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            Abstract
The Dielsâ€“Alder reaction is a [4+2] cycloaddition reaction in which a cyclohexene ring is formed between a 1,3-diene and an electron-deficient alkene via a single pericyclic transition state1. This reaction has been proposed as a key transformation in the biosynthesis of many cyclohexene-containing secondary metabolites2,3,4,5. However, only four purified enzymes have thus far been implicated in biotransformations that are consistent with a Dielsâ€“Alder reaction, namely solanapyrone synthase6, LovB7,8, macrophomate synthase9,10, and riboflavin synthase11,12. Although the stereochemical outcomes of these reactions indicate that the product formation could be enzyme-guided in each case, these enzymes typically demonstrate more than one catalytic activity, leaving their specific influence on the cycloaddition step uncertain. In our studies of the biosynthesis of spinosyn A, a tetracyclic polyketide-derived insecticide from Saccharopolyspora spinosa13,14, we identified a cyclase, SpnF, that catalyses a transannular [4+2] cycloaddition to form the cyclohexene ring in spinosyn A. Kinetic analysis demonstrates that SpnF specifically accelerates the ring formation reaction with an estimated 500-fold rate enhancement. A second enzyme, SpnL, was also identified as responsible for the final cross-bridging step that completes the tetracyclic core of spinosyn A in a manner consistent with a Rauhutâ€“Currier reaction15. This work is significant because SpnF represents the first example characterized in vitro of a stand-alone enzyme solely committed to the catalysis of a [4+2] cycloaddition reaction. In addition, the mode of formation of the complex perhydro-as-indacene moiety in spinosyn A is now fully established.
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                    Figure 1


Figure 2: 
                        HPLC analysis showing the reactions catalysed by SpnF, SpnL and SpnM.
                      


Figure 3: 
                        Kinetic analysis demonstrating that SpnM and SpnF, respectively, catalyse the dehydration and cyclization steps of macrolactone 3.
                      


Figure 4: 
                        The spinosyn aglycone biosynthetic pathway.
                      



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Discovery of type II polyketide synthase-like enzymes for the biosynthesis of cispentacin
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 December 2023
                                    

                                

                                Genki Hibi, Taro Shiraishi, â€¦ Tomohisa Kuzuyama

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        A cyclase that catalyses competing 2 + 2 and 4 + 2 cycloadditions
                                        
                                    

                                    
                                        Article
                                        
                                         23 January 2023
                                    

                                

                                Hongbo Wang, Yike Zou, â€¦ K. N. Houk

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Unexpected enzyme-catalysed [4+2] cycloaddition and rearrangement in polyether antibiotic biosynthesis
                                        
                                    

                                    
                                        Article
                                        
                                         14 October 2019
                                    

                                

                                Rory Little, Fernanda C. R. Paiva, â€¦ Peter F. Leadlay

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Huisgen, R. Cycloadditions â€” definition, classification, and characterization. Angew. Chem. Int. Edn Engl. 7, 321â€“328 (1968)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stocking, E. M. & Williams, R. M. Chemistry and biology of biosynthetic Dielsâ€“Alder reactions. Angew. Chem. Int. Ed. 42, 3078â€“3115 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Oikawa, H. Involvement of the Dielsâ€“Alderases in the biosynthesis of natural products. Bull. Chem. Soc. Jpn. 78, 537â€“554 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kelly, W. L. Intramolecular cyclizations of polyketide biosynthesis: mining for a â€œDielsâ€“Alderase?â€�. Org. Biomol. Chem. 6, 4483â€“4493 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Oikawa, H. in Comprehensive Natural Products II, Chemistry and Biology (eds Mander, L. & Liu, H.-w. ) Vol. 8 277â€“314 (Elsevier, 2010)

                    Google ScholarÂ 
                

	Oikawa, H., Katayama, K., Suzuki, Y. & Ichihara, A. Enzymatic activity catalyzing exo-selective Dielsâ€“Alder reaction in solanapyrone biosynthesis. J. Chem. Soc. Chem. Comm. 1321â€“1322 (1995)

	Auclair, K. et al. Lovastatin nonaketide synthase catalyzes an intramolecular Dielsâ€“Alder reaction of a substrate analogue. J. Am. Chem. Soc. 122, 11519â€“11520 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, S. M. et al. Complete reconstitution of a highly reducing iterative polyketide synthase. Science 326, 589â€“592 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Watanabe, K., Mie, T., Ichihara, A., Oikawa, H. & Honma, M. Detailed reaction mechanism of macrophomate synthase. J. Biol. Chem. 275, 38393â€“38401 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ose, T. et al. Insight into a natural Dielsâ€“Alder reaction from the structure of macrophomate synthase. Nature 422, 185â€“189 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Eberhardt, S. et al. Domain structure of riboflavin synthase. Eur. J. Biochem. 268, 4315â€“4323 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, R.-R. et al. Mechanistic insights on riboflavin synthase inspired by selective binding of the 6,7-dimethyl-8-ribityllumazine exomethylene anion. J. Am. Chem. Soc. 132, 2983â€“2990 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kirst, H. A. et al. A83543A-D, Unique fermentation-derived tetracyclic macrolides. Tetrahedr. Lett. 32, 4839â€“4842 (1991)
ArticleÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kirst, H. A. The spinosyn family of insecticides: realizing the potential of natural products research. J. Antibiot. 63, 101â€“111 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Aroyan, C. E., Dermenci, A. & Miller, S. J. The Rauhutâ€“Currier reaction: a history and its synthetic application. Tetrahedron 65, 4069â€“4084 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Waldron, C. et al. Cloning and analysis of the spinosad biosynthetic gene cluster of Saccharopolyspora spinosa . Chem. Biol. 8, 487â€“499 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Martin, C. J. et al. Heterologous expression in Saccharopolyspora erythraea of a pentaketide synthase derived from the spinosyn polyketide synthase. Org. Biomol. Chem. 1, 4144â€“4147 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Oikawa, H. Biosynthesis of structurally unique fungal metabolite GKK1032A2: indication of novel carbocyclic formation mechanism in polyketide biosynthesis. J. Org. Chem. 68, 3552â€“3557 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, H. J., Pongdee, R., Wu, Q., Hong, L. & Liu, H.-w. The biosynthesis of spinosyn in Saccharopolyspora spinosa: synthesis of the cross-bridging precursor and identification of the function of SpnJ. J. Am. Chem. Soc. 129, 14582â€“14584 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Frieden, C. Analysis of kinetic data: practical applications of computer simulation and fitting programs. Methods Enzymol. 240, 311â€“322 (1994)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, Y., Lin, Y., Tsai, K. & Chiu, H. Functional characterization and substrate specificity of spinosyn rhamnosyltransferase by in vitro reconstitution of spinosyn biosynthetic enzymes. J. Biol. Chem. 284, 7352â€“7363 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, H. J. et al. Biosynthesis of spinosyn in Saccharopolyspora spinosa: synthesis of permethylated rhamnose and characterization of the functions of SpnH, SpnI, and SpnK. J. Am. Chem. Soc. 132, 2901â€“2903 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thibodeaux, C. J., MelanÃ§on, C. E. & Liu, H.-w. Unusual sugar biosynthesis and natural product glycodiversification. Nature 446, 1008â€“1016 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thibodeaux, C. J., MelanÃ§on, C. E. & Liu, H.-w. Natural-product sugar biosynthesis and enzymatic glycodiversification. Angew. Chem. Int. Ed. 47, 9814â€“9859 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mergott, D. J., Frank, S. A. & Roush, W. R. Total synthesis of (âˆ’)-spinosyn A. Proc. Natl Acad. Sci. USA 101, 11955â€“11959 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	GuimarÃ£es, C. R. W., Udier-BlagovicÂ´, M. & JÃ¸rgensen, W. L. Macrophomate synthase: QM/MM simulations address the Dielsâ€“Alder versus Michaelâ€“aldol reaction mechanism. J. Am. Chem. Soc. 127, 3577â€“3588 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Serafimov, J. M., Gillingham, D., Kuster, S. & Hilvert, D. The putative Dielsâ€“Alderase macrophomate synthase is an efficient aldolase. J. Am. Chem. Soc. 130, 7798â€“7799 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tenenbaum, M. & Pollard, H. Ordinary Differential Equations (Dover, 1985)
MATHÂ 
    
                    Google ScholarÂ 
                

	Draper, N. R. & Smith, H. Applied Regression Analysis 3rd edn (Wiley-Interscience, 1998)
BookÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank C. Whitman for review of the manuscript, L. Hong for carrying out the early cloning work, B. Shoulders and S. Sorey for assistance with the interpretation of the NMR spectra, and S. Mansoorabadi and E. Isiorho for discussions on the reaction mechanisms and structural modelling of SpnF. This work is supported in part by grants from the National Institutes of Health (GM035906, F32AI082906), the Texas Higher Education Coordination Board (ARP-003658-0093-2007), and the Welch Foundation (F-1511).


Author information
Author notes	Mark W. Ruszczycky and Sei-hyun Choi: These authors contributed equally to this work.


Authors and Affiliations
	Department of Chemistry and Biochemistry, University of Texas at Austin, Austin, 78712, Texas, USA
Hak Joong Kim,Â Sei-hyun ChoiÂ &Â Hung-wen Liu

	Division of Medicinal Chemistry, College of Pharmacy, University of Texas at Austin, Austin, 78712, Texas, USA
Mark W. Ruszczycky,Â Yung-nan LiuÂ &Â Hung-wen Liu


Authors	Hak Joong KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mark W. RuszczyckyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sei-hyun ChoiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yung-nan LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hung-wen LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
H.-w.L. provided the scientific direction and the overall experimental design for the studies. H.J.K. designed and performed most of the experiments. S.-h.C. participated in the chemical synthesis of the substrate for SpnJ (2) and the characterization of the structures of the enzyme reaction products. M.W.R. analysed the kinetic experiment data. Y.-n.L. carried out the mutation studies of SpnF. H.J.K., M.W.R. and H.-w.L. wrote the manuscript.
Corresponding author
Correspondence to
                Hung-wen Liu.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
The file contains Supplementary Text, Supplementary Figures 1-8 with legends, Supplementary Table 1, additional references and spectral data. (PDF 2728 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Kim, H., Ruszczycky, M., Choi, Sh. et al. Enzyme-catalysed [4+2] cycloaddition is a key step in the biosynthesis of spinosyn A.
                    Nature 473, 109â€“112 (2011). https://doi.org/10.1038/nature09981
Download citation
	Received: 29 March 2010

	Accepted: 03 March 2011

	Published: 04 May 2011

	Issue Date: 05 May 2011

	DOI: https://doi.org/10.1038/nature09981


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

                
                    	
                            
                                
                                    
                                        Improving spinosad production by tuning expressions of the forosamine methyltransferase and the forosaminyl transferase to reduce undesired less active byproducts in the heterologous host Streptomyces albus J1074
                                    
                                

                            
                                
                                    	Xiaochen Li
	Ruofei Guo
	Hailong Wang


                                
                                Microbial Cell Factories (2023)

                            
	
                            
                                
                                    
                                        Tandem intermolecular [4â€‰+â€‰2] cycloadditions are catalysed by glycosylated enzymes for natural product biosynthesis
                                    
                                

                            
                                
                                    	Jiawang Liu
	Jiayan Lu
	Youcai Hu


                                
                                Nature Chemistry (2023)

                            
	
                            
                                
                                    
                                        A cyclase that catalyses competing 2 + 2 and 4 + 2 cycloadditions
                                    
                                

                            
                                
                                    	Hongbo Wang
	Yike Zou
	K. N. Houk


                                
                                Nature Chemistry (2023)

                            
	
                            
                                
                                    
                                        Selective cycloadditions
                                    
                                

                            
                                
                                    	Bo Zhang
	Hui Ming Ge


                                
                                Nature Chemistry (2023)

                            
	
                            
                                
                                    
                                        A molecular electron density theory study of asymmetric Dielsâ€“Alder [4â€‰+â€‰2] reactionâ€™s mechanism of furan with three substituted alkynes (5-R substituted-3-(3-(phenylsulfonyl)-propioloyl)-oxazolidin-2-one)
                                    
                                

                            
                                
                                    	Tarik Boutadghart
	Rachida Ghailane


                                
                                Journal of Molecular Modeling (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
            
        

        
    



            

        
    


    
        Editorial Summary
A 'Dielsâ€“Alderase' enzyme identified
The naturally occurring compound spinosyn A is a component of several environmentally benign commercial insecticides. How its tetracyclic ring system is biosynthesized has been a subject of much speculation. One possible mechanism is the Dielsâ€“Alder reaction, a [4+2] cycloaddition reaction in which a cyclohexene ring is formed between a conjugated diene and an electron-deficient alkene via a single pericyclic transition state. This reaction is a rarity in nature, but a structural and kinetic study of the enzyme SpnF from the soil bacterium Saccharopolyspora spinosa now identifies it as perhaps the first stand-alone enzyme to merit the name 'Dielsâ€“Alderase', solely committed to the catalysis of a [4+2] cycloaddition reaction with an estimated 500-fold rate enhancement.
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