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Abstract

Partial agonists for G protein-coupled receptors (GPCRs) provide opportunities for novel
pharmacotherapies with enhanced on-target safety compared to full agonists. For the human
adenosine A: receptor (hA1AR) this has led to the discovery of capadenoson, which has been
in phase lla clinical trials for heart failure. Accordingly, the design and profiling of novel
hA1AR partial agonists has become an important research focus. In this study, we report on
LUF7746, a capadenoson derivative bearing an electrophilic fluorosulfonyl moiety, as an
irreversibly binding hA:AR modulator. Meanwhile, a nonreactive ligand bearing a
methylsulfonyl moiety, LUF7747, was designed as a control probe in our study.

In a radioligand binding assay, LUF7746’s apparent affinity increased to nanomolar range with
longer pre-incubation time, suggesting an increasing level of covalent binding over time.
Moreover, compared to the reference full agonist CPA, LUF7746 was a partial agonist in a
hA1AR-mediated G protein activation assay and resistant to blockade with an
antagonist/inverse agonist. An in silico structure-based docking study combined with site-
directed mutagenesis of the hA;AR demonstrated that amino acid Y271'-% was the primary
anchor point for the covalent interaction. Additionally, a label-free whole-cell assay was set up
to identify LUF7746’s irreversible activation of an Ax receptor-mediated cell morphological
response.

These results led us to conclude that LUF7746 is a novel covalent hA1AR partial agonist and a
valuable chemical probe for further mapping the receptor activation process. It may also serve
as a prototype for a therapeutic approach in which a covalent partial agonist may cause less on-
target side effects, conferring enhanced safety compared to a full agonist.
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1. Introduction

G protein-coupled receptors (GPCRs) are one of the largest families of drug targets [1]. Being
transmembrane proteins they, however, pose problems in studying their structure and function,
due to their low expression and profound instability. To solve these problems, covalent ligands
have been shown to be useful tools for the structure elucidation of active/inactive receptor
structures and mapping of the ligand-binding domains [2]. Beyond that, covalent ligands are
beginning to be applied in GPCR chemical biology and proteomics applications [3].
Historically, the few covalent agonists for the human adenosine Az receptor (hA1AR) available
have all been derivatives of the endogenous ligand adenosine, containing an intact ribose moiety.
Chemical modification of the adenosine structure at the N° position has yielded several selective
chemo-reactive agonists [4, 5]. One such example is  Né-[4-[[[4-[[[[2-[[[(m-
isothiocyanatophenyl)amino]-thiocarbonyl]Jamino]ethyl]amino]carbonyl]methyl]aniline]-
carbonyl]methyl]phenyl]adenosine (m-DITC-ADAC), an adenosine analogue incorporating a
chemoreactive isothiocyanate group to form a covalent bond with the receptor [5]. These
covalent agonists were validated as full agonists for the adenosine A1 receptor [5, 6]. However,
full activation of the hA1AR influences a broad physiologic spectrum of cardiac functions
associated with unwanted effects, such as atrioventricular block [7]. Thus, partial agonists,
triggering submaximal effects compared to a full agonist, have emerged as a new therapeutic
option in treating cardiovascular indications [8]. Research from Bayer and our group has
unveiled the existence of 2-aminopyridine-3,5-dicarbonitrile derivatives such as capadenoson
and LUF5853 as non-ribose agonists for the hA1AR [9-11]. Here, we used the 2-aminopyridine-
3,5-dicarbonitrile scaffold as a starting point in our design and synthesis efforts towards a
covalent partial agonist probe for the hA1AR, the fluorosulfonyl-equipped derivative LUF7746.
Moreover, a chemically similar, but non-reactive methylsulfonyl-equipped ligand, LUF7747,
was designed to be used as a reversible control ligand. We then validated LUF7746 to bind
covalently and partially activate the receptor in a series of in vitro experiments. We finally
provided evidence for its point of attachment to the receptor. The results presented here
constitute the initial report and pharmacological profiling of a novel, non-ribose covalent partial
agonist and also shed light on the rational design of partial agonists as therapeutics. Furthermore,
this reported covalent ligand could serve as a valuable pharmacological tool to investigate the

contribution of partial activation of hA1AR physiological functions.



2. Materials and Methods

2.1. Chemistry
All solvents and reagents were purchased from commercial sources and were of analytical grade.
Demineralised water is referred to as H20, as was used in all cases unless stated otherwise (i.e.,
brine). All reactions were routinely monitored with thin layer chromatography (TLC), using
aluminium silica gel coated 60 F2s4 plates from Merck. Purification by column chromatography
was carried out with the use of VWR silica gel irregular ZEOprep® particles (60-200 pum).
Solutions were concentrated using a Heidolph Hei-VAP Value rotary evaporator. Nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker AV-400 liquid spectrometer (*H
NMR, 400 MHz) at ambient temperature and subsequently analysed with MestReNova v.12
software. Chemical shifts are reported in parts per million (ppm), designated by ¢ and corrected
to the internal standard tetramethylsilane (6 = 0). Coupling constants are reported in Hz and are
designated as J. Mass analyses were performed with liquid chromatography mass spectrometry
(LC-MS) using an LCQ™ Advantage MAX system from Thermo Finnigan together with a
Phenomenex Gemini® C18 110A column (50 mm x 4.6 mm x 3 pm). Samples were eluted
using an isocratic system of H,O/CH3CN/1% TFA in HO, through decreasing the polarity of
the solvent mixture from 80:10:10 to 0:90:10 in an elution time of 15 minutes. Analytical purity
of the obtained final compounds was determined with high performance liquid chromatography
(HPLC) using a Shimadzu HPLC system with a Phenomenex Gemini® C18 110A column (50
mm X 4.6 mm X 3 um) coupled to a 254 nm UV detector. Samples were eluted using the same
method as mentioned for LC-MS. For both LC-MS and HPLC, 0.3-0.8 mg of compound was
dissolved in 1 mL of a 1:1:1 mixture of CH3CN/H2O/tBuOH as sample preparation. All
reactions were performed under nitrogen atmosphere unless stated otherwise. Ligands were
synthesized in two step protocol from compound 1 (Fig. 1) as described below.

2.1.1. 4-((3-((6-amino-4-(benzo[d][1,3]dioxol-5-yl)-3,5 -dicyanopyridin-2-yl)

thio)propyl)carbamoyl)benzenesulfonylfluoride (4, LUF7746).

A mixture of 4-(fluorosulfonyl)benzoic acid (1.5 mmol, 0.30 g, 1.0 equiv), 3-
bromopropylamine hydrobromide (1.9 mmol, 0.42 g, 1.3 equiv) and EDC-HCI (1.8 mmol, 0.33
g, 1.2 equiv) in anhydrous DMF was cooled down to 0 °C. Subsequently, DIPEA (3.0 mmol,
0.52 mL, 2.0 equiv) was added dropwise and the solution was stirred for 4 h at 0 °C, followed
by overnight stirring at room temperature. After completion was observed on TLC, the mixture
was concentrated in vacuo. Water was added to the residue and the mixture was extracted three
times with ethyl acetate. The combined organic layers were washed three times with 1M HCI,



dried over MgSQOsg, filtered and concentrated in vacuo. The crude product was purified by
column chromatography (EtOAc:PE = 1:2) to give the N-(3-bromopropyl)-4-
(fluorosulfonyl)benzamide (2) as a white solid (1.1 mmol, 0.35 g, 74%). Compound 2 was used
without further purification. 2-amino-4-(benzo[d][1,3]dioxol-5-yl)-6-mercaptopyridine-3,5-
dicarbonitrile 1 (0.48 mmol, 0.14 g, 1.0 equiv) was dissolved in anhydrous DMF in the presence
of 2 (0.48 mmol, 0.15 g, 1.0 equiv) and NaHCO3 (0.73 mmol, 0.061 g, 1.5 equiv) and stirred at
room temperature until completion of the reaction. Water was added to the mixture which was
extracted with EtOAc four times. Subsequently, the combined organic layers were washed with
brine 4 times, dried over MgSOs, filtered and concentrated in vacuo. The crude product was
purified via column chromatography (EtOAc:PE = 50-100%) to yield the desired compound as
white solid (0.039 mmol, 0.021 g, 8%). *H NMR (400 MHz, CDCls) 6 8.10 (d, J = 8.4 Hz, 2H),
8.02 (d, J = 8.3 Hz, 2H), 7.00 (dd, J = 8.0, 1.6 Hz, 1H), 6.97-6.92 (m, 2H), 6.55 (t, J = 5.6 Hz,
1H), 6.07 (s, 2H), 5.92 (br s, 2H), 3.65 (q, J = 6.7 Hz, 2H), 3.27 (t, J = 7.1 Hz, 2H), 2.16 (quin,
J =7.1Hz, 2H) ppm. MS: [ESI+H]": 540.0. HPLC tr = 8.36 min, purity 97%.

2.1.2. N-(3-((6-amino-4-(benzo[d][1,3]dioxol-5-yl)-3,5-dicyanopyridin-2-
yDthio)propyl)-4-(methylsulfonyl)benzamide (5, LUF7747). A mixture of (4-methyl
sulfonyl)-benzoic acid (0.82 mmol, 0.16 g, 1.0 equiv), 3-bromopropylamine hydrobromide (1.1
mmol, 0.23 g, 1.3 equiv) and EDC-HCI (0.98 mmol, 0.19 g, 1.2 equiv) in anhydrous DMF was
stirred for 1 h at rt. Subsequently, DIPEA (1.7 mmol, 0.29 mL, 2.0 equiv) was added dropwise
to the suspension and the reaction was stirred overnight at room temperature. After completion
was observed on TLC, the mixture was concentrated in vacuo. Water was added to the residue
and the mixture was extracted three times with ethyl acetate. The combined organic layers were
washed three times with 1M HCI, dried over MgSOg, filtered and concentrated in vacuo. The
crude product was purified by column chromatography (EtOAc:PE = 2:1) to give N-(3-
bromopropyl)-4-(methylsulfonyl)benzamide (3) as a white solid (0.21 mmol, 0.068 g, 26%).
Compound 3 was used without further purification. 2-amino-4-(benzo[d][1,3]dioxol-5-yl)-6-
mercaptopyridine-3,5-dicarbonitrile 1 (0.21 mmol, 0.062 g, 1.0 equiv) was dissolved in
anhydrous DMF in the presence of 3 (0.21 mmol, 0.067 g, 1.0 equiv) and NaHCO3 (0.31 mmol,
0.026 g, 1.5 equiv) and stirred at room temperature until completion of the reaction. Water was
added to the mixture which was extracted with EtOAc four times. Subsequently, the combined
organic layers were washed with brine 4 times, dried over MgSOys, filtered and concentrated in
vacuo. The crude product was purified via column chromatography (EtOAc:PE = 50-100%) to
yield the desired compound as off-white solid (0.093 mmol, 0.050 g, 45%). *H NMR (400 MHz,
DMSO-ds) 6 8.80 (t, J =5.6 Hz, 1H), 8.07 (d, J = 8.4 Hz, 2H), 8.02 (d, J = 8.4 Hz, 2H) 7.15 (d,
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J=1.8Hz, 1H), 7.10 (d, J = 8.1 Hz, 1H), 7.02 (dd, J = 8.1, 1.8 Hz, 1H), 6.15 (s, 2H), 3.43 (q,
J = 6.6 Hz, 2H), 3.31-3.24 (m, 5H), 1.96 (quin, J = 7.0 Hz, 2H) ppm. MS: [ESI+H]": 535.9
HPLC tr = 7.41 min, purity 99%.
2.2. Biology
Both radioligands 1,3-[*H]-dipropyl-8-cyclopentylxanthine ([*H]JDPCPX, specific activity of
120 Ci x mmol?) and [2-3H]-4-(2-[7-amino-2-(2-furyl)-[1,2,4]-triazolo-[2,3-a]-[1,3,5]-triazin-
5-ylamino]ethyl ([*H]ZM241385, specific activity of 50 Ci x mmol™) were purchased from
ARC Inc. (St.Louis, MO). [*H]PSB603 ([*H]8-(4-(4-(4-Chlorophenyl)piperazide-1-
sulfonyl)phenyl)-1-propylxanthine, specific activity 79 Ci x mmol™?) and [3H]8-Ethyl-4-
methyl-2-phenyl-(8R)-4,5,7,8-tetrahydro-1H-imidazo[2,1-i]-purin-5-one ([*H]PSB-11,
specific activity 56 Ci x mmol ) were obtained with kind help of Prof. C.E. Muller (University
of Bonn, Germany). [*°S]-Guanosine 5’-(y-thio)triphosphate ([**S]GTPyS, specific activity
1250 Ci x mmol™) was purchased from PerkinElmer, Inc. (Waltham, MA, USA). 5°-N-
ethylcarboxamidoadenosine (NECA) was purchased from Sigma-Aldrich (Steinheim,
Germany). N°-cyclopentyladenosine (CPA) was purchased from Abcam (Cambridge, UK).
Unlabeled ZM241385 was a gift from Dr. S.M. Poucher (Astra Zeneca, Macclesfield, UK).
Adenosine deaminase (ADA) was purchased from Boehringer Mannheim (Mannheim,
Germany). Bicinchoninic acid (BCA) and BCA protein assay reagent were obtained from
Pierce Chemical Company (Rockford, IL, USA). Chinese hamster ovary cells stably expressing
the hA1AR (CHOhA:AR) were provided by Prof. S.J. Hill (University of Nottingham, UK).
Chinese hamster ovary cells stably expressing low levels of hA1AR (CHO-hA;AR-low) were
obtained from Prof. Andrea Townsend (University College London, UK). HEK293 cells stably
expressing the hA2a adenosine receptor (HEK293 hA2aAR) were kindly provided by Dr. J.
Wang (Biogen/IDEC, Cambridge, MA, USA). Chinese hamster ovary cells stably expressing
the human adenosine A2s (CHOhA28AR) and Az receptor (CHOhAsAR) were obtained from
Dr. S. Rees (AstraZeneca, Macclesfield, UK) and Dr. K-N. Klotz (University of Wirzburg,
Germany), respectively. All other chemicals were of analytical grade and obtained from
standard commercial sources.
2.3. Site-directed mutagenesis

Site-directed mutant hA;AR-Y271F"% was constructed by polymerase chain reaction
mutagenesis using pcDNA3.1(+)-hA:AR with N-terminal HA and C-terminal His tag as the
template plasmid. Mutant primers for directional polymerase chain reaction product cloning
were designed using the online QuikChange® Primer Design Program (Agilent Technologies,
Santa Clara, CA, USA) and obtained from Eurogentec Nederland b.v. (Maastricht, The
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Netherlands). All DNA sequences were verified by Sanger sequencing at the Leiden Genome
Technology Center (Leiden, The Netherlands).

2.4. Cell culture, transfection and membrane preparation
Cell culture and membranes preparation were performed as previously described [12, 13].

2.5. Transient expression of wild type (WT) and mutant receptors in CHO cells.
CHO cells were seeded into 150 mm culture dishes to achieve 50-60% confluence containing
20 ml of medium consisting of DMEM/F12 (1:1) supplemented with 10% (v/v) newborn calf
serum, streptomycin (50 pg/mL), and penicillin (50 1U/mL). Cells were transfected
approximately 24 h later with plasmid DNA (20 pg of DNA/dish) by the PEI method (PEI:DNA
= 3:1) and left for 48 h [14]. Subsequently, medium was removed and fresh medium was added,
and cells were grown for an additional 24 h at 37 °C and 5% CO,. Membranes were prepared
in the same way as previously described [12] and stored in 250 uL aliquots at -80 °C until
further use.

2.6. Radioligand displacement assays
Adenosine Az Receptor [15]. Membrane aliquots containing 5 g were incubated in a total
volume of 100 pL assay buffer (50 mM Tris HCI, pH 7.4) at 25 °C for 60 min. Displacement
experiments were performed using six concentrations of competing antagonist in the presence
of ~1.6 nM [®H]DPCPX. Nonspecific binding was determined in the presence of 100 uM CPA
and represented less than 10% of total binding. Incubation was terminated by rapid filtration
performed on 96-well GF/B filter plates (Perkin Elmer, Groningen, the Netherlands) in a
PerkinElmer Filtermate-harvester (Perkin Elmer, Groningen, the Netherlands) and washed with
buffer (50 mM Tris, pH 7.4) After the filter plate was dried at 55 °C for 30 min, the filter-bound
radioactivity was determined by scintillation spectrometry using a 2450 MicroBeta? Plate
Counter (Perkin Elmer, Boston, MA).
Adenosine Axa Receptor [13]. Membrane aliquots containing 20 pg of protein were incubated
in a total volume of 100 pL of assay buffer (50 mM Tris-HCI, pH 7.4) at 25 °C for 120 min.
Displacement experiments were performed using 1 uM of competing compound in the presence
of ~2.5 nM [®H]ZM241385. Nonspecific binding was determined in the presence of 100 pM
NECA. Incubations were terminated, washed and samples were obtained and analysed as
described under hA{AR.
Adenosine Azg Receptor [16]. Membrane aliquots containing 25 pg of protein were incubated
in a total volume of 100 pL of assay buffer (50 mM Tris-HCI, pH 7.4, supplemented with 0.1%
(w/v) CHAPS) at 25 °C for 120 min. Displacement experiments were performed using 1 uM of



competing compound in the presence of ~1.5 nM [*H]PSB603. Nonspecific binding was
determined in the presence of 10 uM ZM241385. Incubations were terminated, filters were
washed with buffer (50 mM Tris-HCI, pH 7.4, supplemented with 0.1% BSA and 0.1% (w/v)
CHAPS) and samples were obtained and analyzed as described under hA;AR.

Adenosine Az Receptor [17]. Membrane aliquots containing 15 pg of protein were incubated in
a total volume of 100 pL of assay buffer (50mM Tris, 10mM MgClz, ImM EDTA, 0.01%
CHAPS, pH 8.0) at 25 °C for 120 min. Displacement experiments were performed using 1 uM
of competing compound in the presence of ~10 nM [*H]PSB11. Nonspecific binding was
determined in the presence of 100 uM NECA. Incubations were terminated, washed with buffer
(50mM Tris, 10mM MgCl,, 1ImM EDTA, pH 8.0) and samples were obtained and analyzed as
described under hA1AR.

2.7. Competition association assays
The binding kinetics of unlabeled ligands were assessed as described previously [15]. Briefly,
the association of the radioligand was followed over time in the absence or presence of a
concentration corresponding to 1Csg value of unlabeled LUF7746 and LUF7747. In practice, to
the mixture of equal volumes of 2.5 nM [*H]DPCPX, unlabeled compound and assay buffer
(50 mM Tris-HCI supplemented with 5 mM MgCl> and 0.1% CHAPS) was added a 25 pL
membrane aliquot containing 5 pg of protein at each time point from 0.5 min to 240 min at
25°C. Incubation was terminated as described above (radioligand displacement assay).

2.8. Wash-out assay on both wild type hA1AR and hA1AR-Y271F"3 cell membranes
100 pL of assay buffer containing either 1% DMSO (blank control) or 1 uM of ligands
(LUF7746 or LUF7747 ) and 200 uL additional assay buffer were added to a 2 mL Eppendorf
tube containing 100 pL cell membrane suspension (20 pg and 40 ug of protein for WT and
Y271F"3®, respectively, to obtain an assay window of 3000 dpm in both cases) to achieve a
total volume of 400 puL. The tubes were incubated for 2 h in an Eppendorf® Thermomixer® at
900 rpm and 25 °C. After incubation the tubes were centrifuged for 5 min at 16 000 x g and
4 °C and subsequently the buffer containing unbound ligands was removed. The membrane
pellet was resuspended in 1 mL of assay buffer, incubated for 10 min at 25 °C and 900 rpm
after which the tubes were centrifuged for 5 min at 16 000 x g and 4 °C and the cycle was
repeated three more times. After the final washing step, the membrane pellet was resuspended
in 300 plL assay buffer to determine the radioligand binding activity. All samples were
transferred to the test tubes and incubated with 100 pL of 1.6 nM [*H]DPCPX for 2 h at 25 °C.
The incubation was terminated by vacuum filtration through a GF/B filter using a Brandel M24

Scintillation Harvester to separate bound and free radioligand. The filters were washed three
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times with ice-cold wash buffer (50 mM Tris-HCI, pH 7.4). After drying the filters, 3.5 mL of
scintillation liquid was added and the filter-bound radioactivity was determined in a Tri-Carb
2900TR Liquid Scintillation Analyzer (PerkinElmer, Inc., Waltham, MA, USA). Results are
expressed as percentage normalized to the maximum specific binding in the control group
(100%).
2.9. Computational modelling
All calculations were performed using the Schrodinger Suite [18]. The X-ray structure of the
hA1AR was extracted from the PDB (PDB: 5UEN) [19, 20]. The co-crystalized ligand DU172
was removed and protein chain A was prepared for docking with the Protein Preparation tool.
Additionally, missing side chains were added using Prime [21].
2.10. Functional [**S]GTPyS binding assay

Binding of [®*S]GTPyS to membranes was adapted from a previously reported method [16].
The assays were performed in a 96-well plate format, where stock solutions of the compounds
were added using an HP D300 Digital Dispenser (Tecan, Mé&nnedorf, Switserland). The final
concentration of DMSO per assay point was < 0.1%. For concentration-response
assays,transiently transfected membranes (hA1AR-WT, 5 pg and hA1AR-Y271F"3¢, 20 ug to
obtain an assay window of 3000 dpm in both cases) in 80 uL total volume of assay buffer
containing 50 mM Tris-HCI buffer, 5 mM MgCl2, 1 mM EDTA, 100 mM NacCl, 0.05% BSA
and 1 mM DTT pH 7.4 supplemented with 3 uM GDP and saponin (hA1AR-WT, 5 pg and
hA1AR-Y271F"%, 20 ug) were added to a range of concentrations of ligand (102° to 10°°) for
30 min at 25 °C. After this, 20 uL of [*®*S]GTPyS (final concentration of 0.3 nM) was added
and incubation continued for another 90 min at 25 °C. The basal level of [®*S]GTPyS binding
was determined in the absence of ligand, whereas the maximal level of [®*S]GTPyS binding
was determined in the presence of 1 uM CPA. For receptor activation/inhibition studies,
hA1AR-WT or hA1AR-Y271F"3¢ cell membranes were pre-incubated with LUF7746 or
LUF7747 (ECso concentration) for 60 min. After this, [®*S]GTPyS (final concentration of 0.3
nM) was added in the absence or presence of DPCPX (1 uM) for another 90 min. For all
experiments, incubations were terminated by rapid vacuum filtration to separate the bound and
free radioligand through Whatman™ UniFilter™ 96-well GF/B microplates using a
PerkinElmer's FilterMate™ Universal Harvester (PerkinElmer, Groningen, Netherlands).
Filters were subsequently washed three times with 2 mL of ice-cold buffer (50 mM Tris-HCI,
pH 7.4 supplemented with 5 mM MgCl.). The filter-bound radioactivity was determined by



scintillation spectrometry using a PerkinElmer MicroBeta2 2450 Microplate Counter
(PerkinElmer, Groningen, Netherlands).
2.11. Label-free whole-cell assays
Label-free whole-cell assays were adapted from a previously reported method [22, 23] using
the real-time cell analyser (RTCA) XCELLigence SP system (ACEA Biosciences, San Diego,
CA, USA) [24]. The system measures electrical impedance generated by adherence of cells to
gold-coated electrodes at the bottom of 96 wells PET E-plates (obtained from Bioké, Leiden,
the Netherlands). Changes in impedance (Z) were measured continuously and are displayed as
Cell Index (CI), which is defined as (Zi — Zo) Q / 15Q. Z; is the impedance at a given time and
Zo is the baseline impedance measured at the start of the experiment in the absence of cells.
CHO cells stably expressing a relatively low level hA;AR (CHO-hA1AR-low) were cultured in
medium of DMEM/F12 (1:1) supplemented with 10% (v/v) newborn calf serum, streptomycin
(50 pg/mL), penicillin (50 1U/mL), and G418 (0.2 mg/mL) at 37 °C in 5% CO> as a monolayer
on 10 cm g culture plates to 70-80% confluency and subsequently harvested and centrifuged
twice at 200 x g for 5 min [25]. Initially, 60 pL of culture medium was added to wells in E-
plates 96 to obtain background readings (Zo) followed by the addition of 40 uL of cell
suspension containing 40,000 cells per well. After resting at room temperature for 30 min, the
plate was mounted in the RTCA recording station within a humidified 37°C, 5% CO incubator.
Impedance was measured every 15 min overnight. For agonist assays, after 17 hours, medium
was replaced with 95 pL serum free medium plus 1.2 IU ADA and kept in the 37°C, 5% CO>
incubator for 3 h of starvation. After that, cells were stimulated with increasing concentrations
of agonists or vehicle (final concentration of 0.25% DMSO) in a final well volume of 100 pL.
For the inverse agonist reversal assay, cells were placed in 90 pL serum free medium containing
1.2 IU/ml ADA for 3 h starvation. Then cells were stimulated with 5 yL indicated compound
(final concentration 1 uM) for 30 min, followed by the addition of 100 nM DPCPX in a final
well volume of 100 pL. For both assays, to record the signal changes, Cl was recorded for at
least 30 min with a recording schedule of 15 s intervals for 20 min, followed by intervals of 1
min, 5 min and finally 15 min. For data analysis, the individual CI traces were normalized, by
subtracting the baseline (vehicle control), to correct for any agonist-independent signals.
2.12. Data analysis

All the experimental data were analyzed with GraphPad Prism 7.0 software (GraphPad
Software Inc., San Diego, CA). pICsp values in radioligand displacement assays were obtained
by non-linear regression curve fitting into a sigmoidal concentration-response curve using the

“log(inhibitor) vs. response” graphpad analysis equation. pKi values were obtained from pICso
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values using the Cheng-Prusoff equation [26]. The Kp value of [PH]DPCPX was 1.6 nM on the
CHOhAAAR [28]. Association data for the radioligand were fitted using one-phase exponential
association. Values for kon were obtained by converting kons Values using the following equation:
kon = (Kobs — Koff) / [radioligand], where koft values (0.21 + 0.01 min't) were cited from Guo et al.
[15]. Association and dissociation rates for unlabeled ligands were calculated by fitting the data
in the competition association model using ‘kinetics of competitive binding’ [15, 27].
K, =k[L]-107° +k,
Kg =k,[11-107° +k,
S=y(Ky—Kg)? +4-k, -k,-L-1-107
K:. =05(K, +Kgz +5)
Ky =05(K, +K; =9)
B, K, -L-107°

Q="K k.
k, (K. =K k, -K e k, - K. («.
Y=Q'(4|£FK s)+ AK F oCKeX) _ 4K Se(KSX))
F " Ns F S

Where X is the time (min), Y is the specific [FHJDPCPX binding (dpm), ki and kz are the kon
and korr of [PH]DPCPX and were obtained from Guo et al. [15], L is the concentration of
[*H]DPCPX used (nM), Bmax the total binding (dpm) and I the concentration of unlabeled ligand
(nM). Fixing these parameters allows the following parameters to be calculated: ks, which is
the kon value (M*min?) of the unlabeled ligand and ks, which is the ko value (min) of the
unlabeled ligand. The residence time (RT) was calculated using RT = 1/kott. pPECso and ECso
values in the [**S]GTPyS binding assays were determined using non-linear regression curve
fitting into a sigmoidal dose-response curve with variable slope. For the label-free whole-cell
assays, ligand responses were normalized to obtain normalized cell index (NCI) and then
subtracted baseline (vehicle control), which correct for ligand-independent effects. Area-under-
curve (AUC) values from the NCI were determined for a 100 min period after compound
addition, which were used for concentration-response curves. pECso values from the label-free
whole-cell assays were determined using the same non-linear regression as for the [**S]GTPyS
binding assays. Data shown represent the mean £ SEM of three individual experiments each
performed in duplicate or a representative graph is shown. Statistical analysis was performed
as indicated. If p values were below 0.05, observed differences were considered statistically

significant.

11



3. Results

3.1. Design and synthesis of LUF7746 and LUF7747
Over the years our research group has explored a series of hA1AR agonists based on the 6-
amino-4-aryl-3,5-dicyano-2-thiopyridine scaffold, to investigate their structure-activity and
structure-kinetics relationships (SAR and SKR) [9, 28]. We learned that the benzo[1,3]dioxol-
5-yl moiety generally provided selective and potent agonists for hA1AR. Based on that finding,
we used 2-amino-4-(benzo[d][1,3]dioxol-5-yl)-6-mercaptopyridine-3,5-dicarbonitrile as a
scaffold (Fig. 1), and developed a potentially covalent ligand by incorporating the
fluorosulfonyl moiety as a warhead through an amide linker at the position of the sulfur atom.
Hence, LUF7746, 4-((3-((6-amino-4-(benzo[d][1,3]dioxol-5-yI)-3,5 -dicyanopyridin-2-
yl)thio)propyl)carbamoyl)benzenesulfonylfluoride (Fig. 1), was synthesized in one step by
alkylating the scaffold with the corresponding alkyl bromide. Additionally, the reactive
fluorosulfonyl warhead was replaced with a methylsulfonyl moiety, which yielded a
nonreactive control compound, N-(3-((6-amino-4-(benzo[d][1,3]dioxol-5-yl)-3,5-
dicyanopyridin-2-yl)thio)propyl)-4-(methylsulfonyl)benzamide (LUF7747, Fig. 1).
3.1.1. Affinity characterization of LUF7746 and LUF7747 at different incubation times
To determine the affinity of the synthesized ligands we tested both ligands in a [PH]DPCPX
displacement assay at 25 °C. After 0.5 h co-incubation time, both compounds were able to
concentration-dependently inhibit specific [?(H]DPCPX binding to the hA1AR (Fig. 2). As
presented in Table 1, both compounds showed similar binding affinities in the submicromolar
range (pKi=7.7+ 0.1 and 7.2 + 0.04 for LUF7746 and LUF7747, respectively). We then tested
the time dependency of the affinity for both compounds. In detail, the CHO cell membranes
overexpressing hA1AR were pre-incubated with the indicated compound for 4 h, followed by a
0.5 h co-incubation with the radioligand [PH]JDPCPX. LUF7746 showed a significantly
increased affinity with 4 h preincubation time (pKi = 8.4 = 0.1; Table 1), while LUF7747’s
affinity did not change (pKi = 7.3 =+ 0.02; Table 1). Representative graphs for this effect are
shown in Fig. 2, in which the curve representing a concentration-dependent inhibition of
specific [PH]DPCPX binding was shifted to the left with 4 h pre-incubation of LUF7746 (Fig.
2a), with no difference for LUF7747 (Fig. 2b). It is worth to mention that for a covalent ligand
no dynamic equilibrium can be reached. We thus expressed LUF7746’s affinity for hA1AR as
“apparent K;”. Compared to the reversible ligand LUF7747, covalent LUF7746 showed an
increase in apparent pKi with 0.7 log unit. The increased receptor affinity by LUF7746 with
prolonged incubation time, indicated an increased level of covalent, non-displaceable binding

over time.

12



Additionally, we tested these compounds in a single-point radioligand binding assay for other
adenosine receptor subtypes (Table 1). Both compounds displaced less than 50% of the total
radioligand binding at 1 uM for other subtypes of human adenosine receptors (i.e. yielding
estimated 1Cso values higher than 1 uM), even when the incubation time was doubled. Thus,
both ligands are selective towards the hA1AR.
3.1.2. Kinetic characterization of LUF7746 and LUF7747 in a competition association
binding assay
The apparent affinity shift of LUF7746 inspired us to examine the kinetic characteristics of the
ligand-receptor interaction and to investigate the ligand’s dissociation rate. In our previous
research, the kinetic binding parameters kon (k1 = 1.2 + 0.1 x 108 M-mint) and kofr (k2 = 0.23
+ 0.01 mint) of [*(H]DPCPX at 25 °C had been determined in traditional association and
dissociation assays [15, 27, 29]. In this study we derived the kinetic binding parameters for the
two unlabeled ligands by performing a competition association assay at a concentration of their
ICso value. The association in the presence of LUF7747 (Fig. 3) reached a plateau within 30
min, indicating a dynamic equilibrium was reached between [?H]DPCPX, ligand and hA;AR.
Interestingly, LUF7746’s behavior caused an initial ‘overshoot’ of [?(H]DPCPX binding in the
competition association curve which decreased over time (Fig. 3). Analysing these curves with
the (equilibrium) Motulsky and Mahan model [27] led to the summarized data in Table 2.
Reversible ligand LUF7747 showed an association rate constant of 6.3 + 0.9 x 10® M™min?,
and a fast dissociation rate constant (0.42 + 0.03 M™min™) which equalled to a receptor
residence time (RT) of 2.3 + 0.3 min. For LUF7746, this competition association assay
generated a negligible dissociation rate constant (kost = 0.0046 + 0.0020 min™) and thus an
infinite RT for LUF7746 (>1000 min, Table 2). These data provided further evidence for a
putative irreversible binding mode between LUF7746 and the hA1AR.
3.1.3. Washout experiment with LUF7746 and LUF7747
Subsequently, a “washout” experiment was performed to investigate the irreversibility of the
ligand-receptor interaction. We first exposed hA1AR cell membranes to LUF7746 or LUF7747
at 1 uM concentration with [PHJDPCPX for 2 h, without any washing step, to assess the binding
capacity of the receptor (“unwashed” group; Fig. 4a). Both ligands achieved a high receptor
occupancy, resulting in a lower radioligand-occupied receptor population of 23 + 2% for
LUF7746 and 38 * 4% for LUF7747, respectively. For the “washed” groups, the pre-incubated
hA1AR membranes were washed four times to remove the non-covalently bound ligands
(“washed” group; Fig. 4a), after which they were exposed to [*H]JDPCPX. Membranes
pretreated with LUF7746 showed no increase in specific [PH]DPCPX binding with only 9 + 4%
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recovery despite the intensive washing treatment. In contrast, membranes pretreated with
LUF7747 showed a full recovery of radioligand binding (104 + 6%), ensuring the efficiency of
the washing procedure to remove the reversible ligand.
3.1.4. Functional characterization of LUF7746 and LUF7747 in a [*°S]GTPyS assay
To extend the functional profiling of what emerged from the data presented above from the
radioligand binding assays, we evaluated the compounds’ functional activities in a GTPyS-
binding assay on CHO cell membranes transiently transfected with wild type hA:AR (hA:AR-
WT). This assay reflects the functional response of ligands at the level of GDP/GTP exchange
by the ternary G protein complex, or G protein activation [30].
The results showed that LUF7746 and LUF7747 are both partial agonists with an Emax 0f 56 £
5% and 53 + 2% respectively, compared to the response obtained at a concentration of 1 uM
CPA, a reference full agonist with a pECso value of 8.1 £ 0.1. The potency and (apparent)
affinity of LUF7746 (pECs0=7.4£0.1; Table 3, pKi=7.7 £0.1; Table 1) and LUF7747 (pECso
=7.2%0.02; Table 3, pKi =7.2 £ 0.04; Table 1) were all in the double digit nanomolar range.
To investigate the irreversible agonistic effect of LUF7746, we added inverse agonist DPCPX
to hA1AR-WT pre-incubated with the designed agonist at ECgo concentration. In the absence
of agonist pre-incubation, DPCPX showed a minimal reduction in the basal level of G protein
activity (-4 + 1%; Fig. 5c), consistent with an inverse agonistic behavior. Moreover, the G
protein activation induced by LUF7746 and LUF7747 at ECgo concentration was inhibited by
subsequent addition of DPCPX to varying degrees. Specifically, LUF7747 stimulation of G
protein activity was completely reversed (-4 = 2%; Fig. 5¢), to an extent that was also obtained
by treatment with DPCPX alone (-4 * 1%; Fig. 5¢). [®*S]GTPyS binding upon LUF7746
stimulation was only slightly reversed by DPCPX (83 £ 2%; Fig. 5¢), possibly due to the fact
that not all receptors are irreversibly labeled by LUF7746 at an ECgo concentration.

3.2. Binding mode of LUF7746 in the hA1AR binding pocket
The characterization of the irreversible binding nature between LUF7746 and hA1AR prompted
us to further investigate the target residue of the reactive warhead. Thus, we first retrieved the
receptor atomic coordinates from a reported hA1AR X-ray crystal structure (PDB: SUEN) [19]
and constructed a receptor model in which hA1AR and LUF7746 interact. The binding pose of
LUF7746 (Fig. 6), is comparable to that of DU172, the ligand present in the crystal structure.
Specifically, one cyano group at the C° position participated in H-bond formation with the
amide of N254°%%°, The dioxomethylene substituent functioned as H-bond acceptor with T9132¢,
while carbonyl-oxygen in the amide position of the linker hydrogen-bonded with N70%%°, Of

note, the flexibility of the three carbon linker allowed the warhead, the fluorosulfophenyl group

14



of LUF7746, to form a covalent sulfonyl amide bond with the phenolic hydroxyl group of
Y2717,

3.3. Tyrosine Y2717 residue is the possible anchor point for covalent bond formation
To verify this structural feature of the ligand-receptor interaction, we mutated the potential
target tyrosine to phenylalanine (hA1AR-Y271F"*%) and determined the affinities of both
ligands for the mutant construct. As presented in Table 1, both compounds showed similar
binding affinities in the submicromolar range (pICso = 7.2 £ 0.05 and 7.0 £ 0.06 for LUF7746
and LUF7747, respectively). Subsequently, we repeated the “washout” assay. As shown in Fig.
4b, washing of the mutant membranes, preincubated with LUF7746, caused a significant
recovery in [*FH]DPCPX binding (53 + 10% remaining) compared to the unwashed group (12 +
2%). This significant recovery was in striking contrast to the washout assay on hA;AR-WT,
which showed no recovery at all (Fig. 4a). As a control, LUF7747 was rapidly washed off the
membranes overexpressing hA1AR-Y271F%, as a full recovery of radioligand binding was
observed (95 = 11%)).
In addition to the radioligand binding assay, potency and efficacy of both ligands were also
evaluated in a GTPyS-binding assay on cell membranes transiently transfected with hA1AR-
Y271F"%, Both LUF7746 and LUF7747 showed a comparable Emax value (66 + 1% and 66 +
5%; Fig. 5b; Table 3) compared to reference full agonist CPA that had a pECso value of 8.4 £
0.03 (maximum response Emax set to 100%, at a concentration of 1 uM). This indicates that the
two compounds are still partial agonists on mutant hA1AR-Y271F"-% receptors. The potency of
LUF7746 was slightly decreased on hA1AR-Y271F"3® (pECso = 6.8 + 0.1; Fig. 5b, Table 3)
compared to hA1AR-WT (pECso = 7.4 £ 0.1; Fig. 5a, Table 3), while the potency value of
LUF7747 was identical between hA;AR-Y271F"3¢ (pECso = 7.1 + 0.1; Fig. 5b, Table 3) and
hA1AR-WT (pECso = 7.2 + 0.02; Fig. 5a, Table 3). Then on hA1AR-Y271F"-3%, we repeated the
DPCPX inhibition experiments on cell membranes pretreated with both LUF7746 and
LUF7747 at ECgo concentration. As shown in Fig. 5¢, DPCPX caused a more pronounced effect
to reverse the stimulation of [®*S]GTPyS binding induced by LUF7746 (29 + 6%) on the mutant
membranes, compared to the inhibition on hA1AR-WT (83 = 2%). As a control, LUF7747’s
stimulation on hA1AR-Y271F"3¢ was completely reversed (-5 + 4%), comparable to the group
only treated with DPCPX (-11 + 2%).

3.4. Characterization of the covalent interaction in a label-free whole cell assay
To further evaluate receptor activation by these ligands, we used a label-free, impedance-based
technology (XxCELLigance) capable of real-time monitoring of hAiAR-mediated cell

morphological changes over time [24]. Typically, CHO cells stably expressing a relative low
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level of hA1AR (CHO-hA1AR-low) were plated on an E-plate 17 h before the experiment [31].
Upon agonist addition to these cells, the impedance (shown as cell index, CI) was dose-
dependently increased, followed by a gradual decrease until reaching a plateau in most cases
after 100 min. A representative experiment of CPA-induced impedance changes is shown in
Fig. 7a. Dose-response curves for CPA and the two LUF compounds were derived from the
area under curve (AUC) of corresponding agonist-induced changes within 100 min (Fig. 7b).
Specifically, compared to CPA, LUF7746 and LUF7747 again behaved as partial agonists with
similar Emax values and potencies (see Fig. 7b and Table 4).

To probe the putative irreversibility of the designed agonist, we used this label-free assay to
determine whether the activation of the receptor is reversed by subsequent addition of the A;AR
antagonist/inverse agonist DPCPX (i.e. similar to the GTPyS experiments with membranes).
After the CHO-hA1AR-low cells were incubated with compounds for 30 min DPCPX (100 nM)
or 0.25% DMSO (vehicle) was added and the impedance change was measured until 200 min.
As shown in Fig. 8a, cells exposed to LUF7746 showed a slight drop of CI values with a
recovery trend back to control (0.25% DMSO). A more outspoken decrease of Cl was detected
upon antagonist exposure of cells pretreated with LUF7747 (Fig. 8b). This behavior showed
that LUF7746-pretreated cells were quite resistant to DPCPX compared to LUF7747, consistent
with an irreversible mode of receptor activation.

4. Discussion

Covalent ligands have been invaluable in the study of ligand-receptor interactions and in GPCR
structural biology. Recently, several GPCR structures, such as cannabinoid CB; receptor [32]
and adenosine Az receptor [19], have been determined in the presence of chemo-reactive ligands
contributing to the formation of stable and functional ligand-receptor complexes. More
generally, the use of covalent affinity probes for the exploration of the ligand binding pocket is
widespread in GPCR research [2].

The non-ribose agonists’ design dates back to the discovery of a former drug candidate,
capadenoson, withdrawn from phase Ila clinical studies when it failed to show heart rate
reduction for patients with atrial fibrillation [10, 11]. The structure modifications in
capadenoson derivatives revealed that the dicyanopyridine scaffold with a benzo[1,3]dioxol-5-
yl moiety at the C* position showed good selectivity and efficacy at the hA1AR [9, 28]. Building
on that, we introduced a reactive warhead (i.e. fluorosulfonyl), connected to the scaffold’s
sulfur atom with an amide bond linked spacer, yielding the covalent dicyanopyridine ligand
LUF7746. Additionally, a nonreactive methylsulfonyl derivative LUF7747, was designed and

synthesized as a reversible control compound.
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The first hint of covalent interaction of LUF7746 was found in time-dependent radioligand
displacement assays, while the control ligand LUF7747 reached equilibrium independent of
pre-incubation time. Similar experiments were performed on other subtypes of GPCRSs, such as
the M4 muscarinic receptor and cannabinoid CB1 receptor. All of the functionalized covalent
ligands generated a time-dependent affinity increase [33, 34]. Subsequently, a continuing
decrease of specific radioligand binding was observed for LUF7746 when the Kinetic
experiments were performed over a 4 h incubation at 25 °C (Fig. 3). The inadequacy of the
Motulsky-Mahan model to fit this data is further evidence for the non-equilibrium features of
the binding of LUF7746 to the receptor. In addition, extensive washing failed to restore
[BH]DPCPX binding (Fig. 4a) to membranes pretreated with LUF7746, validating the
irreversible nature of LUF7746 to hAiAR. Likewise, on other GPCR subtypes, there are
reported cases showing a covalent interaction was wash-resistant [13, 35, 36]. Furthermore,
receptor activation induced by LUF7746 was not or hardly inhibited by the inverse agonist
DPCPX (Fig. 5¢). This confirmed the covalent nature of LUF7746 binding to the receptor from
a functional perspective, similar to other subtypes of GPCRs, where an excess of inverse agonist
was unable to reverse covalent ligand-induced G protein activation [37]. Taking all data
together we concluded LUF7746 showed a covalent interaction with hA1AR under many
different experimental conditions.

The next step was to identify the anchor point of the covalent probe. The reported active
structure of the hA1AR is in the presence of the ribose-based full agonist adenosine, which is
structurally and functionally distinct from our non-ribose partial agonist LUF7746 [38]. In
addition, our previous study on the dicyanopyridine scaffold showed that upon the addition of
GTP this compound class only caused a minor shift to a lower affinity on hA1AR [39]. It is thus
possible that this non-ribose partial agonist-bound receptor adopts a conformation distinct from
the fully active state. Therefore, we adopted the inactive state of the hA1AR receptor (PDB:
5UEN) for our docking studies [19]. Based on the LUF7746 binding pose in our model of the
hA1AR, we hypothesized that LUF7746 covalently interacts with a tyrosine residue, Y2717,
resulting in a sulfonamide bond formation (Fig. 6).

To investigate our hypothesis, this tyrosine was mutated to phenylalanine (hA1AR-Y271F"-%)
to remove the nucleophilic reactivity of the phenolic hydroxyl group and potentially prevent
the covalent bond from being formed. Since control compound LUF7747 showed a similar
affinity for both the Y271F"=® (pICso = 7.0 + 0.06) and WT receptors (pICso = 7.0 + 0.02), we
assumed that the difference in radioligand binding recovery was not due to a point mutation

within the receptor binding site, which has the potential to affect ligand binding properties.
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Moreover, there were no marked affinity differences on hA1AR-Y271F'- between LUF7746
(pICso = 7.2 £ 0.05) and LUF7747 (pICso = 7.0 = 0.06). This suggests that the chemically
dissimilar ligands LUF7746 (reactive) and LUF7747 (nonreactive) exhibit a similar binding
interaction with hA1AR-Y271F"¢, Lastly, the extensive washing treatment caused a four-fold
increase of [*H]DPCPX binding recovery on hA1AR-Y271F"2® pre-incubated with LUF7746
(Fig. 4b), which is in sharp contrast to the findings in the wild type washout assay. Hence, we
concluded Y2717 is involved in the covalent attachment of LUF7746’s fluorosulfonyl group
within the hA1AR binding pocket.

A similar result was observed in the functional [**S]GTPyS assay. Since LUF7747 showed a
comparable potency for hA1AR-Y271F"3® and hA1AR-WT, the receptor functionality was not
altered by the point mutation. Furthermore, receptor stimulation by LUF7746 was largely
reversed by DPCPX due to the amino acid Y2717 mutation, unlike in the WT receptor (Fig.
5¢). This marked contrast confirms the hypothesized covalent interaction between ligand and
receptor and validates the primary role of the tyrosine residue in the formation of the covalent
activation. It may be though that a second site of covalent interaction exists, as the reversal of
the functional effect was not complete under the experimental conditions examined. Similar
results from functionalized covalent probes were also obtained on other GPCR subtypes. On
M1 and M. muscarinic receptors, nitrogen mustard analogs alkylate more than one residue
besides a well-known reactive center Asp3.32 [40]. Likewise, on the human cannabinoid CB>
receptor, two possible cysteines were validated to mediate the covalent binding of affinity probe
AM1336 [41]. Mutagenesis of nucleophilic residues near the orthosteric binding pocket is
useful to study the mode and site of interaction, but may also drive the covalent ligand to react
with secondary nucleophilic amino acid residues.

Building on our understanding of the chemical properties of LUF7746, we further performed
an in vitro A receptor-mediated whole-cell assay. To reveal the partial agonistic behavior, the
cell line used for this label-free assay has a relatively low hA1AR expression level (Bmax =0.968
+ 0.014 pmol/mg protein for [PH]DPCPX derived from saturation experiments) [25]. In
particular, the inhibition of reversible activation (LUF7747, Fig. 8b) demonstrated a continued
decrease in cell impedance, whereas covalent activation by LUF7746 (Fig. 8a) was first
inhibited by DPCPX, although less than for LUF7747, and appeared to return towards the
activation state. Hence, we substantiated that the intrinsic cellular effect induced by LUF7746
is vastly different from cellular responses generated by LUF7747. This phenomenon was found
in other studies as well. For instance, in the case of the cannabinoid CB; receptor, covalent

agonist AM841 generates an inhibition on synaptic transmission, which cannot be reversed by
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antagonist [42]. In another study, Jorg et al. found that hA;AR modulation by covalent agonists
appeared to be insensitive to post-reversal by antagonist [4].

In conclusion, we report the rational design of non-ribose hA1AR ligand LUF7746, with a
chemically reactive electrophilic (SO2F) warhead at a judiciously selected position. A series of
assays, comprising time-dependent affinity determination, Kinetic assay, washout experiments
and [*®*S]GTPyS binding assays, then validated LUF7746 as the first covalent partial agonist for
the hA1AR. A combined in silico hAi1AR-structure based docking and site-directed
mutagenesis-study was performed to demonstrate amino acid residue Y2717¢ was responsible
for the covalent interaction. Furthermore, we demonstrated that LUF7746 behaved as covalent
partial agonist under near-physiological conditions at the cellular level. Thus, our covalent
ligand LUF7746 behaves as a covalent partial agonist on membranes and intact cells and may
serve as a tool compound for further studies on receptor desensitization or internalization and
target validation in in vivo studies. This useful approach for investigating ligand-receptor
interactions can be enhanced through the design of other higher affinity electrophiles, and it can
be applied to study molecular mechanisms involved in partial agonism. Future work in this
regard would serve to map structural features and the topology of the hA1AR non-ribose partial

agonist binding pocket.
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Tables:
Table 1. Binding affinities of LUF7746 and LUF7747 for all adenosine receptor subtypes and
mutant hA1AR-Y271F73¢,

pKi® pKP® )
Displacement at 1 uM (%) pICso
(pre-0h) (pre-4h)
Compound hA:AR hA22AR® hAAR’ hAsAR®  hA;AR-Y271F7
LUF7746° 7.7+0.1 8.4+0.1"  26% (18,34) 26%(28,24) 25% (17, 33) 7.2+0.05
LUF7747 7.2+0.04 7.3+£0.02 11% (10, 11)  16% (14, 19) 7% (9, 5) 7.0+ 0.06

Values represent pKi £ SEM (n = 3) or mean percentage displacement at 1 uM (n = 2) of
individual experiments each performed in duplicate. “p < 0.01 compared with the pKivalues in
displacement experiments without pre-incubation; Student’s t-test.

aAffinity determined from displacement of specific [PHJDPCPX binding on CHO cell
membranes stably expressing hA:1AR at 25 °C after 0.5 h co-incubation.

bAffinity determined from displacement of specific [*H]DPCPX binding on CHO cell
membranes stably expressing hA1AR at 25 °C with compounds pre-incubated for 4 h, followed
up by a 0.5 h co-incubation with [?H]DPCPX.

% displacement at 1 uM concentration of specific [*H]ZM241385 binding on HEK293 cell
membranes stably expressing human adenosine Axa receptors at 25 °C after 2 h co-incubation.
dog displacement at 1 pM concentration of specific [*H]JPSB-603 binding on CHO cell
membranes stably expressing human adenosine Azg receptors at 25 °C after 2 h co-incubation.
®% displacement at 1 uM concentration of specific [°H]JPSB11 binding on CHO cell membranes
stably expressing human adenosine Az receptors at 25 °C after 2 h co-incubation.

'Affinity determined from displacement of specific [*H]JDPCPX binding on CHO cell
membranes transiently expressing hA1AR-Y271F"% at 25 °C after 2 h co-incubation.

9For LUF7746, affinity values can only be apparent, as true equilibrium cannot be reached.
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Table 2. Kinetic binding parameters (Kon, Kotr, RT) for LUF7746 and LUF7747.

kon kOff .
Compound ) ) RT (min)
(M*min'1)2 (min)?2

LUF7746°  ((4.1+0.9)x10%  (0.0046 +0.0020) (1118 +963)

LUF7747 (6.3 £0.9) x 10° 0.42 +0.03 2.3+0.3

Values represent the mean £ SEM of three individual experiments each performed in duplicate.
aAssociation (kon) and dissociation (koff) rate constants were determined by competition
association assay at 25 °C; all values were determined using the mathematical model described
by Motulsky and Mahan [27].

No equilibrium between receptors and ligand was reached for LUF7746; the values obtained
are therefore shown in parentheses and are considered to provide qualitative insight only.

Table 3. Functional characterization of LUF7746 and LUF7747 in [®*S]GTPyS binding assays.

CHOhAIAR-WT CHOhAAR-Y271F"%
Compound
pEC50 Emax (O/O)a pEC50 Emax (O/O)b
CPA 8.1+0.1 100 + 13 8.4 +0.03 100+ 4
LUF7746 74+0.1 56 + 5" 6.8+0.1 66 + 17
LUF7747 7.2+0.02 53+2° 7.1+0.1 66 £ 5™

Values represent the

mean + SEM of three individual experiments each performed in duplicate.

3Expressed as percentage of [®°S]GTPyS binding induced by 1 uM CPA (set at 100%).
“p < 0.05, compared to CPA using one way ANOVA with Dunnett’s post-test.
Expressed as percentage of [*®*S]GTPyS binding induced by 1 uM CPA (set at 100%).
“p < 0.001, compared to CPA using one way ANOVA with Dunnett’s post-test.

Table 4. Pharmacological characterization of LUF7746 and LUF7747 in a label-free whole-

cell assay. CHO-hA;AR-low cells
Compound
pEC50 Emax (%)a
CPA 8.9+0.06 100+ 7
LUF7746 7.7+0.1 611"
LUF7747 7.6 +£0.03 69 + 4™

Values represent the mean + SEM of three individual experiments performed in duplicate.
aData were normalized to the CPA response at 1 uM (100%). **p < 0.01, compared to CPA
efficacy (Emax) response using one way ANOVA with Dunnett’s post-test.
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Figures and legends:

CPA LUF7746 LUF7747

Fig. 1 Chemical structures of the hA1AR agonists examined in this study.
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Fig. 2 Affinity assessment of LUF7746 and LUF7747 at different incubation times.
Displacement of specific [PH]DPCPX binding from the cell membranes stably expressing
hA1AR at 25°C by LUF7746 (a), and LUF7747 (b) with or without a pre-incubation of 4h. Data
are normalized to 100% of the total binding and represent the mean = SEM of at least three

individual experiments performed in duplicate.
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Fig. 3 Characterization of target binding Kinetics of LUF7746 and LUF7747. Competition
association radioligand binding assay with [?(H]JDPCPX in the absence or presence of indicated
compounds (at I1Cso value) at 25°C. Data were fitted to the equations described in the methods
to calculate the kon (k3) and kot (ka) values of unlabeled ligands by using the kon (k1) and Koff (k2)
values of [PH]DPCPX. Representative graphs from one experiment performed in duplicate.

Parameters obtained from combined graphs of multiple experiments are listed in Table 2.
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Fig. 4 Anchor point characterization by washout assay. CHOhA1AR cell membranes (a) or
CHO cell membranes transiently expressing mutant hA1AR-Y271F "¢ (b) were pre-treated with
1 uM LUF7746, LUF7747 or buffer (vehicle) followed by no washing (filled column) or four
washing cycles (chequered column). The membranes were then subjected to a standard
[*H]DPCPX radioligand binding assay. Data are expressed as the percentage of vehicle group
(100%) and represent mean + SEM of three individual experiments performed in duplicate.
Statistical analyses were performed using unpaired Student’s t-test between groups. ns: no

significant difference; Significant difference: *p < 0.05; **p < 0.01.
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Fig. 5 Functional profile of LUF7746 and LUF7747 in [*®*S]GTPyS binding assays on both
hA1AR-WT and hA1AR-Y271F736¢ (a) Functional ([*S]GTPyS binding) concentration-effect
curves for CPA, LUF7746 and LUF7747 on transiently transfected hA1AR-WT cell membranes.
Data are expressed as percentage of the response induced by 1 uM CPA (100%) and represent
the mean + SEM of three individual experiments performed in duplicate. (b) Functional
([®*S]GTPyS binding) concentration-effect curves for CPA, LUF7746 and LUF7747 on
transiently transfected hA1AR-Y271F"-% cell membranes. Data are expressed as percentage of
the response induced by 1 uM CPA (100%) and represent the mean £ SEM of three individual
experiments performed in duplicate. Parameters obtained from these graphs are described in
Table 3. () hATAR-WT or hA1AR-Y271F"3¢ cell membranes were pre-incubated with
LUF7746 or LUF7747 (ECso, obtained from figure 5a or 5b) for 1 h, followed by incubation
with [**S]GTPyS in the absence (filled columns) or presence (chequered columns) of DPCPX
(1 M) to determine residual [**S]GTPyS binding. Data are expressed as percentage of the
response induced by LUF7746 or LUF7747 at ECgo (100%) and represent the mean + SEM of
three individual experiments performed in duplicate. Statistical analyses were performed using
unpaired Student’s t-test between groups. ns: no significant difference; Significant difference:
*p < 0.05; ***p < 0.005; ****p < 0.001.
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Fig. 6 Binding model of LUF7746 in the hAiAR-binding pocket. The binding mode of
LUF7746 was modeled in the ligand binding pocket present in the hA1AR crystal structure

(PDB: 5UEN). Receptor helices are represented in green with several amino acids marked.
LUF7746 is represented by light brown carbon sticks, together with oxygen, nitrogen, sulfur
and hydrogen atoms (colored red, blue, yellow and white, respectively). The hydrogen bonds
between ligand and receptor are indicated by yellow dashed lines. The ligand’s fluorosulfonyl

group and Y2717 are in close proximity to facilitate covalent bond formation.
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Fig. 7 Functional characterization of CPA, LUF7746 and LUF7747 in a label-free whole
cell assay. CHO-hA1AR-low cells were seeded into an 96 wells E-plate (40,000 cells/well) for
17 h, followed by 3 h serum-free medium plus ADA (1.2 1U/ml) starvation, prior to the
indicated agonist treatment. (a) Representative example of a baseline-corrected CPA response
[1 uM - 10 pM]. (b) Concentration-response curves of the three agonists, derived from similar
curves as in (a). Data are expressed as the percentage of maximal response induced by 1 uM
CPA (analysis of area-under-curve (AUC) at 100 min, 100%) and represent mean £ SEM of
three individual experiments performed in duplicate.

30



a b
» o LUF7746 + DPCPX -~ LUF7747 + DPCPX
) Rk ]
0.1 3 o4 i

2 Time in min - LUFT7746 + Vehicle 2 Time in min O LUFT747 + Vehicle
% 0.0 % 0.0

© 0

5 0.1 T 0.1

& &

T 02 T 02

£ E

Zo 0.3 3 03

g 04 2 04

T ]

% 05 ® 05

o m

Fig. 8 Characterization of the irreversible receptor activation induced by LUF7746 in a
label-free whole cell assay. CHO-hA1AR-low cells were pre-incubated with 1 pM LUF7746
(@) or LUF7747 (b) for 30 min, followed by the addition of vehicle (0.25% DMSO) or 100 nM
DPCPX (in 0.25% DMSO) to track the cell index changes for another 60 min. Representative
graphs from one experiment performed in duplicate.
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