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Binding assays on human;AA,, and A; adenosine receptors (ARs) and functional studies gnARs
revealed that various 2-phenyl[1,2,3]triazolo[B]Pt,2,4]benzotriazin-1,5(d)-diones VIII , previously
reported as ligands at the central benzodiazepine receptor (BzR), possess nanomolar affinity &Rhe A
Replacement of the amide ™Il with an amidine moiety gave the 5-amino-2-phenyl[1,2,3]triazolo[1,2-
aJ[1,2,4]benzotriazin-1-onebX, which maintain a nanomolar potency at the AR with selectivity over
the BzR. Insertion of g@-methoxybenzoyl at the 5-amino moiety enhancedAR affinity and selectivity
over the A, Aza, and Ag ARs. The best result of our lead optimization efforts is 9-chloro-5-(4-
methoxybenzoyl)amino-2-phenyl[1,2,3]triazolo[18}1,2,4]benzotriazin-1-one2@), which displayed &;

of 1.6 nM at the A AR and no significant affinity at the other ARs or the BzR. Docking simulations on
selected ligands into a model of the AR allowed us to rationalize the structuractivity relationships of
phenyltriazolobenzotriazindion&4dll and aminophenyltriazolobenzotriazinori®sat the molecular level.

Introduction allergenic and cerebroprotective age¥tsurthermore, the

S - . ignificant overexpression of #AR in several types of tumor
Adenosine is a ubiquitous homeqstaﬂc substance releasedts:e"sllh15 has recently led Baraldi and co-workers to propose
from most cells and acts as an agonist at theA&a, Azs, and

; - that As AR antagonists, in view of the prosurvival and
ﬁ‘j 2(rjf:1rrl1$i;5m§f trﬁecego:(s)téﬁ?fgh ?2 dorfe&hlfeg' gb:g):%r(:% the antiapoptotic effect of this subtype, might sensitize tumor cells
up y ol P P -CEPLOTS. . : to chemotherapeutic drug%’
different species show 8292% amino acid sequence identity, . .
the only exception being the sAR, which exhibits a 74% The best known classes oz MR antagonists are triazolo-
identity between rats and humahs. quinazolinesl 819 imidazopurinonedl ,2%2! pyrazolotriazol-

o . . opyrimidines Il ,1722.23 triazoloquinoxalineslV and V2426
Responses to activation of ARs are medlgted by dlfferent isoquinolinesvI 2729 and pyridines/Il -3 (Chart 1). All these
second messenger systems, such as calcium or potassium

: compounds share a nitrogen-containing polyheterocycle analo-
gzzngﬁfsﬁ]ﬁlﬁéggospw%ie I(::u?tqt?eljr,ngig Azi '?glﬁR,&'R gous to the one featured by phenyltriazolobenzotriazindiones
subtypes are differently coupléd with adenyla’te cyclase, which VIl (PTBTS, Chart 1), recently described by us as ligands at
A o i, the central benzodiazepine receptor (BZRYhis structural
is inhibited by activation of Aand A ARs, thus decreasing similarity, as well as our experience in switching a series of
cyclic AMP (cAMP) production, and is stimulated by activation !

: . 3-aryltriazinobenzimidazoles (ATBIs) from B%Zto A;AR
of Aza and A ARS, thus increasing cAMP levelsEach AR binding353¢provided the rationale for the screening of available
subtype is currently considered as an attractive target for

pharmacological intervention in many pathological conditions phenyltriazolobenzotriazindiones as AR antagonists. The na-

such as renal failure, cardiac and cerebral ischemeia, centralrlornOIar affinity for the AAR dlsp!ayed by most of the
compounds tested prompted the design of further analogues that

%opefully may possess an improved potency at thaR\and
selectivity over the A and Aa ARs, as well as the BzR.
Specifically, the first subset of phenyltriazolobenzotriazindiones
evolved toward the 5-amino-2-phenyl[1,2,3]triazolo[&]p,2,4]-
benzotriazin-1-onetX (APTBTs, Chart 1) bearing the same
amidine moiety featured by the AR antagonistandIll —V.
SThe structures of the investigated phenyltriazolobenzotriazin-
dionesl—8 and aminophenyltriazolobenzotriazinor®es29 are
indicated in Table 2.

= < dedicated 1o v C vart " o ofh Our lead optimization strategy was based on the following
IS paper IS dedicated to Yvonne C. iMartin on the occasion or ner s : A :
retirement from Abbott Laboratories. modifications: (i) insertion of small groups (H, F, Cl, Me, OMe)

*To whom correspondence should be addressed. Phs8@0502219500. i the 9-position of the tricyclic scaffold @R and in the 4
Fax: +390502219605. E-mail: taliani@farm.unipi.it. position of the pendent phenyl ring {R(10—-16); (ii) func-

§ Dipartimento di Scienze Farmaceutiche, Univeérsitdisa. tionalization of the amidine 5-Nggroup of compounds, 11
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nologie, Universitadi Pisa. substituted carbamoyl derivativead7(-30). The R; substituents

and inflammatory pathologies, including asthtfaccordingly,

A:; AR antagonists have a therapeutic potential as potent
diuretics for the prevention of renal failutéarousal stimulators,

or cognitive enhancers in Alzheimer’s disease and memory
disorderst! A,x AR antagonists may be promising new drugs
to treat neurodegenerative disorders, such as Parkinson’
diseasél 1?2 Az AR antagonists may be employed in the acute
treatment of stroke and glaucoma and as antiasthmatic, anti-
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Chart 1. Structures of Knownl=VIl) and New ¥1ll andXl) Az AR Antagonists
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Table 1. Physical Properties of 5-Amino-[1,2,3]triazolo[15}1,2,4]benzotriazin-1-one Derivativeds-30
Ro
\N \N
R1\C[N\Nz C[N\N, COCGH
5
N/)\N—Rg N/)\N<
H COCgHs
9-25,27-30 26
compd R R2 Rs yield (%) mp CC)? Anal. (formula) C, H, Nt
9 H H H 67 236-238 GisH1:NsO
10 H F H 60 242-244 CisH10FNsO
11 H Cl H 61 273-275 GisH10CINsO
12 H CHs H 67 254-255 GieH13Ns0
13 H OCHs H 60 253-255 GieH13Ns0
14 Cl H H 65 246-248 CisH10CINsO
15 Cl Cl H 62 255-257 GisHgCloNsO
16 Cl CHs H 69 203-205 GigH12CINsO
17 H H COGsHs 42 235-236 GooH15Ns50-
18 H H COGsHs—4-OCH; 44 200-202 GaH17Ns03
19 H H COGsH4—3-Cl 59 2406-242 G2H14CINSO»
20 H Cl COGHs—4-OCHs 44 168-170 G3H16CINsO3
21 H CHs COGsHs—4-OCH; 52 237239 GoaH19N503
22 H CHs COGsH4—3-Cl 44 2206-222 GaH16CINO2
23 Cl H COGsH4—4-OCH; 47 158-160 GaH16CINsO3
24 Cl H COGH4s—3-Cl 43 234-236 G2H13ClIoN50,
25 Cl CHs COGsHs—4-OCH; 46 208-210 GoaH16CINsO3
26 51 223-225 GogH1dN503
27 H H CONHGsHs 45 190-192 G2H16N6O2
28 H H CONHGsHs—4-OCH; 44 209-211 GoaH18N6O3
29 H H CONHGsH4—3-Cl 48 218-220 GoH15CINO2
30 H H CONHCH,CgHs 43 235-236 GoaH1gN6O2

aCalculated after recrystallization from ethanbElemental analysis results for C, H, and N were witki@.4% of the calculated values.

attached to Riwere selected taking into account literature data starting material is represented by the 1-(2-amino-5-substituted
about the key role of NH-acyl side chains in ligand recognition phenyl)-4-(4-substituted phenyl)-5-oxo-1,2,3-triazoBds-38,

by the Ag AR.19.23.26,28 obtained as previously reportét Reaction of31—38 with
) cyanogen bromide in methanolic solution at room temperature
Chemistry gave the target tricyclic derivativel-16 (Table 1).

The synthetic pathways yielding the novel aminophenyltria-  Compound®, 11, 12, 14, and16 were selected to be suitably
zolobenzotriazinone®—30 are outlined in Scheme 1. The functionalized at the 5-Njigroup by acylation or nucleophilic
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Table 2. Binding Activity at Human A, Az, and A3 ARs of Compound4—29

Ro Ro
1SN \; Q >/: Q, >/:
\N A \
Ry Ny R1\E>:N\N,N N\N,N
o A

COCgHs
N N-R, N/)\N<
H COCgHs
1-8 9-25,27-30 26
Ki (nM)2

compd R Ry Rs hA]_b hAgAC hAgd
1 H H 339.54+54.2 >10000 91.2+8.2
2 H F 592.84+ 32.9 >10000 97.0+ 6.0
3 H Cl >10000 >10000 41.94-5.2
4 H CHs 4400.54 345.2 >10000 86.5+ 11.2
5 H OCH; 1070.5+ 79.8 >10000 49.8+ 8.1
6 Cl H 960+ 85 >10000 382.5£22.9
7 Cl Cl 108.9+ 15.4 >10000 96.2+ 7.1
8 Cl CHs 890.3+ 76.5 >10000 39.6+ 3.3
9 H H H 43.94+ 3.9 134+ 20.5 34,6+ 7.2
10 H F H 65.2+ 3.5 20.1+ 4.6 368.5+ 55.2
11 H Cl H 104.2+ 14.0 493.3+ 18.0 33221
12 H CHs H 46.0+ 3.6 50.6+ 7.7 29.2+ 4.6
13 H OCH; H 89.5+ 6.4 9.0+ 0.6 51.0+ 3.4
14 Cl H H 80.2+ 6.6 4.7+ 0.22 295.2+ 32.1
15 Cl Cl H 106.7£ 7.2 67.5+ 4.8 557.3+79.3
16 Cl CHs H 19.0+ 1.5 2.3+0.1 103.0+ 5.2
17 H H COGsHs 204.5+ 44.5 1030.0t 166.1 101.2£ 7.8
18 H H COGH4—4-OCHs 99.0+ 4.5 >10000 4.3+:0.4
19 H H COGH4—3-ClI 389.2+ 26.0 >10000 15.0£ 1.2
20 H Cl COGH4—4-OCHg >10000 >10000 55. 4 3.3
21 H CHjs COGH4—4-OCHs 80.9+ 7.1 >10000 1.1+ 0.01
22 H CHs COGH4—3-CI 256.0+ 27.0 >10000 41.5+1.3
23 Cl H COGsH4—4-0OCHg 2700.0+ 100.1 >10000 1.6+ 0.07
24 Cl H COGH,4—3-ClI 916.0+ 49.0 >10000 >1000
25 Cl CHs COGH4—4-OCHs >10000 >10000 12.3t 3.5
26 116.5+11.4 4800.0t 348.8 9.2+ 0.8
27 H H CONHGsHs 91.1+ 3.2 460.2+ 66.9 97.0+ 8.3
28 H H CONHGH4—4-OCHs 462.2+ 55.2 262.14+ 76.9 49.14+ 3.3
29 H H CONHGH4—3-ClI 764.0+ 13.1 625.0+ 14.8 49.0+£ 5.1
30 H H CONHCH,CgHs >10000 120.H9.1 43.4+ 2.5
DPCPX 0.5 337 >1000
NECA 14 16 73
CI-IBMECA 890 401 0.22

a2 The K; values are means SEM derived from an iterative curve-fitting procedure (Prism program, GraphPad, San Diegd’Di¥bJacement of
specific BH]DPCPX binding in membranes obtained fromh#R stably expressed in CHO celf®isplacement of specifiéH]NECA binding in membranes
obtained from hAs AR stably expressed in CHO cellDisplacement of specificlf]AB-MECA binding in membranes obtained from BAAR stably
expressed in CHO cells.

addition (proceduresHiii, Scheme 1). In particular, the prepara- Biology
tion of N°-benzoyl compoundsl8—25 was performed by
acylation with p-anisoylbenzoyl chloride om-chlorobenzoyl and A ARs were evaluated by competition experiments
chloride in anhydrous dichloromethane at room temperature in assessing their respective abilities to displ@E8DPCPX, BH]-

the presence of pyridine (Scheme 1, procedure i; Table 1). WhenNeca, or [25)AB-MECA binding from transfected Chinese

9 was allowed to react with benzoyl chloride under the same pamster ovary (CHO) cells. Experiments were performed as
conditions, only the dibenzoyl derivative6 was obtained described elsewhefé.Compounds3, 21, 23, and 25, which
(Scheme 1, procedure i; Table 1). We modified the reaction showed a high Aaffinity, were also tested in functional assays
procedure and found that the desired compolihdias formed at human Ag and A; ARs by measuring their effects on NECA-
with good yields by acylation 0® with benzoic anhydride in ~ mediated cAMP modulation in transfected CHO célls.

freshly distilled dimethylformamide at 78C in the presence A subset of compound®(11, 12, 14, 17, 23, 27, and30),

of triethylamine and a catalytic amount of (dimethylamino)- selected as the most representative of the new AR ligands, were
pyridine (DMAP) (Scheme 1, procedure ii; Table 1). T2 evaluated for their affinity at the BzR in bovine brain membranes
carbamoyl derivative27—30 were obtained starting fro@by by competition experiments against the radiolabeled antagonist
treatment with the appropriate substituted phenyl isocyanate or[3H]flumazenil at a fixed concentration of 1aM.33

benzyl isocyanate in tetrahydrofuran solution at room temper-

ature (Scheme 1, procedure iii; Table 1). Results and Discussion

The syntheses of compountls 8 were performed as previ- Table 2 lists the binding affinities at the humam, A,a, and
ously reported? A3 ARs of phenyltriazolobenzotriazindionels-8 and ami-

The affinities of the new compounds toward human Aga,
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Scheme 1.Synthesis of Target Compoun8s-3(?
R2

o) Q >/:
3 \
N BrCN Mo N N

\
Ry Noy Ry N i Ny
H abs. EtOH \@ Py - Py _COCgHs
NH, N NH, NN
COCgHs
31-38 9-16 26
Ry =H, Cl
Ry =H, F, Cl, CHs OCHs
iorii
oriii
Ro Rs compd
COCgHs 17
a COCgH,-4-OCH3 18,20,21,25
COCgH4-3-Cl 19,22,24
N CONHCgH5 27
R1\©iN\N/ CONHCgH,-4-OCH, | 28
CONHCgH,4-3-Cl 29
N)\E—R3 CONHCH,CgHs 30

17-25,27-30

Ry=H,Cl Ry=H,Cl,CH,

aReagents. Fo9, 11, 12, 14, 16. (i) acyl chloride, pyridine in dichloromethane. F®r (ii) benzoic anhydride, DMAP, triethylamine in DMF; (iii)

substituted phenyl isocyanate or benzyl isocyanate in THF.

nophenyltriazolobenzotriazinon®s-30 expressed als; values
or inhibition percentages.

Compoundsl—8 are moderately potent at the; AR and
completely inactive at the A AR, with nanomolar affinity at
the As AR. Compounds3, 5, and8 are also selective over the
A1 and A ARs. A few combinations of Rand R different
from a hydrogen slightly increase the potency at theAR
(compare? vs 1) or at the A AR (compare8 vs 1).

A pairwise comparison of the binding data of compounds
1-8 with those of compound3—16 reveals that the replacement

Table 3. Potency of Compound3, 21, 23, and25 versus hAg and hA
Adenosine Receptor Subtypes

ICs02 (M) of cCAMP assays
compd for hAg CHO cells for hA CHO cells
3 >1000 (26%) 12+1.2
21 1527+ 150 0.58+ 0.05
23 >1000 (15%) 3.14: 0.3
25 >1000 (26%) 11.6%1.02

2The data are expressed as the mearSEM of four independent
experiments performed in triplicate. In parentheses are indicated the
percentage of inhibition, at 1@M compound, of the cAMP levels,

of the amide with an amidine moiety enhances the binding to stimulated by 100 nM NECA for s adenosine receptors.

the A; AR and, to a much greater extent, to thes AR, whereas
it does not significantly improve or worsen the affinity for the
A3z AR.

As mentioned, the choice of functionalizing the 5-Néf
compound with acyl groups relied on the well-established role
of specific NHCOR side chains in conferring high potency and
selectivity on A AR antagonistd?.23.26.28

Insertion of a benzoyl chain into the structure®fto give
17, slightly lowers the affinity at the ARs. This fact might be

Compound23 stands out for its remarkable potency and
selectivity at the AAR (K; values at the A Aza, and A3 ARs
are 2700,>10000 nM, and 1.6 nM, respectively), thus
representing the best result of our lead optimization efforts.
Analogous attempts to enhance the potenc{®at the A
AR by changing R and/or R were unsuccessful (compa?@
and24 vs 19).
Finally, two benzoyl groups attached to a hexocyclic nitrogen

interpreted by hypothesizing that the attractive interactions negatively affect Aand Aa AR affinities while they enhance
created by the benzoyl group at each AR are slightly outweighed Az AR binding by 4-fold (compar&6 vs 9).
by the disadvantageous ones (e.g., solvation, steric bulk). The Replacement of the benzoyl ¥ with the phenylcarbamoyl

introduction of a methoxy in the para position of the benzoyl
moiety of 17, to yield 18, increases the AAR affinity by a
23-fold and also improves selectivity over the @&nd App ARS.
Compared with th@-methoxy group, am-chlorine on the same
benzoyl is less effective but still beneficial for the affinity and
selectivity at the A AR (comparel9vs 17). The above gains
in Az AR affinity might reflect a hydrogen bond and hydro-
phobic interactions established by the receptor with phe
methoxy 0f18 and them-chlorine of 19, respectively.

Taking compound.8 as a reference structure, further slight
improvements in the potency at thg AR can be achieved by
modulating the nature of Rand R (compare the '4methyl
derivative21 and the 9-chlorine derivative3 vs the unsubsti-
tuted counterpart8). The simultaneous presence of endethyl

to give 27 does not greatly influence affinities at the ARs. The
insertion of ap-methoxy or anm-chlorine on the phenylcar-
bamoyl of compound27 to yield 28 or 29, respectively,
increases affinity at the AAR only 2-fold. Homologation of
27to give30does not give better results for thg AR affinity.

Compounds3, 21, 23, and25 were also tested at the;AAR
by evaluating their inhibitory effects on NECA-mediated cAMP
accumulation in CHO cells stably expressing this receptor
subtype (Table 3). These derivatives proved to be inactive in
this assay, thus indicating a complete lack of affinity toward
the Agg AR.

Given the recent discoveries of non-nucleoside AR ago-
nists383%the efficacy profile of compounds, 21, 23, and25
were evaluated in cAMP functional assays at theMR (Table

and a 9-chlorine in the same compound does not lead to additive3). Expectedly, all these compounds displayed full antagonism,

favorable effects on AAR affinity but only to a significant
drop in Ax AR affinity (compare25 vs 18).

with potencies similar to their binding affinity. Furthermore,
when tested in the absence of NECA, they did not show any
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Figure 2. Compound9 docked into the A AR model#°

significant effect on the cAMP level even after stimulation by
forskolin, indicating neutral antagonism (data not shown).
A subset of compound®, 11, 12, 14, 17, 23, 27, and 30),

Da Settimo et al.

w243 ~ H272

the AUTODOCK 3.0 prograft and were then submitted to
1.2 ns of molecular dynamics simulation (see Experimental
Section for details). Their overall binding disposition appeared

selected as the most representative of the entire series of newio be very similar to the one recently hypothesized for the

AR ligands, were evaluated for their affinity to the BzR. None
of the compounds tested inhibitegH]flumazenil binding by
more than 50% at the fixed concentration of A (data not
shown).

The following chemical rules summarize the affinity/selectiv-
ity data of the new AR antagonists: (i) two carbonyl groups in
positions 1 and 5 of the triazolobenzotriazine scaffold (com-
pounds1—8) produce good AAR antagonists with a fair or
high selectivity toward the Aand Aa ARS, respectively; (ii)
replacement of the €0(5) with an amine fragment to give
the amidine derivativeS8—16 enhances affinity at the AAR
and, to a much greater extent, at thes AR, with no significant
effect at the A AR, leading to a number of potent and
moderately Aa-selective ligands (compounds, 14, and16);

(iii) functionalization of the 5-NH group with acyl or carbamoyl

triazoloquinazoline$ and pyrazolo[4,3][1,2,4]triazolo[1,5€]-
pyrimidineslll .40

As shown in Figure 1, the main scaffold of compouhd
interacts with the TM3 and TM57 domains of the receptor,
made up mostly of lipophilic amino acids (H95 (3.37), 198
(3.40), F182 (5.43), F239 (6.44), W243 (6.48), L246 (6.51),
H272 (7.43)); the pendent phenyl is likewise surrounded by
lipophilic residues (M99 (3.41), L102 (3.44), W185 (5.46), 1186
(5.47), P189 (5.50)); the 5-carbonyl oxygen receives an H-bond
from the N250 (6.55) side chain.

Replacement of the 5-oxo moiety of compouhdwith a
hexocyclic amino group producé&and a corresponding 3-fold
gain in potency. The docking simulations performed on
compound9 revealed that this ligand maintains all the hydro-
phobic interactions of compount] with its amidine moiety

substituents generally affords ligands with a nanomolar potency making two H-bonds with the N250 (6.55) side chain (Figure

at the A AR, with a different extent of selectivity over the;A
and Aa ARs (compoundsl7—30); in particular, if the acyl
group is ap-methoxybenzoyl, it is possible to achieve a high
affinity and selectivity at the AAR (compound23 and 25).

A number of our ligandsl(, 9, 17—19, 23, 26, and28) were
docked into our recently published humagAR modef© using

2).

As outlined previously, the introduction ofpamethoxy group
on the benzoyl moiety 017 to yield 18 increased the AAR
affinity 23-fold. This fact seems to be consistent with a putative
H-bond accepted by the-methoxy of compound8 from the
K152 (EL2) ammonium moiety (see Figure 3). Such an H-bond
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Figure 3. Compoundl8 docked into the AAR modelf10
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Figure 4. Compound28 docked into the AAR modef? superimposed on theAMAR—18 complex (colored sky blue).

might explain mutagenesis ddfawhich assign an important  adopts an overall orientation within the AR binding site quite
role to K152 (EL2) in the binding of VUF850/ R = COGsH4- similar to those displayed by tiN®-benzoyl APTBT derivatives.
4-OCHg), a highly potent A AR antagonist sharing with  According to our model, while one benzoyl group of compound
compoundl8 the samep-methoxybenzoylamino side chain. 26 forms an H-bond with N250 (6.55), the other one is stabilized
Favorable hydrophobic interactions between tirehlorine by hydrophobic interactions with F182 (5.43), W185 (5.46), and
of compound19 and the F182 (5.43) phenyl ring seem to 1186 (5.47).
account for the 6.7-fold higher AR affinity of this ligand, In conclusion, the aminophenyltriazolobenzotriazinone system
compared with its unsubstituted counterphrt proved to be a versatile scaffold to obtain potent and selective
Compound8, featuring go-methoxyphenylcarbamoylamino  A; AR antagonists, provided that suitable groups are attached
side chain, was 10-fold less potent tha8 Docking studies  to the 5-amino moiety and in the-position and/or 9-position.
revealed that, unlike compour®, the p-methoxy group o28 The best result of our lead optimization efforts was represented
is unable to engage an H-bond with K152 (EL2) (Figure 4 shows by compound®3 (R; = Cl, R, = H, and R = p-methoxyben-
an overlay of the two corresponding docking models). It is noted zoyl), which displayed &; of 1.6 nM at the A AR and no
that both of the carbonyl oxygens of the two ligands receive an significant affinity at the other ARs or the BzR. Docking
H-bond from N250 (6.55) while thep-methoxyphenyl moieties  simulations on selected ligands into a model of the AR
present different dispositions in the receptor binding cleft. allowed us to develop structur@ctivity relationships at the
Compound 23 shows an A affinity similar to that of molecular level, which will be useful in the design of novel A
compoundl8, but it possesses a much higher selectivity over AR antagonists.
the A; AR probably because of a steric interference of the
9-chlorine atom with the AAR protein. As shown in Figure 5, Experimental Section

23is ori imilarl ithin th AR binding site. . . . . . .
3is orientated similarly td.8 within the As binding site Chemistry. Melting points were determined using a Reichert

Although the Q-Chlqune 023.d0es nqt seem (o b.e |nvolveq N Kefler hot-stage apparatus and are uncorrected. Infrared spectra
strong interactions, it deter_mmes a slight translation of the ligand |, o e recorded with a Nicolet/Avatar ET-IR spectrometer in Nujol
toward the extracellular side of the receptor. mulls. Routine nuclear magnetic resonance spectra were recorded
Finally, our binding hypotheses received further support from in DMSO-ds solution on a Varian Gemini 200 spectrometer
the docking of the highly potent compougé. In spite of the operating at 200 MHz. Evaporation was performed in vacuo (rotary
presence of two sterically demanding benzoyl groups, this ligand evaporator). Analytical TLC was carried out on Merck 0.2 mm
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precoated silica gel aluminum sheets (60 F-254). Elemental analyseg0.16 mL) in 3.0 mL of the same solvent. The mixture was stirred

were performed by our Analytical Laboratory and agreed with
theoretical values to withiac0.4%.

The 9-substituted-2-(4-substituted phenyl)[1,2,3]triazoloH];2-
[1,2,4]benzotriazin-1,58)-diones 1-8 and the 1-(2-amino-5-

substituted phenyl)-4-(4-substituted phenyl)-5-oxo-1,2,3-triazole

derivatives31—38 were prepared essentially as previously described
in ref 33.

General Procedure for the Synthesis of 5-Amino-9-substituted-
2-(4-substituted phenyl)[1,2,3]triazolo[1,2a][1,2,4]benzotriazin-
1-one Derivatives 9-16.Cyanogen bromide (0.090 g, 0.85 mmol)

at room temperature for 24 h, and the precipitate obtained was
collected and washed with diethyl ether. The crude prod@etas

then purified by recrystallization from ethanol (Table 1 and
Supporting Information).

General Procedure for the Synthesis of 9-Substituted-2-(4-
substituted phenyl)-5-(substituted phenylaminocarbamoyl)-
[1,2,3]triazolo[1,2-4][1,2,4]benzotriazin-1-one Derivatives 27
29 and 2-Phenyl-5-(benzylaminocarbamoyl)[1,2,3]triazolo[1,2-
aJ[1,2,4]benzotriazin-1-one 30The appropriate substituted isocyanate
(phenyl, 4-methoxyphenyl, 3-chlorophenyl, and benzyl isocyanates)

was added in a single portion to a stirred solution of the appropriate (0.8 mmol) was added dropwise to a stirred solution of 5-amino-

1-(2-amino-5-substituted phenyl)-4-(4-substituted phenyl)-5-oxo-
1,2,3-triazole derivativ81—38% (0.85 mmol) in 7.0 mL of absolute

2-phenyl[1,2,3]triazolo[1,2&][1,2,4]benzotriazin-1-on@ (0.137 g,
0.50 mmol) in 25.0 mL of anhydrous tetrahydrofuran. The mixture

methanol. The mixture was allowed to react at room temperature was heated at 50C for 24—48 h (TLC analysis). After the mixture

under a nitrogen atmosphere for-126 h, and the reaction was
monitored by TLC analysis. The precipitated crude prod@cts6
that formed were collected and purified by recrystallization from
ethanol (Table 1 and Supporting Information).
5-Benzoylamino-2-phenyl[1,2,3]triazolo[1,2a][1,2,4]-
benzotriazin-1-one 17 A solution of triethylamine (1.1 mL, 0.76
mmol) in 1.0 mL of freshly distilled dimethylformamide was added

dropwise to an ice-cooled, stirred suspension of 5-amino-2-phenyl-

[1,2,3]triazolo[1,2a][1,2,4]benzotriazin-1-one9 (0.140 g, 0.51
mmol), benzoic anhydride (0.340 g, 1.52 mmol), and (dimethy-
lamino)pyridine (0.007 g, 0.006 mmol) in 2.0 mL of the same
solvent. The mixture was heated at 7€ under a nitrogen

was cooled, the precipitate that formed was collected and washed
with tetrahydrofuran. The organic solution was concentrated, and
the separated precipitate was collected to yield an additional amount
of crude product. The quantities of ureido derivatives obtained from
the initial insoluble precipitate and from the organic solution were
variable, depending on the solubility of the various compounds.
Finally, the crude produc®7—30were purified by recrystallization
from ethanol (Table 1 and Supporting Information).

Biological Methods. Materials. [BHIDPCPX, PHJNECA, and
[*?9]AB-MECA were obtained from DuPont-NEN (Boston, MA).
Adenosine deaminase (ADA) was from Sigma Chemical Co. (St.
Louis, MO). All other reagents were from standard commercial

atmosphere for 72 h. After the mixture was cooled, the precipitated sources and of the highest commercially available grade. CHO cells,

crude product7 was collected, washed with 5% NaHg&queous
solution, and purified by recrystallization from ethanol (Table 1
and Supporting Information).

General Procedure for the Synthesis of 9-Substituted-2-(4-
substituted phenyl)-5-(substituted benzoylamino)[1,2,3]triazolo-
[1,2-a][1,2,4]benzotriazin-1-one Derivatives 18-25. A solution
of the appropriate benzoyl chloride (4-methoxybenzoyl chloride,
3-chlorobenzoyl chloride) (0.7 mmol) in 1.0 mL of anhydrous
dichloromethane was added dropwise 4€0and under a nitrogen

stably expressing human AA,a, Az, and A receptors were kindly
supplied by Prof. K. N. Klotz, Wurzburg University, Germatdy.
Adenosine Receptor Binding Assay. Human A Adenosine
Receptors.Aliquots of membranes (5@g proteins) obtained from
A; CHO cells were incubated at 2& for 180 min in 500uL of
T buffer (50 mM Tris-HCI, 2 mM MgC}, 2 units/mL ADA, pH
7.4) containingJH]DPCPX (3 nM) and six different concentrations
of the newly synthesized compounds. Nonspecific binding was
determined in the presence of a1 R-PIA.3 The dissociation

atmosphere to a stirred suspension of the appropriate aminoconstant Kq) of [BH]DPCPX A; CHO cell membranes was 3 nM.

derivatives9, 11, 12, 14, and 16 (0.43 mmol) and anhydrous
pyridine (0.16 mL) in 3.0 mL of the same solvent. The mixture
was stirred at room temperature for-248 h, the reaction being

monitored by TLC analysis. The precipitate obtained was collected,

washed with diethyl ether, and purified by recrystallization from
ethanol (Table 1 and Supporting Information).
5,5-Dibenzoylamino-2-phenyl[1,2,3]triazolo[1,23][1,2,4]-
benzotriazin-1-one 26 A solution of benzoyl chloride (0.11 mL,
0.7 mmol) in 1.0 mL of anhydrous dichloromethane was added
dropwise at 0°C and under a nitrogen atmosphere to a stirred
suspension of 5-amino-2-phenyl[1,2,3]triazolo[&]pt,2,4]-
benzotriazin-1-on® (0.120 g, 0.43 mmol) and anhydrous pyridine

Human A,x Adenosine ReceptorsAliquots of cell membranes
(80 ug) were incubated at 28 for 90 min in 500QuL of T, buffer
(50 mM Tris-HCI, 2 mM MgC}, 2 units/mL ADA, pH 7.4) in the
presence of 30 nM ofH]NECA and six different concentrations
of the newly synthesized compounds. Nonspecific binding was
determined in the presence of 108 NECA.3¢ The dissociation
constant Kg) of [BHINECA in A,a CHO cell membranes was 30
nM.

Human Az Adenosine ReceptorsAliquots of cell membranes
(40 ug) were incubated at 28C for 90 min in 100uL of T3 buffer
(50 mM Tris-HCI, 10 mM MgC}, 1 mM EDTA, 2 units/mL ADA,
pH 7.4) in the presence of 1.4 nNFJ]JAB-MECA and six different
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concentrations of the newly synthesized compounds. Nonspecific sequential use of steepest descent and conjugate gradient methods
binding was determined in the presence of/80 R-PIA.3¢ The for the first 1000 and the last 4000 steps, respectively.
dissociation constantkg) of [**]AB-MECA in Az CHO cell Molecular dynamics trajectories were run using the minimized
membranes was 1.4 nM. structure as a starting input. The time step of the simulations was
Measurement of Cyclic AMP Levels on hAg and hA; CHO 2.0 fs with a cutoff of 12 A for the nonbonded interaction, and
Cells.Intracellular cAMP levels were measured using a competitive SHAKE was employed to keep all bonds involving hydrogen atoms
protein-binding metho@” CHO cells, expressing recombinant®A  rigid. The 1.2 ns of MD simulation was carried out by applying a
or hAz ARs, were harvested by trypsinisation. After centrifugation decreasing constraint on the carbon of the TMs from 30 to 5
and resuspension in medium, cells (about 60 000) were plated inkcal mott AL, The final structure of the complexes was obtained
24-well plates in 0.5 mL of medium. After 48 h, the medium was s the average of the last 600 ps of MD simulation minimized with
removed and the cells were incubated af@7#or 15 min with 0.5 the Conjugate gradient method until a Convergence of 0.05 kcal
mL of DMEM in the presence of R020-1724 (26M), as a A-1 mol-L was obtained.
phosphodiesterase inhibitor, and ADA (1 U/mL). The antagonistic In reference to specific amino acids, both the sequence number

profile of the new compounds toward;AAR was evaluated by and the numbering system proposed by Ballesteros and Weitistein
assessing their ability to inhibit 100 "M NECA-mediated accumula- % e e o ?Ng;e emglo)‘,’e 1 og’th o latter. the most highly

:Ic?wna(r)é ACgAAMRP\}v;shZVZIrSZ%%nlIJStIgsrs)zraosgli?] Otfhferi]reagielliw foocr;;%?wl:ggsct conserved residue in each transmembrane helix (TMH) was
y Y ty assigned a value of 0.50 and this number was preceded by the TMH

100 nM NECA-mediated inhibition of cAMP stimulated by number. The other residues in the helix were given a locant value

forskolin. Cells were incubated in the reaction medium (15 min at
37 °C) with different compound concentrations (1 nM to A4i01)

and then treated with NECA. In parallel, aliquots of cells were
treated with the compound alone (M) in the absence or in the

relative to this.
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at 80@ for 5 min. For determination of cCAMP production, CAMP
binding protein (isolated from calf adrenal glands) was incubated
with [3H]cAMP (2 nM) and 5QuL of cell lysate or cAMP standard
(0—16 pmol) at 4°C for 150 min in a total volume of 30QL.
Bound radioactivity was separated by rapid filtration through GF/C
glass fiber filters and washed twice with 4 mL of 50 mM Tris/
HCI, pH 7.4. The radioactivity was measured by liquid scintillation
spectrometry.

All compounds were routinely dissolved in DMSO and diluted
with the assay buffer to the final concentration, where the amount
of DMSO never exceeded 2%. Percentage inhibition values of
specific radiolabeled ligand binding at-10 uM are the meant
SEM of at least three determinations. FosJC€ompound deter-
mination, at least six different ligand concentrations were used. IC
values, computer-generated using a nonlinear regression formula
on a computer program (Graph-Pad, San Diego, CA), were
converted toK; values, knowing théy values of radioligands in
the different tissues, and using the Cheng and Prusoff equttion.
K; values are the mea#t SEM of at least three determinations.

Computational Methods. The ligands were submitted to a
conformational search of 1000 steps. The algorithm used was the
Montecarlo method with MMFFs as the force field and a distance-
dependent dielectric constant of 1.0. The ligands were then
minimized using the conjugated gradient method until a conver-
gence value of 0.05 kcal & mol~, using the same force field
and dielectric constant used for the conformational se&chen
the ligands were docked into the recently publishedetceptot®
using the AUTODOCK 3.0 progra#t.The regions of interest used
by AUTODOCK were defined by considering N250 (6.55) as the
central residue of a grid of 44, 54, and 50 points inxhg, andz
directions. A grid spacing of 0.375 A and a distance-dependent
function of the dielectric constant were used for the energy map
calculations.

By use of the Lamarckian genetic algorithm, the compounds were
subjected to 100 runs of the AUTODOCK search with 500 000

steps of evaluation energy; the default values of the other parameters

were used. Cluster analysis was performed on the docked results
using an rms tolerance of 1.0 A.

The best docked structures were then subjected to 1.2 ns of
molecular dynamics (MD) calculation. All simulations were
performed using AMBER 8.8 MD simulations were carried out
at 300 K using the parm94 force field. Chlorine ions were added
as counterions to neutralize the system. Prior to MD simulations,
a minimization stage was carried out by applying a constraint of
30 kcal mot A1 on thea carbon of the TMs. The minimization
consisted of 5000 steps with a combined algorithm, namely, the

Supporting Information Available: Spectral and analytical

data of compound8—30. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) Poulsen, S-A.; Quinn, R. J. Adenosine receptors: new opportunities
for future drugsBioorg. Med. Chem1998 6, 619-641.

(2) Fredholm, B. B.; Arslan, G.; Halldner, L.; Kull, B.; Schulte, G.;
Wasserman, W. Structure and function of adenosine receptors and
their genesNaunyn-Schmiedeberg’s Arch. Pharmac200Q 362,
364—374.

(3) Fredholm, B. B.; IJzerman, A. P.; Jacobson, K. A.; Klotz, K-N;,
Linden, J. International Union of Pharmacology. XXV. Nomenclature
and classification of adenosine receptétsarmacol. Re. 2001, 53,
527-552.

(4) Salvatore, C. A.; Jacobson, M. A.; Taylor, H. E.; Linden, J.; Johnson,
R. G. Molecular cloning and characterization of the human A
adenosine receptoProc. Natl. Acad. Sci. U.S.A993 90, 10365~
10369.

(5) Linden, J.; Taylor, H. E.; Robeva, A. S.; Tucker, A. L.; Stehle, J.
H.; Rivkees, S. A.; Fink, J. S.; Reppert, S. M. Molecular cloning
and functional expression of a sheep &denosine receptor with
widespread tissue distributiollol. Pharmacol.1993 44, 524-532.

(6) Ji, X.-D.; Von Lubitz, D.; Olah, M. E.; Stiles, G. L.; Jacobson, K.
A. Species differences in ligand affinity at centrag-Adenosine
receptorsDrug Dev. Res.1994 33, 51-59.

(7) Schulte, G.; Fredholm, B. B. Signalling from adenosine receptors to
mitogen-activated protein kinaseSell. Signalling2003 15, 813~
827.

(8) Jacobson, K. A.; Gao, Z.-G. Adenosine receptors as therapeutic
targets.Nat. Re.. Drugs Discaery 2006 5, 247—-264.

(9) Moro, S.; Gao, Z.-G.; Jacobson, K. A.; Spalluto, G. Progress in the
pursuit of therapeutic adenosine receptor antagoriigésl. Chem.
Res.2006 26, 131—-159.

(10) Dhalla, A. K.; Shryock, J. C.; Shreeniwas, R.; Belardinelli, L.
Pharmacology and therapeutic applications pbédenosine receptor
ligands.Curr. Top. Med. Chem2003 3, 369-385.

(11) Ribeiro, J. A.; SebasStia A. M.; de Mendona, A. Adenosine
receptors in the nervous system: pathophysiological implications.
Prog. Neurobiol.2003 68, 377—392.

(12) Fredholm, B. B.; Cuhna, R. A.; Svenningsson, P. Pharmacology of
adenosine A receptors and therapeutic applicatioBarr. Top. Med.
Chem.2003 3, 413-426.

(13) Fishman, P.; Bar-Yehuda, S. Pharmacology and therapeutic applica-
tions of Ag receptor subtypeCurr. Top. Med. Chen003 3, 463—

469.

(14) Madi, L.; Ochaion, A.; Rath-Wolfson, L.; Bar-Yehuda, S.; Erlanger,
A.; Ohana, G.; Harish, A.; Merimski, O.; Barer, F.; Fishman, P. The
Az adenosine receptor is highly expressed in tumor versus normal
cells: potential target for tumor growth inhibitio@lin. Cancer Res.
2004 10, 4472-4479.



5684 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 23

(15) Gessi, S.; Cattabriga, E.; Avitabile, A.; GaRa; Lanza, G.; Cavazzini,

L.; Bianchi, N.; Gambari, R.; Feo, C.; Liboni, A.; Gullini, S.; Leung,

E.; Mac-Lennan, S.; Borea, P. A. Elevated expressionsafdenosine

receptors in human colorectal cancer is reflected in peripheral blood

cells. Clin. Cancer Res2004 10, 5895-5901.

Merighi, S.; Mirandola, P.; Varani, K.; Gessi, G.; Capitani, S.; Leung,

E.; Baraldi, P. G.; Tabrizi, M. A.; Borea, P. A. Pyrazolotriazolopy-

rimidine derivatives sensitive melanoma cells to the chemiotherapic

drugs: Taxol and vindesin®iochem. PharmacoR003 66, 739~

748.

Baraldi, P. G.; Tabrizi, M. A.; Romagnoli, R.; Fruttarolo, F.; Merighi,

S.; Varani, K.; Gessi, S.; Borea, P. A. Pyrazolo[4]38;2,4-triazolo-

[1,5<]pyrimidine ligands, new tools to characterize Adenosine

receptors in human tumor cell lineSurr. Med. Chem2005 12,

1319-1329.

Francis, J. E.; Cash, W. D.; Psychoyos, S.; Ghai, G.; Wenk, P;

Friedmann, R. C.; Atkins, C.; Warren, V.; Furness, P.; Hyun, J. L.;

Stone, G. A,; Desai, M.; Williams, M. Structuractivity profile of

a series of novel triazoloquinazoline adenosine antagodisided.

Chem.1988 31, 1014-1020.

(19) Kim, Y.-C.; Ji, X.-D.; Jacobson, K. A. Derivatives of the triazolo-
quinazoline adenosine antagonist (CGS 15943) are selective for the
human A receptor subtypesl. Med. Chem1996 39, 4142-4148.

(20) Mtiler, C. E.; Thorand, M.; Qurishi, R.; Diekmann, M.; Jacobson,
K. A.; Padgett, W. L.; Daly, J. W. Imidazo[2,Jpurin-5-ones and
related tricyclic water-soluble purine derivatives: poteng-Aand
As-adenosine receptor antagonistsMed. Chem2002, 45, 3440~
3450.

(21) Miiler, C. E. Medicinal chemistry of adenosing Aeceptor ligands.
Curr. Top. Med. Chem2003 3, 445-462.

(22) Baraldi, P. G.; Cacciari, B.; Romagnoli, R.; Merighi, S.; Varani, K.;
Borea, P. A.; Spalluto, G. A(3) adenosine receptor ligands: history
and perspectivedMed. Res. Re 2000 20, 103-128.

(23) Baraldi, P. G.; Cacciari, B.; Borea, P. A.; Varani, K.; Pastorin, G.;
Da Ros, T.; Tabrizi, M. A.; Fruttarolo, F.; Spalluto, G. Pyrazolo-
triazolo-pyrimidine derivatives as adenosine receptor antagonists: a
possible template for adenosine receptor subtygesf, Pharm. Des.
2002 8, 2299-2332.

(24) Colotta, V.; Catarzi, D.; Varano, F.; Cecchi, L.; Filacchioni, G.;
Martini, C.; Trincavelli, L.; Lucacchini, A. 1,2,4-Triazolo[4,8
quinoxalin-1-one: a versatile tool for the synthesis of potent and
selective adenosine receptor antagonidtdvled. Chem200Q 43,
1158-1164.

(25) Colotta, V.; Catarzi, D.; Varano, F.; Calabri, F. R.; Lenzi, O
Filacchioni, G.; Martini, C.; Trincavelli, L.; Deflorian, F.; Moro, S.
1,2,4-Triazolo[4,3a]quinoxalin-1-one moiety as an attractive scaffold
to develop new potent and selective humanatlenosine receptor
antagonists: synthesis, pharmacological, and ligaadeptor model-
ing studiesJ. Med. Chem2004 47, 3580-3590.

(26) Catarzi, D.; Colotta, V.; Varano, F.; Calabri, F. R.; Lenzi, O;
Filacchioni, G.; Trincavelli, L.; Martini, C.; Tralli, A.; Monopoli,
C.; Moro, S. 2-Aryl-8-chloro-1,2,4-triazolo[1 &lquinoxalin-4-amines
as highly potent Aand As adenosine receptor antagoni®sorg.
Med. Chem2005 13, 705-715.

(27) Van Muijlwijk-Koezen, J. E.; Timmerman, H.; Link, R.; van der Goot,
H.; IJzerman, A. P. A novel class of adenosingréceptor ligands.

1. 3-(2-Pyridinyl)isoquinoline derivatives. Med. Chem1998 41,
3987-3993.

(28) Van Muijlwijk-Koezen, J. E.; Timmerman, H.; Link, R.; van der Goot,
H.; I3zerman, A. P. A novel class of adenosingréceptor ligands.

2. Structure affinity profile of a series of isoquinoline and quinazoline
compoundsJ. Med. Chem1998 41, 3994-4000.

(29) Van Muijlwijk-Koezen, J. E.; Timmerman, H.; van der Goot, H.;
Menge, W. M. P. B.; von Drabbe Kuzel, J. F.; de Groote, M.;
IJzerman, A. P. Isoquinoline and quinazoline urea analogues as
antagonists for the human adenosingdéceptorJ. Med Chem200Q
43, 2227-2238.

(30) Van Rhee, A. M.; Jiang, J. L.; Melman, N.; Olah, M. E; Stiles, G.
L.; Jacobson, K. A. Interaction of 1,4-dihydropyridine and pyridine
derivatives with adenosine receptors: selectivity fgréceptorsJ.
Med. Chem1996 39, 2980-2989.

(31) Li, A. H.,; Moro, S.; Melman, N.; Ji, X. D.; Jacobson, K. A.
Structure-activity relationships and molecular modeling of 3,5-
diacyl-2,4-dialkylpyridine derivatives as selective; Adenosine
receptor antagonists. Med. Chem1998 41, 3186-3201.

(32) Li, A. H.; Moro, S.; Forsyth, N.; Melman, N.; Ji, X. D.; Jacobson,
K. A. Synthesis, COMFA analysis, and receptor docking of 3,5-diacyl-
2,4-dialkylpyridine derivatives as selective; Adenosine receptor
antagonistsJ. Med. Chem1999 42, 706-721.

(16)

an

(18)

Da Settimo et al.

(33) Primofiore, G.; Da Settimo, F.; Taliani, S.; Salerno, S.; Novellino,
E.; Greco, G.; Cosimelli, B.; Besnard, F.; Costa, B.; Montali, M.;
Martini, C. High affinity central benzodiazepine receptor ligands:
syntheses and biological evaluation of a series of phenyltriazoloben-
zotriazindione derivatives (PTBTs). Med. Chem2005 48, 2936~
2943.

Primofiore, G.; Da Settimo, F.; Taliani, S.; Marini, A. M.; La Motta,

C.; Novellino, E.; Greco, G.; Gesi, M.; Trincavelli, L.; Martini, C.

3-Aryl-[1,2,4]triazino[4,3a]benzimidazol-4(1B)-ones: tricyclic het-

eroaromatic derivatives as a new class of benzodiazepine receptor

ligands.J. Med. Chem200Q 43, 96—102.

Da Settimo, F.; Primofiore, G.; Taliani, S.; Marini, A. M.; La Motta,

C.; Novellino, E.; Greco, G.; Lavecchia, A.; Trincavelli, L.; Martini,

C. 3-Aryl[1,2,4]triazino[4,3a]benzimidazol-4(1Bl)-ones: a new

class of selective Aadenosine receptor antagonistsMed. Chem.

2001, 44, 316-327.

Da Settimo, F.; Primofiore, G.; Taliani, S.; La Motta, C.; Novellino,

E.; Greco, G.; Lavecchia, A.; Cosimelli, B.; ladanza, M.; Klotz, K.-

N.; Tuscano, D.; Trincavelli, M. L.; Martini, C. Aadenosine receptor

antagonists, 3-aryl[1,2,4]triazinobenzimidazol-4H)®nes (ATBIs)

andN-alkyl andN-acyl-(7-substituted-2-phenylimidaz[1&2f1,3,5]-
triazin-4-yl)amines (ITAs): different recognition of bovine and

human binding sitedDrug Dev. Res.2004 63, 1-7.

Nordstedt, C.; Fredholm, B. B. A modification of a protein-binding

method for rapid quantification of cCAMP in cell-culture supernatants

and body fluid.Anal. Biochem199Q 189 231-234.

Beukers, M. W.; Chang, L. C. W.; von Frijtag Drabbe Kunzel, J.

D.; Mulder-Krieger, T.; Spanjersberg, R. F.; Brussee, J.; IJzerman,

A. P. New, non-adenosine, high-potency agonists for the human

adenosine Ag receptor with an improved selectivity profile compared

to the reference agoniskethylcarboxamidoadenosink.Med. Chem.

2004 47, 3707-3709.

Chang, L. C. W.; von Frijtag Drabbe Kunzel, J. D.; Mulder-Krieger,

T.; Spanjersberg, R. F.; Roerink, S. F.; van den Hout, G.; Beukers,

M. W.; Brussee, J.; IJzerman, A. P. A series of ligands displaying a

remarkable agonistieantagonistic profile at the adenosine; A

receptor.J. Med. Chem2005 48, 2045-2053.

Tafi, A.; Bernardini, C.; Botta, M.; Corelli, F.; Andreini, M,

Martinelli, A.; Ortore, G.; Baraldi, P. G.; Fruttarolo, F.; Borea, P.

A.; Tuccinardi, T. Pharmacophore based receptor modeling: the case

of adenosine Areceptor antagonists. An approach to the optimization

of protein modelsJ. Med. Chem2006 49, 4085-4097.

Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart, W.

E.; Belew, R. K.; Olson, A. J. Automated docking using a Lamarckian

genetic algorithm and empirical binding free energy functidn.

Comput. Chem1998 19, 1639-1662.

(42) Gao, Z.-G.; Chen, A.; Barak, D.; Kim, S.-K.; Mer, C. E.; Jacobson,

K. A. Identification by site-directed mutagenesis of residues involved
in ligand recognition and activation of the human Adenosine
receptor.J. Biol. Chem2002 277, 19056-19063.

(43) Klotz, K. N.; Hessling, J.; Hegler, J.; Owman, C.; Kull, B.; Fredholm,
B. B.; Lohse, J. Comparative pharmacology of human adenosine
receptor subtypescharacterization of stably transfected receptors in
CHO cells.Naunyn Schmiedeberg’s Arch. Pharmact®98 357,
1-9.

(44) Cheng, Y. C.; Prusoff, W. H. Relationship between the inhibition
constant ;) and the concentration of inhibitor which causes 50 per
cent inhibition (so) of an enzymatic reactioiBiochem. Pharmacol.
1973 22, 3099-3108.

(45) Macromodel version 8.5; Schrodinger, Inc.: New York, 1999.

(46) Case, D. A; Darden, T. A.; Cheatham, T. E., lll; Simmerling, C. L.;
Wang, J.; Duke, R. E.; Luo, R.; Merz, K. M.; Wang, B.; Peariman,
D. A.; Crowley, M.; Brozell, S.; Tsui, V.; Gohlke, H.; Mongan, J.;
Hornak, V.; Cui, G.; Beroza, P.; Schafmeister, C.; Caldwell, J. W.;
Ross, W. S.; Kollman, P. AAMBER version 8; University of
California: San Francisco, CA, 2004.

(47) Ballesteros, J. A.; Weinstein, H. W. Integrated methods for the
construction of three-dimensional models and computational probing
of structure-function relations in G-protein coupled receptors.
Methods Neuroscil995 25, 366—-428.

JM0708376

34

(35

(36)

€

(38)

(39)

(40)

(41)



