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            Abstract
ATP-citrate lyase (ACLY) is a central metabolic enzyme and catalyses the ATP-dependent conversion of citrate and coenzyme A (CoA) to oxaloacetate and acetyl-CoA1,2,3,4,5. The acetyl-CoA product is crucial for the metabolism of fatty acids6,7, the biosynthesis of cholesterol8, and the acetylation and prenylation of proteins9,10. There has been considerable interest in ACLY as a target for anti-cancer drugs, because many cancer cells depend on its activity for proliferation2,5,11. ACLY is also a target against dyslipidaemia and hepatic steatosis, with a compound currently in phase 3 clinical trials4,5. Many inhibitors of ACLY have been reported, but most of them have weak activity5. Here we report the development of a series of low nanomolar, small-molecule inhibitors of human ACLY. We have alsoÂ determined the structure of the full-length human ACLY homo-tetramer in complex with one of these inhibitors (NDI-091143) by cryo-electron microscopy, which reveals an unexpected mechanism of inhibition. The compound is located in an allosteric, mostly hydrophobic cavity next to the citrate-binding site, and requires extensive conformational changes in the enzyme that indirectly disrupt citrate binding. The observed binding mode is supported by and explains the structureâ€“activity relationships of these compounds. This allosteric site greatly enhances the â€˜druggabilityâ€™ of ACLY and represents an attractive target for the development of new ACLY inhibitors.
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                    Fig. 1: NDI-091143 is a low nanomolar inhibitor of human ACLY.[image: ]


Fig. 2: Structure ofÂ the human ACLY tetramer in complex with NDI-091143 and ADP.[image: ]


Fig. 3: The structure suggests that the C-terminal domain of ACLY has CCLY activity.[image: ]


Fig. 4: Binding mode of NDI-091143.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characterization of inhibitor binding to ACLY.
a, The four steps in the reaction catalysed by ACLY. b, Production of ADP is linear over 60Â min. Data from duplicate experiments are shown, but the linearity of the progress curve was observed in many additional experiments. câ€“e, Double reciprocal plots showing thatÂ NDI-091143 is competitive versus citrate (KiÂ =Â 7.0Â Â±Â 0.8 nM) (c); noncompetitive versus ATP (KiÂ =Â 218Â Â±Â 14 nM) (d); and mixed-type noncompetitive versus CoA (KiÂ =Â 5.0Â Â±Â 2.1 nM, Kiâ€²Â =Â 156Â Â±Â 20 nM) (e). Data from duplicate experiments are shown (nÂ =Â 2). Although the error on the Ki value versus CoA is relatively high, it does not affect the conclusion regarding the pattern of inhibition versus CoA. The assigned pattern of inhibition has 99.99% probability based on global fitting. The fixed substrate concentrations were 300Â Î¼M ATP, 300Â Î¼M CoA, and 5Â mM citrate. f, Limited proteolysis experiments on full-length human ACLY wild-type (WT), H760A, and H760E mutants in the presence of various substrates and/or NDI-091143. CHY, chymotrypsin.Â The experiments were repeated at least three times, with similar results.


Extended Data Fig. 2 Negative-stain electron microscopy analysis of ACLY in the absence or presence of inhibitor NDI-091143.
a, A representative negative-stain image of ACLY in the presence of Mg-ATP only. A total of 155 images were examined, with similar results. b, Selected 2D class averages of negatively stained ACLY in the presence of Mg-ATP, generated with the ISAC algorithm. c, A representative negative-stain image of ACLY in the presence of Mg-ATP and NDI-091143. A total of 216 images were examined, with similar results. d, Selected 2D class averages of negatively stained ACLY in the presence of Mg-ATP and inhibitor, generated using the ISAC algorithm. e, The model generated with VIPER and refined with Meridien in SPARX using particles from d.


Extended Data Fig. 3 Processing of single-particle cryo-EM data for ACLY.
Flowchart of data processing showing a representative cryo-EM micrograph, selected reference-free 2D class averages, 3D classification and refinement procedures for theÂ full-length ACLY tetramer as well as two N-terminal segments.


Extended Data Fig. 4 Cryo-EM analysis of theÂ ACLY homo-tetramer and N-terminal segment.
a, Gold-standard FSC curves for masked, unmasked, and high-resolution phase-randomized reconstructions of theÂ ACLY tetramer, as well as its final corrected FSC curve. The correlation is calculated between two independently determined half maps. b, Local-resolution map ofÂ the ACLY tetramer. c, Gold-standard FSC curves forÂ the ACLY N-terminal segment, as well as its final corrected FSC curve. The correlation is calculated between two independently determined half maps. d, Local-resolution map ofÂ the ACLY N-terminal segment.


Extended Data Fig. 5 Electron microscopy density for selected regions of the ACLY structure.
a, Cryo-EM 3D map ofÂ the ACLY tetramer, coloured according to Fig.Â 1a. b, Electron microscopy density map for a helix in the C-terminal CCLY domain. c, Electron microscopy density of the linker between N-terminal and C-terminal segments (residues 818â€“830). d, Cryo-EM 3D map of theÂ ACLY N-terminal segment, coloured according to Fig.Â 1a. e, Electron microscopy density for the Î²-sheet in the citrate domain. f, Electron microscopy density map for ADP and surrounding residues in the ATP-grasp domain.


Extended Data Fig. 6 Structural comparison between the CCLY domain of ACLY and CS.
a, Overlay of the CCLY tetramer (labelled 1, 2, 3, and 4) with a dimer of chicken CS (lightÂ blue and grey). b, Overlay of the CCLY tetramer with a dimer of CS, viewed afterÂ a 90Â° rotation around the horizontal axis from a. Regions where the N-terminal segment of CS overlaps with protomer 3 of CCLY are indicated by red arrows. The second protomer (B) of the CS dimer does not overlay well with CCLY. c, Overlay of the CCLY core (green) with a C-terminal segment (residues 167â€“366) of 2-methyl CS (grey). d, Overlay of the CCLY tetramer with a dimer of 2-methyl CS. Regions where the N-terminal segment of 2-methyl CS overlaps with protomer 3 of CCLY are indicated by red arrows. The second protomer (B) of the 2-methyl CS dimer has good overlay with protomer 2 of CCLY, suggesting a CCLY dimer (protomers 1 and 2) has similar organization to the 2-methyl CS dimer, although 2-methyl CS dimers can also assemble into decamers.


Extended Data Fig. 7 Catalytic mechanisms of CS and CCLY.
a, Catalytic mechanism of CS. The two steps of the reaction to produce citryl-CoA are labelled. An enol CoA intermediate is produced after the first step. The three arginine residues that recognize OAA are shown. The prime on the label of Arg421 indicates that it is from a different protomer of the enzyme. b, Possible catalytic mechanism of the CCLY domain of ACLY.


Extended Data Fig. 8 Substrate-binding sites in ACLY.
a, Possible binding mode of CoA in the CoA domain. Lys1018 from the CCLY domain of protomer 3 of the tetramer (orange) may contribute to CoA binding. b, Binding sites of NDI-091143 (black) and ADP (brown) as observed in this structure, as well as the possible binding sites of citrate (grey), CoA in the N-terminal CoA domain (CoA1, grey), CoA in the CCLY domain of protomer 3 of the tetramer (CoA2, light blue), andÂ OAA as a mimic of the citryl group (light blue). The translocation of CoA between the two binding sites is indicated by the red arrow. Therefore, step 1 of the ACLY reaction occurs in the ATP-grasp active site, steps 2 and 3 occur at the interface between the citrate and CoA domains, and step 4 occurs in the CCLY domain. The pHis domain provides the His760 residue for both steps 1 and 2.


Extended Data Fig. 9 The inhibitor NDI-091143 is almost completely shielded from the solvent in the binding site.
a, An alternative model for the inhibitor does not fit the density as well and clashes with the protein. The bound conformation of the inhibitor has pseudo two-fold symmetry, around the sulfonamide group. In the alternative model (thin sticks in grey), the distal phenyl group (blue arrow) has weaker density, and an oxygen atom (red arrow) on the sulfonamide has steric clash with the protein (main-chain amide of Gly342). This alternative model is not consistent with the structureâ€“activity relationship of the compounds. The view is related to Fig.Â 4a by a 40Â° rotation around the horizontal axis. b, The inhibitor is located in a cavity (grey transparent surface) in the hydrophobic core of the citrate domain. c, The cavity does not exist in the structure of the citrate complex (note the lack of any surfaces near the compound-binding site), and the inhibitor clashes with the enzyme, especially the side chain of Arg379 (red arrow). d, e, The inhibitor is only accessible to the solvent through two small portals. The protein is shown as a molecular surface (cyan).


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Text regarding the synthesis of NDI-091143, Scheme 1, and Supplementary Information Figs. 1â€“3.


Reporting Summary




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Wei, J., Leit, S., Kuai, J. et al. An allosteric mechanism for potent inhibition of human ATP-citrate lyase.
                    Nature 568, 566â€“570 (2019). https://doi.org/10.1038/s41586-019-1094-6
Download citation
	Received: 09 November 2018

	Accepted: 08 March 2019

	Published: 03 April 2019

	Issue Date: 25 April 2019

	DOI: https://doi.org/10.1038/s41586-019-1094-6


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Biomimetic chiral hydrogen-bonded organic-inorganic frameworks
                                    
                                

                            
                                
                                    	Jun Guo
	Yulong Duan
	Yi Liu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Disease-associated astrocyte epigenetic memory promotes CNS pathology
                                    
                                

                            
                                
                                    	Hong-Gyun Lee
	Joseph M. Rone
	Francisco J. Quintana


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Metabolic reprogramming in colorectal cancer: regulatory networks and therapy
                                    
                                

                            
                                
                                    	Jieping Zhang
	Shaomin Zou
	Lekun Fang


                                
                                Cell & Bioscience (2023)

                            
	
                            
                                
                                    
                                        Activation of ACLY by SEC63 deploys metabolic reprogramming to facilitate hepatocellular carcinoma metastasis upon endoplasmic reticulum stress
                                    
                                

                            
                                
                                    	Chenyu Hu
	Zechang Xin
	Xiaofeng Liu


                                
                                Journal of Experimental & Clinical Cancer Research (2023)

                            
	
                            
                                
                                    
                                        Allosteric role of the citrate synthase homology domain of ATP citrate lyase
                                    
                                

                            
                                
                                    	Xuepeng Wei
	Kollin Schultz
	Ronen Marmorstein


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
