABEA-AO-Dansyl 
 Dansyl 

1-33 AUEA-Dansyl 
 

1-34 ABEA-G-(D)A-
(D)A-X-BY630 

 

BODIPY 630/650 1-35 ABEA-G-(L)A-(L)A-
X-BY630 

 

1-36 ABEA-G-(D)A-(L)A-
X-BY630  

G-(D)A-(L)A-X 
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No CompoundA Orthostere Linker Fluorophore 

1-37 ABEA-G-(L)A-(D)A-
X-BY630 

 

 

BODIPY 630/650 

A abbreviation: ABEA: N6-(4-aminobutyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; ADAC: adenosine amine congener; ADOEA: N6-(8-

amino-3,6-dioxaoctyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; AEAO: 8-(2-aminoethylamino)-8-oxooctanoyl; AHH: 6-(6-
aminohexanamido)hexanoyl; AO: 8-aminooctanoyl; AOEA: N6-(8-aminooctyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; APEA: N6-(5-
aminopentyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; APrEA: N6-(3-aminopropyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; AUEA: N6-
(11-aminoundecyl)-5’-ethylamino-5’-oxo-5’-deoxyadenosine; NECA: 5'-N-ethylcarboxamidoadenosine.  

B NECA-Dansyl (n=4) = ABEA-Dansyl 
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Table 1-3. Structures of antagonist-based, reversible A1 AR fluorescent ligands targeting A1 ARs are listed in the table below. Each 
structure is dissected into three parts as an orthostere, a linker, and a fluorophore. (Structures of fluorophores are list in Figure 1-8; ligand 
affinity and references are listed in Table 1-4). 

No CompoundA Orthostere Linker Fluorophore 

1-38 XAC-FITC 

 

- 
FITC 

1-39 XAC-Gly3-FITC 
 

1-40 XAC-X-BY630 

 

BODIPY 630/650 

1-41 XAC-X-Texas red Texas red 

1-42 XAC-AEAO-BY FL 
 

BODIPY FL 

1-43 XAC-EvoBlue 30 - EvoBlue 30 

1-44 XAC-Cy5 - Cy5 

1-45 XAC-Dansyl - 

Dansyl 1-46 XAC-AO-Dansyl 
 

1-47 XAC-AHH-Dansyl 
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No CompoundA  Orthostere Linker Fluorophore 

1-48 CA200645 

 

 
R1=H, R2=OH 

BODIPY 630/650 

1-49 XAC-A-S-X-
BY630 

 
R1=H, R2=OH  

1-50 XAC-A-Y-X-
BY630 

 
R1=H, R2=Ph(4-OH) 

1-51 XAC-N-A-X-
BY630 

 
R1=CONH2, R2=H 

1-52 XAC-S-Y-X-
BY630 

 
R1=OH, R2=Ph(4-OH) 
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No CompoundA Orthostere Linker Fluorophore 

1-53 XAC-S-Y-X-BYFL 

 

 
R1=OH, R2=4-OH Ph 

BODIPY FL 

1-54 EC.44b 

 

 
Cy5 

1-55 EC.46a 

 

 

BODIPY 630/650 

A abbreviation: XAC: xanthine amine congener; EC.44b and 46a were the compound number in Comeo et al. (2021)72. 
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Table 1-4. Affinity and selectivity of fluorescent ligands list in Table 1-2 & Table 1-3 

Cpd No 
pKD or pKi Affinity Ratio 

Ref. Mark 
A1 A2A A2B A3 A2A, A2B, A3/A1 

1-1 8.54 (pKi)     
63 

*Bovine brain A1 AR. 
*Radioligand binding 
assay with [3H] (R)-PIA 1-2 8.79 (pKi)     

NECA 5.3-8.2 / - 6.9-8.7 / - 5.7-6.9 / - 7.5-8.4 / -  IUPHAR/BPS  

1-3 7.38 (pKi) 5.37 (pKi) 5.74 (pKi) 
A2/A1:102; 

A3/A1:43 

64 

*Rat cortical-A1, 
measured with [3H]-CHA 
*Rat striatal-A2, 
measured with [3H]-CHA 
*Rat testis membrane-A3, 
measured with [3H] (R)-
PIA. 
*Cpd 1-5 showed highest 
A1 AR affinity in this series 
and maintained good 
selectivity. 

1-4 7.15 (pKi) 5.02 (pKi) 5.70 (pKi) 
A2/A1:135; 

A3/A1:29 

1-5 7.57 (pKi) 5.37 (pKi) 5.44 (pKi) 
A2/A1:159; 
A3/A1:133 

1-6 6.95 (pKi) < 4 (pKi) 6.60 (pKi) 
A2/A1: >90; 

A3/A1:2 

1-7 6.63 (pKi) < 4 (pKi) 5.96 (pKi) 
A2/A1:>42; 
A3/A1:4.7 

1-8 5.47 (pKi) < 4 (pKi) 5.60 (pKi) 
A2/A1:>3; 
A3/A1:0.7 

1-9 < 4 (pKi) 5.17 (pKi) 7.25 (pKi) 
A2/A1:< 0.67; 
A3/A1:0.005 

65 
*Human cortical 
membrane-A1, measured 
with [3H]-DPCPX 1-10 < 4 (pKi) < 4 (pKi) 6.42 (pKi) 

A2/A1: 1; 
A3/A1:0.04 
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1-11 < 4 (pKi) 5.22 (pKi) 7.63 (pKi) 
A2/A1:< 0.61; 
A3/A1:0.002 

*Human striatal 
membrane-A2, measured 
with [3H]-CGS21680 
*Human striatal 
membrane-A2, measured 
with [3H]-CGS21680 
*hA3 AR expressed in 
CHO cells, measured 
with [125I]-AB-MECA. 
*Selectivity shifted from 
A1 to A3 AR when danyl 
was swapped by NBD. 

1-12 5.46 (pKi) 5.29 (pKi) 8.13 (pKi) 
A2/A1:1.47; 
A3/A1:0.002 

1-13 5.20 (pKi) 5.21 (pKi) 7.55 (pKi) 
A2/A1:0.96; 
A3/A1:0.004 

1-14 6.61 (pKD)     

66 

*hA1, A2A, A2B, and A3 ARs 
were expressed in CHO 
cells respectively. 
*A1 AR measured with 
[3H]-DPCPX. 
*1-15 showed the highest 
A1 affinity in this study 
*1-16,1-17 affinity can’t 
be defined below 10 μM. 

1-15 6.80 (pKD)     

1-16 -     

1-17 -     

1-18 6.19 (pKD)     60 As 1-27 to 1-33  

1-19 6.65 (pKD)     66 Measurement was same 
as 1-14 

1-20 6.44 (pKi)     
67 

*hA1 AR expressed in 
CHO cells, affinity was 1-21 6.38 (pKi)     

1-22 6.58 (pKi)     
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1-23      measured with [3H]-
DPCPX. 

1-24      

67 *Binding affinity data was 
not provided in reference. 1-25      

1-26      

1-27 < 4 (pKD)     

60 

*hA1 AR expressed in 
CHO cells, affinity was 
measured with [3H]-
DPCPX. 
*Swapping BY630 in 1-15 
with different 
fluorophores reduce A1 
AR binding affinity. 

1-28      
1-29      
1-30 < 4 (pKD)     
1-31      
1-32 < 4 (pKD)     
1-33 4.97 (pKD)     

1-34 6.17 (pKD)     

68, 74 *Affinity was measured in 
NLuc-hA1 AR. 

1-35      
1-36      
1-37      
XAC 7.5  8.4-9.0  6.9-8.8  7.0-7.4   IUPHAR/BPS  

1-38 8.03 (pKi)     
63 

*Bovine brain A1 AR. 
*Radioligand binding 
assay with [3H] (R)-PIA 1-39 7.78 (pKi)     

1-40 7.42 (pKD)     
60 

*Radioligand binding 
assay with [3H]-DPCPX. 1-41 5.72 (pKD)     

1-42 < 4 (pKD)     
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1-43 5.27 (pKD)     
1-44 5.59 (pKD)     
1-45 6.71 (pKD)     
1-46 6.91 (pKD)     
1-47 6.87 (pKD)     

1-48 7.9 (pKD) 7.56 (pKD) 8.05 (pKD) 7.55 (pKD) 
A2A/A1: 2.47; 
A2B/A1:0.83; 
A3/A1:2.35 

Measured 
on my 
own 

*Affinity was measured via 
BRET. 
*NLuc-hA1, hA2B, and hA3 
ARs were expressed by HEK 
G cells. 
*NLuc-hA2A ARs were 
transiently expressed by 
HEK T cells. 

1-49 8.39 (pKD)   9.29 (pKi) A3/A1: 0.13 

71 

*hA1 and hA3 ARs were 
expressed in CHO cells. 
*A1 affinity was measured 
via [3H]-DPCPX. 
*A3 affinity measured by 
antagonising agonist-
stimulated responses. 
*The series showed 
selectivity on A3 ARs. 

1-50 7.62 (pKD)   8.41 (pKi) A3/A1: 0.16 

1-51 7.82 (pKD)   8.58 (pKi) A3/A1: 0.17 

1-52 7.62 (pKD)   9.12 (pKi) A3/A1: 0.03 

1-53 6.50 (pKD)   7.96 (pKi) A3/A1: 0.03 

1-54 7.35 (pKD) < 6 (pKD) < 6 (pKD) < 6 (pKD) 
A2A/A1: > 22.4; 
A2B/A1: > 22.4; 

A3/A1:> 22.4 
72 

*Ligand affinity was 
assessed with HEKG cells 
expressing NLuc-hA1, 
hA2A, hA2B, or hA3 ARs via 
BRET.  1-55 8.50 (pKD) 7.30 (pKD) 7.26 (pKD) 7.23 (pKD) 

A2A/A1: 15.8; 
A2B/A1:17.4; 
A3/A1:18.6 
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1.5 Covalent Labelling of A1 ARs with Fluorescent tags 

Over the past three decades, numerous fluorescent ligands have been 
developed for A1 ARs73, enabling investigations at the single-cell level using 
confocal microscopy66,72,74, exploration of protein-protein interactions75, and 
assessment of non-fluorescent ligand binding affinity70,76,77. However, these 
reversible fluorescent ligands are unsuitable for long-term studies due to ligand 
dissociation from receptors. Additionally, they occupy the orthosteric binding 
pocket, limiting the observation of receptor activity induced by non-fluorescent 
ligands. Another concern is their potential for off-target labelling of other 
adenosine receptor subtypes due to a narrow selectivity window. Therefore, a 
highly selective covalent labelling method for A1 ARs is needed to expand the 
toolkit for A1 AR research. 

1.5.1 Covalent Labelling of Engineered A1 ARs 

Several methods enable the covalent labelling of a protein of interest (POI) using 
engineered cell models. Since its introduction in eukaryotic cells in 1994, 
fluorescent proteins (e.g., GFP) have been extensively applied in cell biology 
research78. GFP, consisting of 238 amino acids (~27 kDa)79, can be fused to a 
POI80, facilitating studies of protein localisation, interactions, and translocation. 
Various fluorescent proteins with distinct spectroscopic properties are available, 
allowing flexible experimental designs80. 

An alternative approach is the use of self-labelling protein tags, which rely on 
enzyme-mediated covalent labelling. Human O6-alkylguanine-DNA 
alkyltransferase (hAGT) recognizes O6-alkylated benzyl guanine (BG) derivatives, 
transferring the alkyl moiety onto itself for DNA repair80,81. This mechanism has 
been harnessed to develop self-labelling tags such as SNAP-tag and CLIP-tag, 
which specifically react with BG and O2-benzyl cytosine derivatives, respectively, 
allowing fluorophore attachment (Figure 1-9)80–82. Other self-labelling tags 
include the bacterial dehalogenase-derived Halo-tag83, fungal-derived Cutinase-
tag84, beta-lactamase-tag, purple bacterial photoactive yellow protein (PYP)-
tag85, and E. coli dihydrofolate reductase (eDHFR)-tag86. These tags provide high 
specificity, versatile fluorophore selection, and rapid labelling, making them 
valuable tools in cell biology and pharmacology. 

Non-enzymatic peptide-based tags also facilitate covalent labelling. In 2007, 
Hamachi and colleagues introduced the Cys-(Ala)6-(Asp)4 peptide tag (CA6D4 
tag), where tetraaspartate directs Zn(II)-Dpa-Tyr probes to the POI, and the 
cysteine residue undergoes proximity-driven nucleophilic substitution for 
covalent labelling (Figure 1-9)87. 

While covalent labelling techniques offer advantages such as stability during 
long-term studies and compatibility with ligand binding assessments, they 
require genetic modifications, limiting their applicability to native cells88. 
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Additionally, concerns have been raised regarding the potential interference of 
large tags with the natural behaviour of POIs88. 

 

 
Figure 1-9. The Mechanism of Self-Labelling Protein Tags and the CA6D4 Short Peptide Tag 
involves Tagging Target Proteins.  
The SNAP tag forms a covalent bond with an O6-benzylguanine-incorporated substrate via a 
cysteine residue, while the CLIP tag similarly binds an O2-cytosine-incorporated substrate 
through cysteine. HALO tags, on the other hand, interact with chloroalkane substrates. The 
CA6D4 tag chelates a Zn(II)-Dpa-Tyr probe, facilitating the formation of a covalent bond 
between cysteine and the Zn(II)-Dpa-Tyr probe. Pictures modified from Nonaka et al. (2007)87 
and Amaike et al. (2017)88. The elements used in the graph were generated via BioRender 
(www.BioRender.com). 

1.5.2 Ligand-Directed (LD) Covalent Labelling Probes 

Covalently tagging endogenous proteins in native cells via chemical reactions 
provides a powerful strategy for POI investigation. However, achieving specificity 
in a complex cellular environment with low POI expression is challenging. 
Efficient reactions must occur under mild physiological conditions with optimal 
kinetics. 
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LD probes address these challenges by incorporating three components: an 
orthostere for POI binding, a reactive moiety for covalent attachment, and a 
transferable cargo. Pharmacophore with high selectivity ensures POI targeting, 
while the reactive moiety, positioned near nucleophilic amino acids, facilitates a 
pseudo-intramolecular reaction to enhance reaction rates and cargo transfer89. 

1.5.2.1 Reactive Moiety Used in LD Probes 

To develop an effective LD probe, a reactive moiety capable of efficiently 
transferring cargo under physiological conditions while maintaining stability in 
aqueous environments is critical88,89. Several reactive moieties have been 
incorporated into LD probes in the literature (Figure 1-10). 

In 2009, Hamachi’s group introduced a tosyl-based LD probe (LDT), which 
successfully transferred fluorophores, biotin, and 19F tags onto carbonic 
anhydrase (CA) in purified protein samples, human red blood cells, and mouse 
blood (both in vitro and in vivo)90. SDS-PAGE analysis with fluorescent scanning 
confirmed CA-specific labelling, which was further validated through selective 
labelling in protein mixtures and competitive inhibition studies90. However, LDT 
probes suffered from slow reaction rates and low labelling efficiency, limiting 
their broader application. 

To address these limitations, Hamachi’s group introduced acyl imidazole (LDAI) 
as a reactive moiety in 2012 and compared its performance with LDT91. In a study 
involving folate receptor-targeting probes, western blotting and fluorescence 
imaging demonstrated that LDAI exhibited superior labelling efficiency91. 
Subsequently, in 2015, Hamachi’s group introduced dibromophenyl benzoate 
(BB) as a new reactive moiety92. Fenical’s group had previously used phenyl ester 
(PE) to label actin covalently93. To enhance the reaction rate of LDPE, Hamachi’s 
group optimised phenyl ring substitutions, balancing reactivity and stability. 
Their findings showed that ortho-dibromophenyl benzoate provided superior 
labelling efficiency compared to other derivatives, such as ortho-dichlorophenyl 
benzoate and ortho-nitrophenyl benzoate, as well as LDAI92. The study also 
highlighted the impact of linker length on labelling yield, reaction rate, and LDBB 
stability92. Initially, a tetrafluorophenyl benzoate moiety was proposed due to its 
high electron withdrawing effect, but its instability prevented successful 
purification92. 

In 2018, Hamachi’s group expanded LD probe chemistry by introducing N-
sulfonyl pyridone (SP) and N-acyl-N-alkyl-sulfonamide (NASA) as new reactive 
moieties. LDSP exhibited rapid and specific CA labelling, outperforming LDT and 
LDAI in analogous systems94. Furthermore, LDSP-conjugated fluorophores 
enabled fluorescence resonance energy transfer (FRET) studies with reversible 
CA-fluorescent probe interactions in human breast cancer cells (MCF7)94. 
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Meanwhile, LDNASA optimisation focused on selecting the best electron-
withdrawing group for enhancing labelling efficiency. Among cyano, 4-
nitrophenyl, and 2,4-dinitrophenyl groups, cyano proved the most effective, 
achieving the highest labelling efficiency on FKBP1295. Kinetic analysis further 
confirmed that LDNASA labelling rates for FKBP12 and eDHFR surpassed those 
of LDBB and LDAI, reaching levels comparable to self-labelling enzyme tags (e.g., 
SNAP and CLIP) and the fastest click reaction pairs, such as tetrazine and trans-
cyclooctene95. 

Benzotriazole (BTA) was introduced as the reactive moiety by Wu’s group in 
202296. FKBP12, GRAMD1A, and CA were labelled using probes incorporating BTA 
as the reactive moiety, and their validation was performed via mass spectrometry, 
in-gel fluorescent scanning, and confocal imaging96. The study also highlighted 
that the LDBTA labelling reaction proceeded at a faster rate compared to LDNASA, 
as evidenced by the kinetic investigation of FKBP12 labelling with two probes 
incorporating either LDNASA or LDBTA96. 

Tosyl97, acyl imidazole98, dibromophenyl benzoate92, N-sulfonyl pyridone99, N-
acyl-N-alkyl-sulfonamide95,99 and benzotriazole96 have all been demonstrated as 
effective LD probe reactive moieties, successfully tagging proteins of interest in 
live cells. Variations in labelling speed, efficiency, and physicochemical 
properties provide a versatile toolkit for designing LD probes tailored to specific 
protein targets. 

 
Figure 1-10. Structures of LD Reactive Moiety and the Mechanism of Nucleophilic 
Substitution. 
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1.5.2.2 LD Probes for Click Reaction Handle Transfer 

Click reactions are a class of highly efficient and selective chemical reactions 
used to covalently link two moieties. The concept was introduced to enable 
universal and reliable chemical synthesis with simple operational procedures. 
Since the early 2000s, several click reaction pairs have been developed and 
widely applied in medicinal chemistry, peptide synthesis, polymer chemistry, 
and radiochemistry100. Click chemistry has also been extensively utilised for 
biomolecular labelling. The first biological application was reported by Saxon 
and Bertozzi in 2000101, who demonstrated cell surface engineering by treating 
cells with azidosugars, which were incorporated into glycoconjugates via 
metabolism101. The azide tag was then used to attach a biosensor through a click 
reaction, showcasing the potential of click chemistry in biological research101. 
However, executing a click reaction on a POI requires pre-installing a click 
reaction handle. Previous approaches relied on metabolically incorporating 
azidosugars102 or azido amino acids103 into target proteins, a process requiring 
several days. LD probes, which covalently transfer cargo onto POIs, offer a 
solution by rapidly installing a click reaction handle. 

Once the click reaction handle is established via an LD probe, the next 
consideration is selecting an appropriate click reaction pair. The following four 
commonly used click reactions have been employed in biomolecular labelling: 

Staudinger Ligation: This reaction was first employed by Bertozzi’s group to 
attach biosensors to cell surfaces101 and mucin-type O-linked glycoproteins102. 
Staudinger ligation occurs between an azide and a phosphine equipped with an 
electrophilic trap. The phosphine reacts with the azide to form an 
iminophosphorane intermediate, which releases N2 and undergoes an 
intramolecular cyclisation to yield an oxazaphosphetane, ultimately hydrolysing 
into a phosphine oxide-containing amide in an aqueous environment104 (Figure 
1-11). Staudinger ligation can be categorised into traceless and non-traceless 
forms, depending on whether a cleavable linker is present between the 
electrophilic trap and phosphine104. The traceless variant yields labelling 
products without residual phosphine oxide. While biocompatible and selective, 
Staudinger ligation suffers from slow reaction kinetics and phosphine oxidation, 
limiting its applications104.  

Cu(I)-Catalysed Azide-Alkyne Click Chemistry (CuAAC): 1,2,3-Triazoles can 
be synthesised via 1,3-dipolar cycloaddition between an azide and an alkyne. 
However, the reaction is slow and yields regioisomeric products. The 
introduction of Cu(I) as a catalyst significantly accelerates the reaction and gives 
regioselective product105 (Figure 1-11). CuAAC offers faster kinetics than 
Staudinger ligation but requires reducing agents to generate Cu(I) from Cu(II) salt 
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and prevent Cu(I) oxidation106. The oxidative byproducts of reductants and 
copper ions are cytotoxic, necessitating careful optimisation of copper 
concentrations, incubation times, catalyst ligands, and quenching agents106. 
Despite these limitations, CuAAC remains a preferred choice for cellular 
experiments due to its rapid kinetics107.  

Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC): To circumvent Cu 
toxicity, Carolyn’s group developed SPAAC, which employs strained 
cyclooctynes instead of linear alkynes to enhance reaction rates108 (Figure 1-11). 
Further kinetic improvements were achieved by introducing electrophiles or 
fusing biphenyl rings to increase ring strain, yielding reagents such as 4-
dibenzocyclooctynol (DIBO) and aza-dibenzocyclooctynes (DIBAC)107. However, 
the increased size and lipophilicity of these modifications hinder biomolecule 
incorporation and lead to non-specific protein binding109. To address this, 
bicyclo[6.1.0]nonyne (BCN) was developed, exhibiting ~100-fold higher reactivity 
than cyclooctyne without significantly increasing lipophilicity109. 

Inverse Electron Demand Diels-Alder Reaction (IEDDA): 1,2,4,5-Tetrazines 
(dienes) react with alkenes via IEDDA, forming a cycloadduct and eliminating N2 
gas110 (Figure 1-11). IEDDA is the fastest click reaction among those discussed 
and is widely adopted for biomolecular labeling. The reaction rate depends on 
the diene and alkene partners, with trans-cyclooctene (TCO) frequently 
employed due to its low activation energy107. Electron-withdrawing groups on 
tetrazines enhance reaction kinetics, while electron-donating groups have the 
opposite effect111. Despite its advantages, TCO isomerisation and tetrazine 
stability must be considered in experimental designs111.  
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Figure 1-11. List of Click Reaction Applied in Biomolecular Investigation.  
The picture depicts how two molecules conjugate together through corresponding click 
reactions. Reaction mechanism was adopted from Bednarek et al. (2020)104 and Bird et al. 
(2021)107. 
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1.5.2.3 Covalent Labelling of A1 ARs with Small Molecular Probes 

Beerkens reported an affinity-based probe, LUF7909 (Figure 1-12), which 
demonstrated the ability to introduce an alkyne handle onto A1 ARs via a covalent 
bond formed between its sulfonyl fluoride moiety and an amino acid residue of 
A1 AR112. The alkyne handles subsequently enabled click chemistry reactions 
with biosensors, such as biotin or fluorophores, via CuAAC112. The covalent 
tagging strategy facilitated wash-resistant labelling and pull-down experiments 
for proteomics analysis, broadening the scope of A1 AR investigations. However, 
LUF7909 occupied the A1 AR orthosteric binding site, hindering further functional 
analyses with other ligands. 

In 2024, Comeo reported two successful LD probes (compounds 1-56 and 1-57, 
Figure 1-12) for covalently labelling A1 ARs74. Compound 1-56 directly transferred 
a SulfoCy5 fluorophore onto A1 ARs in both native cells (dorsal root ganglion 
neurons) and overexpressing HEK293G and HEK293T cells74. Meanwhile, 
compound 1-57 installed a TCO click handle on A1 ARs, enabling subsequent 
labelling with methyl tetrazine-SulfoCy5 via IEDDA click chemistry74. Both probes 
utilised a 2-fluorophenyl ester as the reactive moiety, first introduced in LD 
probes targeting A2A ARs in 2020113. 

 In a personal conversation, Dr. Nicholas Kindon described his design of a 2-
fluorophenyl ester to achieve covalent labelling of A2A ARs. By analysing the 
docking structure of the A2A antagonist ZM241385 with A2A AR (PDB: 4EIY), he 
identified lysine residues (K150 and K153) proximal to ZM241385’s phenol group 
(Figure 1-13). Functionalising this phenol into a phenyl ester may allow site-
specific amide bond formation. To enhance reactivity while preserving structural 
integrity, fluorine was chosen as an electron-withdrawing substituent. The 
resulting compound successfully labelled A2A ARs113. Inspired by this strategy, 
Comeo successfully applied the 2-fluorophenyl ester approach to LD probes for 
A1 ARs labelling.
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Figure 1-12. Structures of compounds 1-56, 1-57, and LUF7909.  
In 1-56 and 1-57, the 2-fluorophenyl ester (blue) serves as the reactive moiety, while the red-
highlighted regions represent transferred cargos—SulfoCy5 for 1-56 and a TCO (click reaction 
handle) for 1-57. LUF7909 covalently binds to A1 ARs via its sulfonyl fluoride moiety (blue), with 
the alkyne functionality enabling CuAAC conjugation to a desired biosensor. 
 

 
Figure 1-13. Inspiration of 2-fluorophenyl ester Design.  
The 2-fluorophenyl ester, inspired by the docking results of ZM241385 with the A2A AR (PDB: 
4EIY), was incorporated as the reactive moiety (blue moiety) into the ZM241385-based 
labelling probe (1-58). This probe successfully labelled A2A ARs113. 
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1.6 Thesis Aim 

A1 AR agonists and antagonists have been investigated in clinical trials owing to 
their therapeutic potential. Neladenoson bialanate, a partial A1 AR agonist, was 
evaluated for the treatment of heart failure (NCT03098979)114. Additionally, the 
selective A1 AR antagonists SLV320 and tonapofylline were studied for their 
natriuretic effects in patients with acute heart failure while aiming to preserve 
renal function (NCT00744341 for SLV320115; NCT00709865 and NCT00745316 
for tonapofylline116). However, many candidates failed in clinical trials due to on-
target side effects resulting from the widespread distribution of A1 ARs, off-target 
effects caused by promiscuous signalling, or insufficient therapeutic efficacy. 
Despite decades of research, the complexities of A1 AR signalling and protein-
protein interactions remain incompletely understood. A tool to visualise 
endogenous A1 ARs in real-time and monitor their interactions in native cells 
would greatly aid further investigations. Comeo’s LD probes (compounds 1-56 
and 1-57) successfully covalently labelled A1 ARs while preserving receptor 
internalisation following agonist treatment. However, compound 1-56 exhibited 
selectivity issues between A1 and A2A ARs, raising concerns about off-target 
labelling. In contrast, compound 1-57 showed improved A1 AR selectivity but with 
lower labelling efficiency. The first objective of this project was to enhance 
compound 1-56’s selectivity through structural modifications. The second goal 
was to optimise compound 1-57’s affinity and selectivity for A1 ARs. Finally, this 
study aimed to improve A1 AR labelling efficiency through LD probe design and 
click reaction strategies, with the goal of identifying additional LD probes for A1 
AR tagging. 

 



38 
 

Chapter 2. Experimental Methods 

2.1 Pharmacology 

2.1.1 Experiment Materials, Reagents, and Cell Models 

2.1.1.1 Materials 

6-well plates were purchased from Corning Costar (Corning Incorporated, 
Corning, NY, USA). Tissue culture flasks (T25, T75, and T175) were acquired from 
SARSTEDT (SARSTEDT AG & Co. KG, Germany). 96-well plates (white plates, F-
bottom, clear bottom; black plates, F-bottom, fluotrac, Med. binding) were 
supplied by Greiner Bio-One (Greiner Bio-One GmbH, Germany). μ-Slide 8-well 
plates with glass bottoms for cell imaging studies were obtained from Ibidi (Ibidi 
GmbH, Germany). 

2.1.1.2 Reagents 

Dulbecco's Modified Eagle's Medium (DMEM) with phenol red (D6546), DMEM 
without phenol red (D1145), and phosphate-buffered saline (PBS) were 
purchased from Sigma Chemicals (Pool, Dorset, UK). Foetal calf serum (FCS) 
was acquired from PAA Laboratories (Teddington, Middlesex, UK). Geneticin 
(G418) and Penicillin Streptomycin (Pen/Strep) were obtained from Life 
Technologies (Paisley, UK). Optimem, MOPS SDS Running Buffer (20X), NUPAGE® 
LDS sample buffer (4X), PageRuler Prestained Protein Ladder, NuPAGETM 4-12% 
Bis-Tris gel (1.0mm X 10 well), and Laury maltose neopentyl glycol (LMNG) were 
purchased from Thermo Fisher Scientific (USA). SNAP-surface® Alexa Fluor® 488 
and 647 were acquired from New England Biolabs (Hitchin, UK). Methyl tetrazine 
SulfoCyanine5 was purchased from Lumiprobe (Germany). Tetrazine 
SulfoCyanine 5 and Tetrazine AF488 were obtained from BroadPharm (San Diego, 
CA, USA). Adenosine receptor ligands: PSB-603, MRS1220, ZM241385, and 
DPCPX were sourced from Tocris Bioscience (Bristol, UK). Other reagents were 
acquired from Sigma-Aldrich (UK), analytical quality. 

2.1.1.3 Cell Line 

Human embryonic kidney (HEK) 293 cells stably expressing NanoLuc-A1 (human), 
NanoLuc-A2B (human), and NanoLuc-A3 (human) were generated as previously 
described in Stoddart et al. (2015)77 and Comeo et al. (2020)117. TwinStrep-SNAP-
A1 (human) ARs stably expressed by HEK239G cells were generated by Dr. Simon 
Platt and described in Comeo et al. (2024)74. TwinStrep-SNAP-A2A (human) ARs 
stably expressed by the HEK TRex system were generated as described by 
Stoddart et al. (2020)113. HEK 293 cells stably expressing HiBiT-A1 ARs were 
generated by Dr. Mark Soave, as described in Soave et al. (2020)118. HEK293T cells 
were purchased from ATCC. HEK293 cells expressing the GloSensor cAMP 
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biosensor (HEKG) were obtained from Promega (Southampton, UK). All cells 
were maintained in DMEM containing 10% FCS and 4 mM L-glutamine at 37°C in 
a humidified atmosphere with air/CO2 (19:1). 

2.1.1.4 Transiently Transfected Cell Line and Maintenance 

HEK293T cells were transiently transfected with NanoLuc-A2A (human) ARs, 
NanoLuc-A1 (human) ARs, and SNAP-A1 (human) ARs cDNA plasmids 
respectively for ligand affinity assessment towards A2A ARs, orthosteric binding 
site assessments (BRET), post-LD probe labelling A1 AR binding affinity 
assessment, and confocal imaging. For 96-well plate experiments, HEK293T 
cells at approximately 80% confluence in T75 flasks were split and seeded into 
6-well plates with 40-50k cells per well in 2 mL on Day 1. On Day 2, cDNA (250 ng) 
corresponding to the experimental receptor was mixed with Fugene (1:3 ratio) 
and Optimem to a total volume of 100 μL, incubated for 10 minutes at room 
temperature, then added to one well of the 6-well plate. On Day 3, transfected 
HEK293T cells were collected and seeded into 96-well plates at 30-35k cells per 
well. On Day 4, cells were ready for experiments. For FLIM and confocal imaging, 
HEK293T cells at approximately 80% confluence in T75 flasks were split and 
seeded into 8-well plates with 7-12k cells per well in 300 μL on Day 1. On Day 2, 
cDNA (300 ng) was mixed with Fugene (1:4 ratio) and Optimem to a total volume 
of 11 μL, incubated for 10 minutes at room temperature, then added to one well 
of the 8-well plate. On Day 3, cells were ready for experiments. All cells were 
maintained in DMEM containing 10% FCS and 4 mM L-glutamine at 37°C in a 
humidified atmosphere with air/CO2 (19:1).  

Prior to cell seeding, both 8-well and 96-well plates were coated with poly-D-
lysine. A poly-D-lysine solution was prepared at a concentration of 10 μg/mL in 
PBS and subsequently filtered through a 0.2 μm membrane filter. The solution 
was then applied to the wells—50 μL per well for 96-well plates and 300 μL per 
well for 8-well plates—and incubated for 30 minutes under a fume hood. 
Following incubation, the poly-D-lysine solution was aspirated, and the wells 
were rinsed once with DMEM supplemented with 10% FCS prior to cell seeding.  

2.1.2 Ligand Binding Assessment 

2.1.2.1 Nano-BRET Based Saturation Binding Assay 

Ligands tagged with a fluorophore were assessed for their binding affinity via a 
Nano-BRET based saturation binding assay. HEK293T cells stably expressing hA1 
AR with a NanoLuciferase (NLuc) tag on the N-terminus were used to investigate 
ligand binding affinity towards A1 AR. HEK293T cells stably expressing NLuc-hA1 
ARs reached approximately 80% confluence in T75 flasks, were split, and seeded 
into 96-well plates with 30-35k cells per well in 100 μL media. The next day, the 
media in the 96-well plates were aspirated and refilled with HEPES buffered 



40 
 

saline solution (HBSS: 145 mmol/L NaCl, 5 mmol/L KCl, 1.7 mmol/L CaCl₂, 1 
mmol/L MgSO₄, 10 mmol/L HEPES, 2 mmol/L sodium pyruvate, 1.5 mmol/L 
NaHCO₃, 10 mmol/L D-glucose, pH 7.4) - 90 μL in total binding wells and 80 μL 
HBSS along with 10 μL of 10 μM DPCPX in non-specific binding (NSB) wells. Cells 
were incubated at 37°C in humidified air for 30 minutes. After incubation, test 
ligands prepared at concentrations from 0 to 5 μM were added to corresponding 
concentration rows (10 μL/well). After an hour of incubation at 37°C in humidified 
air for equilibrium, furimazine (Promega) diluted 40 times in HBSS was added to 
each well (10 μL) and incubated for 5 minutes at 37°C in humidified air for 
equilibrium. The plate was read on a PHERAstar FS plate reader (BMG Labtech) 
at 37°C. Emissions were read at 460 nm (80 nm bandpass; donor NanoLuc 
emission) and >610 nm (long pass; fluorescent probe emission) for the SulfoCy5- 
or BODIPY-630/650-labelled probe. A2A, A2B, and A3 AR binding affinity 
assessments followed similar procedures as A1 AR. Plates with cells expressing 
corresponding NLuc-AR subtypes were prepared, and NSB was defined by cells 
preincubated with 1 μM of selective antagonists (ZM241385 for A2A, PSB603 for 
A2B, and MRS1220 for A3). 250 ng of NLuc-hA2A AR cDNA was used for transient 
transfection in a 6-well plate for cell preparation. 

2.1.2.2 Nano-BRET Based Competition Binding Assay 

This assay measured the binding affinity of probe 4-5. HEK293T cells stably 
expressing NLuc-hA1 ARs were used to investigate ligand binding affinity towards 
A1 AR. On the experiment day, the media in the 96-well plate was aspirated and 
refilled with 50 μL of 30 nM CA200645 (prepared in HBSS) in each well. 
Subsequently, 50 μL of probe 4-5 (experiment set) and 50 μL of DPCPX (control) 
prepared at concentrations from 0 to 20 μM in HBSS were added to the 
corresponding rows and columns. After an hour of incubation at 37°C in 
humidified air for equilibrium, furimazine (Promega) diluted 40 times in HBSS 
was added to each well (10 μL) and incubated for 5 minutes at 37°C in humidified 
air for equilibrium. The plate was read on a PHERAstar FS plate reader (BMG 
Labtech) at 37°C. Emissions were read at 460 nm (80 nm bandpass; donor 
NanoLuc emission) and >610 nm (long pass; fluorescent probe emission) for 
CA200645. A2A, A2B, and A3 AR binding affinity assessments followed similar 
procedures as A1 AR. Plates with cells expressing corresponding NLuc-AR 
subtypes were prepared, and control was done with selective antagonists 
(ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3). CA200645 at a 
concentration of 15 nM was employed as the fluorescent ligand in competition 
binding assays across four AR subtypes. 250 ng of NLuc-hA2A AR cDNA was used 
for transient transfection in a 6-well plate for cell preparation. 
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2.1.3 Dissociation Assay (Preliminary Covalent Labelling Assessment) 

HEK293T cells stably expressing NLuc-hA1 ARs were seeded in 96-well white 
plates with 30-35k cells per well a day before the experiment. On the experiment 
day, the media was aspirated, and cells were incubated under three conditions: 
total binding wells incubated with 90 μL of test probes only, non-specific binding 
(NSB) wells incubated with 90 μL of test probes and 10 μM DPCPX simultaneously, 
and an experiment set incubated with 90 μL of test probes only during the 
incubation stage. Cells were incubated in a humidified atmosphere at 37°C for 1 
hour and 45 minutes. Furimazine (Promega) diluted 40 times with HBSS was 
added to each well (10 μL/well). A 15-minute equilibrium was carried out in the 
incubator at 37°C. At the end of incubation, the plate was read on a PHERAstar 
FS plate reader (BMG Labtech) at 37°C. Emissions were read at 460 nm (80 nm 
bandpass; donor NanoLuc emission) and >610 nm (long pass; fluorescent probe 
emission). The basal BRET measurement proceeded with a 5-minute kinetic 
reading (30 seconds per reading). Subsequently, 10 μL of HBSS was manually 
added to the total binding and NSB wells, while 10 μL of 100 μM DPCPX was 
added to the experimental wells. All additions were completed within 45 seconds. 
The plate was then continuously read at 30-second intervals for a further 60 
minutes at 37 °C. The concentrations of tested ligands was as follows: 250 nM for 
probes 3-15, 3-16, 3-21, 3-22, and 3-29, and 100 nM for probes 3-33 and 
CA200645, all prepared in HBSS. For the A2A dissociation assay, HEK293T cells 
transiently transfected with 250 ng NLuc-hA2A cDNA were collected from 6-well 
plates and seeded into white 96-well plates at 30-33k cells per well a day before 
the experiment. DPCPX was replaced with ZM241385. The remaining 
experimental steps were the same as those for the A1 dissociation assay. 

The incubation was performed in an incubator at 37°C with humidified air.  

2.1.4 In-Gel Fluorescent Scan 

2.1.4.1 A1 AR Labelling 

HEK293G cells stably expressing TwinStrep-SNAP-tagged A1 adenosine 
receptors (TS-SNAP-A1 ARs) were cultured in T175 flasks and used at 80–90% 
confluence, depending on the experimental design. The TwinStrep (TS) tag, 
located at the N-terminus of the A1 AR, facilitates receptor extraction from 
solubilised cell lysates due to its high affinity for Strep-Tactin®, a streptavidin 
variant immobilised on magnetic beads. Upon incubation with the beads, TS-
tagged A1 ARs selectively bind to Strep-Tactin, enabling their separation from 
other cellular proteins using a magnetic separator. The bound receptors were 
subsequently eluted using biotin, which exhibits a higher binding affinity for 
Strep-Tactin than the TS tag. 
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The SNAP tag was employed for fluorescent labelling using SNAP-Surface Alexa 
Fluor 647 (AF647). This tag forms a covalent bond with its substrate, allowing for 
specific and stable labelling of the receptor. The fluorescent signal from the 
SNAP-AF647 conjugate served as a positive control in in-gel fluorescence 
scanning. 

Probe 3-15, 3-29, 3-33, 3-34 Labelling 

For negative and positive controls, the media in T175 flasks was aspirated and 
refilled with 10 mL of DMEM-D6546 (with phenol red, Sigma-Aldrich) and 400 nM 
of SNAP-surface AF647 in 10 mL of DMEM-D6546. For experimental sets, a 
concentration of 10 times the A1 Kd was prepared for each tested probe in DMEM-
D6546 and incubated with cells in T175 flasks. Each T175 flask labelled with 
different conditions was followed by a 2-hour incubation at 37°C in humidified 
air/CO₂ (19:1 ratio). 

Probe 5-8 Labelling 

For negative and positive controls, the media in T175 flasks was aspirated and 
refilled with 10 mL of DMEM-D1145 (without phenol red, Sigma-Aldrich) and 50 
nM of SNAP-surface AF647 in 10 mL of DMEM-D1145, followed by a 1-hour 
incubation at 37°C in humidified air/CO₂ (19:1 ratio). For experimental sets, 4 nM 
of probe 5-8 in 10 mL of DMEM-D1145 replaced the media in T175 flasks, 
followed by a 1-hour incubation under the same conditions as control sets. For 
antagonist intervention sets, cells were preincubated with 30 nM of DPCPX in 10 
mL of DMEM-D1145 for 30 minutes. The DMEM-D1145 in T175 flasks was 
aspirated and refilled with 4 nM of probe 5-8 and 30 nM of DPCPX in 10 mL of 
DMEM-D1145, followed by another 1-hour incubation. For selectivity 
enhancement sets, cells were preincubated with 10 nM of ZM241385 in 10 mL of 
DMEM-D1145 for 30 minutes. The DMEM-D1145 in T175 flasks was aspirated and 
refilled with 4 nM of probe 5-8 and 10 nM of ZM241385 in 10 mL of DMEM-D1145, 
followed by another 1-hour incubation. 

Probe 4-5 Labelling 

Positive and negative control sets were the same as in the probe 5-8 experiment. 
For experimental sets, 200 nM of probe 4-5 in 10 mL of DMEM-D1145 replaced 
the media in T175 flasks, followed by a 1-hour incubation. After an hour, the 
media was aspirated, and cells were gently washed with warm PBS twice. 500 nM 
of Tetrazine-sulfoCy5 in 10 mL of DMEM-D1145 was added to probe 4-5 
prelabelled cells for an additional 1-hour incubation. For antagonist intervention 
sets, cells were preincubated with 10 μM of DPCPX in 10 mL of DMEM-D1145 for 
30 minutes. The DMEM-D1145 in T175 flasks was aspirated and refilled with 200 
nM of probe 4-5 and 10 μM of DPCPX in 10 mL of DMEM-D1145, followed by 
another 1-hour incubation. After an hour, the media was aspirated, and cells 
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were gently washed with warm PBS twice, followed by a 1-hour incubation with 
500 nM of Tetrazine-sulfoCy5 in 10 mL of DMEM-D1145. All incubations were 
conducted under the same conditions as control sets. 

2.1.4.2 A2A AR Labelling 

20 μL of tetracycline (1 mg/mL) was added to HEK T-Rex cells maintained in T175 
flasks at 50-70% confluence to induce TS-SNAP-A2A AR expression. The next day, 
the cells were ready for labelling. 

Probe 5-8 Labelling in Highly Expressed TS-SNAP-A2A AR System 
For negative and positive controls, the media in T175 flasks was aspirated and 
refilled with 10 mL of DMEM-D1145 and 50 nM of SNAP-surface AF647 in 10 mL 
of DMEM-D1145, followed by a 1-hour incubation at 37°C in humidified air/CO₂ 
(19:1 ratio). For experimental sets, 4 nM of probe 5-8 in 10 mL of DMEM-D1145 
replaced the media in T175 flasks, followed by a 1-hour incubation. For 
ZM241385 blocking A2A AR sets, cells were preincubated with 10 nM of ZM241385 
in 10 mL of DMEM-D1145 for 30 minutes. The SFM in T175 flasks was aspirated 
and refilled with 4 nM of probe 5-8 and 10 nM of ZM241385 in 10 mL of DMEM-
D1145, followed by another 1-hour incubation. All incubations were conducted 
under the same conditions as control sets. 

At the end of incubation, the media was aspirated, and cells were gently washed 
with 5 mL of PBS twice. 5 mL of enzyme-free cell dissociation solution (Sigma-
Aldrich) was added to T175 flasks, and cells were detached for 1-2 minutes. Cells 
were washed off with 5 mL of PBS and centrifuged at 1,000xRCF for 5 minutes. 
The supernatant was discarded, and the cell pellet was ready for solubilisation 
or stored in a -80°C freezer until use. 

2.1.4.3 Solubilisation 

A1 AR Solubilisation 

Cell pellets were thawed on ice (if stored at -80°C), weighed, and resuspended in 
solubilisation buffer (0.5% (w/v) Lauryl Maltose Neopentyl Glycol (LMNG) 
(Thermo Fisher Scientific, UK), 0.01% (w/v) Cholesteryl Hemisuccinate Tris salt 
(Anatrace, OH, USA), 20 mM HEPES, 10% (v/v) glycerol, 150 mM NaCl, complete 
protease inhibitors (Roche, UK), pH 7.5) at a ratio of 1:10 (w/v) of cell pellet to 
solubilisation buffer. Resuspended cells were solubilised for 2 hours on a 
DigiRoller 6 roller (SLS, UK) at 80 RPM and 4°C. Samples were centrifuged at 
16,000 x g for 20 minutes at room temperature. 

A2A AR Solubilisation 

Cell pellets were thawed on ice (if stored at -80°C), weighed, and resuspended in 
solubilisation buffer (1% n-Dodecyl β-D-maltoside (DDM) (Sigma Aldrich, UK), 20 
mM HEPES, 10% (v/v) glycerol, 150 mM NaCl, complete protease inhibitors 
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(Roche, UK), pH 7.5) at a ratio of 1:10 (w/v) of cell pellet to solubilisation buffer. 
Resuspended cells were solubilised for 2 hours on a DigiRoller 6 roller (SLS, UK) 
at 80 RPM and 4°C. Samples were centrifuged at 16,000 x g for 20 minutes at 
room temperature. 

2.1.4.4 Receptor Extraction 

20 μL of MagStrep “type3” XT magnetic beads (IBA, Göttingen, Germany) were 
added to a new amber microcentrifuge tube and washed with 200 μL of receptor-
paired solubilisation buffer twice. The same amount of supernatant from 
centrifuged solubilised cells for the same batch experiment was added into 
separate amber microcentrifuge tubes. These tubes were then fixed on a head-
to-head shaker overnight for receptor extraction in the cold room. The next day, 
the supernatant was removed from the beads using a magnetic separator, and 
the beads were washed with 200 μL of receptor-paired solubilisation buffer twice. 
The beads were then resuspended with 30 μL of elution buffer (1:9 solution of 10x 
buffer BXT (commercial biotin solution for twin-strep tag elution, IBA) and 
solubilised buffer) and fixed on a head-to-head shaker for 4 hours in a cold room. 
The supernatant containing the preliminary purified extracted receptor was 
transferred to a new amber microcentrifuge tube via the magnetic separator. 

2.1.4.5 SDS-PAGE Gel Electrophoresis and In-Gel Fluorescent Scan 

30 μL of samples containing extracted receptors were mixed with 10 μL NuPAGE™ 
LDS sample buffer and resolved on a NuPAGE™ 4–12% Bis-Tris 1.0 mm × 10 well 
gel using NuPAGE™ MOPS SDS running buffer (TS-SNAP-A1 AR labelling positive 
control sample loading 20 μL, TS-SNAP-A2A AR labelling positive control sample 
diluted 50 times and loaded 10 μL, all other conditions loaded the whole sample 
40 μL). Gels were run for 50 minutes at 200 V. Samples were not boiled and no 
reductant was added prior to gel electrophoresis. 5 μL PageRuler™ Prestained 
Protein Ladder was used as the marker. Gels were scanned on an Amersham 
Typhoon imaging system (GE Healthcare Life Sciences, Pittsburgh, PA) using 
Fluorstage and Cy5 670BP30 filter sets with PMT set to auto and pixel size set to 
200 μm. After acquiring Cy5 scan images, the gel was stained with Instant® 
Coomassie Protein Stain (Abcam) 10 mL overnight. The next day, the gel was 
washed with Milli-Q water twice to remove excess dye and scanned with the 
Typhoon imaging system using Fluorstage and IRlong 825BP30 with PMT set to 
auto and pixel size set to 200 μm. 

2.1.5 Confocal Microscopy 

2.1.5.1 Membrane A1 AR Labelling 

HEK293T cells transiently expressing SNAP-hA1 ARs in an 8-well plate were 
utilised in this experiment. The cells were prepared as described in the 2.1.1.4 
Transfection Section with 300 ng SNAP-hA1 AR cDNA per well. On the day of the 
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experiment, the media was aspirated, and the cells were incubated with 200 μL 
of 250 nM SNAP-surface® AF488 for 30 minutes. Subsequently, the media was 
removed, and the cells were washed once with warm DMEM. Experiment wells 
received 180 μL DMEM, while the antagonist control set received 160 μL DMEM 
along with 20 μL of 100 μM DPCPX (final concentration of DPCPX in the well was 
10 μM). The plate was incubated for 30 minutes. For probe 3-15 labelling 
assessment, 20 μL of 1 μM probe 3-15 was added to all wells for a 2-hour final 
incubation. For probe 4-5 labelling assessment, 20 μL of 1 μM probe 4-5 was 
added to all wells for a 2-hour incubation. After 2 hours, the media was removed, 
and the cells were washed twice with warm DMEM, followed by a final incubation 
with 200 μL of 1 μM Tet-SulfoCy5 (or Methyl-Tet-SulfoCy5, depends on the aim of 
experiment) for 15 minutes. For probe 5-8 labelling assessment, 20 μL of 400 nM 
probe 5-8 was added to all wells for a 2-hour incubation. At the end of the 
incubation, the media was removed, the cells were washed twice with warm PBS, 
fixed with 4% paraformaldehyde (Sigma-Aldrich) at room temperature for 20 
minutes, washed again with PBS, and filled with 350 μL of PBS. The sample was 
then ready for image collection. All reagents were prepared in DMEM, and 
incubation was performed in an incubator at 37°C in a humidified atmosphere 
with air/CO₂ (19:1 ratio). 

Fixed cell imaging was conducted using a Zeiss LSM 710 laser scanning confocal 
microscope fitted with a Zeiss C-Apochromat 40x 1.2 NA water immersion 
objective. A 633 nm HeNe laser was employed for the excitation of the SulfoCy5 
fluorophore, and a 488/561/633 dichroic was used for emission detection 
between 638 and 759 nm. A 488 nm HeNe laser was used to excite AF488, and 
emission was detected between 492 and 534 nm. The pinhole diameter (1 Airy 
Unit; 1.1 μm optical slice), laser power, and gain were kept constant in all 
experiments. Images were acquired at 16-bit depth, 1024x1024 pixel resolution 
with a line averaging of 2 and a pixel dwell time of 3.14 μs. Images were processed 
in Zeiss ZEN 3.9 (blue edition), and linear adjustments to brightness and contrast 
were applied equally across all images. To obtain membrane intensity values, 
regions of interest were manually drawn around cell membranes and measured 
via FIJI (ImageJ) version 2.16.0 software. 

2.1.5.2 Agonist-Induced A1 AR Internalisation Observation 

The cells and labelling procedures for this experiment were the same as those 
described in the "2.1.5.1 Membrane A1 AR Labelling" section. Once the final 
labelling stage was completed, the media were aspirated, and the cells were 
washed twice with warm DMEM to remove excess labelling reagents. The cells 
were then incubated with 200 μL of DMEM or 10 μM 2-Chloro-N6-
cyclopentyladenosine (CCPA) for 2 hours. At the end of the treatment, the media 
were removed from the plate. The cells were washed twice with warm PBS, fixed 
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with 4% paraformaldehyde (Sigma-Aldrich) at room temperature for 20 minutes, 
washed again with PBS, and filled with 350 μL of PBS. The sample was then ready 
for image collection. All reagents were prepared in DMEM, and incubation was 
performed in an incubator at 37°C in a humidified atmosphere with air/CO₂ (19:1 
ratio). 

Fixed cell imaging was performed using a Zeiss LSM 710 laser scanning confocal 
microscope with the same settings as mentioned in the "2.1.5.1 Membrane A1 
AR Labelling" section. Images were processed in Zeiss ZEN 3.9 (blue edition), 
and linear adjustments to brightness and contrast were applied equally across 
all images. To obtain intracellular intensity, regions of interest were manually 
drawn around the intracellular area and measured via FIJI (ImageJ) version 2.16.0 
software. 

2.1.6 Investigation of Probe 3-22 Precise A1 AR Labelling Position via 
Point-Mutation A1 AR Model 

cDNA Constructs 

The wild-type NLuc-hA1 AR cDNA construct was originally generated by Dr 
Stoddart and is described in Stoddart et al. (2015)77. Mutant NLuc-hA1 AR cDNA 
constructs were synthesised and obtained from GenScript (USA). All constructs 
were cloned into the pcDNA3.1(+) vector containing a neomycin resistance 
cassette. In the mutant constructs, the signal peptide (derived from 5-HT3A) and 
the NanoLuc (NLuc) tag were identical to those in the wild-type construct. 

Site-directed mutagenesis was used to introduce specific point mutations into 
the A1 AR sequence. The single-point mutations included lysine-to-alanine 
substitutions at positions K168A, K173A, and K265A. A double mutant was 
generated by substituting both K168 and K173 with alanine, while the triple 
mutant included substitutions at K168, K173, and K265. 

Transformation 

Competent Escherichia coli DH5α cells (Thermo Fisher Scientific) were used for 
plasmid transformation. A 50 μL aliquot of DH5α cells was thawed on ice, and 25 
μL was mixed with 1 μL of reconstituted mutant NLuc-hA1 AR cDNA (prepared in 
nuclease-free water according to GenScript’s recommendations). The mixture 
was incubated on ice for 30 minutes, followed by heat shock at 42 °C for 30 
seconds. The cells were then cooled on ice for 5 minutes and transferred to a 1.5 
mL microcentrifuge tube containing 250 μL of LB broth. The suspension was 
incubated at 37 °C with shaking at 225 rpm for 1 hour. Following incubation, the 
transformation mixture was spread onto LB agar plates containing 50 μg/mL 
ampicillin. Plates were inverted and incubated overnight at 37 °C. 
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cDNA Amplification 

Following overnight incubation, a single colony was selected and inoculated into 
5 mL of LB broth containing 50 μg/mL ampicillin in a 20 mL universal tube. The 
culture was incubated at 37 °C with shaking at 225 rpm for 6 hours. Subsequently, 
the culture was transferred into a 500 mL flask containing 200 mL of LB broth with 
50 μg/mL ampicillin and incubated overnight under the same conditions. 

cDNA Extraction 

The bacterial culture was centrifuged at 40,000 × g for 30 minutes at 4 °C to pellet 
the cells. Plasmid DNA was extracted and purified from the pellet using a 
commercial Maxiprep kit (PureYieldTM Plasmid Maxiprep System, Promega), 
following the manufacturer’s protocol. 

Sanger Sequencing 

The identity and integrity of the mutant NLuc-hA1 AR cDNA constructs were 
confirmed by Sanger sequencing. Sequencing was performed using a 
T7P forward primer (5' TAATACGACTCACTATAGGG 3') and a BGH reverse primer 
(5' TAGAAGGCACAGTCGAGG 3'). The sequencing was carried out by Mr. Matthew 
Carlile (School of Life Sciences technician). Sequence data were analysed and 
aligned using Benchling (www. Benchling.com) to confirm the presence of the 
intended mutations. 

2.1.6.1 Binding Affinity Characterisation of Ligands to Wild-Type and Mutated 
NLuc-A1 ARs 

Five mutated NLuc-hA1 AR constructs were amplified, purified in-house and 
confirmed by Sanger sequencing. These included three single-point mutations 
(K168A, K173A, and K265A), one double mutation (K168A/K173A), and one triple 
mutation (K168A/K173A/K265A). HEK293T cells were transiently transfected 
with either the mutated or wild-type NLuc-hA1 AR cDNA, following the protocol 
outlined in Section 2.1.1.4. Transfected cells were seeded into white 96-well 
plates at a density of 30–35k cells per well one day prior to the experiment. On 
the day of the assay, a NanoBRET-based saturation binding experiment (Section 
2.1.2.1) was conducted using the mutated and wild-type receptors, with probe 
3-22 (LD probe) and probe 3-29 (a reversible fluorescent ligand) employed to 
determine the respective dissociation constants (Kd values). 

The incubation was performed in an incubator at 37°C with humidified air.  

2.1.6.2 Assessing Labelling Reversibility by DPCPX Displacement 

HEK293T cells expressing mutated NLuc-hA1 AR cDNA and wild-type NLuc-hA1 
AR cDNA were prepared following the transient transfection protocol in Section 
2.1.1.4. Cells were seeded in 96-well white plates at 30-35k cells per well one 



48 
 

day before the experiment. On the day of the experiment, cells were treated 
under three conditions. In the first condition, cells were incubated with 100 nM 
of the test ligand for one hour, washed with warm HBSS once, and incubated with 
HBSS for another hour. In the second condition, cells were preincubated with 10 
μM DPCPX for 30 minutes followed by an hour of incubation with 100 nM of the 
test ligand. Cells were then washed once and incubated with warm HBSS for 
another hour. In the third condition, cells were incubated with 100 nM of the test 
ligand for one hour, washed with warm HBSS once, and incubated with 10 μM 
DPCPX for another hour. At the end of the incubation, furimazine (Promega) 
diluted 40 times with HBSS was added to each well (10 μL per well). The plate 
was read on a PHERAstar FS plate reader (BMG Labtech) at 37°C after 5 minutes 
of equilibrium. Emissions were measured at 460 nm (80 nm bandpass; donor 
NanoLuc emission) and >610 nm (long pass; fluorescent probe emission) for the 
SulfoCy5- or BODIPY630/650-labelled probe. 

The incubation was performed in an incubator at 37°C with humidified air.  

2.1.6.3 Assessing A2A Bystander Effects 

The assessment followed the same protocol as in Section 2.1.6.2 but utilised A2A 
knock-out HEK293 cells (generated by Dr. Simon Platt) for transient transfection 
with mutated and wild-type NLuc-hA1 AR cDNA. 

2.1.7 Association Kinetic Assay 

HEK293T cells stably expressing NLuc-hA1 ARs were seeded in 96-well white 
plates at 30-35k cells per well one day before the experiment. On the day of the 
experiment, the media was aspirated, and cells were incubated with 80 μL of 
HBSS or 70 μL HBSS with 10 μL of 100 μM DPCPX (defined non-specific binding) 
for 30 minutes. Furimazine (Promega), diluted 40 times with HBSS, was added to 
each well (10 μL per well) and equilibrated for 10 minutes. At the end of the 
incubation, the plate was read on a PHERAstar FS plate reader (BMG Labtech) at 
37°C. Emissions were measured at 460 nm (80 nm bandpass; donor NanoLuc 
emission) and >610 nm (long pass; fluorescent probe emission). The basal BRET 
measurement proceeded with a 5-minute kinetic reading (30 seconds per 
reading). Probe 3-29, prepared in HBSS at concentrations of 4 μM, 2 μM, and 1 
μM, was added manually (10 μL per well) within 45 seconds. The plate was read 
every 30 seconds for 60 minutes at 37°C. 

The incubation was performed in an incubator at 37°C with humidified air.  
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2.1.8 Probe 4-5 Labelling Condition Optimisation 

2.1.8.1 Click Reaction Incubation Time Assessment 

HEK293T cells stably expressing NLuc-hA1 ARs were seeded in 96-well black 
plates at 30-35k cells per well one day before the experiment. On the day of the 
experiment, the media was aspirated, and cells were washed once with warm 
PBS. Cells were then incubated with 250 nM of probe 4-5 or 1-56 (control) 
prepared in DMEM-D6546 for 3 hours. At the end of the first labelling stage, cells 
were washed twice with warm DMEM-D6546 and refilled with DMEM-D6546. 
Methyl-tetrazine SulfoCy5 (MTCy5) at 1 μM, prepared in DMEM-D6546, was 
added to cells pre-labelled with probe 4-5 at various time points (immediately, 1 
hr, 2 hr, 2.5 hr, and 2 hr 45 min). Fifteen minutes after the last MTCy5 solution 
replacement, cells were washed twice with PBS and filled with HBSS. The plate 
was read on a Clariostar (BMG, Germany) at 37°C with an excitation wavelength 
of 610 nm (30 nm bandpass) and an emission wavelength of 675 nm (50 nm 
bandpass).  

The incubation was performed in an incubator at 37°C with humidified air, 
maintaining an air/CO2 ratio of 19:1. 

2.1.8.2 Evaluation of Methyl-Tetrazine-SulfoCy5 Labelling Without Preincubation 
with Probe 4-5 

HEK293T cells transiently transfected with SNAP-hA1 ARs, following the protocol 
in Section 2.1.1.4, were seeded in an 8-well plate one day before the experiment. 
On the day of the experiment, the media was removed, and cells were incubated 
with 1 μM Methyl-tetrazine-SulfoCy5 for different periods of time (5, 15, 30, and 
60 minutes). After incubation, cells were washed twice with PBS, fixed with 4% 
paraformaldehyde (Sigma-Aldrich), washed once with PBS, and refilled with PBS. 
The plate was then ready for confocal imaging.  

The incubation was performed in an incubator at 37°C with humidified air, 
maintaining an air/CO2 ratio of 19:1. 

Fixed cell imaging was performed using a Zeiss LSM 710 laser scanning confocal 
microscope fitted with a Zeiss C-Apochromat 40×/1.2 NA water immersion 
objective. A 633 nm HeNe laser was used for the excitation of the SulfoCy5 
fluorophore, and a 488/561/633 dichroic was used for emission detection 
between 638 and 759 nm. The pinhole diameter (1 Airy Unit; 1.1 μm optical slice), 
laser power, and gain were kept constant in all experiments. Images were 
acquired at 16-bit depth, 1024×1024-pixel resolution with a line averaging of 2 
and a pixel dwell time of 3.14 μs. Images were processed in Zeiss ZEN 3.9 (blue 
edition), and linear adjustments to brightness and contrast were applied equally 
across all images. 
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2.1.8.3 Probe 4-5 Incubation Period Investigation 

Eight-well plates seeded with HEK293T cells transiently expressing SNAP-hA1 
ARs followed the protocol in Section 2.1.1.4. On the day of the experiment, the 
media was removed, and cells were labelled with SNAP-surface® AF488 at 250 
nM prepared in DMEM-D6546 for 30 minutes. Cells were then washed once with 
warm DMEM-D6546, followed by 100 nM of probe 4-5 labelling with different 
incubation periods (30, 60, and 120 minutes) in the presence or absence of a 30-
minute preincubation with DPCPX. Cells were washed twice with warm DMEM-
D6546 and incubated with 1 μM Methyl-tetrazine-SulfoCy5 for either 5 or 10 
minutes (as stated in Chapter 4, Figure 4-7 legend). Cells were washed twice 
with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich), washed once with 
PBS, and refilled with PBS. The plate was then ready for confocal imaging. The 
confocal imaging study followed the same protocol as in Section 2.1.5.1. 

The incubation was performed in an incubator at 37°C with humidified air, 
maintaining an air/CO2 ratio of 19:1. 

2.1.8.4 Phase 2 Labelling Reagent Selection 

Eight-well plates seeded with HEK293T cells transiently expressing SNAP-hA1 
ARs followed the protocol in Section 2.1.1.4. On the day of the experiment, the 
media was removed, and cells were labelled with SNAP-surface® AF488 at 250 
nM prepared in DMEM-D6546 for 30 minutes. Cells were then washed once with 
warm DMEM-D6546, followed by 100 nM of probe 4-5 labelling for 2 hours in the 
presence or absence of a 30-minute preincubation with 10 μM DPCPX. Cells were 
washed twice with warm DMEM-D6546 and incubated under one of the following 
conditions: 1 or 10 μM Methyl-tetrazine-SulfoCy5 or Tetrazine-SulfoCy5 for 15 
minutes. Cells were then washed twice with PBS, fixed with 4% 
paraformaldehyde (Sigma-Aldrich), washed once with PBS, and refilled with PBS. 
The plate was then ready for confocal imaging. The confocal imaging study 
followed the same protocol as in Section 2.1.5.1. 

The incubation was performed in an incubator at 37°C with humidified air, 
maintaining an air/CO2 ratio of 19:1. 

2.1.8.5 Labelling Media Selection Assessment 

Eight-well plates seeded with HEK293T cells transiently expressing SNAP-hA1 
ARs followed the protocol in Section 2.1.1.4. On the day of the experiment, the 
media was removed, and cells were labelled with SNAP-surface® AF488 at 250 
nM prepared in DMEM-D1145 for 30 minutes. Cells were washed once with the 
tested media, followed by a 2-hour incubation with probe 4-5, two washes with 
the tested media, and a 15-minute incubation with methyl-tetrazine-SulfoCy5 
(MTCy5). Probe 4-5 at 100 nM and MTCy5 at 1 μM were prepared in the following 
tested media: DMEM with phenol red (DMEM-D6546), DMEM without phenol red 
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(DMEM-D1145), or HBSS. At the end of the incubation, cells were washed twice 
with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich), washed once with 
PBS, and refilled with PBS. The plate was then ready for confocal imaging. The 
confocal imaging study followed the same protocol as in Section 2.1.5.1. 

DMEM as media, the incubation was performed in an incubator at 37°C with 
humidified air, maintaining an air/CO2 ratio of 19:1. 

HBSS as media, the incubation was performed in an incubator at 37°C with 
humidified air.  

2.1.9 Orthosteric Binding Pocket Availability Assessment 

2.1.9.1 BRET-Based Analysis 

HEK293T cells transiently expressing NLuc-hA1 ARs in 96-well white plates were 
prepared following the protocol in Section 2.1.1.4. On the day of the experiment, 
the media was removed, and cells were washed twice with warm HBSS. Cells 
were then incubated with or without 250 nM of probe 4-5 in HBSS for 1 hour, 
followed by two washes with HBSS, and incubated with or without 500 nM 
Tetrazine-AF488 in HBSS for 1 hour. Cells were then washed twice with HBSS and 
incubated with 100 nM of probe 3-29 in the presence or absence of a 30-minute 
preincubation with 1 μM DPCPX for one hour. Furimazine (Promega), diluted 40 
times with HBSS, was added to each well (10 μL per well) followed by a 5-minute 
equilibrium. The plate was read on a PHERAstar FSX plate reader (BMG Labtech) 
at 37°C. For red BRET measurement, emissions were read at 450 nm (80 nm 
bandpass; donor NanoLuc emission) and >610 nm (long pass; fluorescent probe 
3-29 emission). For green BRET measurement, emissions were read at 475 nm 
(30 nm bandpass; donor NanoLuc emission) and at 535 nm (30 nm bandpass; 
AF488 tag emission). 

The incubation was performed in an incubator at 37°C with humidified air.  

2.1.9.2 FLIM-FRET Analysis 

Eight-well plates seeded with HEK293T cells transiently expressing NLuc-hA1 ARs 
followed the protocol in Section 2.1.1.4. On the day of the experiment, the media 
was removed, and cells were incubated with 250 nM of probe 4-5 in HBSS for 1 
hour. Cells were then washed twice with HBSS and labelled with 500 nM of 
Tetrazine-AF488 in HBSS for one hour. After two washes with HBSS, cells were 
treated under four conditions. The first condition involved incubation with HBSS 
for one hour. The second condition involved incubation with 100 nM of probe 3-
29 in HBSS for one hour. The third condition involved incubation with 10 μM 
DPCPX in HBSS for one hour. The fourth condition involved incubation with 100 
nM of probe 3-29 in HBSS in the presence of a 30-minute preincubation with 10 
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μM DPCPX for one hour. The plate was then ready for FLIM measurement, which 
was performed by Dr. Joelle Goulding. 

The incubation was performed in an incubator at 37°C with humidified air.  

Fluorescence lifetime images were captured using a PicoQuant MicroTime200 
microscope on an Olympus IX 83 body equipped with a HydraHarp400 TCSPC 
unit and a 60x water objective, 1.2 NA. Samples were excited with 485 nm and 
638 nm pulsed interleaved lasers (40 MHz), and signals were collected through a 
485/640 dichroic onto two SPAD detectors with either 535/50 or 690/70 
bandpass emission filters. Twenty frames of 256×256 pixels were captured at a 
10 μs pixel dwell time before being analysed within Symphotime64 software. The 
average amplitude-weighted fluorescence lifetime of the donor was calculated 
from five independent experiments (three of which involved incubation with 10 
μM DPCPX), with three replicate fluorescence lifetime images analysed per 
experiment. 

2.1.10 Orthosteric Binding Pocket Accessibility Test via HiBiT and 
LgBiT Complementation Assay 

HEK293 cells stably expressing HiBiT-hA1 ARs (Section 2.1.1.3) were seeded in a 
96-well white plate at a density of 30-35 thousand cells per well one day prior to 
the experiment. On the day of the experiment, the media was removed, and the 
cells were incubated with DMEM-D6546 or 500 nM of probe 3-15 in DMEM-D6546 
for one hour. The cells were then washed twice with warm HBSS and incubated 
with 50 μL of HBSS or 20 nM DPCPX (prepared in HBSS) for 30 minutes. 
Subsequently, 50 μL of 5'- (N-Ethylcarboxamido)adenosine (NECA) prepared in 
HBSS at concentrations ranging from 20 nM to 200 μM was added to the 
corresponding wells, and the plate was incubated for 2 hours. Purified LgBiT 
(Promega) diluted with HBSS was then added to each well to a final 
concentration of 10 nM, and the cells were incubated for 15 minutes. 
Luminescence was measured using the PHERAstar FS plate reader (BMG 
Labtech) with the LUMPlus module at 37oC. 

Incubation conditions: 

Cells in DMEM-D6546: incubated at 37°C under humidified air with an air/CO2 
ratio of 19:1. 

Cells in HBSS: incubated at 37°C under humidified air. 

2.1.11 Sorting Cells with Higher TS-SNAP-hA1AR Expression via FACS 

HEK293G cells stably expressing TS-SNAP-hA1 ARs were maintained in DMEM-
D6546 supplemented with 10% FCS in a T75 flask. When the cells reached 
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approximately 80% confluence, the flask was prepared for labelling. The media 
was aspirated, and the cells were incubated with or without (control) 50 nM 
SNAP-surface® AF647 in 10 mL DMEM-D6546 for 30 minutes. Following 
incubation, the media was removed, and the cells were gently washed twice with 
warm PBS. The cells were detached using enzyme-free cell detachment solution 
(Sigma-Aldrich) and centrifuged at 1,000 rmp for 5 minutes. The supernatant was 
discarded, and the cell pellet was resuspended in FACS buffer (1 mM 
Ethylenediaminetetraacetic acid (EDTA), 25 mM HEPES, 1% Bovine serum 
albumin (BSA) in PBS, filtered prior to application) to achieve a cell density of 
approximately 5-10 × 106 cells/mL. Samples were sorted by Nicola Croxall (flow 
cytometry technical specialist). The cells were separated into two groups: cells 
with AF647 signal and cells with the top 25% AF647 intensity signal. The 
separated cells were seeded in T25 flasks and maintained in DMEM-D6546 
(containing 10% FCS, 1% Pen/Strep, and 1 mg/mL G418) in an incubator with a 
humidified atmosphere and an air/CO2 ratio of 19:1. Antibiotic media was used 
to maintain the cells for one week to prevent infection. 

2.1.12 Cell Membrane Preparation 

Two cell pellets collected from 85-95% confluence T175 flasks were thawed on 
ice and resuspended in 5 mL of PBS. The two cell suspensions were combined 
into one universal tube (20 mL). The cell suspension was homogenised using a 
handheld electric homogeniser (IKA T10 Ultra Turrax homogeniser) with 10 bursts 
of 2 seconds each at 22,000 rpm. The homogenised cells were centrifuged at 
1,500 rpm for 20 minutes at 4°C to remove unbroken cells and nuclei. The 
supernatant was transferred to a clean centrifuge tube (suitable for high-speed 
centrifugation) and further centrifuged at 40,000 g for 30 minutes at 4°C. The 
resulting pellet, which consisted of cell membranes, was ready for the 
solubilisation process. 

2.1.13 Data Analysis 

Data were represented as mean ± SEM (or SD, as annotated in each table or figure 
legend) of n experiments performed in triplicate. The n referred to the number of 
separate experiments. An independent experiment meant cells were from a 
separate flask with freshly diluted reagent solution throughout the entire 
experiment. The data were presented and analysed using Prism software 
(GraphPad Prism 10 version 10.4.1, San Diego, CA) and Excel. 

NanoBRET Saturation Binding Assay 

Total and non-specific binding curves were fit simultaneously with the following 
equation:  
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BRET ratio = 𝐵𝑚𝑎𝑥 [𝐵]

𝐵+( 𝐾𝑑)
+ 𝑀 (𝐵) + 𝐶 

Where Bmax is the maximal specific binding, [B] is the concentration of 
fluorescent ligand in nM, Kd is the equilibrium dissociation constant in nM, M is 
the slope of the non-specific binding set, and C is the Y-intercept of the non-
specific binding set. 

NanoBRET Competition Binding Assay 

Competition binding curves were fit with the following equation:  

BRET ratio = Bottom + (𝑇𝑜𝑝−𝑏𝑜𝑡𝑡𝑜𝑚)

1+ 10(𝑥−𝐿𝑜𝑔𝐼𝐶50) 

Where Bottom refers to the BRET ratio measured following incubation with 10 μM 
of a subtype-selective antagonist, representing non-specific binding. Top 
denotes the total binding BRET ratio obtained with 15 nM CA200645 across all 
four AR subtypes. X is the concentration of non-fluorescent ligand (either probe 
4-5 or adenosine subtype selective antagonist), while LogIC₅₀ corresponds to the 
logarithm of the concentration of the non-fluorescent ligand required to displace 
50% of CA200645 specific binding. 

Ki values of non-fluorescent ligands were calculated by fitting corresponding IC50

 values in the Cheng-Prusoff equation:  

Ki = 𝐼𝐶50

1+ 𝐿
𝐾𝑑

 

Where L is the CA200645 concentration in nM and Kd is the CA200645 
dissociation constant (15 nM for A1, 30 nM for A2A, 10 nM for A2B, and 30 nM for A3 
AR, which were obtained through NanoBRET saturation binding assay with 4 
independent experiments conducted in triplicate, data present in Chapter 3 
Table 3-5). 

Association Assay 

BRET signals obtained at each concentration of probe 3–29 were baseline-
corrected by subtracting the non-specific binding signal, defined as the BRET 
ratio measured in the presence of 10 μM DPCPX. The resulting specific binding 
values, plotted against the corresponding time points, were fitted to a one-phase 
association model using the following equation: 

Specific binding BRET= Bmax (1-𝑒)−𝐾𝑜𝑛(𝑜𝑏𝑠)∗𝑡  

Where Bmax is the highest specific binding value, Kon(obs) is the observed-on rate 
constant of specific probe concentration with units as the reciprocal of minutes, 
and t is the time in minutes. 
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Kon(obs) values acquired from three different probe 3-29 concentrations were 
plotted against the probe concentrations. A linear regression was fit to the data 
to determine the Kon and Koff parameters: 

Y= mX+ b 

Where Y is the Kon(obs), the slope m is Kon, X is the concentration of probe 3-29, and 
the constant b is Koff. 

 

NanoBit complementation assay 

EC50 Determination 

The potency of NECA to internalise HiBiT-A1 AR on the cell membrane expressed 
by HEK293 cells was determined by fitting the data into a one-site concentration-
response curve using the following equation: 

HiBiT-A1 AR on the membrane% = 100 - 100[𝑥]𝑛

[𝑥]𝑛+𝐸𝐶50𝑛 

Where [x] is the concentration of NECA, n is the Hill slope coefficient, and the 
EC50 is the concentration of NECA required to internalise 50% of HiBit-A1 ARs. 

DPCPX pKb 

In the presence of 10 nM DPCPX, the concentration of NECA required to achieve 
the same level of HiBiT-A1 AR internalisation was shifted compared to its absence. 
By fitting the data into the Gaddum equation, the dissociation constant Kb for 
DPCPX was determined: 

Log (DR-1) = Log [B] – log Kb 

Where DR (dose ratio) is the ratio of NECA needed to achieve the same 
internalisation effect in the presence or absence of DPCPX, [B]. Kb is the 
equilibrium dissociation constant of DPCPX. 
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2.2 Chemistry 

2.2.1 Materials 

Chemicals and solvents (analytic and HPLC grade) were acquired from 
commercial suppliers without further purification. SulfoCyanine5 NHS ester and 
SulfoCyanine5 free acid were purchased from Lumiprobe (Germany). Trans-
cyclooctene-NHS (TCO-NHS) ester was obtained from Jena Biosciences 
(Germany). 

2.2.2 Chromatography 

Thin-layer chromatography (TLC) was used to monitor reaction status, with TLC 
plates being commercial products (Merk Kieselgel 60 F). Visualisation of TLC was 
performed under UV light at 254 nm.  

Purification via automated flash column chromatography was carried out using 
an Interchim Puriflash 4100 system (PF4100-250) coupled to a dual-wavelength 
DAD UV detector (200-600 nm) with silica high performance (HP) 50 μm 12 g 
cartridges. Methods were designed and executed using Interchim Flash (ver: 
V5.1c.09) software. Compounds were purified at a flow rate of 20 mL/min with a 
gradient program mentioned in each compound synthesis section.  

Reverse-phase high performance liquid chromatography (RP-HPLC) was 
conducted using a Waters 515 LC system with a Waters 996 photodiode array 
detector at wavelengths between 190 and 800 nm. Spectra were analysed using 
Millennium 32 software. Compounds purified through RP-HPLC were processed 
with either a Phenomenex Onyx™ Monolithic semipreparative C18 column (CH0-
7878, 100 mm × 10 mm) at a flow rate of 10 mL/min or a semipreparative YMC-
Pack C8 column (150 mm × 10 mm × 5 μm) at a flow rate of 4 mL/min using a 
gradient method from 30% to 95% solvent B over 12 minutes and 16 minutes, 
respectively (solvent A = 0.1% formic acid in H₂O, solvent B = 0.1% formic acid in 
MeCN). Compound purity analysis was performed with either a YMC-Pack C8 
analytic column (150 mm × 4.6 mm × 5 μm) or a Phenomenex Onyx™ Monolithic 
C18 analytic column (CH0-7643, 100 mm × 4.6 mm) at a flow rate of 1 mL/min 
using a gradient method from 5% to 95% solvent B over 20 minutes (solvent A = 
0.1% formic acid in H₂O, solvent B = 0.1% formic acid in MeCN). Final products 
presented a single peak in RP-HPLC accompanied by photodiode array spectra 
and were over 95% pure. 

2.2.3 Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were acquired using a Bruker-AV 400. 1H NMR spectra were 
recorded at 400.13 MHz, and 13C NMR spectra were recorded at 101.62 MHz. All 
13C NMR spectra were 1H broadband decoupled. Deuterium solvents used in 
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NMR analysis (reference peaks listed) were CDCl₃ (δ H = 7.26 ppm, δ C = 77.16 
ppm) purchased from Cambridge Isotope Laboratories Inc., MeOD₄ (δ H = 3.34 
ppm, δ C = 49.86 ppm), Acetone-d₆ (δ H = 2.05 ppm, δ C = 29.84, 206.26 ppm), 
and DMSO-d₆ (δ H = 2.5 ppm, δ C = 40.45 ppm) supplied by Sigma-Aldrich (UK). 
Chemical shifts (δ) were recorded in parts per million (ppm), and coupling 
constants were recorded in Hz. Signal splitting patterns were depicted using the 
following abbreviations: singlet (s), doublet (d), triplet (t), quadruplet (q), pentet 
(p), broad (br), doublet of doublets (dd), double doublet of doublets (ddd), double 
triplet of doublets (dtd), and multiplet (m). Software Mnova 14.2.2 was used to 
analyse NMR data. 

2.2.4 Mass Spectroscopy 

Preliminary low-resolution mass spectra (LRMS) data were acquired using a 
Shimadzu UFLCXR LC-MS system coupled with an Applied Biosystems API2000, 
visualised at 254 nm (channel 1) and 220 nm (channel 2). LC-MS was performed 
at a flow rate of 0.5 mL/min over a specific period with a Phenomenex Gemini-NX 
C18 110A column (50 mm × 2 mm × 3 μm). The running buffers were as follows: 
buffer A, 0.1% formic acid in H₂O; buffer B, 0.1% formic acid in MeCN. Method A 
analysed samples with a gradient method of solvent B from 5% to 95% and back 
to 5% over 5 minutes. Method B analysed samples with a gradient method of 
solvent B from 5% to 95% and back to 5% over 13 minutes. High-resolution mass 
spectra (HRMS) were acquired using a Bruker microTOF mass spectrometer by 
electrospray ionisation operating in negative or positive ion mode. 

2.2.5 Molecular Docking Simulation 

Congeners were docked with A1 and A2A ARs using Schrodinger Maestrolab 
(version 14.3.129). Congener structures were drawn in ChemDraw, saved as .sdf 
files, and uploaded into Schrodinger Maestrolab. The A1 AR (PDB ID: 5EUN) and 
A2A AR (PDB ID: 4EIY) structures were downloaded from the PDB website. Ligand 
and protein preparations were performed using Maestrolab before docking 
experiments. Docking grids were defined using DU172 and ZM241385 as the 
binding centres for A1 and A2A ARs, respectively. Congeners were then docked 
with the prepared grids, and docking scores were generated in the results table. 
Docking scores represented the free energy of the ligand-receptor complex, with 
lower values indicating a more stable complex. 

2.2.6 Stability Assessment 

2.2.6.1 24-hour Assessment 

Probe 3-16, 3-22, and 3-29 

Analysis was conducted via RP-HPLC using a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) at a flow rate of 1 mL/min with a gradient method from 5% 
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to 95% solvent B over 20 minutes (solvent A = 0.1% formic acid in H₂O, solvent B 
= 0.1% formic acid in MeCN). The machine, detector, and analytic software were 
as mentioned in Section 2.2.2. Control samples were prepared as DMSO diluted 
in HBSS with the same ratio as in the experimental sets. In the experimental sets, 
probes were first aliquoted with DMSO and then diluted with HBSS (probe 3-16: 
1.76 mM, probe 3-22: 1.2 mM, and probe 3-29: 1.24 mM). After sample 
preparation, 20 μL of the tested sample was injected into the RP-HPLC system 
for analysis and defined as time 0. The vial with remaining sample was placed on 
a heat block preheated to 37°C without light exposure. Analysis was performed 
after incubation for 1, 3, 5, and 24 (or 25) hours respectively. 

Probe 5-8 

Analysis was conducted via RP-HPLC using a Phenomenex Onyx™ Monolithic 
C18 analytic column (CH0-7643, 100 mm × 4.6 mm) at a flow rate of 1 mL/min 
with a gradient method from 5% to 95% solvent B over 20 minutes (solvent A = 
0.1% formic acid in H₂O, solvent B = 0.1% formic acid in MeCN). The machine, 
detector, and analytic software were as mentioned in Section 2.2.2. Control 
samples were prepared as DMSO diluted in HBSS with the same ratio as in the 
experimental sets. In the experimental set, probes were first aliquoted with 
DMSO and then diluted with HBSS to a final concentration of 1.2 mM. Caffeine at 
2 mM served as the internal standard for both control and experimental sets. 
After sample preparation, 20 μL of the tested sample was injected into the RP-
HPLC system for analysis and defined as time 0. The vail with remaining sample 
was placed on a heat block preheated to 37°C without light exposure. Analysis 
was performed after incubation for 1, 3, 5, and 24 hours. Analysis was ceased if 
there was no intact probe 5-8 detected. 

Different incubation media were used with the same procedures, replacing HBSS 
with DMEM with phenol red (DMEM-D6546), DMEM without phenol red (DMEM-
D1145), and DMEM-D6546 with 10% FCS. Control samples were prepared with 
DMSO and the corresponding tested media. 

2.2.6.2 Long-term Storage Purity Analysis 

Analysis was conducted via RP-HPLC using a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) at a flow rate of 1 mL/min with a gradient method from 5% 
to 95% solvent B over 20 minutes (solvent A = 0.1% formic acid in H₂O, solvent B 
= 0.1% formic acid in MeCN). The machine, detector, and analytic software were 
as mentioned in Section 2.2.2. The control sample was commercial DMSO. For 
experimental sets, samples were aliquoted in DMSO at 1 mM and stored in a -
20°C freezer (probes 3-15, 3-16, 3-21, and 3-22 were stored for over one year, 
while probe 3-29 was stored for 3 months). On the experiment day, samples were 
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taken out from the freezer and thawed completely at room temperature before 
submitting 20 μL of each sample to RP-HPLC analysis. 

2.2.6.3 DMSO Aliquoted Probe 5-8 Stability Assessment 

Analysis was conducted via RP-HPLC using a Phenomenex Onyx™ Monolithic 
C18 analytic column (CH0-7643, 100 mm × 4.6 mm) at a flow rate of 1 mL/min 
with a gradient method from 5% to 95% solvent B over 20 minutes (solvent A = 
0.1% formic acid in H₂O, solvent B = 0.1% formic acid in MeCN). The machine, 
detector, and analytic software were as mentioned in Section 2.2.2. The control 
was prepared as DMSO aliquoted caffeine at 2 mM and dispensed into amber 
microcentrifuge tubes, each containing 20 μL. For the experimental set, probe 5-
8 was aliquoted with DMSO and mixed with DMSO aliquoted caffeine to achieve 
final concentrations of 1 mM and 2 mM, respectively. The stock solution was 
dispensed into amber microcentrifuge tubes, each containing 20 μL. One 
analysis was conducted immediately after dispensing and was defined as week 
0. Both control and probe 5-8 were analysed weekly by taking microcentrifuge 
tubes from the freezer and thawing them at room temperature for 20 minutes 
before injection. 

2.2.7 General Procedure 

A: COMU Facilitated Amide Coupling 

A solution of the respective carboxylic acid (1.0 eq) in anhydrous DMF (2 mL) was 
stirred with DIPEA (1.1 eq) and COMU (1.1 eq) for 5 minutes. Then, a solution of 
the respective amine (1 eq) in anhydrous DMF (3 mL) was added to the activated 
carboxylic acid mixture, and the reaction was stirred for 30-60 minutes at room 
temperature. LC-MS was used to monitor the progress of the reaction. Upon 
completion, iced water (50 mL) was added to the mixture. If the product 
precipitated, it was collected by filtration. If no precipitation occurred, the 
mixture was extracted with EtOAc. The collected EtOAc extract was washed 
sequentially with 1 M HCl(aq), saturated NaHCO₃(aq), and brine. The washed EtOAc 
solution was dried over anhydrous MgSO₄, filtered, and evaporated under 
reduced pressure. Finally, the resulting residue was purified using automated 
flash column chromatography. 

B: Phenyl Ester Synthesis 

A solution of the respective carboxylic acid (1.0 eq) in anhydrous DMF (0.5 mL) 
was stirred with DIPEA (2 drops) and 2-bromo-1-ethyl-pyridinium 
tetrafluoroborate (BEP) (1 eq) for 5 minutes. Then, a solution of the respective 
phenol (1 eq) in anhydrous DMF (0.5 mL) was added to the activated carboxylic 
acid mixture, and the reaction was left overnight in a cupboard at room 
temperature. LC-MS was used to monitor the reaction progress. Upon 
completion, DMF was removed under reduced pressure. The residue was 
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reconstituted with 0.5 mL of MeCN and 1 mL of H₂O. The target compound was 
purified and collected via semi-preparative RP-HPLC. The collected fraction was 
concentrated and lyophilised to afford the desired product. 

C: t-Boc Deprotection 

t-Boc-protected amine was dissolved in 4 M HCl/dioxane (4 mL, 0.5 mL for 1 mg 
scale reaction) and stirred for 20-60 minutes at room temperature. The reaction 
was monitored by TLC and LC-MS. The acidic solvent was removed under 
reduced pressure. The HCl salt of the desired amine was obtained and used in 
the next step without further purification. 

2.2.8 Compound Synthesis and Characterisation 

1,3-Dibutylurea (3-4). Butylamine (7.7 mL, 77.8 mmol, 1.1 eq) was 
dissolved in anhydrous THF (20 mL) and cooled to 0°C in an ice bath. Butyl 
isocyanate (3-3) (8 mL, 69.7 mmol, 1 eq) was then added to the mixture, and the 
ice bath was removed. The solution was stirred at room temperature for 4 hours. 
Evaporation of the solvent yielded the product 3-4 as a white solid (11.7 g, 67.3 
mmol, yield = 97%). 

1H NMR (DMSO-d6) δ 5.71 (t, J = 4Hz, 2H), 2.96 (td, J = 8, 4 Hz, 4H), 1.37-1.21 (m, 
8H), 0.87 (t, J = 8 Hz, 6H). 

13C NMR (DMSO-d6) δ 158.6, 39.4, 32.7, 20.0, 14.2. 

 6-Amino-1,3-dibutylpyrimidine-2,4(1H,3H)-dione (3-5). 
Compound 3-4 (6 g, 34.8 mmol, 1 eq) was reacted with cyanoacetic acid (3.3 g, 
38.3 mmol, 1.1 eq) in Ac2O (20 mL). The mixture was heated to 85°C and stirred 
for 2 hours. The mixture was then concentrated to dryness with a water bath set 
at 80°C until a brown syrup appeared. 4 mL of water was added to the brown 
syrup, followed by concentration. This process was repeated three times to 
remove as much Ac2O as possible. 10 mL of water was added to the final 
concentrated syrup and basified with 70% NaOH(aq). The precipitate formed 
during the basification stage and was recrystallised from hot EtOH/H2O to yield 
fine pale-yellow crystals, compound 3-5 (7.12 g, 29.8 mmol, yield = 86%).  
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LC-MS m/z calcd. for C12H21N3O2 [M-H+] 240.17; found 240.1, tR = 2.56 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 6.75 (s, 2H), 4.64 (s, 1H), 3.76 (t, J = 7.6 Hz, 2H), 3.69 (t, J = 
7.6 Hz, 2H), 1.51-1.39 (m, 4H), 1.32-1.18 (m, 4H), 0.88 (t, J = 8 Hz, 3H), 0.86 (t, J = 
8Hz, 3H).  

13C NMR (DMSO-d6) δ 161.6, 154.7, 151.7, 75.6, 41.95, 39.92, 30.19, 30.14, 20.09, 
19.72, 14.19, 14.15. 

 6-Amino-5-nitroso-1,3-dipropylpyrimidine-2,4(1H,3H)-dione (3-
6). Compound 3-5 (4.78 g, 20 mmol, 1 eq) was dissolved in 50% acetic acid (50 
mL). The resulting mixture was heated to 65°C to form a clear yellow solution. 
NaNO2 (1.65 g, 24 mmol, 1.2 eq) was added to the solution portion-wise. After 
the addition of NaNO2, a pink solid and a purple (or deep pink) solution were 
obtained. The reaction mixture was stirred at room temperature for 1 hour. The 
pink precipitate was then filtered, washed with iced water, and dried in an oven 
overnight to give pure compound 3-6 as a pink solid (4 g, 14.9 mmol, yield = 75%). 

LC-MS m/z calcd. for C12H20N4O3 [M-H+] 269.16; found 268.9, tR = 2.63 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 13.13 (s, 1H), 9.17 (s, 1H), 3.89 (t, J = 7.2 Hz, 2H), 3.82 (t, J 
= 7.6 Hz, 2H), 1.61-1.53 (m, 2H), 1.52-1.45 (m, 2H), 1.38-1.26 (m, 4H), 0.91 (t, J = 
7.2 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H).  

13C NMR (DMSO-d6) δ 160.4, 149.5, 145.9, 139.5, 41.4, 41.1, 29.9, 28.9, 20.1, 
19.7, 14.2, 14.1. 

 5,6-Diamino-1,3-dibutylpyrimidine-2,4(1H,3H)-dione (3-7). 25 
mL of 12% NH4OH was added to a round-bottom flask containing compound 3-
6 (0.7 g, 2.61 mmol, 1 eq). The mixture was heated to 80°C, and sodium dithionite 
was added portion-wise. The mixture was stirred continuously until the solution 
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became clear. Once the clear solution appeared, it was cooled to room 
temperature. The solution was then extracted with DCM (25 mL, 4 times). The 
combined DCM layers were dried over anhydrous Na2SO4, filtered, and 
evaporated to yield 3-7 as a brown sticky oil (0.63 g, 2.47 mmol, yield = 95%). 

LC-MS m/z calcd. for C12H22N4O2 [M-H+] 255.18; found 254.9, tR = 2.17 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 6.14 (s, 2H), 3.82 (t, 1H, J = 7.58), 3.76 (d, J = 7.32 Hz, 2H), 
2.89 (s, 2H), 1.57-1.41 (m, 4H), 1.27 (h, J = 7.53 Hz, 2H), 1.23 (h, J = 7.25 Hz, 2H), 
0.88 (t, J = 7.48 Hz, 3H), 0.86 (t, J = 7.24 Hz, 3H).  

13C NMR (DMSO-d6) δ 158.8, 149.4, 144.2, 95.9, 41.4, 40.2, 29.9, 29.7, 19.6, 19.3, 
13.72, 13.7. 

  -(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxylic acid (3-8).  

Coupling Reaction: COMU (1.07 g, 2.5 mmol, 1.1 eq), 4-
(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid (0.48 g, 2.27 mmol, 1 
eq), and DIPEA (0.87 mL, 5 mmol, 2.2 eq) were dissolved in anhydrous DMF (5 
mL). The mixture was stirred at room temperature for 5 minutes and then 
transferred to another round-bottom flask containing fresh compound 3-7 (0.847 
g, 2.5 mmol, 1.1 eq). The reaction was monitored by LC-MS. Once the reaction 
was complete, 60 mL of water was added to the mixture. EtOAc was used to 
extract the mixture three times, and the collected EtOAc layer was washed with 
1M HCl, saturated NaHCO3(aq), and brine, respectively. The organic solvent was 
then dried over anhydrous Na2SO4, filtered, and evaporated to yield a red crude. 

Cyclisation: 
1M KOH (5 mL, 5 mmol, 2.2 eq) and isopropyl alcohol (IPA, 5 mL) were added to 
the red crude. The mixture was refluxed at 91°C for 2 hours. The mixture was then 
cooled to room temperature and evaporated to remove IPA. The resulting residue 
was extracted with EtOAc once. The water layer was transferred to a flask and 
acidified to pH 3-4 by adding concentrated HCl. The yellow precipitate was 
filtered, dried in an oven overnight, and yielded compound 3-8 (0.668 g, 1.6 mmol, 
yield = 70%). 
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LC-MS m/z calcd. for C22H32N4O4 [M-H+] 417.25; found 417.4, tR = 3.0 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 12.93 (s, 1H), 12.09 (s, 1H), 3.96 (t, J = 7.2 Hz, 2H), 3.86 (t, J 
= 7.3 Hz, 2H), 1.96-1.83 (m, 6H), 1.81-1.72 (m, 6H), 1.63 (p, J = 7.2 Hz, 2H), 1.5 (p, 
J = 6.8 Hz, 2H), 1.27 (h, J = 7.4 Hz, 4H), 0.90 (t, J = 7.32 Hz, 3H), 0.88 (t, J = 7.56 Hz, 
3H).  

13C NMR (DMSO-d6) δ 178.9, 160.6, 154.4, 151, 147.8, 106.9, 42.8, 38.2, 33.6, 
30.1, 30.0, 29.86, 28.1, 27.9, 20.1, 19.7, 14.2, 14.0. 

  tert-Butyl (2-(4-(1,3-dibutyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)carbamate (3-9). Compound 3-8 (624.8 mg, 1.5 mmol, 1 eq) 
and commercial tert-butyl (2-aminoethyl)carbamate (264.4 mg, 1.65 mmol, 1.1 
eq) were subjected to the procedure outlined in Section 2.2.7 General 
Procedure A. The reaction progress was monitored by LC-MS. Upon completion 
of the reaction, 50 mL of iced water was added to the mixture, resulting in the 
formation of a precipitate. The precipitate was filtered and dried in an oven 
overnight, yielding compound 3-9 (789.4 mg, 1.43 mmol, yield = 95%). 

LC-MS m/z calcd. for C29H48N7O4 [M-H+] 559.38; found 559.3, tR = 2.97 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 12.92 (s, 1H), 7.38 (t, J = 5.5 Hz, 1H), 6.79 (t, J = 5.8 Hz, 1H), 
3.96 (t, J = 7.2 Hz, 2H), 3.86 (t, J = 7.2 Hz, 2H), 3.06 (q, J = 6.2 Hz, 2H), 2.97 (q, J = 
6.3 Hz, 2H), 1.89-1.84 (m, 6H), 1.74-1.70 (m, 6H), 1.63 (p, J = 7.8 Hz, 2H), 1.5 (p, J 
= 7.5 Hz, 2H), 1.38 (s, 9H), 1.27 (h, J = 7.4 Hz, 4H), 0.90 (t, J = 7.32 Hz, 3H), 0.89 (t, 
J = 7.52 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.5, 162.19, 158.8, 156.0, 152.8, 149.4, 108.4, 80.1, 44.2, 
42.1, 41.3, 40.7, 40.1, 34.9, 31.24, 31.21, 31.0, 29.2, 28.8, 21.2, 20.8, 14.2, 14.1. 
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  N-(2-aminoethyl)-4-(1,3-dibutyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamide 
hydrochloride salt (3-10). Compound 3-9 (294 mg, 0.49 mmol, 1 eq) was 
subjected to the procedure outlined in Section 2.2.7 General Procedure C. The 
reaction progress was monitored by LC-MS. Once the t-Boc group was removed, 
the mixture was evaporated to yield the crude compound 3-10 for the next step 
without further purification. 

  tert-Butyl (2-((2-(4-(1,3-dibutyl-2,6-
dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-2-oxoethyl)carbamate (3-11). The crude 
compound 3-10, obtained from the t-Boc deprotection of compound 3-9 (294 mg, 
0.49 mmol, 1 eq), was reacted with Boc-Glycine (151 mg, 0.86 mmol, 1.76 eq) 
following the procedure outlined in Section 2.2.7 General Procedure A. The 
reaction progress was monitored by LC-MS. Upon completion of the reaction, no 
precipitate formed when iced water was added to the mixture. The mixture was 
then purified using automated flash column chromatography (gradient 
MeOH:DCM from 3:97 to 10:90, 15 CV), yielding compound 3-11 (213 mg, 0.35 
mmol, yield = 71%). 

LC-MS m/z calcd. for C31H49N7O6 [M-H+] 616.38; found 616.2, tR = 2.95 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4) δ 4.11 (t, J = 7.3 Hz, 2H), 3.99 (t, J = 7.5 Hz, 2H), 3.7 (s, 2H), 
2.03-1.99 (m, 6H), 1.92-1.88 (m, 6H), 1.74 (p, J = 7.2 Hz, 2H), 1.62 (p, J = 7.6 Hz, 
2H), 1.48 (s, 9H), 1.37 (h, J = 7.64 Hz, 2H), 1.37 (h, J = 7.44 Hz, 2H), 0.97 (t, J = 6.88 
Hz, 3H), 0.96 (t, J = 7.68 Hz, 3H).  

13C NMR (MeOD-d4) δ 179.1, 171.8, 160.8, 157.1, 154.6, 151.4, 148.07, 106.8, 
79.3, 43.4, 42.8, 40.8, 39.2, 38.7, 38.6, 33.5, 29.84, 29.81, 29.4, 27.8, 27.3, 19.7, 
19.4, 12.8, 12.7. 
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  N-(2-(2-aminoacetamido)ethyl)-4-(1,3-
dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamide hydrochloride salt (3-12). Compound 3-11 (100 mg, 0.16 mmol, 1 
eq) was subjected to the procedure outlined in Section 2.2.7 General 
Procedure C. The reaction progress was monitored by LC-MS. Once the t-Boc 
group was removed, the mixture was evaporated to yield the crude compound 3-
12 for the next step without further purification. 

  -(1,3-Dibutyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-8-yl)-N-(2-(2-(3-fluoro-4-
hydroxybenzamido)acetamido)ethyl)bicyclo[2.2.2]octane-1-carboxamide 
(3-13). The crude compound 3-12, obtained from the t-Boc deprotection of 
compound 3-11 (100 mg, 0.16 mmol, 1 eq), was reacted with 3-fluoro-4-
hydroxybenzoic acid (27.5 mg, 0.176 mmol, 1.1 eq) following the procedure 
outlined in Section 2.2.7 General Procedure A. The reaction mixture was heated 
to 90°C and stirred overnight. The reaction progress was monitored by LC-MS. 
Upon completion, no precipitate formed when iced water was added to the 
mixture. The mixture was then purified using automated flash column 
chromatography (gradient MeOH:DCM from 5:95 to 10:90, 19 CV), yielding 
compound 3-13 (48.7 mg, 0.07 mmol, yield = 47%). 

LC-MS m/z calcd. for C33H44FN7O6 [M-H+] 654.34; found 654.1, tR = 2.74 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 12.9 (bs, 1H), 10.49 (bs, 1H), 8.61 (t, J = 5.88 Hz, 1H), 7.92 
(t, J = 5.5 Hz, 1H), 7.69 (dd, J = 12.3, 2.2 Hz, 1H), 7.59 (dd, J = 8.44, 2.3 Hz, 1H), 
7.43 (t, J = 5.24 Hz, 1H), 7.00 (t, J = 8.6 Hz, 1H), 3.96 (t, J = 7.14 Hz, 2H), 3.85 (t, J = 
7.4 Hz, 2H), 3.8 (d, J = 5.84 Hz, 2H), 3.12 (s, 4H), 1.90-1.82 (m, 6H), 1.77-1.68 (m, 
6H), 1.63 (p, J = 7.27 Hz, 2H), 1.5 (p, J = 7.42 Hz, 2H), 1.27 (h, J = 7.4 Hz, 4H), 0.89 
(t, J = 7.48 Hz, 3H), 0.88 (t, J = 7.48 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.7, 172.6, 169.1, 162.2, 156.0, 152.8, 152.5 (d, J = 
240.17 Hz), 150.1 (d, J = 13.12 Hz), 149.4 , 126.3 (d, J = 5.47 Hz, 125.5 (d, J = 3.42 
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Hz), 118.4 (d, J = 3 Hz), 116.6 (d, J = 20 Hz), 108.2, 44.3, 44.2, 42.1, 40.6, 40.5, 
40.0, 34.9, 31.21 , 31.18, 31.0, 29.1, 21.1, 20.8, 14.2, 14.1. 

  -(1,3-Dibutyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-8-yl)-N-(2-(2-(4-fluoro-3-
hydroxybenzamido)acetamido)ethyl)bicyclo[2.2.2]octane-1-carboxamide 
(3-14). The crude compound 3-12, obtained from the t-Boc deprotection of 
compound 3-11 (100 mg, 0.16 mmol, 1 eq), was reacted with 4-fluoro-3-
hydroxybenzoic acid (25.6 mg, 0.164 mmol, 1.01 eq) following the procedure 
outlined in Section 2.2.7 General Procedure A. The reaction mixture was heated 
to 90°C and stirred overnight. The reaction progress was monitored by LC-MS. 
Upon completion, no precipitate formed when iced water was added to the 
mixture. The mixture was then purified using automated flash column 
chromatography (gradient MeOH:DCM from 5:95 to 10:90, 19 CV), yielding 
compound 3-14 (39 mg, 0.059 mmol, yield = 37%). 

LC-MS m/z calcd. for C33H44FN7O6 [M-H+] 654.34; found 654.2, tR = 2.76 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4) δ 7.49 (dd, J = 8.44, 2.2 Hz, 1H), 7.37 (ddd, J = 8.5, 4.28, 2.3 
Hz, 1H), 7.13 (dd, J = 10.74, 8.4 Hz, 1H), 4.09 (t, J = 7.28 Hz, 2H), 3,97 (s, 2H), 3.96 
(t, J = 7.52 Hz, 2H), 3.32 (s, 4H), 2.01-1.81 (m, 12H), 1.71 (p, J = 7.4 Hz, 2H), 1.6 (p, 
J = 7.54 Hz, 2H), 1.37 (h, J = 7.48 Hz, 2H), 1.36 (h, J = 7.32 Hz, 2H), 0.97 (t, J = 7.36 
Hz, 3H), 0.96 (t, J = 7.24 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.7, 172.5, 169.6, 162.2, 156.0, 155.3 (d, J = 245.2 Hz), 
152.8, 149.4, 146.4 (d, J = 13.27 Hz), 131.7, 120.3 (d, J = 7.2 Hz), 118.6 (d, J = 4.17 
Hz), 116.87 (d, J = 19.33 Hz), 108.2, 44.3, 44.2, 42.1, 40.5, 40.3, 40.1, 34.9, 31.23, 
31.21, 30.99, 29.2, 21.2 , 20.8, 14.2, 14.1. 
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 1-(6-(4-((2-((2-(4-(1,3-
Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-2-oxoethyl)carbamoyl)-2-fluorophenoxy)-6-
oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-
ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (3-15). Compound 3-
13 (1 mg, 1.53 μmol, 1 eq) was reacted with SulfoCyanine 5 carboxylic acid (1.06 
mg, 1.55 μmol, 1 eq) following the procedure outlined in Section 2.2.7 General 
Procedure B, yielding the final product 3-15 (0.9 mg, 0.7 μmol, yield = 46%). 

HR-MS (TOF-ESI, negative) calcd. m/z for C65H79FN9O13S2 [M-H-] 1,276.522827, 
found 1,276.5226, error within 2.4 ppm; for C65H78FN9O13S2 [M-2H2-] 637.757775, 
found 637.7588, error within 2.4 ppm; Section 2.2.4.  
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Purity: 98.25%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2.  

 

 1-(6-(5-((2-((2-(4-(1,3-Dibutyl-
2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-2-oxoethyl)carbamoyl)-2-fluorophenoxy)-6-
oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-
ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (3-16). Compound 3-
14 (1 mg, 1.53 μmol, 1 eq) was reacted with SulfoCyanine 5 carboxylic acid (1.03 
mg, 1.51 μmol, 1 eq) following the procedure outlined in Section 2.2.7 General 
Procedure B, yielding the final product 3-16 (1.15 mg, 0.89 μmol, yield = 59%). 
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HR-MS (TOF-ESI, negative) calcd. m/z for C65H79FN9O13S2 [M-H-] 1,276.522827, 
found 1,276.534, error (8 ppm) within 10 ppm; for C65H78FN9O13S2 [M-2H2-] 
637.757775, found 637.7582, error within 2.4 ppm; Section 2.2.4.  

 

Purity: 99.5%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2.  
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  tert-Butyl (4-((2-(4-(1,3-dibutyl-
2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-4-oxobutyl)carbamate (3-17). The crude 
compound 3-10, obtained from the t-Boc deprotection of compound 3-9 (274 mg, 
0.49 mmol, 1 eq), was reacted with Boc-γ-aminobutyric acid (120 mg, 0.59 mmol, 
1.2 eq) following the procedure outlined in Section 2.2.7 General Procedure A. 
The reaction progress was monitored by LC-MS. Upon completion, 20 mL of iced 
water was added to the mixture, resulting in the formation of a precipitate. The 
yellow precipitate was collected via gravity filtration and dried in an oven 
overnight, yielding compound 3-17 (247.8 mg, 0.38 mmol, yield = 78%). 

LC-MS m/z calcd. for C33H53N7O6 [M-H+] 644.41; found 644.4, tR = 2.95 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6) δ 12.9 (s, 1H), 7.79 (t, J = 5.6 Hz, 1H), 7.42 (t, J = 5.5 Hz, 1H), 
6.79 (t, J = 5.24 Hz, 1H), 3.96 (t, J = 7.2 Hz, 2H), 3.86 (t, J = 7.4 Hz, 2H), 3.08 (t, J = 
2.6 Hz, 4H), 2.89 (q, J = 7 Hz, 2H), 2.03 (t, J = 7.5 Hz, 2H), 1.88-1.84 (m, 6H), 1.74-
1.70 (m, 6H), 1.61 (m, J = 7.3, 1.65 Hz, 4H), 1.5 (p, J = 7.8 Hz, 2H), 1.36 (s, 9H), 
1.27 (h, J = 7.5 Hz, 4H), 0.90 (t, J = 7.44 Hz, 3H), 0.88 (t, J = 7.24 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.5, 176.1, 162.2, 158.6, 155.9, 152.8, 149.4, 108.2, 79.9, 
44.2, 42.1, 40.9, 40.7, 40.1 39.9, 34.9, 34.3, 31.23, 31.21, 31.0, 29.2, 28.8, 27.3, 
21.6, 20.8, 14.18, 14.12. 

  N-(2-(4-aminobutanamido)ethyl)-4-
(1,3-dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamide hydrochloride salt (3-18). Compound 
3-17 (100 mg, 0.155 mmol, 1 eq) was subjected to the procedure outlined in 
Section 2.2.7 General Procedure C. The reaction progress was monitored by 
LC-MS. Once the t-Boc group was removed, the mixture was evaporated to yield 
the crude compound 3-18 for the next step without further purification. 
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 4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-8-yl)-N-(2-(4-(3-fluoro-4-
hydroxybenzamido)butanamido)ethyl)bicyclo[2.2.2]octane-1-carboxamide 
(3-19). The crude compound 3-18, obtained from the t-Boc deprotection of 
compound 3-17 (100 mg, 0.155 mmol, 1 eq), was reacted with 3-fluoro-4-
hydroxybenzoic acid (24.5 mg, 0.156 mmol, 1.01 eq) following the procedure 
outlined in Section 2.2.7 General Procedure A. The reaction mixture was heated 
to 90°C and stirred overnight. The reaction progress was monitored by LC-MS. 
Upon completion, no precipitate formed when iced water was added to the 
mixture. The mixture was then purified using automated flash column 
chromatography (gradient MeOH:DCM from 5:95 to 10:90, 19 CV), yielding 
compound 3-19 (40 mg, 0.058 mmol, yield = 38%). 

LC-MS m/z calcd. for C35H48FN7O6 [M-H+] 682.37; found 682.2, tR = 2.75 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4) δ 7.58 (dd, J = 11.98, 2.16 Hz, 1H), 6.95 (t, J = 8.52 Hz, 1H), 
7.52 (dd, J = 8.69, 2.19 Hz, 1H), 4.09 (t, J = 7.3 Hz, 2H), 3.97 (t, J = 7.5 Hz, 2H), 3.38 
(t, J = 6.84 Hz, 2H), 3.29 (s, 4H), 2.27 (t, J = 7.4 Hz, 2H), 2.02-1.85 (m, 14H), 1.72 
(p, J = 7.48 Hz, 2H), 1.60 (p, J = 7.5 Hz, 2H), 1.37 (h, J = 7.3 Hz, 4H), 0.97 (t, J = 7.44 
Hz, 3H), 0.96 (t, J = 7.44 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.5, 176.1, 168.8, 162.1, 155.9, 152.34 (d, J = 239.8 Hz), 
152.7, 149.8, 149.5 (d, J = 22.59 Hz), 127.0 (d, J = 5.5 Hz), 125.1 (d, J = 5.4 Hz), 
118.4 (d, J = 2.9 Hz), 116.3 (d, J = 19.7 Hz), 108.2, 44.2, 42.13, 40.62, 40.35, 40.08, 
40.0, 34.8, 34.4, 31.2, 31.17, 30.96, 29.18, 26.76, 21.1, 20.8, 14.17, 14.11. 

 4-(1,3-Dibutyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-8-yl)-N-(2-(4-(4-fluoro-3-
hydroxybenzamido)butanamido)ethyl)bicyclo[2.2.2]octane-1-carboxamide 
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(3-20). Crude compound 3-18, obtained from 3-17 (100 mg, 0.155 mmol, 1 eq) via 
t-Boc deprotection, was reacted with 4-fluoro-3-hydroxybenzoic acid (24.5 mg, 
0.156 mmol, 1.01 eq) according to Section 2.2.7 General Procedure A. The 
reaction mixture was heated to 90°C and stirred overnight. Progress of the 
reaction was monitored using LC-MS. Upon completion, no precipitate formed 
when iced water was added to the mixture. The mixture was then purified using 
automated flash column chromatography (gradient MeOH:DCM from 5:95 to 
10:90, 19 column volumes), yielding compound 3-20 (51.5 mg, 0.076 mmol, 
49%).  

LC-MS m/z calcd. for C35H48FN7O6 [M-H+] 682.37; found 682.2, tR = 2.75 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4) δ 7.43 (dd, J = 8.44, 2.1 Hz, 1H), 7.30 (ddd, J = 8.5, 4.22, 2.26 
Hz, 1H), 7.12 (dd, J = 10.76, 8.56 Hz, 1H), 4.1 (t, J = 7.28 Hz, 2H), 3.99 (t, J = 7.5 Hz, 
2H), 3.41 (t, J = 6.9 Hz, 2H), 3.31 (s, 4H), 2.00-1.86 (m, 14H), 1.73 (p, J = 7.42 Hz, 
2H), 1.62 (p, J = 7.54 Hz, 2H), 1.38 (h, J = 7.2 Hz, 4H), 0.98 (t, J = 7.32 Hz, 3H), 0.97 
(t, J = 7.36 Hz, 3H).  

13C NMR (MeOD-d4) δ 180.5, 176.1, 169.4, 162.13, 156.0, 155.0 (d, J = 244.5 Hz), 
152.8, 149.4, 146.4 (d, J = 13.27 Hz), 132.4, 119.9 (d, J = 7.21 Hz), 118.3 (d, J = 
3.79 Hz), 116.8 (d, J = 19.33 Hz), 108.2, 44.2, 42.1, 40.7, 40.4, 40.1, 40.0, 34.9, 
34.5, 31.23, 31.20 , 30.98, 29.2, 26.7, 21.2, 20.8, 14.18, 14.11. 

 1-(6-(4-((4-((2-(4-
(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenoxy)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-
5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-
indol-1-ium-5-sulfonate (3-21). Compound 3-19 (1 mg, 1.467 μmol, 1 eq) was 
reacted with SulfoCyanine 5 carboxylic acid (0.975 mg, 1.467 μmol, 1 eq) 
following the conditions described in Section 2.2.7 General Procedure B. The 
reaction yielded compound 3-21 with a mass of 1.34 mg (1.025 μmol), 
corresponding to a yield of 70%. 
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HR-MS (TOF-ESI, negative) calcd. m/z for C67H83FN9O13S2 [M-H-] 1,304.554127, 
found 1304.5632, error (7 ppm) within 10 ppm; for C65H82FN9O13S2 [M-2H2-] 
651.773425, found 651.7739, error within 2.4 ppm; Section 2.2.4. 

 

Purity: 96.85%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2. 
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 1-(6-(5-((4-((2-(4-(1,3-
Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-4-oxobutyl)carbamoyl)-2-fluorophenoxy)-6-
oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-
ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (3-22). Compound 3-
20 (1 mg, 1.467 μmol, 1 eq) was reacted with SulfoCyanine 5 carboxylic acid (1.01 
mg, 1.483 μmol, 1 eq) following the conditions described in Section 2.2.7 
General Procedure B. The reaction yielded compound 3-22 with a mass of 1.18 
mg (0.94 μmol), corresponding to a yield of 62%.  
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HR-MS (TOF-ESI, negative) calcd. m/z for C67H83FN9O13S2 [M-H-] 1,304.554127, 
found 1304.5668, error (9 ppm) within 10 ppm; for C65H82FN9O13S2 [M-2H2-] 
651.773425, found 651.7724, error within 2.4 ppm; Section 2.2.4.  

 

Purity: 96.46%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2. 
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  tert-Butyl (3-((2-(4-(1,3-dibutyl-2,6-
dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-3-oxopropyl)carbamate (3-23). Crude compound 
3-10, obtained from the t-Boc deprotection of compound 3-9 (274 mg, 0.49 mmol, 
1 eq), was reacted with N-Boc β-alanine (112 mg, 0.59 mmol, 1.2 eq) following 
the conditions described in Section 2.2.7 General Procedure A. The reaction 
progress was monitored by LC-MS. Upon completion, the reaction mixture was 
worked up as no precipitate formed when iced water was added. Purification was 
performed using automated flash column chromatography (gradient 
MeOH:DCM from 2:98 to 10:90, 19 CV), yielding compound 3-23 (280 mg, 0.44 
mmol) with a yield of 91%. 

LC-MS m/z calcd. for C32H51N7O6 [M-H+] 630.397; found 630.3, tR = 2.80 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4): δ 4.11 (t, J = 7.2 Hz, 2H), 3.99 (t, J = 7.6 Hz, 2H), 3.30 (s, 4H), 
2.37 (t, J = 6.7 Hz, 2H), 2.04-1.97 (m, 6H), 1.96-1.86 (m, 6H), 1.74 (p, J = 7.2 Hz, 
2H), 1.62 (p, J = 7.6 Hz, 2H), 1.45 (s, 9H), 1.36 (m, 4H), 0.97 (t, J = 8 Hz, 3H), 0.96 
(t, J = 7.36 Hz, 3H).  

13C NMR (MeOD-d4): δ 179.08, 173.12, 160.79, 156.94, 154.59, 151.42, 148.07, 
106.82, 78.75, 42.81, 40.74, 40.75, 39.17, 38.73, 38.62, 36.73, 36.16, 33.54, 
29.84, 29.82, 29.63, 27.83, 27.36, 19.76, 19.44, 12.78, 12.72. 

  N-(2-(3-aminopropanamido)ethyl)-4-
(1,3-dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamide hydrochloride salt (3-24). Compound 
3-23 (200 mg, 0.32 mmol, 1 eq) was subjected to the conditions described in 
Section 2.2.7 General Procedure C. The reaction progress was monitored by 
LC-MS. Upon removal of the t-Boc group, the mixture was evaporated to yield the 
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crude compound 3-24, which was used in the next step without further 
purification. 

 tert-Butyl (4-((3-((2-(4-(1,3-
dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-3-oxopropyl)carbamoyl)-2-
fluorophenyl)carbamate (3-25). Crude compound 3-24, obtained from the t-
Boc deprotection of compound 3-23 (200 mg, 0.32 mmol, 1 eq), was reacted with 
compound 3-32 (97 mg, 0.38 mmol, 1.2 eq) following the conditions described in 
Section 2.2.7 General Procedure A. The reaction mixture was heated to 80°C 
and stirred overnight. The reaction progress was monitored by LC-MS. Upon 
completion, the reaction mixture was worked up as no precipitate formed when 
iced water was added. Purification was performed using automated flash 
column chromatography (gradient MeOH:DCM from 2:98 to 10:90, 17 CV), 
yielding compound 3-25 (175 mg, 0.228 mmol) with a yield of 71%.  

LC-MS m/z calcd. for C39H55FN8O7 [M-H+] 767.425; found 767.2, tR = 2.87 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4): δ 8.06 (t, J = 8.8 Hz, 1H), 7.63 (m, 2H), 4.12 (t, J = 7.3 Hz, 2H-), 
3.99 (t, J = 7.3 Hz, 2H), 3.65 (t, J = 6.7 Hz, 2H), 3.31 (s, 4H), 2.52 (t, J = 6.7 Hz, 2H), 
2-1.96 (m, 6H), 1.88-1.83 (m, 6H), 1.74 (p, J = 7.4 Hz, 2H), 1.62 (p, J = 7.7 Hz, 2H), 
1.53 (s, 9H), 1.39 (m, 4H), 0.97 (t, J = 7.32 Hz, 3H), 0.96 (t, J = 7.44 Hz, 3H).  

13C NMR (MeOD-d4): δ 178.54, 172.96, 166.15, 160.54, 156.14, 155.33, 152.01, 
151.37 (d, J=243.4 Hz), 148.66, 130.18 (d, J=10.3 Hz), 128.54 (d, J=6.1 Hz), 123.26 
(d, J=2.5 Hz), 119.15, 114.09 (d, J=20.7 Hz), 106.88, 81.68, 43.42, 41.43, 40.23, 
40, 38.94, 36.40, 35.86, 33.63, 30.24, 30.12, 29.94, 28.36, 28.22, 20.29, 19.91, 
13.88, 13.77. 
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  N-(2-(3-(4-amino-3-
fluorobenzamido)propanamido)ethyl)-4-(1,3-dibutyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamide 
hydrochloride salt (3-26). Compound 3-25 (60 mg, 78 μmol, 1 eq) was subjected 
to the conditions described in Section 2.2.7 General Procedure C. The reaction 
progress was monitored by LC-MS. Upon removal of the t-Boc group, the mixture 
was evaporated to yield the crude compound 3-26, which was used in the next 
step without further purification. 

  tert-Butyl (6-
((4-((3-((2-(4-(1,3-dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-
oxopropyl)carbamoyl)-2-fluorophenyl)amino)-6-oxohexyl)carbamate (3-27). 
Crude compound 3-26, obtained from the t-Boc deprotection of compound 3-25 
(60 mg, 78 μmol, 1 eq), was reacted with Boc-E-Acp-OH (20.7 mg, 89.7 μmol, 
1.15 eq), propylphosphonic anhydride (T3P, 0.16 mL, 269.1 μmol, 3.45 eq), and 
DIPEA (78 μL, 448.5 μmol, 5.75 eq) in DCM. The reaction mixture was heated to 
80°C and stirred for 19 hours. The reaction progress was monitored by LC-MS. 
Upon completion, the reaction mixture was worked up as no precipitate formed 
when iced water was added. Purification was performed using automated flash 
column chromatography (gradient EtOAc:Cyclohexane from 25:75 to 100:0, 20 
CV; followed by gradient MeOH:DCM from 10:90 to 20:80, 10 CV), yielding 
compound 3-27 (3.7 mg, 4.2 μmol) with a yield of 5%.  

LC-MS m/z calcd. for C45H66FN9O8 [M-H+] 880.51; found 879.9, tR = 2.85 min, 
Section 2.2.4, Method A.  

1H NMR (MeOD-d4): δ 8.14 (t, J = 7.8 Hz, 1H), 7.68-7.60 (m, 2H), 4.09 (t, J = 7 Hz, 
2H), 3.97 (t, J = 7.5 Hz), 3.64 (t, J = 7.1 Hz, 2H), 3.29 (s, 4H), 3.04 (t, J = 7.3 Hz, 2H), 
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2.50 (t, J = 7.3 Hz), 2.45 (t, J = 7.9 Hz, 2H),  2-1.91 (m, 6H), 1.88-1.81 (m, 6H), 1.71 
(m, 4H), 1.60 (p, J = 7.8 Hz), 1.50 (p, J = 7.3 Hz), 1.42 (s, 9H), 1.40-1.28 (m, 6H), 
0.97 (t, J = 7.36 Hz, 3H), 0,96 (t, J = 7.36 Hz, 3H).  

13C NMR (101 MHz, MeOD-d4): δ 180.49, 174.91, 174.41, 168.20, 162.18, 158.56, 
155.98, 155.72, 152.81, 149.46, 132.07, 130.2 (d, J = 11.4 Hz), 124.34 (d, J = 3.3 
Hz), 124.27, 115.50 (d, J = 21.7 Hz), 108.21, 79.81, 49.64, 44.22, 42.15, 41.17, 
40.58, 40.17, 40.10, 37.78, 37.43, 36.87, 34.91, 31.25, 31.22, 30.98, 30.71, 29.20, 
28.78, 27.41, 26.37, 21.16, 20.84, 14.19, 14.12. 

  N-(2-(3-(4-(6-
aminohexanamido)-3-fluorobenzamido)propanamido)ethyl)-4-(1,3-dibutyl-
2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamide hydrochloride salt (3-28). Compound 3-27 (3.5 mg, 4 μmol, 1 eq) 
was subjected to the conditions described in Section 2.2.7 General Procedure 
C. The reaction progress was monitored by LC-MS. Upon removal of the t-Boc 
group, the mixture was evaporated to yield the crude compound 3-28, which was 
used in the next step without further purification. 

 (E)-4-(1,3-dibutyl-
2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)-N-(2-(3-(4-(6-(2-(4-(2-(5,5-
difluoro-7-(thiophen-2-yl)-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)hexanamido)-3-
fluorobenzamido)propanamido)ethyl)bicyclo[2.2.2]octane-1-carboxamide 
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(3-29). Crude compound 3-28 (3.5 mg, 4 μmol, 1 eq), obtained from t-Boc 
deprotection, was coupled with BODIPY630/650 carboxylic acid (1.8 mg, 4 μmol, 
1 eq) using 2-bromo-1-ethyl-pyridinium tetrafluoroborate (BEP, 1.1 mg, 4 μmol, 1 
eq) and DIPEA (6 drops) in DMF (0.7 mL). The reaction was carried out at room 
temperature in the dark. After an overnight reaction, DMF was removed by rotary 
evaporation. The residue was reconstituted with MeCN and MeOH. Further 
purification was performed using RP-HPLC with a semipreparative YMC-Pack C8 
column (150 mm × 10 mm × 5 μm). The collected fraction was concentrated and 
lyophilised to give a blue fluffy solid, compound 3-29 (1.7 mg, 1.4 μmol) with a 
yield of 35%.  

HR-MS (TOF-ESI, negative) calcd. m/z for C63H72BF3N11O8S [M-H-] 1,210.53367, 
found 1,210.5365, error within 2.4 ppm; Section 2.2.4. 
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HR-MS (TOF-ESI, positive) calcd. m/z for C63H73BF3N11O8SNa [M+Na+] 
1,234.53017, found 1,234.5284, error within 2.4 ppm; Section 2.2.4. 

 

Purity: 96.69%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2. 
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  Methyl 4-amino-3-fluorobenzoate (3-31). Compound 3-30 
(0.8 g, 4 mmol, 1 eq) and Pd/C (0.08 g, 0.1 eq) were added into 10 mL of MeOH. 
Two balloons of H₂ were purged into the flask, and the mixture was stirred at room 
temperature for 1.5 hours. The reaction progress was monitored by TLC. The 
mixture was filtered through a celite cake, and the cake was washed several 
times with MeOH. The collected MeOH was evaporated to yield compound 3-31 
(0.54 g, 3.19 mmol) with a yield of 78%.  

LC-MS m/z calcd. for C8H9FNO2 [M-H+] 170.05; found 170.1, tR = 2.55 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6): δ 7.53 (dd, J = 8.44, 2.02 Hz, 1H), 7.48 (dd, J = 12.24, 2.02 Hz, 
1H), 6.78 (t, J = 8.64 Hz, 1H), 6.07 (s, 2H), 3.76 (s, 3H).  

13C NMR (DMSO-d6): δ 166.09, 149.61 (d, J = 236.14 Hz), 142.23 (d, J = 12.89 Hz), 
127.29 (d, J = 2.6Hz), 116.43 (d, J = 6.06 Hz), 116.10 (d, J = 19.33 Hz), 115.23 (d, J 
= 4.93 Hz), 52.0. 

  -((tert-Butoxycarbonyl)amino)-3-fluorobenzoic 
acid (3-32). Compound 3-31 (845.8 mg, 5 mmol, 1 eq), DMAP (61 mg, 0.5 mmol, 
0.1 eq), and Boc₂O (6.55 g, 30 mmol, 6 eq) were dissolved in THF (50 mL). The 
mixture was refluxed overnight. THF was removed via rotary evaporation. The 
residue, along with K₂CO₃ (2 g, 15 mmol, 3 eq), was dissolved in MeOH (50 mL) 
and refluxed for an additional 3 hours. After cooling to room temperature, MeOH 
was removed via rotary evaporation. The residue was reconstituted with EtOAc 
and extracted with water. The collected EtOAc solution was washed twice with 2 
N HCl, followed by saturated NaHCO₃(aq) and brine. The organic solution was 
evaporated, and the crude product was used for the next reaction. 

The crude product and 2 M NaOH (25 mL) were dissolved in 50 mL of a MeOH/THF 
(1:1) mixture. The mixture was stirred at room temperature for 5.5 hours. The 
organic solvent was removed via rotary evaporation. The residue in water was 
extracted with EtOAc. The collected aqueous portion was acidified with 2 N HCl 
to afford a white precipitate. The precipitate was collected via filtration and dried 
in an oven, yielding compound 3-32 (0.98 g, 3.85 mmol) with a yield of 64%.  
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LC-MS m/z calcd. for C12H14FNO4 [M-H+] 255.09; found 256.1, tR = 2.73 min, 
Section 2.2.4, Method A.  

1H NMR (DMSO-d6): δ 13.03 (s, 1H), 9.36 (s, 1H), 7.90 (t, J = 8.2 Hz, 1H), 7.72 (dd, 
J = 8.57, 1.88 Hz, 1H), 7.65 (dd, J = 11.45, 1.88 Hz, 1H), 1.48 (s, 9H).  

13C NMR (DMSO-d6): δ 166.55 (d, J = 2.53 Hz), 153, 152.8 (d, J = 246.08 Hz), 
131.66 (d, J = 11.39 Hz), 126.61 (d, J = 6.09 Hz), 126.19 (d, J = 3.28 Hz), 122.48, 
116.49 (d, J = 20.8 Hz), 80.52, 28.43. 

 2,2-Dimethyl-4,15-dioxo-3,8,11-
trioxa-5,14-diazaoctadecan-18-oic acid (4-2). Commercially available tert-
butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (4-1) (218 mg, 0.87 mmol, 1 
eq) was dissolved in CHCl₃ (7 mL) and cooled to 0°C in an ice bath. Succinic 
anhydride (87.6 mg, 0.87 mmol, 1 eq) was added to the cooled solution of 4-1, 
and the mixture was allowed to stir for 10 minutes. The ice bath was then 
removed, and the reaction was continued for 1 hour. CHCl₃ was evaporated 
under reduced pressure, and the crude product was purified using automated 
flash column chromatography (gradient MeOH:DCM from 1:99 to 10:90, 23 CV), 
yielding compound 4-2 (111 mg, 0.32 mmol) with a yield of 36%. 

1H NMR (400 MHz, CDCl₃-d) δ 7.44 (s, 1H, NH), 6.94 (s, 1H, NH), 3.62 (s, 4H), 
3.54 (p, J = 4.9 Hz, 4H), 3.45 (q, J = 5.1 Hz, 2H), 3.32 (q, J = 5.2 Hz, 2H), 2.70-2.64 
(t, J = 5.8 Hz, 2H), 2.5 (t, J = 5.6 Hz, 2H), 1.45 (s, 9H).  

13C NMR (101 MHz, CDCl₃-d) δ 177.64, 173.13, 158.15, 81.26, 77.36, 70.44, 
70.35, 69.73, 41.73, 39.45, 31.64, 30.44, 28.50. 

  4-((2-(2-(2-
Aminoethoxy)ethoxy)ethyl)amino)-4-oxobutanoic acid hydrochloride salt (4-
3). Compound 4-2 (38.28 mg, 110 μmol, 1.1 eq) underwent t-Boc deprotection 
following the conditions described in Section 2.2.7 General Procedure C. The 
reaction progress was monitored by LC-MS. Upon removal of the t-Boc group, the 
mixture was evaporated to yield the crude compound 4-3, which was used in the 
next step without further purification. 
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  (R,E)-1-(cyclooct-4-en-1-yloxy)-
1,12-dioxo-5,8-dioxa-2,11-diazapentadecan-15-oic acid (4-4). Crude 
compound 4-3, derived from the t-Boc deprotection of compound 4-2 (38.28 mg, 
110 μmol, 1.1 eq), was coupled with TCO-NHS ester (26.73 mg, 100 μmol, 1 eq) 
in the presence of DIPEA (0.2 mL) and DMF (1 mL). The reaction was allowed to 
proceed at room temperature overnight. Milli-Q water (15 mL) was then added to 
the mixture. The solution was basified with triethylamine (TEA) and extracted 
twice with EtOAc. The aqueous fraction was acidified with 6% acetic acid (to pH 
3-4) and extracted three times with DCM. The collected DCM fraction was dried 
over anhydrous Na₂SO₄, filtered, and evaporated to dryness. The crude product 
was further purified using automated flash column chromatography (gradient 
MeOH:DCM from 2:98 to 10:90, 25 CV), yielding compound 4-4 (25.2 mg, 63 μmol) 
with a yield of 63%. 

1H NMR (400 MHz, MeOD-d₄) δ 5.60 (ddd, J = 15.2, 9.1, 5.2 Hz, 1H), 5.48 (ddd, J 
= 15.7, 10.7, 3.5 Hz, 1H), 4.37-4.25 (m, 1H), 3.61 (s, 4H), 3.57-3.48 (m, 4H), 3.36 
(t, J = 5.5 Hz, 2H), 3.26 (t, J = 5.7 Hz, 2H), 2.59 (t, J = 7 Hz, 2H), 2.48 (t, J = 6.9 Hz, 
2H), 2.39-2.25 (m, 3H), 2.02-1.86 (m, 4H), 1.79-1.65 (m, 2H), 1.63-1.55 (m, 1 H).  

13C NMR (101 MHz, MeOD-d₄) δ 176.17, 174.74, 158.63, 135.98, 133.80, 81.79, 
71.30, 71.28, 71.04, 70.59, 42.19, 41.55, 40.40, 39.64, 35.19, 33.48, 32.12, 31.53, 
30.29. 

 

5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenyl (R,E)-1-(cyclooct-4-en-1-yloxy)-1,12-
dioxo-5,8-dioxa-2,11-diazapentadecan-15-oate (4-5). Compound 3-20 (1.71 
mg, 2.51 μmol, 1.07 eq) and compound 4-4 (0.94 mg, 2.35 μmol, 1 eq) were 
reacted following the conditions described in Section 2.2.7 General Procedure 
B. The crude product was purified using RP-HPLC with a semipreparative YMC-
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Pack C8 column (150 mm × 10 mm × 5 μm). The collected fraction was 
concentrated and lyophilised to give a white fluffy solid, compound 4-5 (1.24 mg, 
1.16 μmol) with a yield of 49%. 

1H NMR (400 MHz, CDCl₃-d₃) δ 11.26 (s, 1H), 8.07 (s, 1H), 7.76-7.70 (m, 1H), 7.67 
(d, J = 7.1 Hz, 1H), 7.31 (s, 1H), 7.21 (t, J = 9.0 Hz, 1H), 6.89 (s, 1H), 6.67 (s, 1H), 
6.46 (s, 1H), 5.60-5.51 (m, 1H), 5.51-5.42 (m, 1H), 5.14 (s, 1H), 4.33 (s, 1H), 4.09 
(t, J = 7.4 Hz, 2H), 4.00 (t, J = 7.6 Hz, 2H), 3.71-3.15 (m, 18H), 2.97 (s, 2H), 2.67 (t, 
J = 6.6 Hz, 2H), 2.41-2.25 (m, 5H), 1.92 (dd, J = 10.8, 4.9 Hz, 13H), 1.86-1.52 (m, 
17H), 1.45-1.29 (m, 5H), 0.96 (t, J = 7.32 Hz, 3Hz), 0.93 (t, J = 7.32 Hz, 3H).  

13C NMR (101 MHz, CDCl3-d3) δ 178.70, 174.21, 170.93, 168.61, 166.21, 163.16, 
156.43 (d, J = 213.5 Hz), 151.33, 148.74, 138.14, 135.05, 133.11, 126.47, 123.36, 
116.98 (d, J = 20.2 Hz), 106.83, 77.36, 43.52, 41.29, 39.94, 39.02, 38.81, 34.41, 
34.06, 33.72, 32.67, 31.11, 30.36, 30.29, 30.04, 29.28, 28.41, 25.22, 20.40, 20.07, 
14.01, 13.92. 
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HRMS (TOF ESI, positive) calcd. for C₅₄H₇₈FN₉O₁₂ [M+H]⁺: 1064.582674; found 
1064.5834, error within 2.4 ppm, Section 2.2.4.  

 

Purity: 97.67%, measured by RP-HPLC with a YMC-Pack C8 analytic column (150 
mm × 4.6 mm × 5 μm) mentioned in Section 2.2.2. 
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5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenyl 2,2-dimethyl-4,15-dioxo-3,8,11-trioxa-
5,14-diazaoctadecan-18-oate (5-1). Compound 3-20 (10 mg, 14.7 μmol, 1 eq) 
and compound 4-2 (5.12 mg, 14.7 μmol, 1 eq) were reacted following the 
conditions described in Section 2.2.7 General Procedure B. The crude product 
was purified using RP-HPLC with a Phenomenex Onyx™ Monolithic 
semipreparative C18 column (CH0-7878, 100 mm × 10 mm). The collected 
fraction was concentrated and lyophilised to yield a white fluffy solid (5.6 mg, 5.5 
μmol) with a yield of 37%.  

LC-MS m/z calcd. for C₅₀H₇₄FN₉O₁₂ [M-H⁺] 1012.55; found 1012.5, tR = 6.75 min, 
Section 2.2.4 Method B.  

1H NMR (400 MHz, Acetone-d₆) δ 8.16 (t, J = 5.8 Hz, 1H), 7.86 (ddd, J = 8.4, 4.5, 
2.1 Hz, 1H), 7.79 (dd, J = 7.4, 2.3 Hz, 1H), 7.44 (s, 1H), 7.35 (t, J = 9.2 Hz, 2H), 7.18 
(s, 1H), 5.92 (s, 1H), 4.06 (t, J = 7.2 Hz, 2H), 3.93 (t, J = 7.4 Hz, 2H), 3.55 (s, 4H), 
3.52 (t, J = 5.6 Hz, 2H), 3.48 (t, J = 5.8 Hz, 2H), 3.44 (q, J = 6.4 Hz, 2H), 3.38 (q, J = 
5.6 Hz, 2H), 3.30 (s, 4H), 3.21 (q, J = 5.8 Hz, 2H), 2.93 (t, J = 6.7 Hz, 2 H), 2.66 (t, J 
= 6.7 Hz, 2H), 2.28 (t, J = 6.9 Hz, 2H), 2.02-1.86 (m, 14H), 1.72 (p, J = 7.4 Hz, 2H), 
1.57 (p, J = 7.4 Hz, 2H), 1.40 (s, 9H), 1.33 (dt, J=15.3, 7.4 Hz, 4H), 0.95 (t, J = 7.72 
Hz, 3H), 0.92 (t, J = 7.0 Hz, 3H).  

13C NMR (101 MHz, Acetone-d6) δ 177.86, 173.86, 171.71, 171.21, 165.85, 
161.12, 155.05, 151.89, 148.87, 139.03, 131.56 (d, J=287.6Hz), 127.18 (d, J=8.1 
Hz), 124.47, 118.81, 117.20 (d, J=19.3 Hz), 107.50, 87.94, 79.16, 70.95, 70.87, 
70.64, 70.44, 43.43, 41.28, 41.07, 40.76, 40.11, 40.10, 40.06, 39.50, 34.52, 34.07, 
30.98, 30.93, 30.84, 30.79, 29.01, 28.64, 26.22, 20.80, 20.48, 14.16, 14.07. 
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5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenyl 4-((2-(2-(2-
aminoethoxy)ethoxy)ethyl)amino)-4-oxobutanoate hydrochloride salt (5-2). 
Compound 5-1 (2.24 mg, 2 μmol) was subjected to the reaction described in 
Section 2.2.7 General Procedure C for t-Boc deprotection. The reaction 
progress was monitored by LC-MS. Upon removal of the t-Boc group, the mixture 
was evaporated to yield the crude compound 5-2, which was used in the next 
step without further purification. 

 

1-(1-(5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenoxy)-1,4,15-trioxo-8,11-dioxa-5,14-
diazaicosan-20-yl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-
sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (5-3). 
Crude compound 5-2, obtained from the t-Boc deprotection of compound 5-1 
(2.24 mg, 2 μmol, 1 eq), was coupled with SulfoCy5 NHS ester (1.62 mg, 2.08 
μmol, 1.04 eq) in the presence of 5 drops of DIPEA in DMF at room temperature 
for 1 hour. DMF was removed via high-vacuum rotary evaporation. The crude 
product was reconstituted with Milli-Q water (0.8 mL) and MeCN (0.6 mL). The 
mixture was then purified using RP-HPLC with a Phenomenex Onyx™ Monolithic 
semipreparative C18 column (CH0-7878, 100 mm × 10 mm). The collected 
fraction was concentrated and lyophilised to give a blue fluffy solid, compound 
5-3 (1.34 mg, 0.87 μmol) with a yield of 43%. 
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HRMS (TOF ESI, negative) calcd. for C₇₇H₁₀₂FN₁₁O₁₇S₂ [M]⁻: 1535.688609; found 
1535.6881, error within 2.4 ppm, Section 2.2.4.  

 

Purity: > 99%, measured by RP-HPLC with a Phenomenex Onyx™ Monolithic 
analytic C18 column (CH0-7643, 100 mm × 4.6 mm) mentioned in Section 2.2.2. 

 

  



90 
 

 4-((4-((tert-
Butoxycarbonyl)amino)butyl)amino)-4-oxobutanoic acid (5-5). Commercially 
available tert-butyl (4-aminobutyl)carbamate (5-4, 124.1 mg, 0.66 mmol, 1.2 eq) 
was dissolved in CHCl₃ (7 mL) and cooled to 0°C in an ice bath. Succinic 
anhydride (55 mg, 0.55 mmol, 1 eq) and DIPEA (52 μL, 0.3 mmol) were added to 
the cooled solution of 5-4, and the mixture was allowed to stir for 10 minutes. The 
ice bath was then removed, and the reaction was continued for 1 hour. CHCl₃ 
was evaporated under reduced pressure, and the crude product was dissolved in 
EtOAc, followed by extraction with saturated NaHCO₃ solution three times. The 
aqueous layer was collected and acidified with 2 N HCl solution (pH 4-5). The 
aqueous solution was extracted three times with EtOAc. The organic fraction was 
collected, dried over anhydrous Na₂SO₄, filtered, and evaporated to give 
compound 5-5 as a white solid (116.3 mg, 0.4 mmol) with a yield of 73%. 

1H NMR (400 MHz, DMSO-d6) δ 12.24 (s, 1H), 7.80 (t, J = 5.6 Hz, 1H), 6.78 (s, J = 
5.7 Hz, 1H), 3.00 (q, J = 5.8 Hz, 2H), 2.88 (q, J = 6.3 Hz, 2H), 2.40 (t, J = 7.0 Hz, 2H), 
2.28 (t, J = 7.0 Hz, 2H), 1.37 (s, 9H), 1.35-1.31 (m, 4H).  

13C NMR (101 MHz, DMSO-d6) δ 173.87, 170.71, 155.59, 77.34, 38.27, 30.01, 
29.20, 28.29, 26.97, 26.54 

 

5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenyl 4-((4-((tert-
butoxycarbonyl)amino)butyl)amino)-4-oxobutanoate (5-6). Compound 3-20 
(10 mg, 14.7 μmol, 1 eq) and compound 5-5 (4.44 mg, 15.4 μmol, 1.05 eq) were 
reacted following the conditions described in Section 2.2.7 General Procedure 
B. The crude product was purified using RP-HPLC with a Phenomenex Onyx™ 
Monolithic semipreparative C18 column (CH0-7878, 100 mm × 10 mm). The 
collected fraction was concentrated and lyophilised to give a white fluffy solid, 
compound 5-6, (7.78 mg, 8.17 μmol) with a yield of 56%. 

LC-MS m/z calcd. for C₄₈H₇₀FN₉O₁₀ [M-H⁺] 952.53; found 952.5, tR = 6.99 min, 
Section 2.2.2 Method B.  
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1H NMR (400 MHz, Acetone-d₆) δ 11.89 (s, 1H), 8.16 (t, J = 5.7 Hz, 1H), 7.86 (ddt, 
J = 8.5, 4.3, 1.8 Hz, 1H), 7.79 (dt, J = 7.7, 1.9 Hz, 1H), 7.45 (s, 1H), 7.39-7.24 (m, 
2H), 7.19 (s, 1H), 5.96 (s, 1H), 4.06 (t, J = 7.2 Hz, 2H), 3.93 (t, J = 7.4 Hz, 2H), 3.44 
(q, J = 6.3 Hz, 2H), 3.31 (d, J = 3.8 Hz, 4H), 3.24 (q, J = 6.2 Hz, 2H), 3.06 (q, J = 6.2 
Hz, 2H), 2.92 (t, J = 6.7 Hz, 2H), 2.64 (t, J = 6.7 Hz, 2H), 2.29 (t, J = 6.8 Hz, 2H), 2.03-
1.98 (m, 6H), 1.95-1.84 (m, 8H), 1.77-1.67 (m, 2H), 1.62-1.53 (m, 2H), 1.51 (s, 4H), 
1.36 (m, 13 Hz), 0.95 (t, J = 9.2 Hz, 3H), 0.92 (t, J = 7.6 Hz, 3H).  

13C NMR (101 MHz, Acetone-d₆) δ 177.87, 173.86, 171.53, 171.23, 165.87, 
161.12, 158.87, 158.03, 155.89 (d, J = 169.5 Hz), 155.53, 151.89, 148.86, 138.98 
(d, J = 13.0 Hz), 132.99, 127.14 (d, J = 8.1 Hz), 124.5, 117.2 (d, J = 19.5 Hz), 78.34, 
43.43, 41.28, 40.77, 40.14, 40.11, 39.73, 39.50, 34.52, 34.09, 30.98, 30.93, 30.87, 
30.85, 30.59, 30.47, 29.03, 28.67, 28.24, 27.67, 26.24, 20.81, 20.29, 14.16, 14.07. 

 

5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenyl 4-((4-aminobutyl)amino)-4-
oxobutanoate hydrochloride salt (5-7). Compound 5-6 (2.2 mg, 2.3 μmol) was 
synthesised using the conditions described in Section 2.2.7 General Procedure 
C. The reaction progress was monitored by LC-MS. Upon removal of the t-Boc 
group, the mixture was evaporated to yield the crude compound 5-7, which was 
used in the next step without further purification. 
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1-(6-((4-(4-(5-((4-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-4-
oxobutyl)carbamoyl)-2-fluorophenoxy)-4-oxobutanamido)butyl)amino)-6-
oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-
ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (5-8). Crude 
compound 5-7, obtained from the t-Boc deprotection of compound 5-6 (2.2 mg, 
2.3 μmol, 1 eq), was coupled with SulfoCy5 NHS ester (2 mg, 2.56 μmol, 1.1 eq) 
in the presence of 5 drops of DIPEA in DMF at room temperature for 1 hour. DMF 
was removed via high-vacuum rotary evaporation. The crude product was 
reconstituted with Milli-Q water (0.8 mL) and MeCN (0.6 mL). The mixture was 
then purified using RP-HPLC with a Phenomenex Onyx™ Monolithic 
semipreparative C18 column (CH0-7878, 100 mm × 10 mm). The collected 
fraction was concentrated and lyophilised to give a blue fluffy solid, compound 
5-8, (2.38 mg, 1.6 μmol) with a yield of 70%. 
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HRMS (TOF ESI, negative) calcd. for C₇₅H₉₈FN₁₁O₁₅S₂ [M]⁻: 1475.66748; found 
1475.6699, error within 2.4 ppm, Section 2.2.4.  

 

Purity: > 99%, measured by RP-HPLC with a Phenomenex Onyx™ Monolithic 
analytic C18 column (CH0-7643, 100 mm × 4.6 mm) mentioned in Section 2.2.2. 
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Chapter 3. Optimisation, Synthesis, and 
Pharmacological Evaluation of a Novel Ligand-
Directed Labelling Probe Targeting A1 Adenosine 
Receptors 

Brief Introduction 
Reversible fluorescent ligands were first applied in life science related 
investigations as they offered direct visual observation of target proteins117, 
alongside extended applications in combination with various techniques (e.g. 
BRET55,119 and FRET120) and equipment (e.g. flow cytometry for cell sorting121 and 
plate reader for high-throughput screening70). Most importantly, they are free 
from radioactivity. However, reversible fluorescent ligands are limited in 
prolonged biomolecule real time observations due to dissociation issues. 
Methods for covalently labelled biomolecules offer solutions to the prolonged 
observation demands. Covalent tagging a protein of interest (POI) can be done 
via fluorescent protein tags or self-labelling protein tags in conjunction with 
corresponding substrates88,122. These methods provide valuable ways to 
investigate POI but genetic interventions are inevitable and the sizes of protein 
tags are much larger than small molecules.  

Tagging POI with small molecules through chemical reaction is a potential 
resolution for the demand for POIs covalently lablelled without genetic work89,96. 
Irreversible fluorescent ligands are comprised of a fluorophore, an orthostere for 
recognising and engaging the POI, and a moiety forming covalent link with the 
POI123. For example, Taliani et al. (2010) reported an NBD-tethering probe which 
irreversibly labelled the 18kDa translocator protein via an electrophilic 
isothiocyanato group124. The irreversible fluorescent labelling can be done via 
separate steps as well. For example, Beerkens et al. (2022) covalently labelled 
the A1 AR with LUF7909 (see Chapter 1, Figure 1-12) through a sulfonyl fluoride 
moiety112.  An azide attached reporter was then cyclised with the LUF7909 alkyne 
moiety through a copper catalysed click reaction112. However, the orthosteric 
binding pocket of the POI was blocked after this labelling approach, which 
limited follow-on functional assays with the tagged POI88,96. Alternative ligand-
directed (LD) covalently labelling probes offered the covalent labelling outcome 
but did not interfere with the accessibility of the orthosteric binding pocket113. In 
theory, an ideal LD probe would specifically bind to the POI and transfer its cargo 
(fluorophore, biotin, or click reaction handle) onto the POI through a proximity 
driven reaction between the reactive linker moiety and a nucleophilic amino 
residue on the POI (Figure 3-1)88,89,96. LD probes provided covalent labelling 
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approaches without genetic work and kept ligand accessibility to the post 
labelled POI thereby enabling wider biomolecule investigation (e.g. trafficking125 
or response after agonist stimulation74). 

 

 
Figure 3-1. Ideal Ligand-Directed (LD) Covalent Labelling Probe.  
An ideal LD probe requires specific binding to the target protein in a crowded, multi-
component environment. After ligand binding to the target protein, a proximity-driven 
nucleophilic reaction occurs between the reactive moiety and a nucleophilic amino residue 
(Nu), transferring the cargo moiety onto the target protein. Finally, the remaining ligand part 
(congener) dissociates from the binding pocket, resulting in the covalently tagged target 
protein. 

 

Aim of the project 
To label a POI in live cells, the specificity of LD probes was paramount to avoid 
off-target labelling88,96. Comeo et al. (2024) developed LD probe (1-56) directly 
transferring sulfocyanine 5 (SulfoCy5) onto A1 ARs74. Probe 1-56 exhibited 
nanomolar binding affinity towards A1 ARs and was demonstrated to covalently 
label overexpressed A1 ARs in transiently transfected HEK293T cells and 
endogenous A1 ARs in dorsal root ganglion cells74. However, its selectivity 
between the A1 and A2A ARs was only six-fold, which raised a concern of off-target 
labelling especially in A1/A2A co-expressing systems74.  The aim of the work 
embodied within this chapter was to improve 1-56 AR subtype selectivity profile 
through structure modification followed by a series of pharmacological 
investigation to characterise newly synthesised 1-56 analogues.  

The orthostere in 1-56 was derived from Tonopofylline (3-1) and its analogue (3-
2) (Figure 3-2)72, both of which were A1 AR-selective antagonists with nanomolar 
binding affinity for hA1 AR126 ( 
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Table 3-1). The modification of the N-alkyl chain from n-propyl (in 3-1 and 3-2) to 
n-butyl (in 1-56) was guided by crystal structure data, which revealed that the A1 
AR possessed a deeper orthosteric binding pocket than the A2A AR127. This 
modification aimed to enhance subtype selectivity for A1 over A2A ARs through N-
alkyl chain elongation. However, the selectivity of 1-56 was found to be even 
lower than that of probe 3-1 ( 
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Table 3-1). 

Several studies have demonstrated that generating a fluorescent ligand by 
attaching a fluorophore to an orthosteric ligand can significantly alter the latter’s 
binding affinity and receptor selectivity60,92,128. To maintain probe 1-56 high affinity 
for hA1 AR, the orthosteric moiety remained unchanged to keep its protein ligand 
interactions with the orthosteric binding pocket. For confocal imaging quality, a 
fluorophore with high water solubility (to minimise membrane non-specific 
binding) and a red-shifted emission wavelength (to avoid cell autofluorescence) 
was preferred72,129. SulfoCy5 was preserved as the fluorescent moiety for its 
desirable water solubility and red-shifted emission properties129. Consequently, 
a fine-tuning on the linker region was an applicable option for optimising 1-56 AR 
subtype affinity. 

 

 
Figure 3-2.  Structure of 1-56, toponafylline (3-1), and its analogue (3-2).  
In 1-56, the carboxylic acid of 3-2 was functionalised into an amide to facilitate linker 
attachment. Both 3-1 and 3-2 share n-propyl substituents on nitrogens, whereas 1-56 features 
n-butyl groups (highlighted in blue). 
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Table 3-1. Adenosine receptors subtype affinity and affinity ratio 

 Kd (nM), Ki (nM) or 
% of specific radioligand binding a Ratio 

Compound hA1 hA2A hA2B hA3 hA2A/A1 hA2B/A1 
3-1 b 7.4 6110 90 >1000 915 12 
3-2 b 33 1070 48% 100% 32 -- e 

1-56 c 45.5 267.9 > 250 d > 250 d 5.89 > 5.5 f 
a. Radioligand Binding Percentage126,130: Measured by incubating 1 μM of the tested 

compound with radioligand [A2B: 0.5 nM 125I-3-(4-aminobenzyl)-8-phenyloxyacetate-1-
propyl-xanthine; A3: 0.6 nM 125I-aminobenzyladenosine (125I-ABA)] compared to the 
corresponding vehicle set. High radioligand binding percentage indicated poor antagonist 
activity, while low radioligand binding percentage indicated effective displacement of the 
radioligand. 

b. Ki (nM) and Specific Radioligand Binding Percentages: Values obtained from Kiesman 
et al. (2006)126. 

c. Kd (nM): Represented the mean from five replicate saturation assays. Saturation binding 
assays were conducted using HEK293T cells stably expressing nanoluciferase (NLuc)-
tagged A1 at the N-terminus. HEK293G cells stably NLuc-tagged A2B, and A3 receptors at the 
N-terminus. A2A ARs with N-terminal NLuc tags were transiently expressed in HEK293T 
cells. 

d. Binding Observations: Total binding presented as a flat line parallel with nonspecific 
binding from 0 to 500 nM. Therefore, the Kd value was larger than 250 nM. Exact value was 
not determined as higher concentrations were not tested. 

e. Ratio Calculation: Not possible due to differences in affinity measurement methods. 
f. A2B/A1 Selectivity: As A2B effective specific binding was not observed below 500 nM while 

A2A was saturated below 500 nM, A2B/A1 selectivity was a minor issue compared to A2A/A1, 
even though the ratio in A2B/A1 was lower than A2A/A1. 
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3.1 Design of 1-56 Derivatives 
As mentioned previously, modifications to the linker moiety (highlighted in green 
in Figure 3-3) were explored as the primary strategy for optimising 1-56. First, β-
alanine was replaced with either γ-aminobutyric acid (GABA) or glycine. Secondly, 
the substitution position of the 2-fluorophenyl ring was considered, leading to 
the design of a meta-2-fluorophenyl ester analogue. These two modifications 
resulted in four proposed analogues (Figure 3-3). Adjustments to the linker 
length by one carbon unit and altering the phenyl ring substitution position 
represent minor structural refinements that minimise interference with the 
pharmacophoric elements interacting with the A1 AR orthosteric binding pocket. 
At the same time, these modifications may enhance subtype-selective labelling 
or improve tagging efficiency by altering the spatial positioning of the reactive 
moiety. 

 

 
Figure 3-3. Structural Modification Plan.  
(A) Structural modulation components in probe 1-56. The black-dotted frame highlights the 
orthostere incorporated into 1-56, serving as the warhead to target A1 ARs. The linker, 
highlighted in green, is the primary tuning element, designed to be replaced with either glycine 
or GABA. The p-2-fluorophenyl ester in 1-56 (shown in blue) was modified into m-2-
fluorophenyl ester in attempt to optimise A1 AR selectivity and affinity. Additionally, a β-
alanine-p-phenyl amide modification was considered to evaluate the critical role of the phenyl 
ester in cargo transfer. SulfoCy5, depicted in red, is a fluorophore with high water solubility and 
an emission wavelength that minimises interference from cellular autofluorescence. (B) Five 
analogues of 1-56 were designed based on the structural modifications outlined in (A). 
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3.2 Result and discussion 

3.2.1 Chemistry 

3.2.1.1Ligand docking simulation 

Preliminary assessment was conducted using molecular docking simulations 
(experimental details are described in Chapter 2, Section 2.2.5).  Initial docking 
experiments using the full LD fluorescent probes were unsuccessful due to their 
large size, which prevented them from fitting into the binding pocket. The basic 
Schrödinger Maestro docking settings compressed the entire molecule into the 
binding pocket. However, the LD fluorescent ligand was designed to extend the 
reactive moiety and fluorophore away from the binding pocket via the linker. 
Consequently, the reactive moiety had the opportunity to react with nucleophilic 
residues away from the binding pocket, minimising the possibility of the 
transferred fluorophore obstructing access to the binding pocket. Docking 
studies were subsequently performed using congeners of the LD fluorescent 
probes, where the interacting part engaged with the receptor binding pocket as 
an alternative approach (Figure 3-4). As shown in Table 3-2, congeners with a 
glycine linker exhibited docking scores (the predicted free energy of ligand-
receptor complex) similar to 1-56 for both A1 and A2A ARs. In contrast, congeners 
incorporating GABA displayed significantly lower docking scores for A2A ARs 
compared to A1 ARs, suggesting improved selectivity for A1 ARs. Given the 
potential impact of fluorophore attachment on binding affinity and selectivity, all 
four LD fluorescent probe analogues were advanced to the synthesis pipeline. 
Additionally, an analogue incorporating a phenyl amide in place of the phenyl 
ester was designed as a non-reactive ligand for comparison with LD probes.  
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Table 3-2. Congeners’ docking score 

Linker X Y 
Docking score 

A1 A2A 
β-Alanine OH F -11.747 -10.998 

Glycine 
OH F -9.314 -10.619 

F OH -11.204 -9.102 

GABA 
OH F -10.191 -4.972 

F OH -12.248 -7.187 

The molecular docking simulations were performed using Schrodinger Maestro. PDB-5EUN was 
used as the A1 AR model, and PDB-4EIY as the A2A AR model. Before proceeding with ligand 
docking, congeners and receptors were processed using LigandPrep and ReceptorPrep. 
Congener binding positions were defined as DU172 in A1 AR and ZM241385 in A2A AR. The docking 
score represented the calculated free energy of the ligand-receptor complex, with a lower 
docking score indicating a more stable complex. 

 
 

 

 

A



103 
 

 

 

 

B

C

D



104 
 

 
Figure 3-4. Docking Poses of Congeners in A1 AR (green) and A2A AR (blue). Docking 
simulations were performed using Schrödinger Glide, with PDB structures 5EUN and 4EIY 
representing the A₁ and A₂A ARs, respectively. Receptors are displayed in mesh style, while 
ligands are shown in stick representation. Images were rendered using PyMOL. All congeners 
share the same orthosteric binding moiety, with variations in linker structure and phenyl ring 
substitution position. Docking scores are summarised in Table 3-2. 

• Set A: β-Alanine-para-phenyl ester congener. Both butyl chains extend into the deep 
binding pockets of A₁ and A₂A ARs without exhibiting unnatural torsion. This may 
explain why elongation of the alkyl side chain does not enhance subtype selectivity 
between A₁ and A₂A ARs for this congener. 

• Set B: Glycine-para-phenol congener. One butyl chain projects into the pocket cave, 
while the other remains in the main binding region. Consequently, docking scores 
show no significant difference between A₁ and A₂A ARs. 

• Set C: Glycine-meta-phenol congener. Both butyl chains extend into the deep binding 
pockets of A₁ and A₂A ARs, resulting in comparable docking scores. 

• Set D: GABA-para-phenol congener. In A₁ AR, one butyl chain occupies the main 
pocket while the other extends into the deep cavity. In contrast, both chains fail to 
reach the deep pockets in A₂A AR, potentially accounting for the greater docking score 
disparity between the two receptors. 

• Set E: GABA-meta-phenol congener. In A₁ AR, additional space accommodates both 
butyl chains, whereas in A₂A AR, the chains do not penetrate the deep binding 
pockets. This spatial allowance in A₁ AR may contribute to the increased stability of 
the receptor–congener complex compared to A₂A AR. 

 

  

E
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Scheme 3-1. Fluorescent ligands synthesis (glycine linker) a 

 

 

 

 

a Reagents and conditions: a) butylamine, THF, rt, 4 h, 97%; b) cyanoacetic acid, Ac2O, 85oC, 2 hr, 86%; c) NaNO2, 50% AcOH, 65oC, 1 hr, 75%; d) Na2S2O4, 12.5% 
NH4OHaq, 80oC, 30 min, 95%; e) 1: COMU, DIPEA, 4-(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid, DMF, rt, 20 min; 2: 1M KOH, IPA, 91oC, 2hr, 70%; f) 
COMU, DIPEA, tert-butyl (2-aminoethyl)carbamate, DMF, rt, 20 min, 95%; g) 4 N HCl in dioxane, rt, 1 hr; h) Boc-glycine, COMU, DIPEA, DMF, 3 hr, 71%; i) 3-fluoro-
4-hydroxybenzoic acid, COMU, DIPEA, DMF, 90oC, overnight, 47%; j) 4-fluoro-3-hydroxybenzoic acid, COMU, DIPEA, DMF, 90oC, overnight, 37%; k) Sulfo-Cy5 free 
acid, BEP, DIPEA, DMF, rt, avoid light, overnight, 46% (3-15), 59% (3-16). 
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Scheme 3-2. Fluorescent ligands synthesis (GABA linker) a 

 
a Reagents and conditions: a) 4 N HCl in dioxane, rt, 1 hr; b) Boc-γ-aminobutyric acid, COMU, DIPEA, DMF, 2 hr, 78%; c) 3-fluoro-4-hydroxybenzoic acid, COMU, 
DIPEA, DMF, 90oC, overnight, 38%; d) 4-fluoro-3-hydroxybenzoic acid, COMU, DIPEA, DMF, 90oC, overnight, 49%; e) Sulfo-Cy5 free acid, BEP, DIPEA, DMF, rt, avoid 
light, overnight, 70%; f) Sulfo-Cy5 free acid, BEP, DIPEA, DMF, rt, avoid light, overnight, 62%. 
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Scheme 3-3. Analogues of 1-56 with 2-fluorophenyl amide 

 
a Reagents and conditions: a) 4N HCl in dioxane, rt, 1 hr; b) N-Boc β-alanine, COMU, DIPEA, DMF, rt, 5 hr, 91%; c) 4-((tert-butoxycarbonyl)amino)-3-
fluorobenzoic acid (3-32), COMU, DIPEA, DMF, 80oC, overnight, 71%; d) T3P, DIPEA, Boc-E-ACP-OH, DCM, 80oC, 19 hr, 5%; e) BODIPY630/650 carboxylic 
acid, BEP, DIPEA, rt, overnight, 35%; f) Pd/C, H2, MeOH, rt, 1.5 hr, 78%; g) 1. DMAP, Boc2O, THF, reflux, overnight; 2. K2CO3, MeOH, reflux, 3 hr; 3. 2M 
NaOH, MeOH/THF, rt, 5.5 hr, 64% 
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3.2.1.2 Synthesis 

3.2.1.2.1 Analogues of 1-56 with 2-Fluorophenyl Ester Moiety 

The synthesis of five 1-56 analogues is outlined in Scheme 3-1, 3-2, and 3-3. 
Scheme 3-1 illustrates the synthesis of 1-56 analogues incorporating a glycine 
linker. All synthetic methods were adapted from Comeo et al. (2024)74 with minor 
modifications (full experimental details are described in Chapter 2, Section 
2.2.8). 

The synthesis of 3-15 began with the nucleophilic addition of n-butylamine to 
commercially available butyl isocyanate (3-3), yielding symmetrical urea 3-4. 
This reaction was conducted in THF at ambient temperature, and the product, 
1,3-dibutylurea (3-4), was obtained by evaporating the reaction mixture after a 4-
hour reaction. Subsequently, cyanoacetic acid was added to 3-4 in acetic 
anhydride (Ac2O) at 85°C for 2 hours, producing pyrimidine-2,4-dione (3-5) in high 
yield. In this step, cyanoacetic acid was activated by Ac2O, facilitating double 
nucleophilic addition of 3-4 to form the desired heterocycle. Excess Ac2O was 
removed under reduced pressure, the remaining portion was hydrolysed with 
water. The aqueous solution was basified with 70% NaOH(aq), and crude 3-5 was 
purified by recrystallisation from ethanol-water. 

To introduce an amine group at the C-5 position, 3-5 was nitrosylated with 
sodium nitrite to form 3-6, followed by reduction with sodium dithionite to yield 
3-7. Compound 3-8 was obtained through a two-step process: activation of 4-
(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid (bicyclic acid) with 
COMU and DIPEA in DMF, followed by coupling with 3-7. Dehydrative cyclisation 
of the amide intermediate was performed using the mixture of 1M KOH(aq) and 
isopropanol (IPA) under reflux for 2 hours. The reaction mixture was cooled, IPA 
was evaporated, and the residue was acidified with HCl to precipitate xanthine 
carboxylic acid 3-8. 

Scheme 3-4. Synthesis flow of compound 3-4 to 3-8 

 
a Reagents and conditions: a) butylamine, THF, rt, 4 h, 97%; b) cyanoacetic acid, Ac2O, 85oC, 2 
hr, 86%; c) NaNO2, 50% AcOH, 65oC, 1 hr, 75%; d) Na2S2O4, 12.5% NH4OHaq, 80oC, 30 min, 
95%; e) 1: COMU, DIPEA, 4-(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid, DMF, rt, 
20 min; 2: 1M KOH, IPA, 91oC, 2hr, 70%; 
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Compound 3-8 was further modified by conjugating t-Boc-protected 
ethylenediamine via COMU coupling in DMF, yielding 3-9. The glycine linker was 
introduced by tethering t-Boc-glycine to 3-10 (deprotected 3-9) via a similar 
COMU coupling procedure, with purification via automated flash column 
chromatography. The critical 2-fluorophenyl ester moiety of 3-15 was formed by 
coupling 3-fluoro-4-hydroxybenzoic acid with 3-12 (deprotected 3-11) using 
COMU and DIPEA in DMF at 90°C overnight, yielding 3-13. This step required 
precise reactant ratios to minimise ester side product formation, which degraded 
under continuous heating, favoring the formation of the desired product. 

The final step involved conjugation of Sulfo-Cy5 fluorophore to 3-13 using BEP to 
activate Sulfo-Cy5 carboxylic acid, facilitating acylation. The reaction was 
performed in a light-protected environment overnight, and the fluorescent ligand 
3-15 was purified via semi-preparative HPLC. 

Scheme 3-5. Synthesis flow of compound 3-8 to 3-15 

 
a Reagents and conditions: f) COMU, DIPEA, tert-butyl (2-aminoethyl)carbamate, DMF, rt, 20 
min, 95%; g) 4 N HCl in dioxane, rt, 1 hr; h) Boc-glycine, COMU, DIPEA, DMF, 3 hr, 71%; i) 3-
fluoro-4-hydroxybenzoic acid, COMU, DIPEA, DMF, 90oC, overnight, 47%; k) Sulfo-Cy5 free 
acid, BEP, DIPEA, DMF, rt, avoid light, overnight, 46% (3-15). 

 

Compounds 3-16, 3-21, and 3-22, featuring variations in linker structures (glycine 
or γ-aminobutyric acid) and fluorophenyl ester positions, were synthesised using 
the same methodology (Scheme 3-1and 3-2). 

3.2.1.2.2 Analogues of 1-56 with 2-Fluorophenyl Amide 

The synthesis of compound 3-29 is depicted in Scheme 3-3. The synthesis began 
with the coupling of 3-10 with t-Boc-protected β-alanine using COMU and DIPEA 
in DMF, followed by purification via automated flash column chromatography to 
yield 3-23. The same coupling procedure was applied to 3-24 (deprotected 3-23) 
and 4-((tert-butoxycarbonyl)amino)-3-fluorobenzoic acid (3-32), yielding 3-25. 
Subsequently, 6-((tert-butoxycarbonyl)amino)hexanoic acid was coupled to 3-26 
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(deprotected 3-25) using propylphosphonic anhydride (T3P)131 in DCM under 
reflux for 19 hours, affording 3-27 after flash chromatography purification.  

The final step involved fluorophore attachment. BODIPY-630/650 carboxylic acid 
was conjugated to 3-28 (deprotected 3-27) via BEP activation in DMF overnight, 
followed by semi-preparative HPLC purification to afford the fluorescent ligand 
3-29. 

Scheme 3-6. Synthesis of probe 3-29 

 
a Reagents and conditions: a) 4N HCl in dioxane, rt, 1 hr; b) N-Boc β-alanine, COMU, DIPEA, 
DMF, rt, 5 hr, 91%; c) 4-((tert-butoxycarbonyl)amino)-3-fluorobenzoic acid (3-32), COMU, 
DIPEA, DMF, 80oC, overnight, 71%; d) T3P, DIPEA, Boc-E-ACP-OH, DCM, 80oC, 19 hr, 5%; e) 
BODIPY630/650 carboxylic acid, BEP, DIPEA, rt, overnight, 35%; f) Pd/C, H2, MeOH, rt, 1.5 hr, 
78%; 

Initially, a phenyl amide analogue of 3-15 was planned. However, attempts to 
couple 3-33 with Sulfo-Cy5 free acid failed with various coupling conditions 
(Table 3-3), likely due to the weak nucleophilicity of the aniline, which was further 
diminished by the electron-withdrawing fluorine and benzamide moieties. 
Additionally, Sulfo-Cy5 was unstable at high temperatures, restricting reaction 
conditions to temperature below 35°C. To conserve the expensive Sulfo-Cy5 free 
acid and the laboriously synthesised 3-33, biotin and 3-31 were used as 
alternative carboxylic acid and aniline in the amide coupling to determine 
applicable conditions. However, these reactions also failed. As a compromise, 
3-29, incorporating BODIPY-630/650, was synthesised. 3-26 was first coupled 
with t-Boc-protected 6-aminohexanoic acid, allowing the coupling reaction to 
proceed under heating conditions. Despite this, coupling attempts failed. 

Several coupling reagents and conditions were tested, including BEP132, HOBt133, 
EDC, TCFH134, and PFP135, but none succeeded (Table 3-4). The only effective 
reagent was T3P, albeit with low yield. T3P not only activated hexanoic acid but 
also facilitated coupling through phosphorus-oxygen bond formation, potentially 
explaining its success where other reagents failed.  
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Table 3-3. Investigating Coupling Condition for Generating a Phenyl Amide Analogue of 3-15 

Entry Aniline Coupling reagent Base Carboxylic 
acid 

Solvent Temp/time Result 
(product) 

1 

 

COMU (1.1eq) DIPEA (0.1 mL) SulfoCy5 DMF rt/overnight X 

2 BEP (1.1 eq) DIPEA (0.1 mL) SulfoCy5 DMF rt/overnight X 

3 BEP (1.1 eq) DIPEA (0.1 mL) SulfoCy5 MeCN rt/overnight X 

4 BEP (1.1 eq) NMI (0.1 mL) SulfoCy5 DMF rt/overnight trace 

5 BEP (1.1 eq) NMI (0.1 mL) Biotin MeCN rt/overnight X 

6 (COCl)2 (0.1 mL) NMI (0.3 mL) Biotin DCM/DMF rt/overnight X 

7 (COCl)2 (0.1 mL) DMAP (0.3 mg) Biotin MeCN rt/overnight trace 

8 HATU (2 eq) DIPEA (2 drops) Biotin DMF rt/overnight X 

9 EDC.HCl (2 eq) DMAP (2.2 eq) Biotin DMF rt/overnight X 

10 PFP (1.1 eq) DIPEA (2 eq) Biotin MeCN rt/overnight X 

11 

 

BEP (1.1 eq) NMI (0.1 mL) Biotin MeCN rt/overnight X 
12 (COCl)2 (1.2 eq) DIPEA (0.1 mL) Biotin DMF rt/overnight X 
13 (COCl)2 (3.0 eq) NMI (0.3 mg) Biotin DCM rt/overnight trace 
14 IBCF (1.1 eq) DIPEA (3 eq) Biotin DCM rt/overnight trace 
15 HATU (2 eq) DIPEA (2 drops) Biotin DMF rt/overnight X 
16 (COCl)2 (1.2 eq) DMAP (2.2 eq) SulfoCy5 DMF/DCM rt/overnight X 

17 
EDC.HCl (1eq), 

DMAP (1 eq), 
HOBt (0.1 eq) 

DIPEA (3drops) Biotin MeCN rt/ 40 hr X 

18 TCFH (1.2 eq) NMI (3.5 eq) Biotin MeCN rt/ 24 hr X 
19 TCFH (1.2 eq) NMI (3.5 eq) Biotin DMF rt/ 20 hr X 
20 3-31, NaH COMU (1.1eq) DIPEA (0.1 mL) Biotin DMF rt/overnight X 

Trace:  LC/MS detected a small peak with strong starting material peaks (inefficient coupling). X: product peak was not found in LC/MS spectrum. 
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Table 3-4. Investigating Coupling Condition for Generating a Phenyl Amide Probe 

Entry Aniline Coupling reagent Base Carboxylic acid Solvent Temp/time Result 
(product) 

1 

 

TCFH (1.2 eq) NMI (3.5 eq) 

t-Boc 6-
aminohexanoic acid 

 

MeCN 80oC/ 21 hr X 

2 PFP (1.1 eq) DIPEA (2 eq) MeCN 80oC/ 21 hr Side 
product 

3 TCFH (1.2 eq) NMI (3.5 eq) DMF 110oC/ 20 hr X 

4 PFP (1.1 eq) DIPEA (2 eq) DMF 110oC/ 20 hr 
Side 

product 

5 
EDC.HCl (1eq), 
DMAP- (1 eq), 
HOBt (0.1 eq) 

DIPEA (3drops) DMF 110oC/ 20 hr 
Side 

product 

6 T3P (3 eq) DIPEA (5 eq) DCM Reflux/ 19 hr O 

7 

 

T3P (3 eq) DIPEA (5 eq) DCM Reflux/ 19 hr O 

X: Product peak wasn’t found in LC/MS spectrum. O: Desire product peak was found in LC/MS spectrum.  
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3.2.1.3 Ligand Stability (24-Hour in HBSS, 3-Month Investigation) 

LD fluorescent probes are designed to covalently transfer fluorophores by 
reacting with nucleophilic amino residues on target proteins. Efficient labelling 
is critical for biomolecular investigations, necessitating a balance between 
probe reactivity and stability88,89. To enhance labelling efficiency, LD probes 
incorporate an electrophilic moiety as the reactive site; however, in aqueous 
cellular environments, this moiety may interact with other nucleophiles (e.g., 
water or amino acids), leading to probe decomposition. 

To assess probe stability under physiological conditions, LD probes (3-16, 3-22, 
and 3-29) were incubated in HEPES Buffered Saline Solution (HBSS) at 37°C, and 
their integrity was analysed via HPLC (Figure 3-5) (full experimental details are 
described in Chapter 2, Section 2.2.6.1). After 5 hours, 3-16 and 3-22 remained 
>95% intact, while their stability began to decline below 90% after 25 hours. In 
contrast, 3-29 remained stable after 24 hours. These results confirm that LD 
probes remain intact beyond the intended labelling duration, supporting their 
application in A1 AR labelling with live cells. Notably, 3-29's superior stability 
suggests that the 2-fluorophenyl ester is susceptible to degradation, whereas its 
amide variant remains unsurprisingly resistant to hydrolysis. 

Additionally, probe stability in DMSO stock solutions stored at −20°C was 
evaluated via HPLC. Four 1-56 LD probe analogues exhibited varying degrees of 
degradation over one-year storage, with all showing purity below 95% (Figure 3-
6). In contrast, 3-29 remained intact after three months. These findings indicate 
that my LD probes are unsuitable for long-term storage in DMSO at −20°C. 
Therefore, storing probes in powder form and dispensing small amount (0.1– 0.2 
mg per vial) are recommended to minimise probe degradation and excess aliquot 
preparation from each vial. 
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Figure 3-5. Stability Assessment of Probes in HBSS at 37°C.  
Probes 3-16, 3-22, and 3-29 were incubated in HBSS at 37°C, and samples were collected at 0, 
1, 3, 5, and 25 hours to evaluate probe integrity using HPLC. The figure presents each probe’s 
HPLC spectra, a bar chart depicting the remaining percentage of the parent probe, and tables 
summarising the percentages of the fluorophore, congener, and parent probe. 

 

 

Figure 3-6. Stability of DMSO-Aliquoted Probe 
Stocks After Long-Term Storage at -20°C.  
LD probes (3-15, 3-16, 3-21, and 3-22) were stored 
for over one year, while 3-29 was stored for over 
three months. HPLC analysis was performed to 
assess the remaining probe content. The four LD 
probes exhibited varying degrees of decomposition 
over long-term storage, leading to a decline in purity. 
In contrast, 3-29 retained approximately 95% purity 
after three months, possibly due to the shorter 
storage duration or the enhanced stability conferred 
by replacing the phenyl ester with a phenyl amide. 
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3.2.2 Pharmacology 

Bioluminescence resonance energy transfer (BRET) is the primary technique 
utilised in the described experiments used to evaluate our newly synthesised 
probes. This method relies on two key components: a donor and an acceptor. The 
donor, a luciferase enzyme, oxidises its substrate (e.g. furimazine for 
Nanoluciferase, coelenterazine for Renilla luciferase)119,136, to generate 
luminescence, which, in turn, excites the fluorescent acceptor, leading to light 
emission. BRET occurs when the donor and acceptor meet specific criteria, 
including proximity, orientation, and spectral overlap119,120,137 (Figure 3-7). 
Typically, the donor and acceptor must be within 10 nm of each other, as this 
distance constraint ensures efficient energy transfer119,137. Additionally, an 
appropriate orientation between the donor and acceptor is essential, as 
perpendicular alignment minimises energy transfer efficiency119,138. Lastly, the 
donor’s emission spectrum must overlap with the acceptor’s absorption 
spectrum119,137. Due to its stringent distance dependency, BRET serves as a 
powerful tool for studying protein-protein interactions, conformational changes, 
and ligand-receptor binding. 

Nanoluc luciferase (NLuc), an engineered enzyme derived from the deep-sea 
shrimp Oplophorus gracilirostris, offers several advantages over conventional 
luciferases such as Renilla (Rluc, 36 kDa) and Firefly (Fluc, 61 kDa)136. NLuc is 
significantly smaller (19 kDa), exhibits greater stability across varying 
temperature and pH conditions, and produces a stable, high-intensity 
luminescence with a relatively narrow emission spectrum136. These properties 
enhance the sensitivity of NanoBRET and improve the signal-to-noise ratio119,137 
(Figure 3-8). Moreover, NLuc’s smaller size facilitates improved protein 
trafficking to the cell membrane compared to RLuc877, a mutant of RLuc. In 
Stoddart et al. (2015)77, microscope images revealed that β2 adrenergic 
receptors (β2ARs) with NLuc tag at the N-terminus properly trafficked to the cell 
membrane, whereas β2ARs with Rluc8 tag at the N-terminus failed to do so and 
aggregated inside the cell. NLuc broadened the BRET application to G protein-
coupled receptors  (GPCRs) without impairing receptor trafficking. NanoBRET 
has been widely employed as a reliable tool for assessing ligand binding affinities 
in GPCRs, including  β2ARs, A1 ARs, and A3 ARs77. Notably, ligand dissociation 
constants (Kd) measured via NanoBRET closely align with those obtained using 
radioligand binding assays58,77,119. Given its robustness and the advantage of 
avoiding radiation-related safety concerns, NanoBRET was selected as the 
primary method for ligand binding assessments in this study. 
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Figure 3-7. Key Criteria for Bioluminescence Resonance Energy Transfer (BRET)119,120,137.  
BRET efficiency is governed by three primary factors. First, the luciferase (donor) and 
fluorescent acceptor must be in close proximity (within 10 nm) to facilitate energy transfer. 
Second, the relative orientation of the donor and acceptor is crucial, as dipole-dipole 
interactions mediate energy transfer; parallel alignment is favorable, whereas perpendicular 
orientation is less efficient. Finally, spectral overlap between the donor’s luminescence 
emission and the acceptor’s absorption spectrum is essential to ensure effective excitation of 
the fluorescent acceptor. These conditions collectively enable efficient BRET. The graph was 
created in BioRender (www.biorender.com). 
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Figure 3-8. Advantages of Nanoluciferase (NLuc).  
Nanoluciferase (NLuc) is an engineered luciferase, with a molecular weight of 19 kDa, 
significantly smaller than RLuc (36 kDa) and FLuc (61 kDa)136. Its reduced size minimises 
interference with receptor trafficking, as demonstrated by Stoddart77 in studies involving β2-
adreno receptors, where NLuc showed less impact compared to the RLuc8 tag. Additionally, 
NLuc exhibits enhanced stability across a broader range of temperatures and pH conditions 
compared to FLuc136. The combination of NLuc with its substrate, furimazine, produces 
brighter and more stable luminescence than previous luciferase systems, making NLuc a 
highly suitable choice for BRET assays119. The graph was created in BioRender 
(www.biorender.com). 
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3.2.2.1 Adenosine Receptors Subtype Affinity Screening 

Before assessing AR subtype affinity, the purity of five probes was verified via 
HPLC, ensuring >95% purity, and their molecular weights were confirmed using 
high-resolution mass spectrometry (HRMS) with a mass error below 10 ppm 
(corresponding spectra can be found in Chapter 2, Section 2.2.8). The initial 
pharmacological evaluation focused on binding affinity toward A1 ARs, measured 
through a BRET-based saturation binding assay. HEK293T cells stably expressing 
A1 ARs with NLuc tags at their N-terminus served as the cell model for the BRET 
assay (full experimental details are described in Chapter 2, Section 2.1.2.1). In 
the assay, cells were incubated with increasing concentrations of the test ligand 
(0–500 nM), while non-specific binding was defined using 1 μM DPCPX, an A1 AR-
selective antagonist5,118 (Figure 3-9). Following a one-hour incubation to allow 
ligand-binding equilibrium, the NLuc substrate furimazine was added, and the 
BRET signal was measured after five minutes using a plate reader. In addition to 
the five newly synthesised probes, CA200645 (1-48), a known pan-AR 
fluorescent ligand70,139,140, was tested as a reference. Saturation binding assays 
revealed that all tested probes exhibited nanomolar binding affinity toward NLuc-
A1 ARs (Figure 3-10). Structural modifications were well tolerated, as 
demonstrated by the preserved binding affinity of 1-56. 

 

Figure 3-9. Adenosine receptor (AR) subtype-selective antagonists and an LD probe 
delivering BODIPY-630/650, synthesised by Comeo.  
These AR subtype-selective antagonists were used to assess non-specific binding in the 
corresponding saturation binding assays. Compound 3-34, an LD probe synthesised by 
Comeo, was designed to deliver BODIPY-630/650 to A₁ ARs. Compound 3-29, a phenyl amide 
analogue of 3-34, was designed to investigate the role of the 2-fluorophenyl ester in covalent 
cargo transfer. 
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Figure 3-10. Total and non-specific binding graphs for NLuc-hA1 ARs as the cell model.  
The x-axis represents ligand concentration (nM), while the y-axis shows the BRET ratio, 
calculated as the signal above 610 nm divided by the signal from 420–500 nm. All six tested 
probes exhibited high affinity for NLuc-hA1 ARs. Compounds 3-15, 3-16, 3-21, and 3-22 showed 
lower Bmax values compared to 3-29 and CA200645. This difference may be attributed to the 
attached fluorophore, as 3-29 and CA200645 were labelled with BODIPY-630/650, whereas 
the other four probes carried SulfoCy5. Among the SulfoCy5-labelled ligands, 3-22 exhibited 
the highest Bmax, while 3-15 demonstrated the highest binding affinity. Data represent the 
mean ± SEM from five independent experiments (four for CA200645), with three technical 
replicates per concentration. Ligand concentrations ranged from 0 to 500 nM. Non-specific 
binding was assessed by preincubating cells with 1 μM DPCPX for 30 minutes before adding 
the test ligands. 
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Following confirmation of A1 AR binding, we assessed ligand affinity for the 
remaining three AR subtypes to evaluate potential selectivity shifts. The same 
methodology was applied to different cell models: HEK293G cells stably 
expressing NLuc-A2B or NLuc-A3 ARs were used to study A2B and A3 AR binding, 
while HEK293T cells transiently transfected with NLuc-A2A ARs were used for A2A 
AR binding assessment. Ligand concentrations ranged from 0 to 500 nM, with 
non-specific binding determined by preincubation with 1 μM subtype-selective 
antagonists (ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3 ARs, Figure 
3-9). One-site specific binding curves for all four AR subtypes are shown in Figure 
3-11.  

  

  

  
Figure 3-11. Specific binding of five novel probes and CA200645 to the four AR subtypes.  
The x-axis represents the probe concentration used for incubation, while the y-axis indicates 
ligand-specific binding, calculated by subtracting non-specific binding from total binding. 
Non-specific binding was determined by preincubating cells with 1 μM of a selective 
antagonist (DPCPX for A1, ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3 ARs) for 30 
minutes. Four LD probes (3-15, 3-16, 3-21, and 3-22) exhibited binding to A1 and A2A ARs, while 
3-29 showed binding to A1, A2A, and A2B ARs. The reference ligand, CA200645, displayed pan-
adenosine subtype binding, consistent with its known characteristics. NLuc-A2A AR screening 
was conducted using transiently transfected HEK293T cells. NLuc-A1 ARs were stably 
expressed by HEK293T cells whereas the NLuc-A2B and NLuc-A3 ARs were expressed in 
HEK293G stable cell lines. Data represent the mean ± SEM from five independent saturation 
experiments (four for CA200645), each performed in triplicate. 
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Table 3-5. Summary of Tested Probes Apparent pKd and Reversible Probe’s pKd on Four Adenosine Subtype Receptors 

 

All data represent the mean ± SEM from five repeated saturation experiments (four for CA200645) performed in triplicate. Nonspecific binding was defined 
by preincubating cells with 1 μM of a specific antagonist (DPCPX for A1, ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3 ARs) for 30 minutes. NLuc-
hA1 ARs were stably expressed by HEK293T cells while hA2B, and hA3 ARs were expressed by HEK293G stable cell lines. NLuc-hA2A AR was expressed by 
transiently transfected HEK293T cells with the NLuc-hA2A AR plasmid. 
a: LD probes with the reactive phenyl ester structure. 
b: A reversible ligand. 
c: β-alanine coupled with 5-aminopentanoic acid 
d: Saturation was not reached at 500 nM. Additionally, the total binding was represented by a flat line, parallel to the non-specific binding. Therefore, its Kd 

must be greater than 250 nM, which converted to a pKd of 6.60. 

 

Ligand 
Structure information Mean pKd + SEM  

Linker Phenyl-ester Fluorophore NLuc-hA1 NLuc-hA2A NLuc-hA2B NLuc-hA3 hA2A Kd/hA1 Kd 
3-15a Glycine para Sulfo-Cy5 8.24 + 0.19 6.81 + 0.04 < 6.60d < 6.60d 18.9 
3-16a Glycine meta Sulfo-Cy5 7.61 + 0.13 6.62 + 0.09 < 6.60d < 6.60d 9.3 
3-21a GABA para Sulfo-Cy5 7.65 + 0.23 6.57 + 0.05 < 6.60d < 6.60d 8.2 
3-22a GABA meta Sulfo-Cy5 7.66 + 0.17 6.45 + 0.09 < 6.60d < 6.60d 13.6 
1-56a β-alanine para Sulfo-Cy5 7.40 + 0.12 6.76 + 0.22 < 6.60d < 6.60d 5.9 
3-29b β-alanine para-amide BODIPY630/650 8.11 + 0.04 7.48 + 0.07 7.68 + 0.07 < 6.60d 4.4 
3-34a β-alanine para BODIPY630/650 8.52 + 0.10 7.70 + 0.07 7.03 + 0.20 < 6.60d 6.3 

CA200645b Polyamidec - BODIPY630/650 7.88 + 0.03 7.52 + 0.08 7.99 + 0.09 7.53 + 0.08 2.5 
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Four 1-56 LD probe analogues displayed similar subtype selectivity, 
demonstrating strong binding to A1 ARs, moderate affinity for A2A ARs, and no 
detectable binding to A2B or A3 ARs at concentrations below 500 nM. In contrast, 
probe 3-29 exhibited binding to A1, A2A, and A2B ARs, suggesting that the additional 
A2B AR affinity may be attributed to the BODIPY-630/650 fluorophore, a pattern 
previously observed in the Comeo-synthesised compound 3-34 (Figure 3-9). As 
expected, CA200645 displayed pan-AR binding across all four subtypes, 
consistent with its known characteristics. Table 3-5 summarises the AR subtype 
affinity screening results for the five novel probes, two Comeo-synthesised 
probes, and CA200645. Compared to 1-56, the four novel LD probes (3-15, 3-16, 
3-21, and 3-22) exhibited slightly enhanced selectivity between A1 and A2A ARs, 
with the highest selectivity ratio (A2A Kd / A1 Kd) reaching 18. Importantly, these 
probes maintained strong A1 affinity while showing no detectable binding to A2B 
and A3 ARs at concentrations below 500 nM. 

3.2.2.2 Assessing the Covalent Transfer of Fluorophores onto ARs 

Previous assessments characterised the AR subtype binding ability of four newly 
synthesised LD analogues, revealing a binding pattern consistent with the lead 
compound (1-56) but with improved selectivity for A1/A2A ARs. To further 
investigate their binding properties, a BRET-based dissociation assay was 
conducted to determine whether the BRET signal would remain stable following 
antagonist treatment, indicating covalent fluorophore transfer onto A1 ARs. In 
contrast, a decrease in BRET signal after antagonist treatment would suggest a 
reversible interaction. CA200645, a known reversible ligand, was included as a 
control (full experimental details are described in Chapter 2, Section 2.1.3).  

To optimise labelling efficiency, ligand concentrations were selected based on 
saturation binding assays: 250 nM for 3-15, 3-16, 3-21, 3-22, and 3-29, and 100 
nM for CA200645 and 3-34. HEK293T cells stably expressing NLuc-A1 ARs were 
incubated with the test ligands for two hours, followed by the addition of 
furimazine. An initial five-minute reading was performed to confirm signal 
stability before DPCPX addition, after which a 60-minute kinetic measurement 
(recorded every 30 seconds) was initiated. As shown in Figure 3-12, the 
experimental data aligned with the hypothesis: the BRET signal from LD probes 
remained stable, suggesting covalent fluorophore transfer, while the signal from 
reversible ligands declined to baseline following antagonist treatment. The 
dissociation results for 3-29 and 3-34 confirmed our previous assumption that 
the 2-fluorophenyl ester moiety is essential for cargo transfer. Specifically, 3-29, 
which contains a 2-fluorophenyl amide group, exhibited the same reversible 
binding behaviour as CA200645, whereas 3-34 retained its BRET signal following 
antagonist treatment, indicating successful fluorophore transfer. The relatively 
lower BRET signal observed for 3-34 may be attributed to the transferred BODIPY-
630/650 fluorophore, which could adopt a different orientation relative to NLuc 
compared to SulfoCy5.
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Figure 3-12. NLuc-A1 AR Dissociation Assay.  
The BRET signal from LD probes (3-15, 3-16, 3-21, 3-22, and 3-34) remained stable following 
antagonist treatment, whereas reversible ligands (CA200645 and 3-29) exhibited a gradual 
decline in BRET signal after antagonist addition. The stable BRET signal observed for LD probes 
suggests successful covalent fluorophore transfer onto NLuc-A1 ARs. In contrast, the 
decreasing BRET signal for reversible ligands indicates displacement by the antagonist over 
time. The assay began with a two-hour incubation of test probes, followed by furimazine 
addition. After a five-minute baseline measurement, the antagonist was introduced, and a 60-
minute kinetic recording (one measurement every 30 seconds) was performed. Data represent 
specific binding, calculated by subtracting non-specific binding (from wells pretreated with 10 
μM DPCPX) from total binding. Values are presented as the mean ± SEM from five independent 
dissociation assays, each performed in triplicate. 

 

A dissociation assay was conducted using HEK293T cells transiently transfected 
with NLuc-hA2A ARs to determine whether these novel LD probes covalently label 
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A2A ARs or act as reversible ligands in the absence of a suitably positioned 
nucleophilic amino acid side chain. This assay employed the same methodology 
as the NLuc-A1 dissociation assay but utilised cells expressing NLuc-A2A ARs and 
ZM241385 as the antagonist (full experimental details are described in Chapter 
2, Section 2.1.3). The experimental results (Figure 3-13) revealed a BRET signal 
change pattern analogous to that observed in the NLuc-A1 assay, suggesting that 
the LD probes are capable of covalently labelling NLuc-A2A ARs at a ligand 
concentration of 250 nM. This finding is consistent with the hypothesis that LD 
probe-specific labelling is driven by the pharmacophore. Specifically, upon 
ligand binding to the target receptor, cargo transfer may occur if nucleophilic 
amino acids are positioned in close proximity to the reactive moiety. Four novel 
LD probes were shown to bind to the A2A AR, as evidenced by the saturation 
binding assay. In this study, the unchanged BRET signal in four LD probes 
suggested that nucleophilic amino acids on A2A ARs located sufficiently near the 
2-fluorophenyl ester moiety and realised the cargo transfer. To achieve selective 
labelling of A1 ARs in a co-expression system of A1 and A2A ARs, strategies such 
as pre-incubation with an A2A antagonist, adjustment of the LD probe 
concentration, and optimisation of the incubation time should be considered. 
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Figure 3-13. Dissociation assay conducted with NLuc-A2A ARs. 
The BRET signal from LD probes (3-15, 3-16, 3-21, and 3-22) remained stable with minor 
fluctuations following antagonist (ZM241385) treatment, whereas reversible ligands 
(CA200645 and 3-29) exhibited a gradual decline in BRET signal upon antagonist addition. The 
sustained BRET signal suggested that the four LD probes covalently transfer fluorophores onto 
NLuc-A2A ARs. In contrast, the decreasing BRET signal observed with reversible ligands 
indicated competitive displacement by the antagonist at the orthosteric binding site. The 
assay protocol involved a two-hour incubation of test probes, followed by the addition of 
furimazine. After a five-minute baseline measurement, the antagonist was introduced, and 
kinetic recording was performed for 60 minutes, with measurements taken every 30 seconds. 
Specific binding data were obtained by subtracting non-specific binding (determined from 
wells pretreated with 10 μM ZM241385) from total binding. Results are presented as the mean 
± SEM from five independent dissociation assays, each conducted in triplicate.  

 

The four novel LD probes exhibited sustained BRET signals in the NLuc-A1 AR 
dissociation assay, supporting our hypothesis that LD probes covalently transfer 
fluorophores. However, this stable signal could also result from a slow 
dissociation rate, preventing antagonist-induced displacement within the one-
hour monitoring period. To address this concern and confirm covalent labelling 
of A1 ARs, an in-gel fluorescence scan was performed (full experimental details 
are described in Chapter 2, Section 2.1.4).  

In this experiment, cells expressing A1 ARs were incubated with the four LD 
probes for two hours. The A1 ARs were then isolated, denatured using lithium 
dodecyl sulfate (LDS), and subjected to polyacrylamide gel electrophoresis 
(PAGE). LDS, an anionic detergent, disrupted the native protein structure, 
linearised A1 AR, and coated it to neutralise charge differences, ensuring 
separation based solely on molecular weight141. Following electrophoresis, the 
gel was scanned under the Cyanine 5 channel to detect fluorescent bands. Since 
LDS disrupts tertiary protein structures and breaks ligand-receptor interactions, 
any slow-dissociating ligand would diffuse away. Thus, the presence of a 
fluorescent band at the expected molecular weight would confirm covalent 
labelling of A1 ARs by the LD probes. 

To perform this experiment, HEK293G cells stably expressing twin-strep (TS) 
SNAP-A1 ARs were employed. The recombinant A1 AR contained two tags: a TS 
tag and a SNAP tag. The TS tag consists of two Strep-tag II moieties 
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(SAWSHPQFEKGGGSGGGSGGSAWSHPQFEK) linked by a short peptide 
sequence142. Strep-tag II (WSHPQFEK) binds with high affinity to the biotin-
binding pocket of Strep-Tactin (a streptavidin variant)143,144, and this interaction is 
reversible upon biotin introduction, which competitively displaces Strep-tag II. 
While Strep-tag II/Strep-Tactin offers improved purification over Strep-tag I, its 
efficiency for low-concentration proteins remains suboptimal142. The TS tag 
(tandem Strep-tag II) enhances affinity for Strep-Tactin while preserving efficient 
protein elution with biotin142. In our experimental design, TS tag facilitated low 
concentration of A1 ARs extraction from the solubilised cell supernatant 
containing multiple proteins. Meanwhile, the SNAP tag was conjugated with the 
SNAP-tag substrate AF647 (a red-emission fluorophore) as a positive control for 
covalent labelling of A1 ARs. 

To obtain protein samples for SDS-PAGE, cells were incubated with the LD 
probes for two hours. Following labelling, cell pellets were collected and 
solubilised in a buffer containing lauryl maltose neopentyl glycol (LMNG) and 
cholesteryl hemisuccinate tris salt (CHS), with mixing for two hours. LMNG 
served as a detergent to solubilise cell membranes, while CHS stabilised A1 AR 
structure, as GPCRs are inherently fragile145. After solubilisation, cell debris was 
removed by centrifugation, and the supernatant was incubated overnight with 
Strep-Tactin magnetic beads for A1 AR extraction. The next day, the supernatant 
was discarded, and the magnetic beads were washed twice before A1 ARs were 
eluted by adding a biotin-containing buffer. After a four-hour elution, the 
supernatant was mixed with LDS and loaded onto a gel for electrophoresis 
(Figure 3-14 illustrates the process). The resulting gel image, scanned under the 
Cyanine 5 channel (Figure 3-15), displayed fluorescent bands corresponding to 
TS-SNAP-A1 AR (59 kDa) in lanes containing samples labelled with 3-15, 3-34, 3-
35 and SNAP-tag substrate AF647. These bands confirmed that LD probes (3-15, 
3-34, and 3-35) covalently labelled A1 ARs, similar to the SNAP-tag substrate 
AF647, ruling out slow dissociation as the cause of sustained BRET signals in 
dissociation assays. Additionally, bands slightly above 40 kDa, observed in 
samples labelled with both the LD probes and the SNAP-tag substrate AF647, 
were suspected to represent A1 AR fragments rather than nonspecific labelling, 
as a similar band was also detected in SNAP-tag labelling, which involves a 
specific bioorthogonal reaction. 

In addition, no fluorescent bands were observed in the lane containing 3-29-
labelled samples, confirming that 3-29 is a reversible ligand, consistent with 
previous dissociation assay results. Furthermore, a comparison of 3-29 and 3-34 
reaffirmed that the 2-fluorophenyl ester moiety is essential for fluorophore 
transfer, whereas the 2-fluorophenyl amide moiety does not facilitate this 
process. 
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Notably, the A1 AR band from the 3-34-labelled sample appeared dimmer than 
those observed in samples labelled with sulfoCy5-conjugated LD probes (3-15 
and 3-35). This discrepancy may be attributed to differences in fluorophore 
properties. BODIPY-630/650, the fluorophore attached to 3-34, has higher 
lipophilicity compared to sulfoCy5, leading to increased non-specific binding to 
cell membranes—a phenomenon previously reported for fluorescent ligands 
carrying BODIPY-630/650. Consequently, a substantial portion of 3-34 may have 
become sequestered within the cell membrane, reducing its availability for 
labelling A1 ARs and thereby resulting in lower fluorescence intensity. 

 
Figure 3-14. A Schematic Representation of SDS-PAGE Sample Preparation.  
Cells were labelled, pelleted, and solubilised, followed by centrifugation to separate cell 
debris from the supernatant. A1 ARs were then purified from the supernatant using a twin-strep 
tag and Strep-Tactin-coated magnetic beads. Bound A1 ARs were eluted with biotin, and the 
purified protein samples were prepared for SDS-PAGE analysis and subsequent in-gel 
fluorescence scanning. The graph was created through BioRender (www.biorender.com). 
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Figure 3-15. In-Gel Fluorescent Scan images and applied ligand concentration. 
(A) In-Gel Fluorescence Scan results. The image displays two gel scans: the cyanine 5 
channel (left) and the IRlong channel (right). In the cyanine 5 scan, LD probes (3-15, 3-35, and 
3-34) exhibited TS-SNAP-A1 AR labelling as SNAP-tag-substrate AF647, confirming covalent 
labelling. The observed bands, appearing between 50 and 65 kDa, correspond to the 
calculated molecular weight of TS-SNAP-A1 AR. In contrast, no bands were detected in the lane 
containing the 3-29 labelled sample, indicating its reversible nature. The IRlong scan, obtained 
after overnight staining with InstantBlue®, confirms that the 3-29 labelled sample was 
successfully loaded. PageRuler™ Prestained Protein Ladder (10–180 kDa) was used as the 
molecular weight marker. This image represents one of three independent experiments. The 
sample labelled with SNAP-tag substrate AF647 was loaded at half the quantity compared to 
those labelled with other ligands. (B) Ligand Concentrations used for Labelling HEK293G 
TS-SNAP-A1 ARs. The table lists the concentrations of each ligand used in the labelling 
process. Compound 3-35 is an analogue of 1-56, incorporating a meta-2-fluorophenyl ester, 
and was synthesised by Comeo. 
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In the NLuc-A2A AR dissociation assay, 250 nM 3-15 exhibited a sustained BRET 
signal following the addition of 10 μM ZM241385 over a 60-minute monitoring 
period, indicating its ability to covalently label A2A AR. To assess whether 3-15 
selectively labels A1 ARs at a lower concentration, an in-gel fluorescence scan 
was performed with 8 nM 3-15 (equivalent to the Kd of A1 AR and 0.05-fold the Kd 
of A2A AR) labelled A1 and A2A ARs on the same gel. The methodology followed that 
of a previous in-gel fluorescence assay conducted with TS-SNAP-A1 ARs. 

For A2A AR expression, an HEK Tetracycline-regulated expression (HEK T-Rex) cell 
line was employed. The T-Rex system comprises an inducible expression 
plasmid and a regulatory plasmid146. The inducible plasmid encodes the protein 
of interest (TS-SNAP-A2A AR in this case) under the control of the cytomegalovirus 
(CMV) promoter and two tetracycline operator 2 (TetO2) elements146. The 
regulatory plasmid constitutively expresses the tetracycline repressor (TetR)146. 
In the absence of tetracycline, TetR binds to TetO2, preventing inducible gene 
expression. Upon tetracycline binding, TetR undergoes a conformational change, 
reducing its affinity for TetO2 and allowing transcriptional activation146 (Figure 3-
16). Tetracycline concentration and incubation duration influence the protein 
expression level146; in this study, 1 μg/mL tetracycline with overnight incubation 
was used. 

The in-gel fluorescence scan of A1 and A2A ARs is shown in Figure 3-17. Bands 
between 50 and 65 kDa correspond to the molecular weight of TS-SNAP-A1 AR, 
while bands around 65 kDa match TS-SNAP-A2A AR. As shown in Figure 3-15 A, 
the suspected A1 AR fragments appeared slightly above 40 kDa, and an A2A AR 
dimer was suspected in the band observed between 115 and 140 kDa. The gel 
images confirmed that both A1 and A2A ARs were covalently labelled by 3-15. 
However, due to differences in expression models—where the HEK T-Rex system 
produced significantly higher levels of TS-SNAP-A2A AR than the HEK293G stable 
cell line expressing TS-SNAP-A1 AR— non-selective labelling could not be 
definitively concluded. This disparity was visually evident in SNAP-tag substrate 
AF647-labelled cell pellets, where HEK T-Rex produced a faint blue pellet, 
whereas HEK293G resulted in a white pellet under identical labelling conditions. 
Although the in-gel fluorescence image did not demonstrate subtype-selective 
labelling, the experiment confirmed that 3-15 covalently labels A2A AR.  
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Figure 3-16. Expression of TS-SNAP-A2A ARs in the HEK T-Rex system.  
In this system, a regulatory plasmid expresses tetracycline repressors (TetR), which bind to 
TetO2 sequences on the inducible plasmid, thereby blocking transcription. Consequently, the 
TS-SNAP-A2A AR protein is not produced under these conditions. Upon the addition of 
tetracycline, the compound binds to TetR, inducing a conformational change that reduces its 
binding affinity for TetO2. This dissociation of TetR from TetO2 allows transcription to proceed, 
leading to the expression of the target gene. The image was adapted from Jones et al. (2005)146 
and created using BioRender (www.biorender.com). 
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Figure 3-17. In-Gel Fluorescence Scan Results of A1 and A2A ARs.  
The figure presents two gel scans: the Cyanine 5 fluorescence channel (left) and the IRlong 
channel (right). In the Cyanine 5 scan, the LD probe 3-15 (8 nM) exhibited covalent labelling of 
both A1 and A2A ARs, comparable to the SNAP-tag substrate AF647. The observed band 
positions corresponded to the expected molecular weights of TS-SNAP-A1 AR and TS-SNAP-
A2A AR, confirming specific labelling. The negative control, representing cells not incubated 
with any ligand, showed no detectable fluorescence signal. Based on prior observations of 
strong fluorescence signals from the SNAP-tag substrate AF647-labelled sample, half the 
sample amount (compared to the other two labelled conditions) was loaded onto the gel for 
electrophoresis. Relative protein amounts were visualised in the IRlong scan of the 
InstantBlue®-stained gel, where the SNAP-tag AF647-labelled sample lanes appeared dimmer 
than those of 3-15 and the negative control. The PageRuler™ Prestained Protein Ladder (10–180 
kDa) was used as the molecular weight marker.  The ligand concentrations used for labelling 
are listed in the table below the gel images. The image shown is representative of three 
independent experiments. 
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3.2.2.3 Assessing the Accessibility of the A1 AR Orthosteric Binding Site After 
Tagging with 3-15 

An ideal ligand-directed (LD) probe should covalently label the target receptor 
while preserving the accessibility of the orthosteric binding pocket for other 
ligands88. The probe 3-15 demonstrated enhanced selectivity between A1 and A2A 
ARs, increasing from a 6-fold preference of 1-56 to an 18-fold preference. Its 
covalent labelling of A1 AR was confirmed via in-gel fluorescence scanning 
(Figure 3-15A and Figure 3-17). The key question is whether the orthosteric 
binding pocket of A1 AR remains accessible after tagging with 3-15 or if it 
becomes inaccessible due to incomplete dissociation of the congener or 
obstruction of the pocket entrance by the transferred fluorophore147. 

A functional assessment is an effective approach to determine the accessibility 
of the orthosteric binding pocket following LD probe labelling. If downstream 
signalling or specific A1 AR behaviours are observed after agonist treatment, it 
suggests that the agonist can access the orthosteric site and that A1 AR retains 
its function. Previous studies have shown that agonist treatment induces A1 AR 
internalisation18,148–151. This internalisation has been visualised using electron 
microscopy148 and confocal imaging150. Additionally, A1-specific binding in 
membrane and intracellular vesicles decreased and increased, respectively, 
under agonist-treated conditions compared to controls, indicating receptor 
trafficking from the membrane into the cell149,151. These findings are consistent 
with microscopy observations148,150. Soave et al. built upon this evidence and 
investigated A1 AR internalisation using NanoLuc Binary Technology (NanoBiT) 
complementation assays118. This approach provided a high-throughput method 
to monitor A1 AR internalisation at varying agonist concentrations and validated 
NanoBiT as a robust tool for studying membrane protein behaviour118. 

Given the established relationship between A1 AR internalisation and agonist 
treatment, two assays were employed to assess the accessibility of the 
orthosteric binding site following 3-15 labelling: the NanoBiT complementation 
assay and agonist-induced internalisation recorded via confocal microscopy. 
These assays were previously utilised in the investigation of 1-56 by Comeo74. 

The NanoBiT assay relies on NanoLuc luciferase (NLuc), a small (19 kDa) and 
highly luminescent enzyme136, making it an optimal reporter for protein-fragment 
complementation assays (PCA)119,152. PCA is widely used to study protein-protein 
interactions (PPI) by splitting a reporter protein into two fragments, which are 
individually expressed on two interacting proteins119,152,153. When PPI occurs, the 
fragments reconstitute a functional reporter, generating a detectable signal 
proportional to the interaction strength119,152,153. Dixon et al. developed a PCA 
system using NLuc, splitting it into two subunits: LgBiT (18 kDa, 156 amino acids) 
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and SmBiT (1.3 kDa, 11 amino acids)152. SmBiT exhibited the lowest affinity (Kd = 
190 μM) with LgBiT, making it ideal for minimising false-positive PPI detections152. 
Conversely, HiBiT, a variant with high affinity (Kd = 700 pM) for LgBiT, was 
demonstrated to be effective in monitoring hypoxia-induced cellular 
adaptations154. Both Soave118 and Comeo74 utilised the HiBiT-LgBiT system for A1 
AR internalisation studies. 

In this study, the HiBiT-LgBiT NanoBiT system was applied to assess A1 AR 
internalisation. HiBiT was fused to the N-terminus of A1 AR stably expressed in 
HEK293G cells (full experimental details are described in Chapter 2, Section 
2.1.10). To evaluate the effect of 3-15 labelling, cells were incubated with or 
without 500 nM 3-15 (60 times the A1 AR Kd) for one hour, followed by two washes. 
Subsequently, cells were incubated with or without 10 nM DPCPX for 30 minutes 
to determine whether agonist-induced internalisation was affected by 
competitive binding. Finally, varying concentrations of NECA (10 nM to 100 μM), 
a non-selective AR agonist, were applied for two hours. Following incubation, 
purified LgBiT was added for 15 minutes to enable HiBiT-LgBiT reconstitution, 
and luminescence was recorded five minutes after furimazine introduction. Due 
to its large size, LgBiT cannot penetrate cell membranes, ensuring that 
luminescence signals reflect only A1 ARs remaining on the membrane (Figure 3-
18) 74,118. 

Normalised luminescence from NECA-induced complementation is presented 
in Figure 3-19. In the control (untagged) condition, luminescence intensity 
decreased as NECA concentration increased, consistent with Soave's findings118. 
Additionally, DPCPX shifted the luminescence curve rightward, indicating 
competition with NECA. In 3-15-labelled conditions, NECA-luminescence 
response curves, with or without DPCPX, closely overlapped with control curves, 
suggesting that the orthosteric binding site remained accessible in 3-15-tagged 
HiBiT-A1 ARs, similar to untagged controls. Furthermore, there were no 
significant differences in NECA EC50 between experimental and control 
conditions. The pKb values of DPCPX, derived using the Schild equation, also 
showed no significant variation between labelled and unlabelled conditions. 

These results indicate that the orthosteric binding site of 3-15-tagged HiBiT-A1 
ARs remains accessible to NECA and DPCPX. Moreover, 3-15-labelled HiBiT-A1 
ARs retained their ability to internalise, with no observable impairment relative to 
controls. Finally, NECA EC50 and DPCPX pKb values were consistent with 
literature-reported values74,76,118, as summarised in Table 3-6. 
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Figure 3-18. Schematic Representation of the HiBiT-LgBiT System and Its Application in A1 
AR Internalisation Assay.  
NanoLuc (NLuc) is adapted for a protein complementation assay by splitting it into two 
subunits: a large subunit, LgBiT (18 kDa), and a complementary small subunit, HiBiT (1.3 kDa). 
LgBiT and HiBiT exhibit a strong binding affinity (Kd = 700 pM) and reconstitute into a functional 
NLuc when brought into proximity. The small size of HiBiT minimises interference with the 
protein of interest (A1 AR in this case). Due to its large size, LgBiT cannot penetrate the cell 
membrane. During NECA-induced A1 AR internalisation, LgBiT can only reconstitute with HiBiT-
tagged A1 ARs that remain on the membrane. By introducing furimazine, luminescence from 
fully reconstituted NLuc on membrane-bound A1 ARs can be measured, providing an 
assessment of receptor internalisation. The illustration was created using BioRender 
(www.biorender.com). 
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Figure 3-19. Normalised Luminescence and Corresponding NECA Concentration-
Response Curves.  
The red curves represent HiBiT-A1 AR treated with varying concentrations of NECA in the 
presence (solid dots) or absence (hollow circles) of 3-15 pretreatment. Both conditions 
exhibited nearly identical responses, except at lower NECA concentrations, where slight 
divergence was observed. The blue curves depict HiBiT-A1 AR with (solid triangles) or without 
(hollow triangles) 3-15 tagging, followed by 10 nM DPCPX pretreatment before exposure to 
different concentrations of NECA. The near-complete overlap of the blue curves suggests that 
DPCPX exhibits similar competitive behaviour with NECA, irrespective of 3-15 tagging. The 
closely aligned curves, identical EC50 values for NECA, and the consistent rightward shift upon 
DPCPX treatment indicate that the orthosteric binding pocket of 3-15–tagged HiBiT-A1 AR 
remains accessible to both NECA and DPCPX without significant alteration compared to 
control conditions. Furthermore, HiBiT-A1 AR retains its ability to internalise in response to 
NECA. Data represent the mean ± SEM from five independent experiments, each conducted 
in triplicate. 
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Table 3-6. NECA pEC50 and DPCPX pKb derived from HiBiT-A1 AR Internalisation Assay. 

• DPCPX hA1 AR pKi : 7.4-9.2 (from IUPHAR website)

HiBiT-A1 AR 
NECA pEC50 

(Mean + SEM) 
DPCPX pKb 

(Mean + SEM) 
experiment literature experiment literature 

Control 5.56 + 0.05 (n=5) 

5.67 + 0.21 (n=10), 
Soave et al.118 

5.79 + 0.06 (n=4), 
Comeo et al.74 

8.86 + 0.03 (n=5) 

8.28 + 0.12 (n=6), 
Soave et al.118 

8.97 + 0.14 (n=4), 
Comeo et al.74 

LD probe 
tagging 

5.56 + 0.11 (n=5) 
3-15 tagged 

5.53 + 0.15 (n=4),  
1-56 tagged 

Comeo et al.74 

8.88 + 0.12 (n=5) 
3-15 tagged 

8.58 + 0.13 (n=4), 
1-56 tagged 

Comeo et al.74 

Independent 
t-test 

No significant difference between 
control and 3-15 tagged set 

t (8) = 0.01767, P=0.9863 
 

No significant difference between 
control and 3-15 tagged set 

t (8) = 0.09789, P=0.9244 
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The NanoBiT assay used to assess the accessibility of the orthosteric binding 
pocket and the internalisation capability of HiBiT-A1 AR following 3-15 tagging 
demonstrated a positive result. To further support these findings, confocal 
microscopy was employed to visualise A1 AR internalisation upon agonist 
stimulation. Prior to the internalisation assay, specific labelling of A1 AR was 
evaluated (full experimental details are described in Chapter 2, Section 2.1.5.1). 
HEK293T cells transiently transfected with N-terminally SNAP-tagged A1 AR were 
used as the cell model. Cells were labelled with 250 nM SNAP-tag substrate 
AF488 for 30 minutes, serving as a control due to its well-characterised covalent 
labelling properties. After a single wash with serum-free medium (SFM), cells 
were incubated with either SFM or 1 μM DPCPX for 30 minutes, followed by the 
addition of 100 nM 3-15 for a 2-hour incubation. Following labelling, cells were 
washed twice with PBS, fixed with 4% paraformaldehyde for 20 minutes at room 
temperature, washed again, and prepared for confocal imaging. As shown in 
Figure 3-20, in the Cy5 channel, DPCPX blocked 3-15 labelling of A1 AR, 
confirming the specificity of 3-15 binding. Additionally, significant differences in 
signal intensity (Figure 3-21) further supported this specificity. The strong 
colocalisation of AF488 and Cy5 signals in the merged channel indicated that 3-
15 labelled the same protein population as the SNAP-tag substrate AF488. 
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Figure 3-20. Confocal Imaging of SNAP-A1 AR Labelled with 3-15 and SNAP-tag Substrate 
AF488.  
HEK293T cells transiently expressing SNAP-tagged A1 AR were labelled with 3-15 and AF488. 
The top row shows cells preincubated for 30 minutes in serum-free medium, while the bottom 
row shows cells preincubated with 1 μM DPCPX. Cy5 signal intensity was markedly lower in 
DPCPX-pretreated cells, confirming the specificity of 3-15 binding to A1 AR. The merged image 
demonstrates colocalisation of AF488 and Cy5 signals, indicating that 3-15 labels A1 AR. Scale 
bar = 20 μm. Images are representative of five independent experiments. 
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Figure 3-21. Quantification of Membrane Fluorescence Intensity from AF488 and 
Cyanine5 (Cy5) channels.  
Graphs depict the membrane fluorescence intensity measured in the AF488 (green) and Cy5 
(red) channels. In the AF488 channel, signal intensity remained comparable between vehicle-
treated and DPCPX-preincubated conditions, with a slight increase in the DPCPX-treated 
group, potentially due to blocking endogenous adenosine-induced A1 AR internalisation151. In 
the Cy5 channel, fluorescence intensity was approximately fourfold lower in the DPCPX-
treated group, indicating significant differences in labelling efficiency. The broad intensity 
distribution observed in the serum-free medium condition may result from variability in 
receptor expression across wells or potential operator selection bias during imaging and 
intensity measurement. Fluorescence intensity was quantified using ImageJ (FIJI) by manually 
drawing regions of interest (ROIs) around the cell membrane in confocal images. Data were 
collected from five independent experiments, each with two replicates. Each replicate was 
imaged in two separate regions, and four cells per image were selected for ROI analysis. Data 
points represent membrane fluorescence intensities from individual ROIs, with error bars 
indicating the mean ± SD. 

 

After confirming the specificity of A1 AR labelling by 3-15, confocal imaging was 
conducted to observe receptor internalisation. HEK293T cells transiently 
expressing N-terminally SNAP-tagged A1 AR were used as the cell model. The 
same labelling procedure with SNAP-tag substrate AF488 and 3-15 was 
performed as described previously. Following 3-15 labelling, cells were washed 
twice with serum-free medium (SFM) and incubated for 2 hours in the presence 
or absence of 10 μM 2-Chloro-N6-cyclopentyladenosine (CCPA), a selective A1 
AR agonist (Figure 3-22). At the end of the incubation, cells were washed twice 
with PBS, fixed with 4% paraformaldehyde for 20 minutes at room temperature, 
washed once with PBS, and prepared for confocal imaging. As shown in Figure 
3-22, compared to vehicle-treated cells, CCPA treatment led to the formation of 
A1 AR aggregates, evident in both the AF488 and Cy5 channels. These findings are 
consistent with previous studies by Escriche148 and Comeo74, demonstrating 
agonist-induced receptor aggregation and internalisation. Furthermore, 
colocalisation of AF488 and Cy5 signals in cells from the merged channel 
indicates that CCPA binds the orthosteric site of A1 AR and triggers receptor 
internalisation. Quantified intracellular fluorescence intensity from Figure 3-
22 is displayed in Figure 3-23. Marked differences were noted between sets with 
and without CCPA treatment in the AF488 and Cy5 channels. The differences 
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were validated by statistical analysis applied to the AF488 channel (independent 
t-test, t(154) = 16.57, P < 0.0001) and the Cy5 channel (Mann-Whitney test, U = 
206, P < 0.0001). 
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Figure 3-22. Agonist-Induced Internalisation of A1 AR Visualised by Confocal Microscopy. 
The top panels show HEK293T cells (transiently expressing SNAP-A1 ARs) incubated with 
vehicle (serum-free medium, SFM) for 2 hours, while the bottom panels depict cells treated 
with 10 μM CCPA. White arrows indicate internalised and aggregated A1 ARs, primarily 
observed in the CCPA-treated group, consistent with the results of the NanoBiT internalisation 
assay. Scale bar = 20 μm. Images are representative of five independent experiments. 
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Figure 3-23. Quantification of Intracellular Fluorescence Intensity in the AF488 and Cy5 
channels.  
Graphs illustrate the fluorescence intensity measured within the intracellular area for the 
AF488 (green) and Cy5 (red) channels. In the AF488 channel, fluorescence intensity exhibited 
a significant difference between cells treated with 10 μM CCPA and untreated cells [t(154) = 
16.57, P < 0.0001]. Similarly, in the Cy5 channel, a significant difference was observed 
between the two conditions [U = 206, P < 0.0001]. These fluorescence intensity measurements 
are consistent with confocal imaging results, demonstrating that A1 ARs form prominent 
intracellular clusters following agonist stimulation. This aggregation suggests that membrane-
associated A1 ARs undergo intracellular trafficking upon CCPA treatment, further indicating 
that the orthosteric binding pocket of A1 AR remains accessible to CCPA following labelling 
with the SNAP-tag substrate AF488 and 3-15. Fluorescence intensity was quantified using 
ImageJ (FIJI) by manually drawing regions of interest (ROIs) to define the intracellular area 
within confocal images. Data were obtained from five independent experiments, each 
including two replicates. Each replicate was imaged in two distinct regions, with four cells per 
image selected for ROI analysis. Data points represent fluorescence intensity measurements 
from individual ROIs, with error bars denoting the mean ± SD. 

 

3.2.2.4 Identification of the Specific Amino Acid on A1 AR Covalently Labelled by 
SulfoCyanine5 Fluorophores from LD Probes 

Previous analyses confirmed that 3-15 exhibits key characteristics as an LD 
probe with specific binding to A1 AR, covalent attachment, and accessibility to 
the orthosteric binding pocket following labelling. However, the precise amino 
acid residue on A1 AR covalently labelled by 3-15 remains unidentified. Similar 
studies have employed site-specific mutagenesis of suspected residues 
followed by verification of covalent labelling, as demonstrated by Moss et al. for 
A2A ARs147 and Yang et al. for A3 ARs155. Following this approach, point-mutated A1 
ARs were generated, and their specific binding was assessed via BRET signal 
detection after DPCPX competition to determine potential labelling sites on A1 
AR. 

The probe 3-22 was selected for investigation due to its highest Bmax in NLuc-A1 
AR saturation binding assays, facilitating the detection of variations in specific 
binding. The reversible probe 3-29 was used as a control. Candidate residues for 
mutagenesis were selected based on Comeo’s hypothesis74 that lysine 168 (K168) 
on extracellular loop (ECL) 2, in close proximity (4.5 nm) to the 2-fluorophenyl 
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ester of probe 1-56, may serve as the covalent labelling site. Additionally, 
molecular docking simulations of A1 AR (PDB: 5UEN) with 3-20, a congener of 3-
22, indicated that K173 was positioned 2.8 nm from the 2-fluorophenol group, 
whereas K168 and K265 were at distances of 14 nm and 22.5 nm, respectively 
(Figure 3-24). Given that molecular docking provides only a static snapshot of 
receptor structure, and considering the flexibility of both 3-22 and the ECL region 
in live cells, K168, K173, and K265 were selected for mutagenesis. 

 
Figure 3-24. Results of Molecular Docking Simulation.  
Molecular docking simulation of A1 AR (PDB: 5EUN) with probe 3-20, performed using 
Schrödinger’s Glide. Distances from the 2-fluorophenyl group of probe 3-20 to three potential 
lysine residues were measured in PyMOL based on the docking results: 2.8 nm for Lys173 
(K173), 14 nm for Lys168 (K168), and 22.5 nm for Lys265 (K265). The close proximity of K173, 
along with the flexibility of both the extracellular loop and the tested probe, may enhance 
nucleophilic substitution with LD probes. 

 

To test these hypotheses, NLuc-A1 AR plasmids carrying single (K168A, K173A, 
K265A), double (K168A/K173A), and triple (K168A/K173A/K265A) mutations, as 
well as the wild-type (WT) construct, were obtained from GenScript. The binding 
affinities of 3-22 and 3-29 toward each mutated receptor were assessed to 
confirm successful binding to transiently expressed NLuc-A1 ARs in HEK293T 
cells (full experimental details are described in Chapter 2, Section 2.1.2.1). 
One-site specific binding curves for 3-22 and 3-29 are presented in Figure 3-25. 
While no significant differences in binding affinity were observed across the 
mutated receptors compared to WT (Table 3-7), variations in Bmax were noted. 
These differences may be influenced by receptor expression levels, probe 
orientation, or the distance between NLuc and the fluorescent probe.  
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Figure 3-25. One-Site Specific Binding Curves of Probes 3-22 and 3-29 across Five Mutated 
and Wild-Type (WT) NLuc-A1 ARs.  
The top panel presents the results for 3-22, while the bottom panel shows data for 3-29. For 3-
22, a similar binding pattern with variations in Bmax was observed. The smallest change was 
detected in K265A, moderate changes in K168A and K173A single mutants, and more 
pronounced reductions in the double and triple mutants. In contrast, for 3-29, only the triple 
mutant exhibited a lower Bmax compared to the other models. Data represent the mean ± SEM 
from five independent experiments for 3-22 and four for 3-29, each conducted in triplicate for 
each concentration. 
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Table 3-7. Probe 3-22 and 3-29 pKd values derived from NLuc-A1 AR saturation binding assay with wild type and five mutated models. 

 

a) One-way ANOVA indicates significant pKd differences [F(5,24)=3.934, P=0.0095, < 0.01]. Post hoc analysis (Dunnett’s test) set WT as the control group; no 
significant difference presented compared to pKd values derived from other five mutated NLuc-A1 ARs. 

b) One-way ANOVA indicates significant pKd differences [F(5,18)=2.8811, P=0.0441, < 0.05]. Post hoc analysis (Dunnett’s test) set WT as the control group; no 
significant difference presented compared to pKd values derived from other five mutated NLuc-A1 ARs. 

c) WT: wild type; K168A: lysine 168 mutated into alanine; K173A: lysine 173 mutated into alanine; K265A: lysine 265 mutated into alanine. 

 

 

 

 pKd (mean + SEM) 

probe\ 
NLuc-A1AR WTc K168Ac K173Ac K265Ac K168Ac 

K173Ac 

K168Ac 
K173Ac 
K265Ac 

3-22a 7.70 + 0.07 (n=5) 7.37 + 0.14 (n=5) 7.54 + 0.07 (n=5) 7.89 + 0.05 (n=5) 7.39 + 0.16 (n=5) 7.76 + 0.06 (n=5) 
3-29b 8.04 + 0.08 (n=4) 8.00 + 0.08 (n=4) 8.06 + 0.04 (n=4) 8.25 + 0.07 (n=4) 8.03 + 0.06 (n=4) 8.22 + 0.04 (n=4) 
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Given that 3-22 and 3-29 retained binding to NLuc-A1 AR, a reversibility assay was 
performed using DPCPX. In this assay, 100 nM of 3-22 was incubated with WT and 
mutated NLuc-A1 ARs for one hour, followed by a wash to remove unbound probe. 
The samples were then treated with or without 10 μM DPCPX and incubated for 
an additional hour. After five minutes of furimazine incubation, BRET signals were 
measured. While a reduction in 3-22-specific binding was observed across 
different mutants, complete reversibility was not achieved with 10 μM DPCPX 
(Figure 3-26). In contrast, the control probe 3-29 demonstrated full reversibility 
upon DPCPX treatment across all tested models (Figure 3-26). 

 

 
Figure 3-26. Reversible binding assay of five NLuc-A1 AR mutated models, with wild-type 
NLuc-A1 AR serving as the control.  
The top graph presents the experimental results from 3-22, while the bottom graph illustrates 
those from 3-29. “Total” represents the total binding following a single wash to remove 
unbound ligands. “NSB” (non-specific binding) refers to wells preincubated with 10 μM DPCPX 
for 30 minutes before the addition of the test probe. “DPCPX” indicates wells treated with 10 
μM DPCPX to displace the test ligand from the orthosteric binding pocket. The results 
demonstrated that DPCPX treatment partially displaced 3-22 from the binding pocket, 
indicating the persistence of covalent labelling. In contrast, 3-29 exhibited fully reversible 
binding in the presence of a high concentration of DPCPX, consistent with its reversible binding 
properties. Data are presented as the mean ± SEM from four independent experiments, each 
conducted in triplicate. 
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Since 3-22 demonstrated a covalent labelling pattern for A2A ARs in dissociation 
assays (Figure 3-13), the potential influence of endogenous A2A AR expression in 
HEK293T cells was investigated. HEK293G cells endogenously express A2A ARs, 
as verified by Goulding et al156. To exclude potential interference, the reversibility 
assays were repeated using A2A AR knockout HEK293T cells transiently 
expressing the mutated NLuc-A1 ARs. The reversibility patterns in Figure 3-27 are 
consistent with those obtained in ordinary HEK293T cells, confirming that the 
observed specific binding originated from A1 AR rather than endogenous A2A AR. 

 

 
Figure 3-27. Reversible binding assay of five NLuc-A1 AR mutated models and wild-type 
NLuc-A1 AR, all transiently expressed in HEK293T A2A AR-knockout cells.  
The top graph represents the experimental results from 3-22, while the bottom graph illustrates 
those from 3-29. “Total” denotes the total binding following a single wash to remove unbound 
ligands. “NSB” refers to non-specific binding, defined as wells preincubated with 10 μM DPCPX 
for 30 minutes before the addition of the test probe. “DPCPX” represents wells treated with 10 
μM DPCPX to displace the test ligand from the orthosteric binding pocket. The results were 
consistent with those in Figure 3-26, confirming that the specific binding observed in Figure 
3-26 originated from A1 ARs rather than A2A ARs. Data are presented as the mean ± SEM from 
three independent experiments, each performed with six replicates per condition. 
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Table 3-8. Percentage decrease in specific binding of probe 3-22 following DPCPX addition in five mutated NLuc-A1 ARs and wild-type 
NLuc-A1 AR, transiently expressed in either HEK293T or HEK293T A2A AR-knockout cells. 

 

a) Specific binding from the total binding wells (SB-T) was calculated by subtracting the non-specific binding (NSB) value. Similarly, specific binding from 
DPCPX-treated wells (SB-D) was determined by subtracting the NSB value. The percentage decrease in specific binding was calculated as [ (SB−T) − (SB−D)]/ 
(SB−T). The observed reduction in WT may result from some probes binding to A1 AR without successfully transferring the fluorophore. The introduction of 
DPCPX could displace these intact probes, leading to a decrease in specific binding. 

b) Data are presented as the mean ± SEM from four independent experiments, each performed in triplicate. A one-way ANOVA revealed significant differences 
in the percentage decrease in specific binding F (5,18) = 6.085, P = 0.0018, P < 0.05. Post hoc analysis (Dunnett’s test), with WT as the control group, 
indicated significant differences for K173A (P = 0.0305), K168A/K173A (P = 0.0044), and K168A/K173A/K265A (P = 0.013). 

c) Data are presented as the mean ± SEM from three independent experiments, each conducted with six replicates. No significant differences were observed 
in the percentage decrease in specific binding F (5,12) = 2.338, P = 0.1059, P > 0.05. The absence of significant differences in the A2A AR-knockout model 
may be attributed to higher variability in the data, potentially resulting from lower replication and variability in receptor expression due to transfection. 

d) WT: wild-type; K168A: lysine 168 mutated to alanine; K173A: lysine 173 mutated to alanine; K265A: lysine 265 mutated to alanine. 

 Specific binding descending percentage a (mean + SEM) 

 WT d K168A d K173A d K265A d K168A d 
K173A d 

K168A d 
K173A d 
K265A d 

HEK293T b 25.42 + 3.62 % 28.45 + 4.25 % 41.11 + 0.31 % * 27.42 + 4.72 % 45.87 + 2.91 % ** 43.24 + 4.48 % * 

HEK293T c 
A2A AR 

knockout 
28.71 + 5.61 % 32.31 + 4.21 % 38.13 + 3.92 % 18.31 + 3.09 % 34.18 + 6.26 % 30.37 + 1.76 % 
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The findings suggest that multiple amino acid residues in A1 AR may serve as 
covalent labelling sites for 3-22. As shown in Table 3-8, the K173 single mutation 
resulted in a substantial decrease in specific binding compared to the WT, 
whereas K168 and K265 mutations did not exhibit significant differences. This 
observation aligns with their spatial arrangement, as K173 is positioned closest 
to the phenyl ester moiety relative to K168 and K265 in 3-20 simulation. However, 
despite the K173A mutation, specific binding persisted, suggesting that 
additional residues may be involved in labelling. Furthermore, molecular docking 
simulations indicated that serine 150 (S150), serine 176 (S176), and cysteine 169 
(C169) are located near the phenol group of 3-20 at distances of 7.8 nm, 9.0 nm, 
and 13.1 nm, respectively (Figure 3-28). These findings imply that 3-22 may 
covalently label multiple residues with differing likelihoods, and individual 
mutations may shift labelling to alternative sites. However, introducing 
mutations at all potential labelling sites is impractical and may lead to artificial 
outcomes by significantly altering receptor properties. To precisely determine 
the covalent labelling site, future studies utilising liquid chromatography-mass 
spectrometry (LC-MS) may provide a more definitive approach. 

 
Figure 3-28. Molecular docking simulation of A1 AR (PDB: 5EUN) with probe 3-20, 
conducted using Schrödinger’s Glide.  
The distances between the 2-fluorophenyl group of probe 3-20 and three residues—Ser150 
(S150), Ser176 (S176), and Cys169 (C169)—were measured in PyMOL based on the docking 
results. The measured distances were 9.9 nm for S150, 11.6 nm for S176, and 13.3 nm for 
C169. Due to their close proximity, these residues may also serve as labelling sites for probe 
3-22. 

 



149 
 

3.2.2.5 Profile of 3-29 Kinetic Parameters 

The compound 3-29, which incorporates a phenyl amide moiety, was designed 
as a reversible analogue of the LD probe 3-34, which contained a phenyl ester. 
The reversible binding of 3-29 was confirmed through the NLuc-A1 and A2A AR 
dissociation assays (Figure 3-12 and Figure 3-13), TS-SNAP-A1 AR in-gel 
fluorescence scanning (Figure 3-15), and specific binding reversibility tests 
(Figure 3-26 and Figure 3-27). To characterise its association and dissociation 
kinetics, a BRET-based kinetic association analysis was performed, a 
methodology previously utilised by Stoddart for investigating CA20064577 with 
NLuc-A1 ARs and by Bouzo-Lorenzo for studying four fluorescent ligands with 
NLuc-A3 ARs157. 

Association assays with two or more concentrations were conducted to assess 
the kinetic parameters of the reversible probes158. Tested reversible fluorescent 
probes served as the fluorescent ligands, and three different concentrations 
were prepared. To monitor receptor-ligand binding over time, HEK293T cells 
stably expressing NLuc-A1 ARs were employed to measure the BRET signal as the 
ligand binding indicator. Measurements commenced immediately after 
introducing the fluorescent ligand into the test system and continued over a 
defined period. By fitting the specific binding data from each concentration to a 
one-phase association curve, the time required for the signal to reach half of 
Bmax (t1/2) was determined159. The observed association rate constant (Kon(obs)) 
was calculated as ln(2) / t1/2

159. A plot of fluorescent ligand concentration 
versus Kon(obs) was generated, and linear regression was applied to derive Kon as 
the slope and Koff as the y-intercept, following the equation Kon(obs) = 
Kon[fluorescent ligand] + Koff

159–161. 

The association assay was performed by treating HEK293T cells stably 
expressing NLuc-A1 ARs with furimazine, followed by a 5-minute incubation. 
Three different concentrations of 3-29 were introduced in the presence (for NSB 
measurement) or absence of 10 µM DPCPX. The BRET signal was recorded at 30-
second intervals over a 60-minute period (full experimental details are described 
in Chapter 2, Section 2.1.7). The resulting association graph is presented in 
Figure 3-29. The observed association rate constant (Kon(obs)), as well as the 
association (Kon) and dissociation (Koff) rate constants, were determined using the 
previously described method, with the values shown in Table 3-9 and regression 
graph displayed in Figure 3-30. 
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Figure 3-29. Association Kinetics of 3-29 at Three Different Concentrations.  
HEK293T cells expressing NLuc-A1 AR were pre-incubated with 10 μM DPCPX (for NSB 
determination) or HBSS for 30 minutes. Furimazine was then added, followed by a 5-minute 
incubation. Subsequently, three concentrations of 3-29 were introduced, and the BRET signal 
was recorded every 30 seconds over 60 minutes. Specific binding values were plotted against 
time and fitted to an exponential association curve (green curves), as shown in the figure. Data 
are presented as the mean ± SEM from five independent experiments, each conducted in 
triplicate. 

 

Table 3-9. Kinetic Assessment of 3-29 – Association Assay 

3-29 Kinetic data shown as mean + SEM (n) 
 100 nM 200 nM 400 nM 

t1/2 
a (min) 23.93 + 4.60 (5) 11.66 + 1.58 (5) 6.92 + 1.01 (5) 

Kon(obs) 
b (min-1) 333 + 60 (5) 641 + 88 (5) 1094 + 160 (5) 

Koff 
c (min-1) 0.0106 + 0.0048 (5) 

Kon 
 c(M-1*min-1) 249,920 + 40,666.13 (5) 

a. The time required for specific binding to reach half-maximal binding (Bmax) from time 0. 
b. Kon(obs) was calculated as ln(2) devided by t1/2. 
c. Koff and Kon were derived by fitting three ligand concentrations (100, 200, and 400 nM) into 

a linear regression model. Kon was the slope and Koff was the Y-intercept according to the 
equation: Kon(obs) = Kon [ligand concentration] + Koff. 

d. Data are presented as the mean ± SEM from five independent experiments, each 
conducted in triplicate. 
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Figure 3-30. Linear Regression Graph.  
The observed association rate constants (Kon(obs)) were derived from the association assay by 
dividing ln(2) by the half-life (t (1/2)). By plotting the Kon(obs) values against the corresponding 
concentrations of compound 3-29, a line was generated by fitting the data into a linear 
regression model, as shown in the graph. The line yielded a Y-intercept of 0.011 and a slope of 
0.00025 × 109. Data are presented as the mean ± SEM from five independent experiments. 

 

A comparison of dissociation constants (Kd) obtained from saturation binding 
(equilibrium) and association assays (kinetic) is provided in Table 3-10. No 
significant differences were observed between these methods, indicating that 3-
29 adhered to the law of mass action. However, greater variability was noted in 
Kd values obtained from kinetic assays compared to equilibrium assays. This 
variation may result from differences in experimental design, as kinetic assays 
involved measuring a single well once per time point, whereas equilibrium 
assays involved triplicate measurements per well. 

 

Table 3-10. Comparison of Kd Values for 3-29 Derived from Equilibrium and 
Kinetic Approaches 

3-29 Kd Mean + SEM (nM) 
Equilibrium saturation 7.99 + 0.72 

Kinetics (Koff/Kon) 46.72 + 19.91 
Statistical analysis (independent t-test): t (8) = 1.944, P = 0.0878. No significant difference was 
observed between Kd values obtained from equilibrium saturation and association kinetic assays, 
indicating that 3-29 binding to A1 AR follows the law of mass action. Additionally, the one-hour 
incubation in saturation binding assays appears sufficient to reach equilibrium. Data are 
presented as the mean ± SEM from five independent experiments. 
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3.2.3 Conclusion and Summary 

In this chapter, four 1-56 LD probe analogues (3-15, 3-16, 3-21, and 3-22) and a 
reversible hydrolysis stable anilide analogue (3-29) were synthesised. Binding 
affinity screening of the four LD probe analogues across the four AR subtypes 
revealed varying degrees of improved selectivity between A1 and A2A ARs, ranging 
from an 8.2- to 18.9-fold increase compared to the 5.9-fold selectivity of 1-56, 
while maintaining selectivity against A2B and A3 ARs. However, the observed 
selectivity did not fully align with computational predictions, potentially due to 
the molecular docking simulations being performed with the congener rather 
than the intact LD probe, which exceeded the size constraints of standard 
docking algorithms. 

Subsequent dissociation assays and in-gel fluorescence scans for A1 ARs 
provided evidence that the four novel LD probes covalently labelled A1 ARs, 
whereas the reversible analogue 3-29, which contains a 2-fluorophenyl amide 
group, lacked covalent labelling capability. To confirm that the newly synthesised 
LD probes did not obstruct the orthosteric binding pocket of A1 ARs, 
internalisation-based experiments were conducted. The NanoBiT internalisation 
assay and agonist-induced internalisation observed via confocal microscopy 
demonstrated a dose-dependent internalisation of LD probe-tagged A1 ARs upon 
NECA treatment, and well-colocalised fluorescence clusters inside cells in 
confocal images. These findings suggest that the orthosteric binding pocket of A1 
ARs labelled by the LD probes remained accessible to NECA, CCPA, and DPCPX. 
However, since complete (100%) labelling of A1 ARs could not be confirmed, the 
observed internalisation was mediated by unlabelled A1 ARs cannot be entirely 
ruled out. 

To determine the specific labelling site on A1 ARs, point-mutation studies were 
conducted. The incomplete reversibility observed in mutated A1 ARs, along with 
the presence of other potential nucleophilic residues, suggested that 3-22 may 
label multiple residues rather than a single site. Given these findings, a more 
precise approach, such as LC-MS, would be preferable for identifying the exact 
labelling position rather than relying on binding reversibility analysis using 
multiple-mutated A1 ARs. 

In addition to evaluating the new LD probes, 3-29 was also characterised. 
Dissociation assays and in-gel fluorescence scans confirmed its reversible 
binding properties, with covalent transfer occurring via a 2-fluorophenyl ester 
moiety rather than a 2-fluorophenyl amide, as demonstrated by direct 
comparison with LD probe 3-34. Furthermore, its kinetic profile was assessed 
through the association assay. 
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In conclusion, 3-15 was identified as an LD probe capable of transferring a 
sulfoCy5 moiety onto A1 ARs, exhibiting the highest A1/A2A selectivity at this stage. 
Although its selectivity was improved compared to the lead compound 1-56, 
further optimisation remained necessary. 
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Chapter 4: Optimisation, Synthesis, and 
Pharmacological Evaluation of a Two-Phase 
Labelling Probe for A1 AR 

4.1 Introduction 

4.1.1 General Introduction 

Ligand-directed (LD) covalent labelling probes offer an alternative method for 
labelling proteins of interest (POIs) with covalently attached reporters88,162. Unlike 
fluorescent protein tags (e.g., GFP79) and self-labelling protein tags (e.g., SNAP-
tag82,122 and CLIP-tag122), which require genetic engineering, LD probes utilise 
chemical labelling88,162. The reporters (e.g., biotin, fluorophores) transferred by 
LD probes are significantly smaller than fluorescent protein tags and self-
labelling protein tags, thereby minimising their impact on the POI88. The choice 
of reporter depends on the specific POI and the experimental design. For 
instance, an LD probe transferring a biotin tag can facilitate protein extraction 
from live cells or cell lysates using streptavidin-coated beads or resins. 
Conversely, an LD probe transferring a fluorescent tag can be employed to 
investigate POI localisation and trafficking74,113. However, synthesising selective 
LD probes that deliver various reporters for a specific POI is challenging. The 
preparation of a well-characterised LD probe involves extensive chemical 
synthesis and comprehensive pharmacological investigations. Conjugating a 
new reporter may alter ligand binding affinity and/or subtype selectivity from the 
original template probe60,68, necessitating structural tuning and repeated 
pharmacological evaluations, which can be inefficient and exhaustive. 

The combination of LD probes and click reactions presents a promising solution. 
LD probes transfer a click reaction handle onto the POI, followed by the 
corresponding click reaction partner to achieve reporter attachment. This 
approach allows the same LD probe to be used with various reporters tethered 
to the click reaction partner, satisfying the need for different reporters in 
pharmacological investigations. In Chapter 1, four click reactions applied in 
biomolecular studies were discussed: Staudinger ligation101,104,163, Cu(I)-
Catalysed Azide-Alkyne Click Reaction (CuAAC)105,112,163, Strain-Promoted Azide-
Alkyne Cycloaddition (SPAAC)108,163,164, and Inverse Electron Demand Diels-Alder 
Reaction (IEDDA)110,163,165. Each reaction has its strengths and weaknesses. 
Considering the reaction rate (IEDDA and CuAAC are much faster than 
Staudinger ligation and SPAAC)166 and cytotoxicity concerns (Cu(I) ion in 
CuAAC)106,166, IEDDA is deemed a suitable choice for combination with LD probes. 
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4.1.2 Inverse Electron Demand Diels-Alder Reaction (IEDDA) 
Introduction 

Bioorthogonal labelling through IEDDA was first introduced in 2008 by two groups: 
Devaraj167 and Blackman165. Devaraj demonstrated live cell imaging with SKBR3 
cancer cells expressing Her2/neu receptors (another term for Her2, a 
transmembrane protein in epidermal growth factor receptor family)167,168. 
Trastuzumab (a Her2 selective antibody) coupled with norbornene (a dienophile) 
and rhodamine (reporter) was applied to SKBR3 cells167. A tetrazine attached to 
Vivo Tag 680 (VT680)169,170 reacted with norbornene, producing a Near-IR signal 
that colocalised with the rhodamine signal, demonstrating successful labelling 
in live cells167 (Figure 4-1). Blackman reported protein-thioredoxin labelling 
through trans-cyclooctene (TCO) and a tetrazine partner, verified by mass 
spectrometry165. These cases highlighted IEDDA as a fast and metal-free click 
reaction165,167. The Diels-Alder reaction is a [4 + 2] cycloaddition involving a diene 
and a dienophile, forming two new σ bonds and collapsing two π bonds171. The 
energy gap is illustrated in the frontier orbitals (Figure 4-2)172. Typically, the Diels-
Alder reaction involves an electron-rich diene and an electron-deficient 
dienophile to minimise the energy gap between the highest occupied molecular 
orbital (HOMO) of the diene and the lowest unoccupied molecular orbital (LUMO) 
of the dienophile171,172. In IEDDA, an electron-deficient diene and an electron-rich 
dienophile are used, with the LUMO of the diene and the HOMO of the dienophile 
involved171,172. The energy gap can be minimised by introducing electron-
withdrawing groups (EWGs) on the diene and electron-donating groups (EDGs) 
on the dienophile171,172. This reverse electron demand pattern gives the reaction 
its name: inverse electron demand Diels-Alder reaction171. 

Various dienes and dienophiles have been investigated to enhance the IEDDA 
reaction rate. Among dienophiles, EDGs can elevate the reaction rate, and the 
strain effect from cycloalkenes also promotes the reaction rate172–174. TCO 
significantly improves the reaction rate by releasing ring strain and its unique 
"crown" conformation, which closely resembles the transition state, requiring 
less energy171,172,175. Several ring-fused TCO derivatives have been studied174–176. 
Cyclopropane-fused TCO further increases the reaction speed but has inferior 
stability, isomerising to the cis form faster than the original TCO174,175. Cis-
dioxolane-fused TCO improves stability but decreases the reaction rate due to 
reduced electron density in the dienophile174,176. 

Dienes have also been extensively studied172,174. 1,2,4,5-Tetrazine creates an 
electron-deficient diene by incorporating heteroatoms and prevents the reverse 
reaction by releasing nitrogen gas after the IEDDA reaction171,172,177. Further 
modifications of 1,2,4,5-tetrazine at positions 3 and 6 have been explored. The 
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reaction rate can theoretically be enhanced by introducing EWGs171 or limiting 
tetrazine distortion178, but these modifications may introduce steric hindrance or 
result in less stable tetrazine derivatives172,174. Chen et al. (2016)166 reviewed the 
reaction rates of various dienes and dienophiles, summarising their findings in a 
table. 

 

 
Figure 4-1. Schematic Representation of Her2/neu Receptor Labelling in SKBR3 cells 
using Modified Trastuzumab and Tetrazine-Conjugated VT680.  
(A) Key annotations corresponding to the schematic illustration in panel (B). The Her2/neu-
specific monoclonal antibody, Trastuzumab, is functionalised with norbornene (a dienophile) 
and rhodamine (a fluorophore) to generate the labelled antibody. (B) SKBR3 breast cancer 
cells, which overexpress Her2/neu receptors, are first incubated with the labelled 
Trastuzumab for primary targeting. Subsequently, tetrazine-conjugated VivoTag680 (VT680) is 
introduced, enabling a covalent cycloaddition with the norbornene moiety via an inverse 
electron-demand Diels–Alder (IEDDA) reaction. This schematic is adapted from Devaraj et al. 
(2008)167 and created using BioRender (www.biorender.com). 
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Figure 4-2. Illustration of Frontier Molecular Orbitals in the Diels-Alder and Inverse 
Electron Demand Diels-Alder Reactions.  
The top panel depicts two possible paired orbitals between the diene and dienophile. The 
bottom panel illustrates the energy gap minimisation strategies in both reactions: the left part 
shows the normal electron demand Diels-Alder reaction, where the energy gap between the 
reactants is minimised by incorporating electron-donating groups (EDGs) on the diene and 
electron-withdrawing groups (EWGs) on the dienophile. The right part depicts the inverse 
electron demand Diels-Alder reaction, where the EDGs and EWGs are positioned on the 
dienophile and diene, respectively, opposite to the normal Diels-Alder reaction. Figures modify 
from Oliveira et al., 2017172. 
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4.1.3 Aim of This Study 

Comeo et al. (2024)74 demonstrated the combination of LD probes and click 
reactions by covalently labelling A1 ARs with a TCO handle via LD probe (1-57, 
Figure 4-3) in phase 1 labelling, followed by methyl tetrazine sulfoCy5 (MTCy5) in 
phase 2 labelling. This approach offered a broader selection of reporters by 
switching phase 2 labelling reagents. However, the labelling efficiency was not 
as high as its analogue (1-56, Figure 4-3), which directly labelled A1 AR with 
SulfoCy5. This result was expected, as 1-57 requires an additional IEDDA 
labelling step. Similar to organic synthesis, the overall yield decreases with more 
steps in the synthesis scheme. Additionally, GPCRs have low expression levels, 
so two sequential reactions with extremely low concentration reactants (A1 ARs) 
resulted in inferior labelling efficiency. 

To improve the labelling efficiency of 1-57, three aspects were investigated. First, 
structural modifications were made to enhance the efficiency of TCO cargo 
transfer to A1 AR. Second, the cell incubation environment was optimised to 
minimise LD probe degradation before TCO cargo transfer. Third, methyl-
tetrazine sulfoCy5 (MTCy5) was replaced with tetrazine-sulfoCy5 (HTCy5) to 
enhance the IEDDA reaction rate by removing the EDG on the diene166. Finally, the 
flexibility of the biosensor transferred to A1 AR through this system provided an 
alternative method to assess orthosteric binding pocket accessibility after LD 
probe labelsing using a reversible ligand (3-29, Figure 4-3) in a distance-sensitive 
BRET approach. 

 
Figure 4-3. Chemical Structures of Probes 1-56, 1-57, and 3-29.  
Probe 1-56 functions as a LD probe that directly transfers a SulfoCy5 fluorophore onto A1 ARs. 
Probe 1-57, in contrast, transfers a trans-cyclooctene (TCO) handle for subsequent 
bioorthogonal labelling. Probe 3-29 is a reversible ligand targeting A1, A2A, and A2B AR subtypes, 
incorporating a phenyl amide moiety and a BODIPY630/650 fluorophore for fluorescence-
based detection. 
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4.2 Design of the Two-Phase Labelling Probe 1-57 Analogue 

Structural modifications focused on the linker region and the position of the 2-
fluorophenyl ester, following the same strategy employed for 1-56 analogues in 
Chapter 3. Among four tested linker and ester configurations, the γ-aminobutyric 
acid (GABA) linker with a meta-2-fluorophenyl ester was selected for 1-57 
modification. This composition yielded the highest A1 AR-specific binding signal 
among the four 1-56 analogues, demonstrating nearly a twofold intensity 
(Chapter 3, Section 3.2.2.1, Figure 3-9). The enhanced binding signal likely 
resulted from improved spatial orientation and proximity between the transferred 
cargo and NLuc, as well as increased cargo transfer efficiency. Additionally, the 
corresponding 1-56 analogue (probe 3-22) incorporating this modification 
exhibited a 2-fold increase in A1/A2A selectivity compared to 1-56 (Chapter 3 
Section 3.2.2.1, Table 3-5), further supporting the rationale for the 1-57 
analogue design. 
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4.3 Results and Discussion 

4.3.1 Chemistry 

4.3.1.1 Synthesis 

The synthesis of the 1-57 analogue is outlined in Scheme 4-1. This analogue was 
synthesised by conjugating compound 3-20 with a click-reactive cargo 
containing TCO. All synthetic procedures were adapted from Comeo’s previously 
reported method, with minor modifications. 

Cargo synthesis commenced with the coupling of commercially available 
precursor 4-1 with succinic anhydride, yielding intermediate 4-2. In this step, 4-1 
was dissolved in chloroform (CHCl3) and cooled to 0°C in an ice bath before the 
addition of succinic anhydride. The reaction mixture was then subjected to 
solvent evaporation, followed by purification via automated flash column 
chromatography. The next step involved TCO conjugation. First, t-Boc 
deprotection of 4-2 was carried out using HCl, yielding intermediate 4-3 as 
hydrochloride salt. The resulting alkyl amine in DIPEA neutralised 4-3 was 
subsequently coupled with TCO-NHS ester (a commercially available 
preactivated TCO) in DMF at room temperature overnight. To maximise yield and 
maintain TCO stability—given its sensitivity to light and propensity to isomerise 
into cis-cyclooctene—the reaction was conducted under nitrogen with minimal 
light exposure. The crude product was purified via flash column chromatography, 
affording intermediate 4-4. The final step involved coupling the congener 3-20 
with the TCO-functionalised cargo (4-4). First, 4-4 was activated using BEP and 
DIPEA in DMF, followed by the addition of 3-20. The reaction was carried out at 
room temperature in the dark overnight. The crude product was purified via RP-
HPLC using a C8 semipreparative column, and the collected fraction was 
lyophilised to yield the final compound 4-5, a 1-57 analogue. 

Scheme 4-1. Schematic illustration of 4-5 synthesis 

 
a Reagents and conditions: a) 1: 0oC, CHCl3, 20 min; 2: succinic anhydride, rt, overnight, 36%; 
b) 4 N HCl in dioxane, rt, 1 hr; c)TCO-NHS ester, DIPEA, DMF, rt, N2, avoid light, overnight, 63%; 
d) BEP, DIPEA, DMF, compound 3-20, rt, avoid light, overnight, 49%. 
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4.3.2 Pharmacology 

Prior to pharmacological assessment, compound 4-5 was verified using NMR 
and high-resolution mass spectrometry (HRMS), with an error margin of less than 
10 ppm between calculated and observed values. The purity exceeded 95%, as 
determined by analytical reverse-phase high-performance liquid 
chromatography (RP-HPLC). The NMR, HRMS, and RP-HPLC spectra are 
presented in Chapter 2, Section 2.2.8. 

4.3.2.1 AR Subtype Affinity Screening 

Initially, the affinity of compound 4-5 for the A1 AR was screened to ensure 
retention of binding ability following structural modification. Unlike fluorescent 
probes assessed with BRET-based saturation binding assays, a BRET-based 
competition binding assay was employed to evaluate the binding affinity of 
compound 4-5. This competition assay measures the binding of a fixed 
concentration of a fluorescent ligand in the presence of varying concentrations 
of test probes, rather than directly measuring the binding of the test probe70. 
From this assessment, the concentration of test ligand required to displace 50% 
of fluorescent ligand from A1 ARs can be calculated (IC50) and converted into the 
inhibitory constant (Ki) using the Cheng-Prusoff equation159,179. HEK293T cells 
stably expressing NLuc-A1 ARs were used as the cell model for the BRET signal 
measurement from NLuc-tag on the N-terminus of A1 AR and the CA200645. In 
this assay, cells were incubated with 15 nM of CA200645 and varying 
concentrations of probe 4-5 or DPCPX (as a control) ranging from 0.1 nM to 10 μM 
for one hour, followed by furimazine treatment. After a 5-minute incubation, the 
plate was read using a plate reader, and the competition binding curves are 
displayed in Figure 4-4(A). Detailed experimental procedures are described in 
Chapter 2, Section 2.1.2.2. 

Compound 4-5 demonstrated displacement ability, as evidenced by a decreased 
CA200645 BRET ratio with increasing concentrations of 4-5, similar to the DPCPX 
set. These results indicate that the phenyl ester position modification preserved 
A1 AR binding. 

To obtain binding affinity information for the other three AR subtypes, 
competition binding assays were conducted with cells expressing NLuc-hA2A, 
NLuc-hA2B, and NLuc-hA3 ARs, using subtype-selective antagonists as controls 
(ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3). 15 nM of CA200645 was 
used as the fluorescent ligand. Detailed experimental procedures are described 
in Chapter 2, Section 2.1.2.2. 

The normalised specific binding curves for compound 4-5 across the four AR 
subtypes and the pKi values are presented in Figure 4-4(B) and Table 4-1 
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respectively. Compared to probe 1-57 reported by Comeo, compound 4-5 
exhibited enhanced selectivity for A1/A2B receptors while maintaining selectivity 
for A1/A2A and A1/A3 receptors. 

  
Figure 4-4. Competition Binding Graphs for Probe 4-5.  
(A) Competition binding assay with HEK293T cells stably expressing NLuc-hA1ARs. 
CA200645 (15 nM) was used as the fluorescent ligand, and DPCPX served as the control. The 
BRET signal decreased with increasing concentrations of 4-5 and DPCPX, indicating that both 
ligands can bind to A1 ARs and displace CA200645. The total signal was defined by cells 
treated only with 15 nM CA200645, while the vehicle control represented cells incubated with 
HBSS. Data are presented as the mean ± SEM from five independent experiments conducted 
in triplicate. (B)  Normalised specific binding curves for probes 4–5 across all AR subtypes. 
Competition binding assays were performed using 15 nM CA200645 as the fluorescent ligand 
across four AR subtypes. To enable comparison across subtypes within a single figure, specific 
binding values were normalised for each receptor. Total binding was defined as the BRET ratio 
from cells incubated with CA200645 alone. Non-specific binding (NSB) was determined by co-
incubation with 10 μM of a subtype-selective antagonist: DPCPX for A₁, ZM241385 for A2A and 
A₃, and PSB603 for A2B. Specific binding was calculated by subtracting NSB from total binding, 
and normalised to define 100% specific binding. The resulting curves represent normalised 
specific binding of CA200645 in the presence of increasing concentrations of probes 4–5, 
fitted using a one-site competition binding model. Data are presented as mean ± SEM from five 
independent experiments (four for A2A), each conducted in triplicate. 
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Table 4-1. Probe 4-5 and its template probe (1-57) pKi values 

 Human adenosine receptor affinity (pKi+ SEM) A1/A2A 
selectivity 

(folds)e Probe NLuc-hA1 NLuc-hA2A NLuc-hA2B NLuc-hA3 

1-57a 
7.87 + 0.16 

(4) 
5.86 + 0.03 

(4) 
6.09 + 0.06 

(4) 
< 5 (3)d 102.3 

4-5b 
7.78 + 0.13 

(5) 
5.73 + 0.05 

(4) 
5.39 + 0.01 

(5) 
< 5 (5)d 112.2 

DPCPXc 8.25 + 0.06 
(5) 

    

ZM241385c 
 8.52 + 0.03 

(6) 
   

PSB603c 
  8.48 + 0.08 

(5) 
  

MRS1220c 
   8.82 + 0.15 

(5) 
 

a pKi for probe 1-57 was reported by Comeo74 et al.. bpKi values were calculated as the negative 
logarithm of the equilibrium inhibitory constant (Ki in M) through competition binding assay with 
15 nM of CA200645 as the fluorescent ligand. cSelective adenosine subtype antagonist served as 
the control in respective competition binding assay. The measured pKi values were consistent 
with previous studies (DPCPX74, ZM241385117, PSB603121, and MRS122070). dKi cannot be 
determined below 10 μM of ligand concentration. eSelectivity ratios were calculated as the 
antilogarithm of the difference between pKi values for A1 and A2A receptors (i.e., 10^(pKi-A1 − pKi-
A2A)). Data are presented as the mean + SEM from n independent experiments (indicated in 
parentheses) conducted in triplicate. NLuc-hA1 ARs were stably expressed in HEK293T cells. 
NLuc-hA2B and hA3 ARs were stably expressed in HEK293G cells, while NLuc-hA2A ARs were 
transiently expressed in HEK293T cells. 

4.3.2.2 Click Reaction Condition Investigation 

4.3.2.2.1 Incubation Duration for Click Reaction 

The binding of probe 4-5 to A1 ARs was previously validated via competition 
binding assays, yielding a Ki value of 19.86 ± 4.31 nM (Table 4-1). However, it 
remained unclear whether the click-reactive moiety (trans-cyclooctene, TCO) on 
probe 4-5 was successfully transferred to A1 ARs. To investigate this, cells were 
treated with the complementary click partner, methyl-tetrazine-sulfoCy5 
(MTCy5), and the resulting fluorescence signal was measured. 

For this experiment, a suitable cellular model expressing A1 ARs was required. 
HEK293G cells stably expressing Twin-Strep-SNAP-tagged A1 ARs (TS-SNAP-
A1 ARs), previously established in our laboratory for receptor pull-down assays, 
were employed. The presence of the TS and SNAP tags was previously shown not 
to interfere the covalent labelling of A1 ARs with probes 3-15, 3-34, and 3-35 
(Chapter 3, Figure 3-14). Thus, these cells were deemed appropriate for 
evaluating the transfer of the TCO moiety from probe 4-5 to A1 ARs. 

Probe 1-56, a sulfoCy5-conjugated transfer probe previously demonstrated by 
Comeo74 et al. to covalently label A1 ARs, was used as a positive control. A time-
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course experiment was conducted to determine the duration required for the 
two-step labelling system (probe 4-5 followed by MTCy5) to achieve fluorescence 
intensity comparable to that of the direct labelling by probe 1-56. 

HEK293G cells stably expressing TS-SNAP-A1 ARs were seeded in black 96-well 
plates at a density of 30,000–35,000 cells per well one day prior to the experiment. 
On the day of the assay, the culture medium was aspirated, and cells were 
washed once with warm phosphate-buffered saline (PBS). Cells were then 
incubated with 250 nM of either probe 4-5 or probe 1-56 for 3 hours. Following 
this initial labelling step, cells were washed and the medium was replaced with 
DMEM-D6546. 1 μM MTCy5 was added to wells pre-labelled with probe 4-5 at 
various time points ranging from 15 minutes to 3 hours. At the end of the second 
labelling phase, the medium was removed, and cells were washed twice with 
PBS. HEPES-buffered saline solution (HBSS) was added to each well in 
preparation for fluorescence measurement. Detailed experimental procedures 
are provided in Chapter 2, Section 2.1.8.1. 

The measured fluorescence intensity is presented in Figure 4-5. The 
fluorescence intensity from the two-phase labelling (sequential incubation with 
probe 4-5 and MTCy5) increased with longer incubation times. Only the 3-hour 
MTCy5 incubation yielded a fluorescence intensity comparable to direct labelling 
with probe 1-56. No significant differences were observed between the sets 
incubated with MTCy5 for 15 minutes and 30 minutes, or between the sets 
incubated for 1 hour and 2 hours. These results suggest that a minimum of 3 
hours of incubation with MTCy5 is required to achieve a similar A1 AR labelling 
effect as probe 1-56, likely due to the low concentration of A1 ARs in the system. 
In chemical synthesis, effective molecular collisions with sufficient energy are 
essential for a reaction to proceed. In the case of probe 1-56, labelling occurred 
efficiently even at low concentrations of TS-SNAP-A1 ARs (nanomolar or even 
lower). For probe 4-5, however, the labelling process involved a two-step 
mechanism: initial transfer of the TCO group to TS-SNAP-A1 ARs, followed by a 
click reaction with the complementary partner, MTCy5. This second step relies 
on the successful reaction between low concentrations of TCO-tagged receptors 
and MTCy5. 

Unlike reactions conducted in a controlled chemical environment, cellular 
systems present a more complex milieu, particularly due to the diverse 
components present on the cell membrane. This complexity, combined with the 
inherently lower probability of effective molecular collisions in the two-step 
labelling system of probe 4-5, likely necessitates a longer incubation period to 
achieve fluorescence intensities comparable to those observed with probe 1-56. 
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Figure 4-5. Incubation Duration for Click Reaction.  
The graph displays fluorescence intensity from cells pre-labelled with 250 nM of probe 4-5, 
subjected to various incubation times with methyl-Tetrazine-sulfoCy5 (MTCy5). Fluorescence 
intensity from probe 1-56 served as the control. Only the fluorescence intensity after 3 hours 
of MTCy5 incubation was comparable to that of probe 1-56. Statistical analysis using one-way 
ANOVA between revealed a significant difference [F (7, 24) = 51.23, P < 0.0001]. Post hoc 
analysis (Tukey’s multiple comparisons) indicated no significant difference between probe 1-
56 and 3-hour MTCy5 incubation (P = 0.9963). All other MTCy5 incubation sets showed 
significant differences compared to the control (probe 1-56). Data are presented as the mean 
± SEM from four independent experiments conducted in quadruplet. 

However, the fluorescence signal observed in the probe labelling system cannot 
be directly interpreted as evidence of successful 4-5 receptor labelling. 
Prolonged incubation with 1 μM MTCy5 may lead to increased non-specific 
binding, thereby confounding the interpretation of fluorescence intensity. 
Further investigation is required to determine whether the observed increase in 
fluorescence with extended MTCy5 incubation is attributable to specific labelling 
or to non-specific interactions. 
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4.3.2.2.2 Evaluation of Non-Specific Binding of Methyl-tetrazine-SulfoCy5 

The time-dependent increase in fluorescence observed in previous assays 
cannot be conclusively attributed to effective IEDDA labelling on A1 ARs, as it may 
also result from non-specific binding (NSB) of MTCy5. To visually assess the NSB 
of MTCy5, confocal microscopy was employed. For clarity in subsequent 
interpretations, HEK293T cells transiently expressing SNAP-hA1ARs were 
incubated with 1 μM of MTCy5 for varying durations, as depicted in Figure 4-6. 
Detailed experimental procedures are described in Chapter 2, Section 2.8.1.2. 

The NSB observed via the Cy5 channel increased with prolonged MTCy5 
incubation. Based on this assessment, it is recommended that incubation with 1 
μM of MTCy5 should not exceed 15 minutes, as NSB becomes significantly 
pronounced. 

 
Figure 4-6. Observation of Non-Specific Binding (NSB) of MTCy5 via Confocal Microscopy.  
HEK293T cells transiently expressing SNAP-hA1 ARs were incubated with 1 μM of MTCy5 for 
four different durations. Post-incubation, cells were washed twice with PBS, fixed with 4% 
paraformaldehyde, washed twice again with PBS, and refilled with PBS for imaging. The top 
frames display images observed in the Cy5 channel at four time points, with brightness and 
contrast enhanced by 40%. The bottom frames show merged images of the Cy5 and 
transparent light channels at the same time points, with brightness decreased by 40% and 
contrast increased by 40%. The NSB of MTCy5 exhibited a time-dependent increase in the Cy5 
channel. The scale bar = 20 μm. These images are from a single pilot study. 

 

4.3.2.2.3 Optimal Incubation Period for Probe 4-5 (Phase 1 Labelling) 

Prolonged incubation with 1 μM MTCy5 beyond 15 minutes is not recommended 
for confocal imaging studies due to a marked increase in non-specific binding 
(NSB) signals. Consequently, the next objective was to determine the optimal 
incubation duration for probe 4-5 (Phase 1 labelling) to maximise labelling 
efficiency. This investigation was conducted using confocal microscopy to 
enable direct visual assessment of labelling outcomes. To evaluate A1 AR 
labelling via probe 4-5 in combination with MTCy5, a reference fluorescent tag 
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with a distinct emission wavelength was required. HEK293T cells transiently 
expressing SNAP-hA1 ARs were utilised for this purpose. The SNAP-tag allowed 
for fluorescent labelling with SNAP-Surface AF488, serving as a control for 
receptor localisation and expression. 

Cells were prepared in an 8-well chamber slide according to the protocol 
described in Chapter 2, Section 2.1.1.4. For control labelling, cells were 
incubated with 250 nM SNAP-Surface AF488 for 30 minutes. Following a wash 
with warm DMEM-D6546, cells were incubated with 100 nM probe 4-5 for either 
30 or 60 minutes, with or without pretreatment using 1 μM DPCPX. Upon 
completion of Phase 1 labelling, cells were washed twice with DMEM-D6546 and 
subsequently incubated with 1 μM MTCy5 for 5 minutes. Prior to imaging, cells 
were washed twice with PBS, fixed with 4% paraformaldehyde, washed again 
twice with PBS, and soaked in PBS in the end. Detailed experimental procedures 
are provided in Chapter 2, Section 2.1.8.3. 

As shown in Figure 4-7A, A1 ARs were clearly visualised in the AF488 channel, 
confirming successful labelling via the SNAP-tag and the existence of A1 ARs. In 
contrast, the Cy5 channel revealed minimal A1 AR signal, accompanied by 
prominent NSB in the DPCPX-pretreated samples following both 30- and 60-
minute incubations with 100 nM probe 4-5. These observations indicated that the 
initial labelling conditions required optimisation. 

The pronounced NSB observed with 1 μM DPCPX pretreatment likely reflects 
insufficient receptor blockade, allowing residual probe 4-5 binding to A1 ARs. 
Increasing the DPCPX concentration could therefore improve the definition of 
NSB signals. Additionally, the weak Cy5 signal suggests a low proportion of 
A1 ARs successfully labelled with TCO handles via probe 4-5, potentially due to 
suboptimal Phase 1 labelling efficiency. Extending the incubation period with 
probe 4-5 was thus considered as a strategy to enhance receptor labelling. 

A subsequent experiment was conducted with the following adjustments: the 
DPCPX concentration was increased from 1 μM to 10 μM to more effectively 
suppress probe 4-5 specific binding and define NSB, the probe 4-5 incubation 
time was extended from 1 hour to 2 hours to improve labelling efficiency, and the 
MTCy5 incubation period was increased to 10 minutes. The results of this 
condition-optimisation experiment are presented in Figure 4-7B. 

These preliminary findings suggest that optimal conditions for confocal imaging 
include a 2-hour incubation with 100 nM probe 4-5 for Phase 1 labelling, 10 μM 
DPCPX for accurate assessment of NSB, and a 10-minute incubation with 1 μM 
MTCy5 for Phase 2 labelling. 
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Figure 4-7. Condition Tuning for A1 AR Labelling Using Probe 4-5 and MTCy5 Observed via 
Confocal Microscopy.  
(A) HEK293T cells transiently expressing SNAP-hA1 ARs were first labelled with SNAP-surface 
AF488 as a control. Subsequently, cells were labelled with 100 nM of probe 4-5 for either 30 or 
60 minutes, with or without 1 μM DPCPX pretreatment. A1 ARs are clearly observed in the 
AF488 channel, while A1 AR labelling in Cy5 chanel are indistinguishable between the 
presence or absence of 1 μM of DPCPX pretreatment. (B) Confocal images following condition 
tuning based on the results in (A). With an extended incubation period for probe 4-5 and 
increased DPCPX concentration, A1 ARs are clearly observed in the Cy5 channel and easily 
distinguish between sets in the presence or absence of DPCPX preincubation. Additionally, a 
10-minute incubation with 1 μM MTCy5 provids better A1 AR labelling in the Cy5 channel with 
minimal NSB increase. All images were captured with the same signal settings, with a 40% 
enhancement in brightness and contrast. Scale bar = 20 μm. The images are from a single pilot 
experiment. 

 

4.3.2.2.4 Phase 2 labelling reagent selection 

According to frontier molecular orbital theory(Figure 4-2) , attaching an electron-
withdrawing group to the diene and an electron-donating group to the dienophile 
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can minimise the energy gap between the diene's LUMO and the dienophile's 
HOMO, thereby facilitating the inverse electron-demand Diels-Alder (IEDDA) 
reaction171,172. In probe 4-5, the dienophile component is fixed as trans-
cyclooctene (TCO). Therefore, a potential method to enhance the IEDDA reaction 
is to replace methyl-Tetrazine-sulfoCy5 (MTCy5) with a more reactive click 
reaction partner. By searching for commercially available TCO-compatible 
reagents, two types of reporters were identified: those attached to methyl 
tetrazine and those attached to tetrazine. Given that the methyl group is an 
electron-donating group, a slower IEDDA reaction in the TCO-methyl tetrazine 
pair compared to the pair of TCO-tetrazine is anticipated based on frontier 
molecular orbital theory. Additionally, several studies have reported a faster 
reaction rate for the TCO-tetrazine pair166,174. 

To evaluate whether Tetrazine-SulfoCy5 (HTCy5) enhances labelling efficiency 
compared to MTCy5, a confocal microscopy study was conducted. HEK293T 
cells transiently expressing SNAP-hA1 ARs were used as the cellular model, as 
the SNAP tag allows for fluorescent labelling with SNAP-Surface AF488, serving 
as a control for A1 AR expression. 

Cells were seeded in an 8-well chamber slide and labelled with 250 nM SNAP-
Surface AF488 to visualise A1 ARs as a reference. Phase 1 labelling involved 
incubation with 100 nM probe 4-5 for 2 hours, with or without pretreatment using 
10 μM DPCPX to assess non-specific binding. Phase 2 labelling was performed 
under four conditions, combining two concentrations (1 μM and 10 μM) of either 
MTCy5 or HTCy5, each applied for 15 minutes. Following each labelling step, 
cells were thoroughly washed. At the end of incubation, cells were fixed with 4% 
paraformaldehyde. Detailed experimental procedures are provided in Chapter 2, 
Section 2.1.8.4. 

Figure 4-8A presents the experimental sets in which MTCy5 was used as the 
Phase 2 labelling reagent, while Figure 4-8B displays the corresponding sets 
labelled with HTCy5. In the Cy5 fluorescence channel, both reagents produced 
clear labelling of A1 ARs at a concentration of 10 μM, although this was 
accompanied by increased NSB. At the lower concentration of 1 μM, HTCy5 
continued to yield distinct labelling of A1 ARs, whereas MTCy5 produced only 
faint receptor outlines. 

These findings were consistent with theoretical expectations (Figure 4-2) and 
previously reported data166,174, which indicated that HTCy5 exhibits a faster 
reaction rate with TCO moieties compared to MTCy5. This enhanced reactivity 
likely contributed to the improved labelling efficiency observed with HTCy5, 
particularly at lower concentrations. 
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Figure 4-8. Comparison of Phase 2 Labelling Reagents via Confocal Imaging.  
(A) MTCy5 was used at concentrations of 1 μM and 10 μM for phase 2 labelling. In the Cy5 
channel, 10 μM provided clear A1 AR labelling but was accompanied by higher non-specific 
binding. (B) HTCy5 was used at concentrations of 1 μM and 10 μM for phase 2 labelling. A1 ARs 
were clearly observed at both concentrations, with lower non-specific binding noted in the 1 
μM set. All images were captured with identical signal settings, with a 20% enhancement in 
brightness and a 40% enhancement in contrast. Scale bar = 20 μm. Images are representative 
of (A) five and (B) four independent experiments, with each condition performed in duplicate 
within each experiment. 
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Membrane intensity quantification was performed using FiJi (ImageJ) by 
manually drawing the region of interest (ROI), and the results are presented in 
Figure 4-9. The signal intensity from the AF488 channel was similar across all 
conditions, suggesting comparable A1 AR expression in these sets. In the Cy5 
channel, a significant signal drop in the DPCPX pretreatment arm compared to 
the paired vehicle arm was observed, indicating that probe 4-5 specific bound to 
A1 ARs. 

  
Figure 4-9. Membrane Intensity Quantification via Fiji (ImageJ).  
The left panel shows the intensity measured from the AF488 channel. Consistent intensity 
indicated that A1 AR expression was comparable across these sets. The right panel displays 
the intensity measured from the Cy5 channel. In each vehicle and DPCPX pretreatment pair, 
an apparent signal drop was observed, indicating that probe 4-5 labelling was blocked by 10 
μM DPCPX. The vehicle in the 1 μM HTCy5 pair showed enhanced signal compared to 1 μM 
MTCy5, while slightly lower intensity compared to 10 μM MTCy5 or HTCy5. Overall, 1 μM HTCy5 
effectively enhanced A1 AR labelling while maintaining low non-specific binding. Intensity was 
measured by manually drawing the cell membrane region of interest (ROI) using Fiji (ImageJ) in 
the AF488 and Cy5 channels. Quantitative data for MTCy5 are presented as the mean ± SD 
from five independent experiments, with a total of 80 cells analysed. HTCy5 data are presented 
as the mean ± SD from four independent experiments, comprising a total of 64 cells. 

The membrane fluorescence intensity of vehicle-treated samples, measured via 
the Cy5 channel, is presented in Figure 4-10. As four of the experimental 
conditions did not follow a normal distribution (as determined by the Shapiro-
Wilk test), the Kruskal-Wallis test was employed for statistical analysis. This test 
revealed significant differences among the four conditions. Subsequently, 
Dunn’s post hoc test was conducted to perform pairwise comparisons. With the 
exception of the MTCy5 and HTCy5 conditions at 10 μM (P > 0.9999), all other 
pairwise comparisons showed statistically significant differences. Notably, in 
the 1 μM comparison between MTCy5 and HTCy5, the P-value was less than 
0.0001. The 1 μM HTCy5 condition demonstrated a higher labelling effect 
compared to 1 μM MTCy5, although it remained lower than the 10 μM MTCy5 
condition. This difference was also statistically significant (P = 0.0049). Based on 
these findings, 1 μM HTCy5 was identified as the optimal condition for Phase 2 
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labelling in confocal imaging studies. It significantly improved A1 AR labelling 
efficiency relative to 1 μM MTCy5 while maintaining low levels of NSB. In contrast, 
both MTCy5 and HTCy5 at 10 μM exhibited elevated NSB signals, highlighting the 
advantage of using HTCy5 at lower concentrations. 

 
Figure 4-10.  Comparison of membrane fluorescence intensity across sets incorporating 
different Phase 2 reagents and concentrations.  
The raw intensity data did not follow a normal distribution; therefore, a Kruskal-Wallis test was 
performed, revealing significant differences among the groups [H(3) = 154.5, P < 0.0001]. Post 
hoc analysis using Dunn’s multiple comparisons test indicated significant differences 
between all pairwise comparisons, except between MTCy5 and HTCy5 at 10 μM (P > 0.9999). 
Due to the non-normal distribution, data are presented as violin plots, with dotted lines 
indicating the median and interquartile range. 

 

4.3.2.2.5 Incubation Media with or without Phenol Red 

The final incubation condition assessed was the media. Two different types of 
Dulbecco's Modified Eagle Medium (DMEM) were available in our lab: one with 
phenol red as a pH indicator and one without. Previous assessments and the 
imaging work by Comeo et al. (2024)74 were conducted using DMEM with phenol 
red. In this experiment, the labelling procedure was repeated as follows: 
HEK293T cells transiently expressing SNAP-hA1 ARs were labelled with SNAP-
surface AF488 for 30 minutes, followed by 100 nM of probe 4-5 for 2 hours in the 
presence or absence of 10 μM DPCPX pretreatment, and then 15 minutes of 1 μM 
MTCy5 for phase 2 labelling, with wash steps after each labelling step. The 
difference in this experiment was that cells were incubated in reagents prepared 
with DMEM either with or without phenol red in parallel. Samples were fixed and 
prepared for imaging collection. 

The confocal images (Figure 4-11A) showed apparent intensity differences in Cy5 
channel between sets incubated with DMEM in the presence or absence of 
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phenol red. The quantified intensity is displayed in Figure 4-11B. The signal from 
the AF488 channel showed similar intensity, indicating consistent A1 AR 
expression across the four sets. In the Cy5 channel, the expected signal drop in 
the DPCPX pretreatment set compared to the vehicle was observed in both 
media. Additionally, an increased signal intensity from the vehicle in DMEM 
without phenol red was noted (Mann-Whitney test U=806, P<0.0001). 

 

  
Figure 4-11. Evaluation of Labelling Effects Following Incubation in DMEM With or Without 
Phenol Red.  
(A) Representative confocal images from parallel experiments conducted using DMEM either 
containing or lacking phenol red. SNAP-surface AF488 was used as a control for A1 AR 
labelling. In the Cy5 channel, a marked difference in signal intensity is visually apparent 
between vehicle-treated samples incubated in DMEM with versus without phenol red. Scale 
bar = 20 μm. Images are representative of five independent experiments, each performed in 
duplicate. (B) Membrane fluorescence intensity was quantified using Fiji (ImageJ) by manually 
drawing the membrane region of interest (ROI). In the AF488 channel, membrane intensity 
remained consistent across all four experimental conditions. In contrast, the Cy5 channel 
revealed a higher intensity in the vehicle group incubated in DMEM without phenol red, in 
addition to the expected reduction in intensity in the DPCPX-pretreated group relative to its 
vehicle control. As the raw data did not follow a normal distribution, the Mann–Whitney U test 
was applied in place of an independent t-test (U = 806, P < 0.0001). Data are presented as the 
mean ± SD from five independent experiments conducted in duplicate, with a total of 80 cells 
analysed. 
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Given that the final labelling effects from DMEM without phenol red were superior 
to those with phenol red, a subsequent investigation was conducted to 
determine which labelling step was affected by the media. In this study, HEK293T 
cells transiently expressing SNAP-hA1 ARs were labelled with SNAP-surface 
AF488 for 30 minutes, followed by 100 nM of probe 4-5 for 2 hours, and then 1 μM 
of MTCy5 for phase 2 labelling for 15 minutes, with wash steps after each 
labelling step. The reagents for probe 4-5 and MTCy5 were prepared using DMEM 
with or without phenol red. Consequently, phase 1 and phase 2 labelling were 
performed in two different media, resulting in four condition pairs. Detail 
experiment procedures were slightly modified from Chapter 2, Section 2.1.8.5 
description. Confocal images and quantified membrane intensity are presented 
in Figure 4-12A and B. 

The imaging results indicated that Phase 1 labelling performed in DMEM 
containing phenol red produced dimmer fluorescence compared to labelling 
conducted in DMEM without phenol red. Quantitative analysis of the AF488 
signal revealed comparable intensities across all four experimental conditions, 
suggesting consistent A1 AR expression levels. In contrast, the Cy5 channel 
showed significantly higher signal intensity in samples labelled during Phase 1 
with DMEM lacking phenol red. 

Membrane-associated Cy5 fluorescence was analysed using the Kruskal–Wallis 
test due to the non-normal distribution of the data. A statistically significant 
difference was observed among the groups [H(3) = 37.78, P < 0.0001]. Post hoc 
analysis using Dunn’s multiple comparisons test identified significant 
differences between groups labelled in DMEM with versus without phenol red 
during Phase 1, while no significant differences were found between groups 
differing only in Phase 2 media composition. These findings suggest that the 
absence of phenol red during Phase 1 enhances A1 AR labelling efficiency. 

Phenol red exists in different ionic forms depending on the pH of the environment 
(as illustrated in Figure 4-13). At physiological pH (~7.4), phenol red 
predominantly exists in its anionic form, with a concentration of approximately 
40 μM in DMEM (based on the Sigma-Aldrich DMEM-D6546 formulation, which 
contains 0.0159 g/L phenol red sodium salt). The phenolic group in phenol red 
may act as a nucleophile180, potentially reacting with the 2-fluorophenyl ester 
moiety in probe 4-5. Given that probe 4-5 was incubated in DMEM at 37 °C for 2 
hours during Phase 1, degradation of the probe may have occurred under these 
conditions. Therefore, the enhanced labelling observed in Figure 4-12 is likely 
attributable to phenol red–mediated degradation of probe 4-5 and/or 
isomerisation of the trans-cyclooctene (TCO) moiety. 
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Figure 4-12. Evaluation of Media Effects at Different Labelling Stages.  
(A) Representative confocal images showing four combinations of Phase 1 and Phase 2 media 
compositions. In the Cy5 channel, samples labelled during Phase 1 with DMEM containing 
phenol red exhibited reduced fluorescence intensity compared to those labelled with DMEM 
lacking phenol red. Scale bar = 20 μm. Images are representative of three independent 
experiments, each conducted in duplicate. (B) Quantification of membrane fluorescence 
intensity was performed using Fiji (ImageJ) by manually drawing the membrane region of 
interest (ROI). In the AF488 channel, signal intensity remained consistent across all four 
conditions, indicating comparable A1 AR expression. In the Cy5 channel, lower signal intensity 
was observed in groups where Phase 1 labelling was performed in DMEM containing phenol 
red. Notably, samples sharing the same Phase 1 medium exhibited similar Cy5 intensities 
regardless of the Phase 2 medium used. Statistical analysis of Cy5 membrane fluorescence 
was conducted using the Kruskal–Wallis test due to non-normal data distribution, revealing a 
significant difference among groups [H(3) = 37.78, P < 0.0001]. Post hoc analysis using Dunn’s 
multiple comparisons test identified significant differences between the following pairs: RR 
vs. YY (P = 0.003), RR vs. YR (P < 0.0001), RY vs. YY (P = 0.0072), and RY vs. YR (P < 0.0001). No 
significant differences were observed between RR and RY (P > 0.999) or between YY and YR 
(P = 0.599). Data are presented as mean ± SD from three independent experiments, with a total 
of 48 cells analysed in each condition. 
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Figure 4-13. Ionisation States of Phenol Red Across Different pH Ranges.  
Phenol red exists in distinct ionic forms depending on the pH of the solution. It predominantly 
exists as a zwitterion under acidic conditions (yellow bar), as a monoanionic species near 
neutral pH (red bar), and as a dianion under basic conditions (pink bar). This figure is adapted 
from Weiskirchen et al. (2023)181. 

 

The impact of DMEM, with or without phenol red, on phase 1 labelling has been 
demonstrated through confocal imaging. This study investigates whether 
HEPES-buffered saline solution (HBSS) and complete media (DMEM without 
phenol red supplemented with 10% FCS) influence the labelling effect. Phase 1 
labelling was proceeded in HBSS or complete media following the same 
procedures as previous examinations with two types of DMEM. In this experiment, 
DMEM was replaced with HBSS and complete media (DMEM without phenol red 
supplemented with 10% FCS). Phase 2 labelling was performed using 1 μM 
HTCy5 prepared in DMEM with phenol red. Detailed experimental procedures are 
described in Chapter 2, Section 2.1.8.5. Confocal images are presented in 
Figure 4-14. The AF488 channel showed similar A1 AR repression via SNAP 
surface AF488 labelling. In the Cy5 channel, HBSS exhibited comparable or 
superior signal to DMEM with phenol red, whereas complete media (DMEM 
without phenol red supplemented with 10% FCS) showed reduced A1 AR labelling. 
TCO isomerises to a stable cis-form, and this transition is accelerated in the 
presence of serum or thiol derivatives182–184. This may explain the poor phase 1 
labelling in complete media (DMEM without phenol red supplemented with 10% 
FCS) compared to DMEM with phenol red. Conversely, HBSS showed slightly 
better labelling, possibly due to slower degradation of probe 4-5, as DMEM 
contains high concentrations of amino acids (e.g., 1 mM lysine hydrochloride salt, 
0.2 mM cystine hydrochloride salt according to the supplier's recipe), which can 
react with the reactive moiety (2-fluorophenyl ester). 
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Figure 4-14. Influence of Incubation Environment on Final Labelling Efficiency.  
The left panel shows Phase 1 labelling performed in DMEM with phenol red (used as the 
reference condition, consistent with previous assays). The middle panel represents labelling 
in HBSS, while the right panel corresponds to labelling in complete medium (DMEM without 
phenol red supplemented with 10% FCS). All samples were subsequently treated with 1 μM 
HTCy5 as the Phase 2 reagent, prepared in DMEM with phenol red. In the AF488 channel, A1 
ARs were clearly visualised across all three conditions, indicating consistent receptor 
expression. However, the Cy5 channel revealed notable differences in labelling efficiency. The 
HBSS condition (middle panel) exhibited comparable or slightly enhanced labelling relative to 
the reference (left panel), while the complete medium condition (right panel) showed 
markedly reduced labelling. Scale bar = 20 μm. Images are from a single pilot experiment 
conducted with two replicates. 

 

To summarise the conditions for A1 AR labelling using probe 4-5 with a click 
reaction partner: 

1. Incubation: A two-hour incubation with 100 nM of probe 4-5 was required. 

2. Labelling Agent: HTCy5 was preferred over MTCy5. 

3. Effectiveness: The order of labelling effectiveness was: HBSS ≥ DMEM 
with phenol red >>>> complete media (DMEM without phenol red 
supplemented with 10% FCS). DMEM without phenol red is more effective 
than DMEM with phenol red. 

4. Concentration and Duration: Higher concentrations of phase 1 and 
phase 2 reagents and prolonged labelling times improve labelling but 
increase the risk of non-specific labelling. 

The optimal conditions depend on the experimental design and investigation 
objectives. 
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4.2.2.3 Covalent Labelling of A1 ARs 

A1 ARs were specifically labelled using probe 4-5, followed by an inverse 
electron-demand Diels–Alder (IEDDA) reaction with reporter-tagged tetrazine 
derivatives, as demonstrated in previous confocal imaging experiments (e.g., 
Figure 4-11). To determine whether the labelling achieved via probe 4-5 and the 
corresponding click chemistry reagent was covalent, an in-gel fluorescence scan 
was performed. 

To isolate A1 ARs from the complex solubilised cellular mixture and to include a 
known covalent labelling as a positive control, HEK293G cells stably expressing 
TwinStrep-SNAP-tagged human A1 ARs (TS-SNAP-hA1 ARs) were utilised. The 
Twin-Strep (TS) tag enables affinity purification via binding to MagStrep “Type3” 
XT magnetic beads coated with Strep-Tactin142. The bound protein can 
subsequently be eluted using biotin, which has a higher binding affinity for Strep-
Tactin than the TS tag142. As a positive control for covalent labelling, the SNAP-tag 
was labelled with SNAP-surface AF647, which forms a stable covalent bond with 
the SNAP-tag81. Detailed experimental procedures are provided in Chapter 2, 
Section 2.1.4. 

HEK293G cells stably expressing TS-SNAP-hA1 ARs in T175 flasks, reaching 
approximately 80-95% confluence, were used for sample preparation. Four 
labelling conditions were designed and carried out using DMEM without phenol 
red as the medium in an incubator with a humidified atmosphere of air/CO₂ in a 
19:1 ratio. For the positive control, cells were incubated for one hour with 50 nM 
SNAP-surface AF647 in 10 mL of media. For the negative control, cells were 
incubated with 10 mL of media. For the experimental sets, cells were gently 
washed with PBS once, followed by incubation with 200 nM probe 4-5 prepared 
in DMEM without phenol red in the presence or absence of 10 μM DPCPX 
pretreatment for one hour. At the end of phase 1 labelling, cells were washed 
twice with PBS and then incubated with 500 nM HTCy5  in DMEM without phenol 
red for one hour. After labelling, the media was aspirated, and cells were gently 
washed twice with PBS. Enzyme-free cell dissociation solution was added to 
each flask, and cells were collected, centrifuged, and the supernatant discarded. 
The cell pellets were then ready for subsequent extractions. 

Cell pellets were solubilised in a buffer containing 0.5% (w/v) lauryl maltose 
neopentyl glycol (LMNG), 0.01% (w/v) cholesteryl hemisuccinate tris salt, 20 mM 
HEPES, 10% (v/v) glycerol, 150 mM NaCl, and a complete protease inhibitor 
cocktail, adjusted to pH 7.5. The buffer was added at a 1:10 (w/v) ratio relative to 
the cell pellet mass. Solubilisation was carried out in a cold room maintained at 
4 °C for 2 hours. Following centrifugation for 20 minutes, the supernatant was 
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transferred to a new microcentrifuge tube containing MagStrep “Type3” XT 
magnetic beads coated with Strep-Tactin for affinity purification. 

Protein extraction using the magnetic beads was performed overnight at 4 °C. 
The following day, the beads were separated from the solution using a magnetic 
separator and washed twice with solubilisation buffer to remove non-specifically 
bound proteins. To elute the bound TS-SNAP-hA1 ARs, the beads were incubated 
with a biotin solution at 4 °C for 4 hours, allowing biotin to displace the Twin-
Strep tag due to its higher binding affinity for Strep-Tactin. 

The eluted protein solution was then separated from the beads using a magnetic 
separator and mixed with NuPAGE™ LDS sample buffer in preparation for SDS-
PAGE analysis. The LDS buffer, which contains lithium dodecyl sulfate, facilitates 
protein denaturation. Electrophoresis was performed at 200 V for 50 minutes. 
The resulting gel was scanned using a Typhoon gel imager under the Cy5 channel 
to detect fluorescently labelled proteins. Subsequently, the gel was stained with 
InstantBlue® overnight and rescanned using the Typhoon imager under the 
infrared long-wavelength channel. Gel images are presented in Figure 4-15, and 
detailed sample preparation procedures are described in Chapter 2, Section 
2.1.4. 

In the Cy5 channel, bands were observed in the positive control (SNAP-surface 
AF647) and in cells labelled with probe 4-5 and HTCy5. The band height matched 
the calculated molecular weight of TS-SNAP-hA1 AR (59 kDa), indicating covalent 
labelling of A1 ARs through probe 4-5 with HTCy5. Additionally, the set pretreated 
with 10 μM DPCPX did not show any bands in the Cy5 channel, demonstrating 
the specificity of probe 4-5 for A1 AR labelling. 
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Figure 4-15. Covalent labelling of TS-SNAP-hA1 ARs demonstrated via in-gel fluorescent 
scans.  
TS-SNAP-A1AR was labelled with 200 nM of probe 4-5 in the presence or absence of 10 μM 
DPCPX preincubation, followed by incubation with 500 nM HTCy5 for one hour. DMEM without 
phenol red and SNAP-surface AF647 served as negative and positive controls, respectively. In 
the Cy5 scan (left panel), a fluorescent band was present in cells without DPCPX pretreatment 
and absent in cells pretreated with DPCPX. The band position was consistent with the positive 
control and matched the calculated protein weight (59 kDa), indicating that probe 4-5 with 
HTCy5 can covalently tag A1 ARs. The InstantBlue® image confirmed that protein samples were 
loaded into the gel. PageRuler™ Prestained Protein Ladder (10–180 kDa) was used as the 
molecular weight marker. Images are representative of three independent experiments. 

 

4.2.2.4 Investigating A1 AR Orthosteric Binding Pocket Accessibility After Probe 
4-5 and HTCy5 Labelling 

4.2.2.4.1 Confocal Image Observation 

Agonist-induced aggregation and internalisation of A1 ARs have been previously 
reported18,148–151. To assess whether these processes remain observable following 
fluorophore labelling via probe 4-5 and a tetrazine-reporter partner, a confocal 
imaging study was conducted. If receptor internalisation and aggregation are still 
evident after agonist treatment, it would suggest that the orthosteric binding site 
of A1 ARs remains accessible post-labelling. This would provide evidence that 
probe 4-5 and the subsequent click reaction do not interfere with agonist binding. 

HEK293T cells transiently expressing SNAP-tagged hA1 ARs were used in this 
experiment. The SNAP tag enabled covalent labelling with SNAP-surface AF488, 
serving as a control to monitor receptor localisation. The selective A1 AR agonist 
2-chloro-N6-cyclopentyladenosine (CCPA) was chosen based on its previously 
demonstrated ability to induce A1 AR internalisation (Soave et al., 2020)118. 
Detailed experimental procedures are described in Chapter 2, Section 2.1.5.2. 



181 
 

On the day of the experiment, HEK293T cells seeded in 8-well plates were 
labelled with 250 nM SNAP-surface AF488 for 30 minutes. Following this, cells 
were incubated with 100 nM probe 4-5 for 2 hours. Phase 2 labelling was then 
performed using 1 μM HT-Cy5 for 15 minutes. After each labelling step, cells were 
washed twice with warm DMEM (without phenol red). Upon completion of 
labelling, cells were incubated 2 hours in the presence or absence of 10 μM 
CCPA. Cells were subsequently fixed, washed with PBS, and prepared for 
confocal imaging. 

Representative confocal images are shown in Figure 4-16A. In both the AF488 
and Cy5 channels, CCPA-treated cells exhibited clustered intracellular 
fluorescence, indicating receptor internalisation. The merged images revealed 
strong colocalisation between the two fluorophores, confirming that probe 4-5 
and HTCy5 successfully labelled A1 ARs. These results suggest that the 
orthosteric binding site remains accessible to CCPA following labelling, and that 
receptor trafficking from the membrane to intracellular compartments is 
preserved. 

In addition to visual assessment, intracellular fluorescence intensity was 
quantified using Fiji (ImageJ) by manually defining intracellular regions of interest. 
A clear increase in intracellular signal was observed in both the AF488 and Cy5 
channels following CCPA treatment (Figure 4-16B), further supporting the 
conclusion that A1 AR internalisation remains functional after labelling with 
probe 4-5 and HT-Cy5. 
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Figure 4-16. Agonist-Induced Internalisation of A1 ARs.  
(A) HEK293T cells transiently expressing SNAP-tagged hA1 ARs were labelled with 250 nM 
SNAP-surface AF488 for 30 minutes, followed by incubation with 100 nM probe 4-5 for 2 hours 
at 37 °C. Phase 2 labelling was performed using 1 μM HTCy5 for 15 minutes. Each labelling 
step was followed by two washes with warm DMEM lacking phenol red. After labelling, cells 
were incubated for 2 hours in the absence (vehicle, top panels) or presence (bottom panels) of 
10 μM CCPA. Cells were then washed, fixed, and prepared for confocal imaging. In the CCPA-
treated group, many intracellular A1 AR clusters (indicated by white arrows) were observed in 
both the AF488 and Cy5 channels. The merged images showed strong colocalisation, 
confirming A1 AR-specific labelling. In contrast, minimal clustering and internalisation were 
observed in the vehicle-treated group. These results suggest that the orthosteric binding site 
of A1 ARs remains accessible following labelling with probe 4-5 and HTCy5, and that receptor 
trafficking is not disrupted. Images are representative of six independent experiments 
conducted in duplicate. Scale bars = 20 μm. Image brightness and contrast were uniformly 
enhanced by 20%. (B) Intracellular fluorescence intensity was quantified using Fiji (ImageJ) by 
manually defining intracellular regions of interest (ROIs). As the data were not normally 
distributed, statistical analysis was performed using the Mann–Whitney U test. Significant 
differences in intracellular signal intensity were observed between vehicle- and CCPA-treated 
cells in both the AF488 channel (U = 79, P < 0.0001) and the Cy5 channel (U = 82, P < 0.0001), 
indicating receptor internalisation. Data are presented as median values with interquartile 
ranges, based on six independent experiments, each analysing 96 cells per condition. 

 

4.2.2.4.2 BRET Assessment 

The confocal images shown in Figure 4-16A implied that CCPA could access the 
A1 AR’s orthosteric binding pocket after probe 4-5 and HTCy5 labelling. The 
clustered and internalised A1 ARs in the CCPA treatment set suggested that A1 AR 
preserved its function after probe 4-5 and HTCy5 tagging, and the tag posed 
minimal impact on trafficking. However, as no evidence proved that all A1 ARs 
were labelled by the probe 4-5 and HTCy5 system, the signal clump observed in 
confocal images might have originated from untagged or SNAP surface AF488 
tagged A1 ARs stimulated by CCPA. A1 ARs tagged by probe 4-5 and HTCy5 were 
co-aggregated and co-internalised due to their proximity to untagged A1 ARs. To 
rule out this possibility, a distance-sensitive BRET assay was arranged.  

 The experimental concept is illustrated in Figure 4-17. If the orthosteric binding 
pocket of the A1 AR remained accessible following labelling with probe 4-5 and 
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Tetrazine-AF488, both red and green BRET signals were expected. In contrast, in 
the condition with DPCPX pretreatment, only green BRET was anticipated due to 
competitive inhibition at the orthosteric site. To ensure the robustness of the 
assessment, several control conditions were included. To verify that both Phase 
1 and Phase 2 labelling steps were essential for successful AF488 tagging of A1 
AR, control groups were prepared in which receptors were labelled with either 
Phase 1 or Phase 2 alone. Furthermore, to confirm that the orthosteric binding 
site remained unoccupied in the employed cell model, red BRET resulting from 
the incubation of probe 3-29 with NLuc-hA1 AR in the absence of two-phase 
labelling was measured. To evaluate whether probe 3-29 and DPCPX influenced 
green BRET, a reference experiment was conducted in which AF488-tagged 
NLuc-hA1 ARs were incubated with HBSS, with or without DPCPX pretreatment. 

 
Figure 4-17. Experimental Design for Assessing Orthosteric Binding Site Accessibility via 
BRET.  
HEK293T cells transiently expressing NLuc-hA1 ARs were labelled with an AF488 fluorophore 
through click chemistry between the TCO moiety delivered by probe 4-5 and Tetrazine-AF488. 
Excess ligands were removed by two washes with warm HBSS following each labelling step. 
Subsequently, cells were incubated with probe 3-29 in the presence or absence of 1 μM DPCPX 
pretreatment. After a 1-hour incubation, furimazine was added, followed by a 5-minute 
equilibration period. BRET signals were then measured sequentially: first using the red channel 
(long-pass 610 nm), followed by the green channel (535 ± 15 nm). Figure created with 
BioRender.com. 

 

To assess orthosteric binding pocket accessibility via NanoBRET, A1 ARs tagged 
at the N-terminus were required. Therefore, HEK293T cells transiently expressing 
NLuc-hA1 ARs were employed. Detailed experimental procedures are provided 
in Chapter 2, Section 2.1.9.1. In this assay, HEK293T cells expressing NLuc-hA1 
ARs were first labelled with AF488 using probe 4-5 and Tetrazine-AF488. 
Subsequently, the cells were incubated with 100 nM probe 3-29 in the presence 
or absence of 1 μM DPCPX pretreatment for 1 hour. Following the addition of 
furimazine and a 5-minute equilibration period, BRET signals were measured 
using a PHERAstar plate reader (BMG, Germany), with readings taken once for 
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each channel (red and green). The experimental results are presented in Figure 
4-18. 

  

  
Figure 4-18. Investigating Orthosteric Binding Pocket Accessibility Following LD Probe 
Labelling Using BRET.  
(A) BRET signals were measured in the red channel. The vehicle condition represents hA1 AR 
with an N-terminal NLuc tag only. AF488 tagging was achieved through a two-step process: 
first, conjugation of the TCO group to NLuc-hA1 AR, followed by a click reaction with Tet-AF488. 
Experimental conditions included combinations of the full two-step labelling, probe 4-5 alone, 
or Tet-AF488 alone. The bar chart shows reduced total binding in A1 ARs tagged with the TCO 
group and enhanced signal in receptors labelled with TCO-Tet-AF488. Conditions with Tet-
AF488 alone exhibited BRET signals comparable to the vehicle. A Mann–Whitney U test was 
performed between the vehicle and TCO-Tet-AF488-tagged groups treated with probe 3-29 due 
to non-normally distributed data, revealing a significant difference (U = 0, P = 0.0043). 
(B) Control experiments for red BRET measurements were conducted using HBSS in place of 
probe 3-29. A slightly elevated background signal was observed in TCO-Tet-AF488-labeled A1 
ARs, potentially due to light bleed-through from the green fluorescence of AF488. (C) BRET 
signals were measured in the green channel. The vehicle and partially labelled conditions 
(phase 1 or phase 2 only) lacked AF488 on A1 ARs and therefore showed no specific binding. In 
contrast, A1 ARs labelled with TCO-Tet-AF488 exhibited increased BRET signals upon DPCPX 
preincubation compared to those without DPCPX treatment. The absence of signal reduction 
in wells pretreated with 1 μM DPCPX suggests that the observed signal drop was due to probe 
3-29 binding to A1 AR. A Mann–Whitney U test comparing TCO-Tet-AF488-labelled groups with 
and without DPCPX preincubation indicated a significant difference (U = 4, P = 0.026). 
(D) Control experiments for green BRET measurements were conducted using HBSS instead of 
probe 3-29. HBSS addition did not result in signal reduction compared to the non-specific 
binding control. All data are presented as the mean ± SEM from five independent experiments, 
each performed in triplicate. 
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In the red BRET graph (Figure 4-18A), a prominent specific binding signal was 
observed in experimental conditions incubated with the reversible red probe 3-
29, which contains the BODIPY630/650 fluorophore. In contrast, no specific 
binding was detected in the control conditions treated with HBSS (Figure 4-18B), 
indicating that probe 3-29 binds to the orthosteric binding pocket of A1 AR. The 
proximity between BODIPY630/650 (acceptor) and NLuc (donor) facilitated 
energy transfer, resulting in a measurable BRET signal. 

Among the 3-29-treated conditions (Figure 4-18A), NLuc-hA1 AR labelled with 
phase 1 reagent alone exhibited a slightly reduced total binding signal compared 
to the vehicle. This suggests that the presence of the TCO group may alter the 
spatial orientation between NLuc and probe 3-29, thereby diminishing the 
efficiency of energy transfer. Alternatively, residual probe 4-5 or its congener (3-
20) might have competed with probe 3-29 for binding to A1 AR, although this is 
unlikely given the extensive washing steps performed. 

The condition treated with phase 2 reagent alone produced a BRET signal 
comparable to the vehicle, reaffirming that phase 2 labelling does not occur in 
the absence of prior phase 1 modification. Finally, the condition involving 
complete two-phase labelling yielded a significantly stronger BRET signal than 
the vehicle. 

In the green BRET graph (Figure 4-18C and D), the vehicle control and the 
conditions labelled with either phase 1 or phase 2 alone did not produce a 
specific binding signal, as no green fluorescent acceptor was present under 
these conditions. This result directly confirmed that AF488 could not be 
conjugated to A1 AR using only the phase 2 reagent. In contrast, A1 AR labelled 
with both phase 1 and phase 2 reagents exhibited increased BRET signals in the 
samples preincubated with 1 μM DPCPX or with HBSS alone, compared to the 
sample treated solely with probe 3-29. 

Unexpected BRET signals in both the red and green channels were observed in 
Nluc-A1 ARs tagged with AF488, relative to the vehicle control lacking additional 
covalent fluorescent tags. This phenomenon is likely attributable to FRET 
between the AF488 tag and BODIPY630/650 (probe 3-29), as illustrated in Figure 
4-19. When nanoluciferase oxidises furimazine, it emits luminescence that can 
be absorbed by both AF488 and BODIPY630/650. Due to the close proximity 
between these fluorophores, part of the emission from AF488 may be absorbed 
by BODIPY630/650, resulting in an elevated BRET signal in the red channel 
compared to the AF488-free control. Consequently, energy transfer to 
BODIPY630/650 leads to a reduction in the green channel BRET signal, which 
returns to control levels when DPCPX prevents probe 3-29 from binding to A1 ARs. 
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Figure 4-19. Illustration of FRET as a potential cause of the unexpected BRET signal.  
The top panel illustrates the scenario observed during BRET measurements in the red channel. 
Due to FRET, the red fluorophore absorbs more energy compared to the vehicle control (lacking 
the green tag), resulting in an enhanced signal in the total binding of probe 3-29. The bottom 
panel depicts the BRET measurement in the green channel. Here, the green tag transfers a 
portion of its energy to the red fluorophore via FRET, leading to a decreased BRET signal relative 
to the condition without red reversible ligand binding. Figure created using BioRender 
(www.biorender.com). 

 

To investigate the changes in BRET ratio signals, both raw fluorescence and 
luminescence data were analysed. Although similar signal trends were observed 
across individual experiments, pooled data could not reliably reflect these trends 
due to variability in cell numbers and transfection efficiency between 
experiments. Therefore, experiments exhibiting comparable levels of raw signal 
were selected and summarised in Figure 4-20.  



187 
 

  

 
 

Figure 4-20. Examination of raw luminescence and fluorescence data in experimental 
sets exhibiting unexpected BRET signals.   
(A) Top left panel: Fluorescence measured using a long-pass 610 nm filter. The "Vehicle" group 
represents NLuc-A1AR incubated with probe 3-29 (a red, reversible fluorescent ligand). 
Fluorescence intensity was higher in NLuc-A1AR tagged with AF488, consistent with FRET, 
where AF488 transfers a portion of its energy to 3-29. Statistical analysis revealed a significant 
difference between the two groups [t(13) = 2.604, P = 0.0218]. Data are presented as the mean 
± SEM from two independent experiments (6 wells for the vehicle group) and three independent 
experiments (9 wells for the AF488-tagged group). (B) Top right panel: Luminescence signal 
measured during BRET detection. NLuc-A1AR tagged with AF488 exhibited lower 
luminescence, likely due to partial absorption of luminescence by AF488. This difference was 
statistically significant [t(13) = 4.307, P = 0.0009]. Data are shown as the mean ± SEM from two 
independent assays (6 wells for the vehicle group) and three independent experiments (9 wells 
for the AF488-tagged group). (C) Bottom left panel: Fluorescence measured at 535 nm with a 
30 nm bandpass filter. Among the four experimental conditions, only the group incubated with 
probe 3-29 without DPCPX pre-treatment showed reduced fluorescence intensity. This 
suggests that AF488 transfers energy to probe 3-29 upon binding to AF488-tagged NLuc-A1AR. 
One-way ANOVA indicated a significant difference among the four groups [F(3,32) = 44.09, P < 
0.0001]. Post hoc Tukey’s test showed that the 3-29-only group (blue) differed significantly 
from the other three groups (P < 0.0001). Data are presented as the mean ± SEM from three 
independent experiments (9 wells per group). (D) Bottom right panel: Luminescence 
measured in the green BRET channel. Only the group incubated with 3-29 showed a slight 
decrease in intensity; however, no statistically significant difference was detected using the 
Kruskal–Wallis test due to non-normal data distribution [H(3) = 5.825, P = 0.1205]. Data are 
presented as the mean ± SEM from three independent experiments (9 wells per group). 
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In the red channel measurements, fluorescence intensity was higher in A1ARs 
tagged with AF488 compared to those without the AF488 tag, supporting the 
occurrence of FRET (Figure 4-20A). Conversely, luminescence intensity was 
lower in the AF488-tagged group, which is consistent with the expectation that 
luminescence is absorbed by both AF488 and the red fluorophore, unlike in the 
control group where only the red fluorophore acts as the acceptor (Figure 4-20B). 

In the green channel measurements, binding of the reversible red fluorescent 
ligand (3-29) to AF488-tagged A1ARs resulted in reduced fluorescence intensity, 
which can be attributed to energy transfer to the red fluorophore via FRET (Figure 
4-20C). Luminescence in the presence of 3-29 was slightly lower, although no 
statistically significant differences were observed among the four experimental 
conditions (Figure 4-20D). This minor decrease may be explained by 
luminescence absorption by 3-29. The limited luminescence signal is likely due 
to the minimal spectral overlap between NanoLuc emission and BODIPY630/650 
absorption. 

The occurrence of FRET further indicates that the orthosteric binding pocket 
remains accessible following labelling with probe 4-5 and its click chemistry 
partner. The effective BRET signal suggests that both the AF488 tag and 3-29 are 
in close proximity to NLuc tag on A1ARs. The observed FRET implies that AF488 
and 3-29 are within a distance of less than 10 nm. A plausible explanation for the 
simultaneous occurrence of BRET and FRET is that probe 3-29 binds to AF488-
tagged NLuc-A1ARs, indicating that the orthosteric binding site remains available. 
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4.2.2.4.3 Fluorescence Lifetime Imaging Microscopy (FLIM) - FRET Assessment 

The excitation and emission of fluorescence are illustrated in Figure 4-21. When 
the fluorophore absorbed specific wavelength energy, its energy state is elevated 
from the ground state to an excited state (S1, S2…). As the excited state falls back 
to the ground state, the energy release can be categorised into three main routes: 
fluorescence emission, internal conversion into heat, and transfer to the 
surrounding environment185. Three primary pathways contribute to the overall 
energy release rate, which collectively determines the fluorescence decay rate185. 
This decay rate can be converted into the fluorescence lifetime185. Fluorescence 
emission and internal heat conversion are characteristics of specific 
fluorophores185. Conversely, different surrounding environments could cause 
unequal decay rates and change the fluorescence lifetime of the 
fluorophore185,186. Hence, fluorescence lifetime change can be used as an 
indicator for differentiating fluorophore states (free in solution or bound to 
protein) or surrounding environments (high concentration of ions or proximity to 
another fluorescent-labelled protein)185,186. 

 
Figure 4-21. Illustration of Fluorophore's Three Main Energy Releasing Routes.  
After energy absorption (blue), the state of the fluorophore is elevated from the ground state to 
an excited state. The energy can be released by three main routes: emission as fluorescence, 
internal conversion to heat, and transfer to the surrounding environment. The picture was 
adapted from Shcheslavskiy et al. (2025)185. 

FLIM-FRET had been used to investigate protein-protein interactions, protein 
conformation change, and ligand-protein binding assessments186–188. When the 
paired acceptor fluorophore is in close proximity to the observed fluorophore 
(donor), energy can be transferred to the acceptor by FRET, which will change the 
fluorophore's fluorescence lifetime120,186. The distance relationship between 
donor and acceptor (surrounding environment) can be monitored by 
fluorescence lifetime change, making FLIM-FRET a powerful technique in life 
sciences. 
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In the assessment of the orthosteric binding pocket using the BRET approach, it 
was hypothesised that FRET occurs between TCO-Tet-AF488 conjugated to the 
A1AR and BODIPY630/650 attached to probe 3-29. The presence of FRET would 
provide strong evidence that AF488 and BODIPY630/650 are in close spatial 
proximity. To confirm this interaction, a FLIM-FRET experiment was conducted to 
directly assess FRET between AF488 and probe 3-29. 

The same cellular model was employed to investigate whether the FRET 
observed in the previous BRET assay could be validated. HEK293T cells 
transiently expressing NLuc-hA1ARs were seeded into 8-well plates. The cells 
were sequentially labelled with 200 nM of probe 4-5 and 500 nM of Tetrazine-
AF488, with each incubation step lasting one hour and followed by two washing 
steps. 

AF488-tagged NLuc-A1ARs were examined under four experimental conditions: 
(1) treatment with HBSS, serving as a control to establish the baseline AF488 
fluorescence lifetime; (2) addition of probe 3-29, to assess FRET occurrence; (3) 
pre-incubation with 10 μM DPCPX for 30 minutes followed by the addition of 
probe 3-29, to evaluate the inhibition of FRET by blocking probe 3-29 access to 
NLuc-A1AR via DPCPX; and (4) incubation with 10 μM DPCPX alone, serving as a 
control to determine whether DPCPX interferes with the AF488 fluorescence 
lifetime. These experimental conditions are illustrated in Figure 4-22. FLIM-FRET 
data acquisition and analysis were performed by Dr. Joelle Goulding. Detailed 
experimental procedures are depicted in Chapter 2, Section 2.1.9.2. 

 
Figure 4-22.  Schematic Representation of the Experimental Conditions used in the FLIM-
FRET Evaluation.  
The baseline fluorescence lifetime is established using AF488-tagged A1ARs treated with 
HBSS. A reduction in fluorescence lifetime is expected upon incubation with probe 3-29, 
indicating FRET due to energy transfer from AF488 to the nearby BODIPY630/650 fluorophore. 
To assess the specificity of this interaction, a third condition involves pre-incubation with 10 
μM DPCPX to block probe 3-29 binding, with fluorescence lifetime anticipated to remain 
comparable to the baseline. The final condition, involving incubation with DPCPX alone, 
confirms that DPCPX does not independently alter the AF488 fluorescence lifetime. Figure 
created with BioRender (www.biorender.com). 
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The FLIM-FRET images and corresponding AF488 fluorescence lifetimes are 
presented in Figure 4-23. Fluorescence lifetime data were analysed using the 
Kruskal–Wallis test, as the baseline dataset did not meet the assumption of 
normality. A statistically significant difference was observed among the four 
experimental groups, H(3) = 26.62, p < 0.0001. Post hoc comparisons using 
Dunn’s test revealed a significant reduction in fluorescence lifetime in the group 
incubated with probe 3-29 (2.706 ± 0.038 ns) compared to the AF488 baseline 
group (2.914 ± 0.051 ns, p = 0.0072). In contrast, no significant differences were 
observed between the baseline and the groups treated with DPCPX alone (3.040 
± 0.020 ns) or pre-incubated with DPCPX followed by probe 3-29 addition (3.006 
± 0.042 ns). 

 
Figure 4-23. FLIM-FRET Images and Measured AF488 (Donor) Lifetime.  
Representative pseudo-colored images show amplitude-weighted average donor lifetimes 
under the following conditions: (A) vehicle treatment (HBSS), (B) 100 nM probe 3-29, (C) 100 
nM probe 3-29 following pre-incubation with 10 μM DPCPX, and (D) 10 μM DPCPX alone. Scale 
bar = 2 μm. (E) Quantification of single-cell donor lifetimes under each condition. Sample sizes 
were as follows: vehicle (n = 14), probe 3-29 (n = 16), probe 3-29 + DPCPX (n = 16), and DPCPX 
alone (n = 10). Data are presented as the mean ± SEM. Statistical analysis was performed using 
the Kruskal–Wallis test, revealing a significant difference among groups (H(3) = 26.62, p < 
0.0001). Post hoc analysis using Dunn’s test identified a significant reduction in donor lifetime 
in the probe 3-29 group compared to vehicle (p = 0.0072); no other comparisons reached 
statistical significance. 

These findings are consistent with the hypothesis that FRET occurs specifically 
in the presence of probe 3-29, indicating close proximity between AF488 and the 
BODIPY630/650 fluorophore. The confirmation of FRET supports the 
interpretation of the previous BRET analysis, which showed an enhanced red 
BRET signal when both the AF488 tag and the red fluorophore were bound to 
NLuc-A1AR, along with a reduced green BRET signal compared to conditions 
involving only the red fluorescent ligand or AF488 tag presence. Together, the 
sequential BRET and FLIM-FRET experiments, along with confocal imaging of 
agonist-induced internalisation, provide strong evidence that the orthosteric 
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binding pocket of A1AR remains accessible following the two-phase labelling 
strategy. 

4.2.2.5 Assessment of Reversible Ligand Binding Affinity After A1 AR Labelling 
with Probe 4-5 and Tetrazine-AF488 

The accessibility of the orthosteric binding pocket of A1 AR following labelling 
with probe 4-5 and Tetrazine-AF488 was previously validated through agonist-
induced internalisation studies, BRET-based assessments, and FLIM-FRET 
experiments. The subsequent question addressed whether the presence of the 
AF488 tag, introduced via the two-phase labelling strategy, alters the ligand 
binding affinity of A1 AR compared to untagged receptors. To investigate this, a 
BRET-based saturation binding assay using probe 3-29 was performed on A1 ARs 
with and without the AF488 tag. The binding affinity of probe 3-29 served as a 
quantitative indicator for evaluating ligand-receptor interactions in both receptor 
models—tagged and untagged. Detailed experimental procedures are provided 
in Chapter 2, Section 2.1.2.1. 

HEK293T cells transiently expressing NLuc-hA1 ARs were seeded in 96-well 
plates. On the day of the experiment, the media were aspirated, and the cells 
were washed twice with warm HBSS. The cells were either incubated with HBSS 
(control set) or subsequently incubated with probe 4-5 and Tetrazine-AF488, 
each step followed by an hour of incubation in a humidified atmosphere without 
additional CO2. The cells were washed twice with warm HBSS after each labelling 
step. The cells were then incubated with varying concentrations (0 to 250 nM) of 
probe 3-29 in the presence or absence of 1 μM DPCPX pretreatment for one hour. 
At the end of the incubation, furimazine was added to each well, followed by a 5-
minute equilibrium, and the plate was read on the PHERAstar FSX (BMG) twice 
(once for red BRET and once for green BRET measurement). 

The saturation binding curves are displayed in Figure 4-24. In the red channel, A1 
AR with or without the AF488 tag exhibited a similar pattern, with a higher signal 
in the AF488-attached set, which aligned with previous findings that FRET 
occurred between AF488 and 3-29. In the green channel, no specific binding was 
observed in A1 AR without the AF488 tag, as there was no green acceptor in the 
system. Conversely, a concentration-dependent signal drop was noticed in A1 AR 
with the AF488 tag compared to its non-specific binding set. This signal drop was 
consistent with the FRET observed previously when 3-29 was introduced into the 
AF488-tagged A1 AR. The measured Kd values from A1 AR with or without the 
AF488 tag in the red channel and the Kd measured from the green channel with 
decreased BRET signal as a ligand binding response did not show significant 
differences through one-way ANOVA analysis (Table 4-2). This experiment 
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indicated that ligand binding affinity to A1 AR was not altered after tagging with 
AF488 through two-phase labelling. 

  

  

 
Figure 4-24.  Effect of LD Probe Labelling on Ligand Binding Affinity Assessed via 
Saturation Binding Assays using probe 3-29 in Two forms of NLuc-hA1 AR (with and without 
LD Probe labelling).  
Panels (A) and (B) show saturation binding curves measured in the red channel for untagged 
NLuc-hA1AR (control) and NLuc-hA1AR labelled with TCO-Tet-AF488, respectively. In both 
cases, specific binding increased with rising concentrations of probe 3-29. To assess 
differences in signal intensity, BRET signals at the highest probe concentration (250 nM) were 
compared using an unpaired t-test, as shown in panel (E). A significant difference was 
observed [ t(34) = 7.363, p < 0.0001], consistent with previously reported FRET between AF488 
and BODIPY630/650. Panels (C) and (D) display saturation binding curves measured in the 
green channel for control and LD probe-labelled NLuc-hA1AR, respectively. In panel (C), both 
total and non-specific binding signals appear as flat lines, indicating the absence of a green 
fluorophore acceptor on the untagged receptor. The detected signal is attributed to 
luminescence bleed-through. In contrast, panel (D) shows a green BRET signal in the LD probe-
labelled condition, with a concentration-dependent decrease in total binding signal, 
consistent with energy transfer from AF488 to BODIPY630/650 via FRET. Panel (E) summarises 
the enhanced red BRET signal observed in AF488-tagged A1ARs. For the t-test analysis, data 
from 18 wells per condition were included. Non-specific binding was defined using cells pre-
incubated with 1 μM DPCPX for 30 minutes. All data represent the mean ± SEM from six 
independent experiments, each performed in triplicate. 
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Table 4-2. Measured probe 3-29 Kd values 

Model- NLuc-hA1 AR  mean + SEM [ nM (n)] One-way ANOVA 
control / Red channel 12.27 + 2.03 (6) 

F (2,15) =0.4650, 
P=0.6369 

+ TCO-Tet-AF488 / Red channel 10.92 + 1.88 (6) 
+ TCO-Tet-AF488 /  

Green channel 9.73 + 1.66 (6) a 
a The observed decrease in the BRET signal was interpreted as a response to the increasing ligand 
concentration in Prism, similar to a competition assay. However, while the signal decrease in a 
competition assay is typically due to the displacement of a labelled ligand by an unlabelled one, 
in this case, the signal decrease was attributed to the energy transfer from the BRET acceptor 
(AF488) to probe 3-29 via FRET.
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4.3.3 Conclusion and Summary 

The aim of the series of experiments in this chapter was to refine the A1 AR 
labelling effect through probe 1-57 in conjunction with methyl-tetrazine-
SulfoCyanine 5 (MTCy5). A structural modification was carried out in an attempt 
to either elevate AR subtype selectivity or enhance A1 AR binding. Probe 4-5, an 
analogue of probe 1-57, demonstrated similar A1/A2A and A1/A3 AR subtype 
selectivity and A1 AR binding affinity but improved A1/A2B selectivity (from 6074 to 
245-fold). A series of labelling condition investigations were conducted, 
including phase 1 incubation length, phase 2 incubation period, incubation 
environment (media or buffer selection), and paired click reaction reagent 
[Tetrazine-SulfoCyanine 5 (HTCy5) was superior to MTCy5]. A suggested 
incubation condition for preparing confocal imaging samples was incubation 
with 100 nM of probe 4-5 for 2 hours, followed by phase 2 labelling with HTCy5 
for 15 minutes. HBSS was recommended as the buffer for at least phase 1 
labelling. Hence, the preliminary goal was achieved: optimised probe 1-57 AR 
subtype selectivity and improved two-phase labelling efficiency on A1 AR. 

In addition to optimising the labelling conditions, the flexibility of the two-phase 
labelling system was harnessed to set up an AF488 tag on A1 AR for orthosteric 
binding pocket assessment using Tetrazine-AF488 as the phase 2 reagent. Unlike 
the typical assessment of orthosteric binding pocket availability via agonist 
stimulation after LD covalent labelling, a BRET-based assessment in the red and 
green channels was demonstrated using the two-phase labelling system. With 
well-designed controls and distance-restricted BRET, the accessibility of the 
orthosteric binding site was confirmed. Subsequent FLIM-FRET assays further 
solidified the BRET-based orthosteric binding site investigation results. Lastly, a 
saturation binding assay was used to evaluate the interference of the tag set by 
two-phase labelling on A1 AR ligand binding. The results showed no significant 
difference between A1 AR with or without the tag set via two-phase labelling. 

The series of evaluations presented a promising potential for the two-phase 
labelling system. As it covalently labelled A1 AR purely via chemical reactions 
without gene engineering work, it offered flexibility for reporter type by using 
different phase 2 reagents, and the orthosteric binding pocket remained free for 
another ligand access. It could serve as an alternative to self-labelling protein 
tags commonly used in biomolecular study, which required genetic engineering 
and large tag sizes, raising concerns about their impact on the target protein.
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Chapter 5. Development and Optimisation of 
Ligand-Directed Probes Targeting A1 Adenosine 
Receptors: Insights from Two-Phase Labelling 
Probes 

5.1 General 

5.1.1 Brief Introduction 

The beauty of ligand-directed (LD) covalent labelling probes lies in their ability to 
covalently tag proteins of interest (POI) in multi-component live cell systems 
through chemical reactions96, without prior genetic engineering88, while 
maintaining ligand accessibility post-labelling89. Compared to fluorescent 
proteins and self-labelling protein tags, which require genetic engineering88, LD 
probes represent a relatively natural approach. Additionally, the minimal impact 
arising from the small tag size (fluorophores, below 1 kDa) compared to protein 
tags (GFP, 27 kDa79; SNAP-tag, 19 kDa122) is valuable for biomolecule studies. To 
serve as reliable tools, LD probes must exhibit several key characteristics: high 
selectivity for the target POI, rapid labelling kinetics, sufficient chemical stability, 
minimal interference with ligand access to the orthosteric binding pocket 
following tagging, and negligible impact on the native function of the POI189 
(Figure 5-1). High selectivity is essential to minimise off-target labelling and 
enhance the signal-to-noise ratio, thereby facilitating accurate interpretation of 
downstream data, such as the subcellular localisation of the POI when 
fluorescent tags are employed. Rapid labelling kinetics reduce the required 
incubation time, making the approach more practical for experimental 
workflows95,96. Adequate stability is also critical, as the LD probe must remain 
intact until it reaches and labels the POI88,189. Degradation in stock solutions or 
aqueous environments can reduce the effective concentration of the probe and 
increase the presence of competing ligands (e.g., congeners), thereby 
diminishing labelling efficiency. 

Importantly, the labelling tag must not obstruct access to the orthosteric binding 
pocket. If access is blocked, the probe functions as an irreversible ligand rather 
than a true LD probe, precluding subsequent functional assays. In contrast, 
successful LD labelling should preserve orthosteric accessibility, enabling 
continued receptor activity and downstream pharmacological evaluation96,190. 
Finally, the labelling process should exert minimal influence on the POI’s 
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function to ensure that experimental observations reflect physiological 
conditions rather than artifacts introduced by the labelling strategy74,189. 

Several of the key characteristics of LD probes are interrelated. For instance, high 
reactivity is often accompanied by reduced stability, as the reactive moiety is 
prone to undesired interactions with nucleophiles such as amino acids in the 
medium (e.g., lysine and cysteine), water molecules in solution, or even the 
phenol group within the LD probe itself88,180. As a result, a balance must be struck 
between reactivity and stability to achieve optimal performance. For example, 
2,3,5,6-tetrafluorophenyl ester is too reactive to be incorporated into LD probes 
due to its low stability, which poses challenges during synthesis92. In contrast, 
2,6-dibromophenyl ester92, 2,6-dichlorophenyl ester92, and 2-fluorophenyl 
ester74,113 are less reactive due to the presence of fewer electron-withdrawing 
halogens on the phenyl ring. However, these moieties offer improved stability 
and can be successfully incorporated into LD probes74,92,113. 

Another interdependent relationship exists between selectivity and labelling 
duration. Extremely high selectivity allows for the use of higher LD probe 
concentrations during the labelling step without inducing off-target effects. 
Increased probe concentration enhances the rate of binding to the target POI, as 
the observed association rate constant (Kon(obs)) is directly proportional to ligand 
concentration. Since LD probe labelling involves an initial binding event followed 
by a covalent cargo transfer reaction, accelerating the binding step can reduce 
the overall labelling time189. 

Designing an LD probe that simultaneously fulfils all desired criteria remains a 
significant challenge. Iterative structural modifications informed by 
pharmacological data, along with strategic compromises, are often necessary to 
optimise probe performance. 
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Figure 5-1. Five Aspects for Characterising LD Probes.  
Selective Binding: The ability of LD probes to selectively bind to target proteins in a multi-
component environment. Stability: Fast degradation in aqueous environments limits the 
pragmatic application of LD probes. Reaction Speed: The reaction speed between LD probes 
and nucleophilic amino residues on the target protein, influenced by the type of reactive 
moiety and nucleophile, the distance between the reactants, and the microenvironment 
where the reaction occurs. Ligand Accessibility: The ability of ligands to freely bind to tagged 
target proteins post-labelling, enabling further investigation. Impact on Target Protein: The 
effects of labelling on the target protein, including changes in function and trafficking. Figure 
created via BioRender (www.biorender .com) 

 

5.1.2 The Aim of This Chapter 

Comeo’s LD probe 1-56, which transfers a sulfo-Cy5 group onto A1 AR, 
demonstrated nanomolar binding affinity for A1 AR. No binding was observed for 
A2B or A3 ARs at concentrations up to 500 nM in saturation binding assays, 
effectively eliminating concerns about off-target labelling for these subtypes. 
However, probe 1-56 also exhibited measurable binding to A2A ARs, with an A1/A2A 
selectivity ratio of only 5.9-fold (affinity data present in Chapter 3, Table 3-5). 

To address the limited A1/A2A selectivity, structural modifications were made to 
probe 1-56, focusing on the linker and phenyl ester position. These modifications 
yielded four new LD probes with improved A1/A2A selectivity, ranging from 8.2- to 
18.9-fold, while maintaining selectivity against A2B and A3 ARs (Chapter 3, Table 
3-5). Although these changes enhanced selectivity modestly, further 
improvement was still necessary. 

In Chapter 4, a related LD probe, 1-57 (which transfers a TCO group), was 
structurally optimised through similar modifications to produce probe 4-5. Both 
probe 1-57 and probe 4-5 demonstrated approximately 100-fold selectivity for A1 

over A2A ARs (Chapter 4, Table 4-1). Notably, probes 3-22 (sulfo-Cy5) and 4-5 
(TCO) share the same pharmacophore, γ-aminobutyric acid linker, and meta- 
phenyl ester. In contrast, probes 1-56 (sulfo-Cy5) and 1-57 (TCO) incorporate the 

http://www.biorender/
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same pharmacophore, a β-alanine linker and a para-substituted phenyl ester. 
Despite these similarities, the TCO-tethered probes consistently exhibited higher 
A1/A2A selectivity (Figure 5-2A). 

These structure–activity relationships between the two probe sets highlight the 
influence of cargo constitution on receptor subtype selectivity. This insight 
guided further structural modifications aimed at enhancing the selectivity of 
single-phase LD probes, such as sulfoCy5 derivatives. 

 

5.2 Structure Design 
Probe sets 1-56 (SulfoCy5) and 1-57 (TCO), along with sets 3-22 (SulfoCy5) and 
4-5 (TCO), are presented in Figure 5-2A. Within each pair, the only structural 
difference lies in the transferred cargo—either SulfoCy5 or a linear chain 
conjugated to TCO. Ligands bearing the TCO group exhibited a higher A1/A2A 
selectivity ratio compared to their SulfoCy5-containing analogues, suggesting 
that the linear chain may play a critical role in modulating selectivity. 
Furthermore, LD probes incorporating a γ-aminobutyric acid (GABA) linker and a 
meta-2-fluorophenyl ester demonstrated slightly enhanced selectivity relative to 
those containing a β-alanine linker and a para-2-fluorophenyl ester. Based on 
these observations, a new probe, 5-3, was designed by substituting the TCO 
group in probe 4-5 with SulfoCy5. Given that the linear chain in probe 5-3 was 
longer than that in probe 4-5, a polyethylene glycol (PEG) truncated version 
(probe 5-8) was also developed to preserve the original chain length (Figure 5-
2B).  



200 
 

 
 

 

Figure 5-2. Ligand Design Strategy Informed by Structure–Selectivity Relationship Data.  
(A) Two sets of LD probes are shown, each comprising one probe conjugated to sulfoCy5 and 
another tethered to a TCO group. The upper set features a β-alanine linker (green) and a para-
2-fluorophenyl ester (blue), while the lower set incorporates a γ-aminobutyric acid (GABA) 
linker (green) and a meta-2-fluorophenyl ester (blue). Probes 4-5 and 1-57, both containing the 
TCO cargo, exhibited approximately 100-fold selectivity for A1 over A2A ARs, suggesting that the 
additional linear structure in the cargo might have been key for selectivity. (B) Given that probe 
4-5 demonstrated the highest A1/A2A selectivity, it was used as a structural template for further 
optimisation. Probe 5-3 was designed by replacing the TCO group in probe 4-5 with sulfoCy5, 
while probe 5-8 was generated by truncating the polyethylene glycol (PEG) moiety to preserve 
the linear chain length of probe 4-5. 
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5.3 Result and Discussion 

5.3.1 Chemistry 

5.3.1.1 Synthesis 

The synthesis route of probes 5-3 and 5-8 is outlined in Scheme 5-1 and Scheme 
5-2. The synthesis commenced with the preparation of the cargo's linear chain. 
Compound 4-1 was extended through a coupling reaction with succinic 
anhydride in the presence of DIPEA in CHCl3, yielding compound 4-2. 
Subsequently, esterification with compound 3-20 produced compound 5-1. In 
this reaction, compound 4-2 was first activated with BEP in the presence of 
DIPEA in DMF. Compound 3-20, dissolved in DMF, was then added to the 
preactivated 4-2 solution, and the reaction proceeded at room temperature 
overnight. Further purification was performed via RP-HPLC using a C18 
semipreparative column. To couple the SulfoCy5 fluorophore, acid t-Boc 
deprotection was applied to compound 5-1, yielding compound 5-2, which 
possessed an alkyl amine moiety in hydrochloride salt form. Compound 5-2 and 
SulfoCy5 NHS ester were coupled in the presence of DIPEA in DMF for two hours 
at room temperature. Final purification was conducted via RP-HPLC using a C18 
semipreparative column, affording probe 5-3.  

 

Scheme 5-1. Synthesis of Probe 5-3 

 
a Reagents and conditions: (a) succinic anhydride, DIPEA, CHCl3, rt, overnight, (4-2) 36%; (b) 
BEP, DIPEA, compound 3-20, DMF, rt, overnight, (5-1) 37%; (c) 4 N HCl in dioxane, rt, 1 hr; (d) 
SulfoCy5 NHS ester, DIPEA, DMF, rt, 2 hr, (5-3) 43%. 
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The synthesis of probe 5-8 replicated the procedures mentioned above but 
started with compound 5-4. Through chain extension with succinic anhydride, 
esterification with compound 3-20, followed by t-Boc deprotection, and coupling 
with SulfoCy5 NHS ester, probe 5-8 was obtained as the final product. 

Scheme 5-2. Synthesis of Probe 5-8 

 
a Reagents and conditions: (a) succinic anhydride, DIPEA, CHCl3, rt, overnight, (5-5) 73%; (b) 
BEP, DIPEA, compound 3-20, DMF, rt, overnight, (5-6) 56%; (c) 4 N HCl in dioxane, rt, 1 hr; (d) 
SulfoCy5 NHS ester, DIPEA, DMF, rt, 2 hr, (5-8) 70%. 

 

5.3.1.2 Synthesis Sequence 

The synthetic route for probes 5-3 and 5-8 differed from that employed for probe 
4-5. In the synthesis of probe 4-5, the complete cargo transfer moiety was 
assembled prior to forming an ester linkage with compound 3-20 in the final step. 
In contrast, the synthesis of probes 5-3 and 5-8 was divided into two stages: 
initial attachment of the linear chain to compound 3-20, followed by final 
coupling with NHS-SulfoCy5 (Figure 5-3). Although this stepwise approach was 
counterintuitive—given that linear synthesis typically results in lower overall 
yields—it was adopted as a practical compromise to overcome synthetic 
challenges. 

Initially, the strategy involved preparing the entire cargo moiety for subsequent 
esterification. However, this approach failed to yield the desired products, even 
when various coupling reagents such as DMTMM, BEP, and T3P were employed 
(Figure 5-4). The failure was likely due to the hydrophilic nature of the SulfoCy5 
moiety, which may have impeded the reaction, whereas reactions involving more 
lipophilic termini (e.g., t-Boc or TCO) proceeded successfully. Consequently, two 
novel probes were synthesised by first attaching the linear chain, followed by 
coupling with NHS-SulfoCy5 as the final step (Figure 5-3). 
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Figure 5-3. Synthetic Strategies for Incorporating the Cargo Transfer Moiety to Yield the 
Final Probes.  
The top route illustrates the synthesis of probe 4-5, in which compound 3-20 is coupled in a 
single step with the fully assembled cargo moiety. The middle and bottom routes depict the 
synthetic strategies for probes 5-3 and 5-8, respectively. In these cases, compound 3-20 is first 
coupled with a linear chain moiety, followed by acid-mediated t-Boc deprotection and 
subsequent coupling with NHS-SulfoCy5. This stepwise approach, while necessary to 
overcome synthetic challenges, resulted in a lower overall yield for probes 5-3 and 5-8. 

 

 

 
Figure 5-4. Esterification Reaction.  
The upper part displays the 3-20 esterification with different reactants. Carboxylic acid 
tethering TCO or t-Boc at the other end of the linear chain give the desired compound in the 
presence of BEP and DIPEA in DMF. However, carboxylic acid tethering SulfoCy5 does not 
afford the desired compound under three coupling conditions. The structures of the coupling 
reagents are displayed at the bottom. 
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5.3.1.3 Stability Assessment  

5.3.1.3.1 Stability 24-Hour Assessment 

The LD probe was designed to react with nucleophilic amino acid residues on the 
target protein in live cells, facilitating the covalent transfer of cargo. However, 
water and other ingredients in the labelling environment reacted with LD probes, 
accelerating the degradation rate. To validate whether the newly synthesised LD 
probe possessed acceptable stability for live cell application, RP-HPLC-based 
analysis was conducted as a preliminary assessment. The experiment details are 
described in Chapter 2, Section 2.2.6.1. In Chapter 4, different incubating 
solutions in the LD probe labelling step affected the final labelling efficiency. 
Therefore, in addition to HBSS (used for stability assessment in Chapter 3, 
session 3.2.1.3), three other solutions were tested: Dulbecco's Modified Eagle 
Medium (DMEM) with phenol supplemented with 10% foetal calf serum (FCS), 
DMEM without phenol red, and DMEM with phenol. Probe 5-8 was prepared at 
1.2 mM in each of the four solutions. Caffeine at 2 mM was used as the internal 
standard. The prepared solutions were placed on a heat block preheated to 37°C. 
Samples were analysed through RP-HPLC with a C18 analytic column at various 
time points. The results are displayed in Figure 5-5 to Figure 5-8. 
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Figure 5-5. Stability Assessment of Probe 5-8 in HBSS at 37 °C.  
Probe 5-8 was prepared at a concentration of 1.2 mM in HBSS and incubated at 37 °C. The 
percentage of intact probe 5-8 decreased over time, with approximately 50% remaining after 
five hours of incubation. Panel (A) presents the retention times of caffeine (internal standard), 
probe 5-8, compound 3-20 (a congener), and sulfoCy5. The area under the curve (AUC) for 
probe 5-8, compound 3-20, and sulfoCy5 was normalised to that of caffeine, converted into 
percentages, and displayed as both a table and a line graph. Panel (B) shows the RP-HPLC 
spectra of probe 5-8 samples collected at various time points, with annotated peaks 
corresponding to the identified compounds. 
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Figure 5-6. Stability Assessment of Probe 5-8 in DMEM Supplemented with 10% FCS at 
37 °C.  
Probe 5-8 was prepared at a concentration of 1.2 mM in DMEM containing phenol red and 
supplemented with 10% FCS, and incubated at 37 °C. The percentage of intact probe 5-8 
decreased over time and was no longer detectable after three hours of incubation. Panel (A) 
presents the retention times of caffeine (internal standard), probe 5-8, compound 3-20 (a 
congener), and sulfoCy5. The area under the curve (AUC) for probe 5-8, compound 3-20, and 
sulfoCy5 was normalised to that of caffeine, converted into percentages, and displayed as 
both a table and a line graph. Panel (B) shows the RP-HPLC spectra of probe 5-8 samples 
collected at various time points, with annotated peaks corresponding to the identified 
compounds. 
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Figure 5-7. Stability Assessment of Probe 5-8 in DMEM at 37 °C.  
Probe 5-8 was prepared at a concentration of 1.2 mM in DMEM containing phenol red and 
incubated at 37 °C. The percentage of intact probe 5-8 decreased over time and was no longer 
detectable after three hours of incubation. Panel (A) presents the retention times of caffeine 
(internal standard), probe 5-8, compound 3-20 (a congener), and sulfoCy5. The area under the 
curve (AUC) for probe 5-8, compound 3-20, and sulfoCy5 was normalised to that of caffeine, 
converted into percentages, and displayed as both a table and a line graph. Panel (B) shows 
the RP-HPLC spectra of probe 5-8 samples collected at various time points, with annotated 
peaks corresponding to the identified compounds. 
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Figure 5-8. Stability Assessment of Probe 5-8 in DMEM Without Phenol Red at 37 °C. 
 
Probe 5-8 was prepared at a concentration of 1.2 mM in DMEM without phenol red and 
incubated at 37 °C. The percentage of intact probe 5-8 decreased over time and became 
undetectable after three hours of incubation. Panel (A) displays the retention times of caffeine 
(internal standard), probe 5-8, compound 3-20 (a congener), and sulfoCy5. The area under the 
curve (AUC) for probe 5-8, compound 3-20, and sulfoCy5 was normalised to that of caffeine, 
converted into percentages, and presented as both a table and a line graph. Panel (B) shows 
the RP-HPLC spectra of probe 5-8 samples collected at various time points, with annotated 
peaks corresponding to the identified compounds. 

 

HBSS provided the most stable environment for probe 5-8 among the four tested 
solutions, with over 80% of the probe remaining intact after one hour of 
incubation, whereas the other three conditions resulted in less than 10% 
remaining (Table 5-1). 
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Table 5-1. Area Under the Curve (AUC) values for Probe 5-8 Incubated at 
37 °C in Four Different Solutions. 

Solution HBSS 
DMEM with 
Phenol red 

and 10% FCS 

DMEM with 
phenol red 

DMEM 
without 

phenol red 

Incubation 
(Hr) 

Raw AUC of probe 5-8/ 
Raw AUC of caffeine (internal standard)/ 

Intact probe 5-8 percentage * 

0 
30,902,469/ 
16,890,709/ 

98.84% 

20,290,837/ 
15,187,737/ 

98.26% 

33,658,483/ 
16,800,126/ 

98.38% 

38,462,836/ 
15,750,372/ 

96.32% 

1 
25,326,858/ 
17,519,724/ 

84.18% 

671,717/ 
15,709,690/ 

3.13% 

1,139,863/ 
17,405,603/ 

3.20% 

2,976,578/ 
17,550,795/ 

7.03% 

3 
25,493,497/ 
18,337,030/ 

65.08% 
0 0 0 

* The percentage of intact probe 5-8 was calculated by normalising the AUC values of probe 5-8, 

congener 3-20, and sulfoCy5 to that of the internal standard, caffeine. The final percentage was 
determined using the formula: probe 5-8 / (probe 5-8 + congener 3-20 + sulfoCy5).  

 

The accelerated degradation of probe 5-8 in DMEM may be attributed to its high 
concentrations of amino acids, such as 1 mM lysine and 0.2 mM cysteine. The 
nucleophilic side chains of these amino acids are capable of reacting with the 
electrophilic moiety of probe 5-8, thereby promoting its decomposition. In 
contrast, HBSS—composed of inorganic salts, HEPES, glucose, and water—
lacks amino acids, resulting in greater stability of probe 5-8 under the same 
conditions. 

Surprisingly, similar degradation profiles were observed in DMEM with and 
without FCS. This was unexpected, as the addition of FCS—containing a 
complex mixture of hormones, growth factors, proteins, and lipids—was 
anticipated to enhance the degradation rate of probe 5-8. 

A notable difference was observed between DMEM formulations with and 
without phenol red. Although phenol red is commonly used as a pH indicator in 
cell culture media, its presence appeared to affect the stability of probe 5-8. After 
one hour of incubation, the amount of intact probe was approximately two-fold 
lower in the presence of phenol red (Table 5-1). This effect may be explained by 
the nucleophilic nature of the phenol group in phenol red, which can react with 
the reactive moiety of probe 5-8 (see Chapter 4, Figure 4-13). According to the 
supplier’s formulation (Sigma-Aldrich, catalogue number D6545), the 
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concentration of phenol red in DMEM is approximately 40 μM, which may be 
sufficient to contribute to the observed degradation. 

These findings also relate to observations discussed in Chapter 4, Section 
4.3.2.2.5, which examines the influence of incubation media on the final 
labelling outcomes of the two-phase labelling probe 4-5. The comparable extent 
of ester bond cleavage observed for probe 5-8 in DMEM with and without FCS 
helps explain the suboptimal labelling performance of probe 4-5 in DMEM with 
FCS. This may be attributed to the isomerisation of trans-cyclooctene (TCO) into 
its less reactive cis form. In contrast, improved confocal imaging results were 
obtained in DMEM without FCS (see Chapter 4, Figure 4-14), supporting this 
hypothesis. 

Furthermore, the slightly slower degradation of probe 5-8 in DMEM without 
phenol red, compared to DMEM with phenol red, provides a plausible 
explanation for the enhanced two-phase labelling observed in confocal images 
(Chapter 4, Figure 4-12). This suggests that phenol red may contribute to probe 
instability, likely through nucleophilic attack on the ester moiety. 

These results also connect to the discussion in Chapter 3, Section 3.2.1.2, 
which addresses ligand stability in HBSS at 37 °C over a 25-hour period. In that 
study, over 85% of probes 3-16 and 3-22 remained intact after 25 hours of 
incubation. In contrast to probe 5-8, probes 3-16 and 3-22 lack long linear linkers 
between the sulfoCy5 fluorophore and the 2-fluorophenyl ester group, and 
exhibited significantly slower degradation. This difference may be attributed to 
the steric hindrance provided by the proximity of sulfoCy5 to the ester moiety in 
probes 3-16 and 3-22—a feature absent in probe 5-8, where sulfoCy5 is spatially 
distant from the reactive site. These findings underscore that even when probes 
share the same reactive moiety, their overall molecular architecture can 
significantly influence their stability. 

5.3.1.3.2 Stability of DMSO-Aliquoted Probe 5-8 Stored in a -20°C Freezer 

Synthesised LD probes were prepared as a 1 mM stock solution in DMSO and 
stored in a -20°C freezer for subsequent pharmacological assessment. To ensure 
that probe 5-8 remained above 95% purity, a weekly analysis of the DMSO-
aliquoted 5-8 stock solution was conducted. The experimental details are 
described in Chapter 2, Section 2.2.6.3. Probe 5-8 was prepared as a 1.2 mM 
solution in DMSO and dispensed in 20 μL aliquots into amber microcentrifuge 
tubes, which were stored in a -20°C freezer. Each week, a microcentrifuge tube 
was taken from the freezer, thawed at room temperature for 30 minutes, and 
subjected to RP-HPLC analysis. The analysis data are displayed in Figure 5-9. The 
results showed that the purity of probe 5-8 fell below 95% after seven weeks of 
storage in the -20°C freezer. Based on these findings, it is recommended that 
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probe 5-8 be stored in dry powder form for long-term storage. The powder can be 
pre-weighed into individual glass vials in quantities ranging from 0.1 to 0.2 mg. It 
is recommended that the DMSO-aliquoted 5-8 stock solution be re-prepared 
every six weeks to ensure that the purity used in pharmacological assessments 
remains above 95%. 
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Figure 5-9. Purity Examination of DMSO-Aliquoted Probe 5-8 via RP-HPLC.  
(A) 20 μL of the 5-8 stock solution in DMSO was submitted to RP-HPLC with 2 mM caffeine as 
the internal standard. The retention times and percentages of the compounds were tabulated. 
After seven weeks of storage, the percentage of intact probe 5-8 fell below 95%, as shown in 
the bar chart. The experiment for Week 2 was not conducted due to attendance at a medicinal 
chemistry summer school. (B) HPLC spectra from the weekly assessments are displayed, with 
annotations of compounds corresponding to their peaks. 
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5.3.2 Pharmacology 

5.3.2.1 AR Subtype Binding Affinity Screen 

The investigation of AR affinity for newly synthesised ligands began with the A₁ 
subtype to determine whether binding affinity was retained following structural 
modifications. The NanoBRET saturation binding assay, a widely used method for 
evaluating the binding affinity of fluorescent ligands72,74,77,117,121, was employed for 
this purpose. HEK293T cells stably expressing NLuc tag on the N-terminus of 
human A₁ ARs (NLuc-hA₁ARs), which are readily available in our laboratory, were 
used in the assay. 

Accordingly, the binding affinities of probes 5-3 and 5-8 toward A₁ AR were 
assessed using the NanoBRET-based saturation binding assay. The experimental 
design and procedures are detailed in Chapter 2, Section 2.1.2.1. On the day of 
the experiment, HEK293T cells expressing NLuc-hA₁ARs were incubated with 
either HBSS or HBSS containing 1 μM DPCPX (a selective A₁ AR antagonist) for 30 
minutes. Subsequently, varying concentrations of probes 5-3 or 5-8 were added 
to the respective wells and incubated for one hour. At the end of the incubation 
period, furimazine was added to each well, followed by a 5-minute equilibration, 
and BRET measurements were performed using a PHERAstar FS plate reader 
(BMG Labtech). 

The resulting saturation binding curves are shown in Figure 5-10. Both probes 
demonstrated specific binding to A₁ ARs, with low nanomolar dissociation 
constants (Kd): 5.04 ± 1.18 nM (n = 5) for probe 5-3 and 4.11 ± 0.53 nM (n = 5) for 
probe 5-8. These preliminary results are promising, indicating that the structural 
modifications not only preserved but may have enhanced the binding affinity of 
the probes toward A₁ AR. 

  
Figure 5-10.  NLuc-hA1 AR Saturation Binding Assay.  
The left panel shows the experimental results for probe 5-3, while the right panel displays the 
results for probe 5-8. Both probes 5-3 and 5-8 exhibited a concentration-dependent increase 
in total binding. Non-specific binding was defined by cells preincubated with 1 μM DPCPX. The 
data are presented as the mean ± SEM from five independent experiments conducted in 
triplicate. 
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The binding affinity of probes 5-3 and 5-8 toward the other three subtypes of ARs 
was investigated to obtain selectivity information. Experimental details are 
described in Chapter 2, Section 2.1.2.1. The procedures were similar to the A1 AR 
binding affinity assessment but utilised different cell models and antagonists. 
For the A2B and A3 AR assessments, HEK293G cells stably expressing NLuc-hA2B 
and NLuc-hA3 ARs were employed, respectively. For the A2A AR assessment, 
HEK293T cells transiently expressing NLuc-hA2A ARs were used. The selective 
antagonists used at 1 μM to define non-specific binding in each subtype 
saturation binding assay were as follows: ZM241385 for A2A, PSB603 for A2B, and 
MRS1220 for A3 ARs. The pKd values measured from the saturation binding assays 
for the four AR subtypes are summarised in Table 5-2.
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Table 5-2. Binding Affinity of LD Probes to AR Subtypes 

Probe a 
Cargo additional 
chain structure Reporter 

pKd (pKi) mean + SEM (n) A1 /A2A   

selectivity  

(Folds) e NLuc-hA1 NLuc-hA2A NLuc-hA2B NLuc-hA3 

3-22 --b SulfoCy5 7.55 + 0.17 (5) 6.45 + 0.09 (5) < 6.60 (5) c < 6.60 (5) c 12.6 
4-5 Succinic acid-PEG- TCO 7.78 + 0.13 (5) 5.73 + 0.05 (4) 5.39 + 0.01 (5) < 5 (5)d 112 
5-3 Succinic acid-PEG- SulfoCy5 8.35 + 0.12 (5) 7.00 + 0.06 (5) < 6.60 (5) c < 6.60 (5) c 22.4 
5-8 Succinic acid-butyl- SulfoCy5 8.41 + 0.07 (5) 6.80 + 0.10 (5) < 6.60 (5) c < 6.60 (5) c 40.7 

Data represented the mean ± SEM from independent saturation experiments (competition assays for probe 4-5, proceeded with CA200645 as the fluorescent ligand 
at 15 nM across four AR subtypes) performed in triplicate (the repetition is indicated in the parentheses). Nonspecific binding was defined by preincubating cells 
with 1 μM of a specific antagonist (DPCPX for A1, ZM241385 for A2A, PSB603 for A2B, and MRS1220 for A3 ARs) for 30 minutes. NLuc-hA1 ARs were expressed by HEK293T 
stable cell line while NLuc-hA2B, and hA3 ARs were expressed by HEK293G stable cell lines. NLuc-hA2A ARs were expressed by transiently transfected HEK293T cells 
with the NLuc-hA2A AR plasmid. 

a. These probes shared the same orthostere, linker, and reactive moiety (meta-2-fluorophenyl ester). 
b. Probe 3-22 was synthesised by direct esterification of the congener and SulfoCy5 free acid, without an additional chain between the ester bond and SulfoCy5. 
c. Saturation was not reached at 500 nM. Additionally, the total binding presented as a flat line parallel to the non-specific binding line. Therefore, its Kd must 

be greater than 250 nM, which converted to a pKd of 6.60. 
d. 50% displacement was not reached at a concentration of 10 μM in a competition assay with 15 nM CA200645 as the fluorescent ligand. 
e. A₁/A2A selectivity was calculated as the antilogarithm of the difference between pKd values: 10^(pKd A₁ − pKd A2A). 
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Cargo moiety modification inspired by probe 4-5 elevated A1/A2A selectivity. Probe 
5-3, which duplicated the linear chain in the cargo moiety, increased the 
selective ratio to 22-fold compared to probe 3-22's 13-fold, which lacked an 
additional linear chain. By adjusting the chain length, probe 5-8 further improved 
A1/A2A selectivity to 40-fold. These findings highlight that fine-tuning the length of 
the linear linker between the reactive moiety and the sulfoCy5 fluorophore can 
significantly influence receptor subtype selectivity. 

5.3.2.2 Covalently Labelling A1 ARs 

5.3.2.2.1 Pilot Study to Determine the DPCPX Concentration Required to Inhibit 
Probe 5-8 Labelling 

Probe 5-8 demonstrated the highest A1/A2A selectivity among a series of LD 
probes that directly transferred SulfoCy5 onto A1 ARs. Consequently, probe 5-8 
was selected for investigating the covalent labelling of A1 ARs. An in-gel 
fluorescence scan was employed to validate the covalent labelling capability of 
the LD probes. To subject the labelled A1 ARs to SDS-PAGE and subsequent 
fluorescence imaging, the receptors first had to be extracted from cell membrane. 

Twin-Strep (TS) tags and Strep-Tactin®-coated magnetic beads are widely used 
for protein purification74,113,142. By engineering a recombinant protein with TS tags, 
the tagged protein can bind to Strep-Tactin® on magnetic beads, enabling its 
separation from complex protein mixtures142. This interaction is reversible, as 
biotin can displace the TS tag due to its higher affinity for Strep-Tactin®142. 

HEK293G cells stably expressing TS-SNAP-A1ARs, prepared by Dr. Simon Platt, 
were used as the cellular model for SDS-PAGE sample preparation. The TS tag 
facilitated A1 AR purification, while the SNAP tag allowed covalent labelling with 
SNAP-surface AF64774, serving as a positive control. Thus, HEK293G cells 
expressing TS-SNAP-hA1 AR were employed for this study. 

To confirm the specificity of probe 5-8 labelling and its dependence on A1 AR 
binding, cells were preincubated with DPCPX, a selective A1 AR antagonist, prior 
to probe 5-8 treatment. Instead of using a high concentration of DPCPX (e.g., 10 
μM), lower concentrations were explored to assess the sensitivity of probe 5-8 
labelling in the presence of the antagonist. 

To identify a DPCPX concentration near the threshold required to inhibit A1 AR 
labelling by probe 5-8, a BRET-based competition assay was conducted using 8 
nM of probe 5-8 as the fluorescent ligand. The competition assay procedure is 
detailed in Chapter 2, Section 2.1.2.2. HEK293T cells stably expressing NLuc-
hA1 ARs were seeded in a 96-well plate. On the day of the experiment, the 
medium was aspirated, and 8 nM of probe 5-8 was added to each well, followed 
by varying concentrations of DPCPX. After one hour of incubation, furimazine 
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was added, and the plate was equilibrated for five minutes. BRET measurements 
were then performed using a PHERAstar FS plate reader. The resulting 
competition curve is shown in Figure 5-11. 

 
Figure 5-11. NLuc-hA1 AR Competition Assay.  
The assay was conducted with HEK293T cells stably expressing NLuc-hA1 ARs. In this assay, 8 
nM of probe 5-8 was used as the fluorescent ligand against DPCPX, the non-fluorescent ligand, 
ranging from 0.01 nM to 1 μM. After an hour of incubation, furimazine was added to each well. 
The BRET measurement was carried out after a 5-minute furimazine equilibrium. The specific 
binding signal of probe 5-8 was nearly eradicated between 10 to 100 nM of DPCPX. "Total" 
indicated the wells treated with 8 nM of probe 5-8 only, while "vehicle" represented wells 
treated with HBSS only. Data are presented as the mean ± SEM from five independent 
experiments conducted in triplicate. 

 

The specific binding of probe 5-8 was nearly completely inhibited by DPCPX 
concentrations ranging from 10 to 100 nM. Therefore, a DPCPX concentration 
corresponding to a pIC₅₀ of 7.5 (approximately 30 nM) was selected for preparing 
samples for in-gel fluorescence scanning to block A1 AR labelling by 4 nM of 
probe 5-8. 
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5.3.2.2.2 A1 AR Labelling Validated via In-Gel Fluorescent Scan 

The concentration of DPCPX determined by competition was 30 nM (equal to 7.5 
(-log)), allowing the sample preparation for the in-gel fluorescent scan to proceed. 
The experimental details are described in Chapter 2, Section 2.1.4. In the 
receptor labelling steps, four conditions were arranged. Cells in a T175 flask (80-
95% confluence) incubated with 50 nM of SNAP surface AF647 or DMEM without 
phenol red for one hour served as positive and negative controls, respectively. 
For the experimental sets, cells in a T175 flask were incubated with 4 nM of probe 
5-8 in the presence or absence of 30 nM DPCPX pretreatment for one hour. At the 
end of incubation, the media were removed, and the cells were gently washed 
twice with warm phosphate buffered saline (PBS). Cells were detached using 
enzyme-free cell detachment solution, pelleted by centrifugation, and the 
supernatant was discarded. The cell pellet was then ready for receptor extraction 
or temporarily stored in a -80°C freezer. The procedures for subsequent receptor 
solubilisation, extraction via MagStrep “type3” XT beads, receptor elution via 
biotin, SDS-PAGE separation and gel scanning are detailed in Chapter 2, Section 
2.1.4. The gel images are displayed in Figure 5-12. A fluorescent band was 
observed in the probe 5-8 labelling set and was absent in the DPCPX 
pretreatment set. The fluorescent band not only positioned at the same height as 
the band in the positive control lane (SNAP-surface AF647) but also matched the 
calculated TS-SNAP-A1 AR molecular weight (59 kDa). This gel image indicated 
that probe 5-8 specifically and covalently labelled A1 ARs. 
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Figure 5-12. Covalent Labelling of hA1 ARs Demonstrated via In-Gel Fluorescence 
Scanning.  
HEK293G cells stably expressing human A1 adenosine receptors (hA1 ARs) with N-terminal 
Twin-Strep and SNAP tags were used as the cellular model. For the negative control, cells were 
incubated with DMEM without phenol red. As a positive control, cells were treated with 50 nM 
SNAP-surface AF647, which covalently binds to the SNAP tag on A1 ARs. Experimental 
conditions included incubation with 4 nM probe 5-8, either alone or following preincubation 
with 30 nM DPCPX, a selective A1 AR antagonist. In the Cy5 fluorescence scan (left panel), a 
distinct fluorescent band was observed in cells treated with probe 5-8, which was absent in 
the DPCPX-pretreated group. The band position matched that of the positive control and 
corresponded to the expected molecular weight of 59 kDa. These findings confirm that probe 
5-8 specifically and covalently labelled A1 ARs. The IRlong scan (right panel) shows the same 
gel stained overnight with InstantBlue®, verifying protein loading across all lanes. Samples of 
A1 ARs extracted using MagStrep Type 3 XT beads were loaded into the gel as follows: 20 μL for 
the SNAP-Surface AF647-labelled sample and 40 μL for all other conditions. This difference in 
loading volume was evident in the IRlong scan, where the SNAP-Surface AF647 lane appeared 
dimmer. PageRuler™ Prestained Protein Ladder (10–180 kDa) was used as the molecular 
weight marker. Images shown are representative of three independent experiments. 

 

5.3.2.2.3 Improved Labelling Selectivity with A2A AR Antagonist 

In Chapter 3, section 3.2.2, the covalent labelling assessment demonstrated that 
both A1 and A2A ARs could be covalently labelled by probe 3-15 through in-gel 
fluorescent scans. Two approaches were mentioned to achieve selective AR 
subtype labelling: optimising the AR subtype selectivity profile of probe 3-15 and 
preincubating cells with an A2A antagonist to block A2A ARs. In this study, selective 
labelling of A1 AR while leaving A2A AR untagged was investigated using probe 5-
8, following the approaches mentioned in Chapter 3. Probe 5-8 optimised A1/A2A 
selectivity (40-fold compared to probe 3-15's 18-fold). The adequate 
concentration of the A2A antagonist, ZM241385, remained to be defined. As the Ki 
of ZM241385 toward hA1 AR was 255 nM191, a high concentration (10 μM, 39-fold 
Ki) would block both A1 and A2A ARs simultaneously. To determine the proper 
concentration of ZM241385 that would block A2A AR but allow A1 AR labelling, a 
BRET-based competition assay was conducted. Competition binding assay 
procedures are described in Chapter 2, Section 2.1.2.2. HEK293T cells 
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transiently expressing NLuc-hA1 or NLuc-hA2A ARs, seeded in separate halves of 
the plate, were examined. 40 nM of probe 5-8 acted as the fluorescent ligand, 
and varied concentrations of ZM241385 served as the non-fluorescent ligand. 
Cells were incubated with the fluorescent ligand and the competing non-
fluorescent ligand for an hour. At the end of the incubation, furimazine was added 
to each well, followed by a 5-minute equilibrium. The plate was read using a plate 
reader (BMG, PHERAstar FS). The competition curves are shown in Figure 5-13.  

 
Figure 5-13. Determination of ZM241385 Concentration for Selective A2A AR Blockade 
While Preserving A1 AR Accessibility to Probe 5-8 via Competition Assay.  
HEK293T cells transiently expressing NLuc-hA1 or NLuc-hA2A were used to assess the optimal 
concentration of ZM241385 for selective A2A AR blockade while minimising interference with 
A1 ARs. Probe 5-8 (40 nM) was employed as the fluorescent ligand, while varying 
concentrations of ZM241385 served as the non-fluorescent competing ligand. Following a 1-
hour incubation with both ligands, furimazine was added to each well, and BRET signals were 
measured after a 5-minute equilibration using a PHERAstar FS plate reader (BMG Labtech). 
Probe 5-8 exhibited differing affinities for A1 and A2A ARs, with dissociation constants (Kd) of 
approximately 4 nM and 160 nM, respectively (Table 5-2). At 40 nM, the probe concentration 
corresponded to roughly 10× Kd for A1 ARs and 0.25× Kd for A2A ARs, resulting in differential 
receptor occupancy and a lower BRET signal in NLuc-hA2A compared to NLuc-hA1. As shown 
in the graph, 10 nM ZM241385 effectively inhibited the probe 5-8 BRET signal in A2A ARs (blue 
curve), while minimally affecting the signal in A1 ARs (orange curve). These results indicate that 
10 nM ZM241385 is an appropriate concentration to selectively block A2A ARs while 
maintaining A1 AR labelling with 40 nM probe 5-8. Data are presented as mean ± SEM from five 
independent experiments performed in triplicate. 

 

In Figure 5-13, the BRET ratio was lower in A2A ARs compared to A1 ARs. This 
difference is attributed to the distinct binding affinities of probe 5-8 for the two 
receptor subtypes. As shown in Table 5-2, the dissociation constants (Kd) for A1 
and A2A ARs are approximately 4 nM and 160 nM, respectively. When 40 nM of 
probe 5-8 was applied as the fluorescent ligand in the competition assay, this 
concentration represented approximately 10-fold the Kd for A1 ARs and only 0.25-
fold the Kd for A2A ARs. Consequently, the differential receptor occupancy led to 
a higher BRET signal in NLuc-hA1-expressing cells and a lower signal in NLuc-
hA2A-expressing cells. 
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In this context, 10 nM ZM241385 was identified as the optimal concentration to 
effectively block probe 5-8 binding to A2A ARs while exerting minimal interference 
with A1 AR binding. To ensure complete blockade of A2A ARs in a high-expression 
system (HEK T-Rex cells with tetracycline induced A2A AR expression; see 
Chapter 3, Section 3.2.2.2), 10 nM ZM241385 was used in combination with a 
reduced probe 5-8 concentration of 4 nM. 

To validate the selective labelling of A1 ARs, an in-gel fluorescence scan was 
performed. HEK293G cells stably expressing TS-SNAP-hA1 ARs were used as the 
A1 AR model, while HEK TRex cells stably expressing TS-SNAP-hA2A ARs (induced 
with tetracycline 24 hours prior to labelling) served as the A2A AR model. Both 
receptor constructs were N-terminally tagged with twin-strep and SNAP tags. The 
twin-strep tag enabled protein extraction using MagStrep Type 3 XT magnetic 
beads (Strep-Tactin® coated)142, while the SNAP tag allowed covalent labelling 
with SNAP-surface AF64774, which served as a positive control. Detailed 
experimental procedures are described in Chapter 2, Sections 2.1.4.1 and 
2.1.4.2. 

During receptor labelling, cells expressing TS-SNAP-hA1 or TS-SNAP-hA2A ARs 
were subjected to four conditions. Cells grown in T175 flasks (80–95% 
confluence) were incubated for one hour with either 50 nM SNAP-Surface AF647 
(positive control) or phenol red-free DMEM (negative control). Experimental 
groups were incubated with 4 nM probe 5-8, with or without 10 nM ZM241385 
pretreatment. After labelling, cells were washed twice with warm PBS, detached 
using enzyme-free dissociation buffer, and collected by centrifugation. Cell 
pellets were either processed immediately or stored at –80 °C. 

Subsequent steps—including receptor solubilisation, extraction using MagStrep 
Type 3 XT beads, elution with biotin, SDS-PAGE separation, and in-gel 
fluorescence scanning—were performed as described in Chapter 2, Sections 
2.1.4.3 to 2.1.4.5. The resulting gel images are shown in Figure 5-14.  
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Figure 5-14. A1 AR Selective Labelling with ZM241385 Preincubation Validated via In-Gel 
Fluorescent Scan.  
The left panel displays the Cy5 fluorescence scan, while the right panel shows the 
corresponding InstantBlue®-stained gel imaged under IRlong settings (visualised using Cyan 
Hot adjustment to enhance band visibility). In the Cy5 scan, fluorescent bands were observed 
for A1 ARs labelled with probe 5-8, both in the presence and absence of ZM241385. These 
bands aligned with the positive control and corresponded to the expected molecular weight of 
TS-SNAP-hA1 AR (59 kDa). In contrast, for A2A ARs, a fluorescent band was detected only in the 
positive control and in the probe 5-8-labelled sample without ZM241385 preincubation, 
indicating effective blockade of A2A AR labelling by the antagonist. These results confirm that 
selective labelling of A1 ARs was achieved using the optimised probe 5-8 in combination with 
ZM241385 preincubation. The IRlong image verifies proper sample loading across lanes. 
Notably, the loading amounts for the positive controls differed: half a portion was loaded for 
A1 AR and one-fiftieth for A2A AR, while all other samples were loaded at full volume (40 μL). 
PageRuler™ Prestained Protein Ladder (10–180 kDa) was used as the molecular weight marker. 
The images shown are representative of three independent experiments. 

 

In the Cy5 fluorescence scan, bands corresponding to A1 ARs labelled with probe 
5-8 were observed in both the presence and absence of ZM241385, although the 
band intensity was slightly reduced with ZM241385. This reduction is likely due 
to the lower probe concentration (4 nM) compared to the initial competition 
assay (40 nM, Figure 5-13). Both bands aligned with the positive control (SNAP-
surface AF647-labelled A1 AR) and matched the expected molecular weight of 
TS-SNAP-hA1 AR (59 kDa). In contrast, for A2A ARs, a fluorescent band was only 
detected in the absence of ZM241385, confirming that 10 nM ZM241385 
effectively blocked probe 5-8 binding to A2A ARs. These results validate the 
applicability of the methods described in Chapter 3 and demonstrate successful 
selective labelling of A1 ARs in an antibiotic-inducible A2A AR overexpression 
system.  
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5.3.2.2.4 Validation of A1 AR Covalent Labelling via Mass Spectroscopy 

In Chapter 3, Section 3.2.2.4, point-mutated A1 ARs were utilised to investigate 
the amino acid residue labelled by probe 3-22. However, probe 3-22 presented 
more than one possible labelling position on A1 ARs, as the specific binding signal 
was not completely absent with the addition of DPCPX in five mutated A1 ARs. An 
alternative method to elucidate the precise labelling position was through liquid 
chromatography-mass spectroscopy (LC-MS), as mentioned in Chapter 3 as well. 
LC-MS and LC-tandem-MS have been employed in proteomics to detect and 
assign protein posttranslational modifications (PTMs) such as phosphorylation, 
glycosylation, and methylation192–194. LC-MS samples could be pure protein 
samples or peptides from enzyme-digested protein fragments, depending on the 
research aim193. Digesting the target protein with different enzymes (e.g., 
trypsin195, LysC196, and GluC196) and mapping the MS-acquired data had been 
applied to determine the precise PTM site193,197,198. Therefore, the precise 
modified site of A1 AR by probe 5-8 might be elucidated through digesting A1 ARs 
into multiple peptides with different enzymes, fractionating via the LC system, 
detecting by mass, and fragments mapping analysis. 

5.3.2.2.4.1 Elevating A1 AR quantity 
Sample quality (purity and sufficient quantity) is an essential aspect of LC-MS 
proteomic analysis199. Pure protein samples minimise background noise, and the 
sufficient amount of protein enables effective MS detection. TS-SNAP-A1 ARs 
stably expressed by HEK293G cells served as the labelling model, as the TS tag 
allowed protein purification through MagStrep “type3” XT beads. However, Dr. 
Clare Harwood (previous postdoc) found that the quantity of A1 ARs extracted 
from the original HEK293G TS-SNAP-hA1 AR cell line was too low to be stained by 
SYPRO Orange dye (sensitive protein gel dye, 4-10 ng protein/band200). The 
protein quantity issue was addressed through two approaches. The first was 
elevating A1 AR expression, and the second was extending the protein elution 
period to minimise protein trapped on extraction beads. 

The method to improve target protein expression involved selecting cells with 
higher A1 AR expression from the original cell line through fluorescence-activated 
cell sorting (FACS)201. FACS applies flow cytometry to sort cells based on 
fluorescence201. In this study, TS-SNAP A1 ARs were labelled with a SNAP tag 
substrate, and cells were separated by FACS, allowing the removal of cells with 
low or no TS-SNAP-A1 AR expression. Sample preparation details for FACS are 
described in Chapter 2, Section 2.1.11. Original HEK293G TS-SNAP-A1 AR cells 
in T75 were labelled with or without (control) 50 nM of SNAP-surface 647 for 30 
minutes. Cells were then washed with warm PBS to remove excess dye and 
detached using enzyme-free cell detachment solution. After centrifugation, cells 
were resuspended at a concentration of 10*106/mL and sorted through FACS. 
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The sorting step was performed by Nicola Croxall (School of Life Sciences, 
technician). Cells were separated into two groups: those labelled with AF647 and 
those with the top 25% of AF647 signal intensity. Cell sorting signal graphs are 
displayed in Figure 5-15. The separated cell subpopulations were immediately 
seeded into T25 flasks. To examine whether A1 AR expression was improved via 
FACS, a confocal imaging study was employed. The original cell line (HEK293G 
TS-SNAP-hA1AR) and two subpopulations (AF647 positive and top 25% AF647 
intensity) were seeded in an 8-well plate. After 30 minutes of labelling with 250 
nM SNAP-surface AF488, cells were fixed with 4% paraformaldehyde at room 
temperature for 20 minutes, followed by nuclear staining with Hoechst 33258 at 
room temperature for 20 minutes. The plate was stored in a 4°C fridge and 
prepared for confocal imaging the next day. The images are presented in Figure 
5-16. The selected top 25% subpopulation exhibited the brightest AF488 labelling 
signal, while the other sets presented dimmer signals. The images indicated that 
A1 AR expression improvement through FACS selection of high A1 AR expression 
subpopulations was successful. 

 
Figure 5-15. FACS Graphs.  
HEK293G cells stably expressing TS-SNAP-hA1ARs were incubated with or without SNAP-
surface AF647 and subjected to FACS analysis. The left panel shows the negative control, 
representing cells without fluorescent labelling. The middle panel displays the sorting result, 
where the right oval within the black rectangle indicates cells exhibiting signal from the AF647. 
The right panel illustrates the selection of cells with the top 25% AF647 intensity, highlighted 
within the black rectangle. The graphs were obtained from a single FACS experiment 
conducted by Nicola Croxall. 
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Figure 5-16. Investigating TS-SNAP-A1 AR Expression through Confocal Microscopy.  
The left frames depict original HEK293G TS-SNAP-hA1AR cells. The middle frames show 
images of the FACS-separated subpopulation—cells labelled with AF647. The right frames 
exhibit images of cells with the top 25% AF647 labelling signal. The top frames display cells 
under the AF488 channel, while the bottom frames show the merged channel of AF488 
(membrane A1 AR) and Hoechst 33258202 (nuclei stain). It was apparent that the top 25% FACS 
selection resulted in the brightest A1 AR labelling, indicating successful sorting of high A1 AR 
expression cells through FACS. The scale bar represents 20 μm. Brightness and contrast were 
enhanced by 20% for all images. The images were obtained from a single experiment 
conducted in triplicate for FACS-sorted cells and duplicate for the control. 

 

The second approach to elevate A1 AR quantity involved minimising A1 AR trapped 
on extraction beads. To verify whether a considerable amount of A1 AR remained 
on the beads after a 4-hour biotin elution, an in-gel fluorescent scan was 
arranged with FACS-sorted top 25% cells labelled with 50 nM of SNAP-surface 
AF647. The experimental procedures were essentially the same as those for 
assessing probe 5-8 covalent labelling via in-gel fluorescent scanning, with 
details described in Chapter 2, Section 2.1.4. The difference lay in the elution 
step. The first elution was carried out as usual for 4 hours. A second elution was 
conducted for 16 hours with the beads used in the first elution. Both eluates were 
run through SDS-PAGE, and the gel images were obtained using a gel scanner 
(Figure 5-17). A dim fluorescent band was observed in the second eluate lane 
compared to the first eluate under the Cy5 channel. In the IRlong channel, no 
protein band was detected in the second eluate lane, indicating that only a trace 
amount of A1 AR remained trapped on the beads after the first elution. Hence, 
extending the elution period may be beneficial for increasing eluted A1 AR, but 
not excessively. 
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Figure 5-17. Evaluation of A1 AR Remaining on Beads After First Elution.  
FACS-separated top 25% HEK293G TS-SNAP-hA1 AR cells were labelled with 50 nM of SNAP-
surface AF647. The labelled A1 ARs were then solubilised and extracted using MagStrep 
“type3” XT beads. The beads were sequentially eluted for 4 hours and 16 hours. Both eluates 
were subjected to SDS-PAGE and in-gel scanning. The left image shows the gel scan under the 
Cy5 channel, where a faint fluorescent band was observed in the second eluate compared to 
the first eluate. The right image displays the InstantBlue® overnight-stained gel scanned under 
the IRlong channel, where no band was observed in the second eluate. The experiment 
suggested that some A1 AR remained trapped on the beads after first elution, but not a 
significant amount. PageRuler™ Prestained Protein Ladder (10–180 kDa) was used as the 
molecular weight marker. The images shown are from a single pilot experiment. 

 

5.3.2.2.4.2 Improved Sample Purity 
A pure protein sample was essential for LC-MS analysis, as impurities would 
complicate data interpretation and potentially mask signals from the target 
protein199. Except for the band corresponding to A1 AR, other bands were 
observed after overnight InstantBlue® staining from previous IRlong in-gel scan 
images. These additional bands were assumed to be endogenous biotin-tagged 
proteins from the membrane and/or cytosol, as the MagStrep “type3” XT beads 
could not differentiate between twin-strep tags and biotin tags. Rather than 
proceeding with solubilisation of membrane proteins using whole cells, 
membrane preparation was considered before solubilisation to minimise the 
extraction of biotin-tagged proteins from soluble proteins, nuclear material, and 
the inner membrane203. Membrane preparation procedures are described in 
Chapter 2, Section 2.1.12. After membrane preparation, subsequent SDS-PAGE 
sample preparation and gel scans were conducted as previously described in the 
in-gel fluorescent scan. The images are presented in Figure 5-18. Fewer 
additional bands were observed under the IRlong channel, indicating that 
membrane collection prior to receptor solubilisation was effective. However, 
some dim fluorescent bands were observed under the Cy5 channel in samples 
processed with membrane preparation. These bands could represent fragments 
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of A1 AR after mechanical cell membrane disruption or non-specific labelling due 
to the higher concentration used (100 nM of probe 5-8, 25 times the A1 Kd). 

 

 
Figure 5-18. Evaluation of Impurity Content Following an Additional Membrane 
Preparation Step.  
(A) An in-gel fluorescence scan was performed without a membrane preparation step, as 
previously shown in Figure 5-12 and used here for comparison. The original HEK293G TS-SNAP-
hA1 AR cell line was used, and labelling was conducted with 4 nM probe 5-8. In the IRlong scan 
image, multiple bands were observed, indicating the presence of impurities. (B) An in-gel 
fluorescence scan was performed with the inclusion of a membrane preparation step during 
SDS-PAGE sample processing. FACS-selected top 25% expressing cells were used, and 
labelling was conducted with 100 nM probe 5-8. In the IRlong scan image, fewer bands were 
observed, suggesting improved sample purity. However, additional faint fluorescent bands 
appeared around 40, 30, and 25 kDa. It remains inconclusive whether these bands represent 
A1 AR fragments or result from non-specific labelling. The images shown in (B) are from a single 
pilot experiment. 
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5.3.2.2.4.3 LC-MS analysis  
Samples for LC-MS analysis were prepared from HEK293G cells stably 
expressing TS-SNAP-A1 ARs, selected via FACS. Cells were cultured in T175 flasks 
to 80–95% confluence and subsequently incubated with 100 nM of probes 5–8 or 
maintained in HBSS for one hour. Following incubation, cells were washed with 
PBS, detached using enzyme-free dissociation buffer, and centrifuged to obtain 
cell pellets. Membrane preparations were performed as described in Chapter 2, 
Section 2.1.4. The isolated membranes were solubilised and subjected to affinity 
purification using MagStrep-type X beads, followed by elution with biotin buffer 
lacking enzyme inhibitors. The resulting A1 AR eluates were frozen at –80 °C and 
shipped to Leiden University for LC-MS/MS analysis. At the time of writing, the 
analysis is pending; the corresponding data will be incorporated into this section 
upon completion.
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5.3.2.3 Confocal Imaging Study 

Probe 5-8 exhibited a superior AR selectivity profile compared to probe 5-3. The 
A1 AR covalent labelling through probe 5-8 was validated using in-gel fluorescent 
scans. The subsequent investigation involved the application of confocal 
microscopy to determine whether probe 5-8 exhibited good signal-to-noise 
contrast. To evaluate the labelling specificity of probe 5-8 for A1 ARs, a reference 
labelling approach was employed. HEK293T cells transiently expressing SNAP-
hA1 ARs were used, as they not only provided a model for probe 5-8 labelling but 
also enabled covalent labelling with SNAP-surface AF488 via the SNAP tag, 
serving as a reference signal. Experimental procedures are detailed in Chapter 
2, Section 2.1.5.1. 

Cells were seeded in an 8-well plate and, on the day of the experiment, the 
medium was aspirated. Cells were first incubated with 250 nM SNAP-surface 
AF488 for 30 minutes to label A1 ARs as a positive control. Subsequently, a 
second labelling step was performed using 40 nM probe 5-8 (equivalent to 10× 
the Kd for A1 ARs), in the presence or absence (vehicle control) of 10 μM DPCPX 
for two hours. After each labelling step, cells were washed twice with warm 
phenol red-free DMEM. At the end of the labelling procedure, cells were washed 
with PBS, fixed with 4% paraformaldehyde, washed again with PBS, and finally 
soaked in 300 μL PBS per well in preparation for confocal imaging. 

The resulting images and signal quantification are presented in Figure 5-19A. In 
the vehicle-treated group, membrane-localised labelling was observed in both 
the AF488 and Cy5 channels, with strong colocalisation in the merged image. In 
contrast, in the DPCPX-pretreated group, fluorescence was only detected in the 
AF488 channel, indicating that probe 5-8 labelling was specific to A1 AR and 
effectively blocked by DPCPX. 

Quantitative analysis (Figure 5-19B) showed no significant difference in AF488 
signal intensity between the vehicle and DPCPX-treated groups, suggesting 
comparable A1 AR expression levels (Mann–Whitney U test, U = 3099, P = 0.7323). 
In contrast, a significant reduction in Cy5 signal intensity was observed in the 
DPCPX group (Mann–Whitney U test, U = 0, P < 0.0001), confirming that probe 5-
8 labelling was specifically inhibited by the A1 AR antagonist. These findings are 
consistent with previous results and support the specificity of probe 5-8 for A1 AR 
labelling. 
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Figure 5-19. Confocal images and signal quantification results of A1 AR labelling by probe 
5-8.  
(A) The left frames show the images observed under the AF488 channel, the middle frames 
exhibit the images observed under the Cy5 channel, and the right frames display the merged 
AF488 and Cy5 images. The top frames present the set without DPCPX preincubation (vehicle), 
while the bottom frames show the results from the DPCPX pretreatment set. Cell membranes 
were clearly visualised under the AF488 channel in both sets, while labelling was clearly seen 
under the Cy5 channel only in the vehicle set. Additionally, the well colocalisation observed in 
the vehicle set. These indicated probe 5-8 specific labelling of A1 ARs. Scale bar = 20 μm. 
Contrast and brightness were enhanced by 20% for all images. Images are representative of 
five independent experiments conducted in duplicate. (B) Signal quantification was performed 
by manually drawing the cell membrane (region of interest, ROI) using Fiji (ImageJ) and 
measuring the ROI intensity in the same software. No significant difference in AF488 intensity 
was observed between the two sets (Mann-Whitney U test, U = 3099, P = 0.7323). However, a 
significant difference in Cy5 intensity was noted between the sets with and without DPCPX 
pretreatment (Mann-Whitney U test, U = 0, P < 0.0001). Data are presented as measurements 
from 80 cells in five independent experiments for each condition, and the error bars show the 
mean ± SD. 
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The A1 AR-specific labelling via probe 5-8 was validated with confocal 
microscopy (Figure 5-19A). Probe 5-8 was subsequently applied for an agonist-
induced internalisation study. The aim was to investigate whether the orthosteric 
binding pocket of A1 AR remained accessible post 5-8 tagging. The experimental 
details are described in Chapter 2, Section 2.1.5.2. HEK293T cells transiently 
expressing SNAP-hA1ARs were seeded in an 8-well plate. On the day of the 
experiment, the cells were sequentially labelled with 250 nM of SNAP surface 
AF488 for 30 minutes and 40 nM of probe 5-8 for two hours. The cells were 
washed with warmed DMEM (without phenol red) twice after each labelling step. 
The cells were then incubated for 2 hours in the presence or absence (vehicle) of 
10 μM 2-Chloro-N6-cyclopentyladenosine (CCPA). At the end of the incubation, 
the cells were washed with PBS twice, fixed with 4% paraformaldehyde, washed 
twice with PBS, refilled with 300 μL of PBS, and prepared for confocal imaging. 
The images and signal quantification results are displayed in Figure 5-20. In the 
agonist treatment set, both the AF488 and Cy5 channels showed clustered 
signals inside the cells, and the signals were colocalised in the merged channel. 
In contrast, only a few clustered signals inside the cells were observed in the 
vehicle set. The image results were consistent with the internalisation studies in 
Chapters 3 and 4 and the literature findings118,148 that A1 ARs aggregated and 
internalised after agonist treatment. The quantification results showed a 
significant signal difference between the sets incubated with or without the 
agonist under the AF488 and Cy5 channels. The agonist-induced internalisation 
study visualised through confocal imaging suggested that the orthosteric binding 
pocket remained accessible after 5-8 labelling, and the receptor function 
(internalisation) and trafficking were minimally impacted. 
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Figure 5-20. Orthosteric Binding Pocket Accessibility Investigation.  
(A) HEK293T cells transiently expressing SNAP-hA1 ARs were labelled with SNAP surface AF488 
and probe 5-8 sequentially. The cells were incubated with or without (vehicle) the A1 selective 
agonist CCPA for 2 hours. The left images show cells observed in the AF488 channel (green), 
the middle frames show cells observed in the Cy5 channel (magenta), and the right frames 
display the merged images of both channels. The vehicle set is presented in the top frames, 
while the agonist-treated set is presented in the bottom frames. Clustered A1 ARs were 
observed in the bottom frames and were well colocalised. This suggested that the orthosteric 
binding pocket of A1 ARs remained accessible to CCPA after probe 5-8 labelling, and the 
internalisation was minimally impacted. Scale bar = 20 μm. The brightness and contrast were 
enhanced by 20% for all images. The images are representative of five independent 
experiments conducted in duplicate. (B) Signal quantification was performed by manually 
drawing the intracellular region (region of interest, ROI) using Fiji (ImageJ) and measuring the 
ROI intensity in the same software. Significant differences between the two sets were noticed 
in both channels (AF488: Mann-Whitney U test, U = 0, P < 0.0001; Cy5: Mann-Whitney U test, 
U = 14, P < 0.0001). Data are presented as measurements from 80 cells in five independent 
experiments for each condition, and the error bars show the mean ± SD. 

5.3.3 Summary and Conclusions 

In this chapter, the A1 AR-targeted LD probe directly transferring SulfoCy5 cargo 
was optimised based on structural and pharmacological data analysis. Probe 5-
8 elevated the A1/A2A selectivity ratio by 40-fold by modifying the linear chain 
length in the cargo moiety (Table 5-2). Although the new probe 5-8 provided a 
better AR affinity profile, it was less stable than the analogue probe 3-22, which 
lacked the additional linear chain in the cargo moiety. This instability may have 
resulted from the improved accessibility of nucleophiles to the phenyl ester by 
moving the bulky SulfoCy5 group an additional 10 atoms away. Despite the fast 
degradation rate, 84% of probe 5-8 remained intact after one hour of incubation 
in HBSS at 37°C (Figure 5-5), which was sufficient for A1 AR labelling in cell-based 
pharmacology studies. 

Probe 5-8 specifically and covalently labelled A1 ARs, as validated through in-gel 
fluorescent scans (Figure 5-12). Additionally, selective labelling was achieved by 
the selectivity-optimised probe 5-8 and preincubation with the A2A antagonist 
(ZM241385), as shown in Figure 5-14. The confocal image study demonstrated 
A1-specific labelling by probe 5-8, along with good signal-to-noise contrast 
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(Figure 5-19). Furthermore, the subsequent agonist-induced internalisation 
implied that the orthosteric binding pocket remained accessible after probe 5-8 
labelling and that the function of tagged A1 ARs was preserved (Figure 5-20). 

These assessments verified probe 5-8 as an acceptable LD probe for A1 ARs, with 
specificity, covalent labelling, fast cargo transfer (completed within 1-2 hours; 
shorter incubation periods were not tested), free A1 AR orthosteric binding site 
after tagging, and preserved internalised function of tagged A1 ARs without 
discernible impairment. The characteristics and low non-specific binding 
observed in confocal images made probe 5-8 a promising tool for labelling A1 ARs 
without prior genetic engineering, and it could be coupled with other techniques 
(e.g., FRET, confocal microscopy, and FLIM) for further A1 AR studies. 
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Chapter 6. General Conclusion and Outlook 
As a member of the GPCR superfamily, the A1 AR modulates downstream 
signalling pathways via Giα, Gβγ, and β-arrestin20. A1 ARs are broadly expressed 
throughout the human body, including the central nervous system, 
cardiovascular system, kidneys, and respiratory system20,31. Upon stimulation by 
adenosine, A1 ARs participate in a range of physiological processes across 
various organs and tissues. In cardiac tissue, A1 AR activation has been shown to 
exert negative chronotropic, inotropic, and dromotropic effects22,31,34. In the 
spinal cord and peripheral neurons, activation of A1 ARs contributes to analgesic 
effects19,31. In the kidneys, A1 AR activation induces constriction of afferent 
arterioles, thereby reducing the glomerular filtration rate and producing an 
antidiuretic effect19,32. 

The considerable clinical potential of A1 AR modulation has garnered substantial 
scientific interest. To enhance therapeutic efficacy while minimising off-target 
effects associated with other adenosine receptor subtypes, several potent and 
selective A1 AR agonists and antagonists have been developed and evaluated in 
clinical trials—such as FK352 for its antidiuretic properties32 and tecadenoson 
for the treatment of atrial fibrillation34,204. However, most of these candidates 
failed to progress through clinical trials due to on-target adverse effects (e.g., 
unintended activation or inhibition of A1 ARs in non-target tissues) and receptor 
desensitisation following prolonged exposure to full agonists19,34,47. Although 
partial agonists were subsequently introduced to mitigate desensitisation, they 
also proved ineffective—neladenoson, for instance, failed to demonstrate a 
dose-dependent improvement in left ventricular ejection fraction compared to 
placebo48. Consequently, attention has shifted towards allosteric modulators 
and biased agonists of A1 ARs as promising future therapeutic strategies11,17,47,49. 

Beyond their clinical relevance, recent findings have highlighted a novel role for 
A1 ARs in presynaptic neuronal modulation. Lefton et al. (2025) reported that 
norepinephrine (NE) released from locus coeruleus neurons activates α1-
adrenergic receptors on astrocytes, leading to elevated intracellular Ca²⁺ levels 
and subsequent ATP release205. Extracellular ATP is rapidly hydrolysed to 
adenosine via the ectonucleotidases CD39 and CD73205,206. The resulting 
adenosine then activates presynaptic A1 ARs, producing an inhibitory effect on 
neuronal activity205. Complementary evidence was provided by Chen et al. (2025), 
who investigated the futility response in larval zebrafish206. Their study 
demonstrated that NE-induced ATP release from astrocytes is swiftly converted 
to adenosine, which in turn activates A2B ARs, contributing to neuronal 
inhibition206. These findings underscore the complex and indirect mechanisms 
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by which astrocytes modulate neuronal activity in response to NE stimulation, 
and further highlight the multifaceted roles of ARs in neurophysiological 
regulation. 

Over the past two decades, numerous radioligands and fluorescent ligand tools 
targeting A1 ARs have been developed to support the growing demand for A1 AR 
research73,207. Due to safety concerns associated with radioactive materials, as 
well as the advantages of simplified protocols (e.g., elimination of separation 
steps) and advanced techniques such as resonance energy transfer and 
confocal microscopy, research has increasingly shifted towards the use of 
fluorescent ligands55. Both agonist- and antagonist-based fluorescent ligands 
targeting A1 ARs are summarised in Chapter 173,207. These tools have proven 
instrumental in various applications, including the screening of potential drug 
candidates55,70, the assessment of kinetic binding parameters77—such as the 
characterisation of probe 3-29 (Chapter 3, Section 2.2.5)—visualisation of 
receptor localisation (Chapter 3, Figure 3-19), and the monitoring of receptor 
trafficking following agonist stimulation (Chapter 3, Figure 3-21). 

In addition to reversible fluorescent probes, fluorescent protein tags79 (e.g., GFP) 
and self-labelling protein tags (e.g., SNAP-tag81, HaloTag83) have emerged as 
valuable tools. These tags covalently bind to target biomolecules, thereby 
eliminating concerns regarding dissociation during washing steps. However, 
both fluorescent protein and self-labelling tags require expression in genetically 
engineered cells88. To address this limitation, ligand-directed (LD) labelling 
probes—pioneered by Hamachi’s group—offer a chemical approach to label 
biomolecules in live cells without the need for genetic modification89–92,94. LD 
probes enable covalent labelling of target proteins while preserving access to the 
orthosteric binding site, in contrast to irreversible fluorescent ligands that block 
this site upon binding. The combination of covalent labelling, orthosteric site 
accessibility, minimal tag size, and independence from cell engineering renders 
LD probes highly valuable for the investigation of biomolecular functions in live-
cell contexts. 

Comeo et al. (2024) applied the LD probe strategy to A1 ARs, demonstrating the 
covalent labelling capabilities of probe 1-56 (SulfoCy5) and probe 1-57 (TCO)74. 
However, probe 1-56 exhibited cross-reactivity with A2A ARs, displaying an A1/A2A 
selectivity ratio of only 5.9-fold, thereby raising concerns about off-target 
labelling in systems co-expressing both receptor subtypes. In contrast, probe 1-
57 showed improved AR subtype selectivity but yielded weaker labelling 
efficiency compared to probe 1-56. The primary objective of this thesis was to 
develop novel LD probes targeting A1 ARs with enhanced subtype selectivity and 
improved labelling performance. 
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In Chapter 3, four analogues of probe 1-56 were synthesised by modifying the 
linker and phenyl ester positions. These structural adjustments modestly 
improved A1/A2A selectivity, increasing it from 8.2-fold to 18.9-fold. Building on 
the success of these modifications, the same design principles were applied to 
probe 1-57 (TCO), resulting in the development of a novel probe, 4-5 (TCO), as 
described in Chapter 4. Probe 4-5 demonstrated superior A1/A2B selectivity while 
maintaining favourable selectivity profiles against A2A and A3 ARs. Labelling 
efficiency was further enhanced by optimising experimental conditions, 
including serum removal prior to labelling, incubation in HBSS, and the use of 
Tetrazine-SulfoCy5 as the secondary labelling reagent. 

Additionally, probe 4-5 was employed to investigate orthosteric binding site 
accessibility. In this experiment, NLuc-tagged A1 ARs were labelled with TCO 
handle via probe 4-5 first, followed by an IEDDA reaction with tetrazine-AF488. 
BRET signals were then monitored in the presence of the reversible ligand 3-29 
(BODIPY-630/650). A significant BRET signal in the red channel indicated that 3-
29 was able to bind to AF488-labelled NLuc-A1 ARs. Pre-incubation with 1 μM 
DPCPX prior to the addition of 3-29 abolished this signal, suggesting that DPCPX 
competitively bound to the AF488-labelled receptor, thereby preventing 3-29 
access. 

In the green channel, the presence of 3-29 reduced the BRET signal relative to 
vehicle-treated controls (HBSS), while pre-incubation with DPCPX had no effect. 
The observed decrease in green BRET signal, alongside the increase in red BRET 
signal, supports the occurrence of FRET between AF488 and BODIPY-630/650, 
indicating that both fluorophores were simultaneously bound to the A1 AR. These 
findings confirm that AF488-labelled A1 ARs retain orthosteric binding site 
accessibility and that probe 3-29 can bind concurrently, thereby validating the 
utility of probe 4-5 for functional receptor studies. 

The FRET interaction between AF488 and BODIPY-630/650 (probe 3-29) on NLuc-
tagged A1 ARs was further validated using fluorescence lifetime imaging 
microscopy (FLIM-FRET) analysis (Chapter 4, Figure 4-32). A reduction in the 
AF488 fluorescence lifetime was observed upon the introduction of probe 3-29, 
compared to vehicle-treated controls. Notably, the fluorescence lifetime 
remained unchanged in the presence of 10 μM DPCPX, either alone or following 
pre-incubation prior to the addition of probe 3-29. These results support the 
occurrence of FRET and confirm the accessibility of the orthosteric binding site 
on AF488-labelled NLuc-A1 ARs. 

To assess whether the covalent AF488 tag affected ligand binding, binding affinity 
studies were conducted using probe 3-29, a reversible fluorescent ligand. 
Comparative analyses between unlabelled NLuc-A1 ARs and those labelled with 
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AF488 via the two-phase labelling system (probe 4-5 followed by tetrazine-AF488) 
revealed no significant differences in the Kd values. These findings indicate that 
the covalent tagging strategy does not substantially interfere with ligand access 
to the orthosteric site. Collectively, these results highlight the utility of ligand-
directed probes as a viable alternative for covalent protein labelling, offering 
minimal disruption to receptor function. 

In Chapter 5, the optimised A1 AR LD probe 5-8, incorporating a SulfoCy5 
fluorophore, was synthesised based on structure–affinity relationship insights 
derived from earlier probes. Probe 5-8 exhibited enhanced A1/A2A selectivity, 
achieving a 40-fold preference, while maintaining favourable selectivity against 
A2B and A3 AR subtypes. To minimise off-target labelling in systems with high A2A 
AR expression, pre-incubation with the selective A2A antagonist ZM241385 was 
employed. This approach effectively blocked A2A AR labelling while preserving 
specific labelling of A1 ARs. 

This thesis presents two optimised LD probes targeting A1 ARs: probe 5-8 
(SulfoCy5) and probe 4-5 (TCO). Probe 5-8 enables high-resolution visualisation 
of A1 ARs using fluorescence microscopy, facilitating real-time tracking of 
receptor dynamics under stimulation and localisation studies across different 
tissues and cell types79. The covalent SulfoCy5 tag also supports FRET-based 
competition assays for evaluating ligand binding affinities in non-engineered cell 
models208. Furthermore, the stable fluorescent labelling enables the 
investigation of protein–protein interactions involving A1 ARs. For instance, in 
HEK293T cells co-transfected with A1 AR and SNAP-tagged A2A ARs, A2A ARs can 
be labelled with a SNAP-substrate conjugated to AF488, while A1 ARs are labelled 
with probe 5-8. If the two receptors form heterodimers and the fluorophores are 
in close proximity, FRET can be detected by exciting the AF488 donor and 
monitoring SulfoCy5 emission. Confocal microscopy can then be used to 
visualise the spatial distribution of heterodimers and monomers by merging Cy5 
and AF488 fluorescence channels. 

Probe 4-5 demonstrated even broader applicability due to its TCO handle, which 
enables versatile labelling through bioorthogonal conjugation with tetrazine-
functionalised reporters. This modularity allows for flexible labelling strategies 
using various tetrazine-conjugated fluorophores, such as Tetrazine-AF488 and 
Tetrazine-SulfoCy5 (Chapter 4, Figure 4-14 & 4-23). Applications previously 
demonstrated with probe 5-8—including real-time visualisation of A1 ARs, 
fluorescent and non-fluorescent ligand binding studies, and protein–protein 
interaction analyses—can be replicated using probe 4-5 in combination with 
appropriate tetrazine-linked fluorophores. In particular, probe 4-5 offers 
enhanced flexibility for FRET-based protein–protein interaction studies by 
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enabling the selection of optimal FRET pairs through interchangeable tetrazine 
fluorophores. 

Beyond fluorescence imaging, the TCO handle also offers potential for positron 
emission tomography (PET) imaging when paired with 18F-labelled tetrazine 
derivatives. Adhikari et al. (2023) demonstrated this approach in vivo by 
administering a tetrazine-conjugated monoclonal antibody (CC49-Tz) to LS174T 
xenograft-bearing mice209. 72 hours later, 18F-labelled cis-dioxolane-fused TCO 
(d-TCO) was injected, and PET/CT imaging performed one hour post-injection 
successfully visualised tumour localisation209. This study confirmed the viability 
of in vivo IEDDA chemistry for non-invasive imaging applications. Such a strategy 
presents a promising avenue for investigating A1 AR distribution in the mouse 
brain using probe 4-5 in combination with an 18F-labelled tetrazine partner. 
However, the potential isomerisation of the TCO moiety must be carefully 
considered in the design and application of this approach174.  

Additionally, the TCO handle enables biochemical applications such as protein 
purification. Previous studies have demonstrated the use of tetrazine-
functionalised beads to extract proteins labelled with TCO tags210,211. This 
approach could be adapted for A1 AR purification by reversing the tag 
configuration—labelling A1 ARs with probe 4-5 and capturing them using 
tetrazine-functionalised beads or resins. Alternatively, A1 ARs could be labelled 
with biotin via tetrazine–biotin conjugates, allowing for affinity purification using 
Strep-Tactin-coated magnetic beads. 

Furthermore, probe 4-5 enables fluorination of A1 ARs through conjugation with 
trifluoromethyl-substituted tetrazines, facilitating conformational studies via 19F 
nuclear magnetic resonance (NMR)212,213. This technique could be used to 
monitor conformational changes in response to ligand binding or protein–protein 
interactions. However, the inherently low expression levels of GPCRs may pose 
challenges due to limited signal-to-noise ratios in 19F NMR experiments. 

In summary, probes 5-8 and 4-5 represent powerful and complementary tools for 
advancing A1 AR research. Probe 5-8 offers optimised subtype selectivity and 
enables direct visualisation and FRET-based studies in non-engineered systems. 
In parallel, probe 4-5 provides exceptional versatility through its TCO handle, 
supporting a wide range of applications—from fluorescence imaging and PET to 
protein purification and 19F NMR. Together, these probes establish a robust 
platform for exploring A1 AR function across molecular, cellular, and in vivo 
contexts, paving the way for deeper mechanistic insights and future therapeutic 
innovations. 
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Suggestions for future work 

1. Structural Optimisation of LDCL Probes 

Previous studies have shown that GABA-meta-phenyl ester-based ligand-
directed covalent labelling (LDCL) probes exhibit slightly improved selectivity for 
the A1 A) over the A2A subtype, when compared to β-alanine-derived analogues. 
Docking simulations of the GABA-meta-phenol congener with both A1 and A2A 
ARs (Figure 6-1) suggest potential for structural optimisation through side chain 
modification. 

 

 

Figure 6-1. Docking poses of the GABA-meta-phenol congener in A1 and A2A ARs. This figure 
illustrates the docking configurations of the GABA-meta-phenol congener within the orthosteric 
binding sites of the A1 AR (green) and the A2A AR (blue). In the A1 AR model, there appears to be 
sufficient space to accommodate both n-butyl side chains, with one extending towards the base 
of the binding pocket. In contrast, the A2A AR model shows limited spatial accommodation for 
these side chains, suggesting that further elongation or substitution with bulkier alkyl groups—
such as 3-methylbutyl or 4-methylpentyl—may enhance selectivity for A1 over A2A ARs. Docking 
simulations were performed using Schrödinger Glide. The A1 AR structure was derived from PDB 
ID: 5EUN, and the A2A AR structure from PDB ID: 4EIY. Receptor proteins are displayed in mesh 
format, while the congener is shown in stick representation. 
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In the A1 AR binding model, one of the butyl side chains projects towards the base 
of the binding pocket, indicating that elongation by one or more methylene units 
may enhance receptor engagement. The second butyl chain, oriented laterally, 
could be modified either by elongation or substitution with bulkier alkyl groups 
such as 3-methylbutyl or 4-methylpentyl chains. In contrast, docking with the A2A 
AR revealed that these side chains do not occupy deep cavities, which may 
reduce binding affinity for modified analogues. Additionally, the A2A AR binding 
pocket entrance appears narrower than that of the A1 AR (Figure 6-2), suggesting 
that bulkier side chains may favour A1 AR selectivity. 

 

Figure 6-2. Top-down view of Congener 3-20 docked into A1 and A2A ARs. This figure presents 
the top-down docking poses of Congener 3-20 within the orthosteric binding sites of the A1 AR 
(green) and the A2A AR (blue). From this perspective, it is evident that the A1 AR possesses a wider 
entrance to the binding pocket compared to the A2A AR. This structural difference suggests that 
bulkier side chains may encounter steric hindrance at the A2A AR entrance, potentially enhancing 
selectivity for A1 AR. Docking simulations were performed using Schrödinger Glide. The A1 AR 
structure was derived from PDB ID: 5EUN, and the A2A AR structure from PDB ID: 4EIY. Receptor 
proteins are displayed in mesh format, while the congener is shown in stick representation. 

Furthermore, docking results indicate that linker composition influences the 
overall binding pose. Introducing alkyl side chains into the linker region may help 
position the terminal groups more favourably within the A1 AR pocket. For 
instance, replacing glycine with branched amino acids such as valine, leucine, or 
isoleucine could fine-tune the spatial orientation of the butyl or modified alkyl 
chains. 

Although these congeners differ significantly from the final LDCL probes, docking 
simulations of modified congeners remain a valuable tool for predicting binding 
behaviour prior to synthesis. 
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2. Additional Pharmacological Assays 

This thesis does not include data on endogenous A1 AR labelling due to the 
temporary closure of the animal facility. Should the facility resume operations, 
labelling experiments using rat dorsal root ganglion (DRG) cells could be pursued. 
This model, previously validated by Comeo et al.74, offers a practical starting 
point for evaluating probe performance in native systems. 

In parallel, human cell models may also be considered. Preliminary tests using 
ACHN (human renal adenocarcinoma) cells yielded inconclusive results, likely 
due to low endogenous A1 AR expression or limitations in imaging sensitivity. 
Alternative models such as glioblastoma cell lines, which reportedly express 
higher levels of A1 AR mRNA, may be more suitable, although their availability 
from reliable sources (e.g., ATCC, ECACC) remains limited. Induced pluripotent 
stem cell (iPSC)-derived neurons or cardiomyocytes could serve as alternative 
platforms for endogenous labelling studies. 

Upon successful labelling in an A1-dominant model, more complex systems 
could be explored to demonstrate probe selectivity. For example, a co-
expression model of A1 and A2A ARs could be used to sequentially label each 
subtype with distinct fluorophores. As demonstrated in Chapter 5, preincubation 
with a low concentration of A2A antagonist followed by application of an A1-
selective LDCL probe enabled selective A1 labelling. After thorough washing, a 
second LDCL probe targeting A2A ARs could be applied. Confocal imaging would 
then allow visualisation of subtype-specific labelling and potential receptor 
heterodimerisation. This approach would further validate the selectivity and 
versatility of LDCL probes in live-cell systems. 

3. Covalent Warhead Modulation for LDCL Probes 

Covalent warheads are widely employed in the development of irreversible 
inhibitors; however, their direct application in ligand-directed labelling is limited. 
In conventional covalent inhibitors, the warhead often occupies the orthosteric 
site after forming a covalent bond with a nucleophilic residue, thereby blocking 
receptor function. 

To address this, Reddi et al. introduced sulfamate acetamides as electrophilic 
moieties for covalent ligand-directed release (CoLDR) and labelling strategies 
(Figure 6-3)214. These warheads offer tunable reactivity and self-immolative 
cargo release, making them promising candidates for LDCL probe development. 
Replacing the 2-fluorophenyl ester moiety in current LDCL probes with a 
sulfamate acetamide could retain covalent labelling capability while improving 
aqueous solubility by reducing aromatic content and introducing polar 
functional groups. 
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Figure 6-3. Sulfamate acetamide-based covalent ligand-directed release (CoLDR) and 
ligand-directed covalent labelling (LDCL) mechanisms. The top panel illustrates the 
mechanism of covalent ligand-directed release (CoLDR). A nucleophilic amino acid side chain, 
such as the thiol group of cysteine, forms a covalent bond with the α-carbon of the probe, 
triggering self-immolative cleavage and subsequent release of the attached payload. The bottom 
panel depicts the ligand-directed covalent labelling (LDCL) process, in which the cysteine thiol 
reacts with the electrophilic sulfamate acetamide moiety, resulting in covalent transfer of the 
cargo from the ligand to the target protein. In both panels, the target protein is shown in blue, and 
the ligand’s orthostere is represented in green. The schematic mechanisms are adapted from 
Reddi et al. (2023)214. 

However, several factors require further investigation, including the cargo 
transfer rate, ligand stability in biological environments, and optimal positioning 
of the sulfamate acetamide within the probe architecture. Future work will focus 
on evaluating these parameters through synthetic modification and biological 
testing. 
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