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To design and synthesize new potent and selective antagonists of the hwrederosine receptor,
pharmacophoric hypotheses were generated with the software Catalyst for a comprehensive set of compounds
retrieved from previous literature. Three of these pharmacophores were used to drive the optimization of a
molecular model of the receptor built by homology modeling. The alignment of the ligands proposed by
Catalyst was then used to manually dock a set of knowaragonists into the binding site, and as a result,

the model was able to explain the different binding mode of very active compounds with respect to less
active ones and to reproduce, with good accuracy, free energies of binding. The docking highlighted that
the nonconserved residue Tyr254 could play an important rolefsekctivity, suggesting that a mutagenesis

study on this residue could be of interest in this respect. The reliability of the whole approach was successfully
tested by rational design and synthesis of new compounds.

Introduction 2,4-dialkylpyridiné =19 and pyridine derivative¥}2*have been
synthesized and tested as#¥R antagonists.

To design and synthesize a new generation of potent and
selective antagonists with improved absorption, distribution,

Adenosine is an ubiquitous neuromodulator that acts by
stimulating four cell surface receptors i(AAza, Azg, As), all

being part of the huge family of the G-protein-coupled receptors - . . .
(GPCR). In particular, Areceptors, discovered in 1992 by metabolism, and excretion (ADME) profiles as well as increased

Zhuo et al have been reported to be activated by a higher Water solubility compared to previous analogues, we set up a
concentration of their natural ligand with respect to other drug design app_roach, in Wh'ch ligand-based |nfo_rmat|0n and
subtypes, suggesting a pathophysiological role during hypoxic "omology modeling were combined throughout to increase the
stress and other cellular daméag@/hile As activation results success pOSSIbllltIeS. Many studies have begn published in which
in general hypotension and mast-cells degranuldfselective the docking procedure was used as an alignment tool for the

2
antagonists of these receptors may be used in clinical practicedevelopment of 3D-QSAR modet$.* Furthermore, some
as anti-inflammatofy/as well as cerebroprotectfand anti- recent studies have demonstrated that GPCR models of higher

asthmatic agents. accuracy can be produced if homology modeling, based on the
rhodopsin X-ray template, is supported by experimental struc-
tural constraints appropriate for active or inactive receptor
conformation®® or if crude models are optimized by including
f‘lgand-based informatioff. Regarding this last approach, Klebe
and co-workers have recently developed the MOBILE method,
where homology models are refined by including information

In the past decade, because of the importance of this new
biological target, a great effort has been made to design and
synthesize new potent and selective agonists and antagonist
of the human A adenosine receptor (RAR). Because of the
lack of experimental 3D structural data about theAR binding
site, the rational design of hAR antagonists has been . e . .
commonly pursued through the construction of receptor models abOUt b'OaCt'Ve ligands as spa_ual restra#titand have applied
or, alternatively, by QSAR/3D-QSAR approaches (such as it to thg discovery of neurokinin-1 receptor antagc?r.ﬁ'éts.
CoMFA) using experimental data obtained by previously In this study we have actually me'rged the capablht.les of twp
synthesized ligands. As a result of all this reseach, several classe§enerally complementary computational methodologies, that is,

of compounds, including pyrazolo[4¢3-1,2,4-triazolo[1,5€]- pharma_copho_?éand homology modelingf,to build a predigtive
pyrimidine derivative$, 12 triazoloquinazoline derivative§, ~ three-dimensional model of the humag #ceptor. The aim of
isoquinoline and quinazoline analoguésté and 3,5-diacyl- ~ Our approach was to gain information from a set of ligands by

means of a 3D-QSAR methodology to drive the refinement of

the receptor model and to increase the probability of identifying
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577-234306; fax;+39-577-234333; e-mail, botta@unisi.it. For AM.: phone, € Most important features for ligand recognition.
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* Universitadi Pisa. were all characterized by good statistical parameters and

Fefrgrigartimento di Scienze Farmaceutiche, Universiegli Studi di prediction ability; moreover, they were very similar in terms
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Table 1. hAzAR Antagonists Considered for Pharmacophore Generation and Validation

Tafi et al.

Cl
1a-r 2a-e 3a-q 4a-m 4a-m

compd R Ry R3 R4 Rs X
la NHCONH-(4-SQ;H—Ph) ethyl
1b NH; ethyl
1c NHCONH-—(3-CI-Ph) methyl
1d NHCONH-4-CH—Ph ethyl
le NHCONH-4-FPh ethyl
1f NHCONH-(2-OCH;—Ph) ethyl
19 NHCONH-—(2-CI—Ph) ethyl
1h NHCONH-—(3-CI-Ph) ethyl
1 NHCONH-Ph methyl
1 NHCONH-—(4-OCH;—Ph) ethyl
1k NHCONH—4-pyridyl methyl
12 NH propyl
im? NHCONH-—(4-OCH;—Ph) propyl
1nd NH H
1? NHCONH-—(4-OCH;—Ph) methyl
1p? NHCONH-—(4-NO,-Ph) ethyl
12 NHCONH-Ph propyl
1ra NHCONH-—(4-SGH—Ph) propyl
2a NH
2b NHCO—-Ph
2c NHCOCH—Ph
2d NHCOCH,CHjs
2e NHCOCH;
3a NHCO—(4-OCH—Ph) 2-pyridyl CH
3b NHCO—-Ph 2-pyridyl CH
3c NHCO—(4-CH;—Ph) 2-pyridyl CH
3d NHCO—(3,4-CH—Ph) 2-pyridyl CH
3e NHCO—(3,4-OCH—Ph) 2-pyridyl CH
3f NHCO—-3CI-Ph 2-pyridyl CH
3g NHCO—-30CH;—Ph 2-pyridyl CH
3h NHCONH—-Ph 2-pyridyl CH
3i NHCONH-Ph H N
3] NHCONH—Ph 2-pyridyl N
3k NHCONH-Ph 3-pyridyl N
3l NHCONH-Ph 3-CH—2-pyridyl N
3m NHCONH-Ph N,N-diethylamino N
3n NHCONH-Ph 1-pyrrolidinyl N
307 NHCO—(4-CI—Ph) 2-pyridyl CH
3p? NHCO—(2,4-CH;—Ph) 2-pyridyl CH
3q? NHCO—(3-CH;—Ph) 2-pyridyl CH
4a methyl O-ethyl methyl COG-ethyl H
4b methyl O-propyl methyl COG-ethyl H
4c methyl O-ethyl ethyl COG-ethyl H
4d methyl O-ethyl ethyl COG-ethyl H
4e ethyl O-ethyl ethyl COG-ethyl H
Af ethyl O-ethyl ethyl COG-propyl H
49 ethyl O-ethyl n-propyl COG—propyl H
4h ethyl O-propyl ethyl COG-propy! Cl
4@ methyl Sethyl methyl COG-ethyl H
4j2 propy! Sethyl ethyl COG-ethyl H
4ka methyl S-ethyl propyl COG-ethyl H
42 ethyl Sethyl ethyl COOCHCH,OH H
4ma ethyl S-ethyl ethyl COG-ethyl H
5a methyl O-ethyl ethyl COG-ethyl methyl
5b?2 ethyl Sethyl ethyl COG-ethyl methyl

a Compounds included in the test set.

At the same time, a raw model of BAR was generated by  superposition between each centroid of the pharmacophoric
homology modeling, using bovine rhodopsin as a temgfate, elements and a corresponding local minimum of the MIFs. Such
and several molecular interaction fields (MIFs) were calculated a procedure yielded a unique alignment for each pharmacophore
for each transmembrane helix with the aim of localizing the so that 12 liganéprotein complexes could be modeled on the
minimum-energy interaction points. basis of four reference compounds with the purpose of refining

The three screened pharmacophores were then subjected, onthe receptor model. Each complex was in fact relaxed (according
by one, to a manual docking procedure into the raw binding to a protocol fully described in this report) and evaluated in
site, which was adjusted as well, to achieve the highest terms of energies and “feature correspondence” to pick both
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Table 2. Cost, Statistical Parameters, and Composition Features
Associated with the First 10 Pharmacophoric Hypotheses Generated by
Catalyst

statistical parameter composition feature

Hypo cost rmsd rZr-set lZestset 1 2 3 4 5

163.3 1.05 0933 0.744 Hyd Hyd Hyd RA Pl
167.8 1.17 0917 0.806 Hyd Hyd Hyd HBA PI
168.7 1.18 0915 0.839 Hyd Hyd Hyd HBA HBA
1704 1.22 0.909 0.854 Hyd Hyd Hyd RA  HBA
1721 1.26 0.903 0.827 Hyd Hyd Hyd RA HBA
1740 1.28 0900 0.852 Hyd Hyd Hyd HBA HBA
1749 1.31 0.895 0.738 Hyd Hyd Hyd RA  HBA
1750 1.30 0.897 0.840 Hyd Hyd Hyd HBA HBA
1752 1.31 0.895 0.809 Hyd Hyd Hyd HBA HBA
0 1756 1.32 0893 0.760 Hyd Hyd Hyd RA HBA

aAll costs are reported in bits. Fixed cost 155.3 is the cost of a
theoretical ideal hypothesis that is able to perfectly predict activities. Null
cost= 290.8 is the cost of a hypothesis that gives no correlation between
experimental and predicted activitiéddyd: hydrophobic. RA: ring
aromatic. PI: positive ionizable. HBA: hydrogen bond acceptor.

POO~NOUWNPRE

Figure 1. CompoundLlk. The red sphere shows the positive ionizable
feature (PI) located in front of the guanidine moiety.

investigation. In the first place, the prediction of the test set

: ; 2 d as the selection standard. To improve this

the optimum hAAR model and the best performing pharma- (test-se) Was used as the _ , prove th
P P gp rule, hypotheses were discarded, which estimated the activity

cophore out of the three options investigated. ‘th t potent d t of th 16 nM
The selected pharmacophore was used afterward to exportO e most potent compoundK) out of the correc n

the relative alignment of four further compounds. The predictive range. We believe mdegd itwas crucial that 'ghe activity O.f this
power of the ligane-receptor model chosen was finally compound was well estimated for a hypothesis to be considered

established by finding a quantitative correlation between (r;hab:g. dF'n?rl]ly’ ttri:e flrstn:vxgg Zypoéhei?fslof Tiff[‘it\)lle izn}/;e[)?
experimental and theoretical values of free energies of binding, scarded, since they contained a doubtiul positive ionizable

calculated by the application of a scoring function. _feature (P1). A guanidine scaffpld was rec_ogmzed by Catalyst
. . X . in several of our hAAR antagonists so that in a few hypotheses
Finally, some novel putative Aantagonists were designed,

) : : oo a centroid was located in an area betweén 6 and N6 of
synthesagd, and blo[oglcally evaluated to test the reliability of the pyrazolotriazolopyrimidine nucleus (see the case of com-
our combined modeling strategy.

pound 1k, shown in Figure 1), indicating the presence of a
potentially positively ionizable group. In short, the software was
not able to discriminate between a guanidine system substituted

Pharmacophore Generation.nAsAR antagonists are char-  with electron-withdrawing groups, which, as in our case, is not
acterized by great structural diversity, making it difficult to find  protonated at physiological pH, and a basic unsubstituted
a common chemical pattefn?3!Nevertheless, certain common  guanidine group (fairly protonated).
electronic and steric features have already been reported in the On the basis of such considerations, hypotheses 4 (HYPO1
literature based on a combination of ab initio calculations, in the following) and 6 (HYPO2 in the following) of Table 2
electrostatic potential map comparison, and steric and electro-yere chosen for further evaluation. HYPO1 and HYPO2
static alignment (SEAL) analysésIn this study we exploited  exhibited, respectively, correlation coefficiemfs= 0.909 and
the ability of the Catalyst 4.6 software pack&yeo find a r2 = 0.900 for the training set and = 0.854 and2 = 0.852
common alignment for a comprehensive set of 3@Atagonists  for the test set. The activity of compoufil was well estimated
(see Table 1) with the aim of explaining most of their structure  py both HYPO1 Kcaie = 5.6 x 1072 nM) and HYPO2 Keae =
activity relationships. 8.4 x 1072 nM). In Figure 2 the entire set of features of both

The entire set of compounds, with activity data spanning 5 pharmacophores is displayed superposed to this derivative. Both
orders of magnitude (from 18to 1(° nM), was divided intoa  hypotheses were characterized by five features and shared a
training set of 38 compounds and a complementary test set ofcommon scheme consisting of three hydrophobics at the vertexes
17 compounds (see Table 1), following Catalyst's guidelifes.  of a triangle (HYD1, HYD2, and HYD3). They differed for a
In particular, (i) derivativelk (the most potent and selective  hydrogen bond acceptor (HBA1) pointing toward opposite
As antagonist ever reportédwas included in the training set  directions and for a hydrogen bond acceptor (HBA2), which
because the software pays particular attention to the most activereplaced, in HYPO2, the ring aromatic (RA) found in HYPOL1.
compound while generating the chemical feature space and (i) Experimental and calculated (estimated or predicted by
the types and relative positions of the chemical features Catalyst) A affinity values of all the compounds used in the
(substitution patterns) shown by the molecules were maximized computational studies are shown in Table 3, while the regression,
because the program recognizes the molecules as collectiongased on HYPO1, of experimental versus estimated/predicted
of chemical features, not as assemblies of atoms or bonds. affinities is shown in Figure 3.

Ten hypotheses were collected during a first pharmacophore  As shown in Table 3 with regard to HYPO1 and HYPO2,
generation, whose details are reported in Table 2. The 12.3 bitthe ratio between calculated and experimentally measkired
cost range gained over the models suggested the existence of @alues of the compounds (error columns) was generally better
strong signal generated by the training set; moreover, athan 10-fold and in most cases better than 3-fold. Taking into
difference greater than 100 bits between the cost of eachaccount this result and considering that the strong affinity values
hypothesis and the null cost was indicative of more than 90% shown bylk might signify that it possesses all the crucial groups
of true correlatior?? involved in ligand-receptor interactions, we could assume that

A careful analysis was performed on the generated hypothesesoth HYPO1 and HYPO2 accounted for relevant interactions
with the aim of selecting the most significant ones for further between antagonists and $¥%R. Furthermore, the soundness

Results and Discussion
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Figure 2. HYPOL1 (a) and HYPO2 (b) superposed to compofikdPharmacophoric features are color-coded: sky blue for hydrophobic (HYD),
green for hydrogen bond acceptor (HBA), and orange for aromatic ring (RA).
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Figure 3. Regression of experimental versus estimated/predicted A
affinities (nM) based on HYPOL1 (logarithmic scale), for each member )
of the training and test sets. Figure 4. HYPOS3 superposed to compourik. Pharmacophoric

features are color-coded: sky blue for hydrophobic (HYD), green for
of both HYPO1 and HYPO2 hypotheses was supported by hydrogen bond acceptor (HBA), and magenta for hydrogen bond donor
literature reports that stressed that a wides interaction (HBD).

involving the pyrazolotriazolopyrimidine system and the C2-

furyl substituent might be crucial for Aantagonisn®! while the vertexes of a triangle. No more RA features were present
hydrophilic interactions are probably responsible fgrsalectiv- in the model, while two hydrophilic interactions (one HBA and
ity. one HBD) appeared at one side of the triangle. This hypothesis,

In any case, on the basis of what has been already reportedike HYPO1 and HYPO2, was able to estimate/predict the
by some of us about the importance of a hydrogen bonding activities of both training and test sets in a satisfactory manner
donor (HBD) interaction between the NHCONH group present (see Table 3), showing indeed a correlation coefficiént
on most of the compounds considered in this study angt hA 0.91 for the training set and = 0.87 for the test set. Moreover,
AR,%>12we then pushed Catalyst to generate new hypotheseswhile two inactive compounds4é and 1b) were completely
with an HBD feature. Accordingly, we set up a possible “mis-predicted” by HYPO3, most of the other compounds were
adjustment to correct our computational protocol (see the fairly well-predicted with an error lower thait3.

Experimental Section for details). Catalyst's default spacing HYPOL1, HYPO2, and HYPO3 were then exported and
value (that is, the minimum distance between the location of manually docked into the receptor model as described later in
actual features) was hypothesized to be the critical control this article.

parameter that had not worked properly for our set of com-  Receptor Modeling and Structure Optimization. All the
pounds. As a result of this effort, 10 new HBD-endowed information regarding the primary structure of the human A
hypotheses were collected whose details are reported in Tablereceptor and the subdivision into transmembrane, cytoplasmatic,
4, which presented similar statistical data with respect to the and extracellular domains was obtained from the GPCR Data
ones previously generated. Among those hypotheses possessinBank3* A raw structure of hAAR was obtained through
the HBD feature, the one ranked 9th (HYPO3 in the following) molecular modeling, using bovine rhodopsin as a temghate.
was chosen for further investigation according to the aforemen- The receptortemplate superposition was carried out maintain-
tioned selection rules. ing the maximum analogy between them and choosing the

In Figure 4 the entire set of features of HYPO3 is displayed regions with a conserved or semiconserved sequence. The
superposed to compouriik. Once again, HYPO3 presented alignment was studied on several adenosine receptors by means
the recurring scheme of three hydrophobic interactions lying at of the ClustalW prograf® and was guided by the highly
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Table 3. Experimental Kiexp) and Calculatedi; cacd Affinity Values
(nM) of All the Compounds Used in the 3D-QSAR Studies

HYPO1 HYPO2 HYPO3
compd  Kiexp Kicacd €rror  Kicacd €ror  Kicacd  €rror
la 40 15 —2.6 8.4 —4.8 6.6 —6.0
1b 3600 130 —28.0 160 —22.0 160 —22.0
lc 0.4 0.12 -33 0.11 -35 0.092 —-4.4
1d 0.14 1.0 7.2 0.46 3.3 0.41 2.9
le 0.86 1.4 1.6 1.3 15 0.86 1.0
1f 0.56 0.81 1.4 1.6 2.8 049 -11
19 0.3 0.93 3.1 0.65 2.2 0.58 1.9
1h 2.1 0.9 1.6 0.69 -—3.0 0.67 —31
1i 0.16 0.19 1.2 0.14 -1.2 0.093 -1.7
1j 0.6 0.79 13 0.74 1.2 0.33 —1.8
1k 0.04 0.056 14 0.084 21 0.062 1.6
112 613 45 —13 96 —6.4 99 —6.2
Im 029 0.18 -1.6 3.3 11 011 -27
1n? 348 4500 13.0 2800 7.9 3400 9.8
1lo? 0.2 0.057 —-35 017 -12 0.069 -2.9
1p? 0.65 12 19.0 7.1 11.0 6.3 9.7
1P 0.15 0.38 25 0.57 3.8 0.17 11
1ra 30 3.1 -9.6 4.2 -7.1 2.6 —11.0
20 85 120 14 240 2.9 200 2.3
2b 3 1.2 —25 11 —2.8 7.9 2.6
2c 065 19 2.9 1.7 2.6 5.7 8.7
2d 7.7 0.9 —8.6 0.61 —-13.0 84 11
2 139 24 1.8 180 13.0 140 9.9
3a 17 110 6.2 180 11.0 170 9.9
3b 200 300 15 390 2 350 17
3c 96 500 5.2 310 3.3 210 2.2
3d 69 120 17 300 4.4 69 2.9
3e 310 98 —-3.2 120 —2.7 130 —2.4
3f 770 130 —6 250 -3.1 190 —4
39 150 160 11 160 11 150 1
3h 76 210 2.7 130 1.7 170 2.2
3i 1200 1000 -—-1.2 680 —-1.7 960 -1.2
3j 490 230 —2.2 130 —3.8 180 —2.8
3k 51 150 2.9 120 2.3 150 2.9
3l 260 97 —2.7 94 —2.8 76 —3.5
3m 180 64 -2.8 52 —3.4 42 —4.3
3n 82 160 1.9 130 1.6 160 1.9
37 200 480 2.4 420 2.1 290 1.4
3p? 360 230 -1.5 280 -1.3 190 -1.9
37 240 120 -2 370 15 180 -1.3
4a 4500 140 —32.0 110 —40.0 100 —44.0
4b 210 86 -2.5 110 -2 110 -1.9
4c 180 170 -1.1 200 11 260 14
4d 43 150 3.6 170 3.9 150 34
4e 120 130 11 120 1.0 130 11
4f 8.3 81 9.8 100 12.0 100 12.0
49 19 94 5.0 160 8.2 75 4.0
4h 7.9 40 5.0 19 2.4 16 2.0
42 20 130 6.5 130 6.5 100 5.2
4j2 333 91 2.7 100 3.1 110 3.3
4ka 194 200 11 130 -1.4 97 —-2.0
412 188 80 —24 98 -1.9 86 —2.2
am?2 134 86 6.4 170 13 120 9.2
5a 380 160 —2.4 180 —-2.1 140 —2.7
5b2 219 130 -1.7 140 —-1.6 140 -1.6
16° 51 5.1 1.0 NC NCe NCe¢ NCe
1im 2.0 5.4 2.7 NC NCe NCe¢ NCe
18 34 8.7 -3.9 NC NCe NCe¢ NCe

aCompounds included in the test seNew As antagonist designed,
synthesized and biologically evaluated, to test the reliability of the
computational approachNot calculated.
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Table 4. Cost, Statistical Parameters, and Composition Features
Associated with the Second 10 Pharmacophoric Hypotheses Generated
by Catalyst

statistical parameter composition feature

Hypo cost rmsd rZ—set r%estset 1 2 3 4 5

1 1769 1.05 0934 0.821 Hyd Hyd Hyd Hyd HBD
2 1782 108 0930 0.811 Hyd Hyd Hyd Hyd HBA
3 1830 120 00913 0822 Hyd Hyd Hyd HBD RA
4 183.7 1.18 0916 0.821 Hyd Hyd Hyd HBA HBA
5 1847 123 0908 0.800 Hyd Hyd Hyd HBA HBA
6 1851 1.23 0908 0.857 Hyd Hyd Hyd HBA HBD
7 185.2 1.24 0906 0.743 Hyd Hyd Hyd HBA RA
8 185.2 1.21 0912 0.795 Hyd Hyd Hyd HBA HBA
9 1853 1.22 0909 0870 Hyd Hyd Hyd HBA HBD
10 186.1 1.17 0918 0.738 Hyd Hyd Hyd HBA HBD

aAll costs are reported in bits. Fixed cost 155.34 is the cost of a
theoretical ideal hypothesis that is able to perfectly predict activities. Null
cost= 290.81 is the cost of a hypothesis that gives no correlation between
experimental and predicted activitiésdyd: hydrophobic. RA: ring
aromatic. Pl: positive ionizable. HBA: hydrogen bond acceptor.

Table 5. Mutational Analysis for the Human AReceptor Antagonists
Interaction

region AAR mutational results
T™M3 H95 A: reduction of affinity
L4-5 K152 A: reduction of affinity
TM6 w243 A: reduction of affinity
L244 A: modest variatioh
S247 A: modest reduction of affinity
N250 A: loss of binding
™7 H272 E: reduction of affinity
Y282 F: reduction of affinity

aSee ref 40P See ref 39.

the TM3 and TM7 had to be rotated respectively by’ 60
clockwise and 90counterclockwise (extracellular point of view)

to let them turn toward the intrahelical channel, thereby allowing
the interaction of Hys95 and Hys272 with the ligands. On the
other hand, in agreement with the findings of Gouldson e¥al.,
rotations and translations of the transmembrane (TM) domains
are important steps in a ligardeceptor interaction process in
different GPCRs. Because of the antagonist profile of the ligands
considered, possible rearrangements of the receptor in an
activated form able to interact with agonists were not taken into
account. The h4AR model so obtained was optimized through
the procedure fully described in the Experimental Section, and
the seven helices were then disassembled.

Individual molecular interaction fields (MIFs) were calculated
for every transmembrane helix by means of the GRID progtam
with the aim of determining energetically favorable interaction
sites on each one of them. Several probes were used at this
stage (see Table 6 for details) to investigate the ligaedeptor
binding mode.

After the seven helices were reassembled, the receptor was
displayed together with the points of local minimum energy of
the MIFs located at their proper position in 3D space. At this
point, Catalyst hypotheses were manually docked one by one,
coupling this operation with a manual rearrangement of the

conserved amino acid residues (see the Supporting Information),"elative positions and orientations of the helices in order to (a)
including the D/ERY motif (D/E3.49, R3.50, and Y3.51), the Superpose each pharmacophoric feature found by Catalyst on a
two Pro residues P4.50 and P6.50, and the NPXXY motif in mMinimum of the corresponding MIF (see Table 6) and (b) retain

the TM7 (N7.49, P7.50, and Y7.5%).

the crucial interactions between the pharmacophore features and

The homology model directly obtained using bovine rhodop- the most important residues, as highlighted by site directed
sin as a template was not able to take into account all the mutagenesis studié8:+2

mutagenesis data reported concerning antagonistsgffRfsee

In this manner, three models of the receptantagonist

Table 5). In particular, in contrast with these data, Hys95 and complex were obtained (MODEL1, MODEL2, MODEL3) that

Hys272 did not point toward the intrahelical channel. Therefore,

differed from each other for the binding mode of the ligands as
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M146 M146

Y254

HYD3 § N2s0
L= HBA1

F182

w1ss w185

L102

H272
a F239

MODEL3

L102

MODEL?2

Figure 5. From left to right, the three receptor complexes ogAR with 1k (MODEL1, MODELZ2, and MODELS3) are shown, each one superposed
on the alignment between the complementary pharmacophoric hypothesis and the MIFs (displayed as spheres). In sky-blue the minima obtained
with the DRY probes are represented. In green are those calculated with O=rutdbies. In orange are those derived from the calculation with

MODEL1

the CX= probe, and in magenta is the one obtained with the=Nsifobe.

Table 6. Details of the Probes Used for MIF Calculatiéns
corresponding

probe brief description catalyst feature
H hydrogen HYD

DRY hydrophobic probe HYD, RA
Cl= sp? CH aromatic or vinyl RA

N:= sp? N with lone pair HBA

N1= sp? amine NH cation Pl, HBD
NH= sp? NH with lone pair HBA, HBD
N1+ sp® amine NH cation PI, HBD
N1: sp NH with lone pair HBA, HBD
N2 neutral flat NH, e.g., amide HBD

N2= sp? amine NH cation Pl, HBD
N2+ sp® amine NH cation Pl, HBD
N2: sp NH. with lone pair HBA, HBD
NM3 trimethylammonium cation PI

o1 alkylhydroxyl OH group HBA, HBD
oc2 ether or furan oxygen HBA

O sp? carbonyl oxygen HBA

aThe corresponding catalyst features are reported in the last column.

defined by the three pharmacophoric hypotheses (HYPOL1,
HYPOZ2, and HYPO3).

To determine which of the three models was the most reliable
one, derivativedj, 1k, 2c, and3a were chosen among those
used in the 3D-QSAR studies and manually docked into the

In MODEL2, the overlap between HBA1 and the O probe
minimum as well as the correspondence between HYD3 and
the lipophilic cleft H3 were maintained. However, different from
MODEL1, HYD1 corresponded to the lipophilic cleft H2 while
HYD2 corresponded to a lipophilic interaction with Leu246,
close to the cleft H1. Regarding HBAZ2, this feature (not present
in HYPO 1) was found to overlap an #: probe minimum,
suggesting a possible hydrogen bonding interaction betdieen
(N6 of the aromatic core) and the backbone NH of His95.

Finally, the features of HYPO3 determined a completely
different disposition of the pharmacophore inside MODELS3 (see
Figure 5): HYD1 was accommodated into a lipophilic cleft
delimited by Met146, Phel82, and Trp185 (roughly correspond-
ing to the H3 cleft); HYD3 matched a DRY minimum next to
Leu246 and His272; HYD2 corresponded to an energy-favorable
lipophilic interaction with Trpl85. Regarding electrostatic
interactions, HBA1 corresponded to an H-bond with Tyr254
and HBD1 matched an H-bond between the@ of Asn250
and the NH oflk.

The 12 generated complexes (obtained from the docking of
1j, 1k, 2c, and3ainto the three MODELSs) were then subjected
to a relaxation protocol (see Experimental Section).

In MODEL1 all four ligands established the expected
interactions with His95, Trp243, His272 and formed one H-bond

receptor, using the three alignment rules and conformations with Asn250.

defined by the corresponding pharmacophoric hypotheses.
Figure 5 shows the three models (compoudids displayed

In MODEL2 the lipophilic interactions with His95, Trp243,
and His272 were detected for all four ligands, while only three

as reference) together with the alignments between selected localigands out of the four4j, 1k, and2c) possessed the crucial

minima of the MIFs (calculated as described above) and the
three pharmacophoric hypotheses HYPO1, HYPO2, and HY-
PO3.

In MODEL1, the aromatic ring feature RA (matched by the
core of1Kk) resulted in being superimposed on one of the=C1
probe minima, highlighting a—a interaction with Trp243. In
fact, this residue has been widely reported as playing an
important role in antagonist recognitiér.*2 HBA1 mapped
profitably an O probe minimum, digging up a possible hydrogen
bond between the=€0 of the ligand and the side chain NH of
Asn250. Notably, the mutation of this residue causes loss of
affinity for both agonists and antagoniéfs?2 Finally, HYD1,
HYD2, and HYDS3 resulted in being superimposed on three
DRY minima and were accommodated into three receptor
hydrophobic clefts (H1, H2, and H3) delimited, respectively,
by (i) Phe239, Trp243, Hys272; (ii) Leul02, Phe239, Trp243;
and (iii) Hys95, Phel82, Trpl185, Tyr254.

hydrogen bond with Asn250 (see Table 6). Furthermore, none
of the complexes showed the hydrogen bond predicted by
HYPO2 between the N6 nitrogen of the aromatic core and the
backbone NH of His95 (HBA2 feature).

In MODELS3 all the ligands interacted with His95, Trp243,
His272, and Asn250; however, as a result of the optimization
procedure, both compounds and3aacted as a hydrogen bond
acceptor with respect to Asn250, in contrast to the pharma-
cophoric hypothesis (HYPO3) which predicted an HBD feature
(HBD1).

Therefore, although mutagenesis data were generally verified
for all three models, only MODEL1 was able to fulfill both
mutagenesis data and the Catalyst predicted pharmacophoric
framework for all the compounds tested.

The interaction energies of all 12 complexes were then
calculated by subtracting the energy of the separate ligand and
receptor from the energy of the receptdigand complex, and
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Table 7. Interaction Energies of Compounds 1k, 2c, and3ain the 5 MODEL 7
Three Considered Alignment Models: MODEL1, MODEL2, and e
MODEL3 =069
interaction energies (kJ/mol) E
compd MODEL 1 MODEL 2 MODEL 3 g
1 ~55.9 ~52.1 ~53.5 2
1k —61.4 —53.4 —56.8 3
2¢c —-58.5 —-53.5 —55.7 3
3a —55.2 —47.0 —47.6 <
Table 8. A Affinity (Ki,), Experimental Binding Free Energ®up), M S S A PR e A A
and AutoDock Binding Free Energyaicd into the Three Models of AG experimental (Kcalimol)

Compoundslk, 1j, 2c¢, 2d, 3a, 3i, 4a, and4h

Gealed (Kcal/mol) MODEL 2

compd K (NM)  Geypu(kcal/mol) MOD1 MOD2 MOD3 s r=0.56
1k 0.04 —14.18 —12.05 —11.10 —11.29 £, .
1 0.60 —12.57 —-12.84 -12.79 —11.00 3
2¢c 0.65 —12.53 —12.80 —12.09 -—11.64 3
2d 7.66 —11.07 -10.81 -9.30 —9.46 5 .
3a 17 —10.59 -11.78 —958 —11.24 3
3i 1180 —8.08 -9.22 —-7.72  —10.03 2
4a 4470 —-7.29 —-10.00 -9.00 -7.71
4h 7.94 —11.04 —10.54 —-857 —11.42
P S S " s FE e R R §
the values calculated are reported in Table 7. Generally it was 4G experimental (Kcalimol)
not possible to find a quantitative correlation between calculated a8
values and affinities of the compounds mainly because of the " HopeL
lack of the solvation and entropic terms. However, in this case, r=0.57

only the interaction of the same ligand, though in different
orientations, in the same receptor was to be evaluated, and
therefore, the solvation and entropic contributions could be
considered approximately constant. As shown in Table 7,
MODEL1 yielded the highest interaction energy values for all
four ligands. Although the difference in energies among the three

AG calculated (Kcal/mol)

models was small and probable within the error of the method, -

the fact that the best interaction energy for all ligands was found B T S

with MODEL1 strengthens the hypothesis that this model could 4G experimental (Kcalimol)

be considered the most reliable one. Figure 6. Experimental versus calculated (AutoDock) binding energy

In a third check, an assessment of the predictive power of of compoundslk, 1j, 2c, 2d, 3a, 3i, 4a, and4h.
the three models was carried out. The free energies of binding
of the complexes with several compounds were calculated by
means of the AutoDock 3.0 scoring functithThis docking
application proved in fact to be reliable in many studies present
in the literature’*=46 since its free energy function, based on
the principles of QSAR, has been parametrized using a large
number of proteirrinhibitor complexes for which both structure
and inhibition constants were known. Accordingly, compounds
2d, 3i, 4a, and4h were docked in turn, applying the protocol
already discussed for compountis 1k, 2c, and3a.

As shown in Table 8 and Figure 6, a reasonable quadratic Figure 7. Superposition of the complexes of b#R with the most
correlation between experimental and calculated values of free@ctive ligandslj, 1k, and2c (left) and with the less active onel,
energy of binding was found for MODELL¥ = 0.69). In 3a, 3i, 4a, and4h (right). For sake of clarity, only residues under

. . consideration are reported.
contrast, a weaker free energy correlation was obtained for
MODEL?2 and MODEL3 (values of 0.56 and 0.57, respectively). 7), H2 was very small, thus allowing a perfect matching with
All these results suggested MODEL1 as the most reliable one, the ligand, while the wider H3 was able to accommodate long
and for this reason it was selected for further analysis. chains such as phenylcarbamoyl moieties. On the other hand,

With the aim of achieving a qualitative knowledge of the for compounds showing(; > 1 nM (right part of Figure 7),
features of hAAR, the eight relaxed complexes of compounds Trpl85 was in an “open” conformation so that weaker contacts
1k, 1j, 2¢, 2d, 3a, 3i, 4a, and4h were compared among each were possible with the ligands. Therefore, the model seemed
other through the superposition of the seven helices. Theto be able to discriminate between very active compounds
outcome of such a procedure is shown in Figure 7. The most (K;j < 1 nM) and less active one&(> 1 nM).
evident result was that the receptor model was able to vary the Regarding the interactions betwetkand the hA receptor,
width and shape of its three hydrophobic clefts in order to beyond the above-mentioned interactions and already suggested
accommodate different ligands. In particular, Trp185 could act by site directed mutagenesis studies, residue Tyr254 also played
as a gate, making the H2 and H3 clefts wider or narrower. In an important role in our Amodel because it formed an H-bond
the case of compounds showikg< 1 nM (left part of Figure with the pyridyl ring of the ligand (see Figure 8). This interaction
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" His272

Figure 8. Side view of hAAR complexinglk into its intrahelical region (MODELL1, left) and details of relevant binding interactions (right).
could justify the improved activity of compounds suchlds Scheme 2
presenting a proper hydrogen-bonding acceptor group in that
region (4-pyridyl) and the irreversible inhibition kyfluoro-
sulfonylpyrazolo[4,3¢]-1,2,4-triazolo[1,5¢]pyrimidine deriva-
tives?’ Furthermore, because of the fact that Tyr254 is a
nonconserved residue in other adenosine receptors, this interac-

tion could also explain the high selectivity shown by.

Design and Synthesis of hAAR Antagonists. The analysis
of the recognition geometry of compourik in MODEL1 N NH,
suggested some structural changes to be made on the pyrazo- : N/*N,N ol
lotriazolopyrimidines, with the aim of improving their water NTONAN w
solubility and ADME properties as well as the activity/selectivity N%N
profile. In particular, a small hydrophilic pocket bordered by
two serine residues (Ser242 and Ser275) lay empty near the
H1 cleft of the receptor. Hence, the introduction of a short alkyl
chain at N of 1k, terminating with a hydrophilic group, was
hypothesized to verify the possibility of binding interactions
within this pocket.

In contrast, it appears that the interactions with His98, Trp243, B
Asn250, Tyr254, and His272 (see Figure 8) are to be conserved;
therefore, the tricyclic system dk together with the pyridine
urea moiety should be maintained.

Compounds16—18 (Scheme 2) to be proposed for the d
synthesis were then designed and virtually evaluated in silico
(applying the whole modeling procedure described above). d

The §ynthe3|s of compound§—18was performed using Fhe aReagents: (i) 2-iodoethanol, 60% NaH, room temp; (i) benzyl
synthetic strategy depicted in Schemes 1 and 2. Alkylation of 3-promopropy! ether, 60% NaH, 10€, 12 h: (iii) benzyl bromide, 60%
the 2-(furan-2-yl)-H-pyrazolo[4,3€]-1,2,4-triazolo[1,5€]pyri- NaH, room temp, 5 h.
midin-5-ylamine 61048 with 2-iodoethanol or benzyl-3-bro-
mopropyl ether in DMF and 60% NaH afforded compounds
748 and 8, which were separated from the corresponding N
isomers by flash chromatography.

The free hydroxylic group of the Nsomer of compound

il

the mixture was then refluxed for-3B h to afford compounds
13-15. The final productd6—18were achieved by deprotecting
the ether function by treatment with HGRH, and 10% Pd/C
in dry acetone at reflux.

was then protected by reaction with benzyl bromide to furnish
derivative 9*8 (Scheme 1). As reported in Scheme 2, the free
amino group at the 5 position of compounflsand 9 was
converted into the corresponding urd&s-15 by treatment with
freshly prepared 3- or 4-pyridyl isocyanatda or 12b,
respectively. The preparation of the intermedial&ab is
described in the literatuté& >0 and illustrated in Scheme 2. The
commercially available nicotinoyl and isonicotinoyl hydrazides
(10aand10b) were converted into the corresponding acyl azides
(11aand11b) by reaction with sodium nitrite and aqueous HCI.
The azides were then converted into the isocyanafesand

Compounds13—18 were tested for their affinity toward
human A, Aza, Azs, and A adenosine receptors (see Experi-
mental Section). The values measured for compourtdsl8
are shown in Table 9, to be compared with the theoretical values
predicted for the A receptor by both the AutoDock scoring
function (notably, the scoring function hypothesized an activity
between 0.5 and 2 nM for these ligands) and Catalyst (Table
3).

CompoundL7 resulted in being the most promising selective
As antagonist. The docking of this derivative into MODEL 1 is
shown in Figure 9. The expected hydrogen-bonding interaction

12b by Curtius rearrangement induced by heating the azides in between the hydroxyl substituent at N8 and Ser275 is high-
dry toluene for 2 h. The crude isocyanates obtained were addedighted. Even if the affinity ofL7 for the Ag receptor dropped

to the tricyclic compound8 and9 dissolved in dry THF, and

about 2 orders of magnitude with respect to compolikdits
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Scheme 2

16-18
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aReagents: (i) NaN@ aqueous HCI, OC, 1 h; (ii) toluene, 8CC, 2 h; (iii) THF, reflux 5-8 h; (iv) acetone, HC&NH4, 10% Pd/C, reflux 12 h10a,
113 12a X = CH, Y =N. 10b, 11b, 12b: X =N, Y = CH. 13 X =N, Y = CH, R= 2-benzyloxyethyl14: X = N, Y = CH, R= 3-benzyloxypropyl.
15 X =CH, Y = N, R = 2-benzyloxyethyl16: X = N, Y = CH, R = 2-hydroxyethyl.17. X = N, Y = CH, R = 3-hydroxypropyl.18: X = CH, Y

= N, R = 2-hydroxyethyl.

Table 9. Affinity Values of Compoundsl6—18

Ki (nM)
compd hA2 hA2P  hAE® hAz predicted hA®e

16 >1000 >1000 >1000 5.1(4.+6.5) 1.78
(74%)  (96%) (71%)

17 350+30 >1000 >1000 2.0(1.72.4) 0.78
(95%)  (73%)

18 >1000 >1000 >1000 34 (28-40) 1.58
(92%) (93%)  (99%)

aDisplacement of specificH]DPCPX binding at human Areceptors
expressed in CHO cell8.Displacement of specifi¢H]ZM 241385 binding
at human Aa receptors expressed in CHO cefli®isplacement of specific

[BH]MRE 2029F20 binding at human,Areceptors expressed in CHO cells.

d Displacement of specifi@éH]MRE 3008F20 binding at humansAeceptors
expressed in CHO cell§.Predicted A K; affinity (using our A; model
and AutoDock scoring function).

Tyr254

Trp185

His95

Trp243

Ser242 28
Ser275

Figure 9. Compoundl7 docked into the putative binding site.

as well as to an entropy penalty associated with the high number
of degrees of freedom of the alkyl chain. In any case, there is
quite a good affinity prediction by our AR model.

Conclusions

In the research reported here we performed a pharmacophoric
study using the software Catalyst, which yielded three different
common feature hypotheses for antagonists of the human A
receptor. The statistical parameters of the three models, i.e., high
cost differences with respect to null costs, suggested a possible
reliability of all of them; moreover, they all showed the ability
to predict affinity data for a test set of compounds, in good
agreement with experimental data. The three pharmacophores
referred to a recurring scheme consisting of three hydrophobic
interactions lying at the vertexes of a triangle. They seemed
particularly good in handling pyrazolotriazolopyrimidine deriva-
tives, the most potent class o Antagonists ever reported. On
the other hand, our ligand based approach alone did not converge
on a unique model and only the use of molecular modeling
techniques allowed us to choose the most reliable pharmaco-
phore.

The construction of a human G-protein-coupled receptor
model through a homology procedure solely based on the bovine
rhodopsin structure is quite an unreliable task because of usually
low homology percentages and the high degree of mobility of
the helices’ The use of mutagenesis data is nowadays an
important improvement in the procedure because it allows us
to take into account residues experimentally found to be
necessary for interaction. The relative positions of these residues,
however, remain unknown and can only be hypothesized
through the docking into the receptor of a ligand, which retains
all these interactions. Generally the alignment for this docking
is to be manually performed. Differently, in the procedure
described herein the use of a pharmacophoric model representing
the activity data of a lot of ligands allowed the building of a

receptor subtype selectivity was completely conserved, and thisreceptor model in which the relative positions and distances

could confirm the importance of the pyridine ring for thg A

between important residues were determined by the distances

selectivity. As regards the affinity drop, this could be due to between pharmacophoric features.

partial damage of ther—uxr stacking interaction with Trp243

As a whole, our combined modeling strategy slightly differed

due to the formation of the new hydrogen bond (see Figure 9) from canonical procedures. The building of 3D-QSAR models,
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in fact, helped us to exploit a set of active molecules to highlight  All MM minimizations were performed with either PolalRibier
statistically relevant features in ligandeceptor interactions,  conjugate gradient or steepest descent as minimizers and with a
and such information was crucial for generating a reliable model threshold value of 0.05 kJ/¢fol) as the convergence criterion.
of hA3AR when interacting with antagonists (MODEL1). The The tt_amper_ature was set at 300 K, and the time step was 1.0 fs in
information produced through docking studies, in turn, allowed MP Simulations.

f All graphical manipulations and visualizations were performed
us to select the best p(_arformlng pharmacophore model (HYPOl)by means of the Insightf® UCSF-CHIMERAS® and WebLab
among a set of plausible hypotheses.

Viewer?” programs.

MODEL1 seemed to be able to explain different modes of  The alignment of several adenosine receptors was studied with
binding of very active compounds with respect to less active the ClustalW program using the Blosum algorithm, with a gap open
ones and also to reproduce free energies of binding with good penalty of 10 and a gap extension penalty of 0.05. From the
approximation. The model was also able to explain the selectiv- ClustalW alignment, the structure of the seven-TM helices of hA
ity of 1k toward hAAR due to the presence of the nonconserved AR and the first intracellular loop were constructed directly from
residue Tyr254 and therefore suggested that a mutagenesis stud{'® coordinates of the corresponding amino acids in rhodopsin by

on this residue could be of great importance to find out the Means of the Modeller prografh.Through Maestro interface, the
2 . TM3 and TM7 were rotated respectively 66lockwise and 90
molecular features determining the selectivity at the AR counterclockwise (extracellular point of view) to let Hys95 and

subtypes. Hys272 turn toward the intrahelical channel. Because the amino
The reliability of our synergistic approach was tested by the acid length differs from the template and for the rotation of TM3
rational design and synthesis of a series of novel compounds.and TM7, the other loops were constructed by means of the “loop
Biological assays indicated that reasonably good activity values optimization method” of Modeller, applying the “very_slow” loop
were reached and, at the same time, water solubility was refinement method. The model was subjected to a preliminary

enhanced compared to results of previously synthesized com-Minimization and to 400 ps of MD (after 50 ps of equilibration).
pounds. The final structure was then minimized. When MD simulations were

carried out in the gas phase, all thecarbons of the TM of the

. . protein were blocked by means of decreasing force constants to

Experimental Section simulate the stabilizing presence of the membrane around the
Pharmacophore Generation.The literature was searched for ~ re€ceptor. For the first 200 ps, restraints with a force constant of 10

compounds showing the widest array of chemical features and thekcal/(motA?) were applied to @, and for the remaining 200 ps

most homogeneous biological d&t&L-31Fifty-five compounds (see  these restraints were gradually reduced to 1 kcal (A o

Table 1) with activity data spanning over 5 orders of magnitude  The refinement of the liganeprotein complexes was initially

(from 1072 to 1* nM) were selected and divided into a training Performed by means of a total of 400 ps of MD. All thecarbons

set (38 compounds) and a complementary test set (17 compounds)°f the TMs and the main liganereceptor interactions were
Biological data for all the inhibitors were reported s constrained during the trajectory by decreasing the force constants.

d In detail, an initial restraint with a force constant of 10 kcal/(mol

; . . i A2) was applied on the. carbons. This force constant decreased
in Catalyst and then submitted to a conformational search. The bestduring the entire MD, and in the last 200 ps a value of 0.1 kcall

conformer generation” method, which makes use of the Poling 2 . .
algorithm to reduce conformational redundancies, ensuring good _(moI-A) was applied. As regards the H bond ligameceptor

interactions, suggested by the HBA1, HBA2, and HBD1 features
;?f;ﬁﬁ ;%Vg rlilgz,/\:vna(l)sl zfgsg?ﬁ: gcljo\glglfomuirr:icrinuupmt? 250 conformers found by Catalyst, a restraint of 50 kcal/(m&F) was applied in

. . . ... order to stabilize ligandreceptor complex structures maintainin
Because of the presence of great chemical functionalization in g P P 9

. Il these interactions. At the end of the MD simulation, three steps
all compounds, 'ghe generator was cpnstramed to generate sets Ol \inimization were applied on the average structure obtained
hypotheses bearing at least the following five features: hydrophobic d

uring the last 100 ps of the MD run. During these three steps a
(HYD), hydrogen bond acceptor (HBA), hydrogen bond donor . 2 ; ;
(HBD). ring aromatic (RA). and positively ionizable atom (Pl), restraint of 0.1 kcal/(mef?2) was applied on the carbons, while

L A with regard to the main liganereceptor interactions, in the first

All compounds (each one with its conformational model) were g steps a restraint of 25 and 10 kcal/(#d) was applied and
put into a spreadsheet and associated with their affinity constantsjn the last one the restraints were removed.
with the default uncertainty of 3. Because of the fact that the most e quantitative evaluation of the free energy of binding of the
active compoundlk) was the only one showingl& in the 102 15 complexes was performed by means of the AutoDock scoring
nM range, the set of “active molecules” used by the software in fnction23 using the Lamarckian genetic algorithm. The region of
the very first part of the calculation to generate hypotheses was jnterest used by AutoDock was defined considering compdiknd
reduced by diminishing from 3 to 2 the uncertainty parameter §gcked in hAAR as a center group. In particular, a grid of 40, 54,
associated withik. Otherwise, the software might have attached 5nq 50 points in the, y, andz directions was built centered on the
more statistical importance to ligands presenting lower affinity canter of mass otk. A grid spacing of 0.375 A and a distance-
values just because many compounds carry a greater amount ofjependent function of the dielectric constant were used for the
information than a single one do&s. calculation of the energetic maps.

During the second generation of hypotheses, two more control  General Chemistry. Reaction courses and product mixtures were
parameters were changed from their default value; the MinFeatDist routinely monitored by thin-layer chromatography (TLC) on silica
value was decreased from 300 to 100 (1 A), and the Variable gel (precoated %4 Merck plates) and visualized with aqueous
Tolerance value was set at 1. The first adjustment allowed the potassium permanganate or ethanolic ninhydrin solutions. Infrared
generator to retrieve hypotheses with a minimum interfeature spectra (IR) were measured on a Perkin-Elmer 257 instruriént.
distance down to 1 A, while the second change allowed the NMR were determined in CDGlor DMSO-ds solutions with a
tolerance of each feature to vary during generation to avoid overlap Bruker AC 200 spectrometer. Peak positions are given in parts per
between features. million () downfield from tetramethylsilane as internal standard,

Molecular Modeling. Molecular mechanics (MM) and molecular  andJ values are given in Hz. Light petroleum refers to the fractions
dynamics (MD) calculations were performed using the AMBER boiling at 40-60 °C. Melting points were determined on a Buehi
force fielcP? as implemented in the MacroModel software pack&ge, Tottoli instrument and are uncorrected. Chromatography was
using a “distance-dependent” dielectric constant of 4.0. Electrostatic performed with Merck 66200 mesh silica gel. All products
charges for the set of ligands were calculated with the RHF/AM1 reported showedH NMR spectra in agreement with the assigned
semiempirical calculation and RESP progrem. structures. Organic solutions were dried over anhydrous sodium

Each compound was built using the 2D-3D sketcher implemente
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sulfate. Elemental analyses were performed by the microanalytical Table 10. Affinity Values of Compoundsl3—15

laboratory of Dipartimento di Chimica, University of Ferrara and

were within+0.4% of the theoretical values for C, H, and N.
Syntheses. 8-(3-Benzyloxypropyl)-2-(furan-2-yl)48-pyrazolo-

[4,3-€]-1,2,4-triazolo[1,5¢]pyrimidin-5-ylamine (8). To a solution

of 6 (0.6 g, 2.4 mmol) in dry DMF (10 mL) was added 60% NaH

(0.12 g, 1 mol equiv), and the suspension was stirred @@ €or

10 min. Benzyl 3-bromopropy! ether (0.42 mL, 1 mol equiv) was

added in small portions, and the mixture was heated at’Co@r

12 h. The solvent was removed at reduced pressure, and the residue

Ki (nM)
compd hA2 hAZAP hA2g¢ hAsd

13 >1000 >1000 >1000 27 (23-32)
(71%) (97%) (65%)

14 >1000 >1000 >1000 14 (12-16)
(74%) (89%) (66%)

15 >1000 >1000 >1000 9.0 (8.19.9)
(85%) (82%) (58%)

was dissolved in water (100 mL) and extracted with EtOAc(3

30 mL). The organic layer was dried (M20y) and evaporated under
vacuum. The residue obtained was purified by chromatography
(EtOAc, 100%) to afford the Risomer8 as pale-yellow solid (0.36

g, 77%): mp 1735 °C; 'H NMR (CDCl) 6 2.24 (m, 2H), 3.49

(t, 2H,J = 6.1), 4.45 (s, 2H), 4.52 (t, 2H, = 6.2), 5.97 (bs, 2H),
6.58 (m, 1H), 7.30 (m, 6H), 7.61 (m, 1H), 8.17 (s, 1H). Anal.
(CaoH19N702) C, H, N.

General Procedure for 5-[[(3(4)-Pyridyl)amino]carbonyl]-
amino-8-(2-benzyloxyethyl)-2-(furan-2-yl)-&1-pyrazolo[4,3-€]-
1,2,4-triazolo[1,5€]pyrimidines (13 and 15). Amino compound
98 (0.2 g, 5.3 mmol) was dissolved in dry THF (10 mL), and the
freshly prepared 3(4)-pyridyl isocyanat®®5°12ab (5 mol equiv)
were added. The mixture was refluxed under argon fe8 5. Then

the solvent was removed under reduced pressure and the residu

was purified by flash chromatography (EtOAc/MeOH, 8:2) to afford
compoundsl3 and 15 as solids.
5-[[(4-Pyridyl)amino]carbonyllamino-8-(3-benzyloxypropyl)-
2-(furan-2-yl)-8H-pyrazolo[4,3-€]-1,2,4-triazolo[1,5<]pyrimi-
dine (14). Amino compound (0.18 g, 4.6 mmol) was dissolved
in dry THF (10 mL), and the freshly prepared 4-pyridyl isocyan-
ate’®50.5912p (0.35 g, 5 mol equiv) was added. The mixture was

refluxed under argon for 8 h. Then the solvent was removed under
reduced pressure and the residue was purified by flash chroma-

tography (EtOAc/MeOH, 8:2) to afford compourd as a pale-
yellow solid (0.13 g, 64%): mp 178180 °C; 'H NMR (DMSO-
ds) 0 3.31 (m, 2H), 3.65 (s, 2H), 4.374.43 (m, 4H), 6.50 (m,
1H), 7.19 (m, 6H), 7.33 (d, 2Hl = 5.3), 7.54 (d, 2HJ = 6), 8.08
(s, 1H), 8.25 (d, 1H), 9.2 (bs, 1H), 11.39 (s, 1H). Anae@3NoOs)
C, H, N.

General Procedure for Compounds 16-18: O-Debenzylation.
To a solution of compoundk3—15 (0.4 mmol) in dry acetone (20
mL) was added HC&NH, (8 mol equiv) and 10% Pd/C (0.5 mmol),
and the resulting mixture was heated at reflux for 12 h. The solution
was cooled, and the catalyst was removed by filtration. The solven
was evaporated at reduced pressure, and the residue was wash
with water (25 mL). The aqueous layer was extracted with EtOAc
(3 x 20 mL), and the recombined organic phases were drieg- (Na

aDisplacement of specifiHIDPCPX binding at human Areceptors
expressed in CHO cell8.Displacement of specifiéH]ZM 241385 binding
at human Aa receptors expressed in CHO celi®isplacement of specific
[BHIMRE 2029F20 binding at humanzAreceptors expressed in CHO cells.
d Displacement of specifi¢H{]MRE 3008F20 binding at humansAeceptors
expressed in CHO cells.

for 30 min at 48009. The membrane pellet was resuspended in
50 mM Tris-HCI buffer at pH 7.4 for Aadenosine receptors, in
50 mM Tris-HCI, 10 mM MgC} at pH 7.4 for As adenosine
receptors, and in 50 mM Tris HCI, 10 mM Mgg£Ill mM EDTA

at pH 7.4 for A adenosine receptors.

Binding of BH]DPCPX to CHO cells transfected with the human
recombinant A adenosine receptor was performed according to
éhe method previously described by Varani etaDisplacement
experiments were performed for 120 min at 25 in 200uL of
buffer containing 1 nMJH]DPCPX, 20uL of diluted membranes
(50 ug of protein/assay), and at least six to eight different
concentrations of examined compounds. Nonspecific binding was
determined in the presence of AWM of CHA, and this is always
<10% of the total binding.

Binding of [?H]ZM 241385 to CHO cells transfected with the
human recombinant A adenosine receptors (503 of protein/
assay) was performed according to Varani é°4dh competition
studies, at least six to eight different concentrations of compounds
were used and nonspecific binding was determined in the presence
of 1 uM ZM 241385 for an incubation time of 60 min at 2&.

Binding of PHJMRE 2029F20 cells transfected with the human
recombinant Ag adenosine receptors was performed essentially with
the method described by Varani et&ln particular, assays were
carried out for 60 min at 28C in 100uL of 50 mM Tris-HCI
buffer, 10 mM MgC}, 1 mM EDTA, 0.1 mM benzamidine, pH
7.4, 2 IU/mL adenosine deaminase containing 40 SM|VIRE
2029F20, diluted membranes (20 of protein/assay), and at least

t Six to eight different concentrations of tested compounds. Nonspe-
&ific binding was determined in the presence of 100 NECA

and was always30% of the total binding.
Binding of FH]MRE 3008F20 to CHO cells transfected with

S0y and evaporated under reduced pressure. The residue wadh® human recombinant ;Aadenosine receptors was performed
purified by flash chromatography (EtOAc/MeOH, 8:2) to afford according to Varani et & Compefition experiments were carried

compoundsl6—18.
Biology Experiments. All synthesized compounds have been
tested for their affinity to human A Aza, Azs, and A adenosine

out in duplicate in a finale volume of 25£ in test tubes containing
1 nM [PH]MRE 3008F20, 50 mM Tris-HCI buffer, 10 mM Mggl
pH 7.4, and 10Q:L of diluted membranes (589 protein/assay),

receptors. Beyond the three compounds suggested by the Comloul_smd at least six to eight different concentrations of examined ligands

tational studies we also tested compouh&s 15, and they showed
quite good activity (see Table 10). The affinity values were
determined by receptor binding assays at humamia, Az, and

for 120 min at 4°C. Nonspecific binding was defined as binding
in the presence of &AM of MRE3008 F20 and was about 25% of
total binding.

As adenosine receptor subtypes cloned in Chinese hamster ovary Data Analysis. The protein concentration was determined

(CHO) cells usingJH]IDPCPX, PH]ZM 241385, PH]MRE 2029F20,
and PH]MRE 3008F20, respectively. Bound and free radioactivity
were separated by rapid filtration through Whatman GF/B glass-
fiber filters that were washed three times with ice-cold buffer. The
filter bound radioactivity was counted in a Beckman LS-1800
spectrometer (efficiency of 55%).

Human Cloned Adenosine Receptor Binding AssayT he cells
were grown and maintained in Dulbecco’s modified Eagle’s
medium with nutrient mixture F12 without nucleosides at@&7in
5% CG/95% air. The cells were washed with phosphate-buffered
saline and scraped from flasks in ice-cold hypotonic buffer (5 mM
Tris-HCIl, 2 mM EDTA, pH 7.4). The cell suspension was

according to a Bio-Rad meth@&dvith bovine albumin as a standard
reference. Inhibitory binding constants,, were calculated from
ICso according to the ChengPrusoff equatiof?2 A weighted
nonlinear least-squares curve-fitting program LIGAR@as used

for computer analysis of saturation and inhibition experiments. Data
are expressed as the geometric mean with 95% or 99% confidence
limits in parentheses.
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