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1. Final publishable summary report

· A summary description of project context and objectives.
The following summary describes results of the single person project performed by Dr. Sergey Semenov and supervised by Prof. Dr. Wilhelm Huck. The project was devoted to such fundamental problems on the border between chemistry biology and physics as: chemical networks, organisation processes in chemical systems far from equilibrium, and pattern formation in reaction-diffusion processes. 
Living matter is characterized as operating far out of equilibrium, and most of the cellular non-equilibrium processes are organized in extremely complex networks. Those networks are characterized by coupling of chemical reaction and diffusion times, spatial inhomogeneities and positive or negative feedback loops. A visible demonstration of some networks is morphogenesis, which is the driving force for the formation of patterns in tissue. In this project we aimed to systematically study the underlying physical and chemical components of morphogenesis in an artificial system. To reach the goal, we aimed to construct synthetic chemical reaction-diffusion (RD) networks using enzymes and synthetic organic small molecules, and using, where appropriate, gel materials and to unravel key principles of design and organisation of the chemical reaction networks (CRN).
We planned to construct and study our RD systems in stepwise manner. We chose trypsin as first enzyme for CRN construction. We wanted to perform following steps: synthesize trypsin sensing gel; to design CRN involving trypsin autocatalytic generation coupled with inhibition and capable for oscillations; to introduce trypsin autocatalytic generation coupled with inhibition into gel experiments. We also planned to go toward Ca2+ regulated enzymatic networks. To this end we wanted to design detection platform for Ca2+ regulated systems and study those CRN in gel materials.
· A description of the main S&T results/foreground.
We chose trypsin as the key enzyme in the work already in the beginning of the project. Trypsin is an enzyme which cleaves peptide chain after lysine and arginine. Realisation of a work dealing with diffusion of trypsin required design of a reliable trypsin responsive gel material. We produced the material via copolymerization of acryl amide with fluorogenic trypsin substrate. We designed and synthesized the fluorogenic molecule with combination of such properties as: stability during storage, good water solubility and sensitivity to trypsin. 

We developed a protocol to fabricate gel beads from our trypsin sensing gel as well as techniques to perform reaction-diffusion experiments involving two or three gel beads. We were able to record time resolved 3D diffusion using confocal microscopy.
The platform for mathematical modelling of RD processes was established via collaboration with Technical University of Eindhoven
In the next step, we combined diffusion of trypsin with additional process possibly underling regulation of morphogenesis. The strong stoichiometry inhibition was a process which according to simple theoretical prediction should change diffusion profiles and increase contrast between regions occupied by different proteins. Fluorescence imaging combined with detailed numerical simulations of the reaction-diffusion process reveal that a shallow gradient of enzyme is converted into a steep product gradient by addition of strong inhibitors consistent with a mathematical model of molecular titration. The results confirm that ultrasensitive and threshold effects at the molecular level can convert a graded input signal to a steep spatial response at macroscopic length scales. Results of this work were published in the paper: Sergey N. Semenov, Albert J. Markvoort, Wouter B. L. Gevers, Aigars Piruska, Tom F. A. de Greef, Wilhelm T. S. Huck Biophys. J., 2013, 105, 1057-1066.
In next step, we implemented an autocatalytic step a key element of the out of equilibrium CRN. Trypsin (Tr) is the key enzyme in our CRN and positive feedback arises from the autocatalytic conversion of the enzymatically inactive trypsinogen (Tg) into Tr. We combined autocatalytic production of trypsin with its stoichiometry inhibition in the wet stamping experiment. We loaded ployacrylamide gel with Tg and the inhibitor and put it in contact with gel stamp loaded with Tr for a short time. Concurrence between autocatalysis and inhibition resulted in yes/no response on propagation of an autocatalytic wave. We have shown that a network can filter out certain aspects of a pattern (by density of pillars or size of features on a stamp) and translate this information into a fluorescent signal through the local autocatalytic activation of trypsin. For example, we demonstrate how the density of features can determine whether an autocatalytic wave is triggered in the bottom gel. We now produce a micropattern consisting of numerous 150 µm spots distributed non-randomly on the stamp. The CRN determines the spots density, and as shown in Figure, only where spots are sufficiently close, a fluorescence signal is observed.
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Recognition of pillar density by the chemical reaction network. 
Results of this work were published in the paper: Sergey N. Semenov, Albert J. Markvoort, Tom F. A. de Greef, Wilhelm T. S. Huck Angew. Chem., Int. Ed. 2014,
Oscillations are a well-established hallmark of out-of-equilibrium CRNs, where function comes from connectivity and reaction rates. It is also a first step towards Turing patters. Construction of an oscillating network requires combining of chemical positive and negative feedback loops. We decided to use autocatalytic generation of trypsin from trypsinogen (Tg) as a positive chemical feedback loop. We constructed negative feedback loop using strong irreversible trypsin inhibitor 4-[2-aminoethyl]benzenesulfonyl fluoride (I). The experimental realization of an out-of-equilibrium network producing oscillations is conveniently carried out in an open reactor. Here, we developed polydimethylsiloxane (PDMS) based continuously stirred tank reactor (CSTR) compatible with standard microfluidic equipment. Using numerical simulations, we found that delay in the negative feedback loop is required to get sustained oscillations. We therefore split formation of the I into two orthogonal steps, each amenable to rate-tuning: first, Tr cleaves the lysine residue of proinhibitor (α1α2I). Secondly, aminopeptidase M (Ap) cleaves glutamine residue from the intermediate inhibitor (α2I) thereby activating the inhibitor. After initial scoping experiments, we found conditions where sustained oscillations in trypsin activity are observed, see figure bellow.
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Oscillations of the trypsin concentration. 
We studied dependence of oscillations frequency, amplitude and stability from flow rate and Ap concentration. We reconstructed phase plot using numerical simulations. Those studies showed that our oscillator is tuneable. We also measured oscillations in concentration of I and α2I and reconstructed limit cycle plot for our oscillations.

Our oscillator generates oscillations in the trypsin activity. Trypsin is selective protease. It can activate another enzymes, can be quantitative inhibited by natural inhibitors, and, most important, can act on synthetic substrates. Combination of the facts mentioned above and modularity of our CSTR opens up possibilities to modify chemical signal of our oscillator and to link it to desired chemistry. We changed and amplified output catalyst of the oscillator by converting trypsin to chymotrypsin. We also converted output of oscillator to almost binary response by setting threshold value of trypsin concentration.
Based on our work, we can formulate key principles of the retrosynthetic approach to CRN. First principle is to choose a network topology with best potential for practical realization. Second principle is to introduce as much as possible flexibility into reaction rates via flexibilities in the molecular structures and concentrations of catalysts. Third principle is to go from small pieces of a network to bigger and finally to full network simultaneously improving molecular structures and numerical model. The publication about oscillator work is in final stage of the preparation for the Science magazine. 
Development of Ca2+ responsive reaction-diffusion networks required a calcium sensing material where sensor molecules are not be able to diffuse. We made such a material by copolymerization of 5-[6-(N-(3-methacrylamidopropyl)carboxyamide)indol-2-yl]-5’-methyl-BAPTA potassium salt with acrylamide. The gel material is capable for sensing of Ca2+ ions with good spatial resolution. We studied diffusion of Ca2+ in the presence of a Ca2+-binding protein Calbindin D28k using our gel. The Ca2+ sensing material is going to be used in ongoing research about coupling of reaction and diffusion in Ca dependent enzymatic reactions. Results of this work were published in the paper Sergey N. Semenov, Sjoerd G.J. Postma, Ilia N. Vialshin, Wilhelm T. S. Huck Chem. Commun., 2014, 50, 3089-3092.
· The potential impact.
 A cell, from the current perspective, is a collection of molecules and reactions. However, this collection is much more than parts and has properties which we attribute to life. The project leads to general strategy for construction of enzymatic CRNs those properties go beyond properties of components. New approach for creation of CRN using modulation of enzyme activity gave new type of biochemical oscillator with unique properties.

The project opened an area of in vitro study of enzymatic reactions in gel materials (demonstrated by three recent papers). The project gave a start to three new PhD projects in the group of Prof. Huck. Work will be continued in all directions of the project and more results will be produced.
� Usually the contact person of the coordinator as specified in Art. 8.1. of the Grant Agreement.





