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Abstract

Adenosine acts as a powerful signaling molecule faar distinct G protein-coupled
receptors, designated; AAza, Azg and A adenosine receptors (ARs)Aand Ag ARs are
Gs-coupled, while A and A ARs inhibit cCAMP production via (proteins. Antagonists for
A; and A, ARs may be useful for the treatment of (neuro)mifl@atory diseases including
acute kidney injury and kidney failure, pulmonatgedses, and Alzheimer’s disease. In the
present study, we optimized the versatile 2-amiphdnylthiazole scaffold by introducing
substituents at N2 and C5 to obtain And A AR antagonists including dual-target
compounds. Selective ;fAantagonists with (sub)nanomolar potency were predue.g.11
and13. These compounds showed species differences Bgjndicantly more potent at the
rat as compared to the human AR, and were characterized as inverse agonisiger&le
potent and selectives/AR antagonists, e.d@, 8, 17 and22 (K; values of 5-9 nM at the human
A3z AR) were prepared, which were much less potenhetrat orthologue. Moreover, dual
Ai1/A3 antagonists1(0, 18) were developed showing ¥alues between 8-42 nM. Docking and
molecule dynamic simulation studies using the alystructure of the AAR and a homology
model of the A AR were performed to rationalize the observed ctime-activity

relationships.
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hamster ovary; CPAN®-cyclopentyladenosine; cyclic adenosine monophaspleAMP);
DMSO, dimethylsulfoxide; DPCPX, 8-cyclopentyl-1,§bpylxanthine; GTP, guanosine-5'-
triphosphate; h, human; m, mouse®HMSX-2, [*H](E)-3-(3-hydroxypropyl)-8-(2-(3-
methoxyphenyl)vinyl)-7-methyl-1-prop-2-ynyl-3,7-ditiropurine-2,6-dione, NECA, 5N
ethylcarboxamido)adenosin&-PIA, (R)-N°-phenylisopropyladenosine; PSA, polar surface
area; fH]PSB-11, fH]2-phenyl-8-ethyl-4-methyl-(®)-4,5,7,8-tetrahydroH-
imidazo[2.1#]purin-5-one; fH]PSB-603, {H]8-(4-(4-(4-chlorophenyl)piperazine-1-

sulfonyl)phenyl)-1-propylxanthine; r, rat; TRISisthydroxy-methyl)aminomethane.
Introduction

Extracellular adenosine acts at G protein-coupkldmembrane receptors (GPCRS), the so-
called purine P1 or adenosine receptors (ARS), hware divided into four subtypesiAAa,

Asg and A [1]. A; and A ARs are coupled to ifs proteins which mediate inhibition of
adenylate cyclase thereby reducing cCAMP productidnile Aa and Ag ARs stimulate the
production of cAMP via G proteins [1, 2].A;s ARs can be additionally coupled toq G
proteins leading to phospholipase C activation suftsequent calcium mobilization [3]. ARs
are widely distributed in the body, and elevatedradine levels and/or receptor upregulation
have been observed under many pathological conditjd]. The A; AR is found in high
density in the brain, in cortex, hippocampus, aetebellum, mediating neurotransmitter
release from neurons; moreover, it is expressedasitnocytes, oligodendrocytes, and
microglia [5]. In the periphery, AARS are present in many organs and tissues imguuart
and kidneys [6]. AARs have been detected in various organs suchngsdnd liver [7]; in

addition, they are expressed on immune cells anchdous cancer cells [7,8].

Both, Ay and A AR antagonists, may be useful and might even showrgistic effects for

the treatment of important diseases including ¢ite kidney injury and kidney failure [2],



(i) inflammatory pulmonary disease, asthma andrgil [9], and (iii) Alzheimer’'s disease

[10-12]. Importantly, both receptors target the samediated pathway.

There is recent evidence that AR antagonists reduce tau aggregation [10], whi{eAR
antagonists protect from amyloid generation [11]. aktagonists are known to improve
cognition, and both, Aand A antagonists were found to exert neuroprotectivpenties in

preclinical studies [12].

Selective A and A AR antagonists have been developed, and selectiv&RAantagonists
were clinically evaluated [13]. A phase llI clinic&rial of the selective A antagonist
rolofylline for the treatment of congestive heaildre had shown excellent tolerability of the
drug, but lack of efficacy [14]. A recent stratdige-evaluation of the data showed that
rolofylline could be harmful in low-risk acute hédailure patients, while it might be
significantly beneficial for higher risk patientsq]. A; ARs antagonists may be useful for the
treatment of cognitive dysfunction, as observedAioheimer’'s disease (AD), due to their
CNS stimulatory effects. A recent study indicatest rolofylline is an interesting candidate to
combat the hypometabolism and neuronal dysfunctassociated with tau-induced

neurodegenerative diseases [10].

Selective AAR antagonists have not entered into clinical $r&d far. One reason may be the
large species differences between human and rédghiRs. The development of antagonists

that are equally potent in both species has sorfigrmet with limited success [2,8,16].

It is known that the treatment of complex diseasgsires multifaceted approaches instead of
targeting a single pathway [17]. Multi-target drugse considered safer than drug
combinations since they have lower toxicities arldveer risk of drug-drug interactions [18].
Moreover, the combination of several drugs ofteduoes patient compliance [18]. For these

reasons, the development of dual- or multi-targagsl can offer significant advantages [19].



A dual Ag/A3 AR antagonist was designed as an anti-asthmatict 486], while dual Aa
agonists/A AR antagonists have been developed for the tredtmkrmsthma and other
inflammatory diseases [21,22]1/A,5 dual AR antagonists were previously synthesizeti wi

the goal to treat neurodegenerative diseases inguRhrkinson’s [23].

No pharmacological data on duaj/A; AR ligands have been published, but a combination
of an AL AR agonist with an AAR antagonist was claimed in a patent for the tneat of
glaucoma [24]. Recently, we obtained a dual/AA AR antagonist, 5-
diphenyl[1,2,4]triazolo[1,%]quinazoline (K human A AR 51.6 nM, human AAR 11.1

nM), within a series of antagonists targeted towdheg Aa AR [25].

The naturally occurring xanthine derivatives caféei(l) and theophylline (II) are weak,
nonselective AR antagonists (Fig.1) [1,26]. Cafée{t) has been used as a drug for various
indications including central stimulation to incsea alertness and wakefulness, in
combination with analgesics to treat pain, andtifiertreatment of apnea in premature babies
[2,27]. Modification of the xanthine structure, particular by substitution at the 8-position,
has led to derivatives provided with high affindgd subtype-selectivity. For example, PSB-
36 (Il') is one of the most potent; AR antagonists with high affinity for human, ratdan
mouse ARs, and high selectivity for theg AR against the other AR subtypes [28]. Very
recently X-ray structures of the;Aand the Ax AR in complex with PSB-36 have been
published [29]. The 1,3-dipropyl-8-(3-noradamantghthine, rolofylline V), is another
potent and selective adenosing AR antagonist [30]. PSB-10v&) and PSB-11\(b), see
Fig. 1, are tricyclic xanthine derivatives, thabghhigh affinity and selectivity for the human
A3 AR [31]. The pyridine derivative MRS1523/() was the first A AR antagonist that

displayed considerable potency of the raAR [32].
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I Caffeine (non-selective)
hA; (K;) = 10,700 nM [26], rA4 (K;) = 41,000 nM [26]
hA, (K;) = 23,400 nM [26], rAa (K;) = 45,000 nM [26]
hA,g (K;) = 33,800 nM [26], rAg (K;) = 30,000 nM [26]
hA; (K;) = 13,300 nM [26], rA3 (K;) > 100,000 nM [26]
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Ill PSB-36 (A;-selective)
hA; (K;) = 0.700 nM [26], rA; (K;) = 0.124 nM [26]
hAga (K) = 980 nM [26], rAsa (Ki) = 552 nM [26]
hAgg (Kj) = 187 nM [26], rAgg (K) = 350 nM [26]
hA;z (K;) = 2,300 nM [26], rA; (K) = 6,500 nM [26]

ﬁ

CH3
Va PSB-10 (As-selective )
hA; (K;) = 1,700 nM [26], rA, (K;) = 805 nM [26]
hA, (Ki) =2,700 nM [26], rAsa (K;) =6,040 nM [26]
hA5g (K;) = 30,000 nM [26]
hA; (K;) = 0.441 nM [26]
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Il Theophylline (non-selective)
hA; (K;) = 6,770 nM [26], rA; (Kj) = 14,000 nM [26]
hAoa (K;) = 1,710 nM [26], rAsa (K;) = 22,000 nM [26]
hALg (K;) = 9,070 nM [26], rA,g (K;) = 15,100 nM [26]
hA; (K;) = 22,300 nM [26], rA3 (K;) > 100,000 nM [26]

CH3

IV Rolofylline (A4-selective)
hA; (K;) = 0.700 nM [26], rA; (K;) = 0.190 nM [26]
hA, (K;) = 108 nM [26], rAo (K;) = 380 nM [26]
hA,g (K;) =296 nM [26]
hA; (K;) = 4,390 nM [26]

H;C

RS
\ H
N N
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i
CHj3
Vb PSB-11 (As-selective )
hA; (K;) = 1,640 nM [26], rA; (K;) = 440 nM [26]
hA,A (K;) =1,280 nM [26], rA,4 (Kj) =2,100 nM [26]
hA,g (K;j) = 3,700 nM [26]
hA; (K;) = 2.34 nM [26], rA; (K;) > 10,000 [26]

CHs

VI MRS 1523 (As-selective)
hA; (K;) >10,000 [26], rA (K =15,600 nM [32]

hAA (K) =

3,660 nM [26], rAga (Ki) =2,100 nM [32]

hAgg (K;) > 10,000 nM [26], rA.g (K;) > 10,000 nM [30]
hA; (K) = 18.9 nM [3], rA3 (K)) = 113 nM [32]

Fig. 1. Structures and affinities of selected AR antasgisnilh = human, r = rat)



Thiazole derivatives, such as 7-imino-2-thioxotbiag4,5-d]pyrimidines (e.g.VIl ), related
thiazolotriazolopyrimidinethiones (e.g.VIIl ) and 4-benzylideneamino-2,3-dihydro-2-
thioxothiazole-5-carbonitrile derivatives, e.g. quundIX (Fig. 2), have been reported as
potent Aa-selective AR antagonists [33-35]. The benzothieaztgrivative tozadenant (SYN-
115,X) was developed as a potent and selectiveAR antagonist, and evaluated in phase IlI
clinical trial for the treatment of Parkinson’s eise, but has been discontinued due to
toxicity [2,36]. We previously showed that substitution of the 2ravd-phenylthiazole
scaffold with a benzoyl moiety at the amino groupl an aroyl moiety at the 5-position
shifted the selectivity profile towards the AR; the most potent compound in this series was
Xl (Fig. 2) [37].Recently, furanoylamide derivatives of 4,5-disulosid 2-aminothiazoles
were synthesized as adenosine receptor antagaagtgompoundll , which showed a high
affinity for ARs in the low nanomolar range but kad subtype-selectivity (Fig. 2) [38].
Thiazole derivatives were also found to be prongisscaffolds for A AR antagonists, for
example, compounilll displayed a subnanomolar affinity for the humayAR combined

with high selectivity versus the other AR subtyfieg. 2) [39-40].
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Xl (A;-selective) XIl (non-selective) Xl (As-selective)

hA, (K;) > 10,000 nM [39]
hA,A (K;) > 10,000 nM [39]
hA2B (KB) = 3,200 nM [39]

hA; (K) = 0.4 nM [39]

hA; (K) = 57.4 nM34, A (K;) = 4.83 nM[37] hA; (K)) = 0.580 nM [38]
hAsa (K) = 6,250 nM [37], rAsa (K) > 1,000nM[37]  hAa (Ki) = 6.65 nM [38§]
hAg (K;) >1,000 nM [37]
hA; (K) = 2,160 nM [37]

hA,g (K:) = 2.78 nM [37]
hA; (K) = 9.36 nM [37]
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Fig. 2. Structures and affinities of selected thiazolevdéives as AR antagonists and general

structures of the designed compounds.



In the present study, we optimized the versatitarfro-4-phenylthiazole scaffold by various
modifications at the amino group and at the 5-pasiffor structures of the new compounds
see Fig. 2). Our goal was to obtain antagonisté Wigh affinity for A and/or A ARs,

preferably acting as dual-target drugs, due tor tt@irapeutic potential for the treatment of

kidney failure, inflammatory pulmonary diseaseg] afzheimer’s disease.

Results and Discussion

Chemistry

Thiazole derivatives were prepared as describe8cimeme 1. 4-Methoxybenzoyl chloride
(1b), benzoyl chloride Xa), or furan-2-carbonyl chloridel¢) were reacted with ammonium
thiocyanate in acetone to afford the intermediatghiocyanates [41], which were treated
with N,N-diethylbenzimidamide in acetone to gi2a-c (Scheme 1) in good yields (65-80%)
[42]. N,N-Diethylbenzimidamide was obtained by reaction ehzonitrile with diethylamine

in the presence of aluminium chloride as previoasgcribed [43] (for details see Supporting
Information (SI)). 2-Chloromethylquinazoline-4-omkerivatives used for the synthesis of
thiazoles6-9, 1517 and20-23 were prepared by reaction of anthranilic acid witloroacetyl
chloride in dichloromethane in the presence of thgimmine vyielding 2-(2-
chloroacetylamino)benzoic acid in 64% vyield [44]. cti&kation of 2-(2-
chloroacetylamino)benzoic acid with phosphorus okygde in toluene vyielding the acid
chlorides followed by cyclization with aniline otsi derivatives afforded the desired
2-chloromethylquinazoline-4-ones [4¥henacyl bromide derivatives used for the synthesis
of thiazoles3, 5 10-14, and 18, 19 were obtained by reaction of the corresponding

acetophenones with bromine in glacial acetic agidhe presence of a catalytic amount of



10

aqueous hydrobromic acid [38-(Bromomethyl)pyridine employed in the synthesis o
thiazole 4 was obtained from commercial sources. ReactiorRaet with the appropriate
phenacyl bromide derivatives, 2-chloromethylquinems4-one  derivatives, or
bromopyridine in acetonitrile or methanol, respesiy, led to the formation of thiazole

derivatives3-23in acceptable to high yields ranging from 28% té@®@&cheme 1) [38,45].
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Scheme 1Synthesis of thiazole derivativs.

R ~CI © RV ONT N ONTCH - | )2 g
H ’ R1JJ\N}kS R
H
1a-c 2ac CHs 3-24
1 2
Compound R R
135, 28 % R . ¥N
) ) . N= -~ \|/ |
@ gf C . ) Oy—@—m @Nm/\@
3-9 3 4 5 eo
w_N N -
WO w0 O
IO o8 AT

7 9
1b, 2b, _ \ \ 0

16-17 13 14

= N
*p p .
Hs CQ Hsco/E:r o

17

1c, 2c, s y e
ad O g@F N

18-23 18 19 20
s CRNNIN ¢ I o

D! & O

H3CO © Cl
22

®Reagents, conditions(a) NH,;NCS, acetone, reflux, 5 min; (,N-diethylbenzimidamide,

acetone, 0 °C; (c) )RCH,Br, acetonitrile or methanol, rt, 1 h.

Thiazoles5-10 and20-23 had previously been described but they had nat besogically
evaluated [46]. Those compounds were now resyrbgsand investigated. All other
synthesized product8¢4 and11-19) are new and not previously described in theditge.
Thiazole derivatives3-23 precipitated from the reaction medium as pure prtsjuand

chromatographic purification was therefore not rempi The structures of the synthesized
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compounds were confirmed BYi- and **C-NMR spectroscopy and high resolution mass
spectrometry (HRMS). In addition, IR spectra wezearded. Purity of the final compounds
was determined by HPLC-ESI-UV/MS analysis and foundbe > 95% in all cases (see

Experimental Section and SI).

Biological investigations

Receptor-radioligand binding studies at human aaid A1, Aza, Azs and Az ARs were
performed as previously described [47-51]. Inifialhe 4-phenylthiazoles were tested at a
single concentration of 10 uM, 1 uM or 100 nM, esdjvely, depending on their solubility.
For compounds that inhibited radioligand binding opre than 50% full concentration-
inhibition curves were recorded and ¥alues were determined. All results are colledted
Table 1 together with data for standard compoXhd37] which we tested in the same test
system. For selected compounds, cAMP accumulatssays in Chinese hamster ovary
(CHO) cells recombinantly expressing the humanAR were performed (see Fig. 6).
Receptor functionality at the:AAR was determined by GTP shift assays, in whicinitiiés

of selected compounds for the AR were determined in the absence and presendegOof
GTP [37] (see Fig. 7 and Table 2). In additionjraties for the A AR were determineds.
the antagonist radioligandH]DPCPX as well aws. the agonist radioligandH]CCPA (see
Table 3). Agonists will show significantly higheffiaity versus an agonist radioligand than
versus an antagonist radioligand, while neutrabgonists will display similar affinities
versus both, agonist and antagonist radioligan@. [Antagonists with inverse agonistic
activity, on the other hand, will show higher affynwhen measured versus an antagonist than

versus an agonist radioligand.
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Table 1.Affinities of thiazole derivatives at adenosinegptor subtypes.

4
O N
Il Yere
R °"N” °S
) H
R 3-24
Compd.
Ki £ SEM (nM) at human (h) orrat (r) adenosine receptors
(or % inhibition of radioligand binding at indicatedra®@ntration)
A Aoa Aog Az
vs. [*H]CCPA vs. [BHJMSX-2 | vs[?H]PSB- | vs[*H]PSB-11(h)
603 or
VS.[BHINECA (1)
X1 [37] 57.£+83(h) | 625(+1970 (h) | >100( (h) 216( + 880 (h)
- 4.83% 1.06 (1) >1,000 (1)
Thiazole derivatives 39: R* = phenyl
3 = 55.2+22.5(h§ | 77.7£15.6 (h§ >100 67.€+2.7 (hy
J}/{_@F 2.79+0.09 (rf | >1000 (43 %)r)° | (15 %) (hj®
@)
4 N= 90.6+25(fj | 83.6+15.5 (hy >100 >1000
_§ \_7 3.47+0.71(n° | 391x178 () | (33%) (h§° | (45 %) (h}'
5 5 O o) 24..+ 4.1 (hy 39.1+ 2.4 (hy >100 42¢ + 53 (hj'
o 0.939+0.486 (Y | 1670+550 (I} | (0 %) (h}®
6 E N >1000 (0 %) (H) | >1000 (0 %) (M >100 111+ 7 (hf'
N >1000 (1 %) (J | >1000 (3 %) (J | (0 %) (hj®
S
7 >1000 >1000 >100 9.0t +1.20 (h§"
s _N
‘éﬁ | (0 %) (h)® (0 %) (hf ) (hy® | 806+ 178 (If"
H, CO 0 >1000 >1000

(23%) (rf

(17 %) (rf
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8 >1000 >1000 >100 8.2:+0.89 (h§'
g;:;@ (6 %) (h} (3 %) (hf (0 %) (hj*® | 1320+ 600 (r§"
HeC OO 0 >1000 >1000
(10 %) (rf (17 %) (rf
9 >1000 >1000 >100 83.2+ 2.5 (h}
T?(T@ (4 %) (h} (0 %) (hf (12 %) (h§¢ |  >10000 (r§"
o Q 5 >1000 >1000 (22 %)
(16 %)(r)" (7 %) (rf
Thiazole derivatives 1017: R' = p-methoxyphenyl
10 >1000 >100 25.£+5.2 (h}
m 36.7+ 5.1 (h} (41 %) (h§ (2 %) (h}e >1,000 (r§"
o 1.47+0.16 (1} >1000 (0 %)
(32 %) (rf
11 32.3+8.3 (h}" >1000 >100 >1000
"’wi O ol 1.01 +0.33 (rf (0 %) (hf (0 %) (hj® (3 £ 4) ('
0] >1000 >100 >10000
(12 %) (rf (0 %) () (0 %) (rf"
12 13.€+ 4.6 (hf >1000 >100 >1000
Yy Q OCH, 1.77+0.88 (1} (0 %) (hf (0 %) (h}® (37 %) (h§
O >1000
(16 %) (rf
13 9.6¢ + 4.81(h)° >1000 >100 >1000
m CH, 0.529+0.043 (I} | (28 %) (hY (2 %) (h}® (45 %) (h§'
0] >1000 >100 >10000
(15 %) (1f (7 %) () (13 %) (rf"
14 >1000 >1000 >100 >1000
= ] (9 %) (h} (14 %) (h§ (0 %) (hj* (24 %) (hj"
O?_% }F ca. 1000 >1000
(54 %) (1 (16 %) (rf
15 ;é\r/ N | >1000 >1000 >100 174+ 19 (h}9
N (0 %) (h} (20 %) (h§ (0 +17) (hj®
O O >1000 >1000
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(11 %) (rf (1 %) (rf
16 gY/N | >1000 >1000 >100 27.€+ 8.6 (hj"
Np (0 %) (h} (0 %) (h¥ (2 %) (h}© >10000
H3C/©/ 0 >1000 >1000 (15 %) (rp"
(25 %) (1 (15 %) (rf
17 4N | >1000 >1000 >100 4.6% + 1.64 (h§"
ON (3 %) (h} (10 %) (h¥ (0 %) (h} >10000 (0 %)
HaCO o >1000 >1000 (r)e"
(17 %) (rf (1 %) (rf
Thiazole derivatives 8-23: R'= 2-Furyl
18 -~ C CH, 7.57+0.71 (hj >100 42.2+18.5 (h§
0 0.348+0.134 (1} | 1210+ 709 (rf | (2 %) (hf*®
19 F 17€+ 14 (hy 132+ 25 (hf" >100 124+ 2
?—GF 6.69+1.35 () | 73.3+6.6(rf | (15 %) (hf® (100 %) (h§'
20 #oN | >1000 (1 %) (H) | >1000 (5 %) (H) >100 12¢ + 26 (h}
N >1000 (26 %) () | >1000 (33 %) | (1 %) (h}®
S (n)°
21 >1000 >1000 >100 25.4+5.3 (h§
*Nrs(\(j (2 %) (h} (1 %) (hf (0 %) (h} 1840+ 380 (rf"
HSCO 0 >1000 >1000
(25 %) (rf (6 %) (rf
22 SN | >1000 >1000 >100 6.4E + 5.34(h)?'
QN T (7 %) (h} (11 %) (h§ (30 %) (h§*® | 973+ 148 (rf"
HsCO >1000 >1000
(25 %) (rf (0 %) (rf
23 >1000 >1000 >100 48.2 + 2.3(h)*
(T/:D (0 %) (h} (8 %) (hf (1 %) (h}® 607 + 48(r)"
o Q o >1000 >1000

(24 %) (}

(14 %) (rf

%human recombinant receptors expressed in CHO
A rat brain cortex (for A

‘human recombinant receptor expressed in HEK298 cell

4A,4: rat brain striatum (for 4)

‘nhibition at 0.1 uM

'vs[3H]PSB-11
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%ys[3HINECA

_hrat recombinant receptor expressed in CHO cells

'Extrapolated Kvalue (due to limited solubility)
Structure-activity relationships
The 2-amino-4-phenylthiazole core structure was ifremtl at the amino group by amide
formation with benzoic acidy-methylbenzoic acid, or 2-furancarboxylic acid,pedtively.
These residues were selected to occupy the lipophaiomatic binding pocket. They were
combined with different substituents in the 5-positof the 2-amino-4-phenylthiazole core,
in particular differently substituted benzoyl rased and a 3-arylquinazolin-4-one moiety.
The latter bulky substituent had been found iniprielary studies to confer AAR affinity
and selectivity, while the smaller benzoyl subsittu appeared to be well tolerated by the A
AR. The obtained series of 4-phenylthiazole demest3-23 was investigated in radioligand
binding studies at the four human AR subtypg@sr goal was to enhance, And/or A AR
affinity, and to obtain antagonists with selecfivibr one of both subtypes, as well as dual
A1/A3 AR antagonists. Test results are displayed in Table
In the present series, the introduction of phenske( results of compound3-9),
p-methoxyphenyl (see results of compouri®17 or furanyl moieties (see results of
compoundsl8-23 attached to the amide linker in the 2-positiontlod thiazole core was
generally well tolerated. At the human AR, higher affinity was obtained with compounds
bearing relatively small residues attached to tbsitipn 5 of the thiazole core (s& in
Scheme 1 and Table 1). At humapnARs several compounds showed high affinity in the |
nanomolar concentration range. The 2,4-difluorobghderivative, compoun@®, and the 2-
pyridyl derivative4 displayed Kvalues of 55.3 and 90.8 nM, respectively. The bestlts in
the present series were obtained with benzdyl- K; 36.7 nM),p-chlorobenzoyl- %, K; 24.4
nM; 11, K; 32.3 nM), p-methoxybenzoyl- 12, 13.6 nM), andp-methylbenzoyl-substituted

thiazole derivativesl@, K; 9.69 nM;18, K; 7.57 nM) (see Table 1), compourids 12 and13
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displaying selectivity versus the other AR subtygd@sble 1 and Fig. 3). All tested
compounds were weaker at the humarAR as compared to the rag AR (e.g.11: 32-fold,

12: 8-fold, 13: 18-fold difference).
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Fig. 3. Concentration-inhibition curves of selected commsuat A) the human A AR
recombinantly expressed in CHO cells, am®) @t rat cortical membrane preparations;
[*H]CCPA ( 0.5 nM ) was used as a radioligand. Daiimts are means + SEM of three

separate experiments.

In contrast to the human;AR, higher potency for the human; ARs was obtained with
compounds bearing bulky residues attached to tpesBion of the thiazole core (see for
example compoundg 8, 17, 21, and22, see Table 1). These compounds displayedakies
for the human AAR in the low nanomolar range and were highly detecversus the other
AR subtypes. The most poteng AR antagonist at the human receptor W@gK; 4.63 nM)
The antagonists exhibited significant species difiees between human and ratARs. For
example, compoundg 21 and22 showed 72 to 150-fold higher affinities for thenfan as
compared to the rat##AR (Table 1). The 3g-substituted phenyl)-2-(thiazol-5-yl)quinazolin-
4(3H)-one moiety appeared to be well tolerated by thteAs AR, e.g. compounds (p-
methyl), 22 (p-methoxy) and23 (p-chloro) showing submicromolar; Kialues at the rat A
AR. Compound23 was the most potent antagonist of the presentsati the rat AAR (K;

607 nM), but it was about 13-fold more potent & bluman AAR (48.3 nM, see Table 1 and
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Fig. 4). In contrast, compound$, 16, and17 displayed high affinity for the humarngAR in
the nanomolar range but no affinity was observed tfee rat A AR even at high

concentrations.

120+
100+
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601
40+

201

0

Specific binding of [3H] PSB-11 (%)

10" 10-10 10 10-8 107 10
[Compound], M

Fig. 4. Concentration-inhibition curves of selected compmunat human A ARs
recombinantly expressed in CHO celfH]PSB-11 (0.5 nM) was used as a radioligand. Data

points are means = SEM of three separate experament

A combination of 4-methylbenzoyl in position 5 wighfuran-2-carboxamide in position 2 of
the thiazole core resulting in compoub8showed the highest dual affinity for the human A
and A ARs (Ki A; 7.57 nM, A 42.2 nM). N-(5-Benzoyl-4-phenylthiazol-2-yl)-4-
methoxybenzamidel(Q) displayed almost identical affinity for the humas AR and the
human A AR with K; values of 36.7 nM and 25.4 nM, respectively. Tdosnpound showed
no affinity for the other AR subtypes. Both compdsy10 and18, are potent dual #A; AR

antagonists (see Fig. 5 and Table 1).



19

A. Human A; AR B. Human A; AR
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Fig. 5. Concentration-inhibition curves of compounb3and18 tested at4) the human A
AR recombinantly expressed in CHO celfs [*HJCCPA (0.5 nM), andg) the human AAR
recombinantly expressed in CHO celis [*H]PSB-11 (0.5 nM). Data points represent means

+ SEM from three separate experiments.

In the studied series only N-(5-(2,4-difluorobenzoyl)-4-phenylthiazol-2-yl)-4-
methoxybenzamideld) was inactive at all four AR subtypes. Out of Bietested compounds
four showed affinity for the human,AAR with K; values ranging between 39.1 and 132 nM
(compoundss, 4, 5 and19). All other tested compounds were inactive at eotr@tions up to

1 uM. At the rat Ax ARs, the compounds showed even lower potency. Coilgpound4
exhibited a measurable Kalue of 391 nM at the rat,A AR (Table 1). All tested compounds
were inactive at the humanAAR. Selected compoundd and13 tested at the rat A AR

also showed no affinity at that receptor.

CAMP accumulation assays

In order to confirm that the compounds are antaienwe investigated compou23 in
cAMP accumulation assays ag ARs. A concentration-dependent inhibition curve foe
agonist NECA was determined in the absence andenptesence o23 at rat A ARS

expressed in CHO cells. Compoufi@ (3 uM and 10 uM) shifted of the concentration-
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response curve of the agonist NECA to the rightsTR3 can be considered as a competitive
A3 AR antagonist.

The EGo values for the agonist NECA were 5.28 nM withogmist, and 56.9 nM and 1720
nM, respectively, in the presence of 3 uM and 10 @fM3 (Fig. 6). The calculated g&alue

for compound@23was 314 nM and thus similar to its\u&@lue determined in binding studies.

e NECA
m NECA + 3 pM 23
v NECA +10 pM 23

-
o
<

***

cAMP (% of control)
(42
<

<

104 1012 10-10 10-8 10-6 104

[NECA], M
NECA effect ECso(NM) % decrease in forskolin-
stimulated cAMP
accumulation
without inhibitor 5.2¢+3.43 66 +1
3uM23 56.C+13.3 75+ 17
10 uM23 1720 £ 1070 95+6

Fig. 6. Inhibition of forskolin (10 uM) induced cAMP pradtion by NECA in CHO cells
stably transfected with the rat; AR, measured in the absence and presence of ditfere
concentrations (3 puM and 10 uM) of compoud8 Data were normalized to forskolin
(100%) and buffer (0%). NECvithout inhibitor showed an Egvalue of 5.28 + 3.43 with
about 66% maximal inhibition of cCAMP accumulaticdECA showed an E4g values of 56.9

+ 13.3 and 1723 = 1067 with maximal inhibition AAMP accumulation of 75% and 95%

upon addition of 3 uM and 10 uM 88. The calculated Kvalue for compoun@3 was 314 +
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92 nM (n=3). At the highest tested concentratiod®@{1M of23, cAMP production was more
strongly inhibited than by NECA alone possibly da®ff-target effects.

GTP shift experiments

GTP shift experiments were performed for compoudds 13 and18 in order to determine
whether they behave as agonists or antagonistseaft AR. In general, GTP causes an
uncoupling of the AAR from the G protein leading to a shift of the receptor frore tiigh-

to the low-affinity state for agonists such &cyclopentyladenosine (CPA) [37]. In this
experiment, the affinities of compounds were deieech against the antagonist radioligand
[*HIDPCPX in the absence and in the presence of MOGTP using rat brain cortical
membrane preparations as previously described R¥#]the studied compoun@s5, 13 and

18 no significant shift of the binding curves in thbsence or the presence of GTP was
observed (Table 2). In contrast, the full agoniBtACshowed a significant rightward shift of
the binding curve of 8.3-fold in the presence offgFig. 7). Therefore, compounds5, 13
and 18 are clearly characterized as antagonists;aARs. Due to the structural similarity of
all compounds in this series, we suppose thatalect as antagonists.

Table 2. Affinities and GTP shifts of selected compoundsamparison with the full agonist

N°-cyclopentyladenosine (CPA).

Compound ICs50 + SEM (nM)? (n = 3)
-GTP + 100 uM GTP GTP shift”
CPA 64.7+ 16.2 537.€+81.5 8.3+3.6
3 3.15+£2.48 3.14+2.59 0.9+0.1
5 0.092¢ + 0.019 0.098: +0.036 1.0£0.2
13 0.075¢ + 0.009 0.076: + 0.006 1.0£0.1
18 0.067+0.024 0.08<+0.028 1.3£0.3

Displacement of H]IDPCPX from rat cortical membranes.
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®The affinities for the AAR were determined in the absence and presenc@fiM GTP.
The GTP shifts were calculated by dividing thegl@alues determined in the presence of
GTP by those measured in the absence of GTP.

A B
1207 120

S 1007 = 4 = CPA 5 ~ 100" 13.GTP
o R o X L] -
_g ; 80 A CPA +100 uM GTP % ; 80 s 134 GTP
S o c O
3 O 60 5 O 607
o o o O
£ 9 407 £ 9 401
@ F 8 &
&= 207 s 20

0 0

10-° 10° 10¢ 107 10€ 10° 10+ 10" 10-'2 10-"1 10-'° 10° 10 107

[CPA], M [13, M

Fig. 7. Concentration—inhibition curves of the agonistACdhd compound.3 in the absence
and presence of 100 uM GTP determined at ratARs in brain cortical membrane

preparations.*H]DPCPX (0.4 nM) was used as a radioligand.

The K value determined for compourgiat the rat A AR vs. the antagonist radioligand
[*HIDPCPX as compared to the agonist radioligatf §CPA was almost identical (2.93 nM
and 2.79 nM, see Table 3Jowever, antagonists, 13 and18 showed about 10-fold higher
affinity for A1 ARs using the antagonistHIDPCPX as a radioligand than vs. the agonist
radioligand fH]JCCPA (Table 3). DPCPX is an antagonist with irseeagonistic activity [52-
54] which means that it prefers and stabilizesrattive conformation of the A/AR, while
agonists like CCPA show higher affinity for an &ated receptor conformation and stabilize
it. Our results indicate that the investigatedAR antagonist®, 13, and18 behave as highly
efficacious inverse agonists since their affinityr fthe PH]JDPCPX-labeled receptor

conformation is significantly higher than for tHei[CCPA-labeled, active conformation.
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Table 3. Comparison of Kvalues obtained for selected compounds at (&RA using the
agonist radioligand®H]CCPA and the antagonist radioligarfei[DPCPX

Compounds Ki £ SEM (nM)
at rat A; adenosine receptors
[*H]CCPA [*HIDPCPX
3 2.7¢+0.09 2931231
5 0.93¢ + 0.486 0.C867 + 0.0189
13 0.52¢ +0.043 0.C709 £ 0.094
18 0.34¢+0.134 0.0628+ 0.0228

Species differences

To analyze the observed species differences in rdetail, the pKvalues of all potent
compounds investigated in this study at human atdAr or Az ARs, respectively, were
correlated using a linear regression analysis Fége8). A high correlation (R= 0.948; Fig.
8A) was observed for the human and ratAR, with consistently higher affinities for thetra
species of about one order of magnitude. Howewerthe A AR, for which less data were
available, no correlation was observed, all compgureing less potent at the rat as compared

to the human receptor (Fig. 8B).
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Fig. 8 Correlation of the pKvalues of rat versus human ARs. (A) correlatiotwieen human

and rat AARs, (B) correlation between human and raARSs.

In order to understand the observed species diféeie amino acid sequences of the mouse,

rat and human AR subtypes were aligned (see TablefSSupporting Information (SI)).

Sequence differences between AR subtypes are @arfigm 39-61% (human) and a very

similar range is observed for rat and mouse (sédeTal, left column). A and Ag ARS are

the most closely related subtypes (>60% sequermediig in human, rat and mouse),sfA 2

compared to AARs are the most dissimilar subtypes with only4886 sequence identity.

Although the amino acid sequences af A;a and Ag ARs are highly conserved between

rat, mouse and human (e.g. human, rat and mougdR8 are 95% identical, Table S1, right

column), the A ARs of rodents (rat, mouse) and humans share ay identity, which

determines the observed differences in ligand it
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Molecular modeling studies

In order to rationalize the potency and selectiityfile obtained for the 2-amino-4-
phenylthiazole derivatives, we performed molecutiocking and molecular dynamics
simulation studies using the crystal structureh® human AAR (PDB ID: 5N2S) and a
homology model of the humanz AR [29]. We selected the two potent antagonistgAs-

selective), and 8 (dual A/A3 antagonist) (see Table 1).
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Fig. 9. Putative binding modes of the dual/A; antagonistl8 in the crystal structure of the
human A AR (A, B) and in the homology model of the humagAR (C, D) depicting
residues that may be important for the interactidme human AAR and the human AAR
are displayed in cartoon representation. Carbomsitof 18 are colored cyan and green, the
important residues are colored in gray and pingpeetively. Oxygen atoms are colored in

red, nitrogen atoms in blue, and sulfur atoms ifoye

Compoundl8, a 2-amino-4-phenylthiazole derivative containinfuryl group as Rand a 4-
methylbenzoyl group at position?’Rhows high potency towards both the huma®R and
the human A AR. The selected compound was docked into theostghic binding site of
both receptors using Autodock 4.2. The putativalinip mode ofl8 and important residues
in the binding site of the human; AR are shown in Fig. 9A and B. The compound was
anchored inside the binding site by two strong bgdn bonding interactions between N3 of
the thiazole ring and NH of the carboxamido gro@id®with the amide moiety of Asn246.
The thiazole ring is predicted to additionally foerstrong hydrophobit-1t interaction with
Phel71. Upon further analysis of the binding posd8 the compound was predicted to
occupy three subpockets (A-C, see Fig. S2 in Suipgomformation). The phenyl group at
position 4 of the thiazole ring occupies subpo&édbrmed by the hydrophobic residues V87,
L88, A91, F171, M180, W247 and L250 and by two petsidues H251 and N254, which
stabilize compound8in the model through hydrophobic interactions. Téspective binding
subpocket in the humamnAAR is narrower and cannot accommodate a phenyl[#8Qg This

is supported by the biological investigations whatfowed low potency dI8 at the A AR
(Table 1). The amino acid residues in the humanAR are similar to that in the AAR, and
this is a likely explanation wh8 was found to be also inactive at thgs AR.

The 4-methylbenzoyl group {Ris proposed to be positioned in subpocket B eftthman A

AR, which is limited in size, interacting with ahet set of residues including V62, L65, A66,



27

V83, A84, V87, F171, L250 and H278. Large substitage.g. quinazolin-4-one derivatives
included in a number of compound§-g, 15-17, 20-28 cannot be accommodated in
subpocket B of the human; AR (see Table 1 for structures and binding affinilues).
However the potency values of the compounds withelasubstituents is also depending on
the substitution at Rwhich occupies subpocket C, because the smallestifutions at R
might induce alternative binding poses and intredsteric clashes at subpocket C. Subpocket
C located below extracellular loop (ECL) 3 is odeapby the 2-furyl group substituted at R
of 18. Subpocket C is formed by a mixture of hydrophadmd polar residues which include
Phel71, Glul72, Metl77, Leu250, Leu253, Thr257,26%sand Thr270. Specifically, the
amino acid residues in ECL3 are unique for eadh®fAR subtypes and in each species. The
residues of ECL3 contribute largely to subtype apdcies selectivity, and particularly large

differences are found between the ECL3 of the huamzhthe rat AAR.

As shown in Fig. 9C and D, compouhé follows a similar interaction pattern for the thide
ring in the human AAR as in the A AR. It forms hydrogen bond and hydrophobic
interactions with Asn250 and Phel68, respectivalyd the substitutions at position 4
(phenyl), R (p-methylbenzoyl group) and’R2-furyl group) of18 were observed to occupy
the three subpockets A, B and C, respectivelyhénmodel. These interactions are assumed to
stabilize18 in the binding site of the humans AR with slight variations in the amino acid
residues in comparison to the humanAR. (See Fig. S1 for sequence alignment). Although
similar amino acids exist in the subpockets A andf Both receptor subtypes, subpocket C
located below the ECL3 of the humanAR differs largely in comparison to the human A
AR. Furthermore, the polar residues Thr257 and Thrghuman A AR) are replaced by
lle253 and Leu264 (humanzAAR) which alters the polarity of the subpocket.isThould
contribute to the approximately 6-fold decreaseiimding affinity of 18 at the human AAR

(Ki 42.2 nM) in comparison to the human AR (K; 7.57 nM). Thus in addition to key
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hydrogen bond and hydrophobic interactions, thestsuiion which provides a tighter
binding in subpocket B is important for the potenagd substitution at the part binding in
subpocket C and interaction of amino acid residves1 ECL3 are likely responsible for

selectivity.

As a next step, we performed molecular dynamicaukitions of the two complexes for
explaining the stabilities of the predicted bindpwses 0.8 in the binding sites of the human
A; AR and the A AR (see Supplementary Video S1 and S2). For bothptexes, the
calculated root mean square deviation (RMSD) vahfethe Gu atoms of the complexes
rapidly reached an equilibrium state with approxiehal A deviation from the first frame of
100 ns simulations. The visual analysis of theetfjries obtained for the two complexes
shows that compounil8 was anchored inside the binding site with theradton pattern
identified from the docking studies (Fig. S3 and.F34). It maintains the key hydrogen bond
interaction with an asparagine residue (Asn246 Asn50 in the human #AR and the A
AR, respectively), and hydrophobic interactionshwat phenylalanine residue (Phel71 and
Phel68). The root mean square fluctuation (RMSkjegaof the two receptors, the human A
AR and A AR, showed a profile with large fluctuations onlgpaaring in the loop regions
indicating a similar mechanism of interaction o figand with both receptors. Furthermore,
an ionic lock is predicted to be formed in the hamda AR between Glul72 from ECL2 and
Lys265 of ECL3 acting as a cap for subpocket C baclv compoundL8 binds, helping the
compound to bind tightly inside the binding pock&imilarly, an ionic lock was previously
detected in the human,AAR formed between Glul69 and His264, which contaduto
variations in dissociation kinetics [54]. On thentrary, the amino acids Glul72 and Lys265
of the human AAR are replaced by GIn167 and Val259 in the humaiR resulting in a
loss of ionic lock formation and formation of a #ing cap in subpocket C. Due to the

absence of an ionic lock and loose, flexible bigdaf the p-methylbenzoyl group, the key
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hydrogen and hydrophobic interactions with Asn266 Bhel68 may be weakened in the A

AR.

Fig. 10 A. Putative binding modes df7 in the homology model of the human AR. B.
Residues predicted to be important for the bindirtgraction are shown. The humag AR
is displayed by cartoon representation. Carbon atofii7 are colored in magenta and the
important residues for binding to thes AR are colored in pink. For color coding of other

atoms see Fig. 9.

The second selected antagonis?, with a 4-methoxyphenyl residue as Bnd a 3-(4-
methoxyphenyl)quinazolin-4-one residue & dRows high potency and selectivity for the
human A AR (see Table 1). The docked posel@fand important residues in the binding
pocket of the human AAR model are shown in Fig. 10A and B. Similar tongmoundl8,
hydrogen bond interactions with Asn250 and a ptessijpdrophobic interaction with Phel68
are conceivable. Compoudd is predicted to also occupy the three subpockeB &nd C in

the binding site. Due to larger substitution atifjms R? in 17, subpocket B is almost
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completely occupied in comparison 18. In addition to the substitution at position 3 of
quinazolin-4-one derivatives, the potency for thenn A AR depends on the substitutent

R

Similar to compound.8, we performed molecular dynamics simulations eftiiaman A AR

in complex with compound?7 to investigate the stability of the predicted mdpose ofl7

in the binding site of the human; AR (see Supplementary Video S3). The RMSD and
RMSF values showed a similar profile as observddrbdor compound.8 (Fig. S3 and Fig.
S4). The amino acid residues of the receptor rehttfeeequilibrium state with approximately
1 A deviation from the first frame of 100 ns sintidas, and large fluctuations only appeared

in the loop regions.

Conclusions

In conclusion, we synthesized and optimized a sasfenovel 4-phenylthiazole derivatives
with the aim to enhance ;Aand/or A AR affinity and selectivity versus the other AR
subtypes. Highly potent and subtype-selectiyeAR antagonists (e.dL3) as well as AAR
antagonists (e.dl7, 23) were obtained. In addition, we were successfullemeloping dual
A1/A3 AR antagonists10, 18). Species differences (human — rat) were studiad, A AR
affinity was found to be generally higher at the ttean at the human orthologue, while the
opposite was observed for thg AR subtype. Functional properties of selected camps
were evaluated which indicated that the the comgslehaved as antagonists atadd A
AR with inverse agonistic activity, which was provior the A AR. Docking and molecular
dynamics studies served to explain the observed sSARecies differences and receptor

subtype selectivities.
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Experimental section

General information

All commercially available reagents were obtainesht various producers (Sigma-Aldrich,
SD Fine, Spectrochem, Merck and Himedia) and usgbout further purification. The
reactions were monitored and the purity of the coumgls was checked by thin layer
chromatography (TLC) using aluminum sheets witltaibel 60 ks4 (Merck). Mass spectra
were recorded on an APl 2000 (Applied Biosystemsrnidtadt, Germany) mass
spectrometer (turbo ion spray ion source) couplgd an HPLC system (Agilent 1100) using
a Phenomenex Lunau3C18 column’H- and**C-NMR were recorded at the University of
Pittsburgh, USA on a Bruker Avance 600 MHz instram®MSO-@, CDCk or MeOD were
used as solvents as indicated below. Chemicalsshafe given in ppm relative to the
remaining protons of the deuterated solvents useititarnal standard. Melting points were
determined on VEEGO-VMP | melting point apparatnd are uncorrected. Infrared spectra
were recorded on JASCO-FTIR 4100 spectrophotométes. purity of the compounds was
checked by dissolving 1 mg/mL in MeOH containingi® ammonium acetate. A sample of
10 pL was injected into an HPLC instrument (Agilent 0)@ising a Phenomenex Luna 3
C18 column. Elution was performed with a gradiehtvater : methanol (containing 2 mM
ammonium acetate) from 60 : 0 to 40 : 100 for 36 followed by 10 min of 100% MeOH at
a flow rate of 25QuL/min. UV absorption for each compound was deteeted54 nm. The
purity of the products was generaty5.
(E)-N-((Diethylamino)(phenyl)methylenecarbamothioyl)bamede  @b) and  E)-N-
((diethylamino)(phenyl)methylenecarbamothioyl)fuiZscarboxamide Zc) were synthesized

as previously described (for details see Sl) [41].
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General procedure for the preparation of amidinothburea derivatives 2a-c

To a stirred solution of isothiocyanate (1 equimgllen acetone and to it an amidine (1
equivalent) was added dropwise while keeping theperature between 0-8C. After
completion of amidine addition, the reaction migtuwvas warmed to 15-2TC until the

products precipitated. Products were washed wittl aoetone and dried under vacuum to

give 2a-c in 65-80% yield.

General procedure for the preparation of thiazole @rivatives 3-23

To a solution of 1 mmol of the amidinothiourea datives2a-c in 2 mL of acetonitrile (for
compounds4 and 9 methanol was used as solvent) was added 1 mmda@-twbmo-1-
(aryl)ethanone derivatives or 2-(chloromethyl)-8y(guinazolin-4(3H)-one derivatives and
the reaction mixture was stirred at rt for 1 h.dPproducts precipitated and were filtered off

and dried.

(E)-N-((Diethylamino)(phenyl)methylenecarbamothioyl)-4-nethoxybenzamide (2a). IR

(KBr cm®); 3350, 3145.35, 2973.7, 1681.62, 1500, 1480; m.§-1BD°C. Yield 78%.

N-(5-(2,4-Difluorobenzoyl)-4-phenylthiazol-2-yl)benamide (3). *H-NMR (600 MHz,
DMSO-a;) 6 6.99 (d, 2H), 7.1 (m, 3H), 7.2 (s, 1H), 7.3 (s)1H5 (t, 3H), 7.6 (s, 1H), 8.1 (d,
2H), 13.34 (s, 1H)®C-NMR (150 MHz, DMSO-¢) § 104.34, 112.05, 124.42, 127.03,
128.03, 129.20, 130.01, 131.77, 132.77, 133.65,0134157.20, 159.0, 160.80, 162.30,
163.47, 166.88, 184.75. IR (KBr c]r)] 3270.68, 3041.19, 1686.44, 1614.13, 1580, 1500,
1480, 1350. HRMS (ESI, [M+N3&] Found: 443.0661, Calcd.: 443.0642. LC/ESI-MS
negative mode 419.4 ([M-H] positive mode 421.4 ([M+H). LC/ESI-MS purity 98.8%.

m.p. 230-232C. Yield 67%.
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N-(4-Phenyl-5-(pyridin-2-yl)thiazol-2-yl)benzamide #). *H-NMR (600 MHz, MeOD)3$
7.4-7.5 (m, 5H), 7.5 (t, 3H), 7.6-7.8 (m, 3H), &) 2H), 8.6 (s, 1H), 13.14 (s, 1H). IR (KBr
Cm'l); 3093.26, 2890.23, 2000, 1659.22, 1645.23, 166@0, 1480. HRMS (ESI, [M+1]);
Found: 358.1029, Calcd.: 358.1014. LC/ESI-MS negatnode 356.4 ([M-H], positive

mode 358.3 ([M+H]). LC/ESI-MS purity 98.7%. m.p. 224-22€. Yield 38%.

N-(5-(4-Chlorobenzoyl)-4-phenylthiazol-2-yl)-4-methaybenzamide (11).'H-NMR (600
MHz, DMSO-a) & 3.85 (s, 3H), 7.09 (d, 2H), 7.21 (m, 5H), 7.26 ZH), 7.29 (d, 2H), 8.16
(d, 2H), 13.10 (s, 1H)"*C-NMR (150 MHz, DMSO-¢) & 56, 114, 123, 125, 128.3, 128.5,
129.1, 130, 131, 131.3, 134, 136, 137, 155, 163, 165, 188.1. IR (KBr Cfﬁ; 3317.93,
3056.62, 2950, 1660.41, 1625, 1590, 1479. HRMS,(B&+Na]); Found: 471.0559, Calcd.:
471.0570. LC/ESI-MS negative mode 447.2 ([MjH]positive mode 449.3 ([M+H].

LC/ESI-MS purity 96.9%. m.p. 260-26E. Yield 96%.

4-Methoxy-N-(5-(4-methoxybenzoyl)4-phenylthiazol-2-yl)benzamiel (12).*H-NMR (600
MHz, DMSO-a&) & 3.75 (s, 3H), 3.85 (s, 3H), 6.83 (d, 2H), 7.0ZH), 7.2 (m, 3H), 7.4 (d,
2H), 7.6 (d, 2H), 8.1 (d, 2H), 13.0 (s, 1H§C-NMR (150 MHz, DMSO-g¢) 5 55.96, 113.0,
114.0, 128.3, 128.7, 129.7, 130.8, 131.0, 132.3,0,3.63.0, 188.0. IR (KBr C'IJr); 3285.14,
3062.36, 2600.33, 1603.63, 1580, 1500, 1490. HRESI,([M+Na]); Found: 467.1032,
Calcd.: 467.1041. LC/ESI-MS negative mode 443.4-4WV), positive mode 445.3 ([M+H].

LC/ESI-MS purity 95%. m.p. 226-22&. Yield 63%.

4-Methoxy-N-(5-(4-methylbenzoyl)-4-phenylthiazol-2-yl)benzamid (13). *H-NMR (600
MHz, DMSO-&) 6 2.27 (s, 3H), 3.86 (s, 3H), 7.1 (m, 4H), 7.2 (H),37.4 (d, 2H), 7.5 (d,
2H), 8.1 (d, 2H), 13.0 (s, 1H}*C-NMR (150 MHz, DMSO-¢) & 56.05, 114.4, 123.8, 125,

128.3, 129, 129.2, 129.8, 130.9, 134.7, 135.5,4141%64.3, 160.8, 163.5, 165.5, 189.2. IR
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(KBr cm'); 3317.93, 3051.80, 2990, 1660.41, 1590.2, 15@91 LC/ESI-MS negative
mode 427.4 ([M-H), positive mode 429.3 ([M+H]). LC/ESI-MS purity 96.6%. m.p. 224-

226°C. Yield 55%.

N-(5-(2,4-Difluorobenzoyl)-4-phenylthiazol-2-yl)-4-nethoxybenzamide  (14). *H-NMR
(600 MHz, CDC}) & 3.91 (s, 3H), 6.45 (s, 1H), 6.7 (s, 1H), 7.0 H),27.1 (d, 2H), 7.2 (m,
3H), 7.3 (s, 1H), 7.4 (d, 2H), 9.68 (s, 1HJC-NMR (150 MHz, CDC)) & 55.56, 114.4,
127.7, 129.5. IR (KBr cif); 3327.57, 3073.01, 2850.30, 1660.41, 1600.25015500, 1480.
HRMS (ESI, [M+Na]); Found: 473.0793, Calcd.: 473187LC/ESI-MS negative mode 449.2
([M-H]"), positive mode 451.5 ([M+H]). LC/ESI-MS purity 99.0%. m.p. 240-24Z. Yield

78%.

4-Methoxy-N-(5-(4-ox0-3-phenyl-3,4-dihydroquinazolin-2-yl)-4-menylthiazol-2-
yl)benzamide (15).*H-NMR (600 MHz, CDC}) & 3.8 (s, 3H), 6.6 (d, 2H), 6.9 (d, 2H), 7.0
(d, 2H), 7.1 (d, 1H), 7.18 (m, 3H), 7.25 (t, 1H)26 (t, 1H), 7.3 (d, 1H), 7.5 (m, 3H), 8.35 (d,
2H), 9.69 (s, 1H)**C-NMR (150 MHz, CDCJ) & 55.56, 114.2, 119.7, 121.3, 123.5, 127.3,
127.8, 127.9, 128.2, 128.4, 128.5, 128.8, 129.3,9.3134.9, 136.2, 147.2, 148.4, 148.7,
158.4, 162.1, 163.4, 164.2. IR (KBr '&Dn 3250.90, 3062.41, 2843.52, 1675.36, 1600, 1550,
1500, 1480. HRMS (ESI, [M]); Found: 530.14, Calc830.14. LC/ESI-MS negative mode
529.4 ([M-H]), positive mode 531.7 ([M+H]. LC/ESI-MS purity 96.3%. m.p. 268-27C.

Yield 74%.

4-Methoxy-N-(5-(4-ox0-3-p-tolyl-3,4-dihydroquinazolin-2-yl)-4phenylthiazol-2-
yl)benzamide (16).*H-NMR (600 MHz, CDC}) & 2.24 (s, 3H), 3.87 (s, 3H), 6.50 (d, 2H),
6.8 (M, 4H), 6.9 (t, 3H), 7.2 (d, 2H), 7.5-7.8 @H), 8.3 (d, 2H), 9.92 (s, 1H)*C-NMR (150

MHz, CDCk) 6 55.55, 114.2, 118.4, 119.9, 121.3, 123.3, 12723,8, 127.7, 127.8, 127.9,
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128.5, 128.7, 129.1, 129.4, 133.6, 134, 138.2, 148,6, 162.3, 163.5. IR (KBr ¢ht 3250,
3067.23, 2837.74, 1692.23, 1620, 1556, 1489. HRHESI,([M+Na]); Found: 567.1509,
Calcd.: 567.1467. LC/ESI-MS negative mode 543.4-4WN), positive mode 545.5 ([M+H].

LC/ESI-MS purity 98.7%. m.p. 274-27€. Yield 42%.

4-Methoxy-N-(5-(3-(4-methoxyphenyl)-4-oxo-3,4-dihydroquinazofi-2-yl)-4-
phenylthiazol-2-yl)benzamide (17).*H-NMR (600 MHz, CDC}) & 3.72 (s, 3H), 3.89 (s,
3H), 6.5 (d, 4H), 6.9 (d, 2H), 7.2 (m, 5H), 7.3-T8, 4H) 8.3 (d, 2H), 9.60 (s, 1HYC-NMR
(150 MHz, CDC}) 6 55.58, 113.7, 114.3, 119.9, 121.3, 123.3, 12723,.7, 127.8, 128,
128.6, 128.8, 128.9, 129, 129.4, 134.1, 134.8,713B47.2, 148.6, 148.8, 157.9, 159, 162.4,
163.5, 163.8. IR (KBr ci); 3310, 3062.41, 2843.52, 1697.05, 1600, 1569,013458.
HRMS (ESI, [M+Na]); Found: 583.1413, Calcd.: 58364LC/ESI-MS negative mode 559.4
([M-H]"), positive mode 561.5 ([M+H]). LC/ESI-MS purity 97.6%. m.p. 262-26€. Yield

88%.

N-(5-(4-Methylbenzoyl)-4-phenylthiazol-2-yl)furan-2carboxamide (18). *H-NMR (600
MHz, DMSO-d) § 2.39 (s, 3H), 6.6 (d, 2H), 7.0 (t, 3H), 7.1 (d,)2/@.2 (d, 2H), 7.5 (m, 3H),
9.7 (s, 1H).13C-NMR (150 MHz, DMSO-¢) 6 115, 118, 124, 125, 128, 135, 139, 142, 146,
148, 150, 158, 190, 210. IR (KBr c]r)) 3235, 3125.23, 16 69.45, 1600, 1590.36, 1556714
HRMS (ESI, [M+Na]); Found: 411.0783, Calcd.: 411707LC/ESI-MS negative mode 387.4
([M-H]"), positive mode 389.4 ([M+H]). LC/ESI-MS purity 97.3%. m.p. 200-20Z. Yield

36%.

N-(5-(2,4-Difluorobenzoyl)-4-phenylthiazol-2-yl)furan-2-carboxamide ~ (19). 'H-NMR
(600 MHz, CDC}) ¢ 6.4 (d, 1H), 6.45 (d, 1H), 6.6 (d, 1H), 7.1 (d,)2R.2-7.4 (m, 3H), 7.5

(m, 3H), 9.7 (s, 1H)**C-NMR (150 MHz, CDCJ) § 106, 108, 110, 118, 122, 124, 126, 130,
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132, 138, 142, 144, 156, 158, 160, 182, 220. IRr(&B"); 3255.25, 3100.36, 1676.81, 1600,
1530.24, 1500, 1489. HRMS (ESI, [M+Na]); Found: 4835, Calcd.: 433.0434. LC/ESI-
MS negative mode 409.3 ([M-B] positive mode 411.3 ([M+H]. LC/ESI-MS purity 98.0%.

m.p. 190-192C. Yield 42%.

Radioligand binding assays

Assays were performed as previously described44650, 55, 56]Membrane preparations
of CHO cells expressing human,Auman Aa, human or rat A and human or rat £ARs
were used as described before [47, 48, Bat. some experiments, commercially available
membrane preparations of HEK293 cells expressimg thman Ax AR obtained from
PerkinElmer (Product No.: RBHA2AM400UA) were empéaly Rat brain cortical membrane
preparations were used for raf AR, and rat brain striatal membrane preparationsdbAoa
AR binding assays; membrane preparations wererauataas previously described [56, 57].
Competition  binding  experiments was  performed  using®H]2-chloro-N-
cyclopentyladenosine *lJCCPA (58 Ci/mmol), 0.5 nM (rat and human AR) [48], [°H]3-
(3-hydroxypropyl)-7-methyl-8+t-methoxystyryl)-1-propargylxanthine ([*HIMSX-2 (84
Ci/mmol), 1.0 nM (rat and human,AAR) [49], [*H]8-(4-(4-(4-chlorophenyl)piperazine-1-
sulfonyl)phenyl)-1-propylxanthine’fl]PSB-603 (73 Ci/mmol), 0.3 nM (rat and humagsA
AR) [45], [*H]phenyl-8-ethyl-4-methyl-(B)-4,5,7,8-tetrahydroH-imidazo[2,1-i]purine-5-
one (PH]PSB-11 (53 Ci/mmol), 0.5 nM (humansAR) [48], and fH]1-(6-amino-H-purin-
9-yl)-1-deoxyN-ethyl-3-D-ribofuronamide) (HJNECA, 15.5 Ci/mmol), 10 nM (rat AAR).
Nonspecific binding was determined using 10 uM @hiroadenosine (CADO) for fAR
assays, 50 uM of 5Neethylcarboxamido)adenosine (NECA) fossMAR assays, and 100 uM
of (R)-N°-phenyl-isopropyladenosind{PIA) for A; AR assays. The binding assays (except
for Az AR assays) were performed in a total volume of 4D6f assay buffer (50 mM TRIS-

HCI, pH 7.4). Stock solutions of test compounds evprepared in dimethyl sulfoxide
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(DMSO); the final DMSO concentration was 2.5%. g AR binding assays were carried
out in 1000 pul total volume of assay buffer, anahspecific binding was determined in the
presence of 10 upM 8-cyclopentyl-1,3-dipropylxanéhinDPCPX). The membrane
preparations were preincubated for 20 min with adere desaminase (ADA) 2 U/mL per mg
of protein. Incubation was carried out at rt for @t (A; AR assays), for 30 min (A AR
assays), for 75 min (A AR assays), or for 60 min gAAR assays), respectively. The
incubation was terminated by rapid filtration thgpbuGF/B glass fiber filters using a 48-
channel cell harvester (Brandel), and filters weeshed three times with ice-cold TRIS-HCI
buffer (50 mM, pH 7.4), which contained 0.1% bovserum albumin (BSA) in case of the
A2z AR binding assays. The filters were transferred sttintillation vials and incubated for 6
h with 2.5 mL of scintillation cocktail (Beckman Glter). Radioactivity was counted in a
liquid scintillation counter. At least three separaxperiments were performed, each in

duplicate or triplicate.

GTP shift assay

[*H]8-cyclopentyl-1,3-dipropylxanthine {]DPCPX, 120 Ci/mmol, 0.4 nM) was used as a
radioligand in GTP shift assays at rai ARs, and the GTP shift was measured in the
presence of 100 uM GTP. Nonspecific binding wagmieined using 1aM of DPCPX. The
assays were carried out under the same conditisndeacribed above for the; AAR

competition assay as previously described [37].

CcAMP accumulation assay
Cells stably expressing the;AAR were cultured in 24-well plates (150,000-200,00
cell/well). After removal of the culture medium llsevere washed with HBSS (containing 20

mM HEPES buffer, pH 7.3) and then incubated wite #ame buffer, containing 2U/ml
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adenosine deaminase for 2 h at 37 °C. Forskolinu(@® and different concentrations of the
agonist NECA were added to the cells at 36.5 °GerAhcubation, the reaction was stopped
by removal of the reaction buffer followed by theddion of a hot lysis solution (50, 90

°C, NaEDTA (4 mM), Triton X100 (0.1 %o)). Then, the assags completed as described

before [58, 59].

Data analysis

Data were analyzed using GRAPHPAD PRISM Versiorsdn( Diego, CA, USA). For the
calculation of K values by nonlinear regression analysis, the Ciiirngoff equation and K
values for H]CCPA of 0.2 nM (rat AAR), 0.61 nM (human AAR), and for fH]MSX-2 of

8 nM (ratAva AR) and 7.3 nM (human A AR), and for fH]PSB-603 of 0.41 nM (human,A

AR), 0.2 nM (rat AgAR), and for fH]PSB-11 of 4.9 nM (human #AR) were used.

Homology Modelling

The X-ray crystal structure of human, Adenosine receptor (AAR) with the antagonist
PSB-36 (PDB ID: 5N2S.pdb) was downloaded from RSCEBotein Data Bank
(http://www.rcsb.org/) [60]. The structure was useda template for generating a homology
model of the human AAR using Modeller9 [61]. The amino acid sequencéhefhuman A
AR with the accession number PODMS8 was retriewvedn fUniProt sequence database
(http:// http://www.uniprot.org/). The overall seznce similarity of 68.1% and identity of
47.7% between the human AR and the human AAR was reasonable and justified the
choice of the human 8AR structure as a template for the homology mod¢he human A
AR. The sequences were aligned using the aligntoehiClustalOmega [62]. The alignment
was visually interpreted for further improvemenheTresulting alignment was used as input

to the Modeller9 program and optimized using thealde target function method (VTFM)
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[61]. From the 100 generated models, the Discregitn@ized Protein Energy (DOPE) score
was utilized to select the best model for the huma@AR [61, 63]. The protonation of the
selected models was done using the Protonate3Dithlgousing the Molecular Operating
Environment (MOE 2018.01) followed by minimizatievith a root mean square of 0.5 A
[64]. The overall structural quality was confirmbg a Ramachandran Plot, and sequence-

structure compatibility of the model was ensuredgi®ROSA Il profile analysis [65, 66].

Molecular docking

The crystal structure of the human AR and the homology model of humany AR were
applied for flexible ligand docking using AutoDodk? [67]. During the docking simulations,
the ligands were fully flexible and the residuegslaf receptor were treated as rigid. Selected
compounds were docked into the active site of huaR and A AR to predict the
binding modes of the compounds. The atomic partthharges were added using
AutoDockTools [67, 68]. Fifty independent dockinglaulations using the/arCPSO-Is
algorithm from PSO@Autodock implemented in AutoDéc¢k were performed and
terminated after 500,000 evaluation steps [69].afaters ofvarCPSO-Is algorithm, the
cognitive and social parameters were set to 6.@b @0 individual particles as swarm size.
All the other parameters of the algorithm were teetheir default values. Possible binding

modes of the compounds were explored by visuakictspn of the resulting docking poses.

Molecular dynamic simulations

The receptor-ligand complexes for molecular dynaniMD) simulations was prepared using
the Bilayer builder of the Membrane builder modiriglemented in CHARMM-GUI [70-
71]. The docked complexes were solvated with transferabiermolecular potential 3P
(TIP3P) water moleculefr2] and neutralized by adding N&I™ counter-ions to a final

concentration of 0.15 M. The MD simulation was matrout using the CHARMM36 /
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CGenFF (3.0.1) force fields for protein and ligaatbms, respectively, and periodic
boundaries [73-74]. Ligand parameters were gergratging the ParamChem service
(https://cgenff.paramchem.org) implemented in CHARMBUI. The complexes were
subjected to equilibration procedure using NANYB] over a period of 5 ns using the input
files generated from CHARMM-GUI. During the simutats, non-bonded interactions were
gradually switched off at 10 A, and the long-ramdectrostatic interactions were calculated
using the Particle-mesh Ewald method [76]. The tnajpre was maintained at 303.15 K
using the Langevin thermostat, and the pressureméastained at 1 atm using a Berendsen
barostat. Bond lengths involving hydrogen atomseweonstrained using the M-SHAKE
algorithm. The equilibrated systems were subjetietD0 ns of unrestrained MD simulations
run in triplicate for MRGPRX2-RMC40 complex withelACEMD engine (Acellera, High
Throughput Molecular Dynamics) [77] For every 0.4 a frame was written into the
trajectory file. MD trajectory analysis was perfathwith an in-house script exploiting the
RMSD trajectory tool implemented in VMD (Versiorf13) [78]. The @ atoms of the human
A; and A AR were taken into account in the RMSD plot andvisualizing the fluctuation in

the RMSF plot.
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Highlights
2-Amino-4-phenylthiazole derivatives were desigasdy-, As-, or dual A/Az-adenosine
receptor (AR) antagonists.
Selective A AR antagonists with inverse agonistic activity simogyv(sub)nanomolar
potency were obtained.
Selective A AR antagonists showing nanomolar potency weretifiketh
Species differences (human / rat) were observelddtr AR subtypes.
Potent dual antagonists for, And A AR were developed as potential therapeutics for

treating kidney failure, pulmonary diseases, Alatheimer’s disease.



