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            Abstract
De novo-designed proteins1,2,3 hold great promise as building blocks for synthetic circuits, and can complement the use of engineered variants of natural proteins4,5,6,7. One such designer protein—degronLOCKR, which is based on ‘latching orthogonal cage–key proteins’ (LOCKR) technology8—is a switch that degrades a protein of interest in vivo upon induction by a genetically encoded small peptide. Here we leverage the plug-and-play nature of degronLOCKR to implement feedback control of endogenous signalling pathways and synthetic gene circuits. We first generate synthetic negative and positive feedback in the yeast mating pathway by fusing degronLOCKR to endogenous signalling molecules, illustrating the ease with which this strategy can be used to rewire complex endogenous pathways. We next evaluate feedback control mediated by degronLOCKR on a synthetic gene circuit9, to quantify the feedback capabilities and operational range of the feedback control circuit. The designed nature of degronLOCKR proteins enables simple and rational modifications to tune feedback behaviour in both the synthetic circuit and the mating pathway. The ability to engineer feedback control into living cells represents an important milestone in achieving the full potential of synthetic biology10,11,12. More broadly, this work demonstrates the large and untapped potential of de novo design of proteins for generating tools that implement complex synthetic functionalities in cells for biotechnological and therapeutic applications.
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                    Fig. 1: DegronLOCKR is a modular tool for controlling biological pathways.


Fig. 2: DegronLOCKR implementation of synthetic feedback on the mating pathway.


Fig. 3: Quantifying properties of degronLOCKR feedback via control of a synthetic circuit.


Fig. 4: DegronLOCKR synthetic feedback is tunable.
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                Data availability


All data that support the findings of this study are available within the Letter and its Supplementary Information. Original data that supports the findings are available from the corresponding author upon reasonable request. Plasmids that encode the synthetic controller and process are available from Addgene (plasmids 127164 and 127165).



Code availability


Code that supports the findings of this study is available at https://github.com/andrewng1023/NatureFeedbackdegronLOCKR.
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Extended data figures and tables

Extended Data Fig. 1 Panel of mating-pathway regulators tested with degronLOCKR.
DegronSwitch was fused to the C terminus of the endogenous copy of each regulator. The key with or without a SV40 NLS was expressed using a progesterone (Pg)-inducible system8. Ste20, Ste11 and Ptp3 were degraded using a cytoplasmic key (key–CFP), and Msg5, Ste12, Dig1 and Dig2 were degraded using a nuclear key (key–CFP–NLS). Fus3 was degraded using either a cytoplasmic or a nuclear key. Cells were induced with 1 nM (low) or 100 nM (high) α-factor and 50 nM or 0 nM progesterone, and grown for 4 h before YFP fluorescence was measured using a flow cytometer. Data represent mean ± s.d. of three biological replicates.


Extended Data Fig. 2 Dynamic measurements of the mating pathway with synthetic feedback.
DegronSwitch was fused to the C terminus of the endogenous copy of Ste12 (left) and Fus3 (right). Measurements of pAGA1-YFP-cODC dynamics for synthetic negative (left) and positive (right) feedback. Synthetic feedback and no-feedback (pREV1-key-CFP-NLS) strains were induced with 25, 12.5, 6.25 or 3.13 nM α-factor at 0 h, and flow cytometry measurements (points) were performed every 10 min. Points represent the mean ± s.d. of three biological replicates. Lines represent a moving average taken over three data points.


Extended Data Fig. 3 Model analysis of synthetic transcriptional circuit with degronLOCKR feedback to probe steady-state solutions in response to positive or negative disturbances.
a, b, Steady-state values of model variables as progesterone (a) or Z3PM degradation rate (γZ) (b) change (see ‘Model description’ in Supplementary Information). Continuous lines correspond to the feedback system (FB), and the dashed lines show an example in which the feedback has been removed (no FB; that is, fK = μK* instead of equation (12) in Supplementary Information). The grey box delimits the area in which the feedback is considered to be ‘active’. This is defined by the relative change in total GEM (Δ(G + C)/(G + C)) over the relative change of the disturbance (ΔP/P for a or ΔγZ/γZ for b) being higher than 0.15. In the absence of feedback, Δ(G + C) is equal to zero for any disturbance, unless the disturbance directly affects the synthesis or degradation rate of the key or GEM. The parameters used, and definitions of variables and species, are provided in the Supplementary Information.


Extended Data Fig. 4 Experimental behaviour of synthetic transcriptional circuit with degronLOCKR feedback as a function of progesterone for a fixed dose of oestradiol.
a, Comparison of behaviour of the steady-state circuit (ten hours after stimulation) with and without feedback (pRNR2-key-CFP-NLS) as a function of progesterone at all concentrations of oestradiol (E2). YFP fluorescence is the output of the circuit and RFP fluorescence is a proxy for Z3PM concentration. Points represent mean ± s.d. of three biological replicates. b, Example of gating strategy used to generate flow cytometry data. The cells that were used are in Q2.


Extended Data Fig. 5 Experimental behaviour of synthetic transcriptional circuit with degronLOCKR feedback as a function of oestradiol for a fixed dose of progesterone.
Comparison of the behaviour of the steady-state circuit (ten hours after stimulation) with and without feedback (pRNR2-key-CFP-NLS) as a function of oestradiol at all concentrations of progesterone. YFP fluorescence is the output of the circuit and RFP fluorescence is a proxy for Z3PM concentration. Points represent mean ± s.d. of three biological replicates.


Extended Data Fig. 6 Behaviour of synthetic transcriptional circuit with degronLOCKR feedback cannot be matched by constitutively expressing different amounts of the key.
Comparison of the behaviour of the steady-state circuit (ten hours after stimulation) with feedback, and various levels of expression of the key without feedback (REV1, RNR2, RET2 and RPL18B promoters), as a function of progesterone at a fixed concentration of 7.5 nM oestradiol. YFP fluorescence is the output of the circuit and RFP fluorescence is a proxy for Z3PM concentration. The yellow line in the top panel is the YFP output for the feedback circuit, and the red line in the bottom panel is the RFP output for the feedback circuit. Points represent mean ± s.d. of three biological replicates. Data points are connected by lines to guide the eye.


Extended Data Fig. 7 Model analysis of synthetic transcriptional circuit with degronLOCKR feedback to probe the effect of changing η+ or μK on steady state solution & feedback activity.
a, b, Steady values as progesterone changes according to the model (see ‘Model description’ in Supplementary Information). Continuous lines correspond to model simulation of the feedback system, and the dashed line shows an example in which the feedback has been removed (fK = μK* instead of equation (12) in Supplementary Information). The effect of decreasing (×0.01) or increasing (×100) η+ (a) or μK (b) are shown in orange or purple, respectively. The shadow boxes delimit the area in which the feedback is considered to be active ((Δ(G + C)/(G + C))/(ΔP/P) > 0.15) for each case. Grey, original parameter set; orange, decreasing η+ (a) or μK (b); purple, increasing η+ (a) or μK (b). c, d, Range of feedback activity for progesterone disturbances, and how this changes as η+ (c) or μK (d) varies. See colour bar on the right for precision metric. The colours of the vertical lines in c and d correspond to the cases shown in a and b, respectively.


Extended Data Fig. 8 Changing the promoter strength or length of the key in experiments modulates the steady-state properties for the synthetic transcriptional circuit with degronLOCKR feedback.
Comparison of the behaviour of the steady-state circuit (ten hours after stimulation) for various levels of feedback as a function of progesterone, at a fixed concentration of 7.5 nM oestradiol. Left, tuning via changing the strength of the feedback promoter. x, number of Z3 binding sites. Right, tuning via changing the length of the key. m, number of residues removed from the C- terminus of the key. YFP fluorescence (top panels)is the output of the circuit, RFP fluorescence (bottom panels) is a proxy for Z3PM concentration. Points represent mean ± s.d. of three biological replicates.


Extended Data Fig. 9 Changing the length of the key in experiments tunes feedback strength and changes the dynamic behaviour of the output of the synthetic transcriptional circuit with degronLOCKR feedback.
Dynamic measurements of pZ3-Venus-cODC using automated flow cytometry for the synthetic-feedback strain with various combinations of feedback promoter strength and key length and no-feedback strain (pREV1-key-CFP-NLS), after induction with 3.13 nM progesterone and 7.5 nM oestradiol at 0 h. The lines represent a moving average taken over three data points and the points represent the mean ± s.d. of three biological replicates.


Extended Data Fig. 10 Combinatorial tuning of synthetic negative feedback in the mating pathway.
Top, dynamic measurements of pAGA1-YFP-cODC output for various feedback and no-feedback (REV1, RNR2, RET2 and RPL18B promoter) strains with Ste12 fused to degronSwitch, after stimulation with 25 nM α-factor. The lines represent a moving average taken over three flow cytometry data points and the points represent the mean ± s.d. of three biological replicates. Bottom, α-factor dose–response of feedback strains versus no-feedback (REV1, RNR2, RET2 and RPL18B promoter) strains. YFP fluorescence was measured using flow cytometry four hours after induction with α-factor. Points represent mean ± s.d. of three biological replicates. Lines are a Hill function fit to the data.





Supplementary information
Supplementary Information
Sections 1 and 2 containing the Model Description and Qualitative Properties, and a table showing the simulation parameter values in the Main and Extended Data Figures.


Reporting Summary

Supplementary Tables
Supplementary Tables 1–7 containing information about strains, plasmids, oligos, hill function fits, information about the automated flow cytometry device, and p-values.
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