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            Abstract
We have developed a deep generative model, generative tensorial reinforcement learning (GENTRL), for de novo small-molecule design. GENTRL optimizes synthetic feasibility, novelty, and biological activity. We used GENTRL to discover potent inhibitors of discoidin domain receptor 1 (DDR1), a kinase target implicated in fibrosis and other diseases, in 21 days. Four compounds were active in biochemical assays, and two were validated in cell-based assays. One lead candidate was tested and demonstrated favorable pharmacokinetics in mice.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: GENTRL model design, workflow, and nanomolar hits.[image: ]


Fig. 2: Pharmacokinetic characterization and structural basis of hit activity.[image: ]
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                Data availability

              
              All data are available in the main text or the supplementary materials.

            

Code availability

              
              The code for the GENTRL model is available at http://github.com/insilicomedicine/gentrl and in Supplementary Code.
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Supplementary Figure 1
Generative Tensorial Reinforcement Learning model.


Supplementary Figure 2 Smoothed representation of the General Kinase and Trending SOMs.
(a) Representation of Trending SOM, a Kohonen-based reward function that discriminates “novel” compounds from “old” compounds considering the application priority date of lead compounds disclosed in patents by major pharmaceutical companies. (b) Representation of neurons populated with kinase inhibitors. (c) Representation of neurons populated by molecules with no experimental activity against kinases. (d) Neurons were selected based on PF (circles) and subsequently were used for reward. Within the Specific Kinase SOM (not depicted) we observed that DDR1 inhibitors were distributed in the ensemble of topographically proximal neurons. Finally, we selected those structures which were located in DDR1 associated neurons.


Supplementary Figure 3 Pharmacophore hypotheses.
(a) 3-Centered pharmacophore hypothesis: Acc - hydrogen bond acceptor (r = 2Å), Hyd|Aro - hydrophobic or aromatic center (r = 2Å), Hyd - hydrophobic center (r = 2Å). (b) 4-Centered pharmacophore hypothesis: Acc - hydrogen bond acceptor (r = 2Å), Hyd|Aro - hydrophobic or aromatic center (r = 2Å), Hyd - hydrophobic center (r = 2Å), Acc|Specific - hydrogen bond acceptor or a fragment with similar spatial geometry (e.g. double or triple bond, planar cycle) (r = 1.7Å). Non-depicted distances are the same as for 3-centered pharmacophore. (c) 5-Centered pharmacophore hypothesis containing the same points that are highlighted in b above with an additional hydrophobic feature. Non-depicted distances are the same as for 3-centered and 4-centered pharmacophores. Yellow: the reported small-molecule DDR1 inhibitor (PDB code: 5BVN).


Supplementary Figure 4 Non-linear Sammon map.
The selected 40 molecules are marked by orange triangles. Areas of the best pharmacophore matching are highlighted by circles.


Supplementary Figure 5 The structures and dose-response curves for the generated molecules.
(a) Six generated compounds were tested in a dose-dependent manner against DDR1 tyrosine kinase. Compounds 1 and 2 demonstrated the IC50 values in the low nanomolar range. (b) Compounds 2 and 4 were additionally rescreened towards DDR1 kinase using another biochemical assay (Thermo Fisher-PR6913A) and have demonstrated the IC50 values of 37.12 and 155.6 nM respectively (below). Measure of center is mean, error bars are s.d. (n=2 for each experiment).


Supplementary Figure 6 Selectivity profile for compound 1 against 44 kinases panel.
The inhibition percent versus 44 non-target kinases was measured at 10μM concentration. The highest inhibition potency(%INH=37) within the panel was revealed against eEF-2K.


Supplementary Figure 7 Inhibition of DDR1 auto-phosphorylation in U2OS cells stimulated with collagen.
Representative blots of phosphorylated DDR1-Y513 in U2OS cells stimulated with collagen and treated with DDR1 inhibitors at different doses. Dasatinib was served as a positive control. Dasatinib, compounds 1 and 2 inhibited auto-phosphorylation in a dose-dependent manner. Experiments were repeated at least once and similar results were obtained.


Supplementary Figure 8 Effects of compounds 1 and 2 on cellular fibrosis markers α-actin and CCN2 (normalized to GAPDH) in MRC-5 cells.
Representative blots of produced α-actin and CCN2 in MRC-5 cells treated with TGF-b in the presence of DDR1 inhibitors at different doses. SB25334 and dasatinib were served as a positive control. Dasatinib and compound 1 suppressed α-actin and CCN2 production at the concentration of 10 μM. SB25334 inhibited α-actin production at the dose of 10 μM. Experiments were repeated at least once and similar results were obtained.


Supplementary Figure 9 Effects of compounds 1 and 2 on cellular fibrosis markers collagen I, α-actin and CCN2 (normalized to GAPDH) in LX-2 cells.
Representative blots of produced collagen I, α-actin and CCN2 in LX-2 cells treated with TGF-b in the presence of DDR1 inhibitors at different doses. SB25334 was served as a positive control. SB25334 and compound 1 suppressed collagen I production in a dose dependent manner. SB25334 inhibited α-actin production at the dose of 10 μM. Experiments were repeated at least once and similar results were obtained.


Supplementary Figure 10
Examples of molecules that were rejected during the prioritization step.
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