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Structure-based virtual screening accelerates GPCR drug discovery

Keywords: Melatonin, melatonin receptor, G protein-coupled receptor, circadian rhythm

Virtual ligand screening against high-resolution structures of G protein-coupled receptors is likely to become the next-generation drug design approach of choice. Stein and colleagues demonstrated the feasibility of such an approach by discovering novel chemical scaffolds for the melatonin MT1 receptor and compounds with unique in vivo activities.
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One of the main motivations to solve the structures of G protein-coupled receptors (GPCRs) is the promise to accelerate the drug development process to eventually design more potent and selective medications targeting such receptors. GPCRs are indeed proven drug targets with approximately 30% of currently marketed drugs targeting these transmembrane proteins [START_REF] Santos | A comprehensive map of molecular drug targets[END_REF]. However, many of the 400 potentially druggable GPCRs remain still therapeutically unexplored, and for those already explored, the selectivity profile and potency of drugs can be further improved [START_REF] Hauser | Trends in GPCR drug discovery: new agents, targets and indications[END_REF]. Most of the currently marketed drugs have been identified in ligand screening campaigns with large-scale libraries of synthetic compounds but this approach is expensive, time-consuming and highly assay-dependent. Computational docking of large virtual ligand libraries into orthosteric ligand binding sites has emerged as an attractive alternative [START_REF] Lyu | Ultra-large library docking for discovering new chemotypes[END_REF]. The recent explosion of GPCR structures provides now reliable templates for such studies as already explored for several receptors [START_REF] Congreve | Impact of GPCR Structures on Drug Discovery[END_REF].

In this context, we highlight here the article published by Stein and colleagues based on the melatonin MT1 receptor template [START_REF] Stein | Virtual discovery of melatonin receptor ligands to modulate circadian rhythms[END_REF].The article aimed to identify new chemotypes for the MT1 receptor, a Gi/o protein-coupled GPCR regulating several important physiological functions including circadian and seasonal rhythms, sleep, retinal physiology and glucose homeostasis [START_REF] Jockers | Update on Melatonin Receptors. IUPHAR Review[END_REF]. Drugs acting on melatonin receptors are currently prescribed for circadian disorders (jet lag, shift work, etc.), insomnia and major depression [START_REF] Liu | MT1 and MT2 Melatonin Receptors: A Therapeutic Perspective[END_REF]. This receptor seemed to represent a textbook case for virtual ligand screening (VLS): (i) its crystal structure [START_REF] Stauch | Structural basis of ligand recognition at the human MT1 melatonin receptor[END_REF] and that of the highly homologous melatonin MT2 receptor [START_REF] Johansson | XFEL structures of the human MT2 melatonin receptor reveal the basis of subtype selectivity[END_REF] were recently solved [START_REF] Cecon | Melatonin receptor structures shed new light on melatonin research[END_REF][START_REF] Stauch | Melatonin receptors: molecular pharmacology and signalling in the context of system bias[END_REF]; (ii) its pharmacology is poorly developed with few chemical scaffolds, few type-selective compounds and few ligands with neutral antagonistic, inverse agonistic or pathway-biased activities [12]; (iii) its orthosteric ligand binding pocket is small with three well-defined ligand-receptor contacts. N162 4.60 in transmembrane (TM)4 and Q181 ECL2 of the extracellular loop (ECL)2 form hydrogen bonds with the methoxy and alkylamide side chains respectively. F179 ECL2 forms hydrophobic contacts with the indole ring of the melatonin derivative 2phenylmelatonin (2-PMT) in the binding pocket of MT1 crystal structure (Figure 1a).

In their work, Stein and colleagues set out to identify MT1-selective ligands by computational docking of a virtual library of more than 150 million molecules, and went all the way down to chemical lead optimization and in vitro and in vivo validation to come up with two new MT1-seletive inverse agonists [START_REF] Stein | Virtual discovery of melatonin receptor ligands to modulate circadian rhythms[END_REF]. Several aspects of this study merit to be mentioned. First, the high success rate of 39% of biologically active compounds out of all experimentally tested candidate compounds with some primary hits showing low nanomolar affinities. Second, a remarkable number of 15 new chemotypes were identified (Figure 1b). This high diversity allows us to redefine the requirements of high-affinity ligand binding to the orthosteric binding pocket of MT1 as illustrated in Figure 1b. Despite this diversity, most chemotypes engage the same key residues (N162 4.60 , F179 ECL2 , Q181 ECL2 ) as 2-PMT in the MT1 crystal structure. In addition, new chemotypes also interact with further residues around the binding pocket located in TM3, 4, 6 and ECL2. This indicates the availability of additional space that can be explored by synthetic compounds to generate tailored ligands.

Most compounds showed agonistic and two of them inverse agonistic effects in in vitro assays among the 15 novel chemotypes. Further, chemical optimization of one of the inverse agonists generated another two compounds with higher potency in particular for MT1, thus generating the first MT1-selective inverse agonists. Both compounds showed potent in vivo efficacy in regulating circadian rhythm behavior in mice submitted to experimental protocols of re-entrainment (corresponding to an 'east-bound' jet lag paradigm) and circadian phase-shift. In the re-entrainment protocol, both of them showed inverse agonistic activity and, surprisingly, agonistic activity in the phase-shift model. The reason for these differential behaviors is not known but both effects seem to depend on MT1 as the effects are lost in MT1 knockout mice. These results could hint to the signaling pathway biased properties of the new compounds, which remain to be studied. The data also provide a glimpse on the potential in vivo relevance of spontaneous MT1 activity in the brain as the inverse agonists had the opposite effect than melatonin, namely increased instead of decreased the number of days necessary for re-entrainment compared to vehicle in the mouse model.

To better judge to which extend these results can be extrapolated to other GPCRs, it is important to remember the key features of the MT1 receptor binding pocket. Melatonin binds to MT1 with high (subnanomolar) affinity in a small and hydrophobic binding pocket. This interaction relies on only three key contacts, which limits the number of docking poses to be tested in the VLS. Interestingly, other, low-affinity, melatonin binding proteins interact similarly with melatonin [START_REF] Cecon | Melatonin receptor structures shed new light on melatonin research[END_REF]. However, none of them recapitulate all the three key binding features of melatonin to MT1 at the same time, which most likely explains their lower affinity for melatonin [START_REF] Liu | Melatonin Target Proteins: Too Many or Not Enough?[END_REF]. Apart from these rather favorable features of the docking template used in the study, other features of the MT1 structure looked rather unfavorable, as the receptor was highly engineered with 9 thermostabilizing mutations and truncation of several domains and didn't reach the active conformation. Despite this drawback, this inactive structure proved to be an adequate template for the discovery of new agonists by VLS [START_REF] Stein | Virtual discovery of melatonin receptor ligands to modulate circadian rhythms[END_REF]. Indeed, another work published shortly afterwards further confirmed the feasibility of the VLS approach based on crystal structures for MT1 and MT2 [START_REF] Patel | Structure-based discovery of potent and selective melatonin receptor agonists[END_REF].

In conclusion, Stein and colleagues show that VLS is a promising tool to identify new chemotypes, including compounds with high potency for GPCRs based on the solved structures. What remains to be done? The study was unable to identify neutral antagonists, a class of ligands notoriously difficult to identify for melatonin receptors. Their data further point out that the efficacy, selectivity and signaling biased properties of compounds is sensitive to subtle structural changes, indicating that classical lead-optimization through chemical synthesis might be still needed to obtain such tailored compounds. Previously accumulated knowledge on melatonin receptor pharmacology [START_REF] Cecon | Melatonin receptor structures shed new light on melatonin research[END_REF][START_REF] Patel | Structure-based discovery of potent and selective melatonin receptor agonists[END_REF] together with the MT1 and MT2 structure studies will help to move forward in identifying tailored compounds with different properties. 
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 1 FIGURE LEGENDFigure1. Structural features and 15 novel chemotypes for human MT1 receptor. (a) The ligand binding pocket in the crystal structure of the human MT1 receptor in complex with 2phenylmelatonin (2-PMT), with the topology of chemical features shown as colored surfaces, highlighting groups that interact with N162 4.60 (red) and Q181 ECL2 (blue) through hydrogen bonds in the structure. An additional hydrophobic interaction exists with F179 ECL2 . Transmembrane 4 (TM4) and extracellular loop 2 (ECL2) are highlighted in light green (b) Structures of standard melatonin receptor ligands (melatonin, agomelatine, luzindole, 4P-PDOT) and compounds representing 15 novel chemotypes are shown, highlighting groups that correspond to 2-PMT's acetamide side chain (blue) and its 5-methoxy-indole group (red). Identical color code as in (a). Linkers connecting red and blue groups are underlined in grey.
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