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            Abstract
The neuromodulator melatonin synchronizes circadian rhythms and related physiological functions through the actions of two G-protein-coupled receptors: MT1 and MT2. Circadian release of melatonin at night from the pineal gland activates melatonin receptors in the suprachiasmatic nucleus of the hypothalamus, synchronizing the physiology and behaviour of animals to the lightâ€“dark cycle1,2,3,4. The two receptors are established drug targets for aligning circadian phase to this cycle in disorders of sleep5,6 and depression1,2,3,4,7,8,9. Despite their importance, few in vivo active MT1-selective ligands have been reported2,8,10,11,12, hampering both the understanding of circadian biology and the development of targeted therapeutics. Here we docked more than 150Â million virtual molecules to an MT1 crystal structure, prioritizing structural fit and chemical novelty. Of these compounds, 38 high-ranking molecules were synthesized and tested, revealing ligands with potencies ranging from 470Â picomolar to 6Â micromolar. Structure-based optimization led to two selective MT1 inverse agonistsâ€”which were topologically unrelated to previously explored chemotypesâ€”that acted as inverse agonists in a mouse model of circadian re-entrainment. Notably, we found that these MT1-selective inverse agonists advanced the phase of the mouse circadian clock by 1.3â€“1.5Â h when given at subjective dusk, an agonist-like effect that was eliminated in MT1- but not in MT2-knockout mice. This study illustrates the opportunities for modulating melatonin receptor biology through MT1-selective ligands and for the discovery of previously undescribed, in vivo active chemotypes from structure-based screens of diverse, ultralarge libraries.
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                    Fig. 1: Large library docking finds novel, potent melatonin receptor ligands.[image: ]


Fig. 2: Affinity, efficacy and potency of MT1-selective inverse agonists on human and mouse MT1 and MT2 receptors.[image: ]


Fig. 3: In vivo, MT1-selective inverse agonists decelerate re-entrainment rate and induced a phase advance in circadian activity when administered at subjective dusk.[image: ]
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                Data availability


Probe pairs (two similar ligands with and without activity) of inverse agonists selective for MT1 and agonists selective for hMT2 are available by arrangement with Sigma (Extended Data Fig. 3). The identities of the compounds docked in this study are freely available from the ZINC database (http://zinc15.docking.org) and active compounds may be purchased from Enamine. Raw data are available for Fig. 1, Extended Data Tables 1, 2 and Extended Data Figs. 1, 2 in Supplementary Tables 1 (MT1 and MT2 affinities, MT1 DOCK energies and ranks) and 2 (compound purity information). Bias information for Extended Data Fig. 3 is included in Supplementary Table 3. For Fig. 2, data from the GPCRome screens, concentrationâ€“response curves, and competition binding and LCâ€“MS experiments are included in Supplementary DataÂ 1â€“5 and synthesis routes and spectra of compounds in Supplementary DataÂ 6, 7. Further data for Fig. 3 are included in Extended Data Figs. 4, 5, 7 and Supplementary Table 4. Raw data values and transformed data for in vitro cell-based assays as well as in vivo data for phase shift and re-entrainment are available for Figs. 2, 3 and Extended Data Figs. 4 (re-entrainment), 5 (phase shift), 6, 7aâ€“c.



Code availability


DOCK3.7 is freely available for non-commercial research (http://dock.compbio.ucsf.edu/DOCK3.7/). A web-based version is freely available to all at http://blaster.docking.org/. The ultra-large library used here is freely available at http://zinc15.docking.org/.
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Extended data figures and tables

Extended Data Fig. 1 Concentrationâ€“response curves of the initial 15 compounds in cAMP assays.
aâ€“f, Inhibition of isoproterenol-stimulated cAMP mediated by hMT1 (a, c, e) or hMT2 (b, d, f) in HEK293T cells by melatonin and the 15 initial compounds. Data are normalized to the melatonin response. The 15 initial compounds were split into three graphs for clarity, melatonin response curves are the same across graphs in a, c, e and b, d, f. Data are meanÂ Â±Â s.e.m. of four biologically independent experiments (nÂ =Â 4) run in triplicate, unless otherwise indicated, in which case the number of biologically independent experiments is indicated in parentheses next to the compound name.

Source Data



Extended Data Fig. 2 Concentrationâ€“response curves of notable analogues based on initial hits in cAMP assays.
aâ€“f, Inhibition of isoproterenol-stimulated cAMP mediated by hMT1 (a, c, e) or hMT2 (b, d, f) in HEK293T cells by melatonin and select analogues. Data are normalized to the melatonin response. The compounds were split into three graphs for clarity, melatonin response curves are the same across graphs in a, c, e and b, d, f. Data are meanÂ Â±Â s.e.m. of four biologically independent experiments (nÂ =Â 4) run in triplicate, unless otherwise indicated, in which case the number of biologically independent experiments is indicated in parentheses next to the compound name.

Source Data



Extended Data Fig. 3 Small changes in the ligand structure have large effects on the activity and selectivity of the melatonin receptor.
a, Docked pose of ZINC151209032, an MT1-selective direct-docking hit. b, Docked pose of ZINC497291360, a close analogue of ZINC151209032 that has twofold selectivity for MT2 over MT1. c, Docked pose of ZINC151192780, an analogue for which the MT2 selectivity increases to 89-fold over MT1. d, Docked pose of ZINC485552623, which adds a bulkier 2-chloro-3-methylthiophene into a proposed MT2-selective hydrophobic cleft, resulting in a fully MT2-selective agonist without detectable MT1 activity. All docked poses are overlaid onto the crystallographic pose of 2-phenylmelatonin in transparent blue. e, Concentrationâ€“response curves of the four analogues binding to MT1 and MT2. Data are normalized to the melatonin response and are meanÂ Â±Â s.e.m. of four biologically independent experiments (nÂ =Â 4) run in triplicate. f, Bias plots of ZINC482850041 and ZINC608506688 relative to melatonin signalling. Mean values (Supplementary Table 3) are presented as solid lines and the shading indicates the 95% confidence interval. Data in f are normalized to the melatonin response and represent meanÂ Â±Â s.e.m. of three biologically independent experiments (nÂ =Â 3) run in triplicate, except for ZINC608506688 for Gi activation (nÂ =Â 4).

Source Data



Extended Data Fig. 4 MT1-selective inverse agonists decelerate the re-entrainment rate in vivo via MT1 receptors.
Data are an extension of Fig. 3aâ€“c. aâ€“e, Representative actograms of running wheel activity in wild-type (WT) C3H/HeN mice treated with vehicle (VEH) (a), 30Â Î¼g melatonin (MLT) per mouse (b), UCSF7447 (â€˜7447) (c), UCSF3384 (â€˜3384) (d) or 300Â Î¼g luzindole (LUZ) per mouse (e) immediately before the new dark onset (black dots) after an abrupt advance in the dark onset of 6Â h in a 12:12 light:dark cycle (grey, dark phase; white, light phase). Compounds were administered once a day for 3Â days (seeÂ Methods for additional details). fâ€“k, Representative actograms of running wheel activity for C3H/HeN mice treated with vehicle (wild-type (f), MT1KO (h), MT2KO (j)) or inverse agonist UCSF7447 (wild-type (g), MT1KO (i), MT2KO (k)) after a 6-h advance in dark onset. Mice were kept on a 12:12 light:dark cycle. UCSF7447 (30Â Î¼g per mouse) was administered for three consecutive days immediately before the new dark onset (black dots). l, The inverse agonist UCSF3384 decelerates the rate of re-entrainment of the rhythm of running wheel activity onset in C3H/HeN wild-type mice. Data are expressed in hours advanced each day for wild-type mice treated with vehicle or UCSF3384 (two-way repeated-measures ANOVA; treatment Ã— time interaction: F16,647Â =Â 1.99, PÂ =Â 0.0122). m, The inverse agonist UCSF7447 does not modulate the rate of re-entrainment of the onset of a running wheel activity rhythm in C3H/HeN MT1KO mice. Data are expressed in hours advanced each day for MT1KO mice treated with vehicle or UCSF7447 (mixed-effect two-way repeated-measures ANOVA; treatment Ã— time interaction: F16,474Â =Â 1.44, PÂ =Â 0.117). n, The inverse agonist UCSF7447 decelerates the rate of re-entrainment of the onset of a running wheel activity rhythm in C3H/HeN MT2KO mice. Data are expressed in hours advanced each day for MT2KO mice treated with vehicle or UCSF7447 (mixed-effect two-way repeated-measures ANOVA; treatment Ã— time interaction: F16,683Â =Â 2.57, PÂ =Â 0.000686). Data are mean + s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01; multiple comparisons were corrected using Tukeyâ€™s post-test (PÂ <Â 0.05). The dotted line in lâ€“n indicates the new dark onset. Additional details of all statistical analyses as well as n numbers for each condition can be found in the Methods, â€˜Statistics and reproducibilityâ€™. All treatments were given as a subcutaneous injection.
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Extended Data Fig. 5 MT1-selective inverse agonists induce a phase advance in circadian activity at CTÂ 10 that is mediated by MT1 in vivo.
Data are an extension of Fig. 3dâ€“f. aâ€“e, Representative actograms of running wheel activity from individual C3H/HeN wild-type mice kept in constant dark (grey bars) treated with vehicle (a), melatonin (b), UCSF7447 (c), UCSF3384 (d) or luzindole (e). All treatments were 30Â Î¼g per mouse except for luzindole, which was 300Â Î¼g per mouse as described in the Methods. Mice were treated at dusk (CTÂ 10; 2Â h before the onset of running wheel activity) for three consecutive days (black dots). Red lines indicate the best-fit line of pre-treatment onsets and blue lines indicate the best-fit line of post-treatment onsets, which were both used for phase shift determinations (seeÂ Methods for more details). The corresponding quantification can be found in Fig. 3d. fâ€“h, Representative actograms of running wheel activity from individual C3H/HeN wild-type mice kept in the constant dark treated with vehicle (f), melatonin (g) or UCSF7447 (h; all treatments were 0.9Â Î¼g per mouse) at CTÂ 10. The corresponding quantification can be found in Fig. 3d. iâ€“k, Representative actograms of running wheel activity from individual C3H/HeN wild-type mice kept in the constant dark treated with melatonin (i) at CTÂ 2 (10Â h before the onset of running wheel activity) or vehicle (j) compared with UCSF7447 (k; all treatments were 30Â Î¼g per mouse) at CTÂ 6 (6Â h before the onset of running wheel activity). The corresponding quantification can be found in Extended Data Fig. 7. lâ€“q, Representative actograms of running wheel activity from individual C3H/HeN wild-type (l, m), MT1KO (n, o) and MT2KO (p, q) mice kept in constant dark treated with vehicle (white; l, n, p) or UCSF7447(blue; m, o, q; 30Â Î¼g per mouse) at CTÂ 10. The corresponding quantification can be found in Fig. 3e. râ€“w, Representative actograms of running wheel activity from individual C3H/HeN wild-type (r, s), MT1KO (t, u) and MT2KO (v, w) mice kept in constant dark treated with vehicle (white; r, t, v) or UCSF7447(blue; s, u, w; 30Â Î¼g per mouse) at CTÂ 2. The corresponding quantification can be found in Fig. 3f. All treatments were given by subcutaneous injection.


Extended Data Fig. 6 Concentrationâ€“response curves and Schild plots of the inverse agonists UCSF7447 and UCSF3384 in cAMP assays.
a, b, d, e, Modulation of hMT1-mediated (a, d) or hMT2-mediated (b, e) inhibition of isoproterenol-stimulated cAMP in HEK293T cells by melatonin in the presence of UCSF7447 (a, b) or UCSF3384 (d, e) for a range of concentrations. Data are normalized to the effect of isoproterenol alone and are meanÂ Â±Â s.e.m. of three biologically independent experiments (nÂ =Â 3) run in triplicate. c, f, Schild plots depicting the competitive antagonism of melatonin by UCSF7447 (c) and UCSF3384 (f). Schild analysis of hMT1 (purple) and hMT2 (teal) show the competitive antagonism of UCSF7447 (hMT1, pKBÂ =Â 7.4Â Â±Â 0.1, slopeÂ =Â 0.98Â Â±Â 0.03; hMT2, pKBÂ =Â 6.2Â Â±Â 0.1, slopeÂ =Â 1.3Â Â±Â 0.4) (c) and UCSF3384 (hMT1, pA2Â =Â 7.9Â Â±Â 0.1, slopeÂ =Â 0.80Â Â±Â 0.04; hMT2 pKBÂ =Â 6.7Â Â±Â 0.1, slopeÂ =Â 1.0Â Â±Â 0.1) (f). Data are meanÂ Â±Â s.e.m. of three biologically independent experiments (nÂ =Â 3) run in triplicate.
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Extended Data Fig. 7 Differential phase shift profile for the inverse agonist UCSF7447 compared to the agonist melatonin and a prototype antagonist (luzindole) across the circadian cycle.
aâ€“c, C3H/HeN mice were kept in constant dark and treated with vehicle, melatonin, luzindole or UCSF7447 (all treatments were 30Â Î¼g per mouse except for luzindole, which was 300Â Î¼g per mouse, subcutaneously). Mice were treated at CTÂ 2, 6 or 10 (10, 6 or 2Â h before the onset of running wheel activity) for three consecutive days (Methods). a, CTÂ 2 phase shift data were compared using one-way ANOVA (F3,11Â =Â 28.16, PÂ =Â 1.85Â Ã—Â 10âˆ’5). b, CTÂ 6 phase shift data were compared using one-way ANOVA (F3,26Â =Â 0.61, PÂ =Â 0.61). c, CTÂ 10 phase shift data were compared using one-way ANOVA (F3,17Â =Â 35.13, PÂ =Â 1.66Â Ã—Â 10âˆ’7). All multiple comparisons were made compared with vehicle using a Dunnetâ€™s post hoc test (PÂ <Â 0.05). Values for melatonin and UCSF7447 at CTÂ 10 were pooled from previous data for comparison to luzindole. Data are meanÂ Â±Â s.e.m. ****PÂ <Â 0.0001 for comparisons with vehicle. All treatments were given by subcutaneous injection.
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Extended Data Table 1 Active molecules from the initial docking screenFull size table


Extended Data Table 2 Some of the potent analogues from initial hitsFull size table


Extended Data Table 3 Pharmacokinetics of three melatonin receptor type-selective ligandsFull size table


Extended Data Table 4 Probe pairs of in vivo tested moleculesFull size table
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