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ABSTRACT: The A3 adenosine receptor (A3AR) is a target for
pain, ischemia, and inflammatory disease therapy. Among the
ligand tools available are selective agonists and antagonists,
including radioligands, but most high-affinity non-nucleoside
antagonists are limited in selectivity to primate species. We have
explored the structure−activity relationship of a previously
reported A3AR antagonist DPTN 9 (N-[4-(3,5-dimethylphenyl)-
5-(4-pyridyl)-1,3-thiazol-2-yl]nicotinamide) for radiolabeling, in-
cluding 3-halo derivatives (3-iodo, MRS7907), and characterized 9
as a high -affinity radioligand [3H]MRS7799. A3AR Kd values were
(nM): 0.55 (human), 3.74 (mouse), and 2.80 (rat). An extended
methyl acrylate (MRS8074, 19) maintained higher affinity (18.9 nM) than a 3-((5-chlorothiophen-2-yl)ethynyl) derivative 20.
Compound 9 had an excellent brain distribution in rats (brain/plasma ratio ∼1). Receptor docking predicted its orthosteric site
binding by engaging residues that were previously found to be essential for AR binding. Thus the new radioligand promises to be a
useful species-general antagonist tracer for receptor characterization and drug discovery.
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The Gi-coupled A3 adenosine receptor (A3AR) is a
therapeutic target of interest in pain, neurodegeneration,

cancer, ischemia of the heart and brain, autoimmune
inflammatory diseases, and other conditions.1−8 In humans,
the A3AR is expressed highly in the lung, liver, kidney, and
heart. Two A3AR agonists are in advanced clinical trials for
psoriasis, COVID-19, hepatocellular carcinoma (HCC), and
nonalcoholic steatohepatitis (NASH).1,3,9 A3AR agonists are
being explored for the treatment of chronic neuropathic pain,
stroke, and other nervous system conditions.7,10,11 The
moderately selective A3AR agonists already in clinical trials
are IB-MECA 1 and Cl-IB-MECA 2 (Chart 1). However, we
have recently expanded the A3AR agonist structure−activity
relationship (SAR) to include more highly selective (N)-
methanocarba (bicyclo[3.1.0]hexyl) agonists such as 4.7,12

A3AR ligands, in particular, antagonists, are subject to
interspecies differences in affinity.13−16 Thus many of the
reported highly selective human (h) A3AR antagonists, such as
[1,2,4]triazolo[1,5-c]quinazolin-5-amines and 1,4-dihydropyr-
idines, are not at all or are marginally A3AR-selective in rats
and mice. Furthermore, the most widely used agonist
radioligand, [125I]I-AB-MECA 3, is only slightly selective for
that subtype, although it has a ∼1 nM Kd value at the rat
A3AR.

17 Efforts to use [125I]3 for autoradiography to
exclusively label the A3AR in brain tissue were problematic
because it requires the addition of a selective A1AR antagonist

to remove that component of binding. Other nucleoside
radioligands reported include 76Br derivatives for A3AR
positron emission tomography (PET) studies.18 [125I]-
MRS1898 5 proved to be a selective A3AR agonist radioligand
in binding experiments (Kd 0.17 nM, rat A3AR).

19 Antagonist
radioligands [3H]MRS3008F20 7 and [3H]PSB11 8 are
suitable only for the primate A3AR, as their affinities at the
mouse (Ki > 10 and 6.36 μM, respectively) and rat (r) A3ARs
(both: Ki > 10 μM) were much weaker.13 A pyridine derivative
6 is currently the best general purpose A3AR antagonist for use
in the mouse (Ki 349 nM) or rat (Ki 216 nM).13,20 It has
proven selective in various in vivo studies to define the action
at the A3AR.

7 However, efforts to convert this pyridine series
into a radioligand, specifically a 18F PET ligand in the form of a
closely related analogue, FE@SUPPY (not shown), were also
not straightforward chemically or pharmacologically.21 A new
chemotype (5-(4-chlorophenyl)thiophene-2-carboxamide) in
moderately potent hA3AR and rA3AR antagonists was recently
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reported, but it does not have sufficiently high affinity for use
as a rA3AR radioligand.22

We recently resynthesized an antagonist, DPTN 9 (N-[4-
(3,5-dimethylphenyl)-5-(4-pyridyl)-1,3-thiazol-2-yl]-
nicotinamide), as reported in 2008 by Miwatashi et al.,23 and
confirmed that it can serve as a selective A3AR antagonist
across species (≥20-fold selectivity compared with other AR

subtypes).13 Here we have explored in limited scope the SAR
of DPTN for radioisotope incorporation and prepared and
characterized a high-affinity tritiated radioligand.

Chemical Synthesis. The synthetic route to 9 followed the
original publication23 with modification and allowed the
introduction of a aromatic halogen substitution (Scheme 1).
Specifically, a fluorine, bromine, or iodine atom (16b−d) was

Chart 1. Select Ligands and Radioligands Used to Study the A3AR
a

aAgonists 3 and 5 are used in radioiodinated form, and antagonists 7 and 8 have been tritiated. Binding Ki values at the hA3AR (nM) are: 1, 1.8; 2,
1.4; 3, ∼1; 4, 0.70; 5, 1.4; 6, 43.9; 7, 1.13; 8, 3.51.1,13

Scheme 1. Synthesis of Halo Analogues of 9 and Its Tritiated Form 18a

aReagents and conditions: (i) (COCl)2 (1.5 to 2.0 equiv), cat. DMF (10 μL), toluene, 0 °C to room temperature, 89−96%; (ii) N,O-
dimethylhydroxylamine hydrochloride (1.2 to 1.5 equiv), K2CO3 (2.0 equiv), EtOAc−H2O (2:1), 0 °C to room temperature, 16−18 h, 86−98%;
(iii) 4-picoline (1.2 to 1.5 equiv), LDA (1.0 M in THF/hexane (1.0−4.0 equiv), THF, −78 °C to room temperature, 2 to 3 h, 58−71%; (iv) Br2
(1.0 equiv), AcOH, 4 h, 80 °C, 43−90%; (v) methylthiourea (1.1 equiv), Et3N (2.1 to 3.0 equiv), ACN, reflux, 3 h, 38−87%; (vi) nicotinoyl
chloride hydrochloride or 5-bromonicotinoyl chloride (1.5 equiv), DMAP (0.3 equiv) in DMA or NMP, 80 °C, 16 h; sat. NaHCO3, 39−87%; (vii)
Pd/C, tritum gas.
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inserted in the place of a 3-methyl group present in 9. The
inclusion of the Weinreb−Nahm amide 12 leading to the
Weinreb ketone24 13 provided a higher overall yield than that
by the original route. It was possible to acylate arylamine 15
with several nicotinoyl derivatives via their acid chlorides to
yield 9 and 17 (Scheme 1B). The tritiated radioligand [3H]18
([3H]5-bromo-N-(4-(3,5-dimethylphenyl)-5-(pyridin-4-yl)-
thiazol-2-yl)nicotinamide, MRS7799) was synthesized by the
catalytic reduction of bromo precursor 17 with tritium gas.
[3H]18 was isolated by HPLC with a specific activity of 23.9
Ci/mmol (stored in an EtOH solution at a concentration of
16.24 μg/mL). The radiochemical purity was 97.5%
(Supporting Information).
Compounds 16d and 17 also served as intermediates for the

substitution of functionalized chains at the 3-iodophenyl
position (Scheme 2). Heck (19) and Sonogashira (20)
reactions were utilized to install extended, rigidified sub-
stituents. These analogues were intended to probe the
environment of the A3AR binding site of 9. If one or more
chain-extended analogues would show considerable affinity,
then it would enable the design of additional conjugates at
those positions. A similar strategy of appending arylethynyl or
alkenyl groups to an aromatic ring was successfully applied
with 1,4-dihydropyridines as hA3AR antagonists.13

We measured the AR affinities of 9 and its analogues (Table
1) using standard radioligand binding assays with radiolabeled
A1 and A2A antagonists and an A3 agonist.

12,13,15,25−27 The ARs

were expressed in HEK293 cell membranes, as previously
reported. The inhibition constants (Ki) of 9 at the human,
mouse, and rat A3ARs were 1.65, 9.61, and 8.53 nM using
[125I]3 as the radioligand.13 Curiously, unlike most other
reported A3AR antagonists, there was moderate affinity of 9 at
the A2BAR (Ki ≈ 200 nM in the three species) and the A1AR
and A2AAR.

13 Other analogues 16b−16d with halo sub-
stitution of the nicotinyl ring were moderately reduced in
hA3AR affinity. The rank order of potency for five-position
substituents in A3AR binding was: CH3 > I, Br > F. 3-Bromo
16c and 3-iodo 16d analogues were 230- and 1400-fold
selective, respectively, for hA3AR compared with hA1AR,
although the A1AR binding inhibition by 16c was incomplete
(Figure S1, Supporting Information). At the mARs, the 3-iodo
derivative 16d was ∼200-fold selective for mA3AR compared
with mA1AR. However, 3-fluoro analogue 16b is a mixed hA1
and hA3AR antagonist. The products of the Heck 19 and
Sonogashira 20 reactions were similarly tested in hA3AR
binding, and the results indicated the affinity of methyl acrylate
derivative 19 to be four times greater than that of 5-chloro-
thien-2-yl-ethynyl derivative 20 and only three times less
potent than that of the parent 16d. Compound 19 was 83-fold
selective for hA3AR compared with hA1AR and displayed
moderate mA3AR affinity. Thus compounds 16c, 16d, 17, and
20 were weaker than the reference antagonist 9 in A1 and
A2AAR binding, and 16d was more A3AR-selective than 9,
although it was of lower affinity. The same arylalkyne moiety in

Scheme 2. Synthesis of Chain-Extended Analogues of 9a

aReagents and conditions: (i) methyl acrylate, Pd(OAc)2 (10 mol %), P(o-tol)3 (10 mol %), DMA, 90 °C, 20 h, 33%; (ii) 5-chloro-thien-2-yl
acetylene, Pd(PPh3)2Cl2 (10 mol %), CuI (10 mol %), Et3N, DMF, 80 °C,16 h, 59%.

Table 1. Binding Affinity of Various Known and Newly Synthesized A3AR Antagonists (Affinity at the Human Receptors,
Unless Noted; m, Mouse; r, Rat)a

compound A1 (Ki, nM or % at 10 μM) A2A (Ki, nM or % at 10 μM) A2B (Ki, nM or % at 10 μM)b A3 (Ki, nM)

6c 35.4 ± 4.2%, 27.4 ± 2.0% (m),
25.5 ± 1.9% (r)

16.4 ± 2.9%, 25.1 ± 8.1% (m),
7.4 ± 3.2% (r)

34.5 ± 4.6%, 20.2 ± 5.0% (m),
38.8 ± 4.7% (r)

43.9 ± 7.6, 349 ± 72 (m),
216 ± 65 (r)

9c 162 ± 49, 411 ± 113 (m),
333 ± 58 (r)

121 ± 42, 830 ± 92 (m),
1150 ± 80 (r)

230 ± 40, 189 ± 61 (m),
163 ± 23 (r)

1.65 ± 0.57, 9.61 ± 2.27 (m),
8.53 ± 1.22 (r)

16b 78.7 ± 3.3 3550 ND 69.2 ± 11.9
16c 1450 ± 600, 252 ± 64 (m) −7.3 ± 7.2%, 29 ± 5% (m) ND 6.34 ± 1.79, 22.3 ± 6.1 (m)
16d 8770 ± 800, 2640 (m) −15 ± 19%, 7.4 ± 4.2% (m) ND 6.12 ± 1.92, 12.4 ± 1.6 (m)
17 38 ± 2% >1000 ND 26.6 ± 7.6
19 1570 ± 390 15 ± 17% ND 18.9 ± 10.9, 120 (m)
20 21 ± 2% −0.5 ± 8.9% ND 80.7 ± 5.8

aRadioligands used (concentration): [3H]8-cyclopentyl-1,3-dipropylxanthine ([3H]DPCPX, 21, A1, 0.5 nM), [3H]4-[2-[7-amino-2-(2-furyl)-1,2,4-
triazolo[1,5-a][1,3,5]triazin-5-yl-amino]ethyl]phenol ([3H]ZM241385, 22, A2A, 1.0 nM) and [3H]21 (A2B, 5 nM), and [125I]N6-(4-Amino-3-
iodobenzyl)adenosine-5′-N-methyluronamide ([125I]I-AB-MECA 3, A3, 0.1 nM), during 60 min incubations at 25 °C. N-Ethylcarboxamido-
adenosine (NECA, 23, 100 μM) was used to define nonspecific binding. bND, not determined. cData from Gao et al.13
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Figure 1. Pharmacology of radioligand [3H]18 in A3AR binding saturation, inhibition, and kinetic experiments. Specific binding saturation (A,C,E)
and total (●) and nonspecific (■) binding (B,D,F) at three species homologues (human, mouse, rat) of A3AR expressed in HEK293 cells using
100 μM 23 to define nonspecific binding. Data shown are representative experiments performed in duplicate; the Kd values from four independent
experiments are listed in the text. Association (G, k1 = 0.297 min−1) and dissociation (I, k−1 = 0.209 min−1; t1/2 = 3.32 min) kinetics of [3H]18 (1
nM) at the hA3AR. (H,J) Binding inhibition at hA3AR and comparison of [3H]18 (1 nM) with the agonist radioligand [125I]3 (0.1 nM) as a tracer.
Competing ligands were agonists (A3-selective 1, nonselective 23) and hA3-selective antagonists (N-[9-chloro-2-(2-furanyl)[1,2,4]triazolo[1,5-
c]quinazolin-5-yl]benzeneacetamide, MRS1220 24; 1,4-dihydro-2-methyl-6-phenyl-4-(phenylethynyl)-3,5-pyridinedicarboxylic acid 3-ethyl-5-[(3-
nitrophenyl)methyl] ester, MRS1334 25).13 Ki values (nM) for the inhibition of antagonist [3H]18 binding: 24, 3.24; 25, 6.49; 23, 44.1; 1, 0.96. Ki
values (nM) for the inhibition of agonist [125I]3 binding: 24, 2.97; 25, 10.6; 23, 19.6; 1, 0.37. Corresponding published Ki values for the inhibition
of [125I]3 binding: 24, 0.96 ± 0.32; 25, 4.58 ± 0.89; 23, 26; 1, 1.74 ± 0.36.13,27,29
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20 is present at the adenine C2 position of highly potent and
selective A3AR agonists.12 Similarly, 4-arylalkyne moieties on a
1,4-dihydropyridine scaffold were previously found to induce
high hA3AR-selectivity in antagonists.1

The tritiated compound 18 was evaluated as a radiotracer at
human, mouse, and rat A3ARs (Figure 1). Specific binding was
saturable at the three species homologues, with the highest
level of specific compared with nonspecific binding occurring
at the hA3AR. Kd values determined at A3ARs in the three
species were (nM, n = 4): 0.55 ± 0.17 (human), 3.74 ± 0.75
(mouse), and 2.80 ± 0.29 (rat). Association and dissociation
rates were determined at the human A3AR (Figure 1G,I),
which provided a kinetic Kd value of 0.76 nM, in close
agreement with the other affinity measures of unlabeled 9 and
labeled 18. The binding inhibition by known A3AR agonists (1,
23) and selective antagonists (24, 25) is shown in Figure 1H,J,
in which the use of agonist radioligand [125I]3 was compared
with [3H]18. The Ki values were comparable to previously
determined values, and there was consistency between the two
radioligands in antagonist affinity. The incomplete inhibition
by antagonists 24 and 25 (Figure 1J) has been previously
observed with other hydrophobic antagonists and may be
related to a long residence time.13,28 However, agonists
displayed higher affinity using the agonist radioligand
compared with [3H]18.
Off-target activities of selected antagonist derivatives were

measured in radioligand binding assays by the NIMH
Psychoactive Drug Screening Program (PDSP).30 The data
are represented as either a Ki value or a % inhibition at 10 μM,
if <50%. Compound 9 had no significant binding (>50%
inhibition at 10 μM) at any of the 45 receptors, transporters, or
channels examined.13 However, compound 16d (Table S1,
Supporting Information) had several weak binding hits (Ki in
μM), that is, at the σ2 receptor (3.69), TSPO (1.33 ± 0.23
μM), and D3 (0.34 ± 0.06 μM) and D4 (1.24 ± 0.02 μM)
dopamine receptors. Compound 19 bound to the M5
muscarinic (3.7 μM) and 5-HT2A (0.96 ± 0.06 μM) and 5-
HT2C (0.79 ± 0.31 μM) serotonin receptors.
Because one objective was to determine the suitability of this

chemical series for PET ligands for A3AR in vivo brain imaging,
we calculated the CNS multiparameter optimization (MPO)
score, predictive of crossing the blood−brain barrier (BBB).31

The score for 9 was 3.81, which indicates possible

bioavailability in the brain. Also, on the basis of the criteria
of Rankovic et al. (tPSA (topological surface area) of 68 Å2

and MW 386),32 the likelihood of crossing the BBB was judged
to be >50%. The Lipinski properties were also favorable for
potential oral bioavailability (1 HBD, 4 HBA, LogP 4.68).33

Therefore, the in vivo pharmacokinetics (PK) of 9 was
studied in male Sprague−Dawley rats. The brain distribution
of 9 was determined (Figure 2, Table 2) following a bolus

injection of 1 mg/kg (i.v.). A good tissue distribution (Vd) was
observed, with moderate-to-high clearance from the body
(CL) corresponding to 70% of liver blood flow. There was
excellent brain distribution (brain/plasma ratio ∼1). However,
the compound was highly bound in brain and plasma, with a
low free fraction in brain and plasma (Table S2, Supporting
Information). The brain/plasma ratio was 1.0 to 1.8. These
observations were consistent with a lipophilic compound that
readily crosses the BBB.
The estimated percent receptor occupancy of unbound 9

based on the previously published Ki value at the rat A3AR
23 as

a function of time following a 3 mg/kg intravenous dose was
close to 100% at early time points (Table S3, Figure S2,
Supporting Information). The calculation was performed with
no residence time assumptions.
In the absence of an experimental structure, we and others

have used hA3AR homology modeling to predict the binding
modes of A3AR antagonists.8,12,22,23,26,28,29 Considering the
high sequence identity of hA3AR and hA1AR (46% full
sequence, 56% transmembrane (TM) helices, as reported in
GPCRdb42), an antagonist-bound X-ray structure of hA1AR
(PDB ID: 5UEN43) was used as a template for homology
modeling of hA3AR. In addition, the extracellular loop (EL) 2
was modeled using a previously generated intermediate-state,
agonist-bound hA3AR model as a template, to be consistent
with previous works.44 The same templates were also used to
generate a model of mA3AR, which has high sequence identity

Figure 2. Plasma and brain concentration−time profiles for compound 9 (i.v. bolus, in 10% DMSO/30% PEG400 in 60% PBS, pH 8.5) in male
Sprague−Dawley rats.

Table 2. PK Parameters in Male Sprague Dawley Rats
Following a 1.0 mg/kg Bolus Dose of 9

matrix
C0 (ng/
mL)

Cavg (ng/
mL)

CL
(mL/min/kg)

Vd
(L/kg)

T1/2
(h) Fub

plasma 628 52 40 1.8 0.8 0.03
brain 760 95 43 1.9 0.7 0.03
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with hA3AR (72% full sequence, 83% TM). Both hA3AR and
mA3AR models were refined by minimizing the nonconserved
residues and by the induced fit docking of known antagonists:
MRS1220 (hA3AR Ki ≈ 0.7 nM) and 6 (mA3AR Ki ≈ 349 nM)
for hA3AR and mA3AR,

13 respectively (Figures S4 and S5).
The newly generated models show the typical characteristics of
inactive ARs as compared with the previously reported
intermediate agonist-bound hA3AR model,44 such as a
translocation of TM3, lack of the bulge of TM5, outward
movement of the TM7 intracellular portion and inward
movement of the TM5 and TM6 intracellular portions,46

placing the “toggle switch” W243 (hA3AR) closer to TM3
(Figure S6).
The obtained models were used to generate a hypothetical

binding mode of 9 at the hA3AR and mA3AR orthosteric
binding sites through docking,29 and representative docking
poses at the two receptors are shown for comparison (Figure
3). The conformations of the human Q167 and V169 and of

the murine H168 and R170 were optimized with an induced fit
docking procedure. The predicted binding modes of 9 at
hA3AR and mA3AR are similar, with the thiazole scaffold at the
center of the orthosteric binding pocket. The thiazole is
involved in a π−π stacking interaction with F168/F169
(hA3AR/mA3AR) on EL2 and a hydrophobic contact with
L246/L247 on TM6. The sulfur atom is proximal to the
carbonyl group of N250/N251 (TM6), which might
correspond to an uncommon, but already reported, carbon-

yl−S interaction, although with suboptimal geometry.45 The
nicotinamide is located deep within the binding pocket, where
it is surrounded by L90/L91, L91/L92, T94/T95, and H95/
H96 on TM3; M177/M178 and I186/I187 on TM5; and
W243/W244 and N250/N251 on TM6. The nicotinamide
ring appears to be involved in a π−π T-shaped interaction with
W243/W244, whereas the amide carbonyl moiety is H-bonded
to N250/N251, reflecting the importance of the carbonyl
group in this antagonist SAR.23 The A3AR affinity-enhancing23

4-pyridyl moiety at position five points toward the receptor’s
extracellular portion in proximity to Q167 (hA3AR) or H168
and R170 (mA3AR) on EL2, which can potentially stabilize the
pyridyl nitrogen. The aryl group at position four is surrounded
by TMs 1, 2, 3, and 7, with a potential π−π stacking with
H272/H273 on TM7. The hypothetical binding mode of
compound 9 is compatible with the extended methyl acrylate
moiety of 19, which maintains considerable binding affinity at
both the human (Ki ≈ 18.9 nM) and mouse (Ki ≈ 120 nM)
receptors. The extended methyl acrylate group of 19 is, in fact,
predicted to occupy a cleft between TM2 and TM3 (Figure
S7). The rigid extensions at the adenine two position of highly
selective A3AR agonists also are predicted to point toward
TM2 when receptor-bound.12

In conclusion, compounds 9 and 19 were predicted to bind
with a similar conformation at hA3AR and mA3AR; in fact,
most (∼75%) of the residues predicted to be in ligand contact
(within 5 Å) are conserved between the two homologues, with
the only differences being M66/I67 (TM2), T87/S88 (TM3),
L89/V90 (TM3), Q167/H168 (EL2), V169/R170 (EL2),
M174/L175 (TM5), I253/S254 (TM6), V259/I260 (EL3),
L264/M265 (TM7), and Y265/C266 (TM7).
The Gi-coupled A3AR is a therapeutic target for inflamma-

tory and ischemic conditions. Although diverse chemotypes
h a v e b e e n f o und a s A 3AR - s e l e c t i v e a n t a g o -
nists,18,22,23,25,29,34−37 their utility is mostly limited to higher
species.13 We now report the more complete characterization
of a reported antagonist 9 that is less variable across species,
including its use as radioligand 18, along with a small set of
analogues.
Other thiazole and thiazol-2-amine derivatives have been

explored as antagonists of the A3AR and other
ARs.25,27−30,34−41 Structures of the key reported thiazol-2-
amine derivatives that have high hA3AR affinity in relation to
compound 9 are shown in Table S4 (Supporting Information).
Compound 9 is one of the few A3AR antagonists suitable for

use in rodent,13 and primate species. The only other
compound in that category is pyridine derivative 6, but
compound 9 is 25, 36, and 27 times more potent than 6 at rat,
mouse, and human A3ARs, respectively. Interestingly, a 3-iodo
derivative 16d was shown to be potent and selective for the
A3AR in both humans and mice.
In conclusion, we have expanded the SAR of N-(4-aryl-5-

(pyridin-4-yl)thiazol-2-yl)nicotinamides as A3AR antagonists.
Radiolabeling of 9 now provides a useful and versatile
radiotracer for binding studies in multiple species, and the
unlabeled compound was shown to readily cross the BBB. Our
data suggest that this antagonist in both labeled and unlabeled
forms will be widely applicable and will fill an unmet need for
A3AR characterization and drug discovery.

Figure 3. Docking pose of compounds 9 (green) at hA3AR (white, A)
and mA3AR (gray, B) homology models (coordinate files in
Supporting Information). Residues within 3 Å of the ligand are
rendered by sticks. Yellow lines indicate H bonds, and cyan lines
indicate π−π stacking interactions between the ligand and the
receptor.
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Lieberman, D. I.; Vorbrüggen, H.; Reitman, M. L.; Gavrilova, O.;

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.1c00685
ACS Med. Chem. Lett. 2022, 13, 623−631

630

https://doi.org/10.1021/acsmedchemlett.9b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.9b00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11302-021-09823-5
https://doi.org/10.1007/s11302-021-09823-5
https://doi.org/10.1007/s11302-021-09823-5
https://doi.org/10.1007/s11302-014-9409-4
https://doi.org/10.1007/s11302-014-9409-4
https://doi.org/10.1016/S0006-2952(03)00153-9
https://doi.org/10.1016/S0006-2952(03)00153-9
https://doi.org/10.1111/j.1748-1716.2010.02091.x
https://doi.org/10.1111/j.1748-1716.2010.02091.x
https://doi.org/10.1007/s11302-020-09753-8
https://doi.org/10.1007/s11302-008-9107-1
https://doi.org/10.1007/s11302-008-9107-1
https://doi.org/10.1007/s11302-008-9107-1
https://doi.org/10.1007/s11302-015-9460-9
https://doi.org/10.1007/s11302-015-9460-9
https://doi.org/10.1007/s11302-015-9460-9
https://doi.org/10.1155/2018/1269830
https://doi.org/10.1155/2018/1269830
https://doi.org/10.1155/2018/1269830
https://doi.org/10.1038/s41598-020-74521-y
https://doi.org/10.1038/s41598-020-74521-y
https://doi.org/10.1248/cpb.56.1126
https://doi.org/10.1248/cpb.56.1126
https://doi.org/10.1248/cpb.56.1126
https://doi.org/10.1016/S0040-4039(01)91316-4
https://doi.org/10.1016/S0040-4039(01)91316-4
https://doi.org/10.1016/j.bmc.2003.10.041
https://doi.org/10.1016/j.bmc.2003.10.041
https://doi.org/10.1016/j.bmc.2003.10.041
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2008.04.001
https://doi.org/10.1016/j.bmcl.2008.04.001
https://doi.org/10.1016/j.bmcl.2008.04.001
https://doi.org/10.1021/acs.jmedchem.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-319-90808-3_7
https://doi.org/10.1038/nature11691
https://doi.org/10.1038/nature11691
https://doi.org/10.1021/cn100008c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn100008c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn100008c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn100008c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2016.05.007
https://doi.org/10.1016/j.addr.2016.05.007
https://doi.org/10.2174/1568026043451023
https://doi.org/10.2174/1568026043451023
https://doi.org/10.1016/j.ejmech.2019.111879
https://doi.org/10.1016/j.ejmech.2019.111879
https://doi.org/10.1016/j.bmcl.2015.01.040
https://doi.org/10.1016/j.bmcl.2015.01.040
https://doi.org/10.1016/j.bmcl.2015.01.040
https://doi.org/10.1021/jm100843z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100843z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0960-894X(99)00583-1
https://doi.org/10.1016/S0960-894X(99)00583-1
https://doi.org/10.1021/jm0003945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0003945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2013.03.020
https://doi.org/10.1016/j.ejmech.2013.03.020
https://doi.org/10.1016/j.ejmech.2013.03.020
https://doi.org/10.1016/j.ejmech.2013.03.020
https://doi.org/10.1038/sj.bjp.0706132
https://doi.org/10.1038/sj.bjp.0706132
https://doi.org/10.1038/sj.bjp.0706132
https://doi.org/10.1038/sj.bjp.0706132
https://doi.org/10.1093/nar/gkx1109
https://doi.org/10.1093/nar/gkx1109
https://doi.org/10.1016/j.cell.2017.01.042
https://doi.org/10.1016/j.cell.2017.01.042
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.1c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Gao, Z.-G.; Auchampach, J. A.; Jacobson, K. A. Truncated (N)-
methanocarba nucleosides as partial agonists at mouse and human A3
adenosine receptors: Affinity enhancement by N6-(2-phenylethyl)
substitution. J. Med. Chem. 2020, 63, 4334−4348.
(45) Beno, B. R.; Yeung, K.-S.; Bartberger, M. D.; Pennington, L. D.;
Meanwell, N. A. A survey of the role of noncovalent sulfur
interactions in drug design. J. Med. Chem. 2015, 58, 4383−4438.
(46) Carpenter, B.; Lebon, G. Human adenosine A2A receptor:
molecular mechanism of ligand binding and activation. Front.
Pharmacol. 2017, 8, 898.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.1c00685
ACS Med. Chem. Lett. 2022, 13, 623−631

631

https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501853m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501853m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fphar.2017.00898
https://doi.org/10.3389/fphar.2017.00898
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.1c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

