1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Chem Inf Model. Author manuscript; available in PMC 2016 March 23.

-, HHS Public Access
«

Published in final edited form as:
J Chem Inf Model. 2015 March 23; 55(3): 550-563. d0i:10.1021/ci500639¢.

Molecular Docking Screening Using Agonist-Bound GPCR
Structures: Probing the A,, Adenosine Receptor

David Rodriguez’#8, Zhang-Guo Gaoll, Steven M. Mossll, Kenneth A. Jacobsonll*, and Jens
CarlssonT#38"

TScience for Life Laboratory, Stockholm University, Box 1031, SE-171 21 Solna, Sweden
*Swedish e-Science Research Center (SeRC), SE-100 44 Stockholm, Sweden

SDepartment of Biochemistry and Biophysics and Center for Biomembrane Research, Stockholm
University, SE-106 91 Stockholm, Sweden

IMolecular Recognition Section, Laboratory of Bioorganic Chemistry, National Institute of
Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland
20892, United States

Abstract

agonist-bound

— binding [g/20] function Ej—

hits

m loglagonist]

database|

I library bias?

ROCS Ejf)_ similar 3D ] agonist

Crystal structures of G protein-coupled receptors (GPCRs) have recently revealed the molecular
basis of ligand binding and activation, which has provided exciting opportunities for structure-
based drug design. The A, adenosine receptor (AoaAR) is a promising therapeutic target for
cardiovascular diseases, but progress in this area is limited by the lack of novel agonist scaffolds.
We carried out docking screens of 6.7 million commercially available molecules against active-
like conformations of the A,aAR to investigate whether these structures could guide the discovery
of agonists. Nine out of the 20 predicted agonists were confirmed to be AoAAR ligands, but none
of these activated the ARs. The difficulties in discovering AR agonists using structure-based
methods originated from limited atomic-level understanding of the activation mechanism and a
chemical bias toward antagonists in the screened library. In particular, the composition of the
screened library was found to strongly reduce the likelihood of identifying AR agonists, which
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reflected the high ligand complexity required for receptor activation. Extension of this analysis to
other pharmaceutically relevant GPCRs suggested that library screening may not be suitable for
targets requiring a complex receptor—ligand interaction network. Our results provide specific
directions for the future development of novel A;aAR agonists and general strategies for
structure-based drug discovery.

1. INTRODUCTION

G protein-coupled receptors (GPCRs) constitute the largest group of eukaryotic cell-surface
receptors and are responsible for signal transduction across the membrane.! These receptors
share a topology characterized by seven transmembrane (TM) helices and exist in multiple
conformational states that regulate intracellular signaling pathways via interactions with G
proteins and other effectors. The conformational equilibrium of a GPCR can be modulated
by extracellular ligands that bind to the orthosteric binding site.2 Ligands are called agonists
if they stimulate receptor activation of intracellular signaling pathways, while antagonists
block the binding of other molecules without significantly altering the receptor basal
activity. The development of GPCR ligands has received considerable attention from the
pharmaceutical industry, and close to 30% of all marketed drugs target these receptors.3

Adenosine receptors (ARs) have been intensively studied for their therapeutic relevance.*®
The AR family consists of four subtypes (A1, Axa, Azg, and Ag) that signal via different G
proteins (A; and Az through G; and the A, subtypes through Gs). A large number of A;pAR
antagonists, primarily based on adenine-like (e.g. N-[9-chloro-2-(2-furanyl)
[1,2,4]triazolo[1,5-c]quinazolin-5-amine, CGS15943, 9) or xanthine scaffolds (e.g., 1,3-
dipropyl-8-arylxanthine, XAC, 10) (Figure 1), have been developed, and several of these are
currently being tested in clinical trials against Parkinson’s disease.® The therapeutic
potential of AR agonists has also been recognized by the pharmaceutical industry. The
short-acting agonists adenosine (1) and its close analogue regadenoson are widely used to
evaluate coronary artery disease during myocardial imaging.® The only class of non-
nucleoside AR agonists was reported in 2003,” and at least one of these, the 2-amino-3,5-
dicyanopyridine-containing compound capadenoson (3), is undergoing clinical trials.8 AR
agonists are relevant for the treatment of cerebral and cardiac ischemia, epilepsy,
thrombosis, and arterial hypertension,®° but drug development in this area is limited by the
lack of novel scaffolds.

A breakthrough in the AR field was the determination of a crystal structure for the Aya
subtype, which revealed the binding mode of the antagonist 4-[2-[7-amino-2-(2-furyl)-1,2,4-
triazolo-[1,5-a][1,3,5]triazin-5-ylamino]ethyl]phenol (ZM241385, 7).10 This enabled the use
of structure-based approaches in ligand discovery and optimization.11-14 Encouragingly,
molecular docking screens of chemical libraries against ApaAR crystal structures have been
remarkably successful, providing high hit rates and novel ligands.11-13 All large-scale
docking screens against the A,pAR have been carried out against structures crystallized in
an inactive state, and accordingly, the discovered ligands have been found to be antagonists
in functional assays. This suggested that a bias toward discovering ligands with specific
functional properties was encoded in GPCR crystal structures. Access to structures
crystallized in complex with agonists should then provide an opportunity to discover ligands
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with the ability to activate GPCRs. This hypothesis was recently supported by the discovery
of agonists from docking screens against active-like structures of adrenergic and serotonin
receptors.15:16

Recently, high-resolution structures of the A,aoAR in complex with nucleoside agonists were
determined.17:18 In this work, we evaluated the ability of the active-like receptor
conformations to guide the discovery of novel AopAR agonists. On the basis of prospective
molecular docking screens, we predicted 20 potential non-nucleoside agonists and evaluated
these experimentally in binding and functional assays. The results revealed challenges for
structure-based discovery of GPCR agonists associated with the chemical space covered by
commercial libraries and understanding of receptor activation.

2. MATERIALS AND METHODS

2.1. Residue Numbering

The Ballesteros—Weinstein residue numbering scheme for GPCRs? is indicated in
superscript and used throughout the text. According to this notation, residues are numbered
following the X.YY pattern, where X denotes the TM helix and YY is a sequence-based
number centered at the value 50, which is assigned to the most conserved residue of each
TM helix. Residues belonging to an extracellular loop (EL) region are also indicated in
superscript.

2.2. Molecular Docking Screens

Crystal structures of the human A;aAR in complex with three agonists (PDB codes 3QAK,
2YDO, and 2YDV)1718 and an antagonist (PDB code 3EML)1 were prepared for docking
with DOCK3.6.29 All non-protein atoms and, in the case of the 3EML and 3QAK structures,
the T4-lysozyme fusion protein were removed. Unless stated otherwise, the ionizable
residues in the binding site were set to their most probable protonation state at pH 7. The
tautomeric states of binding-site histidines were set on the basis of the hydrogen-bonding
network. His250852, His2787-43, and His2647-2%(EL3) were protonated at N, NS, and both
side-chain nitrogens, respectively. Residue Glu131-39 was set to a half-protonated state and
Asp522-50 was neutralized on the basis of their interactions with the surrounding
environment. The ligand conformational sampling implemented in DOCK3.6 is based on
superimposition of the docked ligand onto predefined matching spheres in the binding
pocket.21 Two sets of such spheres, derived from either the ribose or adenine groups of the
cocrystallized ligands, were used in two separate docking calculations to achieve maximal
sampling of the two receptor subpockets. The degree of conformational exploration is
determined by the bin size, bin overlap, and distance tolerance parameters, which were set to
0.3,0.1, and 1.4 A, respectively. For each ligand solution that passed a steric filter, the
binding energy was calculated as the sum of the electrostatic and van der Waals interaction
energies,20 corrected for ligand desolvation.22 The desolvation penalty was estimated from a
precalculated grid based on the transfer free energy of each docked molecule from aqueous
solution to a low-dielectric medium.2223 Delphi24 was used to map the electrostatic
potential in the binding site using partial charges from a united-atom AMBER force field,2
except for Asn253%-55, His2787-43, and Ser2777-42, For the agonist-bound crystal structures,
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the side-chain dipole moments of these three residues were increased to favor hydrogen
bonding (Table S1 in the Supporting Information), as previously described.11:1516 |n the
case of the inactive-state structure, only the side-chain partial charges of Asn253%-55 were
modified, in agreement with a previous screen with DOCK3.6.11 To increase sampling in
the ribose-binding pocket, two hydroxy! rotamers were explored for Ser2777-42 in the
docking screen against the 2YDO structure. Finally, 100 steps of rigid-body energy
minimization were carried out for the top-scoring conformation of each molecule.

Molecules annotated as AppAAR agonists (63) and antagonists (375) were extracted from the
WOMBAT database.11:26 To enable retrospective analysis of docking screens for the
different AopAR crystal structures, property-matched decoys were generated with the DUD-
E resource (http:/dude.docking.org).2” For each ligand, this method selects 50 decoy
molecules that have similar physicochemical properties (molecular weight, predicted LogP,
number of rotatable bonds, hydrogen-bond donors and acceptors, and net charge) and are
topologically dissimilar to the ligands. The resulting decoy set had 25 200 molecules, which
were used to test the ability of the crystal structures to enrich agonists or antagonists. Partial
charges and transfer free energies for the docked molecules were calculated with
AMSOL.28:29 The van der Waals parameters were derived from an all-atom AMBER force
field.30 In total, up to 600 conformations for each docked molecule were pregenerated with
the software OMEGA.31:32

The lead-like set of 6.7 million commercially available compounds from the ZINC
database33 (accessed in January 2013) were docked to the four AaAR crystal structures.
For each of the three agonist-bound structures, the top-ranked 20 000 molecules from the
docking screens were filtered on the basis of interactions with residues involved in ligand
binding and activation of the A;aAR. Compounds were required to form polar contacts with
Asn253655 (3.5 A cutoff) and either Ser277742 or His278743 (4 A cutoff). For compounds
that were top-ranked in several docking screens, the binding modes obtained for the 2YDO
crystal structure were prioritized, followed by 2YDV and 3QAK. The compounds that
passed the interaction filter were inspected visually to select compounds for experimental
evaluation. In this step, energy terms not explicitly included in the DOCK3.6 scoring
function, e.g., ligand internal energy and receptor desolvation, were taken into account as
described previously.11:13.16:34 Tyenty compounds were selected on the basis of their
complementarity to the receptor binding site, rank difference between agonist- and
antagonist-bound A, AR structures, chemical novelty, and commercial availability.

2.3. Radioligand Binding Assays

Tested compounds were purchased from the vendors Chembridge, Enamine, and VitasM.
Compound purity was confirmed as 295% by liquid chromatography—mass spectrometry or
NMR spectroscopy. Radioligand binding assays were performed as previously described!!
using membrane preparations from CHO or HEK?293 cells stably expressing the human
A1AR, AspAR, or AsAR. The agonist radioligands [3H](R)-N®-(phenylisopropyl)-adenosine
(R-PIA, 1 nM), [3H]2-[p-(2-carboxyethyl)-phenylethylamino]-5/-N-
ethylcarboxamidoadenosine (CGS21680, 10 nM), and [1221]N6-(4-amino-3-iodobenzyl)-
adenosine-5-N-methyluronamide (I-AB-MECA, 0.5 nM) were used for the A1AR, AspAR,
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and A3AR, respectively. Binding parameters were calculated using Prism 6 software
(GraphPAD, San Diego, CA, USA). ICgq values obtained from competition curves were
converted to K;j values using the Cheng—Prusoff equation. Data are expressed as mean +
standard error.

2.4. Functional Assays

CHO cells stably expressing the human ARs were cultured in DMEM supplemented with
10% fetal bovine serum, 100 units/mL penicillin, 100 pg/mL streptomycin, and 2 pmol/mL
glutamine. Cells were plated in 96-well plates in 100 pL of medium. After 24 h, the medium
was removed, and the cells were washed three times with 100 uL. of DMEM containing 50
mM HEPES (pH 7.4). For testing of the A,aAR agonist activity, cells were treated for 20
min with agonists in the presence of rolipram (10 uM) and adenosine deaminase (3 units/
mL). For testing of the A;AR and A3zAR agonist activity, cells were first incubated with
agonists for 20 min, and forskolin (10 uM) was then added, after which the mixture was
incubated for an additional 15 min. To test antagonist activity, compounds were added 20
min before the addition of agonists. The reactions were terminated by removal of the
supernatant, and cells were lysed upon the addition of 100 pL of lysis buffer (0.3%
Tween-20). For determination of cAMP production, an ALPHAScreen cAMP kit was used
according to manufacturer’s instructions.

2.5. 2D Molecular Similarity Calculations

Ligands with binding constants (K;, ECsg, ICsg) < 10 uM for any of the AR subtypes were
extracted from the ChEMBL15 database.3> The software ScreenMD from ChemAxon3® was
used to calculate the similarity Tanimoto coefficients (T;) of the tested compounds to the
ARs ligands using ECFP4 2D fingerprints.

2.6. 3D Molecular Similarity Calculations with ROCS

The ligand-based virtual screening tool Rapid Overlay of Chemical Structures (ROCS)37:38
was used to calculate the number of commercially available compounds that were similar to
representative AR ligands and to agonists of the adrenergic, serotonin, opioid, and P2Y
receptors. ROCS relies on the detection of molecules with 3D properties similar to those of a
reference compound (molecular query). Briefly, conformers of each compound were
superimposed and scored on the basis of their overlap with the query in terms of shape
(ShapeTanimoto) and functional groups (ColorTanimoto). All of the 3D similarity
calculations were ranked according to the TanimotoCombo metric, which is the sum of the
ShapeTanimoto and Color-Tanimoto scores and thus ranges from 0 to 2.

In a first step, conformers of the fragment- and lead-like sets from the ZINC database,33 7.4
million molecules in total, were generated with OMEGA..32 A maximum of 100
conformations were retained for each compound on the basi s of their mmf94s_NoEstat
force field energies. Representative A,aAR ligands with different functional properties were
selected as molecular queries to quantify differences in library bias toward antagonists and
agonists of this receptor. We selected the antagonists 8, CGS15943, 11, and DPCPX;; the
partial agonists LUF5833, LUF5834, and LUF5835; and the full agonists adenosine and 5’-
N-ethylcarboxamidoadenosine (NECA) (Figure 1). The conformations of ZM241585, XAC,
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adenosine, and NECA were extracted from crystal structures (PDB codes 4EIY, 3REY,
2YDO, and 2YDV, respectively),18:3940 and these were also used as templates to generate
the conformations for the other AR ligands. Compounds 8 and 11 were derived from
relevant substructures of ZM241585 and XAC, respectively. The ligand structures for the
remaining AR ligand queries were generated with OMEGA using the same parameters as for
the ZINC library, and then ROCS was used to overlay them on the most relevant
cocrystallized ligands: CGS15943 on ZM241385; DPCPX on XAC; and LUF5833,
LUF5834, and LUF5835 on adenosine. In each case, the top-scored conformer from the
superimposition was used as the molecular query. To assess the library bias toward ligands
of GPCR families other than ARs, we also carried out ROCS calculations using agonists of
the adrenergic receptor (ADR), serotonin receptor, opioid receptor (OR), and P2Y receptor.
The 3D coordinates of adrenaline were extracted from a crystal structure of the 5-ADR
(PDB code 4LD0).#1 The conformers of serotonin and adenosine diphosphate (ADP) were
extracted from the substructures of the cocrystallized agonist ergotamine and the partial
agonist 2-methylthioadenosine-5"-triphosphate, bound to the 5-HT1g and P2Y 1, receptors
(PDB codes 41AR and 4PY0), respectively.#243 The conformers of the synthetic OR agonist
meperidine (Table S2 in the Supporting Information) were generated as described above for
the AR ligands, and a structure similar to that observed for the phenylpiperidine moiety of
the cocrystallized ligand bound to the x~-OR (PDB code 4DJH)** was selected as a query for
the ROCS screens. Default parameters were used in the ligand-based virtual screens of the
ZINC database with ROCS, which included the optimization of the shape-based
superimpositions with the ImplicitMillsDean force field (“-optchem true” flag).

3. RESULTS AND DISCUSSION

3.1. Retrospective Molecular Docking Screens against Agonist- and Antagonist-Bound
A2pAR Crystal Structures

The three available agonist-bound crystal structures of the A;aAR were first analyzed to
identify receptor-ligand interactions responsible for receptor activation. Slightly different
conformations were observed for the orthosteric binding site depending on the cocrystallized
nucleoside agonist (adenosine, NECA, and 6-(2,2-diphenylethylamino)-9-((2R,3R,4S,5S)-5-
(ethylcarbamoyl)-3,4-dihydroxytetrahydrofuran-2-yl)-N-(2-(3-(1-(pyridin-2-yl)piperidin-4-
ylureido)ethyl)-9H-purine-2-carboxamide (UK-432097), corresponding to PDB codes
2YDO, 2YDV, and 3QAK, respectively). Compared with inactive-like structures, the
binding sites of agonist-bound receptors were more enclosed, in particular in the region
recognizing the ribosyl moiety of the ligands. This was achieved through an upward shift of
TM3, affecting the position of Thrg83-36, and side-chain conformational changes for
His2508-52, Ser277742, and His278743 (Figure 2). Hydrogen bonds between the ligand and
Asn2536:55 His278743, Ser277742, and Glu169°-39(EL2) were conserved in all of the

A AR crystal structures with agonists bound. Among these, Glu169°-30(EL2) was not
considered to be key for activation because this residue is not conserved across all AR
subtypes, which are likely activated through a similar molecular mechanism. Ligand
interactions with Asn253%-55 were conserved for both agonist- and antagonist-bound
structures, suggesting that interactions with this residue are key for ligand binding but
cannot alone activate the receptor. The ribosyl moiety, which is crucial for agonist activity,
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formed hydrogen bonds to Ser277742 and His2787-43 in each of the three structures. These
observations agreed well with mutagenesis data demonstrating the importance of Asn2536-55
for the binding of both ApaAR antagonists and nucleoside agonists, whereas Ser2777-42 and
His278743 typically affect only agonist binding.*> Thr883-36 and His2508-52 were not
considered to be crucial for activation because adenosine does not interact directly with
either of these residues (Figure 2). This was further supported by the fact that nucleoside
agonists without a 5’-hydroxyl group, which is located in the close vicinity of His2506-52
and Thr883-36 in the A,aAAR-adenosine crystal structure, act as full agonists.46 On the basis
of these observations, interactions with Asn253%-55 and the formation of hydrogen bonds
with Ser277742 and His2787-43 were considered to be the most important for AyaAR
activation.

The three agonist-bound and one antagonist-bound A,aAR crystal structures (Figure 2)
were prepared for molecular docking in DOCK3.6.22 As in the previous DOCK screens
against the AppAR, an increased dipole moment for the Asn253%-55 side-chain led to more
accurate predictions of ligand binding modes.1113 Docking of agonists was also improved
for the active-like structures when the side-chain dipole moments for residues Ser2777:42
and His278743 were increased. Docking scores were significantly enhanced with the
modified electrostatic potential, and these grids were used throughout this work (Table S1 in
the Supporting Information). Sets of A,aAR agonists and antagonists together with
property-matched decoys?’ were docked to the four AyaAR structures. Ligand
conformations were sampled in the rigid receptor structures, and a physics-based scoring
function was used to predict the binding energies for the screened molecules.?2
Encouragingly, all three active-like crystal structures displayed strong enrichment of
agonists over decoys on the basis of their receiver operating characteristic (ROC) curves and
enrichment factors at 1% of the ranked database (EF1%) (Figure 3). These structures also
had significantly better enrichment of agonists compared with the antagonist-bound receptor
conformation. For example, the 2YDO structure enriched agonists 63-fold better than
random, whereas the corresponding value for the antagonists was only 6-fold. Conversely,
the inactive-state crystal structure (PDB code 3EML) selected antagonists better than
agonists. Additionally, the enrichment of A,aAAR agonists by the active-like receptor
structures was on average 3.5-fold higher than for antagonists. Despite the relatively small
structural changes in the binding site for the agonist-bound crystal structures, these receptor
conformations appeared to be more suitable for identifying agonists on the basis of a
retrospective assessment.

3.2. Prospective Screens for Novel A;pAR Agonists

Molecular docking screens of commercially available libraries were performed with the goal
of discovering new non-nucleoside ligands that could activate the A;pAR. A set of 6.7
million lead-like molecules from the ZINC database33 were docked to the orthosteric sites of
the agonist- and antagonist-bound structures.19:17:18 T assess whether it was reasonable to
expect that AR ligands would be discovered from the screen, we quantified the number of
known A, 5 AR agonists and antagonists that would have been ranked among the top 0.3% of
the molecules in the database. Encouragingly, we found that several known agonists,
representing both the nucleoside and non-nucleoside scaffolds, were top-ranked in the
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screens based on the active-like conformations of the ApaAAR. For these structures, a higher
percentage of the agonists compared with antagonists was also recovered (Table S3 in the
Supporting Information). As AR antagonists were also found to be among the top-ranked
compounds in screens against the active-like receptor conformation, we used an additional
filter that identified top-ranked compounds that interacted with residues important for
AsaAR activation. This filter was based on polar contacts with Asn253%-5 together with
either Ser2777-42, His278743, or both of these residues and resulted in 600-1200 candidate
molecules for each of the three agonist-bound crystal structures. Compounds were primarily
selected from the screen against the 2YDO structure, as it had the best enrichment of
agonists (Figure 3). We also prioritized 2YDV over 3QAK because of the alternative side-
chain conformation observed for Glu1695-30(EL2) jn the latter structure, which was stabilized
by bulky substituents of the druglike ligand UK-432097 (Figure 2C). The binding poses for
molecules identified in prospective screens were visually inspected to select candidates for
experimental testing. Compounds satisfying the contact criteria were deeply buried in the
orthosteric site of the receptor and typically had an aromatic group that overlaid with the
adenine moiety of the cocrystallized agonists. Similar to the nucleoside agonists, the
compounds also occupied the ribose-binding pocket. A set of 20 commercially available
compounds was selected for experimental testing on the basis of their complementarity to
the AoaAR binding site (Table 1 and Table S4 in the Supporting Information). Twelve
compounds were identified on the basis of their docking poses in the 2YDO crystal
structure. The remaining eight molecules were selected from the docking screens against the
structures 2YDV (two compounds) and 3QAK (six compounds). The predicted agonists
formed hydrogen bonds to Asn2538-55 and extended into the ribose-binding pocket with
polar moieties. Thus, the interactions formed by the predicted ligands resembled those of
known A,pAR agonists. Additionally, the vast majority of the selected compounds had a
significantly better docking rank for the agonist-bound crystal structure compared with the
antagonist-bound structure, suggesting that they would stabilize an active conformation of
the Ao aAR.

3.3. Binding and Functional Assays for Predicted A,pAR Agonists

Radioligand binding assays were performed for the 20 selected compounds at the human
Aoa-, Aq- and A3AR subtypes. Nine compounds displayed binding affinities better than 10
UM at the AoaAR, which corresponds to a hit rate of 45%. Full concentration—-response
curves and K; values were determined for all compounds that showed more than 50%
inhibition at any of the three assayed AR subtypes (Table 1). Seven ligands were found to
display submicromolar A,aAAR affinities. Compound 17 was the most potent compound,
with a K;j value of 16 nM. Eight out of the nine discovered ligands were retrieved from the
docking screen against the 2YDO structure, whereas the remaining compound originated
from the 2YDV screen. None of the six molecules that were selected on the basis of the
3QAK crystal structure were found to bind to the ApaAR. Experimental data for all of the
tested compounds are shown in Table S4 in the Supporting Information.

Assays measuring levels of intracellular cAMP production were carried out to determine the
efficacy of the compounds that displayed significant radioligand inhibition for at least one of
the ARs. The potential agonist activities of the compounds at the A;-, Aoa- and A3ARS were
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assessed over a full range of concentrations (10710 to 107> M). Only compound 23 induced
significant activation of the A,aAR at 10 uM. Further characterization showed that the
changes in cCAMP levels were maintained in CHO cells that did not overexpress the AspAR,
suggesting that the observed effect was due to interactions with a different, as yet
unidentified target or receptor (Table S5 in the Supporting Information). The ability of the
most potent ligands to antagonize agonist-induced cAMP activity at each receptor subtype
was also characterized directly (Figure 4). All nine identified ligands were thus functional
antagonists of the AopAR.

3.4. Structure—Activity Relationships for Discovered A>pAR Ligands

To further understand the functional properties of the discovered ligands, their predicted
binding modes were analyzed on the basis of AopAR crystal structures, structure—activity
relationships, and molecular docking of non-nucleoside agonists.

Seven of the discovered ligands shared a 2-amino-3-cyanopyridine substructure (compounds
13 and 15-20; Table 1 and Figure 5A-G). Compounds 15 and 17, both of which have a
tricyclic core, were the most potent ligands, with K; values of 37 and 16 nM, respectively.
These 2-amino-3-cyanopyridines were also ligands of the A;- and A3ARs, but compounds
15 and 17 displayed some selectivity for the AppAAR over the Az subtype (10- and 32-fold,
respectively). The same overall binding mode was predicted for all seven compounds. The
2-amino-3-cyanopyr-idine group typically established two hydrogen bonds with Asn2536-55
though the exocyclic amine (donor) and cyano (acceptor) moieties (Figure 5). Similar to the
cocrystallized nucleoside agonists, these compounds were also predicted to form hydrogen
bonds with residues in the ribose-binding pocket of the A;aAR. In four cases (13, 15, 16,
and 18), a 2-furylmethanol group was predicted to form hydrogen bonds with the side-chain
hydroxyl group of Ser2777-42 in the ribose-binding pocket. The binding affinities for these
four compounds at the A;pAR ranged from 37 to 1300 nM, among which compound 15
achieved the highest affinity. Compounds 17 and 19 instead have a hydroxyphenyl
substituent with the —OH group at the meta and para position, respectively, which was
predicted to affect their interactions in the ribose-binding site. Compound 17 forms a
hydrogen bond to Ser2777-42, whereas compound 19 interacts with His2787-43. The
remaining ligand in the 2-amino-3-cyanopyridine series, compound 20, was predicted to
extend into the ribose-binding pocket with an imidazole moiety. The last two ligands,
imidazo[1,5-b]pyridazin-7-amine 23 and pyrimidin-4-amine 31, belong to two different
scaffolds and are also the most novel of the discovered compounds. Compound 23 was a
submicromolar ligand of the A;pAR (K; = 260 nM) and was even more potent at the AzAR
subtype (Kj = 63 nM). In the predicted binding mode, the bicyclic core forms hydrogen
bonds to Asn253%-5% and Glu169°-30(EL2), whereas the hydroxyphenyl group was predicted
to be within hydrogen-bonding distance of both Ser2777-42 and His2787-43. The known
AuaAR ligand most similar to compound 23 was identified by calculating the Tanimoto
similarity coefficient (T;) for all of the known AR ligands in the ChREMBL15 database3®
(Table S6 in the Supporting Information). The AR ligand closest to compound 23 was
chemically dissimilar to this hit (T, = 0.32), suggesting that it represents a novel scaffold.
Compound 31 displayed a K; value of 3.1 pM and had a low similarity coefficient (0.30),
also indicating chemical novelty. In this case, a flexible ethanol moiety attached to the 4-
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amino group of the pyrimidine ring was predicted to extend into the ribose-binding pocket
and form a hydrogen bond to His2787-43,

Some of the 2-amino-3-cyanopyridine ligands were similar to non-nucleoside agonists of the
ARs.4748 For example, the known AR ligand closest to antagonist 17 was a nucleoside
agonist (Table S6 in the Supporting Information). As crystal structures of the A;aAR in
complex with a non-nucleoside agonist are not currently available, we docked two
representative compounds, i.e., 3,5-dicyanopyridines LUF5834 and LUF5835, to the active-
like structures of the receptor (Figure 6). Analogously to compounds 15 and 17, the
hydroxyphenyl groups of LUF5834 and LUF5835 were predicted to form hydrogen bonds to
Ser277742 and His2787-43, respectively. As the flexible imidazole substituent of the non-
nucleoside agonists was solvent-exposed, the main difference between the two sets of
molecules appeared to be the additional nitrile group that extended into the ribose-binding
pocket. Although this nitrile group was not predicted to be involved in direct interactions
with the receptor, it may play a role in the activation mechanism by coordinating the bound
water molecules that have been observed in the ribose-binding pocket of the AaAAR crystal
structures, as suggested by Lane et al.#% However, it should be noted that A;- and AopAR
agonists with a 2-amino-3-cyanopyrimidine scaffold lacking this nitrile group have been
developed.50 We also identified an additional plausible binding mode for LUF5834 from our
docking calculations (Figure 6B). In this case, no direct hydrogen bonds were formed with
Ser277742 or His278743, Instead, the imidazole moiety was deeply buried in the orthosteric
site and hydrogen-bonded to His250%-52 and Thrgg3-36,

One explanation of why the discovered compounds did not activate the ARs may be related
to the fact that they were unable to form all the polar interactions required to shift the
conformational equilibrium of the receptor toward an active state. On the basis of crystal
structures, we found that polar interactions with Asn253%-5% were sufficient to antagonize the
AuaAR. In addition, several antagonists were found to fill only a fraction of the binding-site
volume. In contrast, the agonists occupied nearly the entire binding site, and judged by the
active-like crystal structures and mutagenesis data, interactions with Asn253%-55, Ser2777:42,
and His278743 were key for receptor activation. Our discovered ligands typically formed
hydrogen bonds to only one of the latter two residues. To quantify the number of
commercially available compounds predicted to have the same interaction pattern as
cocrystallized A;pAR agonists, we re-examined the top-ranked 50 000 molecules from each
of the three docking screens. Compounds were required to establish hydrogen bonds (3.5 A
cutoff) with different donor/acceptor atoms to Ser2777-42, His2787-43, and Asn2536-55,
including a double hydrogen bond with the side-chain amide of the latter residue. Of the
resulting 150 000 complexes, only 60 (0.04%) achieved this pattern of interactions (Table
S7 in the Supporting Information). Of these 54 unique molecules, seven were nucleosides
and 40 had azole cores resembling compounds 14, 26, 28, and 29, which were found to be
inactive in binding assays (Table S4 in the Supporting Information). For comparison, more
than 50% of the complexes had polar contacts with Asn2538-55 which on the basis of crystal
structures could be sufficient for antagonism. In addition to the interactions with Asn2536-55,
Ser277742, and His2787-43, cocrystallized nucleoside agonists were found to form additional
hydrogen bonds with Thrgg3-36 and His250%-52, which may also play a role in activation. In
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light of these observations, the reason why the discovered ligands were not AR agonists
could be related to the fact that activation requires a more complex receptor-ligand
interaction network compared with antagonist binding.

3.5. Bias in Chemical Libraries toward Ligands of the A,pAR and Other Class-A GPCRs

The fact that only one class of non-nucleoside agonists of the A;aAR has been identified
emphasizes the challenge of identifying agonists for this receptor. Analysis of crystal
structures suggested that activation of the A,pAR requires a more complex ligand structure
than antagonism. We hypothesized that such compounds may be less abundant than
antagonists in commercial libraries. This potential bias in chemical libraries toward ligands
with different functional behaviors was analyzed for the A,aAR and other pharmaceutically
relevant GPCR families.

To quantify the chemical bias toward agonist- and antagonist-like chemotypes of the A;pAR
in the screened library, we calculated the numbers of compounds similar to known
antagonists and agonists in terms of shape and polarity. The ZINC fragment-like and lead-
like libraries were screened using ROCS, which superimposes each compound of the
database onto a reference ligand and evaluates their similarity on the basis of shape and
spatial arrangement of functional groups.3® The AR ligands were carefully selected to
ensure that differences in ligand complexity mainly originated from their efficacy profiles
for the AoaAR. For instance, the chemical complexity of ligands often increases as they are
optimized for selectivity and ADMET properties, but this is not related to their functional
profile. For these reasons, we focused the ROCS calculations on nonselective AR agonists
and antagonists of similar and low molecular weight. Adenosine, NECA, LUF5833,
LUF5834, and LUF5835 (compounds 1, 2, and 4-6, respectively) were selected as agonists.
As ApAR antagonists, we selected four compounds representing two distinct scaffolds
from the ChEMBL data-base.3> Compounds 8 (K; = 160 nM) and CGS15943 (9) (K; = 1.2
nM) were selected as adenine-like scaffolds, whereas 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX, 12) (Kj = 129 nM) and 11 (K; = 2.1 pM) were chosen from the group of xanthine
derivatives. The similarities of each molecule in the ZINC database to the nine AR ligands
were quantified using the TanimotoCombo metric. A TanimotoCombo value of 2 represents
a perfect overlay of shape and polarity, whereas a value of 0 indicates no similarity.
TanimotoCombo values =1.2 were considered to represent significant similarity, but the
conclusions presented in this work are valid over a wide range of values.

The results from the ROCS calculations based on AR ligands are shown in Figure 7 and
Table 2. The numbers of commercially available compounds from the ZINC database with
significant similarity to the five ApaAAR agonists ranged from 210 to 1430. The ROCS
search identified between 210 and 580 commercially available compounds that were similar
to non-nucleoside agonists (LUF5833, LUF5834, and LUF5835). Compared with the
agonists, significantly larger numbers of compounds in the ZINC library were found to share
the same shape and polarity as the adenine- and xanthine-like antagonists. The difference
was most pronounced for the search based on CGS15943, which returned 11-fold more
compounds than adenosine. The searches based on xanthine derivatives (11, 12) resulted in
lower numbers of similar compounds, which were still 2-fold higher than for adenosine. In
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this context, it should also be noted that the large number of additional known antagonist
scaffolds of the A,aAR®! would likely increase the difference in library bias between
agonists and antagonists even further.

In a second step, we investigated whether library bias could also affect docking screens for
agonists of other GPCRs. The ROCS calculations were extended to include the ligands of
the adrenergic, serotonin, P2Y, and opioid receptors (Figure 8 and Table S2 in the
Supporting Information), which have received considerable interest as drug targets.® For the
first three families, which had members crystallized in complex with agonists, the
endogenous ligands were used in the ROCS calculations. A synthetic OR agonist was
included, as compounds that activated the x-OR receptor had been discovered in a recent
docking screen.52 Close to 7500 commercially available molecules were found to be similar
to adrenaline, which activates the adrenergic receptors. A similar number of compounds
were found to share the same shape and polarity as serotonin. Most of the retrieved
compounds were fragment-like (MW < 250), in agreement with the relatively small sizes of
these two neurotransmitters. For the OR agonist, which also had relatively low molecular
weight, a total of 19 000 similar compounds were identified in the ZINC database. The
numbers of compounds identified as similar to the adrenergic, serotonin, and opioid receptor
agonists were 4- to 12-fold larger than for adenosine. ADP, an endogenous ligand of the
P2Y 1, receptor, returned the lowest number of similar compounds of all queries (51
molecules), in agreement with the high molecular complexity of this ligand.

3.6. Challenges for Structure-Based Discovery of GPCR Agonists

The high hit rates obtained from structure-based screens against the A,aAR16 and other
GPCRs (e.g., adrenergic and serotonin receptors) reflect the druggability of their orthosteric
sites.33 For this reason, it was not surprising that a large fraction of the tested compounds
from our docking screen were A,pAR ligands. As the screens were carried out against
agonist-bound structures, we also anticipated that several of them would be agonists. This
was supported by the ability of molecular docking to enrich known agonists, including non-
nucleoside scaffolds, both using the screened library and property-matched decoys as
background (Figure 3 and Table S5 in the Supporting Information), which has also been
observed in structure-based screens involving optimization of nucleoside agonists.>* For
these reasons, we also anticipated that several of the selected compounds from our docking
screens would activate the AopAAR. The finding that none of the discovered ligands activated
the AoaAR suggests that screening success is determined not only by the druggability of the
target but also by the composition of the chemical library and the understanding of the
activation mechanism at the atomic level.

Although millions of molecules can be now tested in screening campaigns, these represent
only a small fraction of the ~10%0 possible druglike molecules. This limited coverage of
chemical space will strongly influence success in ligand discovery efforts.>® The
composition of commercially available libraries has a general bias toward biogenic
molecules and likely reflects the focus of drug discovery programs.6 Previous studies have
identified a bias toward GPCR ligands versus other drug target classes on the basis of 2D
similarity methods.5” Shoichet and co-workers estimated that there are 3- to 12-fold more
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GPCR-like ligands in commercially available libraries compared with other targets such as
kinases, ion channels, and proteases.>8 In particular, Carlsson et al.1! estimated that there are
close to 8-fold more ligands of ARs in chemical libraries compared with two enzyme targets
(adenylyl cyclase and AmpC flactamase). The degree of library bias also appeared to
correlate with hit rates from docking screens against each target; both were approximately
10-fold higher for the ARs compared with the enzymes. The unexpected result from our
work, which was not assessed in previous studies, was that the library bias could depend on
the sought functional profile of the ligand. The favorable bias toward AppAR antagonists in
chemical libraries was evident from the large number of molecules that had shapes and
polarities similar to those of classical adenine- and xanthine-like AR ligands. Whereas we
cannot exclude the possibility that the lack of agonists among the hits from our screen
reflects limitations of docking or our understanding of receptor activation at the atomic
level, our analyses suggest that there are significantly fewer AR agonists in commercially
available libraries compared with antagonists. The observed library bias could likely, to a
large extent, be explained by the higher molecular complexity of AR agonists compared
with antagonists. We also extended our library bias calculations to other pharmaceutically
relevant GPCRs. We were particularly interested in the £-ADR, 5-HTqg and P2Y 1,
receptors, for which agonist-bound crystal structures have recently been determined. A large
number of commercially available compounds appeared to have a composition of chemical
groups necessary to activate the adrenergic and serotonin receptors. This is not only because
there has been a significant medicinal chemistry focus on the aminergic receptor family but
also because the endogenous ligands are fragment-sized molecules, for which commercially
available libraries have better coverage of chemical space. In agreement with these
observations, structure-based screens against the 5-HTg receptor and -ADR crystal
structures resulted in the discovery of agonists.1>16 A survey of the literature also revealed
several ligands that could activate the two aminergic receptor families but shared little
chemical similarity to the corresponding endogenous compounds (Figure 8). For the P2Y 1,
receptor, which recognizes agonists that are even more complex than adenosine, a very low
number of lead-like compounds were found to have similar shape and polarity as the
endogenous ligand. Even if medicinal chemistry efforts have been mainly focused on P2Y 1,
antagonists, this result is also supported by the fact that all known P2Y 1, agonists are
nucleatides. In this context, it should be noted that an agonist of the =-OR with a
significantly less complex structure than the endogenous peptidic ligand was recently
discovered in a structure-based screen.52 This could be explained by the fact that only a
fraction of the endogenous agonist may be buried in the orthosteric site of many peptide-
binding receptors. A large number of fragment-like molecules have been found to activate
ORs, and we also found a significant bias in the ZINC library toward such chemotypes
(Table 2). Overall, we have observed a correlation between the molecular complexity of
agonists and the number of chemotypes in commercially available libraries that can be
expected to activate a specific receptor. This suggests that screens for novel agonists with
significant molecular complexity will be strongly limited by the composition of the chemical
library. One tempting solution would be to increase the number of complex molecules in the
screening library. However, the probability of binding to a given pocket decreases
dramatically with higher molecular complexity, which makes such compounds undesirable
in screening libraries.>? Instead, when agonists are required to fulfill a complex interaction
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network, structure-guided modifications of antagonist scaffolds to transform them into
agonists may be a more suitable approach. The use of fragment-based techniques to target
the adenine- and ribose-binding subpockets separately, followed by linkage of fragments to
create a new agonist, could be an interesting alternative strategy to library screening. The
approach taken here to quantify library bias may also be useful to assess the suitability of a
chemical library in screens for agonists of other GPCRs.

The revolution in structural biology for membrane proteins has contributed to deeper
understanding of GPCR activation. Atomic-resolution structures of inactive- and active-like
conformations of GPCRs have demonstrated that the family undergoes similar structural
changes upon activation.0-61 The ADRs have been most extensively characterized and
include atomic-resolution structures in complex with inverse agonists, antagonists, and
partial and full agonists.! Intriguingly, despite the large conformational rearrangements in
the intracellular half of the receptor, the structural changes in the orthosteric site are
remarkably subtle. The main difference between ADR agonists and antagonists appears to
involve only additional hydrogen bonds between the agonists and serine side-chains in TM5
together with a small contraction of the binding site.61 Subsequently, docking screens
against a structure of the active £-ADR led to the identification of new agonists, all of
which were predicted to interact with the serines in TM5.15 In contrast to the 5-ADR,52 it
should be noted that none of the available A;aAR crystal structures represent a fully active
conformation with an intracellular partner. Additional conformational changes could be
expected in an active ApaAR structure, which may have influenced the outcome of our
docking screens. This suggests that a more detailed understanding of the receptor activation
mechanism may be required in order to enable structure-based discovery of AR agonists.
Water molecules have been found to be important for accurate modeling of ligand binding to
the AyaAR.12:63-66 The A, A AR—adenosine crystal structure also showed that several water
molecules bridge ligand—receptor interactions.18 For example, the water-mediated
interaction between adenosine and His250%-52 (Figure 2A) may be relevant for the receptor
activation mechanism. Mutagenesis experiments have also revealed differences between
nucleoside and non-nucleoside agonists. Intriguingly, Lane et al.4? found that the binding
affinity of the non-nucleoside agonist LUF5834 was essentially unchanged for several
AoaAR mutants that significantly reduced the binding of the nucleoside agonist CGS21680.
This could suggest that non-nucleoside agonists accomplish activation of the AjpAR
through a different set (or a subset) of interactions compared with nucleoside ligands. Along
those lines, our docking solutions for the agonist LUF5834 revealed two possible binding
modes, in support of the conclusion that interactions either with Ser2777-42 and His2787-43
or with Thr883-36 and His2506-52 could be responsible for activation of the AypAR. Crystal
structures of the A,aAR bound to non-nucleoside agonists would be valuable in identifying
the principal interactions responsible for activation and may shed light on the role of specific
residues and water molecules in this process.

4. CONCLUSIONS

Identification of lead compounds with desired selectivity and functional profiles is a key
step in drug development for GPCRs. Our docking screen for AoaAR agonists using active-
like crystal structures identified novel and potent ligands. The absence of agonists among
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the discovered ligands could be explained by the bias toward ApaAR antagonists versus
agonists in chemical libraries, a finding that has important implications for drug discovery.
Alternative approaches to library screening may be more efficient for the design of ligands
required to fulfill a complex interaction network. The chemotypes from our work explore
the ribose-binding pocket to a larger extent compared with ligands from previous in silico
screens against the A,pAR, and as this region is critical for activation, these leads may
eventually serve as starting points for the development of novel agonists. Combined with an
improved atomic-level understanding of receptor signaling, structure-based methods can be
expected to make important contributions to the discovery of GPCR ligands with tailored
pharmacological properties.
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Figure 2.
Comparison of the binding sites for agonist- and antagonist-bound crystal structures of the

AoaAR. The cocrystallized agonists are (A) adenosine, (B) NECA, and (C) UK-432097.
The agonists and selected residues are shown in sticks. In each panel, a crystal structure of
the AoaAR in complex with the antagonist ZM241385 (PDB code 3EML) is shown in lines
with white carbons for comparison.
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ROC curves for enrichment of A;aAR agonists (A) and antagonists (B) using different
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crystal structures. In each panel, the solid black line represents the enrichment expected
from random selection, and colored curves represent agonist-bound (2YDO, 2YDV, and

3QAK) and antagonist-bound (3EML) A;aAR structures. The enrichment factor value at

1% of the ranked database (EF1%) for each of the structures is also shown.
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Figure4.
Functional cAMP assays for representative ligands. Shifts of the dose-response curves

induced by the discovered ligands for reference agonists are shown for (A) compound 17 at
the A1AR, (B) compound 17 at the A,pAR, and (C) compound 16 at the AsAR.
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Figure5.
Predicted A,aAR binding modes for discovered ligands: (A) 15, (B) 17, (C) 18, (D) 13, (E)

16, (F) 19, (G) 20, (H) 23, (1) 31. Receptor structures with PDB codes 2YDO and 2YDV are
colored with green and cyan carbons, respectively. The cocrystallized agonists are shown in
lines.
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Figure6.
Predicted binding modes for the non-nucleoside A,aAR agonists (A, B) LUF5834 and (C)

LUF5835 bound to the A;pAR (PDB code 2YDO). Panels A and C represent docking
solutions with the lowest predicted energies, whereas panel B depicts an alternative binding
mode for LUF5834.
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Quantification of bias in commercial chemical libraries toward ApaAR ligands. Bars
represent the numbers of commercially available compounds in the ZINC database that are
similar to the molecular queries (representative AR agonists and antagonists) on the basis of
ROCS TanimotoCombo scores.
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Library bias in commercially available chemical libraries toward agonists of four GPCR

families on the basis of 3D similarities to endogenous ligands. (A) Bars represent the

numbers of commercially available compounds similar to the molecular queries on the basis
of ROCS calculations. (B) 2D structures of the corresponding endogenous ligands, as well
as examples of synthetic agonists that are chemically dissimilar to the natural agonists.
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