

 
Supplementary Materials for

Large-scale-integration and collective oscillations of 2D artificial cells


Joshua Ricouviera*, Pavel Mostova, Omer Shabtaia, Ohad Vonshaka, Alexandra Tayara, Eyal Karzbrunb, Aset Khakimzhanc, Vincent Noireauxc, Shirley Shulman Daubea, and Roy Bar-Ziva*

aChemical and Biological Physics, Weizmann Institute of Science, Rehovot 7610001, Israel;  bMolecular genetics, Weizmann Institute of Science, Rehovot 7610001, Israel; cSchool of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, United States 

Corresponding author: joshua.ricouvier@weizmann.ac.il, roy.bar-ziv@weizmann.ac.il

The PDF file includes:
Supplementary Text
Figs. S1 to S11
References

Other Supplementary Materials for this manuscript include the following: 

Movies S1 to S6


Supplementary Text
I. [bookmark: _Toc152690169][bookmark: _Toc152691047]Backside: parallel flow channels for cell-free extract 

The backside is carved in the silicon chip and sealed with a slab of PDMS (Sylgard). It is composed of one inlet, microchannels (depth 120µm) and one outlet. Right after the inlet, a filter divides the incoming flow into 32 parallel flows. The 32 channels are parallel and are connected in order to avoid clogging and bubbles. Typically, the total flow rate is 20 µL/h and in one single channel, the flow rate is 0.6 µL/h=0.01 µL/min. The typical dimensions of the parallel flow channels are ,  and . Therefore, the typical volume is 0.03 µL and the flow renews the CFE every 3 minutes.

We present a model for steady-state gene expression in the artificial cell.
II. [bookmark: _Toc152690170][bookmark: _Toc152691048]A source-sink scenario of 1D diffusion between compartment and flow-channel [image: ]

The compartment contains the DNA brush where protein synthesis occurs. Following previous work, the time it takes for the concentration of newly made proteins to be homogenous in the compartment is shorter than the time to dilute out the volume of the compartment through the capillary1. Therefore, we consider the entire compartment as a local source for protein with a spatially homogeneous concentration. The bottom end of the well in contact with the feeding microchannel is continuously replenished by new cell extract. The proteins diffuse to this end of the well are washed away by the flow, thus creating a sink for proteins. The well, which is wider than the narrow capillary, adds up a contribution to the diffusive capillary connecting the well and the compartment. We calculate the concentration of protein produced in the compartment and diffusing out along the axis of the capillary and the well.

The exiting flux from the compartment is 


where  and  are the cross section of the capillary and the well, respectively, and  and  are the diffusion flux (amount of substance per unit area per unit time) of the capillary and the well.
In steady-state, the flux per unit area is given by Fick’s Law:


and integrating between the compartment D and the end of the capillary B gives:


Similarly, between the flow channel A and the end of the well B:


By conservation of mass, we can write the equality of the fluxes:

 is the length of the equivalent capillary that would connect A and D with the cross-section .






Therefore, 


By conservation of mass inside the compartment, the DNA brush creates at steady state  proteins (in mol/s). Therefore, we can write 

Replacing J,

At steady state:


With 
The observed extension (Figure S2) is about 18%, of the same order of the 12% calculated above. However, the model assumes as a first approximation that diffusion in the well is 1D.

III. [bookmark: _Toc152690171][bookmark: _Toc152691049]Residual flow between connected compartments: diffusion versus convection
[image: ]
We estimate the flow between two compartments and compare it to diffusion. is the pressure at position .  is the hydrodynamic resistance between the positions  and .  is the flow in the branch  in the scheme.  The analogy of Ohm’s law for hydrodynamics gives: 






We write the expression for hydrodynamic resistances of the capillaries with square cross-sections: 



Where  is the dynamic viscosity of the cell-extract, and , , , .
 
Therefore, the ratio of the fluxes is:


Estimation of the fluid velocity between B and C, from paragraph SI.2 
, ,  

Estimation of the time for a fluid particle to be transported from one compartment to another one (:

Estimation of the time for a protein to diffuse from one compartment to another:



We conclude that diffusion is the main transport mechanism inside the array.


IV. [bookmark: _Toc152690172][bookmark: _Toc152691050]Establishing the reaction-diffusion equation in a coupled lattice
[image: ]
Exiting fluxes of the compartment (Fick’s Law):



Conservation law gives


F represents the production rate of the protein P inside the compartment at lattice position (i,j); f is the same function per unit volume (SI.V).
We identify here


and


thus


Finally


with and 

Equation 4.8 has three terms on the right-hand side. The first one is the degradation of every protein which is related to the protein lifetime. The second term is the “diffusion” term which is related to the fraction of the accessible space (the less space there is to explore, the faster diffusion will be) and the geometric parameter of coupling (the narrower the coupling channel will be, the smaller diffusion there will be and the longer the coupling channel is, the smaller diffusion will be). The effective diffusion is proportional to a ratio of these two dimensionless numbers. To compare  and , we form the dimensionless number .  compares diffusion to the well and diffusion to the neighbors.

In the continuum limit:

with an effective diffusion constant in the lattice:


The dimensionless equation is:


With ,  and 

Considerations on the effective diffusion coefficient




Fractional area of the compartment relative to unit cell in the lattice:
 

 Geometrical parameter of coupling 

From equation 4.9 there are two limiting cases

When  we obtain the standard diffusion equation:



with




When we obtain an equation for uncoupled sources without diffusion:





Single source analytical solution
We next solve in the continuum limit the problem of diffusion from a single steady source placed at  producing in mol/s.
The protein concentration does not depend on 
The previous equation becomes in steady state for :





This equation is the modified Bessel equation, and its solutions are a linear combination of  and . does not correspond to a physical solution because it is diverging for 
At the outcoming flux is:



Continuity in 
 and  


The parameter  scales with , the production rate of the protein inside the compartment, which depends on the capacity of the cell-free extract and the size of the DNA brush. This parameter can be adjusted to fit the experimental data.

[bookmark: _Toc152690173][bookmark: _Toc152691051]
V. Model for the genetic oscillator
[image: ]

Our set of 5 genes generates oscillations in the compartments2: The activator is the sigma-factor s28 enables the transcription of the second gene P28-CI-ssra. This gene product is the repressor CI tagged with a degradation tag ssrA. The s28 protein is sequestered by the protein Anti-s28, and the CI is degraded by ClpXP (Respectively from the genes pTET-As28, PT7-clpX and PT7-ClpP). The concentration of s28 and CI-ssra are reported alternatively by the gene P70-gfp or by P28-gfp.

For the simulations, we use a set of 6 partial differential equations for the concentrations of the activator (A, s28), repressor (R, CI) and their corresponding mRNAs (mA and mR). Oscillations are spontaneously generated by these equations in single compartments (). Their period scales linearly with .

	


	


	

	

	

	



 and  are transcription and translation rates of the mRNA and proteins respectively. Equations (5.1) and (5.2) simulate the filling of the chip by diffusion at the beginning of the experiment. 
 and  are the DNA concentrations of the activator and repressor genes in the DNA brush.
 and  are the Michaelis-Menten constants for binding between s28 and P28 and CI to P70.
 is the mRNA lifetime in the compartment.
C is the degradation rate of ClpXP.
R0* is the concentration threshold tuning on the activity of ClpXP.

Simulations with the following parameters are plotted in Figure S4e:
	Parameter
	Value
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Numerical simulations were calculated using 6 partial differential equations for the  oscillator and diffusion of the activator and inhibitor proteins only. The simulation time step was set to . We first simulated the effect of coordination on the period of one oscillator coupled to up to 4 oscillators, in the presence of time delay due to diffusion.  We found a 5-10% increase of period with coordination, suggesting that oscillators at the edges and at the corners of the lattice have a shorter period than inside the lattice. (Fig S9). To simulate coupled lattice (30x30), we accounted for the boundaries by reducing the compartment lifetime, hence oscillator period, by 3% and 6% for the edges and the corners, respectively (Movie S6). The results of the simulation gave quantitative and qualitative results for the period of the oscillators (Fig S4, 1I). Diffusion in square lattices enabled front propagation from the edges to the centers (Fig 5e, Movie S6). The front resembles qualitatively to the one observed for  and . The Fourier transform of the set of data generated by simulation resembles the hourglass shape of the experimental data. The main front propagating exhibited a minimum velocity of  . The value for  was underestimated in the simulations compared to the experiment because the simple diffusion model is not accurate enough to describe what occurs in experimental lattices. Hence, to obtain the experimentally velocity measured, we had to reduce the simulation value to  instead of 0.3.

VI. DNA Sequences
a. Sequences
	P70-s28
	CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAGAGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGACAACTTCTGGTCCGGTAACGTGCTGAGCTAACACCGTGCGTGTTGACAATTTTACCTCTGGCGGTGATAATGGTTGCAGCTAGCAATAATTTTGTTTAACTTTAAGAAGGAGGATCCAAATGAATTCACTCTATACCGCTGAAGGTGTAATGGATAAACACTCGCTGTGGCAGCGTTATGTCCCGCTGGTGCGTCACGAAGCATTGCGCCTGCAGGTTCGACTGCCCGCGAGCGTGGAACTTGACGATCTGCTACAGGCGGGCGGCATTGGGTTACTTAATGCCGTCGAACGCTATGACGCCCTACAAGGAACGGCATTTACAACTTACGCAGTGCAGCGTATCCGTGGCGCTATGCTGGATGAACTTCGCAGCCGTGACTGGGTGCCGCGCAGCGTGCGACGCAACGCGCGTGAAGTGGCACAGGCAATAGGGCAACTGGAGCAGGAACTTGGCCGCAACGCCACGGAAACTGAGGTAGCGGAACGTTTAGGGATCGATATTGCCGATTATCGCCAAATGTTGCTCGACACCAATAACAGCCAGCTCTTCTCCTACGATGAGTGGCGCGAAGAGCACGGCGATAGCATCGAACTGGTTACTGATGATCATCAGCGAGAAAACCCGCTACAACAACTACTGGACAGTAATCTGCGCCAGCGGGTGATGGAAGCCATCGAAACGTTGCCGGAGCGCGAAAAACTGGTATTAACCCTCTATTACCAGGAAGAGCTGAATCTCAAAGAGATTGGCGCGGTGCTGGAGGTCGGGGAATCGCGGGTCAGTCAGTTACACAGCCAGGCTATTAAACGGTTACGCACTAAACTGGGTAAGTTATAATCTAGAGGCGCCACTCGAGAGTCGACCAAAGCCCGCCGAAAGGCGGGCTTTTCTGTGCCGGCATGATAAGCTGTCAAACATGAGAATTACAACTTATATCGTATGGGGCTGACTTCAGGTGCTACATTTGAAGAGATAAATTGCACTGAAATCTAGAAATATTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCT


	P28-CI-ssra
	CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAGAGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGACAACTTCTGGTCCGGTAACGTGCTGAGCCCGGCCAAGCTTCAATAAAGTTTCCCCCCTCCTTGCCGATAACGAGATCAAGCTAGCAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTATGAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAGATGGGGATGGGGCAGTCAGGCGTTGGTGCTTTATTTAATGGCATCAATGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATTCTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTTAGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTCTCACCTGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGTGATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTTCCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGACTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTAAACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAGTGGCCTGAAGAGACGTTTGGCTGTGCAGCAAACGACGAAAACTACGCTTTAGCTGCTTAAGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCAAAGCCCGCCGAAAGGCGGGCTTTTCTGTGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTCGCTCACTG


	PTET-As28
	CTCATGAGCGGATACATATTTGAATGGCTGGGTGGGCTAACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCTCCCTATCAGTGATAGAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACAGCTAGCAATAATTTTGTTTAACTTTAAGAAGGAGAGGTACCAATGAGTATTGATCGCACTTCGCCTCTGAAGCCTGTAAGCACCGTTCAACCGCGCGAAACCACTGACGCGCCGGTAACGAACAGCCGGGCGGCAAAAACAACCGCCTCCACCAGCACCAGTGTGACGTTAAGCGACGCGCAAGCAAAACTGATGCAACCCGGCAGCAGTGATATCAATCTTGAACGTGTCGAAGCGTTAAAACTGGCGATTCGTAACGGTGAACTAAAAATGGACACCGGCAAAATTGCCGATGCGCTGATCAACGAAGCGCAGCAAGACTTGCAGAGTAACTGAGCCGGCAGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCC


	PT7-ClpX
	GCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAGAGGATCGCATCACCATCACCATCACGGATCCATGACAGATAAACGCAAAGATGGCTCAGGCAAATTGCTGTATTGCTCTTTTTGCGGCAAAAGCCAGCATGAAGTGCGCAAGCTGATTGCCGGTCCATCCGTGTATATCTGCGACGAATGTGTTGATTTATGTAACGACATCATTCGCGAAGAGATTAAAGAAGTTGCACCGCATCGTGAACGCAGTGCGCTACCGACGCCGCATGAAATTCGCAACCACCTGGACGATTACGTTATCGGCCAGGAACAGGCGAAAAAAGTGCTGGCGGTCGCGGTATACAACCATTACAAACGTCTGCGCAACGGCGATACCAGCAATGGCGTCGAGTTGGGCAAAAGTAACATTCTGCTGATCGGTCCGACCGGTTCCGGTAAAACGCTGCTGGCTGAAACGCTGGCGCGCCTGCTGGATGTTCCGTTCACCATGGCCGACGCGACTACACTGACCGAAGCCGGTTATGTGGGTGAAGACGTTGAAAACATCATTCAGAAGCTGTTGCAGAAATGCGACTACGATGTCCAGAAAGCACAGCGTGGTATTGTCTACATCGATGAAATCGACAAGATTTCTCGTAAGTCAGACAACCCGTCCATTACCCGAGACGTTTCCGGTGAAGGCGTACAGCAGGCACTGTTGAAACTGATCGAAGGTACGGTAGCTGCTGTTCCACCGCAAGGTGGGCGTAAACATCCGCAGCAGGAATTCTTGCAGGTTGATACCTCTAAGATCCTGTTTATTTGTGGCGGTGCGTTTGCCGGTCTGGATAAAGTGATTTCCCACCGTGTAGAAACCGGCTCCGGACATTGGTGTTGGCGCAGCGGTAAAGCGAAGTCCGACAAAGCAAGCGAAGGCGAGCTGCTGGCGCAGGTTGAACCGGAAGATCTGATCAAGTTTGGTCTTATCCCTGAGTTTATTGGTCGTCTGCCGGTTGTCGCAACGTTGAATGAACTGAGCGAAGAAGCTCTGATTCAGATCCTCAAAGAGCCGAAAAACGCCCTGACCAAGCAGTATCAGGCGCTGTTTAATCTGGAAGGCGTGGATCTGGAATTCCGTGACGAGGCGCTGGATGCTATCGCTAAGAAAGCGATGGCGCGTAAAACCGGTGCCCGTGGCCTGCGTTCCATCGTAGAAGCCGCACTGCTCGATACCATGTACGATCTGCCGTCCATGGAAGACGTCGAAAAAGTGGTTATCGACGAGTCGGTAATTGATGGTCAAAGCAAACCGTTGCTGATTTATGGCAAGCCGGAAGCGCAACAGGCATCTGGTGAATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTT

	PT7-ClpP
	GCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAACTAGCATGTCATACAGCGGCGAACGAGATAACTTTGCACCCCATATGGCGCTGGTGCCGATGGTCATTGAACAGACCTCACGCGGTGAGCGCTCTTTTGATATCTATTCTCGTCTACTTAAGGAACGCGTCATTTTTCTGACTGGCCAGGTTGAAGACCACATGGCTAACCTGATTGTGGCGCAGATGCTGTTCCTGGAAGCGGAAAACCCAGAAAAAGATATCTATCTGTACATTAACTCCCCAGGCGGGGTGATCACTGCCGGGATGTCTATCTATGACACCATGCAGTTTATCAAGCCTGATGTCAGCACCATCTGTATGGGCCAGGCGGCCTCGATGGGCGCTTTCTTGCTGACCGCAGGGGCAAAAGGTAAACGTTTTTGCCTGCCGAATTCGCGCGTGATGATTCACCAACCGTTGGGCGGCTACCAGGGCCAGGCGACCGATATCGAAATTCATGCCCGTGAAATTCTGAAAGTTAAAGGGCGCATGAATGAACTTATGGCGCTTCATACGGGTCAATCATTAGAACAGATTGAACGTGATACCGAGCGCGATCGCTTCCTTTCCGCCCCTGAAGCGGTGGAATACGGTCTGGTCGATTCGATTCTGACCCATCGTAATCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAAC

	P70-deGFP
	CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAGAGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCTGAGCTAACACCGTGCGTGTTGACAATTTTACCTCTGGCGGTGATAATGGTTGCAGCTAGCAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCGCAGCAAACGACGAAAACTACGCTTTAGATGACTAACTCGAGCAAAGCCCGCCGAAAGGCGGGCTTTTCTGTGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTCGCTCACTG

	P28-deGFP
	CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAGAGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGACAACTTCTGGTCCGGTAACGTGCTGAGCCCGGCCAAGCTTCAATAAAGTTTCCCCCCTCCTTGCCGATAACGAGATCAAGCTAGCAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCTAACTCGAGCAAAGCCCGCCGAAAGGCGGGCTTTTCTGTGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTCGCTCACTG




b. Gene ratios

Typically we use the following gene ratio.

	Oscillator
	Reporter (Choose one)

	P70-s28
	P28-CI-ssra
	PTET-As28
	PT7-ClpP
	PT7-ClpX
	P70-deGFP
	P28-deGFP

	1
	1
	1
	0.70
	0.70
	1
	1





[image: ]
[bookmark: _Toc152690174][bookmark: _Toc152691052] Fig. S1: Backside of the chip and parallel channels.
a. Scheme of the microfluidic device at the backside of the chip. From the inlet of the chip, the flow is divided in 32 equivalent flows distributing equally the resources of the TXTL cell-free extract. b. Micrograph of the backside of the chip (Scale bar 3 mm). Inlet are pierced through the sealing PDMS slab. Cell-free extract flow is then divided into 32 parallel flow-channels. Every channel is connected to 32 wells, connecting the compartments and the flow channels. c. Close up on the parallel microchannels and the flux divider (scale bar 1000 µm). d. Tracking fluorescent particles in the backside flow-channel enables estimating the mean speed in the flow-channels, v=1.2mm/min. (scale bar 250 µm). e. Mean velocity of the cell-free extract measured for every channel by PIV (PIVlab).
[bookmark: _Toc152690176][bookmark: _Toc152691053]
[image: ] Fig. S2: Spotting DNA solutions
a. Micrograph of the chip covered with droplets, each droplet was independently dispensed onto a compartment by SciFLEXARRAY S3 (Scienion). Scale bar 1000 µm b. Close up on dispensed droplets. Compartments have varying compartment lifetimes. Scale bar 500 µm c. Image of the tip expelling a droplet of 40 pL.


[image: ]
[bookmark: _Toc152690175][bookmark: _Toc152691054]Fig. S3: Expression concentration gradients in a single artificial cell in a 3D geometry.
a. Epifluorescence image of a compartment during protein synthesis: end-labeled DNA brush (red) and GFP (green). The red arrow represents the direction of the underlying flow. b. GFP expression spatial profiles at different time points as denoted. The linear profiles at different time points extrapolate to a point inside the well where [GFP]=0. , . The extension of the linear GFP profile inside the capillary crosses the zero baseline at . This point corresponds to an estimated  extension of the capillary length. c. Dynamics of GFP expression from onset to steady-state, the colored dashlines indicate the time for which the profile was extracted in B.
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[bookmark: _Toc152690177][bookmark: _Toc152691055]Fig. S4 Effect of the lifetime on GFP expression, oscillations, and onset times.
a. Left: Fluorescent signal of GFP expression (Top, green) from DNA brushes (Bottom, end-labelled, red squares) at varying compartment radius, and capillary width and length, setting the lifetime from 2 to 20 min. Scale bar 500 µm. b. Dynamics of GFP expression as a function of lifetime under P70-GFP gene construct. c,e. GFP expression (c) under a genetic oscillator at varying compartment lifetime. Simulated oscillations for different lifetimes (e) d,f. Steady-state concentration (d) and onset time (f). The fit crosses the y-axes at y=8min, possibly related to the maturation time of GFP in cell-extract.
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[bookmark: _Toc152690178][bookmark: _Toc152691056]Fig. S5: Diffusion of expressed protein from a single source in a sparse coupled array
a. Color code as in main text Figure 2. b. Cumulated area of diffusion from a single source in time in an array of coupling strength . The linear fit implies an effective diffusion constant of  . The surface unit for compartments is  c. The delay in signal of diffusing proteins as a function of distance from the source in the x-direction. The asymmetry of 6% comes from a minor drift due to the flow at the backside from left and right. d. Space-time plot of a single oscillator diffusing into neighboring compartments on the same array. Delays between two compartments is measured at  e. Expression of GFP under the P70-GFP construct in an array of 30x30 coupled compartments.
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Fig S6. Three replica experiments of uncoupled oscillators on a lattice (). 
a. The kinetics of all 900 oscillators. b. Polar plot of the respective phase difference (phase relative to the mean) in time. c. Fourier transform of the propagating fronts projected on the main axes k and . d. Signal for six timepoints reported as t=h:min. e. Phase difference for the timepoint reported below the plot. f. Maximum oscillator amplitude reported for every compartment during the entire experiment. g. Histogram of the oscillator periods in the lattice. h. Period of every oscillator. Specific remarks: (I) Movie S5 (II) A relatively short experiment (III) a long experiment (22h) with half the chip delayed by 2 cycles before exhibiting oscillation everywhere.
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Fig S7. Three replica experiments of weakly coupled oscillators on a lattice (). 
a. The kinetics of all 900 oscillators. b. Polar plot of the respective phase difference (phase relative to the mean) in time. c. Fourier transform of the propagating fronts projected on the main axes k and . d. Signal for six timepoints reported as t=h:min. e. Phase difference for the timepoint reported below the plot. f. Maximum oscillator amplitude reported for every compartment during the entire experiment. g. Histogram of the oscillator periods in the lattice. h. Period of every oscillator. Specific remarks: (I) Top-Left quarter filled with cell extract after the first oscillation (II) Movie S3 (III) Slight disbalance from the filling of the chip – Long experiment.
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Fig S8. Four replica experiments of weakly coupled oscillators on a lattice ()
a. The kinetics of all 900 oscillators. b. Polar plot of the respective phase difference (phase relative to the mean) in time. c. Fourier transform of the propagating fronts projected on the main axes k and . d. Signal for six timepoints reported as t=h:min. e. Phase difference for the timepoint reported below the plot. f. Maximum oscillator amplitude reported for every compartment during the entire experiment. g. Histogram of the oscillator periods in the lattice. h. Period of every oscillator. Specific remarks: (III) Short lifetime (IV) Movie S2.
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Figure S9. Simulation of a cluster of coupled oscillators.
A plot of the period of an oscillator coupled to a varying number of identical oscillators, as obtained by a numerical simulation of the genetic oscillator circuit in a cell (SI. VI), with coordination number 0, 1, 2, 3, 4, as denoted.  The simulation was done with , and a delay time for diffusion of (black square)  (red disk) and  (blue triangle).
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[bookmark: _Toc152690179][bookmark: _Toc152691057]Fig. S10: Diffusion of expressed protein from a localized source in a coupled array – Low coupling.
a. Micrograph of a weakly coupled lattice (). Scale bar 200µm. DNA signal is overlayed and reveals the single source of GFP placed at the center of the image. b. Electron micrograph of the compartment coupled to its neighbors.  and . Scale bar 100µm. c. Fluorescent signal of GFP expressed from the single source and diffusing out to the neighboring compartments through the coupling capillaries. d. Profile of the GFP expression with the distance to the source. The signal was normalized to the source and fitted by the function . The effective diffusion constant is then estimated as .
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Figure S11. Radial angular autocorrelation function of the normalized phase gradient. 
A plot of the radial auto-correlation function, defined by equation (Methods 1.4). The plots report for coupled, weakly coupled, and uncoupled lattices, ,, 0, respectively. They are the radial averages calculated from the figures 4d.



References 

1.	Karzbrun, E., Tayar, A. M., Noireaux, V. & Bar-Ziv, R. H. Programmable on-chip DNA compartments as artificial cells. Science (1979) 345, 829–832 (2014).
2.	Tayar, A. M., Karzbrun, E., Noireaux, V. & Bar-Ziv, R. H. Synchrony and pattern formation of coupled genetic oscillators on a chip of artificial cells. Proceedings of the National Academy of Sciences 114, 11609–11614 (2017).
 

3

image3.emf










image4.emf
P

o %
}











image5.tiff
Inlet
Outlet

T

3000 pm

)
0 . ore ——
1000 pm '

N N S N P N

0.0 05 1.0 1.5 2.0 25 3.0
Mean Velocity /mm.min '




image6.jpeg
£$0000000000000000000000000000000
D 0000000000000000000000000000000
D0000000000000000000000000000000
00000000000000000000000000000000
D0000000000000000000000000000000
D0000000000000000000000000000000
00000000000000000000000000000000
'00000000000000000000000000000000
‘00000000000000000000000000000000
'00000000000000000000000000000000
'00000000000000000000000000000000
‘D0000000000000000000000000000000

00000000000000000000000000000000
00000000000000000000000000000000
00000000000000000000000000000000
00000000000000000000000000000000

00000000000000000000000000000000
sossoc0c0c00c00c0c00c0cc o0 caa

900000000000000000000000000000™ 51 um





image7.emf
(syun “que) _&1@_

T T T
o [S} o
o S}

200

150

100

)

(um

X

o~

™ —
(suun “que) [d49]

Time (h)










image8.emf
Q

- 500 pm
1741 A
- |0 ©
S124 O—»crp
o
—
L
|—|0.7_
o
w
O, /
0.2 4%
0 2 4 6
Time (h)
Simulations
140
T,=5 min 1,=20 min
™ 1,=10 min 1,=25 min
B 100+ 1,=15 min
[
S 80
g
\C_U/ 60
Z 40
0- - = —
0 2 4 6

» oo -
> o ©°
Lifetime (min)

g
o

6
.| O =>GFP
@
541
2 34
S
o 2
TR —esE——
o 1.
04 n =|
0 1 2 3 5
b Time (h)
7 = W=8um R=25pm ‘
64 ® W=12um R=30um
m A W=8um R=30um t
25 '
S10)>GFP &
o [ ]
8.3 o,
o o
5”1 "
on
1 ont
O “ T T T
0 5 10 15 20
d Lifetime (min)
¥ - GFP
£
E25 .
()] ®
E 20 oo 9
— oo,
- ...
B 15- o
c o?"
O oo
10 **
5 10 15 20

—~
o

Lifetime (min)

20

16

12

Lifetime (min)









0 1 2 3 4 5

0

1

2

3

4

5

6

G

F

P

(

a

r

b

.

u

n

i

t

s

)

Time(h)

20

16

12

8

4

0

L

i

f

e

t

i

m

e

(

m

i

n

)

a

c

d

f

e

b

GFP

GFP

GFP

GFP

500 µm

Simulations

0 5 10 15 20

0

1

2

3

4

5

6

7

W=8µmR=25µm

W=12µmR=30µm

W=8µmR=30µm

G

F

P

(

a

r

b

.

u

n

i

t

s

)

Lifetime(min)

0 5 10 15 20

10

15

20

25

30

O

n

s

e

t

t

i

m

e

(

m

i

n

)

Lifetime(min)


image9.jpeg
—, ©
P ~
= I
© ]
._4_ Y
=)
il
o
—e . @
S & o o o
g 8 & ¢
(uiw) [eubis jo Aejeg
g
|
8
8
2 3
S °
8 Q
3
f 5
2

0

s & ¢ & o & o
8 8 ¢ 8 & ¢
Juswiedwod Jo JaquinN

Distance (a)

Time (min)

e v
uopisod

o

=)

(snun -que) [d49]

009

§_ 8 & 8
Time (min)

8

Time (h)




image10.jpg
PR N BT
Time (h)

t=4:54

t=7:36

t=5:48

12

g5 0 5 0 5 1w 15
Wave vector (1/comp)

_(

T=1:50h+9%
6 18 20 22

Time (h)

Period (h)

25




image11.jpg
Beta =0
T=12min
Cell Lysate batch #1

(suun “que) [d49]

10

o st s
Wave vector (1/comp)

e 9-<¢> (ra q)f Amplitude e

08

w2
06
0
04
w2 02
0

t=4:54
[P] (rb un) g h

t=1:54 t=2:54

Period (h)

25

w
T=1:51h+17%
03 400-
E:wn
0| 2 .
omn
01 100- —
.

Time (h)





image12.jpg
02 4 6 8 10121416 18 20
Time (h)

t=11:27

[GFPL-<[GFP]>, (arb. un.

t=8:54

t=12:45 t=14:03 t=15:18

(@)

frequency (1)

45 0 5 a5 0 1
Wave vectar (1/comp)

T=2:36h+11%

95 22 24 25 28 30 32 34
Time (h)

100

{spun -qie) [d49]

Beta =0
T =25min
Cell Lysate batch #4

Amplitude wnws

08

06

04

02





image13.jpeg
Beta=0.3
T=12min
Cell Lysate batch #3

frequency (1/g) o

(syun “que) [d49]

[GFP] (arb. units)

V., =30 um/min

0 s
Wave vector (1/comp)

o—<¢> (rad)

]

s t=7:18
t=5:12 =554, 0 g h  Period (h)

Amplltude G5 )
- 2 o

t=4:33

T=1:25h+4%

E 8 8

H

t=6:36 t=7:18 R A




image14.jpg
p—t
—

(suun “que) [449]

32
e

[GFP] (arb. units)

Wave vector (1/comp)

Beta=0.3
T =22min
Cell Lysate batch #3

V,in=28.5 um/min

Amplitude wrus.u

06

Period (h)

25

15




image15.jpg
II

=]

3mi2

'ﬂmmw

[GFQP] (flrb. units)

02468 101211618202
Time (h)

o

Signal

t=8:39 t=10:18 t=11:57

[GFP] (arb. units)
06

t=13:39 t=15:18 t=16:57

300

(spun “que) [d449]

5 0 5 10 15
Wave vector (1/comp)

¢_<¢> (ra d)

t=15:18

h

T=3:20h+5%

-
W a2 a4 a6 a8 40 42

Period (h)

Beta=0.3

T =30min

Cell Lysate batch #4

vV, =24 um/min

Amplitude s wi

=2

Period (h)

its)
06

0.5

0.4

0.3

0.2

0.1

o

25




image16.jpg
C. I ' Beta=1

T =20min

3n/2

Cell Lysate batch #2

(syun -que) [d49]

7 100

V=47 um/min

0 Z 4_6 & 0 1z 1 W e
Time (h) Wave vector (1/comp)

o—<¢>

Amplitude wrus.u

t=5:42 t=6:33 7:27 t=9:12 Period (h)

T=1:50h+4%

[

s
Time (h)

g

t=9:12





image17.jpg
frequency (1/wg)

e

t=6:45

TGFP] (arb. un.)
05

t=5:48

0 5 10 15

a5 -0 5
Wave vector (1/comp)

o—<¢>

T=1:55h+3%

Beta =1
T =20min
Cell Lysate batch #1

v__=49 um/min
min

Amplitude s

- 08
06
04
2 02

Period (h)

>




image18.jpg
Beta =1

> s

T=12min
Cell Lysate batch #3

frequency (1/e1g) o

(suun “ue) [449]

V.., =44 um/min

0 2 4 6 B 10 12 14 W8 o Mo, 18
= Wave vector (1/comp)

Time (h)

d Signal e <>

" f Amplitude s wio

t=8:15 h _ Period (h)

T=1:42h+4%

Ts ) 20

t=7:27 t=8:15 t=9:06 el





image19.jpg
c: 500

10 I _ Beta=1

o w g )

: = 1=20min

goo g

8o, £ Cell Lysate batch #1

I g

LLOZ w0 7 _ H

o, ! . I vV, =45 um/min
R oo 5 5 s o1

]
Time (h) Wave vector (1/comp)

e d—<d> f Amplitude iy

(rad)
08

2
06
| :
02

2
o

_3. . t=7:18
t=3:21 =518 . =lg R Period (h)

T=2h+3%

25

2 8 &8 8

Count

100 H
o |

Ts 18 20 22 24

t=6:18 t=7:18 Time (h)





image20.emf
Simulation

320
=05
— 300 -
C 280 1 m Delay30s )i’
| e Delay 1 min w
é 2604 4 Delay 2 min
T 240- . A
O A
.= 220- AP
D 200- A
180 - . . ¢
160] /2 . _ .
140 - . )
1204 *
0 1 2 3 4

Coordination










(

m

i

n

)

Simulation


image21.emf
[GFPY/[GFP]enter

©
™
1

o
o
:

©
~

o
(V)
)

= Experimental data
0.35K,((d/a)/0.53)

1 2 3 4
Distance (d/a)










image22.emf
_ _
o o
o o
o0 (@

-
-
o
~—
P

|
o
S
<

_
-
o
AN

o

(p)D uonouny uole|a410001Ny

Distance (d/a)










image1.emf










image2.emf









A

B

C

D


