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Abstract

Molecular modeling of agonist binding to the human Ay adenosine receptor (AR) was assessed
and extended in light of crystallographic structures. Heterocyclic adenine nitrogens of co-
crystallized agonist overlayed corresponding positions of the heterocyclic base of a bound
triazolotriazine antagonist, and ribose moiety was coordinated in a hydrophilic region, as
previously predicted based on modeling using the inactive receptor. Automatic agonist docking of
20 known potent nucleoside agonists to agonist-bound A;aAR crystallographic structures
predicted new stabilizing protein interactions, to provide a structural basis for previous empirical
structure activity relationships consistent with previous mutagenesis results. We predicted binding
of novel C2 terminal amino acid conjugates of A,pAR agonist CGS21680 and used these models
to interpret effects on binding affinity of newly-synthesized agonists. D-Amino acid conjugates
were generally more potent than L- stereoisomers, and free terminal carboxylates more potent than
corresponding methyl esters. Amino acid moieties were coordinated close to extracellular loops 2
and 3. Thus, molecular modeling is useful in probing ligand recognition and rational design of
GPCR-targeting compounds with specific pharmacological profiles.
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Introduction

Despite the great importance in human biology and clinical applications of G protein-
coupled receptors (GPCRs),1-3 crystallography has only recently started to overcome
technological barriers to yield the first high resolution structures for this membrane protein
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family.4-8 While initially a number of GPCR structures were resolved in an inactive state
stabilized by antagonist or inverse agonist, four GPCRs have also been resolved recently in
the active state: bovine opsin,®12 B,- and p;-adrenergic receptors,13-1° and human Aja
adenosine receptor (AR).16:17 Among the conformational changes induced by agonists are
common movements and rotations of transmembrane domains (TMs) 3, 5, 6 and 7. These
helical rearrangements enlarge a crevice in the intracellular interface of the receptor,
facilitating G protein binding and activation.

The crystal structures of the human A;pAR have been solved in complexes with several
different agonists using two very different approaches to stabilize the active state of the
receptor. In the first case, AoaAR was stabilized by extensive interactions with a bulky
(~780 Da), conformationally selective agonist 2-N-(3-(1-(pyridin-2-yl)piperidin-4-
yl)ureido)ethyl-N6-(2,2-diphenylethyl)-5'-N-ethylcarboxamidoadenosine-2-carboxamide 1
(UK-432,097) and crystallization in lipidic cubic phase (LCP).16:18 |n the second case,
AsaAR was thermostabilized by four point mutations in the receptor, allowing its
crystallization in complex with the much smaller agonists adenosine 4 and its derivative 5'-
N-ethylcarboxamidoadenosine 14 (NECA).17 Despite the differences in complex
composition and crystal packing, all these ApaAAR structures display very similar activation-
related changes on the intracellular side, while additional differences specific for the binding
of the bulky agonist 1 to the AoaAR are located at the extracellular surface, mainly within
the extracellular loops (ELs) 2 and 3.

There is still significant interest in predicting binding modes of agonists based on the more
prevalent inactive state structures. This approach has resulted in several studies over the past
few years targeting agonists of the p, adrenergic receptor8 and A,aAR, 1920 as reviewed by
Katritch et al.2! Now, with experimental structures of agonist complexes of the human
AspAR available, it is possible to evaluate the quality of these previous models of agonist
binding and to discern which approaches are more likely to accurately predict the binding
modes of other known agonists (3 — 22, Table 1). The binding modes of other agonists not
yet crystallized in complex with the ApaAR are of current interest, such as 1-[6-amino-9-
[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]purin-2-yI]-N-
methylpyrazole-4-carboxamide 10 (CVVT-3146, regadenoson, Lexiscan), a short-acting
adenosine A,aAR agonist already approved as a diagnostic coronary vasodilator.22

The objectives of this study were three-fold: 1) Because much of the docking of biologically
relevant GPCRs will still require use of the inactive basal conformational state of a given
receptor, we have evaluated the accuracy of previously predicted interactions of AjpAR
agonists1920 in light of the complexes recently crystallized; 2) Docking predictions were
made for a wide range of known A,pAR agonists by extending the structures of agonist
complexes crystallized. This helps to interpret already elucidated structure activity
relationships (SARs) in this chemical series in terms of predicted interactions with the
AsaAR receptor; 3) We predicted docking of novel C2 terminal amino acid conjugates of
AoaAR agonist 2-[p-(2-carboxyethyl)phenyl-ethylamino]-5'-N-ethylcarboxamidoadenosine
16 (CGS21680) and used these models to interpret effects on the measured binding affinity
of the newly-synthesized agonists.

Evaluation of nucleoside binding to the A;pAR: Predicted model based on inactive state
vs. crystallographic structure

Because of the activation-related conformational changes, receptor modeling of an agonist
binding to a template representing the inactive or basal state of a GPCR is especially
challenging and may require additional validation.23 To assess the quality of such docking,
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we have compared the docking of adenosine derivatives in our previous study® using the
inactive, basal conformation of the A,aAR* (PDB code: 3EML) with the newly reported X-
ray structure of an agonist-bound receptor (PDB code: 3QAK).16 The agonist-bound
structure has many of the features of activated GPCRs, including characteristic helical
movements and microswitches on the intracellular side.2* The active state of the receptor
was also supported by observed pharmacological behavior in modulation of nucleoside
binding by sodium ions.16

Previously, various residues located mostly in TMs 3, 5, 6, and 7 of the AopAAR were
predicted by modeling to be involved in agonist recognition (Table S1).19 In this model,
Thr88 (3.36), Phel68 (EL2), Asn181 (5.42), His250 (6.52), Asn253 (6.55), Ser277 (7.42),
and His278 (7.43) are located in proximity to the potent, nonselective agonist 14 and are
involved in ligand interactions (the numbers in parentheses correspond to the Ballesteros-
Weinstein indexing system).2> The importance for agonist binding of residues located in the
TM regions and in EL2 was supported by site-directed mutagenesis data obtained for the
AsaAR,26 and also for closely related A; and A3AR subtypes.27-28 In agreement with the
indications from molecular modeling and pharmacological studies, all of these critical
residues are located in proximity to the adenosine core of the agonist ligand 1 in the recent
crystallographic structure of the AyaAR with 1 bound (designated here 1-A,pAR).16 The
previous docking orientationl9 of both agonist ligands, adenosine 4 and 5'-uronamide 14, in
the inactive state of the human A,pAR* was nearly identical to the binding mode of the
adenosine moiety of the agonist 1 in the TM region as determined by X-ray crystallography
(Figure 1).

A specific mode of overlay of both small agonists 4 and 14 with the position of antagonist 4-
[2-[7-amino-2-(2-furyl)-1,2,4-triazolo[1,5-a][1,3,5]triazin-5-yl-amino]ethylphenol 2
(ZM241,385) inside the inactive AopAR (designated here 2-A,pAR) was predicted,*19 and
this correspondence was compared with the position of 1 in the co-crystallized structure.16
The modes of overlay and interactions with specific amino acid residues in the X-ray
structure 1-A>aAR and in the predicted model are shown in Supporting Information. The
adenine moiety of the agonists and the triazolotriazine fragment of 2 have very similar
positions inside the binding site and are involved in similar interactions with the receptor,
i.e. a m-x stacking interaction with Phe168 (EL2) and H-bonding of the exocyclic amine with
Asn253 (6.55). The position of the carboxylate of Glu169 (EL2) has shifted in the 1-A,AAR
X-ray structure from the exocyclic amine of adenine in docked agonists 4 and 14 to the urea
group of the extended C2 side chain of 1. This side chain shift is considered to occur only
after the binding of agonists with bulky substituents at the N8, such as 1, and was not
expected in the earlier modeling predictions, possibly because no N and C2 substitutions
were examined. In the recent structure of 14 bound to a thermostabilized A;pAR, Glul169
(EL2) does not shift away from the (unsubstituted) exocyclic amine.1” The adenine C2-
position of the modeled agonists 4 and 14 was oriented toward the extracellular part of the
receptor, as found in the 1-A,aAR structure and later confirmed in the crystal structures of
the AoaAR in complex with 4 (designated here 4-A;aAR) and 14 (designated here 14-
AspAR). The ribose moiety of 4 and 14 docked to 2-A,AAR was predicted to be in
proximity to hydrophilic residues in TM3 and TM7, i.e. Thr88, Ser277, and His278. The
docking poses of 4 and 14 were able to predict the interactions of the ribose ring with
residues in TM3, TM6, and TM7 but could not predict the backbone changes of the TMs
upon binding with agonists, as shown in the agonist-bound crystal structures.
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Evaluation of binding of known active nucleosides at the A;JAR:
Predictions based on agonist-bound receptor complexes

Re-docking of co-crystallized agonist 1

To investigate the ability of molecular docking to reproduce an experimentally observed
ligand binding mode, the potent ApaAR agonist 1, formerly in clinical trials by Pfizer for
chronic obstructive pulmonary disease,2® was re-docked to the crystal structure of the 1-
AoaAR. Different automated docking approaches with various protocols and distance
constraints were tested in order to choose the docking methods that were capable of
retrieving a docking pose for 1 with a root mean square deviation (RMSD) less than 2A
from the published crystal structure.1® The peculiar molecular properties of 1 and the shape
and electrostatic characteristics of the binding cavity of the active receptor, with a big
portion of the ligand exposed to the solvent, make automated docking challenging.
Compound 1 breaks three of Lipinski’s rules of five30 for the druglikeness with 7 H-bond
donors, 11 H-bond acceptors, and a molecular weight of 778 daltons. The numerous
rotatable bonds in 1 define a high conformational freedom of the ligand, and usually a
compound’s high flexibility negatively affects the accuracy of automated docking.3!
Moreover, the shape of the receptor’s binding pocket in the 1-A,aAR structure shows a
large portion of the co-crystallized ligand in the extracellular media. Some automated
docking protocols can perform poorly in retrieving accurate poses for partially buried
ligands.3! Those issues might account for some of the difficulties in reproducing the co-
crystallized orientation of 1 in the binding site of the 1-A;AAR structure with standard
automated docking procedures such as Glide32 or MOE.33

Unexpectedly, the Glide docking was unable to find a docking pose for 1 with an RMSD
lower than 2A compared with the corresponding crystal structure, even after the use of
distance restraints to force the formation of the key H-bond interactions in the binding site.
One docking protocol among the tested ones able to retrieve an accurate pose of 1 closer
than an RMSD of 2A from the experimental conformation was the MOE docking with the
pharmacophore placement method, where a pharmacophore model was used to guide the
docking process. Pharmacophore-based docking is a useful way to include the known
ligand-receptor interactions in the docking procedure. In the pharmacophore query used in
this docking study (refer to the methodology paragraph for more details), four
pharmacophore features were used: the projections of the N® H-bond donor and N7 H-bond
acceptor of the adenine ring on Asn253 (6.55), and the projections of the OH groups at 2’
and 3’ position of the ribose ring on His278 (7.43) and Ser277 (7.42) respectively (Figure
S2). These ligand-receptor interactions are considered to be critical for the binding of 1 in
the binding pocket of the A,AAR and are expected to be conserved for all the adenosine-like
agonists. The most favorably MOE-docked pose of compound 1 in the binding pocket of 1-
AsaAR had an RMSD of 0.42A from the X-ray conformation. The second and the third best
poses had a RMSD of 1.29A and 1.63A, respectively, and showed the adenosine core and
the N6-diphenylethyl moiety correctly positioned in the binding site, but with the terminal
end of the C2-substituent in a slightly different orientation (Figure S2). It should be noted
that the majority of the docking solutions had an RMSD greater than 2A due to the
misplacement of the long and highly flexible chain at the C2-position of 1 even if the
adenosine core of the compound was correctly positioned in the binding pocket.

After extensive comparison of Glide and MOE, we also found that re-docking of 1 using the
ICM-Dock module of Molsoft3* reproduced the position of the agonist in the X-ray structure
with a RMSD value within 1A.
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Molecular docking of diverse known agonists to agonist-bound A;5AR crystal structures

A diverse set of nucleosides that are potent and/or selective agonists to the AppAAR was
assembled (Table 1).22:29.35-45 These 20 adenosine derivatives contain modifications of the
ribose moiety, a nucleobase substitution, or combinations thereof. They include clinical
candidates, such as 2-[2-(4-chlorophenyl)ethoxy]adenosine 6 (MRE-0094, sonedenoson),>6
2-((cyclohexylmethylene)-hydrazino)adenosine 9 (WRC-0470, binodenoson),®’ 13
(UK-371,104),38 [trans-4-{3-[6-amino-9-(N-ethyl-B-D-ribofuranosyluronamide)-9H—
purin-2-yl]prop-2-ynyl}cyclohexanecarboxylic acid methyl ester 19 (ATL-146e,
apadenoson),3® [1S-[1a,2b,3b,4a(S*)]]-4-[7-[[2-(3-chloro-2-thienyl)-1-
methylpropyl]amino]-3H-imidazo[4,5-b]pyridyl-3-yl]cyclopentane carboxamide 20
(AMP-579),4* 4-{3-[6-amino-9-(5-cyclopropylcarbamoyl-3,4-dihydroxytetrahydrofuran-2-
y1)-9H-purin-2-yl]prop-2-ynyl}piperidine-1-carboxylic acid methyl ester 21 (ATL-313),3°
and (2R,3R,4S,5R)-2-(6-amino-2-{[(1S)-2-hydroxy-1-(phenylmethyl)ethyl]Jamino}-9H-
purin-9-yl)-5-(2-ethyl-2H-tetrazol-5-yl)tetrahydro-3,4-furandiol 22 (GW 328267X, which
also binds to the A3AR),%558 and the approved clinical diagnostic agent 10. Various
agonists used as research tools and molecular probes of the A;aAR (such as the the amine
congener 17 and its irreversibly binding isothiocyanate derivative 18)*3 are also included.
Various 2-hexynyl derivatives of adenosing, e.g. 5 and 15, were found to maintain high
affinity at the A)pAR.40 The 2-hexynyl 5’-truncated agonist 3, a 4’-thioadenosine,
maintains affinity and selectivity at the A)aAR.38 Compounds 11 and 12, containing the
same N©-(2,2-diphenylethyl) group as 1, were among the first AyaAR agonists identified.42
Several other 2-ether, i.e. the bulky naphthyl derivative 7,410 or 2-thioether derivatives, i.e.
cyclohexylethyl derivative 8 that was converted to a prodrug form,3” were included. Each of
these agonists was sequentially docked to the 1-A,pAR or 14-A,aAR crystal structure. A
variety of substituents at the 5°, C2, and N® positions was chosen to allow the
characterization of the different subpockets where those substituents locate in the binding
cavity of the receptor and to highlight the relevance of receptor residues important for the
binding and activity of those compounds.

An automated docking approach was used to place the molecules in the rigid binding
cavities of 1-A,pAR or 14-A,4 AR after removal of the co-crystallized ligand, using, as for
compound 1, different techniques and protocols in order to find a placement able to
reproduce the common interactions with the adenosine moiety shown by 1 in the crystal
structure. The indispensable chemical features needed by an agonist to activate the Aj)pAR
are shared by all the agonists in our list: the aromatic nature of the nucleobase for the n—=
stacking with Phe168 (EL2) and the stabilizing interactions with Leu249 (6.51) and lle274
(7.39), the H-bond acceptor nitrogen atom at N7 and the exocyclic amino group of the
adenine core to interact with Asn253 (6.55), and the two hydroxyl groups at 2’- and 3’-
positions to interact with Ser277 (7.42) and His278 (7.43). These molecular characteristics
of the nucleoside agonists are crucial for the ligand recognition at the receptor site and are
considered essential for the molecules’ biological activity.

Docking poses with the correct critical interactions with Phe168, Asn253, Ser277 and
His278 in the binding cavity of the receptor were so retrieved and further optimized by
means of a Monte Carlo Multiple Minimum (MCMM) conformational search of the ligands
and the residues with a radius of 4A from the docked poses in order to simulate the
complementary adjustments of bound ligand. The final docking solutions showed structural
characteristics of the agonists that might not be necessary for the activation of the receptor,
but clearly are crucial for the potency and the selectivity of those compounds.

The native agonist 4 and potent nonselective 5’-uronamide 14 were docked in the rigid
binding site of 1-A;AAR and then optimized along with the binding cavity residues located
within 4A from the docked poses. Because both of these agonists were unsubstituted at the
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N6 and C2 positions, the docking poses of 4 and 14 highlighted the crucial anchoring
interactions with the binding site of A;pAR that are expected to be common among all the
agonists in our list. Strong H-bond interactions were observed between the carboxamide
group of Asn253 (6.55) and the primary N® amino group and the N7 of the adenine ring of 4
and 14; between Ser277 (7.42) and the 3’-OH group and between His278 (7.43) and the 2’-
OH group of the ribose moiety. Favorable van der Waals (vdW) contacts further stabilized
the poses of 4 and 14, involving residues Val84 (3.32), Leu85 (3.33), Trp246 (6.48), and
Leu249 (6.51) located in close proximity to the ribose moiety, and 1le274 (7.39), Met270
(7.35), Phe168 (EL2), and Met177 (5.38), which embedded the adenine core of the two
agonists.

In the optimized binding pose of 14, the 5 carboxamide group, in common with 1, was
firmly locked in the cavity by H-bond interactions with His250 (6.52) on one side and Thr88
(3.36) on the other side, while the attached hydrophobic ethyl group was embedded by
favorable vdW interactions with residues Leu85 (3.33), GIn89 (3.37), 11e92 (3.40), Met177
(5.38), Asn181 (5.42), Cys185 (5.46), Val186 (5.47), and Trp246 (6.48) (Figure 2C).

The 5’ substituent of 4 consists of a hydroxymethyl group. A high mobility of the small OH
group in the 5’-substitution pocket of 1-A,aAR appeared in the docking results for
hydroxymethyl agonists 4-13, with two different orientations of the OH group. The more
favorably scored docking orientation of 4 was characterized by an interaction of the 5’-OH
group with Thr88 (3.36), where the threonine was acting as H-bond acceptor (Figure 2B).
The other most common docking orientation was pointing the 5’-OH group toward His250
(6.52) (Figure 2A). Both docking placements of the 5’-OH group were plausible, since the
hydroxyl group could closely resemble the role of the uronamide NH group of the co-
crystallized 1, donating the H-bond interaction to Thr88 (3.36), or, at the same time, it could
be placed where the uronamide carbonyl oxygen was found in co-crystallized 1, accepting
an H-bond interaction from His250 (6.52). After optimization of both representative docking
orientations of 4 in the binding pocket of 1-A,aAAR, the lowest energy conformations of the
ligand were engaged in a H-bond interaction with His250 (6.52) and not Thr88 (3.36). This
energy trend was maintained also for the other agonists having a 5’-OH group. For all the
agonists on our list with a hydroxyl group at the 5’-position, the two different docking
orientations of the OH were considered for the further MCMM optimization. All of these
agonists showed the same trend as 4, i.e., the energetically favored conformations showed
the 5’-OH group engaged with His250 (6.52). The binding energies between the individual
residues in the binding site of 1-A,aAR and the minimized docking poses of 4 were
calculated and listed in Table 2. When the 5’-OH of 4 was pointing toward Thr88, the
contribution to the binding energy by the proximity of His250 (6.52) was small and
predominantly a vdW contribution due to the distance between the residue and the ligand.
The energy contribution of Thr88, instead, was still substantial even when the 5’-OH group
was engaged with His250, making this orientation the energetically most favored pose after
optimization. Furthermore, the predicted energy contributions of each contact residue did
not take into account the presence of water molecules which may impact the interaction
network. The importance of water has been recently demonstrated by the 4-A,aAR
structure,1” where the interaction between the 5’-OH group of the co-crystallized adenosine
4 and the residues His250 (6.52) and Asn181 (5.42) is mediated by a structured water
molecule (HOH 2017 in the PDB entry 2YDO?Y).

From the docking results in 1-A,AAR and from the 4-A,aAR complex, the small and
flexible 5’-OH group of agonists 4-13 could assume different orientations in the 5’
subpocket of A,pAR, and a water molecule could fit as well in the pocket to enhance the
contacts of the hydroxyl group with polar residues in the binding cavity. For compounds 21
and 22,3945 instead, the 5°-substituent was bulky and rigid, and the residues in this 5’-
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subpocket needed to adjust during the MCMM optimization in order to accommodate the
cyclopropylcarboxamido group of 21 and the tetrazole moiety of 22. The movement of the
residues in the 5’-subpocket were minimal without any major reorientation of the residues
side chains, nevertheless the need of a slightly bigger pocket was evident during the
automated docking of compound 21 and 22. The cyclopropyl ring of 21 was embedded by
favorable hydrophobic interactions with residue like Leu85 (3.33), 11e92 (3.40) and Trp246
(6.48), while His250 (6.52) and Thr88 (3.36) coordinated the 5’ amide moiety with H-bond
interactions. At the same time, hydrophilic residue side chains in the 5’-subpocket were able
to stabilized the bulky tetrazole ring of 22. The predicted binding mode of 22 showed H-
bond interactions with Thr88 (3.36) and GIn89 (3.37), and Asn181 (5.42) was found in
proximity to the 5” moiety of 22.

Compared to the antagonist-bound ApaAR structure, Glu169 in the EL2 assumed a different
and specific rotameric orientation of the side chain in the 1-A,poAR structure. Glu169 is
oriented toward the C2-substituent of 1 in order to engage in an H-bond interaction with the
urea moiety of the agonist. In 2-A,aAR the carboxyl group of GIlu169 is oriented toward the
binding site, interacting with the exocyclic amine group of the antagonists and further
stabilized by the H-bond contact with His264 in EL3. The shifted orientation of the Glu169
side chain in the 1-AoaAR structure is believed to be very specific for agonists sharing with
1 both a bulky substituent at the N8 position and H-bond donor groups in the C2-substituent.
In the case of agonists non-substituted at the N6 position, Glu169 can be expected to assume
a 2-like rotameric orientation of the side chain in order to H-bond with the exocyclic amine.
The prediction of the rotameric adjustment of Glu169 toward the adenine primary amine has
been confirmed by the 14-A,aAR and 4-A,aAR structures, where the rotameric state of
Glu169 and the conformation of EL3 are very similar to the ones observed in the 2-A,pAR
complex. Here we also considered this assumption for agonists with hydrophobic and bulky
substituents at the C2 position (a-naphthylethyl ether derivative 7 among others*!). After the
docking of 7 in the rigid 1-A,aAR structure, the steric and electrostatic clashes between the
ligand naphthyl substituent and Glu169 were preventing the retrieval of low energy docking
poses. After MCMM optimization of the docked pose of 7 and the residues in the proximity,
a rotation of the Glu169 carboxyl chain occurred, relieving the clashes with the ligand and
enhancing the binding interactions with an additional strong H-bond interaction with the
exocyclic amine (Figure 3A). The intuitive supposition that, for N8 non-substituted agonists,
Glu169 should contribute favorably to the binding energies through an H-bond interaction
with the exocyclic amine was emphasized by the prominent energy contribution of Glu169
in anchoring the adenine moiety of the small and non-substituted agonists 4 and 14, as
shown in Table 2. All the agonists in our list with a primary amine at the N® position were
docked in the optimized binding site of the 1-A,aAR structure with a 2-like rotamer of
Glu169.

The diagnostic vasodilator 10, an adenosine derivative containing a primary amine at the N6
position and a hydrophilic side chain at the C2 position,22 was docked in both the binding
sites of the 1-A,a AR structure before and after the rotameric optimization of Glu169. The
contributions to the binding energy of Glu169 to the docked pose of 10 in both binding sites,
shown in Table 2, were prominent in both the docked poses. Moreover, no rotation of the
Glu169 side chain was observed after optimization by means of MCMM conformational
search analysis of the docked poses in the 1-A,aAR structure. The docking poses of
compound 10 are shown in Figures 3B and C. The 4-methylamide pyrazole chain of
compound 10 was protruding toward the extracellular part similarly to the 2-substituent of 1
in the crystal structure. Interesting, the pyrazole moiety of compound 10 was about the same
length as the ethylamide linker of compound 1 with respect to the overlap of the NH group
of the methylamide moiety of compound 10 with one of the NH groups of the urea moiety in
compound 1. After optimization of the docking pose of 10 and the binding site residues of 1-
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AopAR, the carboxyl group of Glu169 was still oriented to interact with the C2-amide of
agonist 10. In this predicted pose of compound 10, the carboxyl group of Glu169 acted as H-
bond acceptor from the NH group of the same amide, while the hydroxyl group of Tyr271
(7.36) acted as H-bond donor in favor of the carbonyl group of the methylamide chain of the
agonist. This double H-bond lock of the C2-chain stabilized the agonist 10 in the active
mode inside the binding cavity in a manner similar to 1, although less strongly. Beside the
favorable electrostatic interactions, hydrophobic residues in the extracellular part of the
pocket were embedding the substituent at the C2 position of the purine moiety, such as
Leu267 in EL3 and Leul67 in EL2 that are in proximity of the methyl group of the proximal
amide. On the other hand, the optimized binding orientation of 10 in the 1-A,AAR binding
site with a 2-like rotamer of Glu169 led to a similar conformation of the ligand with the H-
bond interaction between the C2-side chain and the hydroxyl group of Tyr271 (7.36), and no
further rotation of Glu169 toward the amino group at the C2-substituent, while the
interaction between Glu169 and the purine exocyclic amine of 10 was maintained (Figure
3B). We interpreted this finding as the ambivalent ability of Glu169 to interact with both H-
bond donor groups of 10 in order to stabilize the molecule in the binding cavity of the
receptor. The rotamer flexibility of Glu169 in the 1-ApaAR structure might be favored by
the distance between Glul169 and His264 (EL3) and the consequent lack of the H-bonding
interaction between these two residues as shown in the 2-ApaAR complex.

On the other hand, favorable interactions of the rotamer of Glu169 in the 1-A,aAR X-ray
structure contributed to the stabilization of the predicted binding modes for those agonists
having substitution at the N® position. A secondary amine at N6 of the adenine core is
prevented from interacting with the Glu169 side chain, since the only available hydrogen
atom is already engaged in an H-bonding interaction with Asn253 (6.55). Beside compound
1, in our list there are four other agonists that are substituted at the N position (Figure 4).
Compound 11,4246 3 monosubstituted adenosine derivative that was one of the first agonists
to display any degree of AoaAR selectivity, is similar to 1 at N8 but is lacking the C2-
substituent. The most favorable binding poses for compound 11 showed the diphenyl moiety
oriented similarly to the orientation of the group in the 1-A,aAR X-ray structure. As in the
case of 1, the diphenyl moiety of compound 11 had extensive hydrophobic interactions with
the receptor. Met270 (7.35) stabilized both the phenyl rings from above with hydrophobic
interactions. Tyr271 (7.36) and Ala273 (7.38) were in close proximity to one aromatic ring
of agonist 11 offering good hydrophobic interactions, while Thr256 (6.58), 11e252 (6.54) and
Ala256 (EL3) were stabilizing the other phenyl ring. Met174 (5.35) was found in close
proximity to the ethyl linker between N6 and the phenyl rings (Figure 4).

The chirality of the unevenly substituted diphenyl derivative 12 was studied,*246 and both
diastereomers were docked in the binding cavity of the receptor. The best poses for the
diastereomer of agonist 12 having an (R) configuration of the N8 group showed an
orientation of the phenyl rings similar to the docking pose of 11, with the methyl-substituted
ring close to Tyr271 (7.36) and below Met270 (7.35), while the dimethoxy-substituted ring
was closer to the EL2 residues. The methyl group of the first ring could be found pointing
toward TM6 and TM7, close to 11e252 (6.54) and Ala273 (7.38), and groups on the other
ring were found pointing toward the solvent and close to the methyl group of Thr256 (EL3)
and Met270 (7.35) (Figure 4A). The (S) diastereomer of 12, instead, showed an orientation
of the diphenyl moiety that leaded to a shifted adenine ring weakening the interaction
between the adenine ring and Asn253 (6.55) (Figure S3). From these results we suggested
that between the two diastereomers of 12 the (R)-diastereomer should be more active than
the (S).

Diphenyl derivative 13 is similar to compound 1 with its C2-substituent containing an amide
group and a piperidine ring.3® The docking poses of compound 13 into the binding cavity of
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the receptor showed the orientation of the diphenyl substituent at the N° position comparable
to the orientation assumed by the best poses of compound 11 and 12. The C2-substituent is
pointing toward the upper part to orient the piperidine ring between Tyr271 (7.36) and
Leul67 (EL2), stabilized by hydrophobic interactions with these two residues and also with
Met270 (7.35) and one of the phenyl rings of the N6-diphenyl moiety of the ligand itself.

Carbocyclic derivative 20 shows a different core at the N& substituent with a chiral chain and
a thiophene ring.#4 In the best docking pose, the thiophene ring was located below Met270
(7.35) with the edge of the aromatic ring close to Tyr271 (7.35) and the chlorine atom
pointing toward the interface between TM6 and TM7 close to 11e252 (6.54) and Ala273
(7.38). The ethyl group attached to the chiral center was instead oriented toward the
extracellular part of TM6, reaching Thr256 (6.58) (Figure 4B). An unusual feature of
compound 20 is also the substitution of the classical ribose of the adenosine-like agonists
with a cyclopentyl ring. Nevertheless, the conformation of the 5-membered ring was similar
to the one assumed by the ribose ring of the other agonists in our list, thanks to the strong H-
bond interactions between the substituents at 2°, 3’, and 5’ positions and the residues Ser277
(7.42), His278 (7.43), His250 (6.52) and Thr88 (3.36) in the binding pocket.

A widely used ApaAR agonist 16 shows a long and flexible chain at the C2-position ending
with a carboxyl acid group. Among the docking poses of compound 16 in 1-A,pAR, some
had an H-bond interaction between the carboxyl group of the ligand and the hydroxyl group
of Tyr271 (7.36), but the lowest energy conformation had the terminal carboxylate group
free in the extracellular media. The C2 aromatic ring of 16 was located in the space between
Tyr271 (7.36), Leu267 (7.32), and Leul67 (EL2), embedded by favorable hydrophobic
interactions with these residues, but more possible orientations of the C2 side chain were
found due to the flexibility of the chain and the open solvent exposed space between the
upper part of TM7 and EL2.

Also, many conformations of the long and positively charged C2-chain of amine congener
17 were found after the MCMM optimization of the docked complex in 1-A,aAR, and the
most energetically favorable orientation was found with the positively charged terminal
amino group of 17 interacting with both the carboxy! groups of Glu169 and Asp170 in EL2.

Compound 18 acts at the A,aAR in a peculiar manner, since the terminal aryl isothiocyanate
group of the agonist C2 chain is assumed to bind irreversibly to the receptor.43 The possible
residues that can react with the isothiocyanate group are lysine or, less likely, cysteine, and
since the C2-substituent is protruding toward the extracellular medium, the targeted lysine
residues should be found in the extracellular part of the receptor; however, there are only
two lysines in the extracellular portion of the AppAAR, Lys150 and Lys153, located in the
EL2. Unfortunately, neither is present in the 1-AopAR X-ray structure, since that portion of
EL2 was missing.

We also studied the docking of compounds 16, 17, and 18, all members of the same
chemical series of long chain C2 derivatives,*3 in the 14-A,aAR structure. The region
where the C2-substituent was positioned in the extracellular part of the binding cavity was
formed by residues from the upper part of TM7 (e.g. Met270 and Tyr271), EL2, (e.g.
Glu169 and Leul67), and EL3 (e.g. His264 and Leu267). This region is very different
between the 1-A,aAR and the 14-Aop AR X-ray structures. In the 1-A,aAR structure, EL3
is folded away from the binding site allowing a more open cavity mouth in order to adjust to
the bulky and aromatic nature of the N substituent of 1. Instead, the smaller and non-
substituted agonists fit perfectly in the pocket of the 4-A,aAR and 14-AyaAR structures
with the EL3 conformation closer to the binding pocket and the EL2. Another novel
structural feature of the A;pAR appearing in the 4-AoaAR and 14-A, AR structures is the
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presence of the entire EL2 domain, included residues 149-157 missing in both the 1-A,pAR
and 2-ApaAR structures. The closer conformation of EL3 and the complete EL2 domain in
the 4-A,pAR and 14-A, 5 AR structures led to a different shaped opening of the pocket
compared to the one observed in 1-AppAR.

The binding sites of the 4-A,aAR or 14-A, AR structures are not optimal for docking the
adenosine moiety because of the substitution of the binding site residue GIn89 (3.37) with
Ala in the thermostabilized constructs. GIn89 is not involved in direct interactions with the
agonists, as shown in the 1-AoaAR structure, but its mutation could affect on the binding of
ligands and in the activity of the A;aAR (Table S1). Nevertheless, the 4-AopAR and 14-
AuaAR structures, compared to the 1-A,aAR structure, have the advantages of the presence
of the density of the whole EL2 domain and the proximity of EL3 to the binding cavity. In
the 1-AopAR, the residues 149-157 are missing, and within this region are the positively
charged residues Lys150 and Lys153, which in the 14-A;aAR complex are located in
proximity of the binding site above Glu169 and Asp170.

The docking poses of 16, 17, and 18 in the 14-A,aAR structure were overall similar to the
ones in the 1-A;aAAR complex but with different orientations and different interactions of
the C2 substituents. The binding pose of 16 in the 14-A,aAR binding site showed the
carboxyl group anchored to Lys153 by an ionic interaction (Figure 5A). The positively
charged amino group of compound 17 docked in the 14-A,AAR structure was engaged in an
ionic interaction with Glu169, while the amide carbonyl group was anchored to Lys153.
Those interactions oriented the long C2 chain of amino congener 17 in the groove formed by
residues of EL2 and EL3 at the top of the opening of the receptor binding cavity (Figure
5B).

After an MCMM conformational search of the isothiocyanate derivative in the binding site
of 14-A,pAR, the long C2-chain of the affinity label 18 was found in the EL2-EL3 groove
with the thiourea anchored to the carboxyl group of Glu169 and the isothiocyanate group in
close proximity to the positively charged amino group of Lys150 (Figure 5C), identifying
this residue as a possible irreversible anchoring site to the A;pAR by 18 and perhaps other
electrophilic affinity labels.

Molecular docking of novel agonists to agonist-bound A,,AR crystal

structures and their synthesis and pharmacological characterization

The terminal carboxylate of 16 was selected as the site for modification in new derivatives
to be synthesized (Table 3). Amide derivatives were prepared by condensing the a-amino
group with various charged or aromatic amino acids in protected form with 16, followed by
saponification of the ester protecting groups. The amino acid conjugates were tested in
standard binding assays at AR subtypes and a functional assay at the A;aAR. The
pharmacological properties of L- and D-stereoisomers were compared. The corresponding
methyl esters of the Phe and Trp derivatives, which were synthetic intermediates, were also
included in the biological assays.

D-amino acid conjugates were generally more potent than L- and free terminal carboxylates
more potent than the corresponding methyl esters (Table 3). Compounds 38 and 42, D-Phe
and D-His conjugates, respectively, were the most potent at the ApaAAR with slightly greater
affinities than the parent 16. The selectivity for the A,aAAR in comparison to the AjAR was
generally greater than with respect to the AzAR. The differences in A;pAR affinity
depending on the attached amino acid were relatively small, indicating that this region of the
nucleoside is not subject to precise constraints imposed on the adenosine moiety deeper in
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the binding site. The functional assay of stimulation of cAMP production indicated that all
of the analogues were full agonists of the AopAR.

Upon receptor docking, the amino acid moieties were coordinated in a subpocket close to
the exofacial surface. This subpocket was previously defined in the binding site of the
terminal portion of the C2 chain of 16-18. In the predicted binding modes, the free carboxyl
terminal of all the amino acid derivatives was engaged in an ionic interaction with one of the
lysine residues in EL2, mostly Lys153, as was the carboxyl group of 16. Doubling the
negative charge with aspartic side chains in derivatives 33 and 34 led to another predicted
ionic interaction with also Lys150, but not to a gain in binding affinity, possibly because of
the repulsive proximity of Glu169, located just below the two lysine residues, which kept
the aspartic side chain of 33 and 34 away from the EL2-EL3 groove. We tried the addition
of a positive charge with the guanidinium group of an arginine with the aim to create an
interaction with Glu169. In the predicted docking modes of 36, the long arginine chain not
only interacted with Glu169 but was able to reach to Thr256 (6.58).

We used some aromatic side chains to test the engagement of His264 (EL3) in the binding
affinity of these agonist derivatives. The phenylalanine ring, in the docking poses of 37 and
38, was located between the positive charge of Lys150 (EL2) and the aromatic imidazole of
His264 gaining favorable interactions and binding affinity. The same involvement of
Lys150 and His264 to sandwich the aromatic moiety of the agonist substituent was observed
in the predicted binding modes of 40 and 42. The tryptophan indole moiety was, evidently,
too bulky to fit properly in the EL2-EL 3 groove, particularly for the L-enantiomer 39, while
the small imidazole ring of the histidine substituent, studied in both its protonated and non-
protonated states, could be easily located between Lys150 and His264 with also an H-bond
anchoring to Glu169.

Discussion

We have found that docking of known adenosine agonists to the agonist-bound X-ray
crystallographic structures of the A;aAR provides a consistent set of interactions between
ligand and receptor. These docking models are closely tied to physically determined
structures and are expected to be more accurate than previous agonist binding to homology
models based on the inactive state of bovine rhodopsin or other receptors. Nevertheless,
many of the agonist binding features determined in prior modeling to inactive states of
GPCRs were confirmed in the subsequent crystallographic studies.

It is anticipated that the new structures will guide the structure-based discovery of new
GPCR agonists, and specifically AR agonists. We have tested the approach of using the
docking of new compounds with a series of amino acid derivatives. The amino acids were
appended at the same site, located at the terminal position of a long C2 chain, which was
largely exposed to the extracellular space in the crystal structure of the 1-A,aAR complex.
Thus, the interaction with the receptor was expected to be less constrained than if similar
changes were made in other parts of the molecule closer to the minimal nucleoside
pharmacophore.

Adenosine core subpocket of A;pAR

The adenosine pharmacophore of the agonists is bound in a cavity formed among TM3,
TMS6, and TM7. In the pocket, the adenine ring oriented vertically, anchored by strong n-n
stacking interactions with Phe168 (EL2), H-bond interactions with Asn253 (6.55), and
favorable vdW contacts with Leu249 (6.51) and 11e274 (7.39). The ribose moiety was
located deeper in the pocket, anchored by H-bond interactions with Ser277 (7.42) and
His278 (7.43) through the 2’- and 3’-OH, and embedded by hydrophobic residues Val84
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(3.32), Leu274 (7.39), and Leu85 (3.33). More H-bond interactions are possible with His250
(6.52) and Thr88 (3.36) through the 5’-substituents of the ligands. The interactions between
the agonists and the residues in this subpocket are expected to be conserved for all the
agonists sharing the adenosine moiety. The poses of 1 re-docked into the 1-A,AAR structure
were retrieved with a docking procedure based on the knowledge of those interactions
between the agonist and the receptor, i.e. the H-bond interactions with Asn253 (6.55),
Ser277 (7.42), and His278 (7.43). For the agonists in our list, those main interactions
between the adenosine core and the residues of this subpocket were all retrieved by our
docking approach in 1-A,AAR or 14-A;pAR.

Ribose 5" subpocket of A;pAR

The biological activity of truncated nucleosides lacking 5’-substitution at the furanose ring,
e.g. compound 3, suggests that the occupation of the 5’ subpocket is not essential for the
binding to the A,pAR, although the favorable interactions with this pocket of a 5°-
uronamide, as in 14, tend to enhance the activity and the selectivity of the agonists for the
receptor. From the docking results, the 5’-subpocket could adjust to different substituents,
from the small and flexible hydroxyl group to the bulky and rigid tetrazole moiety, in order
to create favorable interactions between the residues and the substituents. The pocket of
AspAR accommodating the agonist 5°-substituent was formed by both hydrophilic residues,
such as His250 (6.52), Thr88 (3.36), GIn89 (3.37), and Asn181 (5.42), and hydrophobic and
bulky residues, like Leu85 (3.33), Trp246 (6.48), 11e92 (3.40), Cys185 (5.46), and Val186
(5.47). The OH-group of agonists 4-13 was small enough to assume different orientations in
the pocket, preferring the orientation toward His250 (6.52), and, as shown by the adenosine-
bound A,aAR complex,!” the interposition of a water molecule. The ethyl- and
cyclopropylcarboxamide groups of agonists 14-21, instead, were firmly locked in the 5’
subpocket by H-bond interactions with His250 (6.52) and Thr88 (3.36) and further stabilized
by favorable vdW contacts through their hydrophobic terminal. In particular, the vdwW
contributions to the binding energy of Leu85 (3.33) was more conspicuous in the case of the
ethylcarboxamide substituent than in the case of the smaller OH group, as shown by the
energy components in Table 2. The docking results of compound 22, with the bulky and
rigid tetrazole moiety, suggested that the 5’ subpocket was spacious and easily adaptable to
accept substituents of different size and nature. The 5” subpocket is a potential site for the
development of new substituted agonists in order to analyze the SARs needed to improve
the binding and the selectivity of the adenosine derivatives as agonists for the A,aAR (Tosh
et al., in preparation).

Adenine N8 subpocket of AspAR

The region of 1-A,aAR that accommodates the bulky N8-diphenylethyl group of 1 is located
between the extracellular termini of two helices (TM6, TM7) and two loops (EL2, EL3) and
is formed predominantly by hydrophobic residues. The same subpocket was occupied by the
N substituents of compounds 1113, and 20, according to their predicted binding modes.
The subpocket that holds the N substituent in the A,aAR is quite flexible due to the easy
movements of some of the residues in TM7 and EL3. In fact, comparing the X-ray structures
of 1-AaAR and 14-A AR or 4-A;aAR, the pocket for the N substituent is wide open in
the 1-A,aAR but obstructed in the 14-A, AR structure. The specific rotamer of Met270
(7.35) and the outward folding of EL3 in 1-A,aAR allowed the formation of a subpocket for
the N© substituent of 1. The space created in TM7 between Met270 (7.35) and Ile274 (7.39)
by the movement of Met270 side chain toward the extracellular part of the cavity of 1-
AoaAR, according to the predicted binding modes of 11-13, and 20, could be occupied by
one of the aromatic rings of the N® substituents, a phenyl ring for 11 and 13, the
methylphenyl ring for 12, and the thiophene moiety for 20.
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Other hydrophobic residues embedding this aromatic ring were Leu249 (6.51), 11e252 (6.54)
and Ala273 (7.38). In the predicted binding poses, the other phenyl ring of the N6 substituent
of 11-13 was always pointing toward the solvent in the extracellular media, exiting the
binding cavity in a vertical way between Met270 (7.35) and Thr256 (6.58). The side chains
of Thr256 (6.58), Glu169 (EL2), Met270 (7.35), Met174 (5.35), and 11e252 (6.54) also
contributed with favorable vdW contacts to the stabilization of the N substituent. In the
predicted binding modes of the N6-substituted agonists, Glu169 in EL2 had to assume a
rotamer similar to the one in 1-A,aAR in order to allow the bulky substituents of 11-13, and
20 to adjust in the pocket and to contribute with favorable vdW contacts through the
aliphatic part of the side chain, pointing the charged carboxyl group away even in the
absence of a polar substituent at the C2 position of the agonists, like in the case of 11, 12,
and 20.

Obviously, Met270 (7.35) was a key residue in the binding the N8 substituted agonists, not
only contributing with favorable interactions to the recognition of the N8 group, but also
with its flexibility that allowed the formation of the subpocket of the substituent. The non-
conserved nature of the residue at position 7.35 among the adenosine receptors subtypes
could also be a discriminating residue for the selectivity of N6-substituted agonist. The
corresponding residues of Met270 in AypAR are the small Thr270 in A1AR and the bulky
Leu264 in AzAR.

Another residue located in the N8 subpocket and involved in the anchoring of the N8
substituent of the A,AAR agonists, but non-conserved among the adenosine receptors, is the
Thr256 (6.58), which becomes a bulky leucine in AzAR.

Adenine C2 subpocket of ApAR

The C2-subpocket of A;pAR is formed between TM7, EL2, and, marginally, TM2. A key
residue in the C2-subpocket of AppAR is Tyr271 (7.36), at the extracellular terminus of
TMY7. The polar and aromatic nature of Tyr271 could contribute in different ways to the
anchoring of the agonists. In the 2-A,aAR structure, the binding contribution from Tyr271
was minimal and predominantly from vdW contacts. In the 1-A;5AR structure, instead, the
contribution of Tyr271 to the binding of 1 became prominent due to the strong H-bond
interaction between the OH group of the tyrosine and the carbonyl group of the urea moiety
in 1. Obviously, the involvement to the ligand binding by Tyr271 was less relevant for small
agonists not-substituted at the C2 position, like 4 or 14. From the predicted binding modes
of the C2-substituted agonists in 1-A;aAAR and 14-AyaAR, the bivalent role of Tyr271, able
to adjust to substituents of a different nature, was strategic for the creation of favorable
contacts with the ligands. For agonists with hydrophobic C2 side chains, compounds 3 and 5
amongst the others, the main contribution to the stabilization of agonists by Tyr271 was
through vdW contacts. For compounds with a H-bond acceptor group on the C2 chain, like
in the case of 10 and 13, Tyr271 could form strong H-bond interactions to anchor the
molecule in the binding site. Other residues in the C2 subpocket are hydrophobic, like
[1e274 (7.39), 1le66 (2.66), Leul67 (EL2), Met270 (7.35), and Leu267 (7.32), favoring
hydrophobic chains at the C2 position of the agonists. Longer C2 side chains, like for
compounds 17 and 18, once reached the top of the cavity preferred to turn toward TM6
occupying the groove formed between EL2 and EL3, in order to interact with the residues of
the ELs, such as Glu169, Lys150 and Ly153.

The binding region on the receptor for long and flexible C2 substituents extended above the
principal adenosine binding cavity, following the groove between EL3 and EL2 but mostly
exposed to the solvent. Compared to 1-AxaAR, this EL2-EL3 groove in 14-AoaAR is
narrow due to the proximity of EL3 to EL2 through the H-bond interaction between His264
and Glu169. The main functional side chains of the receptor exposed to the agonist C2
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substituents are the two positively charged lysine residues, Lys150 and Ly153, the negative
carboxylate group of Glu169, and the indole ring of His264.

In the predicted binding poses, the carboxyl group of 16 was engaged in an ionic interaction
with Lys153, while the long chain of agonist 17 interacted with the Lys153 through its
amide carbonyl group and with Glu169 through its charged amine group. The longer and
specific side chain of 18 was locked in the EL2-EL3 groove of the 14-A,aAR structure by
strong interactions between the thiourea moiety and Glu169 and the possible attack by the
thiocyanate group to the amine group of Lys150.

In order to understand if interactions with the residues in the EL2-EL3 groove could bring
advantage to the binding affinity of the agonists, we desighed some amino acid derivatives
of 16 with different functional groups that, from the predicted binding poses, could fit the
C2 subpocket. In predicted binding poses of nucleoside derivatives with long C2 side chains
the C2 substituents were mostly directed toward the flexible and solvent exposed region at
the opening of the binding pocket formed by residues of EL2 and EL3. This region of the
receptor is the most variable in amino acid nature within the ARs, possibly granting some
selectivity toward specific subtypes of the ARs. Moreover, upon agonist binding this region
undergoes many conformational changes as showed by the comparison between the
antagonist-bound and the agonist-bound structures of A,aAR, making this region easily
adjustable to various substituents.

The D-derivatives of this amino acid series of compounds showed higher binding affinities
compared to the L-derivatives. From the predicted poses, the L-side chains were located
very close to the EL2 wall, while the D-side chains were more in the middle of the groove.
EL3 is more flexible than EL2 and can adjust more easily to the shape of the various ligand
substituents, as shown by the outfolding of EL3 in the 1-A,aAR structure. Besides the
highly flexible portion with Lys150 and Lys153, present only in the 14-A;,AR and 4-
AoaAR structures, EL2 contains a a-helical portion with Phe168 and Glu169 that is quite
fixed in the binding cavity of A,aAR and less adjustable to bulky ligand substituents.
Among the amino acids derivatives tested, some gain in affinity at the ApaAR was possible
with the positive charged side chain of 36 and the aromatic side chains of 38 and 42. In the
predicted binding pose of 36 in the 14-A;AAR binding cavity, the arginine side chain was
anchored to Glu169 (EL2) and Thr256 (6.58), while the aromatic rings of 38 and 42 were
located between Lys150 (EL2) and His264 (EL3). Those docking poses suggested an
involvement of residues in the ELs in the coordination of long C2 substituents of nucleoside
agonists.

In conclusion, molecular modeling of GPCRs is shown to be a useful technique in probing
the determinants of agonist recognition, especially when the modeling takes into account all
of the available supporting data (multiple X-ray structures, mutagenesis, and SAR). The
position of the adenosine moiety and its overlay with a bound antagonist were well
approximated using modeling based on the inactive ApaAR structure, and now the agonist-
bound structures provide detailed information. By examining the molecular recognition of
20 known AoaAR agonists, a structural basis for previous empirical SARs consistent with
previous mutagenesis results is provided. We are just at the beginning of learning how to
effectively utilize the new agonist-bound X-ray structures of GPCRs in drug discovery, but
it is clear that the insights gained can be used to guide the rational design of new synthetic
analogues. Docking predictions made for these agonists can now be used as an aid in
extending the SAR in this chemical series to predict the likelihood in increasing A,paAR
affinity. We have prepared a series of amino acid derivatives at the terminal position of a C2
chain that maintain moderate affinity and the putative site of binding of the added moieties
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associated with EL2 and EL3 has been predicted. This approach can potentially be extended
to other regions of the nucleoside structure.

Experimental Section

Chemical synthesis

Briefly, commercially available nucleoside carboxylic acid 16 was coupled to various
carboxylate-protected amino acids using either EDC.HCI (1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride) or HATU (2-(1H-7-azabenzotriazol-1-
yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium) as coupling agent in
anhydrous DMF to obtain the corresponding amino acid coupled methy! ester derivatives
(Supporting information). Subsequently, the methyl ester was hydrolyzed using 0.1M
aqueous NaOH to give the target carboxylic acid derivatives 33-42.

Purification of the nucleoside derivatives for biological testing was performed by HPLC
with a Luna 5 4 RP-C18(2) semipreparative column (250 mm x 10.0 mm; Phenomenex,
Torrance, CA) under the following conditions: flow rate of 2 mL/min, 0.5% trifluoroacetic
acid in H,O-CH3CN from 100:0 (v/v) to 50:50 (v/v) in 32 min. Analytical purity of
compounds was checked using a Hewlett-Packard 1100 HPLC equipped with Zorbax SB-Aq
5 um analytical column (50 mm x 4.6 mm; Agilent Technologies Inc., Palo Alto, CA).
Mobile phase: linear gradient solvent system, 5 mM TBAP (tetrabutylammonium
dihydrogenphosphate)-CH3CN from 80:20 to 40:60 in 13 min; the flow rate was 0.5 mL/
min. Peaks were detected by UV absorption with a diode array detector at 254, 275, and 280
nm. All derivatives tested for biological activity showed >99% purity by HPLC analysis
(detection at 254 nm).

For structural confirmation, 'H NMR spectra were recorded at 300 Mz. Chemical shifts are
reported in parts per million (ppm) relative to deuterated solvent as the internal standard.
ESI-High resolution mass spectroscopic measurements were performed on a proteomics
optimized Q-TOF-2 (Micromass-Waters) using external calibration with polyalanine.

Computational methods

Receptor and agonists structures—The crystal structures of the A, receptor in
complex with 1, 4, and 14 were obtained from the Protein Data Bank (PDB entry codes:
3QAK16, 2YDOL’ 2YDVY), All the proteins were cleaned from water molecules and ions
and hydrogen atoms were added to the receptors and minimized by means of the Protein
Preparation Wizard in Maestro3l, The T4-lysozyme insertion replacing the third intracellular
loop (IL3) in the 3QAK crystal structure was removed. The IL3, which is far from the
binding cavity, was not replaced. The protonation states of the histidine residues in the
binding cavity were based on hydrogen bonding networks present in the crystal structures.
The previously published complexes of the docked agonists 4 and 14 to the antagonist-
bound AsaAR crystal structurel® were also used. The structures of the agonists were
sketched in Maestro and minimized using the Polak-Ribiere conjugated gradient (PRCG)
method with a convergence gradient of 0.001 k/mol-A.

Molecular Docking of agonist 1 to the 1-A;5AR structure—The automated docking
of 1 was performed in a rigid binding site of the A,poAR with different docking protocols to
test the docking ability to reproduce the co-crystallized orientation. The binding pocket of 1
in the crystal structure of the 1-A,AAR complex was considered for all the docking
approaches. The best scored docking poses from each protocol were compared to the co-
crystallized orientation of 1 and the root-mean-square deviation (RMSD) was calculated as a
measure of docking reliability. Glide3 was used to dock 1 using both the SP (standard
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precision) and XP (extra precision) procedures, with default parameters or with hydrogen
bond constraints. The H-bond constraints in Glide were applied during the generation of the
docking grid to enforce the H-bond formation between the adenosine core of 1 and the
crucial residues in the binding site, i.e. between the amide group of Asn253 and the N°
amino group and N7 of 1, between the N¢ of His278 and the 2’-OH group of the agonist, and
between the OH group of Ser277 and the 3’-OH group of 1.

MOE?32 docking was performed with Alpha PMI, Alpha Triangle, Proxy Triangle, and
Triangle Matcher as docking placement functions. The co-crystallized orientation of 1 in the
binding site of 1-A,aAR with a RMSD lower than 2A was reproduced using the
“Pharmacophore consensus” tool implemented in MOE. A receptor-based pharmacophore
model was build based on the crucial interactions between the adenosine moiety of 1 and the
binding site residues and the pharmacophore model was then used to filter the docking
placements in order to retrieve only the docking poses that could reproduce those relevant
agonist-protein interactions. The MOE pharmacophore query (figure S2) was defined on the
crystal structure of the 1-AopAAR complex, and four pharmacophore features were used: the
H-bond acceptor/donor interactions between Asn253(6.55) and the exocyclic amino group
and N’ of 1, and the H-bond acceptor interactions between Ser277 and His278 and the 2’-
OH and 3’-OH of 1. The radii of the features were not modified.

Agonist 1 was docked to the binding site of the 1-A,aAR structure also with ICM-Dock
module in the MolSoft LLC suite,”8 using mmff charges and the default setup. The
binding cavity of the receptor was defined as being within 5 A of the co-crystallized 1 in the
1-A,pAR structure. The best docking pose of 1 was chosen based on the docking energies
and the best RMSD value compared with the X-ray pose of 1.

Molecular docking of agonists 11-13 and 20—The molecular docking of 11-13 and
18 was performed in the binding site of 1-A,aAR with the Glide SP protocol without
distances restraints or MOE docking and the pharmacophore query, as described for agonist
1. The best scored docking poses showing the crucial H-bond interactions between the
adenosine core of the agonists and the important residues Asn253, Ser277, and His278 of
the receptor were retained and subjected to MCMM conformational analysis by means of
MacroModel3147:48 for further structural optimization and energy minimization of the
complexes. During the conformational search, full flexibility was granted to the ligand and
the residues of the receptor within a radius of 4 A from the ligand. All the other residues
were considered conformationally frozen during the calculations. 1000 steps of MCMM
were performed with the MMFFs force field and the water GB/SA model as implicit solvent.
Polak-Ribier Conjugate Gradient (PRCG) minimization method with a convergence
threshold on the gradient of 0.05 kJ/mol-A was used.

Molecular Docking of agonists 3-10, 14-19, and 21-22 in the optimized
binding site of 1-A,AAR—The automated docking of agonists 3-10, 14-19, and 21-22
was performed in the optimized binding sites of 1-A,aA with a different rotameric state of
the Glu169 side chain from the crystal structure. A rotamer of Glu169 with the carboxyl
group oriented toward the binding site was chosen after MCMM conformational search of
the binding site in order to recreate the H-bond interaction between this residue and the
primary N8 exocyclic amine of these agonists, in a similar way as in the 2-A,aAR, 14-
AspAR, and 4-A,aAR crystal structures. The same molecular docking protocols and
parameters describe above for agonists 11-13 and 18 were used. After the automated
docking the best scored poses of the agonists were optimized by means of MCMM
conformational search as described in the previous section.

J Med Chem. Author manuscript; available in PMC 2013 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deflorian et al.

Page 17

Molecular Docking of agonists 16-18, and 27—-42 in the optimized binding site
of 14-A,paAR—The binding site of 14-A,AAR was considered optimal for the docking
study of agonists with long C2 substituents due to the presence of the entire EL2 of the
receptor, missing in the 2-A,aAR structure. The automated docking and MCMM
conformational search for agonists 16-18 and 27-42, characterized by long C2 substituents,
were conducted in the binding site of 14-A,AAR using the same protocols described above.

The graphical pictures were made with the Pymol program (Delano Scientific LLC, CA,
USA) and MOE.

Pharmacological characterization

Binding assays were performed using membranes of mammalian cells stably expressing
recombinant A1AR or Az3AR (CHO, Chinese hamster ovary) cells or the A;ppAR (HEK-293,
human embryonic kidney cells).#3-1 as radioligands [1221]N6-(4-amino-3-
iodobenzyl)adenosine-5'-N-methyluronamide ([12°1]1-AB-MECA; 2000 Ci/mmol), [*H]R-
N6-phenylisopropyladenosine ([3H]R-PIA, 63 Ci/mmol), [3H]16 (47 Ci/mmol), as described
(Supporting information).59:51 |Cs, values obtained from competition curves were converted
to K; values using the Cheng-Prusoff equation.>2 Data were expressed as mean + standard
error.

Functional assays of cAMP accumulation were performed using membranes of CHO cells
stably expressing recombinant A;AR or AyaAR, as described.?3:54 Statistical analysis was
performed using Prism 4.0 (GraphPad, San Diego,CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

AR adenosine receptor

CHO Chinese hamster ovary

EL extracellular loop

GPCR G protein-coupled receptor

HEK human embryonic kidney

HPLC high performance liquid chromatography
intracellular loop

MCMM Monte Carlo Multiple Minimum

MOE Molecular Operating Environment

NECA 5'-N-ethylcarboxamidoadenosine

RMSD root mean square deviation

™ transmembrane o-helix

vdw van der Waals
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Figure 1.

A. The newly determined structure of the ApaAAR is shown surrounding its synthetic agonist
1.16 The helices (color sequence from red to blue) and the slim connecting loops represent
the receptor protein, winding back and forth through the cell membrane. The central ribose
moiety (red) of the agonist binds in a hydrophilic region and is critical for activation of the
receptor, while the adenine heterocycle (blue) binds in a hydrophobic region. The top (tan-
colored) C2 and N6 substituents of the agonist, facing the outside of the cell, effectively fill
the remaining spaces in the binding site and stabilize the receptor in order to obtain a
crystallized structure. B. Similar view of the agonist docking model of Ivanov et al. using
the inactive AyaAR structure.#19 The potent nonselective agonist 14 is present in the
binding site. C. Superposition of the agonist 1 (carbons colored in green) in 1-AopAAR
(represented as ribbon colored in green), the antagonist 2 (carbons colored in orange) in 2-
AupAR (represented as ribbon colored in orange), and the predicted docked pose of 14 as in
Ivanov et al. (carbons colored in cyan).
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Figure 2.

Docking poses of 4 (panel A and B, with carbon atoms colored in green and orange) and 14
(panel C, with carbons colored in yellow) in the binding site of the agonist-bound 1-A;aAR
structure. The key H-bond interactions between the compounds and the residues of the
binding pocket are highlighted as dotted lines. Adenosine 4 may assume an orientation of
the 5’-OH group that points toward H250, like the docking mode in panel A, or with the 5’-
OH group pointing and interacting with T88, docking mode in panel B. The uronamide
group of 14 interacts with both H250 and T88. The H-bond interactions between the
adenosine moiety of the agonists and the key residues N253, S277, and H278 as well the
hydrophobic interactions with F268, L249, 1274 are believed to be conserved for all the
agonists in our list.
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Figure 3.

Docking poses of the 7 (panel A, with carbon atoms colored in orange), and 10 (panels B
and C, with carbon atoms colored in orange and green, respectively) in the optimized
binding site of the 1-A,aAR structure. The key H-bond interactions between the compounds
and the residues of the binding pocket are highlighted as dotted lines. The bulky and
hydrophobic naphthyl moiety of 7 could fit in the binding site of 1-A,aAR only after the
rotation of Glu169 side chain toward the adenine moiety of the ligand, engaging in a strong
H-bond interaction with the exocyclic amine group of 7 and relieving the steric clash with
the C2 substituent of the agonist. The rotamer flexibility of Glul69 in the 1-A,pAAR
structure is shown with the two possible binding modes of 10. The carboxyl group of
Glu169 could interact with the exocyclic amine group of the ligand (panel B) or with the
amide carbonyl group at the C2 substituent of 10 (panel C).
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Figure 4.

Panel A: Docking poses of 11 (with carbon atoms colored in green), 12 (with carbons in
orange), and 13 (with carbons colored in cyan) in the binding site of the 1-A,pAR structure.
The bulky N6 aromatic rings of the agonists are located in a hydrophobic pocket at the
extracellular region of TM6, TM7, EL2, and EL3. Panel B: predicted binding orientation of
20 in the binding site of 1-A,aAAR. The key H-bond interactions between the compounds
and the residues of the binding pocket are highlighted as dotted lines.
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Figure 5.

Docking poses of 16 (panel A, with carbon atoms colored in green), 17 (panel B, with
carbons in orange), and 18 (panel C, with carbons colored in green) in the binding site of the
14-A,pAR structure. The key H-bond interactions between the compounds and the residues
of the binding pocket are highlighted as dotted lines. The proximity of the isothiocyanate
moiety of 18 to the positively charged amine of Lys150 suggested the involvement of this
residue in the irreversible binding of 18 to the receptor.
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Figure 6.

Predicted docking orientations of D-amino acid conjugates 36 (panel A, with carbons
colored in yellow), 38 (panel B, with carbons in orange), and 42 (panel C, with carbons
colored in orange). The guanidium group of 36 was engaged in H-bond interactions with
Glul69 (EL2) and Thr256 (6.58). The phenyl ring of 38 and the imidazole ring of 42 were
located between the positively charged amino group of Lys150 (EL2) and the aromatic side
chain of His264 (EL3).

J Med Chem. Author manuscript; available in PMC 2013 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deflorian et al. Page 28

e i e

OH OH
1 UK-432,097
HO
NH,
Ao o
]
WP \
H

2 ZM241,385
Chart 1.
Structures of agonist (1) and antagonist (2) AR ligands that were co-crystallized with the
human AspAR.
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Table 1

Structures and affinities of agonists of the A,aAR used in docking to the crystallographic structure of the
agonist-bound receptor. Unless noted, X = O; Y =N; R', R" = H.

_R"

HN
N N

i | Y
<N N/)\ R

R
X
OH OH
Compound | R R’ R K or I1Cs,
nM2 (Ap)
1 CONHC,Hs = Ph 4
AT
i I ,O " Ph
Ay

X=3)

5 CH,0OH

o)
fr‘\/\/

4 CH,OH H H ~20
EM

H 58.5

6 CH,OH Cl
é’é\o/\/O/

8 CH,OH H 372

7 CH,0OH H 3.8

9 CH,0OH H 270
(-‘5;"'\ - N o~
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R"
HN™
N BN
¢ AL
N™ N7 R
R
X
OH OH
Compound | R R’ R K; or 1Cs,
nMa (Aza)
10 CH,0OH N— H 290
I
N‘\-..
N CHy
O
11 CH,OH H th 49.9
Ph
12 CH,OH H CH;4 . 168
CH;0 O OCH;4
13 CH,OH ‘555‘ H Ph 20.1
N W
\/\N
Ph
O
14 CONHC,H; H H 2.2
15 CONHC,H; fij H 6.4
\
16 CONHC,Hs5 /\/@/\/COOH H 27
Ay
H
17 CONHC,H5 o H 5.73
= - NHz
£ | H
;xN .
H
18 CONHC,H5 o H 7.1
, @A)L\H/WNHCSNH
f\“/\v_ T @
H Ny
NCS
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R"
HN™
aP
(Ol
~
N N )\R,
R
X
OH OH
Compound | R R’ R K; or 1Cs,
nMa (Aza)
19 CONHC,H; reI‘J COOCH; | H 05
N Q,
20 CONHC,H; H 56
(X = CHy,
Y =CH)
21 H n.d.
22 H 2.3

aKi or IC5( values are from references 22, 29, 35 — 45, 50.
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Table 3

Binding affinity of a series of adenosine C2 long chain amide derivatives of 16 at three subtypes of human
ARs.

T
A
>
z
>\7/
z
O
/
A

Hic _N_ _O

OH OH

16, 27-30, 33-42

Compd R= Affinity Efficacy (Aza),
Ki, nM or (% inhibition)2 % of maximalP
A Aoa Ag

16 OH 380 70 570 100
27 L-Phe-OMe | 1080 + 210 160 + 50 130 + 40 110925
28 D-Phe-OMe | 1230+180 | 84.3+3.0 160 + 80 92.6+124
29 L-Trp-OMe | 1670+260 | 87.2+3.8 140+ 10 104.5+13.6
30 D-Trp-OMe | 1610 + 100 130+4 250 £ 90 1186 +5.7
33 L-Asp-OH 1900 + 660 180 + 60 1460 + 600 948 +6.7
34 D-Asp-OH 1180 + 360 110+ 10 790 £ 160 943+7.3
35 L-Arg-OH 1110+ 30 100+ 4 620 + 250 945+538
36 D-Arg-OH 990 + 320 50+5 220 £ 60 947 +6.7
37 L-Phe-OH 640+170 | 63.7+13.1 | 260+ 140 103.3+13.8
38 D-Phe-OH 550 + 100 34032 140 + 30 93.4+124
39 L-Trp-OH 1060 +£310 | 71.7+16.9 200 + 50 95.8+7.4
40 D-Trp-OH 2160 + 280 130+ 30 520 + 60 113.3+5.0
41 L-His-OH 1000 + 160 110+ 30 830 + 290 105.2+4.9
42 D-His-OH 350 + 40 40+4 320 £ 150 105.9+6.5

aUsing CHO or HEK293 (A2 only) cells stably expressing a human AR (Supporting Information); affinity was expressed as Kj value (n = 3-5)
or percent inhibition of radioligand binding at 10 pM. Compounds 31 and 32 are conjugates of L- and D-His-OMe, respectively, and were not
tested biologically.

bMaximal efficacy (at 10 uM) in an A2 AAR functional assay, determined by stimulation of cyclic AMP production in stably transfected CHO
cells, expressed as percent (mean + standard error, n = 3 — 5) in comparison to effect (100%) of full agonist 16 at 10 pM.
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