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            Abstract
One promise of synthetic biology is the creation of genetic circuitry that enables the execution of logical programming in living cells. Such â€˜wet programmingâ€™ is positioned to transform a wide and diverse swathe of biotechnology ranging from therapeutics and diagnostics to water treatment strategies. Although progress in the development of a library of genetic modules continues apace1,2,3,4, a major challenge for their integration into larger circuits is the generation of sufficiently fast and precise communication between modules5,6. An attractive approach is to integrate engineered circuits with host processes that facilitate robust cellular signalling7. In this context, recent studies have demonstrated that bacterial protein degradation can trigger a precise response to stress by overloading a limited supply of intracellular proteases8,9,10. Here we use protease competition to engineer rapid and tunable coupling of genetic circuits across multiple spatial and temporal scales. We characterize coupling delay times that are more than an order of magnitude faster than standard transcription-factor-based coupling methods (less than 1 min compared with âˆ¼20â€“40 min) and demonstrate tunability through manipulation of the linker between the protein and its degradation tag. We use this mechanism as a platform to couple genetic clocks at the intracellular and colony level, then synchronize the multi-colony dynamics to reduce variability in both clocks. We show how the coupled clock network can be used to encode independent environmental inputs into a single time series output, thus enabling frequency multiplexing (information transmitted on a common channel by distinct frequencies) in a genetic circuit context. Our results establish a general framework for the rapid and tunable coupling of genetic circuits through the use of native â€˜queueingâ€™ processes such as competitive protein degradation.
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                    Figure 1: A rapid post-translational coupling platform based on shared degradation.


Figure 2: Post-translationally linked genetic clocks at multiple scales.


Figure 3: Genetic multispectral encoding.


Figure 4: Post-translational coupling at the multi-colony level.
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Extended data figures and tables

Extended Data Figure 1 Increasing the length of the TS linker sequence results in increasing downstream module degradation delay.
a, Detailed breakdown of single fluorescent trajectory analysis. Peaks are identified in red, troughs in green, upslope 10% points in purple and downslope 10% points in dark grey. The two period measurements are peak to peak and the time between two successive 10% upslope points. b, Top, sfGFP does not show bleed-over into the CFP fluorescence channel. Induction of sfGFP with 10 nM acyl-homoserine lactone (AHL, dashed line) showed increase in fluorescence of sfGFP, which was not detected in the CFP channel. Bottom, the use of the published AAV degradation tag30 shows delay in the downstream module degradation of 15 min. c, Without the TS linker sequence, there is very little delay in downstream module degradation. d, Single TS linker sequence results in 10 min delay. e, Double TS linker sequence results in 16 min delay, similar to that of AAV degradation sequence. f, 5-TS linker sequence results in 25 min delay (data shown in câ€“f were used to generate Fig. 1c).


Extended Data Figure 2 Cellâ€“cell communication by AHL reduces variability in the quorum clock.
a, Individual â€˜leaderâ€™ cells show early activation of quorum clock proteins relative to the mean population response. b, In a two-cell simulation, cells 1 and 2 start out unlinked with slightly different constitutive production of AiiA and LuxI. At t = 100 min the two cells are linked through external AHL in the media, showing the cell with slower dynamics (cell 2) linking up to cell 1 with shorter periods. c, Cells 1 and 2 start out unlinked with cell 1 including intracellular clock dynamics (green) that result in higher frequency oscillations in cell 1. When the cells are linked (t = 100), the slower cell 2, without the intracellular clock, links on to the faster cell through external AHL communication between the cells. d, Trajectories of 20 cells (different colour traces) with noisy constitutive production at lux promoter synchronize when their external AHL pool is mixed at t = 400 min. Mean trajectory is shown in black. e, Period variability after cell synching (red) is lower than in individual cells (blue). QS, quorum-sensing oscillator.


Extended Data Figure 3 The intracellular clock increases robustness in the coupled oscillator system by reducing the period of the quorum clock.
a, Removal of IPTG, which increases intracellular clock strength, leads to more regular oscillations (experimental). b, The decrease in variability of the inter-pulse time of the coupled oscillator without IPTG suggests that the intracellular clock plays an important role in the inter-pulse dynamics (experimental). c, At very high flow rates, the quorum clock oscillates irregularly. Tuning up the intracellular clock reduces the quorum clock period, restoring regular oscillations and allowing for global level synchronization between colonies due to H2O2 biopixel coupling. Genetic addition of the intracellular clock (0.1 mM IPTG) helps synchronize the quorum clock at high flows (430 Âµm sâˆ’1). Increasing the strength of the intracellular clock with removal of IPTG further enhances H2O2 inter-colony synchronization (experimental, black lines indicate the mean of experimental races).


Extended Data Figure 4 H2O2 increases the degradation rate by ClpXP, and this in combination with transcriptional increase at the lux promoter decreases variability in the oscillator period.
a, There is a significant decrease in the degradation time due to H2O2 (experimental). b, Decrease in the degradation time due to H2O2 is due to effective increase in ClpXP degradation rate (experimental). c, H2O2 activation of lux promoter alone would only increase the amplitude of quorum clock oscillations. Similarly, H2O2-dependent increase in ClpXP activity results only in steeper degradation and longer inter-pulse duration. Combination of the two effects leads to increase in amplitude and decrease in inter-pulse duration, which matches experiments (model). d, Individually, the two H2O2 effects do little to lower the quorum clock period CV, which is reduced when both are present (model).
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Asynchronous
In small devices (100 cells), we observed fast and asynchronous intracellular clock oscillations without quorum clock contribution, since the quorum clock requires a critical cell density to function. (MP4 10314 kb)


XP Coupling
In larger devices (5,000 cells), we followed individual colonies from single cells to full density, observing a marked transition from asynchronous intracellular clock oscillations to synchronized intracellular/quorum clock oscillations at the point of ClpXP saturation. (MP4 5222 kb)


Frequency Multiplex
Frequency contributions from both clocks (left: intracellular clock, right: quorum clock) can be found in the intracellular clock time series. (MP4 5104 kb)


Discovery Array
In devices housing many identical colonies (500 biopixels of 5,000 cells), we observed global synchronization between colonies via H2O2. This video illustrates the process of analyzing trajectories taken in the presence (right, red) and absence (left, blue) of H2O2 to discern subtle host regulation in response to H2O2. (MP4 7858 kb)
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