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            Abstract
The optimization of engineered metabolic pathways requires careful control over the levels and timing of metabolic enzyme expression1,2,3,4. Optogenetic tools are ideal for achieving such precise control, as light can be applied and removed instantly without complex media changes. Here we show that light-controlled transcription can be used to enhance the biosynthesis of valuable products in engineered Saccharomyces cerevisiae. We introduce new optogenetic circuits to shift cells from a light-induced growth phase to a darkness-induced production phase, which allows us to control fermentation with only light. Furthermore, optogenetic control of engineered pathways enables a new mode of bioreactor operation using periodic light pulses to tune enzyme expression during the production phase of fermentation to increase yields. Using these advances, we control the mitochondrial isobutanol pathway to produce up to 8.49 ± 0.31 g l−1 of isobutanol and 2.38 ± 0.06 g l−1 of 2-methyl-1-butanol micro-aerobically from glucose. These results make a compelling case for the application of optogenetics to metabolic engineering for the production of valuable products.
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                    Figure 1: Characterization of optogenetic circuits.[image: ]


Figure 2: A light-dependent metabolic valve for ethanol production.[image: ]


Figure 3: Light-controlled isobutanol production.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Maps of key vectors used in this study.
a, pYZ12-B vector used to integrate genes or circuits into the HIS3 locus. Constructs are usually transferred from pJLA vectors using XmaI and AscI sites. Final constructs are linearized with PmeI before yeast transformation. b, pYZ23 vector used to integrate genes or circuits into δ-5 sites of yeast. Constructs are usually transferred from pJLA vectors using MreI and AscI sites. Final constructs are linearized with PmeI before yeast transformation. c, The general vector map shows the relative orientation of the five positions listed in Supplementary Table 1, in which different genes (including promoters and terminators) were assembled, using a previously described multiple gene insertion strategy25. All vectors have an ampicillin-resistance marker (AMPR) for cloning in E. coli and a selection marker for S. cerevisiae (Marker). Vector types include CEN/ARS, 2μ, or integrative36,37,38,39.


Extended Data Figure 2 Flow cytometry of strain with GFP controlled by OptoEXP.
Representative flow cytometry graphs from three biological replicates under the same conditions. Experiments were performed in 24-well plates, in either glucose or glycerol and ethanol. Every graph is generated from 20,000 cells. a, Control strain (YEZ186) with GFP under PTEF1 exposed for 3 h to constant blue light (magenta) or kept for the same amount of time in the dark (cyan); these samples are almost completely superimposed on the right-hand side of graph. Control strain (YEZ140) with no GFP exposed for 3 h of constant blue light (red) or kept for the same amount of time in the dark (grey); these samples are almost completely superimposed on the left-hand side of graph. Under these conditions, there is no detectable photobleaching. b, Light-induced GFP expression in YEZ139, a strain with GFP controlled by OptoEXP. GFP expression in YEZ139 in SC-His medium supplemented with 2% glucose after 3 h of exposure to blue light (green) is homogeneous across the cell population, and 37-fold higher than in YEZ139 cells kept in the dark for the same amount of time (orange). The maximum level of GFP expression obtained by OptoEXP in YEZ139 grown in full light for 3 h (green) is 22.1% of what is achieved in YEZ186, which contains PTEF1–GFP, grown under the same conditions (magenta). Fluorescence from a control wild-type strain without GFP, YEZ140, grown for 3 h in the light, is shown for comparison (red). c, Light-induced GFP expression by OptoEXP in YEZ243 in SC-His medium supplemented with 3% glycerol and 2% ethanol. Starting from cultures grown in the dark, samples were taken (in the exponential growth phase, at an OD600 of approximately 3) and incubated in 24-well plates under the following light conditions: 2 h in the dark (orange); 1.5 h in the dark followed by 30 min in light (green); 1 h in the dark, followed by 1 h in light (brown); or 2 h in light (dark blue). YEZ140 (red) and YEZ186 (magenta) were used as controls with no GFP expression and GFP expression from a strong, constitutive promoter (PTEF1), respectively. d, Example of the gating used to make the flow cytometry plots in a–c. All experiments were repeated at least three times.


Extended Data Figure 3 OptoEXP performance under LED panels of different intensities.
Light-induced expression of GFP in YEZ243 (OptoEXP driving GFP) compared to constitutive GFP expression in YEZ186 (PTEF1–GFP), using light panels of different intensities. Pulsed light was applied at duty cycles of 10 s on and 70 s off. Data are shown as mean values; dots represent individual data points; error bars represent the s.d. from four biologically independent 1-ml culture sample replicates. All experiments were repeated at least three times.

                          Source data
                        


Extended Data Figure 4 Comparison of OptoINVRT light-repressible transcription circuits.
a, OptoINVRT circuit design, based on the expression of Gal80 from OptoEXP and of Gal4 from constitutive promoters of different strength, with or without a PSD domain. b, Genes controlled by OptoINVRT circuits are repressed in the light and activated in the dark by the repression activity of Gal80 on Gal4 transcription factor. The PSD fused to Gal4 in OptoINVRT3 stimulates protein degradation in the light. c, Screens for lactic acid production in 2% glucose of several colonies of strains YEZ144 (OptoINVRT1), YEZ145 (OptoINVRT2) and YEZ146 (OptoINVRT3), using growth parameters: ρ = 5 and θ = 6 h, where ρ is the cell density at which cells are moved from light to dark and θ is the time cells are incubated in the dark before starting the fermentation (n = 7 biologically independent colonies). d, Screens for isobutanol production in 2% glucose of several colonies of YEZ159 (OptoINVRT1), YEZ156 (OptoINVRT2) and HPY6 (OptoINVRT3), using growth parameters: ρ = 8 and θ = 3 h (n = 12 biologically independent colonies). e, Screens for isobutanol production in 2% glucose of several colonies of YEZ159 (OptoINVRT1), YEZ156 (OptoINVRT2) and HPY6 (OptoINVRT3), using growth parameters: ρ = 5 and θ = 3 h (n = 12 biologically independent colonies). The screens shown in c–e were performed once in our laboratory.


Extended Data Figure 5 Light-controlled lactic acid production.
a, Lactic acid is produced by the reduction of pyruvate by Ldh. PDC1 is controlled by OptoEXP and Ldh by OptoINVRT circuits. b, With optogenetic controls, light can be used to separate fermentation into two phases: a growth phase when cultures are exposed to light, during which PDC1 is expressed and Ldh is repressed, and a lactic acid production phase when cells are in the dark, during which PDC1 is not induced, and Ldh is expressed. c, Experimental design for the screening of strains and optimization of conditions. ρ and θ were varied in these experiments. d, Three OptoINVRT circuits were tested for lactic acid production: OptoINVRT1 (YEZ144); OptoINVRT2 (YEZ145) and OptoINVRT3 (YEZ146). Top, dependence of lactic acid titres on ρ. Bottom, dependence of the ratio of lactic acid to ethanol on ρ. Fermentations were done in 26.5 g l−1 glucose and run for 2 days. All samples had θ = 6 h. Data are shown as mean values; dots represent individual data points; error bars represent the s.d. of three biologically independent 1-ml culture sample replicates exposed to the same light conditions. *P < 0.05, **P < 0.01, ***P < 0.001. Statistics are derived using a one-sided t-test. All experiments were repeated at least three times.

                          Source data
                        


Extended Data Figure 6 qPCR experiments.
a, Number of copies of PC120 driving PDC1 in key strains, determined with qPCR performed on genomic DNA samples (see Methods). All strains have one copy of PDC1 integrated in the HIS3 locus, and the rest are integrated in random δ-integration sites (except YEZ50lost, which only has one copy in the HIS3 locus). Data are shown as mean values; dots represent individual data points; error bars represent the s.d. from three biologically independent 1-ml culture sample replicates. All experiments were repeated at least three times. b, qPCR of PDC1 and ILV2 mRNA levels during fed-batch fermentation with periodic light stimulation for isobutanol production in 0.5-l fermenters. qPCR was performed on samples from fed-batch fermentations for isobutanol production (Fig. 3e) to measure concentrations of PDC1 and ILV2 transcripts. Gene expression was normalized to ACT1 transcripts. Lines represent average values from samples taken from two biologically independent fermentations run under the same conditions. All experiments were repeated at least two times.

                          Source data
                        


Extended Data Figure 7 Optimization of light-controlled isobutanol production.
a, Dependence of isobutanol titres on ρ. Cells were grown with θ = 3 h; fermentations were done in 21.5 g l−1 glucose; isobutanol titres were measured after 2 days of fermentation in the dark. YZy335 is a control strain with a constitutive isobutanol pathway plasmid and wild-type PDC1, PDC5 and PDC6 and was used in 2-day fermentations at high cell density as a control. b, Dependence of isobutanol titres on θ. Cells were grown to ρ = 8.5. Fermentations were again done in 20.8 g l−1 glucose for 2 days in the dark. All data are shown as mean values; dots represent individual data points; error bars represent the s.d. of three biologically independent 1-ml culture sample replicates exposed to the same light conditions. All experiments were repeated at least three times.

                          Source data
                        


Extended Data Figure 8 Optimization of high glucose fermentations.
a, Glucose remainders as a percentage of initial glucose concentration after 48 h (20 g l−1 initial glucose) or 80 h (150 g l−1 initial glucose) of fermentation of YEZ167-4 in the dark. Cell growth parameters: ρ = 8.5 and θ = 4 h (for fermentations in 20 g l−1 glucose) and ρ = 9.5 and θ = 3 h (for fermentations in 150 g l−1 glucose). Data are shown as mean values; dots represent individual data points; error bars represent the s.d. from three biologically independent 1-ml culture sample replicates. All experiments were repeated at least three times. b, NAD+/NADH ratio recovery through light pulsing. NAD+/NADH ratios were measured in samples under similar batch fermentation conditions as shown in Fig. 3c (see Methods). YEZ167-4 cultures were diluted into six 24-well plates and grown to an OD600 of 9.5 and left in the dark for 3 h before resuspending cells in 15% glucose medium. Four of the plates were pulsed every 10 h for 30 min at a duty cycle of 15 s on and 65 s off. Cells were harvested after 48-h fermentations, and at different times after the last light pulse (0, 1.5, 3.5, or 7.5 h). Control plates were kept under full light or in the dark throughout the 48-h fermentations. NAD+/NADH ratios in pelleted cells were measured following a previously described method43. Data are shown as mean values; dots represent individual data points; error bars represent the s.d. of four biologically independent 1-ml culture sample replicates. All experiments were repeated at least three times.

                          Source data
                        


Extended Data Figure 9 Diagrams of light-stimulated laboratory-scale fermenters used to test YEZ167-4.
a, b, The 2-l bioreactor was set up so that three light panels could be placed around the fermenter. A magnetic stir plate and stir bar were used to mix the culture, and fermentations were performed in a 30 °C warm-room. c, d, The 500-ml fed-batch bioreactor was set up so that two light panels could be placed around the fermenter. The culture was mixed with a motorized propeller and a heat plate with temperature control probe was used to maintain the temperature at 30 °C.


Extended Data Figure 10 Light-dependent GFP expression in laboratory-scale fermenter at relatively high cell densities.
a, Schematic of 5-l fermenter setup with the dimensions of the area exposed to light. Red is the heating blanket around the reactor. Brown depicts the cell culture (2.5 l). Blue depicts the area being illuminated by blue LEDs. b, Picture of the functioning 5-l, light-stimulated fermenter. c, Representative flow cytometry results from two fermentation replicates using YEZ243, which has light-inducible GFP expression. Cells were grown in fed-batch mode using a glycerol feed to achieve the highest cell densities possible in this setup. Yeast cells were exposed to light when they reached an OD600 of 15 and left under continuous illumination for the rest of the experiment. Samples from the fermenter were fixed at the time of harvesting to prevent time-dependent variations. Grey was a sample of YEZ140 without GFP, which was used as a control. Light blue is pre-induction at an OD600 of 15; red is after 1 h of induction at an OD600 of 16; orange is after 6 h of induction at an OD600 of 19; green is after 24 h of induction at an OD600 of 41; purple is after 32 h of induction at an OD600 of 46 and dark blue is after 40 h of induction at an OD600 of 50. Every curve is generated from 20,000 cell counts. Data from the other fermenter run, which are very similar, are available upon request. All experiments were repeated at least three times.
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        Editorial Summary
Chemical production with pulses of light
Optogenetics is a powerful method for the controlled study of biological systems based on light-sensitive proteins. Light offers a non-invasive alternative to classical methods and a versatile way of tuning a given system. In this study, José Avalos and colleagues used optogenetics to regulate engineered microbial metabolic processes. They used light to precisely control fermentation, applying periodic pulses to finely tune enzyme expression. The authors used this approach to produce two biofuels and feedstock chemicals, isobutanol and 2-methyl-1-butanol, from glucose in yeast with enhanced yields in bioreactors.
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