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            Abstract
A bio-based economy has the potential to provide sustainable substitutes for petroleum-based products and new chemical building blocks for advanced materials. We previously engineered Saccharomyces cerevisiae for industrial production of the isoprenoid artemisinic acid for use in antimalarial treatments1. Adapting these strains for biosynthesis of other isoprenoids such as Î²-farnesene (C15H24), a plant sesquiterpene with versatile industrial applications2,3,4,5, is straightforward. However, S. cerevisiae uses a chemically inefficient pathway for isoprenoid biosynthesis, resulting in yield and productivity limitations incompatible with commodity-scale production. Here we use four non-native metabolic reactions to rewire central carbon metabolism in S. cerevisiae, enabling biosynthesis of cytosolic acetyl coenzyme A (acetyl-CoA, the two-carbon isoprenoid precursor) with a reduced ATP requirement, reduced loss of carbon to CO2-emitting reactions, and improved pathway redox balance. We show that strains with rewired central metabolism can devote an identical quantity of sugar to farnesene production as control strains, yet produce 25% more farnesene with that sugar while requiring 75% less oxygen. These changes lower feedstock costs and dramatically increase productivity in industrial fermentations which are by necessity oxygen-constrained6. Despite altering key regulatory nodes, engineered strains grow robustly under taxing industrial conditions, maintaining stable yield for two weeks in broth that reaches >15% farnesene by volume. This illustrates that rewiring yeast central metabolism is a viable strategy for cost-effective, large-scale production of acetyl-CoA-derived molecules.
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                    Figure 1: Synthetic pathway for acetyl-CoA-derived bioproducts in S. cerevisiae.[image: ]


Figure 2: Identification of functional enzymes.[image: ]


Figure 3: Identification of interfering, previously uncharacterized native reaction.[image: ]


Figure 4: Fermentation performance.[image: ]
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Contributions
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Extended data figures and tables

Extended Data Figure 1 S. pomeroyi HMG CoA reductase is NADH-specific.
HMG CoA reductase variants from S. cerevisiae and S. pomeroyi were expressed in S. cerevisiae and tested for activity in cell-free extract. S. cerevisiae tHMGr has detectable activity only in the presence of NADPH, whereas S. pomeroyi HMGr has detectable activity only in the presence of NADH. Error bars represent standard deviation of nâ€‰=â€‰3.


Extended Data Figure 2 Exclusive use of heterologous pathways for cytosolic acetyl-CoA.
a, Deletion of ALD4 and ALD6 in the AMR-4 background results in a 22-fold decrease in total NAD+- and NADP+-dependent aldehyde dehydrogenase activity, relative to an ALD4+ALD6+ predecessor, with remaining activity probably from ALD5 (ref. 55). Cell-free extract samples were normalized by protein concentration. Error bars represent standard deviation of nâ€‰=â€‰3. bâ€“d, An ald4Î” ald5Î” ald6Î” strain expressing ADA, NADH-HMGr, xPK, and PTA, has the same yield (b), productivity (c), and titre (d) as its ALD5+ parental strain, indicating that the native PDH-bypass carries minimal flux for farnesene production in the engineered strains. Error bars represent range, nâ€‰=â€‰2.


Extended Data Figure 3 Strains achieve nearly identical yield and productivity under laboratory and manufacturing conditions.
a, b, Yields (a) and productivities (b) are compared for four strains at the 2-litre bench scale (x axis) and 200,000-litre manufacturing scale (y axis). The black dotted line shows the relationship yâ€‰=â€‰x. Open blue circles represent strains that use the native S. cerevisiae central metabolism, whereas open green circles represent strains that use the synthetic pathway described in this work. Figures show cumulative yield and productivity averages over a 10-day fermentation, and are normalized to the highest yield and productivity at either scale. Error bars represent standard deviations for over 10 fermentation runs per strain, at each scale: for a, b, the n values on the x axis for the bench scale from left (first blue circle) to right (last green circle) were nâ€‰=â€‰34, nâ€‰=â€‰92, nâ€‰=â€‰22 and nâ€‰=â€‰13, respectively, and the n values on the y axis for the fermentation scale were from bottom (first blue circle) to top (last green circle) were nâ€‰=â€‰63, nâ€‰=â€‰33, nâ€‰=â€‰29, nâ€‰=â€‰14, respectively.


Extended Data Figure 4 Sensitivity of maximum F/O2 ratio to biomass stoichiometry.
The maximal F/O2 ratio at a given yield (using only native S. cerevisiae reactions) changes with the O2/sugar (O/S) molar ratio used for S. cerevisiae biomass generation. The same fermentation data are shown in Fig. 4e. The orange line (O/Sâ€‰=â€‰2.29) uses empirical biomass stoichiometry of CBS 8066 (ref. 34), the blue line (O/Sâ€‰=â€‰2.50) is the model output for iSc-AMRS-1 (native network) maximizing biomass flux on glucose in fully aerobic conditions, and the purple line (O/Sâ€‰=â€‰2.55) uses the empirical biomass stoichiometry for CEN.PK113-7D56. Strains carrying the synthetic network (green circles) show farnesene stoichiometry exceeding the native network (blue circles) regardless of which O/S is used.


Extended Data Figure 5 Yield stability and titre in an industrial process.
a, Yield is almost constant over a 13-day-long fermentation. The strain shown is related to AMR-5, and uses the synthetic metabolic network to biosynthesize farnesene. b, Farnesene titres exceed 130â€‰g farnesene per kg broth by the second week of the fermentation. Error bars represent the range, nâ€‰=â€‰2.


Extended Data Table 1 List of heterologous metabolic reactions evaluated in the context of wild-type reaction network, iSc-AMRS-1Full size table


Extended Data Table 2 Example sets of enzymes or pathways that increase theoretical maximum mass yield of farnesene from glucose to 29.8%Full size table


Extended Data Table 3 Strains with alternative acetyl-CoA pathways are less viable than unengineered strains after carbon exhaustion, and more sensitive to heatshockFull size table


Extended Data Table 4 Effect of iSc-AMRS-2 reaction network on maximum theoretical yield and O2 requirement for six molecules that could be derived from acetyl-CoAFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Text and Data comprising: Section 1 - Oxygen transfer rate in a fermentation vessel >100m3; Section 2 - Productivity of farnesene production using the native S. cerevisiae central metabolism; Section 3 - Description of AMR-5; Section 4 - Calculating upper and lower limits of farnesene produced / total O2 consumed (F/O2) at all yields; Section 5 - Strain genotypes. (PDF 509 kb)


Supplementary Table 1
This table shows the optimal flux distributions underlying the farnesene biosynthesis stoichiometries reported throughout the text and in Table 1, and also provides flux distribution maps. (XLSX 352 kb)


Supplementary Table 2
This table shows the calculations underlying the upper bound curves shown in Figure 4d and 4e, and also shows lower bounds. (XLSX 29 kb)


Supplementary Table 3
This table contains the definition of iSc-AMRS models, a description of the genome scale model used for stoichiometric calculations and determination of flux distributions. (XLSX 149 kb)


Supplementary Table 4
This table shows the lower bounds. (XLSX 8 kb)
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        Editorial Summary
A yeast for efficient isoprenoid manufacture
These authors have re-engineered the central carbon metabolism of Saccharomyces cerevisiae to improve redox balance and eliminate carbon and energy waste associated with acetyl-CoA biosynthesis. The resulting strains can produce the acetyl-CoA-based hydrocarbon Î²-farneseneâ€”an important precursor to many fragrances, fuels and therapeuticsâ€”in greater quantities than the starting yeast strain while consuming less oxygen. Cultures can be grown effectively in 200,000-litre industrial bioreactors. This system points the way towards a platform for high-productivity, feedstock-efficient production for all isoprenoids and other acetyl-CoA-derived compounds.

show all

    

    
    

    
        
            
                
                    
                        
                            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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
