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Abstract

The shortage of new antibiotics, combined with rising antimicrobial resistance, has become a
critical global health threat of the 21% century. Modified peptides, including nonribosomal
peptides (NRPs) and ribosomally synthesized and post-translationally modified peptides
(RiPPs), represent a vast reservoir of bioactive molecules with antimicrobial potential, yet their
discovery and engineering remain limited by slow experimental cycles.

This project aims to develop and optimize lysate-based cell-free transcription-translation
systems from both Escherichia coli and Streptomyces venezuelae as rapid prototyping platforms
for the discovery and engineering of novel modified antimicrobial peptides. While E. coli cell-free
systems are well-established, Streptomyces cell-free systems that can provide a native
biochemical environment for expressing abundant high GC content biosynthetic gene clusters
encoding NRP and RiPP pathways native to actinobacteria, are under-developed.

This PhD project is based on three objectives. First, the doctoral student will develop and
optimize an S. venezuelae cell-free system using active learning-guided optimization coupled
with laboratory automation, similar to previous work that applied this approach to E. coli cell-free
systems. Second, using both E. coli and Streptomyces cell-free platforms, the student will
reconstitute and characterize NRP and RiPP biosynthetic pathways, focusing on lasso peptides
and nonribosomal peptide assembly lines. Third, the student will leverage these platforms for
prototyping and identifying novel NRP and RiPP variants with antimicrobial activity.

This interdisciplinary project combines expertise in cell-free synthetic biology (A. PANDI) and in
NRP and RiPP chemistry and biosynthesis (Y. LI). The project will uncover rules of
combinatorial NRP and RiPP engineering and will deliver optimized cell-free platforms for rapid

discovery of novel antimicrobial peptides.
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	This interdisciplinary project combines expertise in cell-free synthetic biology (A. PANDI) and in NRP and RiPP chemistry and biosynthesis  (Y. LI). The project will uncover rules of combinatorial NRP and RiPP engineering and will deliver optimized cell-free platforms for rapid discovery of novel antimicrobial peptides. 
	Context 

	Antimicrobial resistance is one of the top global health threats. In 2019, drug-resistant bacterial infections caused 1.27 million deaths, projected to multiply in the coming years (1). Nonetheless, the antibiotic pipeline has been declining. In 2021, compared to 4000 immuno-oncology compounds, only 40 antimicrobials were in clinical trials, none of which are substantially active against prioritized gram-negative multidrug-resistant pathogens (2, 3). Hence, new strategies are required to accelerate the discovery of antimicrobials.  
	Modified peptides produced by bacteria and fungi represent a large reservoir of antimicrobial compounds. Nonribosomal peptides (NRPs), including clinically used antibiotics vancomycin, daptomycin, and colistin, are assembled by NRP synthetases (NRPSs). NRPSs are multi-modular enzymes in which each module, composed of catalytic domains, activates and incorporates a specific amino acid, including non-proteinogenic ones, into the growing peptide chain (4, 5). By contrast, emerging ribosomally synthesized and post-translationally modified peptides (RiPPs) are produced on the ribosome as precursor peptides that are subsequently modified by a large panel of modification enzymes (6). Antimicrobial NRPs and RiPPs often display complex structures not accessible by chemical synthesis as well as novel mechanisms of action. Recent advances in genome sequencing and mining tools allow to reveal immense and untapped biosynthetic potential in microorganisms to produce modified peptides, by the presence of numerous NRP and RiPP
	However, the discovery and engineering of NRPs and RiPPs by microbial production remain limited by slow experimental cycles. The majority of producing organisms, e.g., Streptomyces, are genetically difficult to manipulate. Cell-free transcription-translation (TX-TL) systems offer an alternative via a cell lysate supplemented with amino acids, nucleotides, and an energy source for protein synthesis outside of a living cell. Cell-free systems allow direct control of reaction composition, use of toxic and non-permeable intermediates, and parallel testing of multiple constructs. E. coli cell-free systems are well established for decades and have been continuously improved over time. Streptomyces cell-free systems, which provide a biochemical environment compatible with high-GC content genes and actinobacterial enzyme folding, remain at an early stage (7), yet lack systematic optimization. This system is particularly valuable as Actinobacteria is known to be the most prolific producers of bioactive natural products
	This PhD project leverages combined expertise in cell-free synthetic biology and machine learning (Team 1, A. Pandi) with expertise in the chemistry and biology of RiPPs and NRPs as well as Streptomyces molecular biology (Team 2, Y. Li), aiming to provide cell free platforms that are suitable for rapid reconstitution and engineering of NRP and RiPP pathways to generate peptides with desired antimicrobial activity.  
	Scientific programme 
	Objective 1. Development and optimization of a Streptomyces cell-free system 
	Published works for S. venezuelae TX-TL exist (7), but yields remain low and no systematic optimization has been conducted. Team 1 developed an active learning workflow that iteratively designs experiments, executes them, and trains a machine learning model to guide the next round (9). They applied this workflow to optimize E. coli cell-free protein synthesis and genetic constructs from linear DNA fragments (PCR products), achieving 1-2 orders of magnitude yield improvement in 5-10 cycles. 
	The aim is to reach protein yields sufficient for biosynthetic pathway reconstitution. The doctoral student will adapt the active machine learning workflow to optimize S. venezuelae cell-free system in Team 1, leveraging automated liquid-handling setups in the Paris Biofoundry at Sorbonne University. As part of this optimization, the student will test linear DNA templates for gene expression in S. venezuelae TX-TL, bypassing the need for cloning during prototyping, as Team 1 demonstrated for E. coli (9). Team 2 will provide expertise on Streptomyces. 
	Objective 2. In vitro reconstitution and characterization of NRP and RiPP biosynthetic pathways 
	The doctoral student will reconstitute selected NRP and RiPP pathways using both E. coli and S. venezuelae cell-free platforms as proofs-of-principle. Model BGCs compatible with each platform will be selected based on GC content and codon usage of their origin.  
	For NRPs, individual NRPS modules will be expressed from separate DNA templates in the cell-free system. Split inteins enable reconstitution of full-length NRPS enzymes from individually expressed modules via trans-splicing (12). This bypasses cloning and assembly of large BGCs, a major bottleneck in NRPS engineering (13), and allows post-production mix-and-match of modules in cell-free reactions. Team 2 will guide the selection of NRPS systems, building on their recent work (14, 15). For RiPPs, the precursor peptide and the post-translational modification enzymes will be expressed separately, each from different plasmids / linear DNA templates. The linear DNA bypasses complex DNA assembly and allows testing different combinations of precursor sequences with modification enzymes. Team 2 provides model RiPPs to be tested (16, 17). Cell-free experiments, screening, and optimization will be conducted in Team 1; BGC selection, cloning, and peptide analyses by liquid chromatography coupled to high-resolution mass 
	Objective 3. Design and cell-free production of novel NRP and RiPP variants. 
	The doctoral student will use the platforms from Objective 2 to produce and test novel peptide variants designed by computational models from Team 1. A predictive chemical language model is being developed by Team 1 for the selection of NRP and RiPP candidates with antimicrobial activity. Specifically, for NRP engineering, Team 1 has built a predictive model of NRPS module compatibility using protein language models. This model showed that interdomain linkers between exchanged modules influence NRPS activity and can predict functional combinations with 0.8 accuracy. The doctoral student will test this linker hypothesis experimentally: The DNA for the designed linkers for the synthetic NRPSs will be codon-optimized (by a tool developed by Team 1 (11)) and produced in cell-free reactions. The modular approach from Objective 2, expressing individual modules from linear DNA and assembling via split inteins, enables rapid testing of linker-module combinations without cloning each full-length NRPS. 
	For RiPP engineering, the doctoral student will map the specificity and promiscuity of post-translational modification enzymes toward variant precursor peptides proposed by Team 1. By co-expressing precursor variants with modification enzymes in cell-free reactions, the student will identify which sequence changes are tolerated by the modification machinery. This will generate rules governing RiPP enzyme substrate specificity, relevant for engineering new RiPP scaffolds. Peptide products directly from the lysates will be analysed by LC-HRMS and will be characterized for antimicrobial activity against ESKAPE pathogens in Team 2. 
	Interdisciplinarity and role of each team 

	All three objectives of this project can be tackled only at the intersection of the two teams, each bringing distinct expertise. Team 1 (A. Pandi) contributes cell-free synthetic biology, active learning, computational models for peptide design/prediction, and provides access to the Paris Biofoundry infrastructure for lab automation. Relevant publications in the last 5 years: (9-10). Team 2 (Y. Li) brings complementary expertise in the chemistry and biology of both RiPPs and NRPs as well as Streptomyces molecular biology. Her team has extensive experience in discovery, biosynthesis, engineering and mode of action of these peptide natural products from bacteria, in particular Streptomyces, using a combination of approaches of natural product chemistry, enzymology, microbiology and molecular biology. This team will provide guidance in selecting NRPs and RiPPs biosynthetic gene clusters to be studied as well as structural and functional characterization of the peptide products. Relevant publications in the last 
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