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ABSTRACT: The adenosine A1 receptor (A1AR) is a G-protein-coupled receptor
(GPCR) that provides important therapeutic opportunities for a number of
conditions including congestive heart failure, tachycardia, and neuropathic pain. The
development of A1AR-selective fluorescent ligands will enhance our understanding
of the subcellular mechanisms underlying A1AR pharmacology facilitating the
development of more efficacious and selective therapies. Herein, we report the
design, synthesis, and application of a novel series of A1AR-selective fluorescent
probes based on 8-functionalized bicyclo[2.2.2]octylxanthine and 3-functionalized
8-(adamant-1-yl) xanthine scaffolds. These fluorescent conjugates allowed
quantification of kinetic and equilibrium ligand binding parameters using
NanoBRET and visualization of specific receptor distribution patterns in living
cells by confocal imaging and total internal reflection fluorescence (TIRF)
microscopy. As such, the novel A1AR-selective fluorescent antagonists described
herein can be applied in conjunction with a series of fluorescence-based techniques
to foster understanding of A1AR molecular pharmacology and signaling in living cells.

■ INTRODUCTION

Adenosine is an important endogenous nucleoside, which
exerts its modulatory role upon binding to four adenosine
receptor (AR) subtypes, namely, A1, A2A, A2B, and A3.

1,2

Adenosine receptors are class A G-protein-coupled receptors
(GPCRs)3 and, due to their widespread distribution
throughout the human body, are implicated in modulating
many biological processes.4 The adenosine A1 receptor (A1AR)
exerts its regulatory role mainly upon coupling with the Gi/o
family of heterotrimeric G-proteins, resulting in adenylyl
cyclase inhibition and a subsequent reduction of cAMP
accumulation.1 A1ARs are highly expressed in the brain and,
to a lesser extent, in peripheral tissues such as the heart, kidney,
and lungs,1,5 and represent an attractive drug target for the
development of therapeutic agents for CNS, cardiovascular,
renal, and respiratory disorders.4,6,7 For instance, adenosine
itself is administered to patients with paroxysmal supra-
ventricular tachycardia (PSVT) to slow heart rate and
contractility upon activation of the A1AR.

4,8 A1AR activation
can also decrease ischemia−reperfusion injury and neuropathic
pain.4,9,10 On the other hand, inhibition of A1AR function may
offer therapeutic opportunities for the development of
potassium sparing diuretics,4,10,11 anti-asthmatic agents,12 and
cognitive enhancers.7,13 However, a principal drawback in

developing efficacious and safe A1AR-selective therapeutics is
that this same biological target also mediates the onset of
undesirable side effects including bradycardia, dyspnoea, and
seizures.14−16 As such, the clinical application of A1AR ligands
has been hindered by the difficulty in separating on-target
beneficial effects from adverse effects, coupled to the
widespread expression of A1AR in multiple tissues.14−16

Alternative therapeutic approaches could be exploited to
address the aforementioned issues, which include more
selective targeting through A1AR-biased agonism and alloster-
ism.17−19 The development of more selective and efficacious
therapies, however, heavily depends on our understanding of
how A1AR pharmacology differs across tissues, cell types, and
subcellular compartments.20−23 Fluorescent ligands represent
valuable tools to enable real-time monitoring of receptor
pharmacology, including ligand−receptor interactions, recep-
tor signaling, and trafficking in different cell types, in both
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health and disease.24−29 Importantly, fluorescent ligands are
amenable to quantifying receptor pharmacology at the single-
cell level, in real-time, and in unmodified, endogenously
expressing systems.30−32 The fluorescent ligand toolbox for the
adenosine receptors has rapidly expanded over the past 15
years.33−36 Notably, the Jacobson group functionalized the
hA2AAR selective antagonist SCH442416 with AlexaFluor 488,
resulting in a series of selective fluorescent ligands that have
been successfully applied for fluorescence polarization
(MRS5346)37 and flow cytometry (MRS7416)38 studies.
Additionally, we have recently synthesized a novel series of
hA2AAR selective fluorescent probes based on preladenant,
which allowed the successful monitoring of ligand binding and
visualization of the hA2AAR in living cells.39 Conjugation of a
green-emitting 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) fluorophore with a 8-phenyl-1-propylxanthine
scaffold yielded the selective hA2BAR probe (PSB-12105),
which could monitor ligand binding at the hA2BAR by flow
cytometry.40 There are also examples of selective fluorescent
ligands that have been successfully developed and applied to
probe the hA3AR.

41−43

The fluorescent ligand toolkit available to study the hA1AR
(Figure 1) includes probes prepared from the endogenous
A1AR agonist, adenosine, labeled with fluorescein isothiocya-
nate (FITC) and nitrobenzoxadiazole (NBD) (FITC-ADAC
and NBD-ADAC)47 or BODIPY-X-630/650 (ABA-X-
BY630).48 Additionally, probes prepared from the full agonist
NECA (dansyl-NECA,49 ABEA-BY630,48 and ABEA-G-(D)-
Ala-(D)-Ala-X-BY63025) and antagonists based on a xanthine
amine congener (XAC)50 (XAC-X-BY630)24 and its analogue
with a polyamide linker (CA200645) are also available.28,51

These probes have enabled researchers to gain important
insights into A1AR spatio-temporal organization24,48,52 and
signaling in living cells,44 yet the ability of these probes to bind
other adenosine receptors limits their use to recombinant
expression systems. Interrogating A1AR pharmacology in more
physiologically relevant models requires that the fluorescent
probe engages with the targeted A1AR with high selectivity as
other closely related adenosine receptors are often coex-
pressed.5,32,53 Efforts to develop A1AR-selective probes have
been undertaken. For example, Singh et al. designed
fluorescent ligands based on a (benzimidazolyl)isoquinolinol
scaffold. However, these probes did not show measurable

Figure 1. Structures of representative fluorescent ligands available to probe the A1AR. Fluorescent ligand binding affinitya,d,e (pKD and pKi)
28,42,44

and potencyb,c (pEC50)
25,45,46 quantified in cell lines stably expressing the human A1AR (hA1AR), rat A1AR (rA1AR), or human A3AR (hA3AR). NL

denotes the presence of an N-terminal NLuc tag.
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binding affinity to the A1AR.
54 Therefore, there still remains a

need for fluorescent probes with marked subtype selectivity for
the A1AR.
In the present study, we report the design, synthesis, and

pharmacological evaluation of a novel series of subtype-
selective fluorescent antagonists targeting the adenosine A1AR
receptor, which are amenable for use in a variety of
fluorescence-based techniques. Two different positions of the
prototypical xanthine scaffold were assessed for fluorophore/
linker functionalization. To this end, the desired fluorescent
antagonists were prepared by conjugating 8-bicylo[2.2.2]-
octylxanthine and 3-functionalized 8-(adamant-1-yl)xanthine
scaffolds with a series of commercially available far-red
fluorophores. We envisage that these novel probes will be
valuable pharmacological tools for the wider scientific

community to further the understanding of the role of the
A1AR in health and disease.

■ RESULTS AND DISCUSSION
Fluorescent Ligand Design. The availability of crystal

structures for the hA1AR
55,56 allowed us to rationalize the

reported structure−activity relationships (SARs) relative to
xanthine-based A1AR antagonists,7,11,57,58 thereby helping
guide our design strategy. We sought to explore two different
positions of the prototypical xanthine scaffold, namely, the 3-
and 8-positions, for linker/fluorophore attachment as struc-
tural data suggested that functionalization of either of these
positions could be harnessed for the development of chemical
probes (Figure 2). Tonapofylline (BG9928)15,59 and its
synthetic precursor, compound 16 (from Kiesman et al.)59

with a carboxylate handle directly attached to the

Figure 2. (A) Sectional view of the hA1AR Connolly surface to show the binding pose adopted by the co-crystallized irreversible ligand DU172
(compound 23a in Beauglehole et al.)60 (shown in grey sticks) with the 3-(4-fluorosulfonylbenzamido)propyl group directed toward the
extracellular medium. Molecular docking of (B) tonapofylline (BG9928), (C) compound 16, and (D) congener 42 to the crystal structure of the
hA1AR (PDB: 5UEN) performed with Schrödinger’s glide (Schrodinger release 2019-2). Tonapofylline is rendered in brick-red sticks, while
compound 16 is shown in sticks (colored yellow) and congener 42 is rendered in pink sticks. The hA1AR is shown in ribbon (colored marine blue).
The key residues are shown in sticks (violet) and are labeled. Hydrogen bonds are shown as yellow-dashed lines and the transmembrane (TM)
helices 1−3, 5, and 6 are labeled for clarity alongside extracellular loop (ECL) 2 and ECL3.
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bicyclo[2.2.2]octane group (Figure 2B,C), were selected as
parent molecules for the development of 8-position-function-
alized xanthine-based fluorescent ligands. These two molecules
exhibit high binding affinities for the hA1AR (Ki = 7.4 nM and
Ki = 33 nM for tonapofylline and compound 16, respectively)
and good selectivity profiles with respect to binding other
adenosine receptor subtypes (hA2AAR Ki = 6410 nM, hA2BAR
Ki = 90 nM, hA3AR Ki > 10,000 nM for tonapofylline, and
hA2AAR Ki = 1070 nM, hA2BAR (48%)b, hA3AR (100%)b (b: %
of specific radioligand binding) for compound 16).59 Addi-
tionally, the presence of a carboxylate group in both molecules
represented an attractive functional handle for subsequent
attachment of a linker and fluorophore.
Molecular docking studies of tonapofylline and compound

16 to the 3.2 Å resolution crystal structure (PDB: 5UEN)55 of
the hA1AR revealed that both ligands exhibited comparable
binding modes, with subtle differences in orientation of the 1-
and 3-propyl groups for each ligand (Figure 2B−D). The
pattern of key interactions established with the orthosteric site
of the receptor was in keeping with those observed for the
A1AR crystal structure co-bound with xanthine-based ana-
logues, including hydrogen-bonding interactions with N2546.55

and π-stacking interaction with F171ECL2 (ECL2 in super-
scripts refer to the Ballesteros−Weinstein numbering sys-
tem).61,55,56 For both molecules, the carboxylate group was
oriented toward the extracellular face of the A1AR without
making direct interactions with neighboring residues. Struc-
ture−activity relationships (SAR) reported by Kiesman et al.,59

suggested that receptor affinity was maintained when the
carboxylate group was functionalized with amide linkers,
thereby further supporting our docking results. Consequently,
we set out to probe the area beyond the carboxylate group
using linkers of different lengths and chemical compositions
with the aim to find the optimal congener template upon
which to append a series of commercially available
fluorophores.

In addition, we generated a second library of probes
featuring 3-functionalized xanthine-based fluorescent ligands.
This second library displayed linkers with reduced length
compared to the first library as structural data, complemented
with docking studies, suggested that shorter linkers would
provide sufficient spatial separation between the pharmaco-
phore and fluorophore (Figure 2D). It was also of interest to
explore probes lacking the linker in which the fluorophores
were directly conjugated to the orthosteric binding moiety as
previous studies from our laboratories suggested that such
modification was advantageous for the development of A1AR
fluorescent probes.62

The novel series of fluorescent ligands reported here
included far-red emitting probes tethered with the 6-(((4,4-
difluoro-5-(2-thien-yl)-4-bora-3a,4a-diaza-s-indacene-3-yl)-
styryloxy)acetyl)aminohexanoic acid (BODIPY630/650-X)
dye and the water-soluble sulfonated cyanine5 (Sulfo-Cy5)
dye. Far-red emitting fluorophores were preferred as these
fluorophores emit at wavelengths of 650−670 nm, where the
degree of overlap with background autofluorescence from
living cells is minimized.63 Previous studies have demonstrated
that conjugation of the xanthine amine congener (XAC) with
green-emitting fluorophores, such as 4,4-difluoro-5,7-dimethyl-
4-bora-3a,4a-diaza-s-indacene-3-propionic acid (BODIPY-FL)
dye, generated probes with markedly reduced affinity for the
hA1AR and disadvantageous imaging properties due to
significant membrane penetration.64 For these reasons,
BODIPY-FL fluorophores were not included in the present
study. BODIPY 630/650 fluorophores are amongst the
preferred candidates for fluorescence derivatization due to
their advantageous spectral properties, including high
fluorescence quantum yield (φ) and photochemical stabil-
ity.65,66 Moreover, BODIPY 630/650 fluorophores are brighter
when located in lipid environments, such as the plasma
membrane, which is particularly advantageous when visualizing
specific cell surface fluorescence in imaging studies.45,64,67 The
application of BODIPY dyes, however, may be limited by their

Scheme 1. Synthesis of the 8-Bicyclo[2.2.2]octylxanthine-Based Congenersa

aReagents and conditions: (a) N-Boc-ethylenediamine, COMU, DIPEA, DMF, rt., 1 h, 58%; (b) 4 N HCl in dioxane, rt., 30 min, quantitative; (c)
N-Boc-8-amino-3,6-dioxaoctanoic acid or N-Boc-5-amino-3-oxapentanoic acid or N-Boc-β-alanine, COMU, DIPEA, rt., 1 h, 28−67%; (d) N-Boc-
β-alanine, COMU, DIPEA, rt., 1 h; (e) N1-Boc-ethylenediamine or N-Boc-1,3-propanediamine, BOP, DIPEA, DMF, rt., 1 h, 78−86%; (f) β-alanine
methyl ester, BOP, DIPEA, DMF, rt., 56%; (g) LiOH·H2O, MeOH/H2O 1:1, rt., 40 min, 84%; (h) N-Boc-5-amino-3-oxapentanoic acid, COMU,
DIPEA, rt., 1 h.
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intrinsic lipophilicity, which could lead to increased levels of
nonspecific binding68 and reduced stability in plasma. This
would thereby limit their utility in more physiologically
relevant models such as in vivo models.30 Fluorescent dyes
with improved water solubility, such as sulfonated cyanine5
dyes, may overcome these limitations as demonstrated by the
Cy5-labeled quinazoline-based probe developed by Ma et al.,
for the α1-adrenoreceptor.

69 In addition, to the best of our
knowledge, there are no reported examples of fluorescent
hA1AR antagonists integrating a Sulfo-Cy5 fluorophore that
have been successfully utilized in studies of the hA1AR in living
cells.
Chemistry: Synthesis of the 8-Bicyclo[2.2.2]-

octylxanthine-Based Congeners. The chemical synthesis
of the 8-bicyclo[2.2.2]octylxanthine-based amino-function-
alized congeners is outlined in Scheme 1. Tonapofylline
(BG9928) and 16 provided the framework for the develop-
ment of the series of fluorescent ligands featuring linkers and
fluorophores extending from the 8-position of the xanthine
scaffold. Tonapofylline (BG9928) and 16 were synthesized as
described in Keisman et al.59 (detailed procedures are reported
in the Supporting Information) and further functionalized with
a series of linker variants of different lengths and chemical
compositions to afford 10 final N-Boc-protected amino-
functionalized congeners. Briefly, Tonapofylline (BG9928)
w a s a c t i v a t e d w i t h ( 1 - c y a n o - 2 - e t h o x y - 2 -
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium

hexafluorophosphate (COMU) in the presence of DIPEA and
subsequently coupled with N-Boc-enthylenediamine in DMF
to afford the corresponding monoprotected amine intermedi-
ate (10). The acidolytic removal of the Boc-protecting group
afforded the corresponding amine (11) as its HCl salt, which
was subsequently functionalized in the presence of DIPEA and
COMU with three linker variants of different lengths and
chemical compositions: Boc-8-amino-3,6-dioxaoctanoic acid,
Boc-5-amino-3-oxapentanoic acid, and Boc-β-alanine to afford
12, 13, and 14, respectively (Scheme 2).
Compound 16 was coupled with either N-Boc-ethylenedi-

amine or N-Boc-1,3-propanediamine to afford the correspond-
ing monoprotected intermediates 17a and 17b, respectively.
Following acidolysis, N-Boc deprotection gave the correspond-
ing primary amines (18a and 18b) as their HCl salts. COMU-
mediated amide coupling of 18a and 18b with the N-protected
linkers Boc-8-amino-3,6-dioxaoctanoic acid, Boc-5-amino-3-
oxapentanoic acid, or Boc-β-alanine afforded the Boc-
protected congeners 19−24. An additional chain-extended
congener was also synthesized to investigate the effect of this
longer linker variant in modulating A1AR binding affinity. To
this end, 16 was activated with (benzotriazol-1-yloxy)tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP)
and coupled with β-alanine methyl ester to afford 26.
Saponification of the latter and subsequent amide coupling
with N-Boc-ethylenediamine yielded the corresponding Boc-
protected intermediate (28). Treatment of 28 with 4 M HCl in

Scheme 2. Synthesis of the 1-Propyl-3-(3-benzamidopropyl)-8-(3-adamantyl) Xanthine-Based Congenersa

aReagents and conditions: (a) Na2S2O4, 30% NH4OH in H2O, 85 °C, 92%; (b) (i) 1-adamantane carboxylic acid, COMU, DIPEA, DMF, rt., 15
min, 87% (ii) 1 M KOH/n-propanol 1:1, reflux, 1 h, 95%; (c) SEM-Cl, K2CO3, DMF, 4 h, 66%; (d) NH4

+HCO2
−, Pd/C, MeOH, 140 °C, 9 h,

67%; (e) N1-Boc ethylenediamine, COMU, DIPEA, DMF, rt., 20 min, 75%; (f) 1 M NaOH, THF, rt., 3 h, 90%; (g) 3-bromopropylamine
hydrobromide, COMU, DIPEA, DMF, rt., 15 min, 61%; (h) 35 and 39, K2CO3, DMF, 25−40 °C, 24 h, 49%; (i) 4 M HCl in dioxane, rt., 30 min,
quantitative, then DIPEA; (j) Boc-β-Ala-OH, COMU, DIPEA, DMF, rt., 15 min, 47%.
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dioxane afforded the corresponding amine (29) as its HCl salt,
which was coupled with Boc-5-amino-3-oxapentanoic acid to
afford the desired protected congener 30.
Syntheses of the 1-Propyl-3-(3-benzamidopropyl)-8-

(3-adamantyl) Xanthine-Based Congeners. The synthetic
approach for the preparation of 3-functionalized analogues is
outlined in Scheme 2 and was adapted from procedures
reported by Beauglehole et al.60 6-Amino-1-benzyl-5-nitroso-3-
propylpyrimidine-2,4(1H,3H)-dione (31) was previously pre-
pared in our laboratory following reported literature
procedures.70−72 Reduction of the nitroso group of 31 with
sodium dithionite afforded the corresponding 5,6-diamino
uracil product (32), which was subsequently acylated with 1-
adamantane carboxylic acid in the presence of COMU73 to
afford the corresponding 6-amino-5-carboxamido uracil
precursor. The latter then underwent cyclization in the
presence of 1 M KOH to the corresponding 8-adamantyl-
substituted xanthine (33) in excellent yield (95%). To
ultimately allow a selective alkylation of the unsubstituted 3-
position of the xanthine ring following its debenzylation, a 2-
(trimethylsilyl)ethoxymethyl (SEM) protecting group was
introduced at the 7-position to afford the corresponding 7-
N-SEM-protected intermediate (34) in good yield (66%).
Subsequent debenzylation was achieved under transfer hydro-

genation conditions using ammonium formate in the presence
of 10% palladium on carbon (Pd/C) in methanol at high
temperature,74 affording the corresponding deprotected
xanthine 35 in good yield (67%). The aryl amide linker
variant was prepared starting from commercially available
monomethyl terephthalate (31), which was coupled with N-
Boc ethyelenediamine by means of COMU, in the presence of
DIPEA in DMF, affording intermediate 37. The latter was then
treated with 1 M NaOH to generate the corresponding
carboxylic acid (38), which was subsequently coupled with 3-
bromopropylamine hydrobromide in the presence of DIPEA,
affording intermediate 39 with good yield (61%). Alkylation of
the xanthine derivative 35 with 39 under basic conditions
yielded the corresponding 3-N-propyl-3-benzamide intermedi-
ate (40) in reasonable yield (49%). Concomitant SEM and
Boc removal was effected by reacting 40 with 4 M HCl in
dioxane for 1 h, followed by treatment of the resulting HCl salt
with DIPEA to liberate the corresponding amine (41), which
was coupled with Boc-β-Ala-OH using COMU in DMF to
yield the final Boc-protected congener (42).

Synthesis of Fluorescent A1AR Antagonists. The 8-
bicyclo[2.2.2]octylxanthine-based congeners 18a and 25a and
the 8-adamantyl-3-propyl-3-benzamide-substituted congeners
41 and 42 were subsequently conjugated with a series of

Scheme 3. Synthesis of the Fluorescent A1AR Antagonistsa

aReagents and conditions: (i) 4 M HCl in dioxane, rt., 30 min, quantitative; (ii) BY630/650-X-NHS or Sulfo-Cy5-NHS, DIPEA, DMF, rt.,
exclusion of light, 39−100%.
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commercially available far-red emitting fluorophores (Scheme
3), namely, BODIPY630/650-X (BY630/650-X) and sulfo-
nated cyanine5 (Sulfo-Cy5) dyes, thereby yielding a focused
library of eight fluorescent analogues (43a and 43b to 46a and
46b). The novel synthesized fluorescent probes were purified
by reverse-phase high-performance liquid chromatography
(RP-HPLC), and the high purity of the final probes was
confirmed by analytical RP-HPLC with dual-wavelength
detection and measured as ≥96% homogeneity. Furthermore,
chemical identity of the final probes was confirmed by high-
resolution mass spectroscopy (HRMS) (TOF ES+ and ES−).
Pharmacology. To assess which linker functionality could

be harnessed for the development of the first library of
fluorescent probes, the 10 newly synthesized Boc-protected 8-
bicyclo[2.2.2]octylxanthine congeners 12, 13, 15, 19, 20, 22,
23, 25a, 25b, and 30 (Scheme 1) were characterized using
[3H] DPCPX binding in FlpIn-CHO cells stably expressing the
hA1AR (A1AR-FlpInCHO cells). All congeners were able to

bind the hA1AR with good affinity (7.65−8.36 pKi range, Table
1), demonstrating that all linker combinations were well
tolerated. Comparison of the reported binding affinities59 of
tonapofylline (BG9928) and 16 with our newly synthesized
congeners corroborated the original observation that function-
alization of the carboxylate handle of either tonapofylline or 16
could be exploited for linker conjugation. Despite the similar
affinity of these ligands, subtle differences in SARs were
observed. There was a general trend for congeners integrating
the β-Ala-β-Ala linker moiety to display higher hA1AR affinities
relative to congeners lacking the dipeptide linker (15, 25a, and
25b; Table 1. ** P < 0.01 one-way ANOVA with the Tukey’s
multiple comparison test). Likewise, congeners with an
ethylenediamine spacer seemed to be better tolerated than
those with a propane-1,3-diamine. Based on these initial
results, compound 25a (Table 1 and Scheme 1) was therefore
selected as our model-functionalized congener for the
development of the 8-bicyclo[2.2.2]octylxanthine-based fluo-

Table 1. Binding Affinities of the Novel 8-Bicyclo[2.2.2]octylxanthine-Based Amino-Functionalized Congeners

apKi ± SEM values were calculated from the negative logarithm of the equilibrium inhibitory constant (Ki in nM) determined at 4 °C using [3H]
DPCPX competition binding experiments in FlpIn-CHO cells stably expressing the hA1AR. Values represent the mean ± SEM from n = 3
experiments performed in duplicate. ** P < 0.01. compared to congeners lacking the dipeptide linker one-way ANOVA with Tukey’s multiple
comparison test.
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rescent ligands. Given the greater A1AR affinity observed with
congeners conjugated with β-alanine, we also used the β-
alanine linker for the development of the 1-propyl-3-(3-
benzamidopropyl)-8-(3-noradamantyl)xanthine-based fluores-
cent ligands. Furthermore, structural data suggested that a
single β-alanine linker, coupled with an ethylenediamine
spacer, should provide the optimal linker length for
conjugating the 1-propyl-3-(3-benzamidopropyl)-8-(3-norada-
mantyl) xanthine-based scaffold with the desired fluorophore.
The novel-synthesized 8-bicyclo[2.2.2]octylxanthine- and 1-

propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl) xanthine-
based fluorescent ligands (Scheme 3) were characterized in a
variety of pharmacological assays. First, the fluorescent ligand
binding was quantified using [3H] DPCPX competition
binding in A1AR-FlpInCHO cells (Figure 3 and Table 2).

There was a broad variability of the binding affinities
measured across the novel fluorescent ligands synthesized
(Table 2). These results are consistent with previous studies,
which demonstrated a significant contribution of the
fluorophore in modulating the pharmacology of the final
conjugates.39,41,64 Indeed, there was a statistical difference for
the BY630/650-X-labeled compounds (43a−46a) to display
the highest affinities of the series compared to the
corresponding Sulfo-Cy5-labeled analogues (43b−46b)
(Table 2). Overall, conjugation with the Sulfo-Cy5 probe
was detrimental with regard to binding to the hA1AR.
Fluorescent analogue 44a displayed the highest affinity of the
series at the hA1AR (pKi = 9.54 ± 0.05). The addition of the
BY630/650-X fluorophore resulted in a circa 16-fold increase
of hA1AR affinity compared to the Boc-protected congener
25a. Replacement of the BY630/650-X fluorophore with Sulfo-
Cy5 yielded fluorescent antagonist 44b (pKi = 6.70 ± 0.06),
which resulted in a significant reduction in hA1AR binding
affinity (690-fold) compared to the BY630/650-X-labeled
analogue. The fluorophore moiety alone, however, was not the
only driver of hA1AR affinity as demonstrated by compounds
43a and 43b, which had lower affinity compared to 44a and
44b. These two fluorescent analogues lacked the dipeptide β-
Ala-β-Ala linker and were synthesized to explore the effect of
moving the fluorophore closer to the 8-bicyclo[2.2.2]-
octylxanthine scaffold. Despite the reasonable hA1AR affinity
displayed by compounds 43a and 43b, the removal of the
dipeptide β-Ala-β-Ala linker proved to be disadvantageous.

This suggests that there may be a synergistic effect of both
linker and fluorophore in influencing the binding affinity of the
final fluorescent conjugates. The introduction of the Sulfo-Cy5
fluorophore to the 1-propyl-3-(3-benzamidopropyl)-8-(3-nor-
adamantyl) xanthine scaffold (probes 45b and 46b) effectively
abolished hA1AR affinity (pKi < 5). In contrast, conjugation
with BY630/650-X fluorophore yielded fluorescent analogues
45a and 46a with good hA1AR affinity (pKi = 8.23 ± 0.07 and
pKi = 8.01 ± 0.03, respectively). These results supported our
original hypothesis, whereby fluorophore derivatization could
be achieved at both the 8- and 3-positions of the prototypical
xanthine scaffold.
The SAR of these novel fluorescent ligands could be

rationalized in the context of A1AR structural information. For
example, crystal structures for the hA1AR

55,56,75 revealed the
presence of a secondary hydrophobic pocket defined by
residues F171ECL2, E170ECL2,V833.28, I692.64, and L652.60.
Molecular dynamics simulation (MD) studies suggest that
this pocket provides an important recognition mechanism for
ligand binding, with A1AR ligand affinity and selectivity being
influenced by their ability to engage with this accessory
hydrophobic site.76,77 The importance of hydrophobic pockets
in influencing ligand binding has been suggested for various
GPCRs, including the A2AAR and the C−C chemokine
receptor type 5 (CCR5).78,79 Accordingly, the lipophilic nature
of the BODIPY probes may enable the boron dipyrromethene
scaffold to establish favorable interactions with this accessory
hydrophobic site with concomitant displacement of weakly
associated water molecules from this pocket, thereby further

Figure 3. Inhibition of [3H] DPCPX specific binding (1 nM) in the
presence of increasing concentrations of fluorescent antagonist (43a
and 43b to 46a and 46b) at 37 °C in hA1AR-FlpInCHO cells. TB
stands for total radioligand binding. Each data point represents the
combined mean ± SEM from n = 5 experiments performed in
triplicate.

Table 2. Binding Affinities of the Novel 8-
Bicyclo[2.2.2]octylxanthine-Based (43a, 43b, 44a, and 44b)
and 1-Propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl)
Xanthine-Based (45a, 45b, 46a, and 46b) Fluorescent
Antagonists

cmpd linker fluorophore pKi (Log M) ± SEMa

SLV320 8.77 ± 0.05
43a BY630/650-X 7.69 ± 0.06####

43b Sulfo-Cy5 6.07 ± 0.09
44a β-Ala-β-Ala BY630/650-X 9.54 ± 0.05****
44b β-Ala-β-Ala Sulfo-Cy5 6.70 ± 0.06
45a BY630/650-X 8.23 ± 0.07
45b Sulfo-Cy5 <5
46a β-Ala BY630/650-X 8.01 ± 0.03
46b β-Ala Sulfo-Cy5 <5

apKi values were calculated from the negative logarithm of the
equilibrium inhibitory constant (Ki in nM) measured at 37 °C by
radioligand competition binding employing [3H] DPCPX as the
radiotracer in FlpIn-CHO cells stably expressing the hA1AR. Values
represent the mean ± SEM from n = 5 experiments performed in
triplicate (statistical significance was defined as ****p < 0.0001 one-
way ANOVA with the Tukey’s multiple comparison test comparing
the pKi of 44a vs 44b. #### p < 0.0001 one-way ANOVA with the
Tukey’s multiple comparison test comparing the pKi of 44a vs 43a).
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enhancing the overall free energy of binding for the probe
bound to the A1AR. In contrast, molecular interactions of this
type could not be established with the corresponding water-
soluble Sulfo-Cy5 analogues as, due to their hydrophilic nature,
the interaction with the solvent could be more favorable.
One of the principal objectives of this study was to develop

subtype-selective probes that can selectively bind A1ARs in
cells where other adenosine receptors are co-expressed. To this
end, the selectivity profile of the newly synthesized probes was
quantified using a bioluminescent resonance energy transfer
(BRET)29,80,81 ligand binding assay, a proximity assay (<10
nm), which relies upon the energy transfer between a donor
bioluminescent protein (NanoLuc)82 tagged on the N-
terminus of the receptor of interest (NanoLuc-hA1AR), and
an acceptor fluorophore. The binding affinity of the most
promising fluorescent ligands of both BODIPY- and Sulfo-
Cy5-bearing probes (44a, 44b, and 46a; Scheme 3), selected
based on [3H]DPCPX binding results (Table 2), was

quantified at each adenosine receptor subtype using Nano-
BRET saturation ligand binding assay in HEK293A cells
transiently expressing either the NanoLuc-A1AR, NanoLuc-
A2AAR, NanoLuc-A2BAR, or the NanoLuc-A3AR. A robust,
specific, and saturable BRET signal was detected at the
NanoLuc-A1AR for each fluorescent analogue investigated
(44a, 44b, and 46a), with low levels of nonspecific binding for
all concentrations tested. Fluorescent analogue 44b showed
reasonable NanoLuc-hA1AR affinity (pKD = 7.35 ± 0.09, n =
3) and the most promising selectivity profile among the
fluorescent probes tested in the NanoBRET assay (Table 3 and
Figure 4f). Indeed, minimal BRET signal was detected at either
NanoLuc-hA2AAR, NanoLuc-hA2BAR, or NanoLuc-hA3AR at
500 nM-1 μM 44b (Figure 4f). A concentration-dependent
BRET signal was observed for fluorescent analogues 44a and
46a at the NanoLuc-hA2AAR, NanoLuc-hA2BAR, and Nano-
Luc-hA3AR (Figure 4e), allowing estimation of their
equilibrium dissociation constant (KD) (Table 3). 44a

Table 3. Binding Affinities of Fluorescent 8-Bicyclo[2.2.2]octylxanthine-Based Conjugates 44a and 44b and Fluorescent 1-
Propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl) Xanthine-Based Conjugate 46a at NanoLuc-hA1AR, NanoLuc-hA2AAR,
NanoLuc-hA2BAR, and NanoLuc-hA3AR

cmpd binding NLuc-hA1AR NLuc-hA2AAR NLuc-hA2BAR NLuc-hA3AR

44a pKD (Log M)a 8.93 ± 0.02 7.55 ± 0.09 8.11 ± 0.08 6.87 ± 0.04
Bmax 0.018 ± 0.002 0.035 ± 0.001 0.016 ± 0.003 0.012 ± 0.001

46a pKD (Log M) 8.50 ± 0.07 7.30 ± 0.15 7.26 ± 0.08 7.23 ± 0.09
Bmax 0.019 ± 0.0005 0.003 ± 0.0003**** 0.004 ± 0.0004**** 0.001 ± 0.00007****

44b pKD (Log M) 7.35 ± 0.09 <6 <6 <6
Bmax 0.030 ± 0.006 N.D.b N.D.b N.D.b

apKD values were calculated from the negative logarithm of the equilibrium dissociation constant (KD) measured at 37 °C by NanoBRET
saturation binding using increasing concentration of the fluorescent ligand in the absence or presence (to define nonspecific binding) of selective
unlabeled AR antagonist (1 μM SLV320 for NanoLuc-A1AR, 1 μM ZM241385 for NanoLuc-A2AAR, 1 μM PSB603 for NanoLuc-A2BAR, and 1 μM
MRS1220 for NanoLuc-A3AR). Data are represented as mean ± SEM of n = 3 experiments, where each experiment was performed in duplicate.
bN.D. = not determined. **** P < 0.0001. compared to NanoLucA1 Bmax, one-way ANOVA with the Tukey’s multiple comparison test.

Figure 4. NanoBRET saturation ligand binding curves (a)−(c) measured in HEK293A cells transiently expressing the NanoLuc-hA1AR for (a)
44a, (b) 46a, and (c) 44b in the presence (open circles) and absence (closed circles) of 1 μM SLV320. Graphs (d)−(f) depict the selectivity
profiles of the probes tested against each subtype of adenosine receptors. Specific binding (d)−(f) of (d) 44a, (e) 46a, and (f) 44b at each subtype
of adenosine receptor was measured from saturation binding curves (a)−(c) after subtraction of the nonspecific binding component from the total
binding. Nonspecific binding was determined in the presence of 1 μM of ZM241385 for NanoLuc-hA2AAR, 1 μM PSB603 for NanoLuc-hA2BAR,
and 1 μM MRS1220 for NanoLuc-hA3AR. Data points represent the combined mean ± SEM from n = 3 experiments performed in duplicate.
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exhibited high affinity for the NanoLuc-hA1AR (pKD = 8.93 ±
0.02, n = 3), which was 25-fold, 7-fold, and 117-fold greater
than its affinity for the NanoLuc-hA2AAR, NanoLuc-hA2BAR,
and NanoLuc-hA3AR, respectively. Fluorescent analogue 46a
also displayed high affinity at the NanoLuc-hA1AR (pKD =
8.50 ± 0.07, n = 3), while the affinities measured at the other
adenosine receptor subtypes were appreciably lower, displaying
approximately 20-fold greater affinity for the NanoLuc-hA1AR
compared to the NanoLuc-hA2AAR, NanoLuc-hA2BAR, and
NanoLuc-hA3AR.
The maximal binding capacity (Bmax) value of probe 46a was

significantly higher at the NanoLuc-hA1AR compared to
binding to either of the NanoLuc-hA2AAR, NanoLuc-
hA2BAR, and NanoLuc-hA3AR receptor subtypes (maximum
BRET ratios of 0.003, 0.004, and 0.001, respectively) (Table
3). They were also substantially different to the Bmax values
obtained at the NanoLuc-hA2AAR, NanoLuc-hA2BAR, and
NanoLuc-hA3AR receptor subtypes with 44a (0.035, 0.016,
and 0.012, respectively). These findings are unlikely to reflect a
lack of receptor expression for A2AAR, A2BAR, and A3AR when
assessing 46a, as these assays were performed in parallel with
44a, which exhibited robust expression for all adenosine
receptor subtypes. We therefore hypothesized that the BRET
signal resulting from probe 46a binding to the NanoLuc-
hA2AAR, NanoLuc-hA2BAR, and NanoLuc-hA3AR could be a
result of the so-called “bystander” BRET,83−85 that is, non-
specific enrichment of probe 46a at the plasma membrane of
cells expressing hA2AAR, hA2BAR, or hA3AR receptors could
produce a measurable BRET signal owing to the close
proximity between the probe and bioluminescent protein
NanoLuc. Alternatively, HEK293 cells are known to express
hA1AR at very low levels86,87 and it is therefore possible that
the low BRET signal detected with 46a at the NanoLuc-
hA2AAR and NanoLuc-hA2BAR is a result of close proximity
between the endogenous hA1AR and NanoLuc-hA2AAR or
NanoLuc-hA2BAR receptors (such as might occur in
oligomeric complexes).
To further assess its subtype selectivity, probe 46a was

therefore evaluated for its ability to antagonize NECA-
mediated cAMP accumulation in FlpIn-CHO cells expressing
either of hA2AAR, hA2BAR, or hA3AR. If the affinity of 46a for
the other AR subtypes measured in the NanoBRET saturation
assay was “true affinity”, one would expect to measure
comparable affinity values in this functional assay. At the
hA2AAR and hA2BAR, 46a caused a small but significant

rightward shift of the NECA concentration response curve
only at the highest concentration tested (1 μM) (Figure S9),
with no detectable effect at the hA3AR. Therefore, the
estimated affinity of 46a for each of the adenosine receptor
subtypes, quantified using the Gaddum equation as previously
described, was relatively low (pKD hA2AAR = 6.11 ± 0.08, pKD
hA2BAR = 6.16 ± 0.07, pKD hA3AR <6, n = 3)41,88 compared
to that observed from the NanoBRET assay (Figure 4 and
Table 3). Therefore, the small BRET signal detected with 46a
in HEK293 cells expressing NanoLuc-hA2AAR and NanoLuc-
hA2BAR may reflect BRET between 46a bound to endogenous
hA1ARs and the transfected NanoLuc-tagged A2AR receptors
as a result of oligomerization. The lower binding affinity
obtained for 46a in cells expressing NanoLuc-hA2AAR and
NanoLuc-hA2BAR, compared to NanoLuc-hA1AR, would be
consistent with negative allosterism across oligomeric receptor
interfaces.89

The ability of probes 44a, 46a, and 44b (Scheme 3) to
retain functional antagonism at the hA1AR was also
investigated. This was performed in FlpIn-CHO cells stably
expressing the hA1AR. All three fluorescent probes proved to
be competitive antagonists at the A1AR, causing a parallel
rightward shift of the NECA response curve in a concen-
tration-dependent manner (Figure 5). From this data, we
performed Schild regression analysis and the pKB value for
each of the compounds tested was calculated (Table 4). All
three fluorescent ligands 44a, 46a, and 44b retained a
functional antagonism activities at the hA1AR comparable to
the parent Tonapofylline59 and DU172.55 Moreover, the
functional affinity values (pKB) measured for each of the
fluorescent ligands were in agreement with the binding

Figure 5. Effects of antagonists 44a (a), 46a (b), and 44b (c) on the NECA-mediated inhibition of forskolin-stimulated cAMP accumulation.
hA1AR-FIpInCHO cells were stimulated with increasing concentrations of NECA in the absence and presence of increasing concentrations of the
fluorescent antagonist. Data have been presented as percentage of cAMP accumulation in response to 3 μM forskolin (0%) or buffer (100%) alone.
Each data point represents the combined mean ± SEM from n separate experiments (n = 3 for 44a, n = 3 for 46a, and n = 4 for 44b) performed in
duplicate.

Table 4. pKB Values of Fluorescent Analogues 44a, 46a, and
44b

cmpd hA1AR pKB
a n

44a (BY630/650) 9.75 ± 0.11 3
46a (BY630/650) 8.72 ± 0.02 3
44b (Sulfo-Cy5) 7.12 ± 0.12 4

aAffinities of the fluorescently-labeled antagonists 44a, 46a, and 44b
measured from the antagonism of NECA-mediated inhibition of
forskolin-stimulated cAMP accumulation in hA1AR-FIpInCHO cells.
Schild slopes were 1.14, 1.22, and 0.89 for 44a, 46a, and 44b,
respectively. Data represent mean value ± SEM of n separate
experiments, where each experiment was performed in duplicate.
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affinities measured in the same cell line (hA1AR-FIpInCHO)
by radioligand binding experiments.
The kinetics of ligand−receptor binding is emerging as a

powerful pharmacological paradigm for predicting the efficacy
of drug candidates in vivo.90,91 The availability of probes and
techniques, which allow real-time monitoring of the rate at
which a drug binds to its biological target (kon) and dissociates
from it (koff), are therefore of great utility.32,92,93 It has been
recently observed with the A3AR that the kinetics of the
labeled probe can influence the kinetic parameters of the
unlabeled ligands under investigation, suggesting that a labeled
probe should be chosen with regard to its adequate kinetic
profile for the given study.43 In this regard, the ligand binding
kinetics of fluorescent analogues 44a, 44b, and 46a were
monitored by the NanoBRET ligand binding kinetic assay in
HEK293A cells transiently expressing the NanoLuc-hA1AR.
The kinetic parameters of each fluorescent ligand were derived
by measuring the observed association constant (kobs) at four

concentrations of the fluorescent probe over a time frame of 1
h. The specific BRET signal for each fluorescent probe was
calculated after subtraction of the nonspecific binding, defined
using 1 μM of unlabeled antagonist SLV320, from the total
binding component at each time point (Figure 6). The kinetic
parameters kon, koff, and pKD, along with the calculated
residence time (1/koff), were measured by globally fitting the
resulting BRET data (Table 5).
The results obtained showed that all three fluorescent

ligands displayed relatively fast kinetics. Additionally, for probe
44a, the pKD values measured from the kinetic analyses were in
agreement with that obtained from saturation ligand binding
assays, while for 44b and 46a, the kinetic pKD values were
significantly lower compared to the saturation pKD. There
were, however, large differences in the measured association
rates (kon) between the compounds. In particular, the BY630/
650-X-labeled probe 44a displayed kon two orders of
magnitude faster (1.79 ± 3.69 × 107 M−1 min−1) than its

Figure 6. NanoBRET association binding kinetic curves of specific 44a (a), 46a (b), and 44b (c) binding to NanoLuc-hA1AR at 37 °C. HEK293A
cells transiently expressing the NanoLuc-hA1AR were treated with the indicated concentration of the fluorescent ligand, and the NanoBRET signal
was monitored every 30 s for 1 h. Nonspecific binding was determined in the presence of 1 μM SLV320. Each data point represents the combined
mean value ± SEM of n = 3 separate experiments performed in triplicate.

Table 5. Kinetic Parameters of Fluorescent Analogues 44a, 44b, and 46a Binding to the NanoLuc-hA1AR
a

cmpd kon (× 106 M−1 min−1) koff (min−1) RT (1/koff) (min) kinetic pKD (Log M) saturation pKD (Log M)

44a 17.90 ± 3.69 0.054 ± 0.009 19.7 ± 3.7 8.51 ± 0.18 8.93 ± 0.02
44b 0.86 ± 0.13 0.117 ± 0.016 9.0 ± 1.0 6.86 ± 0.03* 7.35 ± 0.09
46a 3.60 ± 0.90 0.046 ± 0.008 23.8 ± 3.9 7.88 ± 0.04* 8.50 ± 0.07

aThe kinetic parameters kon, koff, and pKD were calculated by monitoring the specific BRET signal of four concentrations of the fluorescent ligand
every 30 s for 1 h at 37 °C. The residence time (RT) was calculated from the reciprocal of the koff value, and the pKD was derived from the negative
logarithm of the kinetic KD. The values listed represent the mean ± SEM of n = 3 performed in triplicate. *p < 0.05, kinetically derived pKD versus
equilibrium saturation derived pKD value, Student’s unpaired t-test.

Figure 7. Displacement of 3 nM 46a (a) and 40 nM 44b (b) by unlabeled A1AR antagonists SLV320 and DPCPX and agonist NECA in HEK293A
cells transiently expressing the NanoLuc-hA1AR. The reduction of BRET signal was monitored as a function of increasing concentration of the
competing ligand. Data were normalized to maximal BRET signal in the absence of the unlabeled competing ligand (total binding, TB). Each data
point represents the combined mean ± SEM from n = 3 experiments performed in duplicate.
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Sulfo-Cy5-labeled analogue 44b (8.6 ± 0.13 × 105 M−1

min−1). These two fluorescent analogues differ only by the
attached fluorophore motif, demonstrating the potential of the
fluorescent pharmacophore to establish different interactions
with the receptor and nearby environment in a way that affects
the observed binding kinetics. This would be consistent with
observations described recently for the A3AR.

43 Moreover, in
an elegant study with the β2-adrenoreceptor, Sykes et al.,
showed that the lipophilic nature of some structural motifs in a
molecule can influence the observed binding kinetics, depend-
ent on direct interactions between these motifs and the plasma
membrane.94 This could therefore be the case for the BODIPY
moiety in our fluorescent analogues.95

After having thoroughly characterized the pharmacology of
the synthesized fluorescent A1AR antagonists, we then
investigated their utilities in a broad range of fluorescence-
based techniques. For example, fluorescent analogues 44b and
46a were subsequently applied to monitor the ligand binding
of unlabeled ligands to the hA1AR. This was achieved through
the NanoBRET competition ligand binding assay in HEK293A
cells transiently expressing the NanoLuc-hA1AR. Cells were
incubated with the indicated concentration of fluorescent
ligand and increasing concentrations of hA1AR antagonists
SLV320, DPCPX, and the nonselective agonist NECA. A clear
concentration dependent inhibition of the BRET signal was
observed for all the compounds tested (Figure 7), allowing for
the relative half-maximal inhibitory concentrations (IC50) to be
measured. These values were converted to the corresponding
inhibitory constant (Ki) by means of the Cheng−Prusoff
equation and are listed in Table 6.

NanoBRET competition binding assays with fluorescent
ligands 46a and 44b and the unlabeled competing A1AR
ligands yielded pKi values that were comparable to the
reported literature values measured by radioligand binding
assays (R2 = 0.95 using 46a, R2 = 0.94 using 44b; Figure
S10a,b) and comparable to those measured in NanoBRET
binding assays by Stoddart et al.29 and Cooper et al.44 Overall,
the pKi values measured using both fluorescent probes were
also comparable (R2 = 0.99 44b vs 46a; Figure S10c).
To further expand the utility of the novel synthesized

probes, we assessed whether fluorescent analogues 44a, 46a,
and 44b would allow visualization of the hA1AR expressed at

the plasma membrane of living cells. To be suitable for imaging
studies, a fluorescent ligand must possess adequate properties,
showing specific binding of the target protein at the cell surface
coupled with both low levels of nonspecific membrane
incorporation and diffusion into the cell cytosol. To this end,
confocal microscopy studies of fluorescent probes 44a, 46a,
and 44b were carried out in HEK293A cells transiently
transfected with the engineered SNAP-tagged human A1AR.
The equatorial images acquired with the confocal micro-

scope (Figure 8) revealed high levels of fluorescent labeling of
the SNAP-tagged-hA1AR localized at the cell membrane for all
the three red-shifted fluorescent probes tested. Moreover, pre-
incubation of the cells with 10 μM unlabeled A1AR antagonist
SLV320 prevented the binding of the fluorescent probes to the
SNAP-tagged hA1AR causing a reduction of fluorescence. This
demonstrated that the binding of the probes was specific at the
SNAP-tagged-hA1AR localized at the cell membrane. Fur-
thermore, when nontransfected (NT) HEK293 cells were
treated with probes 44a, 46a, and 44b, under the same
experimental conditions as the SNAP-tagged-hA1AR HEK293
cells, no fluorescence signal was detected, further confirming
the specificity of these fluorescent ligands for binding to the
hA1AR and their low levels of nonspecific binding (Figure
S11).
Finally, we investigated the suitability of the most hA1AR

selective probes reported here for high resolution fluorescence
microscopy. To this end, the Sulfo-Cy5-labeled ligand 44b and
BODIPY-630/650-X-labeled ligand 46a were used in total
internal reflection fluorescence microscopy (TIRF-M) to
probe receptor distribution at the plasma membrane of living
HEK293 cells transiently expressing the SNAP-tagged hA1AR.
TIRF-M is a wide-field imaging method that allows for the
visualization of molecule localization and organization on the
surface of living cells with high spatial and temporal
resolution.103−105 Imaging living cells with probe 44b allowed
for the detection of the SNAP-hA1AR as single red fluorescent
spots localized at the plasma membrane (Figure 9a). The
location of the red fluorescent spots correlated with the green
fluorescent spots of AF488-labeled SNAP-hA1AR and is shown
in Figure 9a. Additionally, pre-incubation of the cells with 10
μM SLV320 prevented the visualization of SNAP-hA1ARs by
probe 44b, further validating the specificity of probe 44b
(bottom frames, Figure 9a). While we found that the
fluorescent ligand 44b had a high signal-to-noise ratio for
high resolution microscopy applications, fluorescent ligand 46a
also did not perform in this way. Indeed, when 46a was used in
TIRF-M experiments, it was not possible to distinguish the
same localization patterns as the AF488-labeled SNAP-hA1AR
(Figure S12). The BY630/650 moiety increases the lip-
ophilicity of the fluorescent conjugate and might allow probe
46a to stick either to the plasma membrane of the cell or to the
glass coverslip surface, resulting in higher background signal in
this particular microscopy approach.

■ CONCLUSIONS
In the study presented herein, we have reported the successful
design, synthesis, and pharmacological evaluation of a series of
novel, high affinity, and subtype-selective fluorescent probes
for the study of human A1AR in living cells. We have
demonstrated that both positions of the prototypical xanthine
scaffold, namely, the 3- and 8-positions, could be harnessed for
linker/fluorophore functionalization. Additionally, modifica-
tions at both positions yielded fluorescent probes that retained

Table 6. Binding Affinities of A1AR Ligands Measured by
the NanoBRET Competition Ligand Binding Assay and
Affinities Reported in Literature

pKi (Log M) ± SEMd

cmpd 44b (Sulfo-Cy5) 46a (BY630/650) pKi (literature)

SLV320 9.15 ± 0.07 8.85 ± 0.07 9a

DPCPX 8.13 ± 0.05 7.68 ± 0.01 7.4−9.2b

NECA 6.40 ± 0.10 5.96 ± 0.06 5.3−8.2c
aReported binding affinities.2 Value determined in radioligand
binding experiments in hA1AR-CHO-K1 cells using [3H] DPCPX.96
bValues determined in radioligand binding experiments in A1AR-
COS-797 or hA1AR-CHO-K1 cell membranes57,98 or whole cells99

using [3H] DPCPX. cValues determined in radioligand binding
experiments in cells expressing the wild-type hA1AR using [3H]
DPCPX57,100,101 or [3H]R-PIA.102 dMeasured pKi in NanoBRET
competit ion binding experiments in whole NanoLuc-
hA1ARHEK293A cells using the fluorescent ligand indicated. Values
are mean ± SEM of n = 3 experiments performed in duplicate.
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binding affinity and functional activity at the hA1AR. Overall, a
good selectivity profile for the probes synthesized was
observed, with the Sulfo-Cy5-bearing probe 44b and BY630/
650-X-bearing probe 46a displaying the best selectivity profile
for the hA1AR compared to the other adenosine receptors. To
the best of our knowledge, probes 44b and 46a represent the
first examples of subtype-selective fluorescent hA1AR antago-
nists reported to date.

Furthermore, fluorescent conjugates 44b and 46a were
successfully applied to monitor ligand binding of known A1AR
ligands by the recently described NanoBRET ligand binding
assay, demonstrating that these probes can be used as
alternatives to radioligands. Confocal microscopy studies
showed that fluorescent analogues 44a, 46a, and 44b could
be applied to visualize the hA1AR expressed at the membrane
of living cells as demonstrated by the high degree of
fluorescence intensity observed at the plasma membrane.
The binding of the probes could be prevented by incubating
the cells with a high concentration of nonfluorescent A1AR
antagonist, demonstrating the specificity of the binding of the
probes to the SNAP-tagged-hA1AR with very little nonspecific
cellular uptake detected across all the compounds tested.
Finally, the Sulfo-Cy5-labeled probe 44b was successfully

combined with TIRF microscopy to map hA1AR distribution
at the plasma membrane of HEK293 cells, suggesting that
probe 44b could be coupled with advanced microscopy
techniques for the study of the spatial organization of A1ARs at
the plasma membrane of living cells. Remarkably, despite the
introduction of the Sulfo-Cy5 fluorescent tag causing a reduced
affinity for the hA1AR compared to the corresponding BY630/
650-labeled analogues, we found that the Sulfo-Cy5-labeled
probe (44b) proved as specific and effective as the BY630/
650-labeled analogues (44a and 46a) and possessed even
superior physicochemical properties for single-molecule
microscopy applications. These results highlight the impor-
tance of developing small-molecule probes labeled with dyes of
different physicochemical properties and that the character-
ization and selection of these probes should not be merely
based on their apparent binding affinity for the target protein
under investigation, but, principally, for the specific biological
application.
In summary, we have expanded the available fluorescent

A1AR ligand toolbox. The novel probes reported herein were
thoroughly characterized, displayed improved A1AR pharma-
cology, and were amenable to a broad range of fluorescence-
based techniques. We envisage that these novel A1AR
fluorescent probes will be valuable pharmacological tools to
the wider scientific community to aid in understanding the
molecular mechanisms underlying A1AR pharmacology in
health and disease.

■ EXPERIMENTAL SECTION
Chemistry: Materials and Methods. Chemicals and solvents

were purchased from commercial suppliers and used without further
purification. Davis silica gel (40−63 mm) was supplied by Grace
Davison Discovery Science (Victoria, Australia), and a deuterated
solvent was purchased from Cambridge Isotope Laboratories (USA,
distributed by Novachem Pty. Ltd., Victoria, Australia). Reactions
were monitored by thin-layer chromatography on commercially
available precoated silica aluminium-backed plates (Merck Kieselgel
60F254). Visualization was by examination under UV light (254 and
366 nm), followed by staining with ninhydrin or KMnO4 dips. All
organic extracts collected after aqueous workup procedures were dried
over anhydrous MgSO4, before gravity filtering and evaporation to
dryness. Organic solvents were evaporated in vacuo at 40 °C (water
bath temperature). NMR spectra were recorded on a Bruker Avance
Nanobay III 400 MHz Ultrashield Plus spectrometer. 1HNMR
spectra were recorded at 400.13, and13CNMR were recorded at
101.62 MHz. Chemical shifts (δ) are recorded in parts per million
(ppm) with reference to the chemical shift of the deuterated solvent
used, and coupling constants are recorded in Hz. The following
abbreviation are used to describe the signal shape and multiplicities:
singlet (s), doublet (d), triplet (t), quadruplet (q), broad (br),

Figure 8. Live-cell confocal imaging studies of fluorescent analogues
44a (5 nM) (a), 46a (10 nM) (b), and 44b (50 nM) (c) binding to
SNAP-tagged human A1AR expressed in HEK293 cells in the absence
(top frames) or presence (bottom frames) of 10 μM unlabeled A1AR
antagonist SLV320. Cells were treated with BG-Alexa Fluor 488 for
30 min at 37 °C to label the SNAP-tag on the N-terminus of the
A1AR (left hand frames). Middle frames show fluorescent labeling of
SNAP-tagged-hA1AR by the red-shifted fluorescent analogues tested
at the given concentration. The images presented here are
representative of images captured in three independent experiments.
Scale bar = 15 μm
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doublet of doublets (dd), doublet of triplets (dt), triplet of doublets
(td), and multiplet (m). Processing of the NMR data was carried out
using NMR software Mnova 12.0.4. LC−MS spectra were recorded
on an Agilent 6100 series single quad coupled to an Agilent 1200
series HPLC instrument using the following buffers: buffer A, 0.1%
formic acid in H2O; buffer B, 0.1% formic acid in CH3CN. The
following gradient was used with a Poroshell 120 EC-C18 3.0 ×
50mm, 2.7 μm column a flow rate of 0.5 mL/min and a total run time
of 5 min: 0−1 min 95% buffer A and 5% buffer B, 1−2.5 min 0%
buffer A and 100% buffer B, 2.5−3.8 min 0% buffer A and 100%
buffer B, 3.8−4 min 95% buffer A and 5% buffer B, 4−5 min 95%
buffer A and 5% buffer B (method A). Mass spectra were acquired in
positive and negative ion modes with a scan range of 100−1000 m/z,
and UV detection was monitored at 254 and 214 nm. All high-
resolution mass spectra (HRMS) were recorded on an Agilent 6624
TOF LC−MS spectrometer coupled to an Agilent 1290 Infinity
system (Agilent, Palo Alto, CA). All data were acquired, and reference
mass corrected via a dual-spray electrospray ionization (ESI) source.
Acquisition was performed using Agilent Mass Hunter Data

Acquisition software version B.05.00 Build 5.0.5042.2, and analysis
was performed using Mass Hunter Qualitative Analysis version
B.05.00 Build 5.0.519.13. Preparative HPLC was performed on an
Agilent 1260 infinity system coupled with a binary preparative pump
and Agilent 1260 FC-PS fraction collector using an Altima C8, 250 ×
22 mm, 5 μm column. The following conditions were used for this
system: buffer A, H2O and buffer B, CH3CN with a gradient of 30−
100% buffer B over 11 min, with a flow rate of 20 mL/min (method
B). Spectra were analyzed using Agilent OpenLAB CDS software.
Purity was verified on an analytical reverse-phase Agilent HPLC
system coupled directly to a photodiode array detector and using a
Zorbax Eclipse Plus C18 Rapid resolution 4.6 × 100 mm, 3.5 μm
column using the following solvent system: buffer A, 0.1% TFA in
H2O; buffer B, 0.1% TFA in CH3CN. The elution was performed on a
gradient of 95% buffer A and 5% buffer A to 0% buffer A and 100%
buffer B over 12 min at a flow rate of 1 mL/min (method C). Final
products were one single peak and >95% purity.

General Procedure A: Amide Coupling. To a solution of the
respective carboxylic acid (1.0 equiv) in DMF (1−2 mL) were added

Figure 9. Fluorescent ligand 44b (50 nM) allowed the visualization of the organization of SNAP-tagged-hA1AR localized at the plasma membrane
of living HEK293 cells by total internal reflection fluorescence microscopy (TIRF-M) in the absence (top frames) or presence (bottom frames) of
10 μM unlabeled A1AR selective antagonist SLV320. (a) Cells were labeled with 0.2 μM BG-Alexa Fluor 488 dye for 30 min at 37 °C (left hand
frames). Top middle frame shows the labeling of SNAP-hA1AR by probe 44b (Sulfo-Cy5) at the given concentration. Bottom middle frame shows
that pretreatment of the cells with high concentration (10 μM) of A1AR selective antagonist SLV320 prevents the binding of fluorescent ligand 44b
to the hA1AR. Right hand frames represent merged green (AF488) and red (Sulfo-Cy5) channels. (b) Plot of fluorescence intensities of Sulfo-Cy5-
labeled (44b) spots vs AF448-labeled spots, in the absence (blue) or presence (cyan) of 10 μM SLV320. (c) Distribution of the nearest neighbor
distances between single SNAP-hA1ARs labeled with probe 44b (red) and the BG-Alexa Fluor 488 (cyan). The images reported here are
representative TIRF-M images from three independent experiments, each of which included the analysis of 14−18 cells. The data reported in
graphs (b) and (c) is the average of data analyzed from 14 to 18 cells in a single representative experiment of three independent experiments. Scale
bar = 12 μm

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c02067
J. Med. Chem. XXXX, XXX, XXX−XXX

N

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c02067?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c02067?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c02067?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c02067?fig=fig9&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c02067?ref=pdf


DIPEA (1.10 equiv) and COMU or BOP (1.10 equiv). After stirring
for 5 min at rt., the respective amine (1.10 equiv) was added to the
reaction mixture and the resulting solution was stirred at rt. for 15−60
min. Upon completion of the reaction, checked by LC/MS and TLC,
the reaction mixture was evaporated to dryness. The residue was
taken up in EtOAc and washed with 1 M aq. HCl, sat. NaHCO3, and
brine. The organic layer was collected, dried over anhydrous MgSO4,
filtered, and evaporated to dryness. The resulting residue was purified
by flash column chromatography as indicated.
General Procedure B: Deprotection of tert-Butyl Carbamate

(Boc-Group). To the respective Boc-protected amine (1 equiv) was
added an excess of 4 M HCl in dioxane (1 mL). The resulting mixture
was stirred at rt. for 30 min. Upon completion of the reaction,
monitored by TLC and LC/MS, the solvent was evaporated to
dryness to give the corresponding amine as its HCl salt, which was
used for the subsequent step without further purification.
General Procedure C: Syntheses of the Fluorescent

Ligands. The respective amine congener (as HCl salt) (1.1 equiv)
was dissolved in DMF (0.5 mL), treated with DIPEA (3 equiv), and
reacted with BODIPY 630/650-X-NHS (0.5 mg, 1 equiv) or Sulfo-
Cy5-NHS (0.5 mg, 1 equiv). The resulting mixture was stirred at rt.
under the exclusion of light for 15−60 min. Upon completion of the
reaction, monitored by TLC and LC/MS, the solvent was removed in
vacuo and the residue was dissolved in a mixture of 1:1 CH3CN/H2O.
Purification by reverse-phase preparative HPLC (followed by
preparative TLC with DCM/MeOH 80:20 for the Sulfo-Cy5 probes)
and subsequent lyophilization yielded the pure fluorescent ligand as a
bright blue solid.
tert-Butyl(2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl) bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)carbamate
(10). Following general procedure A, to a solution of 3-(4-(2,6-dioxo-
1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-
yl)propanoic acid, tonapofylline (120 mg, 288 μmol 1.0 equiv) in
DMF (1 mL), were added DIPEA (55 μL, 317 μmol, 1.10 equiv) and
COMU (136 mg, 317 μmol 1.10 equiv) followed by a solution of tert-
butyl (2-aminoethyl)carbamate (51 mg, 317 μmol 1.10 equiv) in
DMF (0.5 mL). Purification by flash column chromatography using a
gradient of 97:3 to 94:6 DCM/MeOH gave the title compound as
colorless oil (93 mg, 58%). LC/MS m/z calcd for C29H47N6O5
[MH]+: 559.20, found 559.20 tR = 3.78 min (method A). 1H NMR
(CDCl3) δ 12.13 (s, 1H), 6.33 (s, 1H), 5.03 (s, 1H), 4.08 (t, J = 7.0
Hz, 2H), 4.00 (t, J = 7.3 Hz, 2H), 3.35 (q, J = 5.4 Hz, 2H), 3.26 (q, J
= 5.7 Hz, 2H), 2.16−2.08 (m, 2H), 2.03−1.93 (m, 6H), 1.79 (h, J =
7.4 Hz, 2H), 1.70 (h, J = 6.7, 6.0 Hz, 2H), 1.54−1.38 (m, 17H), 0.95
(t, J = 6.5 Hz, 6H). 13C NMR (CDCl3) δ 174.2, 161.9, 157.2, 155.5,
151.2, 148.9, 106.9, 79.8, 45.3, 43.2, 41.1, 40.3, 36.8, 34.0, 31.5, 30.6,
30.6, 28.5, 21.5, 11.7, 11.3.
tert-Butyl(15-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octan-1-yl)-8,13-dioxo-3,6-dioxa-9,12-
diazapentadecyl)carbamate (12). Following general procedure B,
compound 11 (as HCl salt) was synthesized (75 mg, quantitative)
and was used for the next steps without further purification. LC/MS
m/z calcd for C24H39N6O3 [MH]+: 459.20, found 459.20 tR = 3.07
min (method A). Following general procedure A, to a solution of 2,2-
dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (linker A) (15
mg, 57 μmol, 1.0 equiv) in DMF (0.5 mL) was added DIPEA (40 μL,
228 μmol, 4.0 equiv), followed by COMU (26.84 mg, 63 mmol, 1.10
equiv) and a solution of compound 11 (29 mg, 63 μmol, 1.10 equiv)
in DMF (0.5 mL). Purification by flash column chromatography using
a gradient of 97:3 to 95:5 DCM/MeOH gave the title compound as
colorless oil (15 mg, 38%). LC/MS m/z calcd for C35H56N7O8
[MH]−: 702.20, found 702.20 tR = 3.63 min (method A). HRMS
(TOF ES+) calcd for C35H58N7O8 704.4341, found 704.4356; calcd
for C35H58N7O8Na 726.4161, found 726.4178. 1H NMR (CDCl3) δ
11.86 (br s, 1H), 7.33 (t, J = 5.7 Hz, 1H), 6.42 (s, 1H), 5.19 (s, 1H),
4.09 (t, J = 6.7 Hz, 2H), 4.00 (m, 4H), 3.68−3.61 (m, 4H), 3.57 (t, J
= 5.3 Hz, 2H), 3.47−3.38 (m, 4H), 3.36−3.29 (m, 2H), 2.15−2.07
(m, 2H) 2.02−1.95 (m, 6H), 1.79 (h, J = 7.4 Hz, 2H), 1.69 (h, J = 7.1
Hz, 2H), 1.54−1.46 (m, 8H), 1.43 (s, 9H,), 0.95 (t, J = 7.4 Hz, 6H).
13C NMR (CDCl3) δ 174.2, 161.7, 156.3, 155.1, 151.3, 148.8, 106.9,

71.2, 70.5, 70.1, 45.3, 43.2, 40.6, 38.9, 36.8, 34.0, 31.5, 30.6, 30.6,
28.5, 21.5, 21.5, 11.7, 11.3. Analytical RP-HPLC tR = 5.77 min, purity
>99% (method C).

tert-Butyl(2-(2-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahy-
dro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)-
amino)-2-oxoethoxy)ethyl)carbamate (13). Following general pro-
cedure A, to a solution of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)-
acetic acid (linker B) (12 mg, 55 μmol, 1.0 equiv) in DMF (0.5 mL)
were added DIPEA (38 μL, 219 μmol, 4.0 equiv) and COMU (25.80
mg, 60 μmol, 1.10 equiv), followed by a solution of 11 (28 mg, 60
μmol, 1.10 equiv) in DMF (0.5 mL). Purification by flash column
chromatography using a gradient of 96:4 to 94:6 DCM/MeOH gave
the title compound as colorless oil (10 mg, 28%). LC/MS m/z calcd
for C33H52N7O7 [MH]−: 658.20, found 658.40 tR = 3.70 min (method
A). HRMS (TOF ES+) calcd for C33H54N7O7 660.4079, found
660.4096; calcd for C33H54N7O7Na 682.3899, found 682.3917. 1H
NMR (CDCl3) δ 7.43 (s, 1H), 6.44 (s, 1H), 5.57 (s, 1H), 4.09 (t, J =
6.9 Hz, 2H), 4.00 (t, J = 6.9 Hz, 2H), 3.95 (s, 2H), 3.56 (t, J = 5.0 Hz,
2H), 3.45−3.40 (m, 4H), 3.40−3.33 (m, 2H), 2.17−2.11 (m, 2H),
2.02−1.95 (m, 6H), 1.78 (h, J = 7.4 Hz, 2H), 1.69 (h, J = 7.0 Hz,
2H), 1.55−1.47 (m, 8H), 1.44 (s, 9H), 0.95 (t, J = 7.4 Hz, 6H). 13C
NMR (CDCl3) δ 174.9, 170.8, 161.7, 156.5, 155.4, 151.2, 148.8,
106.8, 79.4, 71.3, 70.4, 70.4, 45.4, 43.2, 40.0, 36.8, 34.0, 31.5, 30.6,
30.6, 28.6, 21.5, 21.5, 11.6, 11.3. Analytical RP-HPLC tR = 5.77 min,
purity >99% (method C).

tert-Butyl(3-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-
1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)amino)-
3-oxopropyl)carbamate (14). Following general procedure A, to a
solution of 3-((tert-butoxycarbonyl)amino)propanoic acid (Boc-β-
Ala-OH) (10 mg, 53 μmol, 1.0 equiv) in DMF (0.5 mL) were added
DIPEA (37 μL, 211 μmol, 4.0 equiv) and COMU (25 mg, 58 μmol,
1.10 equiv), followed by a solution of 11 (27 mg, 58 μmol, 1.10
equiv) in DMF (0.5 mL). Purification by flash column chromatog-
raphy using a gradient of 96:4 to 94:6 DCM/MeOH gave the title
compound as an off-white solid (29 mg, 78%). LC/MS m/z calcd for
C32H52N7O6 [MH]+: 630.20, found 630.40 tR = 3.69 min (method
A). 1H NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H), 3.95 (t, J = 6.8,
2H), 3.29 (br s, 4H), 2.37 (t, J = 6.8 Hz, 2H), 2.20−2.14 (m, 2H),
2.00−1.93 (m, 6H), 1.78 (h, J = 6.8 Hz, 2H), 1.66 (h, J = 6.8 Hz,
2H), 1.59−1.48 (m, 8H), 1.45 (s, 9H), 0.95 (t, J = 7.5 Hz, 6H). 13C
NMR (CD3OD) δ 176.9, 174.1, 162.7, 155.8, 152.6, 149.3, 107.8,
79.9, 45.8, 43.6, 39.8, 37.9, 37.3, 34.9, 31.8, 31.4, 31.4, 31.2, 28.5,
22.2, 22.1, 11.3, 11.1. Analytical RP-HPLC tR = 5.65 min, purity >99%
(method C).

tert-Butyl(3-((3-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahy-
dro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)-
amino)-3-oxopropyl)amino)-3-oxopropyl)carbamate (15). Follow-
ing general procedure B, compound 14 (27 mg, 1.0 equiv) was
reacted with 4 M HCl in dioxane (1 mL), and after the removal of the
solvent in vacuo, the resulting HCl salt was used for the subsequent
step without further purification. The synthesis of 15 was carried out
as described for xanthine 14, following general procedure A, reacting a
solution of the 3-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-
1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)amino)-
3-oxopropan-1-aminium chloride intermediate (22 mg, 41 μmol, 1.10
equiv) in DMF (0.5 mL) with a solution of 3-((tert-Butoxycarbonyl)-
amino)propanoic acid (Boc-β-Ala-OH) (7 mg, 37 μmol, 1.0 equiv),
DIPEA (32 μL, 185 μmol, 5 equiv), COMU (17.43 mg, 41 μmol, 1.10
equiv) in DMF (0.5 mL). Purification by flash column chromatog-
raphy using a gradient of 96:4 to 93:7 DCM/MeOH gave the title
compound as an off-white solid (12 mg, 46%). LC/MS m/z calcd for
C35H57N8O7 [MH]+: 701.20, found 701.40 tR = 3.57 min (method
A). HRMS (TOF ES+) calcd for C35H57N8O7 701.4350, found
701.4360; calcd for C35H57N8O7Na 723.4164, found 723.4184. 1H
NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H), 3.95 (t, J = 6.3 Hz, 2H),
3.45 (t, J = 6.8 Hz, 2H), 3.33−3.31 (m, 2H), 3.30 (br s, 4H), 2.38 (dt,
J = 9.0, 6.8 Hz, 4H), 2.20−2.14 (m, 2H), 2.00−1.92 (m, 6H), 1.78 (h,
J = 7.5 Hz, 2H), 1.66 (h, J = 7.0 Hz, 2H), 1.59−1.49 (m, 8H), 1.44 (s,
9H), 0.95 (t, J = 7.4, 6H). 13C NMR (CD3OD) δ 177.1, 174.1, 162.7,
158.3, 156.0, 152.9, 149.5, 80.1, 45.9, 43.8, 40.2, 40.0, 38.1, 37.4, 37.1,
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35.1, 32.1, 31.6, 31.4, 28.8, 22.4, 22.3, 11.5, 11.3. Analytical RP-HPLC
tR = 5.52 min, purity >99% (method C).
tert-Butyl(2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl) bicyclo[2.2.2]octane-1-carboxamido)ethyl)carbamate
(17a). Following general procedure A, to a solution of (2,6-dioxo-
1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo [2.2.2] octane-
1-carboxylic acid (compound 16 from Kiesman et al.)59 (80 mg, 206
μmol, 1.0 equiv), tert-butyl (2-aminoethyl) carbamate (33 mg, 206
μmol, 1.0 equiv), and BOP (137 mg, 309 μmol, 1.50 equiv) in dry
DMF (2 mL) was added DIPEA (143 μL, 824 μmol, 4.0 equiv).
Purification by flash column chromatography using a gradient of 97:3
to 96:4 DCM/MeOH gave the title compound as off-white solid (85
mg, 78%). LC/MS m/z calcd for C27H43N6O5 [MH]+: 531.30, found
531.30 tR = 3.61 min (method A). 1H NMR (CDCl3) δ 11.67 (br s,
1H), 6.53 (br s, 1H), 4.90 (br s, 1H), 4.09 (t, J = 6.3 Hz, 2H), 4.02 (t,
J = 6.6 Hz, 2H), 3.37−3.26 (m, 4H), 2.08−2.01 (m, 6H), 1.93−1.87
(m, 6H), 1.80 (h, J = 6.5 Hz, 2H), 1.70 (h, J = 6.5 Hz, 2H), 1.45 (s,
9H), 0.96 (t, J = 7.5 Hz, 6H). 13C NMR (CDCl3) δ 176.1, 155.5,
152.2, 151.3, 148.9, 106.9, 30.2, 28.5, 21.5, 11.6, 11.3.
tert-Butyl(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)carbamate
(17b). The synthesis of the title compound 17b was carried out as
described for xanthine (17a), following general procedure A. To a
stirred solution of (2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl) bicyclo [2.2.2] octane-1-carboxylic acid (compound 16
from Kiesman et al.) (110 mg, 283 μmol, 1 equiv), tert-butyl (3-
aminopropyl) carbamate (49 mg, 283 μmol, 1.0 equiv), and BOP
(188 mg, 425 μmol, 1.50 equiv) in dry DMF (2 mL) was added
DIPEA (197 μL, 1.13 μmol, 4.0 equiv). Purification by flash column
chromatography using a gradient of 97:3 to 96:4 DCM/MeOH gave
the title pure compound as an off-white solid (132 mg, 86%). LC/MS
m/z calcd for C28H45N6O5 [MH]+: 545.30, found 545.40 tR = 3.66
min (method A). 1H NMR (CDCl3) δ 12.20 (br s, 1H), 6.55 (br s,
1H), 4.91 (br s, 1H), 4.08 (t, J = 6.9, Hz, 2H), 4.02 (t, J = 6.2 Hz,
2H), 3.30 (q, J = 4.6 Hz, 2H), 3.16 (q, J = 4.6 Hz, 2H), 2.10−2.04
(m, 6H), 1.94−1.88 (m, 6H), 1.78 (h, J = 6.5 Hz, 2H), 1.70 (h, J =
6.5 Hz, 2H), 1.62−1.54 (m, 2H), 1.43 (s, 9H), 0.95 (t, J = 7.0 Hz,
6H). 13C NMR (CDCl3) δ 177.6, 161.4, 156.9, 155.6, 151.2, 149.0,
107.0, 79.6, 45.3, 43.2, 39.1, 36.9, 35.6, 33.9, 30.2, 28.5, 21.5, 11.6,
11.3.
tert-Butyl(1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octan-1-yl)-1,6-dioxo-8,11-dioxa-2,5-dia-
zatridecan-13-yl)carbamate (19). Following general procedure B,
compound 17a (85 mg, 206 μmol, 1.0 equiv) was treated with 4 M
HCl in dioxane (1 mL) to afford compound 18a (68 mg,
quantitative) as HCl salt, which was used in the next step without
further purification. LC/MS m/z calcd for C22H35N6O3 [MH]+:
431.34, found 431.30 tR = 3.10 min. Compound 19 was synthesized
according to general procedure A, reacting a solution of compound
18a (25 mg, 57 μmol, 1.1 equiv) in DMF (0.5 mL) with 2,2-dimethyl-
4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (15 mg, 57 μmol, 1.0
equiv), DIPEA (40 mL, 228 μmol, 4.0 equiv), and BOP (38 mg, 85
μmol, 1.50 equiv). Purification by flash column chromatography using
a gradient of 98:2 to 96:4 DCM/MeOH gave the title compound as
colorless oil (15 mg, 38%). LC/MS m/z calcd for C33H54N7O8
[MH]+: 676.20, found 676.40 tR = 3.50 min (method A). HRMS
(TOF ES+) calcd for C33H54N7O8 676.4028, found 676.4045; calcd
for C33H54N7O8Na 698.3848, found 698.3869. 1H NMR (CD3OD) δ
4.07 (t, J = 6.9, Hz, 2H), 4.01 (s, 2H), 3.95 (t, J = 7.1 Hz, 2H), 3.72−
3.66 (m, 4H), 3.56 (t, J = 5.7 Hz, 2H), 3.41−3.37 (m, 2H), 3.37−
3.34 (m, 2H), 3.27 (td, J = 5.7, 4.4 Hz, 2H), 2.05−1.98 (m, 6H),
1.93−1.86 (m, 6H), 1.79 (h, J = 7.3 Hz, 2H), 1.65 (h, J = 7.3 Hz,
2H), 1.44 (s, 9H), 0.96 (t, J = 7.4, 6.3 Hz, 6H). 13C NMR (CD3OD)
δ 180.5, 173.3, 160.9, 156.0, 152.9, 151.6, 149.5, 108.2, 80.1, 72.0,
71.3, 71.2, 71.1, 49.6, 45.9, 43.8, 41.3, 40.5, 40.5, 40.1, 39.7, 34.9,
31.0, 29.2, 28.8, 22.4, 22.3, 11.5, 11.4. Analytical RP-HPLC tR = 5.85
min, purity >99% (method C).
tert-Butyl(2-(2-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-

1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-2-
oxoethoxy)ethyl)carbamate (20). The synthesis of 20 was carried
out as described for 8-bicyclo[2.2.2]octylxanthine 19, following

general procedure A. Compound 18a (20 mg, 46 μmol, 1.1 equiv)
was added to a solution of 2-(2-((tert-butoxycarbonyl)amino)-
ethoxy)acetic acid (10 mg, 46 μmol, 1.0 equiv), BOP (30 mg, 68
μmol, 1.50 equiv), and DIPEA (32 mL, 182 μmol, 4.0 equiv) in DMF
(1 mL). Purification by flash column chromatography using a gradient
of 97:3 to 96:4 DCM/MeOH gave the title compound as colorless oil,
which slightly solidified upon cooling (10 mg, 36%). LC/MS m/z
calcd for C31H50N7O7 [MH]+: 632.20, found 632.40 tR = 3.53 min
(method A). HRMS (TOF ES+) calcd for C31H50N7O7 632.3766,
found 632.3781; calcd for C31H50N7O7Na 654.3586, found 654.3601.
1H NMR (CDCl3) δ 11.86 (s, 1H), 7.38 (s, 1H), 6.57 (s, 1H), 5.46
(s, 1H), 4.09 (t, J = 6.4 Hz, 2H), 4.01 (t, J = 6.4 Hz, 2H), 3.96 (s,
2H), 3.57 (t, J = 5.0 Hz, 2H), 3.47−3.41 (m, 4H), 3.40−3.33 (m,
2H), 2.09−2.01 (m, 6H), 1.92−1.85 (m, 6H), 1.79 (h, J = 6.9 Hz,
2H), 1.69 (h, J = 6.9 Hz, 2H), 1.45 (s, 9H), 0.95 (t, J = 7.5 Hz, 6H).
13C NMR (CDCl3) δ 178.5, 171.1, 156.4, 155.5, 151.2, 106.9, 79.7,
70.4, 69.5, 43.3, 40.7, 39.9, 39.0, 33.9, 30.1, 29.8, 28.6, 28.5, 21.5,
21.5, 11.6, 11.3. Analytical RP-HPLC tR = 5.87 min, purity >97%
(method C).

tert-Butyl(3-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-
oxopropyl)carbamate (21). Compound 18a (22 mg, 53 μmol, 1.0
equiv) was reacted with Boc-β-Ala-OH (10 mg, 53 μmol, 1.0 equiv)
in the presence of BOP (35 mg, 79 μmol, 1.50 equiv) and DIPEA (37
μL, 211 μmol, 4.0 equiv) in DMF (2 mL) according to general
procedure A. Purification by flash column chromatography using a
gradient of 97:3 to 96:4 DCM/MeOH gave the title compound as
colorless oil, which slightly solidified upon cooling (12 mg, 38%). LC/
MS m/z calcd for C30H48N7O6 [MH]+: 602.20, found 602.40 tR =
3.48 min (method A). 1H NMR (CD3OD) δ 4.07 (t, J = 6.9, 2H),
3.95 (t, J = 6.9, 2H), 3.32 (s, 2H), 3.30 (s, 4H), 2.37 (t, J = 6.8 Hz,
2H), 2.05−1.98 (m, 6H), 1.95−1.87 (m, 6H), 1.77 (h, J = 7.5, 2H),
1.66 (h, J = 7.5, 2H), 1.45 (s, 9H), 0.96 (t, J = 7.4, 6H).

tert-Butyl(3-((3-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-
1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-
oxopropyl)amino)-3-oxopropyl)carbamate (25a). Compound 21
(12 mg, 1.0 equiv) was treated with 4 M HCl in dioxane following
general procedure B to yield the corresponding 3-((2-(4-(2,6-dioxo-
1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)ethyl)amino)-3-oxopropan-1-aminium chloride inter-
mediate (9 mg, quantitative), which was used for the next step
without any further purification. The synthesis of the title compound
25a was carried out as described for 8-bicyclo[2.2.2]octylxanthine 21,
treating the 3-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-oxo-
propan-1-aminium chloride intermediate (5 mg, 1.10 equiv) with
DIPEA (31 μL, 186 μmol, 10.0 equiv), Boc-β-Ala-OH (4 mg, 19
μmol, 1.0 equiv), and BOP (12 mg, 28 μmol, 1.50 equiv) in DMF (1
mL). Purification by flash column chromatography using a gradient of
96:4 to 94:6 DCM/MeOH gave the title compound as colorless oil,
which solidified upon cooling (8 mg, 67%). LC/MS m/z calcd for
C33H53N8O7 [MH]+: 673.20, found 673.40 tR = 3.42 min (method
A). HRMS (TOF ES+) calcd for C33H53N8O7 673.4032, found
673.4043; calcd for C33H52N8O7Na 695.3851, found 695.3866. 1H
NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H), 3.95 (t, J = 5.7 Hz, 2H),
3.45 (t, J = 6.8 Hz, 2H), 3.30 (s, 4H), 2.38 (t, J = 6.8 Hz, 4H), 2.04−
1.98 (m, 6H), 1.93−1.87 (m, 6H), 1.77 (h, J = 7.4 Hz, 2H), 1.66 (h, J
= 6.4 Hz, 2H), 1.43 (s, 9H), 0.96 (t, J = 7.2 Hz, 6H). 13C NMR
(CD3OD) δ 179.1, 172.9, 161.5, 160.8, 151.5, 95.1, 78.7, 46.8, 42.5,
39.1, 38.7, 35.7, 35.5, 33.6, 33.6, 33.3, 29.6, 27.8, 27.4, 20.9, 20.9,
10.1, 9.9. Analytical RP-HPLC tR = 5.58 min, purity >97% (method
C).

Methyl 3-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl) bicyclo[2.2.2]octane-1-carboxamido)propanoate (26).
To a solution of 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxylic acid (compound 16
from Kiesman et al.) (80 mg, 206 μmol, 1.0 equiv) in DMF (1
mL) were added DIPEA (0.143 mL, 824 μmol, 4.0 equiv), β-Ala-
methyl ester (29 mg, 206 μmol, 1.0 equiv), and BOP (136 mg, 309
μmol, 1.50 equiv). The resulting mixture was stirred at rt. for 1 h.
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Upon completion of the reaction, checked by TLC and LC/MS,
DMF was evaporated to dryness and the resulting residue was taken
up in water (20 mL) and extracted with EtOAc. The organic layer was
collected and washed with 1 M HCl, sat. NaHCO3, and brine. The
organic layer was then dried over anhydrous Na2SO4, filtered, and
evaporated to dryness to give the crude as pale yellow oil. Purification
by flash column chromatography using a gradient of 96:4 to 94:6
DCM/MeOH gave the title compound as an off-white solid (76 mg,
56%). LC/MS m/z calcd for C24H36N5O5 [MH]+: 474.20, found
474.30 tR = 3.57 min (method A). 1H NMR (CDCl3) δ 12.25 (s, 1H),
6.33 (t, J = 6.0 Hz, 1H), 4.08 (t, J = 7.6, 6.1 Hz, 2H), 4.01 (t, J = 6.7
Hz, 2H), 3.69 (s, 3H), 3.51 (q, J = 6.0 Hz, 2H), 2.52 (t, J = 6.2 Hz,
2H), 2.10−2.02 (m, 6H), 1.87 (m, 6H), 1.79 (h, J = 7.4 Hz, 2H),
1.74−1.64 (h, J = 7.4 Hz, 2H), 0.95 (t, J = 7.4 Hz, 6H). 13C NMR
(CDCl3) δ 177.1, 173.5, 161.2, 155.5, 151.2, 149.0, 107.1, 51.9, 45.3,
43.3, 38.9, 34.9, 33.9, 33.7, 30.1, 28.5, 21.5, 11.6, 11.3.
3-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl)-

bicyclo[2.2.2]octane-1-carboxamido)propanoic acid (27). Methyl
3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl)-
bicyclo[2.2.2]octane-1-carboxamido)propanoate (26) (76 mg, 160
mmol, 1.0 equiv) was dissolved in MeOH (5 mL). To the mixture
was added a solution of LiOH·H2O (33.67 mg, 802 μmol, 5.0 equiv)
in water (5 mL). The resulting mixture was stirred at rt. for 40 min.
By that time, TLC and LC/MS showed that the reaction was
completed. MeOH was then removed under reduced pressure, and
the water layer was acidified with 2 M HCl to pH = 1. The water layer
was extracted with EtOAc (2 × 20 mL). The organic layer was
separated, dried over anhydrous MgSO4, filtered, and evaporated to
dryness to give the title compound as an off-white solid (61 mg, 84%).
1H NMR (CDCl3) δ 12.10 (s, 1H), 6.45 (t, J = 6.0 Hz, 1H), 4.08 (t, J
= 6.6 Hz, 2H), 3.98 (t, J = 7.0 Hz, 2H), 3.58 (q, J = 6.0 Hz, 2H), 2.66
(t, J = 4.9 Hz, 2H), 2.07−2.00 (m, 6H), 1.96−1.91 (m, 6H), 1.78 (h,
J = 7.0 Hz, 2H), 1.65 (h, J = 7.0 Hz, 2H), 0.94 (t, J = 7.4, 6H). 13C
NMR (CDCl3) δ 178.2, 176.6, 161.4, 156.4, 150.8, 149.7, 106.5, 45.5,
43.6, 38.9, 34.6, 33.8, 30.2, 28.5, 21.4, 11.4, 11.3.
tert-Butyl(2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propanamido)-
ethyl)carbamate (28). Following general procedure A, to a solution
of compound 27 (61.00 mg, 133 μmol, 1 equiv) in DMF (1 mL) were
added DIPEA (92 μL, 531 μmol, 4.0 equiv), tert-butyl (2-
aminoethyl)carbamate (21.27 mg, 133 μmol, 1.0 equiv), and BOP
(88 mg, 199 mmol, 1.50 equiv). Purification by flash column
chromatography using a gradient of 96:4 to 94:6 DCM/MeOH gave
the title compound as an off-white solid (62 mg, 70%). LC/MS m/z
calcd for C30H48N7O6 [MH]+: 602.20, found 602.40 tR = 3.62 min
(Method A). 1H NMR (CDCl3) δ 6.86 (br s, 1H), 6.65 (br s, 1H),
5.02 (br s, 1H), 4.10 (t, J = 6.4 Hz, 2H), 4.00 (t, J = 6.4 Hz, 2H),
3.57−3.48 (m, 2H), 3.39−3.32 (m, 2H), 3.31−3.22 (m, 2H), 2.46−
2.37 (m, 2H), 2.10−2.00 (m, 6H), 1.95−1.85 (m, 6H), 1.79 (h, J =
7.3 Hz, 2H), 1.68 (h, J = 7.4 Hz, 2H), 1.44 (s, 9H), 0.95 (t, J = 7.5
Hz, 6H).
tert-Butyl(1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octan-1-yl)-1,5,10-trioxo-12-oxa-2,6,9-tria-
zatetradecan-14-yl)carbamate (30). Following general procedure B,
compound 2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propanamido)ethan-
1-aminium chloride (29) was synthesized reacting 28 (64 mg, 1.0
equiv) with 4 M HCl in dioxane (1 mL). The resulting intermediate
29 was used for the subsequent step without further purification. The
synthesis of the title compound 30 was carried out following general
procedure A, reacting a solution of 2-(3-(4-(2,6-dioxo-1,3-dipropyl-
2 ,3 ,6 ,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2 .2]octane-1-
carboxamido)propanamido)ethan-1-aminium chloride (29) (54 mg,
100 μmol, 1.10 equiv) in DMF (0.5 mL) with a solution of 2-(2-
((tert-butoxycarbonyl)amino)ethoxy)acetic acid (20 mg, 91 μmol, 1.0
equiv), DIPEA (64 μL, 365 μmol, 4.0 equiv), and COMU (43 mg,
100 μmol, 1.10 equiv) in DMF (0.5 mL). Purification by flash column
chromatography using a gradient of 97:3 to 94:6 DCM/MeOH gave
the title compound as an off-white solid (37 mg, 58%). LC/MS m/z
calcd for C34H55N8O8 [MH]+: 703.20, found 703.40 tR = 3.37 min

(method A). HRMS (TOF ES+) calcd for C34H55N8O8 703.4137,
found 703.4155; calcd for C34H55N8O8Na 725.3957, found 725.3974.
1H NMR (CDCl3) δ 12.05 (s, 1H), 7.57 (s, 1H), 7.10 (s, 1H), 6.71
(s, 1H), 5.62 (s, 1H), 4.07 (t, J = 6.1 Hz, 2H), 4.01−3.93 (m, 4H),
3.59−3.50 (m, 4H), 3.43−3.38 (m, 4H), 3.38−3.32 (m, 2H), 2.56−
2.42 (m, 2H), 2.07−1.98 (m, 6H), 1.90−1.82 (m, 6H), 1.78 (h, J =
7.4 Hz, 2H), 1.67 (h, J = 7.4 Hz, 2H), 1.43 (s, 9H), 0.94 (t, J = 7.5
Hz, 6H). 13C NMR (CDCl3) δ 161.5, 160.9, 156.5, 155.4, 151.2,
148.8, 107.0, 101.7, 79.9, 70.5, 45.3, 43.2, 39.9, 39.0, 35.9, 35.8, 33.9,
30.1, 28.6, 28.4, 21.5, 11.6, 11.3. Analytical RP-HPLC tR = 5.62 min,
purity >98% (method C).

tert-Butyl(1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octan-1-yl)-1,7-dioxo-9,12-dioxa-2,6-dia-
zatetradecan-14-yl)carbamate (22). The title compound was
synthesized as described for 8-bicyclo[2.2.2]octylxanthine 19,
following general procedure A: to a solution of 2,2-dimethyl-4-oxo-
3,8,11-trioxa-5-azatridecan-13-oic acid (11 mg, 42 μmol, 1.0 equiv) in
DMF (0.7 mL) was added DIPEA (15 μL, 85 μmol, 4.0 equiv)
followed by COMU (20 mg, 46 μmol, 1.10 equiv) and intermediate
18b (21 mg, 46 μmol, 1.10 equiv) previously dissolved in DMF (0.5
mL). Purification by flash column chromatography using a gradient of
97:3 to 95:5 DCM/MeOH gave the title compound as colorless oil
(15 mg, 39%). LC/MS m/z calcd for C34H56N7O8 [MH]+: 690.20,
found 690.40 tR = 3.57 min (method A). HRMS (TOF ES+) calcd for
C34H56N7O8 690.4185, found 690.4199; calcd for C34H56N7O8 Na
712.4004, found 712.4020. 1H NMR (CDCl3) δ 11.86 (s, 1H), 7.17
(t, J = 6.6 Hz, 1H), 6.86 (t, J = 6.8 Hz, 1H), 4.92 (br s, 1H), 4.10 (t, J
= 6.5 Hz, 2H), 4.04−3.99 (m, 4H), 3.71−3.66 (m, 2H), 3.66−3.63
(m, 2H), 3.57 (t, J = 5.3 Hz, 2H), 3.35 (dt, J = 10.5, 5.7 Hz, 4H), 3.26
(q, J = 6.1 Hz, 2H), 2.10−2.03 (m, 6H), 1.97−1.90 (m, 6H), 1.79 (m,
2H), 1.74−1.67 (m, 2H), 1.67−1.60 (m, 2H), 1.44 (s, 9H), 0.96 (t, J
= 7.5 Hz, 6H). 13C NMR (CDCl3) δ 177.5, 171.2, 166.7, 156.1, 155.5,
151.2, 148.7, 106.9, 75.4, 71.2, 70.5, 70.5, 70.5, 70.1, 43.3, 39.1, 35.4,
35.3, 33.9, 30.2, 29.7, 28.6, 28.5, 21.5, 21.5, 11.6, 11.3. Analytical RP-
HPLC tR = 5.92 min, purity >99% (method C).

tert-Butyl(2-(2-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-
1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-
2-oxoethoxy)ethyl)carbamate (23). The synthesis of 23 was carried
out as described for 8-bicyclo[2.2.2]octylxanthine 20, following
general procedure A: to a solution of 2-(2-((tert-butoxycarbonyl)-
amino)ethoxy)acetic acid (13 mg, 59.30 μmol, 1.0 equiv) in DMF
(0.7 mL) was added DIPEA (21 mL, 118.6 μmol, 4.0 equiv), followed
by COMU (27.93 mg, 65 μmol, 1.10 equiv) and intermediate 18b
(29 mg, 65.23 μmol, 1.10 equiv) previously dissolved in DMF (0.5
mL). Purification by flash column chromatography using a gradient of
96:4 to 95:5 DCM/MeOH gave the title compound as colorless oil
(14 mg, 37%). LC/MS m/z calcd for C32H52N7O7 [MH]+: 646.20,
found 646.40 tR = 2.82 min (method A). HRMS (TOF ES+) calcd for
C32H52N7O7 646.3923, found 646.3937; calcd for C32H52N7O7 Na
668.3742, found 668.3758. 1H NMR (CDCl3) δ 12.08 (s, 1H) 7.43
(br s, 1H), 6.52 (br s, 1H), 5.54 (br s, 1H), 4.09 (t, J = 6.0 Hz, 2H),
4.01 (t, J = 6.3 Hz, 2H), 3.98 (s, 2H), 3.58 (t, J = 5.0 Hz, 2H), 3.40−
3.35 (m, 2H), 3.34−3.27 (m, 4H), 2.11−2.04 (m, 6H), 1.96−1.90
(m, 6H), 1.79 (h, J = 6.5 Hz, 2H), 1.71 (h, J = 6.5 Hz, 2H), 1.66−
1.57 (m, 2H), 1.43 (s, 9H), 0.95 (t, J = 7.5 Hz, 6H). 13C NMR
(CDCl3) δ 178.1, 170.5, 161.1, 156.4, 155.5, 151.2, 148.8, 106.9, 79.4,
71.4, 70.5, 45.4, 43.3, 40.7, 39.2, 35.4, 34.9, 33.9, 30.2, 29.7, 28.6,
21.5, 21.5, 11.6, 11.3. Analytical RP-HPLC tR = 5.95 min, purity >99%
(method C).

tert-Butyl(3-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-3-
oxopropyl)carbamate (24). The synthesis of compound 24 was
carried out as described for 8-bicyclo[2.2.2]octylxanthine 21,
following general procedure A: to a solution of Boc-β-Ala-OH (12
mg, 61 μmol, 1.0 equiv) in DMF (0.5 mL) was added DIPEA (21 μL,
122 μmol, 2.0 equiv) followed by COMU (29 mg, 67 μmol, 1.10
equiv) and intermediate 18b (30 mg, μmol, 1.10 equiv) previously
dissolved in DMF (0.5 mL). Purification by flash column
chromatography using a gradient of 96:4 to 94:6 DCM/MeOH
gave the title compound as an off-white solid (36 mg, 92%). LC/MS
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m/z calcd for C31H50N7O6 [MH]+: 616.37, found 616.40 tR = 3.43
min (method A). 1H NMR (CDCl3) δ 6.58−6.49 (m, 2H), 5.20 (s,
1H), 4.09 (t, J = 6.5 Hz, 2H), 4.02 (t, J = 6.7 Hz, 2H), 3.41 (t, J = 5.3
Hz, 2H), 3.31−3.23 (m, 4H), 2.45 (t, J = 6.1 Hz, 2H), 2.11−2.04 (m,
6H), 1.96−1.89 (m, 6H), 1.79 (h, J = 6.5 Hz, 2H), 1.70 (h, J = 6.4
Hz, 2H), 1.65−1.56 (m, 2H), 1.42 (s, 9H), 0.96 (t, J = 7.4 Hz, 6H).
13C NMR (CDCl3) δ 177.9, 161.1, 157.9, 156.4, 155.5, 151.2, 148.8,
106.9, 47.7, 45.4, 43.3, 39.2, 36.8, 35.8, 35.5, 33.9, 30.2, 29.8, 28.6,
28.5, 21.5, 21.5, 11.6, 11.3.
tert-Butyl(3-((3-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-

1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-
3-oxopropyl)amino)-3-oxopropyl)carbamate (25b). Following gen-
eral procedure B, the intermediate 3-((3-(4-(2,6-dioxo-1,3-dipropyl-
2 ,3 ,6 ,7-tetrahydro-1H -pur in-8-yl)bicyclo[2 .2 .2]octane-1-
carboxamido)propyl)amino)-3-oxopropan-1-aminium chloride was
synthesized and used for the subsequent step without further
purification. The synthesis of the title compound 25b was carried
out as described for xanthine 24, following general procedure A: to a
solution of Boc-β-Ala-OH (11 mg, 58 μmol, 1.0 equiv), DIPEA (41
μL, 233 μmol, 4.0 equiv), and COMU (22 mg, 64 μmol, 1.10 equiv)
in DMF (0.5 mL) was added a solution of 3-((3-(4-(2,6-dioxo-1,3-
dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-
carboxamido)propyl)amino)-3-oxopropan-1-aminium chloride (33
mg, 64 μmol, 1.10 equiv) in DMF (0.5 mL). Purification by flash
column chromatography using a gradient of 96:4 to 93:7 DCM/
MeOH gave the title compound as an off-white solid (12 mg, 31%).
LC/MS m/z calcd for C34H55N8O7 [MH]+: 687.20, found 687.40 tR =
3.38 min (method A). HRMS (TOF ES+) calcd for C34H55N8O7
687.4188, found 687.4202; calcd for C34H55N8O7 Na 709.4008, found
709.4026. 1H NMR (CD3OD) δ 4.07 (t, J = 6.9 Hz, 2H), 3.95 (t, J =
6.9 Hz, 2H), 3.46 (t, J = 6.7 Hz, 2H), 3.31 (s, 2H), 3.22 (dt, J = 6.7,
4.2 Hz, 4H), 2.39 (dt, J = 15.7, 6.8 Hz, 4H), 2.06−1.99 (m, 6H),
1.95−1.89 (m, 6H), 1.78 (h, J = 6.9 Hz, 2H), 1.72−1.61 (m, 4H),
1.44 (s, 9H), 0.96 (t, J = 7.3 Hz, 6H). 13C NMR (CD3OD) δ 190.9,
181.9, 159.9, 156.0, 153.9, 143.9, 109.1, 108.3, 83.8, 82.3, 73.34, 57.9,
40.2, 36.9, 34.9, 31.0, 29.3, 28.8, 22.4, 22.3, 19.4, 11.5, 11.3. Analytical
RP-HPLC tR = 5.30 min, purity >99% (method C).
5,6-Diamino-1-benzyl-3-propylpyrimidine-2,4(1H,3H)-dione

(32).72 A solution of 6-amino-1-benzyl-5-nitroso-3-propylpyrimidine-
2,4(1H,3H)-dione (31) (0.250 g, 0.87 mmol, 1 equiv) in water (25
mL) and 30% NH3OH (10 mL) was heated to 85 °C, and sodium
dithionite (3.0 equiv) was added in small portions until the color
disappeared. The reaction was cooled to rt., and the mixture was
extracted with EtOAc. The organic phase was dried over anhydrous
MgSO4, filtered, and evaporated to dryness to give the title compound
as yellow solid (0.218 g, 92%). LC/MS m/z calcd for C14H19N4O2
[MH]+: 275.14, found 275.10 tR = 2.90 min (method A). 1H NMR
(DMSO-d6) δ 7.36−7.30 (m, 2H), 7.27−7.22 (m, 1H), 7.21−7.15
(m, 2H), 6.13 (s, 2H), 5.13 (s, 2H), 3.76 (t, J = 6.2 Hz, 2H), 2.95 (br
s, 2H), 1.51 (h, J = 7.3 Hz, 2H), 0.82 (t, J = 7.5 Hz, 3H). 13C NMR
(DMSO-d6) δ 158.9, 149.8, 144.1, 136.9, 128.4, 127.1, 126.4, 96.3,
44.9, 42.0, 20.9, 11.2.
8-((1R,3R,5S)-Adamantan-1-yl)-3-benzyl-1-propyl-3,7-dihydro-

1H-purine-2,6-dione (33). To a solution of xanthine 32 (0.201 g, 0.73
mmol, 1.0 equiv) in DMF (1 mL) was added DIPEA (0.13 mL, 0.73
mmol, 1.10 equiv). The resulting mixture was added to a solution of
1-adamantane carboxylic acid (0.120 g, 0.67 mmol, 1 equiv) and
COMU (0.314 g, 0.73 mmol, 1.10 equiv) in DMF (1 mL). The
resulting solution was stirred at rt. for 15 min. Upon completion of
the reaction (LC−MS), cold water was added to the reaction mixture
and subsequent precipitation of a white solid occurred. The solid was
filtrated, washed with cold water, and dried. The title intermediate
(1R,3R,5S)-N-(6-amino-1-benzyl-2,4-dioxo-3-propyl-1,2,3,4-tetrahy-
dropyrimidin-5-yl)adamantane-1-carboxamide was obtained as an off-
white solid (0.254 g, 87%).73 LC/MS m/z calcd for C25H33N4O4
[MH]+: 437.14, found 437.20 tR = 2.99 min (method A). 1H NMR
(DMSO-d6) δ 7.83 (s, 1H), 7.37−7.31 (m, 2H), 7.27−7.22 (m, 1H),
7.23−7.17 (m, 2H), 6.28 (s, 2H), 5.16 (s, 2H), 3.71 (t, J = 7.2, 2H),
2.00−1.92 (m, 3H), 1.89−1.86 (m, 5Hl), 1.71−1.60 (m, 6H), 1.49
(h, J = 7.3 Hz, 2H), 0.82 (t, J = 7.5 Hz, 3H). 13C NMR (DMSO-d6))

δ 177.9, 159.0, 151.5, 150.7, 136.6, 128.6, 127.3, 126.4, 88.3, 45.2,
42.1, 36.3, 27.8, 20.9, 11.3. (1R,3R,5S)-N-(6-Amino-1-benzyl-2,4-
dioxo-3-propyl-1,2,3,4-tetrahydropyrimidin-5-yl)adamantane-1-car-
boxamide (0.254 g, 0.58 mmol, 1.0 equiv) was dissolved in propan-2-
ol (7 mL). To the resulting mixture was added 1 M KOH (7 mL),
and the resulting solution was heated to reflux for 1 h. Upon
completion of the reaction, the solvent was removed under reduced
pressure and the residue was taken up in water and extracted with
DCM (2 × 20 mL). The organic layers were combined, dried over
anhydrous MgSO4, filtered, and evaporated to dryness to give the title
compound as a pale yellow solid. Subsequent recrystallization from
hot ethanol and water gave the title compound as a fluffy off-white
solid (0.232 g, 95%). LC/MS m/z calcd for C25H31N4O2 [MH]+:
419.20, found 419.20 tR = 4.73 min (method A). 1H NMR (CDCl3)
δ 12.10 (s, 1H), 7.60−7.56 (m, 2H), 7.34−7.24 (m, 3H), 5.32 (s,
2H), 4.04 (t, J = 6.3 Hz, 2H), 2.19−2.09 (m, 9H), 1.90−1.77 (m,
6H), 1.69 (h, J = 6.5 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR
(CDCl3) δ 162.8, 155.5, 151.3, 148.9, 136.9, 129.3, 128.5, 127.8,
106.7, 46.9, 43.3, 41.0, 36.6, 35.9, 28.3, 21.4, 11.4.

Methyl 4-((2-((tert-Butoxycarbonyl)amino)ethyl)carbamoyl)-
benzoate (37). 4-(Methoxycarbonyl) benzoic acid 36 (0.200 g,
1.11 mmol, 1.0 equiv) was dissolved in DMF (2 mL). To the resulting
solution were added DIPEA (0.21 mL, 1.22 mmol, 1.10 equiv),
COMU (0.523 g, 1.22 mmol, 1.10 equiv), and tert-butyl (2-
aminoethyl) carbamate (0.19 mL, 1.22 mmol, 1.10 equiv). The
reaction was stirred at rt. for 20 min. Upon completion of reaction,
checked by LC−MS and TLC, cold water (7 mL) was added and a
pale pink precipitate was developed, which was collected by suction
filtration and washed with cold water. The title compound was
obtained after air drying (0.270 g, 75%). LC/MS m/z calcd for
C16H22N2O5 [MH]+: 223.15, found 223.10 (−Boc); tR = 2.69 min
(method A). 1H NMR (CDCl3)) δ 8.08 (d, J = 8.0 Hz, 2H), 7.89 (d, J
= 7.3 Hz, 2H), 7.43 (br s, 1H), 5.00 (br s, 1H), 3.94 (s, 3H), 3.56 (dt,
J = 6.5, 4.8 Hz, 2H), 3.45−3.39 (m, 2H), 1.43 (s, 9H). 13C NMR
(CDCl3) δ 166.9, 166.5, 155.6, 138.2, 132.8, 129.9, 127.2, 80.4, 52.5,
28.5.

4-((2-((tert-Butoxycarbonyl)amino)ethyl)carbamoyl)benzoic
Acid (38). Methyl 4-((2-((tert-butoxycarbonyl)amino)ethyl)-
carbamoyl)benzoate (37) (0.260 g, 0.81 mmol, 1.0 equiv) was
dissolved in THF (10 mL). To the resulting mixture was added 1 M
NaOH (8 mL), and the solution was stirred at rt. for 3 h. Upon
completion of the reaction checked by TLC and LCMS, the organic
layer was removed under reduced pressure. The dropwise addition of
conc. HCl gave the title compound as white solid, which was obtained
after suction filtration and vacuum drying (0.223, 90%). LC/MS m/z
calcd for C15H21N2O5 [MH]+: 209.14, found 209.10 (−Boc); calcd
for C15H21N2O5Na [MH]+ 331.14, found 331.10; tR = 3.18 min.
(method A). 1H NMR (CD3OD) δ 8.08 (d, 2H), 7.89 (d, J = 8.3 Hz,
2H), 3.46 (t, J = 5.6 Hz, 2H), 3.28 (t, J = 6.1 Hz, 2H), 1.41 (s, 9H).
13C NMR (CD3OD) δ 169.0, 158.8, 139.6, 134.8, 130.8, 128.4, 80.2,
41.5, 40.8, 28.7.

tert-Butyl(2-(4-((3-bromopropyl)carbamoyl)benzamido)ethyl)-
carbamate (39). To a solution of 4-((2-((tert-Butoxycarbonyl)-
amino)ethyl)carbamoyl)benzoic acid 38 (0.100 g, 0.32 mmol, 1.0
equiv) in DMF (2 mL) were added COMU (0.153 g, 0.36 mmol, 1.10
equiv) and 3-bromopropyl amine hydrobromide (0.092 g, 0.42 mmol,
1.30 equiv). DIPEA (0.112 mL, 0.65 mmol, 2.0 equiv) was
subsequently added to the reaction mixture dropwise. The resulting
mixture was stirred at rt. for 15 min. Completion of the reaction was
checked by TLC (Rf 0.35 in DCM/MeOH 95:5) and LCMS. The
resulting mixture was diluted with water and extracted with EtOAc.
The organic layer was subsequently washed with 1 M HCl (10 mL),
dried over MgSO4, filtered, and concentrated to dryness to afford the
crude product as orange oil. Purification by flash column
chromatography on a gradient of 97:3 to 94:6% DCM/MeOH
afforded the title product as an off-white solid (0.085 g, 61%). 1H
NMR (DMSO-d6) δ 8.70 (t, J = 5.6 Hz, 1H), 8.55 (t, J = 5.3 Hz, 1H),
7.83 (s, 4H), 3.51 (t, J = 6.6 Hz, 2H), 3.40−3.33 (m, 2H), 3.31−3.26
(m, 2H), 3.10 (t, J = 6.1 Hz, 2H), 2.05 (p, J = 6.7 Hz, 2H), 1.31 (s,
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9H). 13C NMR (DMSO-d6) δ 167.6, 155.1, 129.9, 128.2, 36.8, 36.0,
34.3, 33.1, 28.8 (two quaternary carbon not observed).
8-((1R,3R,5S)-Adamantan-1-yl)-3-benzyl-1-propyl-7-((2-

(trimethylsilyl)ethoxy)methyl)-3,7-dihydro-1H-purine-2,6-dione
(34). Potassium carbonate was added to a solution of xanthine 33
(0.232 g, 0.55 mmol, 1.0 equiv) in DMF (3 mL), and the resulting
mixture was stirred at rt. for 2 h. (2-(Chloromethoxy)ethyl)-
trimethylsilane (0.110 g, 0.67 mmol, 1.20 equiv) was added dropwise,
and the solution was stirred at rt. for additional 2 h. TLC showed
complete consumption of the starting material. The reaction was then
evaporated to dryness, and the residue was adsorbed on isolute.
Purification by flash column chromatography using a gradient of
100:0 to 80:20 PE/EtOAc gave the title compound as colorless oil,
which solidified upon cooling (0.200 g, 66%). 1H NMR (CDCl3) δ
7.61−7.56 (m, 2H), 7.34−7.24 (m, 3H), 5.91 (s, 2H), 5.26 (s, 2H),
3.94 (t, J = 6.9 Hz, 2H), 3.70 (t, J = 6.9 Hz, 2H), 2.23−2.17 (m, 6H),
2.15−2.09 (m, 3H), 1.85−1.78 (m, 6H), 1.64 (h, J = 7.2 Hz, 2H),
0.96−0.90 (m, 5H), −0.02 (s, 9H). 13C NMR (CDCl3) δ 161.6,
155.3, 151.3, 147.0, 137.0, 129.5, 128.5, 127.9, 107.6, 73.6, 66.5, 46.5,
43.1, 40.9, 37.9, 36.6, 28.5, 21.5, 18.2, 11.5, −1.3.
8-((1R,3R,5S)-Adamantan-1-yl)-1-propyl-7-((2-(trimethylsilyl)-

ethoxy)methyl)-3,7-dihydro-1H-purine-2,6-dione (35).106 Xanthine
34 (0.188 g, 0.34 mmol, 1.0 equiv) was dissolved in methanol, and to
the solution was added 10% Pd/C (100 mg), followed by ammonium
formate (3.53 mmol, 15 equiv). The flask was equipped with a
condenser with a balloon with N2 at the top and heated to 140 °C for
9 h. The completion of the reaction was monitored by TLC. The
reaction mixture was then cooled to rt. and filtered through Celite.
The pad was washed with MeOH and DCM. The colorless solution
was concentrated to dryness to give the title compound as an off-
white solid (0.105 g, 67%). 1H NMR (CDCl3) δ 5.93 (s, 2H), 3.95 (t,
J = 7.2, 5.4 Hz, 2H), 3.71 (t, J = 7.2 Hz, 2H), 2.19 (s, 6H), 2.09 (s,
3H), 1.78 (s, 6H), 1.66 (h, J = 7.6 Hz, 2H), 0.98−0.89 (m, 5H),
−0.02 (s, 9H). 13C NMR (CDCl3) δ 162.1, 155.9, 107.7, 73.6, 66.5,
42.5, 40.8, 37.9, 36.5, 28.4, 21.5, 18.2, 11.5, −1.3.
tert-Butyl(2-(4-((3-(8-((3R,5R,7R)-adamantan-1-yl)-2,6-dioxo-1-

propyl-7-((2-(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-
purin-3-yl)propyl)carbamoyl)benzamido)ethyl)carbamate (40). To
a solution of xanthine 35 (105 mg, 1.0 equiv) in DMF (2 mL) was
added K2CO3 (42 mg, 1.3 equiv). The resulting mixture was stirred at
rt. for 1 h. After that time, a solution of tert-butyl (2-(4-((3-
bromopropyl)carbamoyl)benzamido)ethyl)carbamate (39) (113 mg,
1.15 equiv) in DMF (1 mL) was added to the reaction mixture, which
was stirred at 40 °C for 23 h. The reaction was subsequently filtered
and concentrated to dryness. The crude material was adsorbed on
isolute and purified by flash column chromatography using a gradient
of 50:50 to 20:80 PE/EtOAc to give the title compound as off-white
foam (90 mg, 49%). 1H NMR (CDCl3) δ 7.90 (s, 4H), 7.78 (t, J = 6.1
Hz, 1H), 7.47 (s, 1H), 5.92 (s, 2H), 5.14 (br s, 1H), 4.26 (t, J = 5.6
Hz, 2H), 3.98 (t, J = 7.3 Hz, 2H), 3.71 (t, J = 8.0 Hz, 2H), 3.56 (q, J =
4.8 Hz, 2H), 3.45−3.37 (m, 4H), 2.13−2.08 (m, 6H), 2.08−1.97 (m,
5H), 1.76−1.60 (m, 8H), 1.42 (s, 9H), 0.93 (m, 5H), −0.03 (s, 9H).
13C NMR (CDCl3) δ 166.9, 161.9, 155.1, 151.8, 147.0, 137.7, 136.7,
107.7, 80.2, 73.7, 66.6, 43.1, 40.9, 40.4, 37.9, 36.4, 35.9, 28.5, 28.3,
21.5, 18.2, 11.5, −1.3.
N1-(3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-

1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-N4-(2-aminoethyl)-
terephthalamide (41). The synthesis of the title compound 41 was
achieved by following general procedure B. The title compound 31
was used for the subsequent step without any further purification (29
mg, quantitative). LC−MS m/z calcd for C31H42N7O4 [MH]+:
576.20, found 576.40; tR = 3.16 min (method A).
tert-Butyl(3-((2-(4-((3-(8-((3R,5R,7R)-adamantan-1-yl)-2,6-dioxo-

1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)carbamoyl)-
benzamido)ethyl)amino)-3-oxopropyl)carbamate (42). The title
compound 42 was synthesized by following general procedure A,
reacting a solution of Boc-β-Ala-OH (10 mg, 1.0 equiv), DIPEA (18
μL, 2.0 equiv) and COMU (24.90 mg, 1.10 equiv) in DMF (0.5 mL)
with a solution of N1-(3-(8-((1R,3R,5S)-adamantan-1-yl)-2,6-dioxo-
1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-N-4-(2-
aminoethyl)terephthalamide (41) (34 mg, 1.10 equiv) in DMF (0.5

mL). Purification by flash column chromatography using a gradient of
96:4 to 93:7 DCM/MeOH gave the title compound as an off-white
solid (18 mg, 47%). LC/MS m/z calcd for C39H55N8O7 [MH]+:
747.40, found 747.40; tR = 3.71 min (method A). 1H NMR (CD3OD)
δ 7.93 (s, 4H), 4.59 (s, 1H), 4.26 (t, J = 6.6 Hz, 2H), 3.95 (t, J = 6.3
Hz, 2H), 3.52 (t, J = 5.8 Hz, 2H), 3.48−3.39 (m, 4H), 3.36 (s, 2H),
2.37 (t, J = 6.7 Hz, 2H), 2.10 (q, J = 6.5 Hz, 2H), 2.02−1.96 (m, 9H),
1.81−1.70 (m, 6H), 1.69−1.62 (m, 2H), 1.42 (s, 9H), 0.94 (t, J = 7.5
Hz, 3H). 13C NMR (CD3OD) δ 187.4, 181.9, 169.2, 163.6, 156.0,
152.9, 149.5, 138.7, 138.2, 128.6, 128.5, 107.9, 80.2, 43.9, 42.2, 41.9,
40.9, 40.1, 38.0, 37.6, 37.4, 36.9, 29.5, 28.9, 28.7, 22.3, 11.6.

(E)-N-(2-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-
dipyrrolo[1,2-c:2′,1′-f ][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)-
acetamido)hexanamido)ethyl)-4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-
tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamide
(43a). Following general procedure C, amine congener 18a (0.5 mg,
1.10 equiv) was converted to the BODIPY 630/650 conjugate.
Purification by RP-HPLC (method B) gave, after lyophilization, the
title compound as a blue solid (0.4 mg, 39%). LC/MS m/z calcd for
C51H61BF2N906S [MH]+: 976.30, found 976.30 tR = 3.98 min
(method A). HRMS (TOF ES+) calcd for C51H61BF2N906S [MH]+:
976.4530, found 976.4530; calcd for C51H61BF2N906SNa [M + Na]+:
998.4349, found 998.4335. Analytical RP-HPLC tR = 6.86 min, purity
>99% (method C).

1-(6-((2-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-
8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-6-oxohex-
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 (43b).
Following general procedure C, amine congener 18a (0.5 mg, 1.10
equiv) was converted to the Sulfo-Cy5 conjugate 43b. Purification by
RP-HPLC (method B) gave after lyophilization the title compound as
a bright blue solid (0.5 mg, 56%). LC/MS m/z calcd for
C54H71N8010S2 [MH]+: 1055.30, found 1055.30; tR = 3.09 min
(method A). HRMS (TOF ES+) calcd for C54H71N8010S2 [MH]+:
1055.4729, found 1055.4705; calcd for C54H71N8010S2Na [M + Na]+:
1077.4549, found 1077.4527. Analytical RP-HPLC tR = 4.93 min,
purity >99% (method C).

(E)-N-(20-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-
dipyrrolo[1,2-c:2′,1′-f ][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)-
4,8,12,19-tetraoxo-3,7,11,18-tetraazaicosyl)-4-(2,6-dioxo-1,3-di-
propyl-2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-car-
boxamide (44a). Following general procedure B, compound 25a (5
mg, 1.0 equiv) was subjected to acidolysis, and after the removal of
the solvent, the resulting intermediate (as HCl salt) was used for the
next step without further purification (4 mg, quantitative). LC−MS
m/z calcd for C28H45N8O5 [MH]+: 573.34, found 573.30 tR = 3.13
min. Following general procedure C, the resulting amine congener
was converted to the BODIPY 630/650 conjugate. Purification by
RP-HPLC (method B) gave, after lyophilization, the title compound
as a blue solid (0.9 mg, 70%). LC/MS m/z calcd for
C57H71BF2N1108S [MH]+: 1118.30, found 1118.40 tR = 3.78 min
(method A). HRMS (TOF ES+) calcd for C57H71BF2N1108S [MH]+:
1118.5273 found 1118.5252; calcd for C57H71BF2N1108SNa [M +
Na]+: 1140.5092, found 1140.506. Analytical RP-HPLC tR = 6.73
min, purity >99% (method C).

1-(1-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-
yl)bicyclo[2.2.2]octan-1-yl)-1,6,10,14-tetraoxo-2,5,9,13-tetraazano-
nadecan-19-yl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sul-
foindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfo-
nate (44b). Following Boc-deprotection of 25a, the resulting amine
congener (0.5 mg, 1.10 equiv) was converted to the Sulfo-Cy5
conjugate 44b by following general procedure C. Purification by RP-
HPLC (method B) gave, after lyophilization, the title compound as a
bright blue solid (1.1 mg, quantitative). LC/MS m/z calcd for
C60H79N10012S2 [MH]−: 1195.54, found 1195.60; tR = 3.05 min
(method A). HRMS (TOF ES+) calcd for C60H81N10012S2 [MH]+:
1197.5471, found 1197.5450; calcd for C60H81N10012S2Na [M +
Na]+: 1219.5291, found 1219.5255. Analytical RP-HPLC tR = 4.88
min, purity >99% (method C).

N1-(3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-
1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-N4-(2-(6-(2-(4-((E)-2-(5,5-
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difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f ][1,3,2]-
diazaborinin-3-yl)vinyl)phenoxy)acetamido)hexanamido)ethyl)-
terephthalamide (45a). Following general procedure C, amine
congener 41 (0.7 mg, 1.10 equiv) was converted to the BODIPY 630/
650 conjugate. Purification by RP-HPLC (method B) gave, after
lyophilization, the title compound as a blue solid (0.7 mg, 59%). LC/
MS m/z calcd for C60H68BF2N1007S [MH]+: 1121.30, found 1121.30
tR = 4.05 min (method A). HRMS (TOF ES+) calcd for
C60H68BF2N1007S [MH]+: 1121.5059, found 1121.5060; calcd for
C60H68BF2N1007SNa [M + Na]+: 1143.4878, found 1143.4855.
Analytical RP-HPLC tR = 7.00 min, purity >99% (method C).
1-(6-((2-(4-((3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-prop-

yl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)carbamoyl)benzamido)-
ethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-tri-
methyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-
ium-5-sulfonate (45b). Following general procedure C, amine
congener 41 (0.6 mg, 1.10 equiv) was converted to the Sulfo-Cy5
conjugate 45b. Purification by RP-HPLC (method B), followed by
preparative TLC using 80:20 DCM/MeOH as an eluent, after
lyophilization, the title compound as a bright blue solid (0.9 mg,
83%). LC/MS m/z calcd for C63H78N9011S2 [M-2]+: 600.76, found
600.8; tR = 3.19 min (method A). HRMS (TOF ES+) calcd for
C63H78N9011S2 [MH]+: 1200.5257, found 1200.5220; [M-
2]+:600.7665, found 600.7680. Analytical RP-HPLC tR = 5.19 min,
purity >99% (method C).
N1-(3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-

1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-N4-(2-(3-(6-(2-(4-((E)-2-
(5,5-difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2′,1′-f ]-
[1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)hexanamido)-
propanamido)ethyl)terephthalamide (46a). Following general
procedure B, compound 42 (5 mg, 1.0 equiv) was converted to the
corresponding HCl salt intermediate, which, after the removal of the
solvent in vacuo, was used for the subsequent step without further
purification. LC/MS m/z calcd for C34H47N8O8 [MH]+: 647.34,
found 647.40 tR = 3.18 min. Following general procedure C, the
resulting amine congener (0.7 mg, 1.10 equiv) was converted to the
BODIPY 630/650 conjugate. Purification by RP-HPLC (method B)
gave the title compound as a blue solid (0.7 mg, 56%). LC−MS m/z
calcd for C63H73BF2N1108S [MH]+: 1192.40, found 1192.40 tR = 3.95
min (method A). HRMS (TOF ES+) calcd for C63H73BF2N1108S
[MH]+: 1192.5430, found 1192.5433; calcd for C63H73BF2N1108SNa
[M + Na]+: 1214.5250, found 1214.5229. Analytical RP-HPLC tR =
6.98 min, purity >97% (method C).
1-(6-((3-((2-(4-((3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-

propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)carbamoyl)-
benzamido)ethyl)amino)-3-oxopropyl)amino)-6-oxohexyl)-3,3-di-
methyl-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 (46b). Following
general procedure C, the amine congener (0.6 mg, 1.10 equiv) was
converted to the Sulfo-Cy5 conjugate 46b. Purification by RP-HPLC
(method B), followed by preparative TLC using 80:20 DCM/MeOH,
after lyophilization, was isolated the title compound as a bright blue
solid (0.9 mg, 79%). LC−MS m/z calcd for C66H83N10012S2 [M-2]+:
636.3, found 636.3; tR = 3.17 min (method A). HRMS (TOF ES+)
calcd for C66H83N10012S2 [MH]+: 1271.5628, found 1271.5571; calcd
for C66H83N10012S2Na [M + Na]+: 1293.5447, found 1293.5364; [M-
2]+:636.2850, found 636.2861. Analytical RP-HPLC tR = 5.25 min,
purity >99% (method C).
Molecular Modeling of Tonapofylline (BG9928) and

Compound 16. Molecular docking simulation of tonapofylline
(BG9928) and 16 to the 3.2 Å resolution A1AR crystal structure was
performed using Schrödinger software suite (release 2019-2). The 3.2
Å A1AR crystal structure in complex with the irreversible ligand
DU172 was retrieved from the Protein Data Bank (PDB: 5UEN)
depository and was firstly prepared in PyMOL (2.2.0) as follows: one
copy of the A1AR-dimer crystal structure was removed and the
covalent bond between the Y271 and irreversible antagonist DU172
was broken to facilitate the definition of docking site during the Grid
generation step. This structure was subsequently imported on
Maestro and was prepared with the Protein Preparation Wizard
tool. Hydrogen atoms were added, and the H-bonding network was

optimized using PROPKA at pH = 7.0. The structure of the protein
was energy minimized using an OPLS3 force field. The docking site
was defined using Glide Grid generation with the barycenter of the
co-crystallized DU172 representing the center of the grid. Tonapofyl-
line 16 and congener 42 were prepared for docking using a LigPrep
tool. Molecular docking of these two ligands was performed using
Glide with XP (extra precision) mode and flexible ligand sampling
with no restriction applied. For both ligands, the highest docking
scoring pose was selected and depicted with PyMOL to include key
binding interactions and distance measurements.

Pharmacology: Materials and Methods. Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), and trypsin
were purchased from Invitrogen (Carlsbad, CA). Adenosine
deaminase (ADA) and hygromycin B were purchased from Roche
Diagnostics (Mannheim, Germany). Ultima Gold scintillation cock-
tail, [3H] DPCPX (8-cyclopentyl-1,3-dipropylxanthine, [dipropyl-
2,3-3H(N)], specific activity 137 Ci/mmol), and LANCE→ cAMP kit
were purchased from PerkinElmer Life Sciences (Glen Waverley,
Australia). All plates were obtained from Corning Costar (Corning
Incorporated, Corning, NY, USA). Furimazine was purchased from
Promega (Alexandria, Australia). Adenosine receptor ligands, 8-(4-(4-
(4-chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine
(PSB-603), N-[9-chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]-
quinazolin-5-yl]benzene acetamide (MRS1220), 4-(2-[7-Amino-2-
(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol
(ZM241385), and trans-4-((2-phenyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)amino)cyclohexanol (SLV320) were purchased from Tocris
Bioscience (Bristol, UK). 8-Cyclopentyl-1,3-dipropylxanthine
(DPCPX), 5′-(N-ethylcarboxamido)adenosine (NECA), and all
other reagents were purchased from Sigma-Aldrich (Castel Hill,
Australia) and were of analytical quality.

Cell Culture. Chinese Hamster Ovary FlpIn (FlpIn-CHO) cells
stably expressing the human A1AR were generated as described
previously.107 A1AR-FlpIn-CHO cell lines were cultured in DMEM,
supplemented with 10% (v/v) FBS and the selection antibiotic
hygromycin B (500 μg/mL) to maintain adenosine receptor
expression. Nontransfected HEK293 adherent (HEK293A) cells
were cultured in DMEM, supplemented with 10% (v/v) FBS. All
cells were cultured at 37 °C in a humidified incubator containing 5%
CO2, grown to confluence, and then seeded into 96-well culture plates
at assay-specific densities. All tissue culture procedures were
performed in a class II laminar flow hood using sterile conditions.
Transfection of NanoLuc-tagged human A1AR, A2AAR, A2BAR, and
A3AR and SNAP-tagged-hA1AR in HEK293A cells was performed
using polyethylamine (PEI) at the 4:1 ratio of PEI/DNA. Cells were
transfected with 3 μg of DNA in 10 mm × 20 mm style dishes at a
density of 5 × 106 cells per dish and used 48 h following transfection.

Experiments: [3H] DPCPX Binding Assay. A1AR-FlpIn-CHO cells
were seeded into white 96-well isoplates at 40,000 cells/well and
incubated overnight. Before the experiment, DMEM was replaced
with binding buffer (10 mM HEPES, 10 mM D-glucose, 145 mM
NaCl, 5 mM KCl, 1 mM MgSO4, 1.5 mM NaHCO3, 2 mM CaCl2, 1
U/mL ADA, pH 7.4), and cells were incubated with increasing
concentrations of competing ligands, followed by the addition of 1
nM [3H] DPCPX (the precise concentration in each experiment was
determined by β-counting). The cells were incubated for 4 h in
binding buffer at 37 °C with 5% CO2. Buffer was removed, and cells
were washed three times with ice-cold phosphate buffer saline (PBS,
10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl)
and then dissolved in Ultima Gold scintillation liquid (100 μL/well).
Isoplates were sealed and allowed to incubate at rt. for 1 h before
radioactivity was determined by b-counting using a MicroBeta 2
LumiJET microplate counter (PerkinElmer). In all radioligand
binding experiments, nonspecific binding was determined in the
presence of 1 mM SLV320.

NanoBRET Binding Assays. HEK293A cells were transiently
transfected to express either the NanoLuc-tagged human A1AR,
A2AAR, A2BAR, and A3AR. 24 h following transfection, cells were
seeded into 96-well poly-D-lysine-coated solid white bottom plates at
40,000 cells/well and incubated overnight in serum-free DMEM.
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Before the experiment, DMEM was replaced with binding buffer. For
saturation and competition assays, the required concentration of
fluorescent ligand, and competing ligands, was added at the same time
and the plates were then incubated at 37 °C for 1 h. After 50 min
incubation, 1 μM furimazine was added to each well and plates were
incubated for additional 10 min (1 h total) at 37 °C. For association
kinetic experiments, 1 μM furimazine was added to each well and
incubated at 37 °C for 15 min in the dark allowing the luminescence
signal to reach equilibrium. The required concentration of the
fluorescent ligand in the presence or absence of 1 μM SLV320 (to
define nonspecific binding) was added simultaneously. The plates
were then read immediately, with each well read once every 30 s for
60 min. Bioluminescence emission at two different wavelengths was
measured at room temperature (for saturation and competition
binding experiments) or at 37 °C (for kinetic binding assays) using a
PheraSTAR Omega plate reader (BMG Labtech) using 460 nm (80
nm bandpass; donor NanoLuc emission) and >610 nm (long pass
filter; fluorescent ligand emission). The raw BRET ratio was
calculated by dividing the >610 nm emission by the 420 nm
emission. In all NanoBRET binding experiments, nonspecific binding
was determined in the presence of 1 μM SLV320.
cAMP Assay. A1AR-FlpIn-CHO cells were seeded into 96-well

culture plates at 20,000 cells/well and incubated overnight. The Gi/o-
protein-mediated inhibition of cAMP accumulation was determined
as described previously.108 Briefly, media were removed and cells were
incubated with stimulation buffer (140 mM NaCl, 5.4 mM KCl, 0.8
μM MgSO4, 0.2 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2,
5.6 mM D-glucose, 5 mM HEPES, 0.1% bovine serum albumin (BSA),
0.1 U/mL ADA, and 10 μM rolipram, pH 7.4) and incubated at 37 °C
for 30 min. Inhibition of cAMP was assessed by pre-incubation with
increasing concentrations of antagonists for 10 min. NECA
concentration response curves were performed by subsequent
incubation of increasing concentrations of NECA in the presence of
3 μM forskolin for additional 30 min at 37 °C. The reactions were
terminated by the addition of 50 μL ice-cold 100% ethanol. The lysis
buffer (0.1% BSA, 0.3% tween-20, 5 mM HEPES, pH 7.4) was added
to the cells after ethanol evaporation. The level of cAMP was detected
using LANCE cAMP 384 kits (PerkinElmer) following the
manufacturer’s protocol, and fluorescence was measured with an
EnVision plate reader (PerkinElmer). Ligand concentration-response
curves were normalized to the response mediated by 3 μM forskolin
(0%) or buffer (100%) alone. All experiments were performed in
duplicate.
Confocal Imaging. Transiently transfected SNAP-tagged human

A1AR HEK293 cells were grown to 80−90% confluence in a μ-Slide 8
well-chambered coverslip (Ibidi GmbH, Gra ̈felfing, Germany)
precoated with poly-D-lysine. On the day of the experiment, culture
media were removed and the cells were labeled for 30 min at 37 °C
with a 0.2 μM SNAP AlexaFluor488 label as required in binding
buffer (10 mM HEPES, 10 mM D-glucose, 145 mM NaCl, 5 mM KCl,
1 mM MgSO4, 1.5 mM NaHCO3, 2 mM CaCl2, 1 U/mL ADA, pH
7.4). After washing twice with binding buffer, the cells were treated
with or without 10 μM SLV320 for 30 min at 37 °C. After that time,
the cells were treated with the required concentration of fluorescent
ligand under investigation. Live cell imaging was performed at 37 °C
on a Leica TCS SP8 X confocal running system fitted with an HC PL
APO CS2 40x/1.1 NA water immersion objective. A diode 633 laser
was used for the excitation of BODIPY-630/650 and Sulfo-Cy5
fluorophores and a beam splitter TD 488/552/638 and the emission
was collected using a hybrid detector (HyD) (emission filter range
642−782 nm). A 488 optically pumped semiconductor laser (OPLS)
was used for the excitation of the SNAP AF488 label, and the
emission was detected using a hybrid detector (HyD) (emission filter
range 493−572 nm). The pinhole diameter (1 Airy Unit; 1.1 μm
optical slice), laser power, and gain remained constant in all the
experiments. The images were captured using 1024 × 1024 pixel
resolution, 16-bit depth, and a scan speed of 200 Hz with a line
averaging of 6. Images were processed in FIJI (ImageJ)109 version
2.0.0 software, and linear adjustments to the brightness and contrast
have been applied equally across all the images.

Total Internal Reflection Fluorescence Microscopy (TIRF-M).
HEK293A cells were seeded into 10 mm × 20 mm style dishes at a
density of 5 × 106 cells per dish in complete DMEM. After 12 h, cells
were transiently transfected with 2 μg cDNA of SNAP-hA1AR using
the 1:4 ratio of DNA/PEI to achieve lower receptor expression levels.
After 12 h, transiently transfected SNAP-hA1AR HEK293 cells were
seeded onto a poly-D-lysine-precoated FluoroDish (35 mm, 23 mm
well) to 70−80% confluency. On the day of the experiment (24 h
following transfection), DMEM was removed and the cells were
incubated with 0.2 μM BG-AF488 in binding buffer (10 mM HEPES,
10 mM D-glucose, 145 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1.5 mM
NaHCO3, 2 mM CaCl2, 1 U/mL ADA, pH 7.4) for 30 min at 37 °C.
The binding buffer was removed, and the cells were washed twice
with warm binding buffer to remove any unbound BG-AF488.
Subsequently, the cells were treated with or without 10 μM SLV320
for 30 min at 37 °C. After that time, the cells were treated with the
required concentration of fluorescent ligand under investigation.

TIRF Imaging. Images were captured on a Leica DMI6000 3D
GSD TIRF microscope running LAS X version 1.9 using a HC Plan
Apo 100× NA 1.43 TIRF Objective. Excitation was provided from a
633 nm laser for the BODIPY-630/650 and Sulfo-Cy5 fluorophores.
Detection was through either a 540−620 nm emission filter or 640-
700 nm emission filter. The TIRF field penetration depth was kept at
80 nm for all wavelengths and samples. Images were captured with an
Andor iXon3 897 Ultra EM-CCD camera with exposure times and
gain settings being consistent across all images.

TIRF Image Analysis. Analysis of TIRF images were carried out
using a custom macro written in the Fiji distribution of ImageJ
(Schindelin et al., 2012). In brief, the user was asked to manually
outline the cell of interest. Both image channels were then filtered to
remove noise (Gaussian filter-Sigma = 1) and discrete spots were
extracted from the red channel using the find maxima command
(prominence = 3) and displaying the same as single-binary points.
The extracted binary points were used to measure the intensity in
both the red and far red channel for each discrete spot.

Data Analysis. All data are represented as mean ± SEM of n
experiments performed either in duplicate or triplicate. n refers to the
number of separate experiments. A separate experiment required a
separate flask of cells and a separate drug dilution used throughout the
experiment. The data were presented and analyzed using Prism
software (GraphPad Prism 8.0, San Diego, CA) and Excel.

[3H] DPCPX Binding Assay and NanoBRET Competition Binding
Assays. The competition binding curves were fit to the following
equation:

= − × [ ]
[ ] +

A
A

uninhibited specific binding 100
100

(IC )50

where [A] is the concentration of competing drug and the IC50 is the
molar concentration of ligand required to inhibit 50% of the specific
binding of specified concentrations of fluorescent ligands or 1 nM
[3H] DPCPX.

The Cheng−Prusoff equation was used to correct fitted IC50 values
to Ki values:

=
+

K
IC

1 L
K

i
50

D

where L is the concentration of fluorescent ligand or [3H] DPCPX in
nM and KD is the dissociation constant of fluorescent ligand or [3H]
DPCPX in nM. The KD values used were calculated from the
saturation binding experiments. The concentration in the assay of
[3H] DPCPX was directly determined by measuring DPM counts
with a scintillation counter using the following equation:

[ ] =
× ×

l
DPM

SA 2.2 10
volume

6

where SA is the specific activity of the radioligand in Ci/mmol and
volume is the final volume of the assay in liter.
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NanoBRET Saturation Binding Assay. Total and nonspecific
saturation binding curves were fit simultaneously using the following
equation:

=
[ ]

+
+ +

B B
B K

M B CBRET ratio
( )

( )max

D

where Bmax is the maximal response, [B] is the concentration of
fluorescent ligand in nM, KD is the equilibrium dissociation constant
in nM, M is the slope of the nonspecific binding component, and C is
the intercept with the y axis.
cAMP Assay. Antagonism by fluorescent ligands of the NECA-

induced inhibition of cAMP accumulation in FlpIn-CHO cells
expressing the human A1AR was analyzed. For each concentration
of the antagonists, the ratio (DR, dose ratio) of NECA concentrations
required to produce the same magnitude of response in the presence
and absence of the antagonist was determined. To estimate antagonist
affinity values, functional interaction studies between NECA and
single concentration of each antagonist in the cAMP assays were fitted
to the following form of Schild regression analysis:

= +
−

+
+
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10 1
HillSlope
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S
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10 pA2

where pEC50 is the negative logarithm of the EC50 of NECA (A) in
the absence of antagonist (B). HillSlope is the slope of the agonist
curve, S is the Schild slope, and pA2 is the negative logarithm of the
molar concentration of antagonist necessary to shift the agonist EC50
by a factor of two. The Schild slope parameter, S, was constrained to
1, and therefore, the estimated pA2 values for each antagonist are
equal to the pKB (negative logarithm of the antagonist equilibrium
dissociation constant).
NanoBRET Kinetic Binding Assay. For association binding kinetics,

nonspecific binding was determined at each concentration of the
fluorescent ligands at each time point by adding 1 μM SLV320, and
this was subtracted from total binding to obtain specific binding
measurements. The association rate (kon) in M−1 min−1 and
dissociation rate (koff) min−1 constants were calculated from specific
binding using the following equation:

=
−

[ ]
k

k k
Lon

obs off

where [L] is the concentration of the fluorescent conjugate in M and
kobs is calculated from the global fitting of the data to the following
exponential association function:

= − −Y Y e(1 )k t
max

obs

where Y is the specific binding at time t, Ymax represents the specific
binding at infinite time (t), and kobs is the rate constant for the
observed rate of association.
The kinetic equilibrium dissociation constant (KD) was determined

from the data using the following equation:

=K
k
kD

off

on
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