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            Abstract
Structure-based virtual ligand screening is emerging as a key paradigm for early drug discovery owing to the availability of high-resolution target structures1,2,3,4 and ultra-large libraries of virtual compounds5,6. However, to keep pace with the rapid growth of virtual libraries, such as readily available for synthesis (REAL) combinatorial libraries7, new approaches to compound screening are needed8,9. Here we introduce a modularÂ synthon-based approachâ€”V-SYNTHESâ€”to perform hierarchical structure-based screening of a REAL SpaceÂ library of more than 11â€‰billion compounds. V-SYNTHES first identifies the best scaffoldâ€“synthon combinations as seeds suitable for further growth, and then iteratively elaborates these seeds to select complete molecules with the best docking scores. This hierarchical combinatorial approach enables the rapid detection of the best-scoring compounds in the gigascale chemical space while performing docking of only a small fraction (<0.1%) of the library compounds. Chemical synthesis and experimental testing of novelÂ cannabinoid antagonists predicted by V-SYNTHES demonstrated a 33% hit rate, including 14 submicromolar ligands, substantially improving over a standard virtual screening of the Enamine REAL diversity subset, which required approximately 100 times more computational resources. Synthesis of selected analogues of the best hits further improved potencies and affinities (best inhibitory constant (Ki)â€‰=â€‰0.9â€‰nM) and CB2/CB1 selectivity (50â€“200-fold). V-SYNTHES was also tested on a kinase target, ROCK1, further supporting its use for lead discovery. The approach is easily scalable for the rapid growth of combinatorial libraries and potentially adaptable to any docking algorithm.
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                    Fig. 1: V-SYNTHES approach toÂ modular screening of Enamine REAL Space.[image: ]


Fig. 2: Assessment of VLS computational performance for V-SYNTHES and standard VLS.[image: ]


Fig. 3: The top five CB2 hits identified by V-SYNTHES.[image: ]


Fig. 4: Selection and characterization of the best analogue series for CB2 hits from V-SYNTHES screening.[image: ]
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                Data availability

              
              Chemical structures, synthetic methods, detailed results of biochemical characterization are presented in this paper and itsÂ Supplementary Information.

            

Code availability

              
              V-SYNTHES scripts and example files have been deposited at GitHub (https://github.com/katritchlab/V-SYNTHES).
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Extended data figures and tables

Extended Data Fig. 1 Evaluation of SYNTHES performance on CB2 receptor with only docking score (without considering docking pose of MEL candidates in the binding pocket).
(a) The number of hits at each score threshold from V-SYNTHES and standard VLS (b) Enrichment in V-SYNTHES vs. Standard VLS at different score thresholds, with the red x-mark showing threshold that yields 100 V-SYNTHES hits in the two-component library.


Extended Data Fig. 2 Binding pocket of CB2 with selected dead-end atoms.
a) 3D illustration of a MEL compound binding pose (carbon atoms colored cyan) with a â€œnon-productiveâ€� pose. (b-d) 2D schematics showing other possible non-productive cases, including dead-end subpockets. Dead-end water-colored red, pseudoatoms colored magenta.


Extended Data Fig. 3 Details of practical application V-SYNTHES algorithms to CB receptors screening.
a, b, Two-component (a) and three-component (b) reaction cases.


Extended Data Fig. 4 Concentration-response curves for V-SYNTHES hits in functional assays at CB1 and CB2 receptors (except those shown in main text Figure 3).
Î²-arrestin recruitment Tango assays were performed to assess antagonist activity of the compounds in (a,b) CB1 and (c,d) CB2 receptors. The compounds rimonabant or SR144528 served as positive controls. The assays were carried out in the presence of 100 nM (EC80) of the dual CB1/CB2 CP55,940 agonist. The data points are presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each one carried out in triplicate.


Extended Data Fig. 5 Competition binding curves for the best CB2 hit compounds from V-SYNTHES.
Radioligand binding assays were used to assess the binding affinities in rCB1 (a) and hCB2 (b). [3H]CP-55,940 was used as the radioligand. The data were presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each one carried out in triplicate.


Extended Data Fig. 6 Assessment of off-target selectivity for the best V-SYNTHES CB2 hits.
(a-c) Screening of compounds 673, 610 and 523 at 10â€‰ÂµM concentrations in GPCRome-Tango assays for >300 receptors. Dopamine D2 (DRD2) and 100 nM Quinpirole served as an assay control. The data are presented as mean Â± SEM (nâ€‰=â€‰4) and the values of fold of basal > 3 are marked as significant hits. (d-o) Follow-up dose-response curves for targets with >3 fold increased activity. Known agonists or antagonist that showed activity served as positive controls. The data points are presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each assay carried out in triplicate.


Extended Data Fig. 7 Identification and characterization of CB1 and CB2 hits from standard VLS of 115M Enamine REAL compounds.
(a) Chemical structures of the hits from the standard VLS. (b-c). Concentration-response curves of the best hits in Î²-arrestin recruitment Tango assays for antagonist activity at CB1 (b) and CB2 (c) receptors. The compounds rimonabant or SR144528 served as positive controls. The assays were carried out in the presence of 100 nM (EC80) of the dual CB1/CB2 CP55,940 agonist. The data points are presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each one carried out in triplicate. (d) Functional potencies and binding affinities of the hit compounds from standard VLS. The 95% Confidence Intervals (CI) were calculated from nâ€‰=â€‰3 independent assays, with 16 dose-response points for functional Ki values and 8 dose-response points for affinity Ki values, except for values marked with *, roughly estimated from three-point assays.


Extended Data Fig. 8 Competition binding curves for the best CB2 hit compounds from standard VLS.
Radioligand binding assays were used to assess the binding affinities in hCB2. [3H]CP-55,940 was used as the radioligand. The data were presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each one carried out in triplicate.


Extended Data Fig. 9 Chemical structures for series of the SAR-by-catalog analogues of antagonists, discovered by V-SYNTHES.
Shown are 60 analogues of 523 (a), 610 (b), and 673 (c) with inhibitory activity >40% in the single point functional assays. All 104 analogues tested are shown in Supplementary Information Table S3.


Extended Data Fig. 10 Functional potency and binding affinity assessment of the SAR-by-catalog analogues of the antagonist 523, discovered by V-SYNTHES.
Table compounds with CB2 potency better than 500 nM are shown, antagonists with affinities better than 10 nM highlighted in bold, >50-fold selective by italic. Functional Ki values and 95% Confidence Intervals were calculated from nâ€‰=â€‰4 independent assays with 16 dose-response points. Affinity Ki values and 95% Confidence Intervals were calculated from nâ€‰=â€‰3 independent assays with 8 dose-response points.


Extended Data Fig. 11 Concentration-response curves for series of the SAR-by-catalog analogues of 523, 610 and 673 antagonists, discovered by V-SYNTHES.
The Î²-arrestin recruitment Tango assays were performed to assess the antagonist activity of the best hits at CB1 (a-i), and CB2 (j-o) receptors. Note that the six best analogues of 523 shown in Fig. 4 are excluded here. The compounds rimonabant and SR144528 served as positive controls. The assays were carried out in the presence of 100 nM (EC80) of the CP55,940 agonist. The data were presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each run carried out in triplicate.


Extended Data Fig. 12 Assessment of off-target selectivity for the best SAR-by-catalog compounds 733 and 747.
(a-b) Screening of compounds 733 and 747 in GPCRome-Tango assay for >300 receptors at 10â€‰ÂµM concentrations. Dopamine D2 (DRD2) and 100 nM Quinpirole served as an assay control. The data are presented as mean Â± SEM (nâ€‰=â€‰4) and the values of fold of basal > 3 marked as significant hits. (c-d) Follow-up dose-response curves for targets with >3 fold increased activity. Known agonists that showed activity served as positive controls. The data were presented as mean Â± SEM with nâ€‰=â€‰3 independent experiments, each run carried out in triplicate.


Extended Data Fig. 13 Application of V-SYNTHES to the discovery of ROCK1 inhibitors.
(a,b) Computational assessment of V-SYNTHES performance vs standard VLS. (a) The number of candidate hits at each score threshold from V-SYNTHES and standard VLS. (b) Enrichment in V-SYNTHES vs. standard VLS at different score thresholds, with the red x-mark showing threshold that yields 100 hits in the two-component library. (c) Chemical structures of all selected by V-SYNTHES and synthesized compounds for ROCK1 kinase.


Extended Data Fig. 14 Experimental characterization of candidate ROCK1 inhibitors predicted by V-SYNTHES.
Full dose-response curves for the ROCK1 hits in (a) functional potency and (b) binding affinity at human ROCK1. The data points are presented as mean Â± SEM from nâ€‰=â€‰3 independent experiments, each run carried out in triplicate. (c) Values of binding affinities and functional potencies for all candidate compounds predicted by V-SYNTHES. Bold font highlight hits with IC50<10â€‰ÂµM. Estimated values for curves that did not allow accurate fitting are marked with *.


Extended Data Fig. 15 Examples of typical Enamine REAL reactions.
(a) two-component reaction (b) three-component reaction.


Extended Data Table 1 Potencies and affinities of V-SYNTHES hits in functional and binding assays at CB1 and CB2 receptorsFull size table
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