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Editorial on the Research Topic 
Cell-Free Synthetic Biology

Cell-free systems have historically been used to decipher the genetic code and elucidate key principles of biological systems (Silverman et al., 2020; Garenne et al., 2021). Recently, renewed scientific interest in cell-free systems has driven the rapid development of cell-free synthetic biology, including the establishment of new cell-free platforms, bottom-up design of genetic circuits and artificial cells, prototyping of metabolic pathways, and designing of medical diagnostics and biosensors, among others (Lu, 2017; Moore et al., 2017; Liu et al., 2019; Copeland et al., 2021). Today, with the renaissance of cell-free biotechnology, more and more scientists are entering this field to explore the frontiers of synthetic biology. To highlight the current progress of cell-free research, this Research Topic aims to bring together diverse and exciting achievements in cell-free synthetic biology.
Here, we collected a total of 17 papers. These papers present a broad range of cell-free research across the development of new cell-free protein synthesis (CFPS) systems and construction of an educational “Genetic Code Kit.” The papers published in this topic are briefly introduced below.
Laohakunakorn et al. highlighted the current capabilities and challenges in the rapid growing field of cell-free synthetic biology. Due to the open nature of cell-free systems and breakthroughs in enabling technologies, bottom-up construction of increasingly complex biomolecular networks using cell-free systems will help address a wide range of fundamental biological questions such as the design of minimal life.
Kelwick et al. introduced key concepts and recent advancements in cell-free synthetic biology, with a focus on examples relevant to the materials sciences. In particular, the biological materials of industrial and societal importance manufactured by cell-free systems were summarized. While some challenges still remain, cell-free synthetic biology together with interdisciplinary collaborations and emerging technologies will lead to a new frontier for sustainable cell-free materials production and the growing bioeconomy.
Wu et al. summarized recent progresses on the efficient and extensive incorporation of non-canonical amino acids into proteins using CFPS. Different methods were used to increase the incorporation efficiency by elimination of endogenous competition factors, engineering of protein translation factors, and in vitro aminoacylation.
McSweeney and Styczynski reviewed the strategies of using linear DNA as expression templates in CFPS systems. Using linear DNA templates has some advantages, however, they can be quickly degraded by native exonucleases present in the cell extracts. This review described several approaches to stabilize linear DNA and compared their effectiveness and limitations, as well as future developments and applications.
Müller et al. introduced the modelling approaches and applications of CFPS systems, which can lay the foundation for understanding the production and degradation dynamics of macromolecules in CFPS. With the help of CFPS models, bottlenecks in the transcription and translation processes can be identified and key kinetic parameters can be determined from the modelled data, to aid the future development of enhanced CFPS systems.
Two papers discussed synthetic cells with different focuses. Damiano and Stano presented their opinion on the “life-likeness” of synthetic cells. Based on previous work, they promoted an “organizational approach” to the assessment of life-likeness and proposed the transition from behavioral assays (e.g., Turing test) to systemic strategies according to concepts like organization, complexity, networks, and emergence. Abil and Danelon pointed out in their perspective article that life is more than the sum of its constituted parts. These authors proposed a semi-rational, system’s level evolutionary approach for bottom-up building a synthetic cell.
Lin et al. developed a flow platform by combining CFPS systems and a tube-in-tube reactor that can measure and analyze the effect of oxygen on protein synthesis. Using this platform, energy, transcription, translation, and pathway networks in the reaction system were analyzed. The results showed that a maximum protein yield could be obtained with 21% oxygen, which is the same as the natural atmosphere oxygen condition.
Zhang et al. established a eukaryotic Pichia pastoris-based CFPS system. After a systematic optimization, this cell-free system was able to synthesize 50 μg/ml of protein, which is comparable to other eukaryotic CFPS platforms. As a result, it is a valuable addition to the current CFPS toolbox and will provide an alternative for synthesizing complex proteins requiring post-translational modifications.
Williams et al. reported the transformation of the research-based CFPS biotechnology into a hands-on module called the “Genetic Code Kit” for implementation into teaching laboratories. This kit can help improve students’ understanding of transcription and translation and prepare undergraduate students for careers in laboratory research.
Kim et al. reported the production of monomeric filaggrin, a human therapeutic protein, using an E. coli-based CFPS system. By relieving the limiting factors in transcription and translation, both protein yield and solubility were significantly improved with the enhanced CFPS system. This work demonstrates the potential of the E. coli CFPS to be adapted for studying therapeutic proteins.
Yang et al. designed modular cell-free systems for tunable biosynthesis of value-added chemicals. This approach was able to build long metabolic pathways (e.g., 6-7 enzymes) in vitro for defined biotransformation. Using two aromatic compounds (sharing the same upstream intermediate styrene) as examples, modular CFPS systems showed more than 80% conversion rates based on the same starting substrate of L-phenylalanine.
Arce et al. investigated cell-free RNA sensors using in-house made cell extracts instead of the commercial PURE CFPS system. CRISPRi-based technology was used to engineer the source strain to obtain nucleases silenced lysates, enabling CFPS from linear PCR-derived templates with high stability in the reaction. The home-made cell lysates were cost-effective and capable of virus detection using cell-free RNA toehold sensors.
Yue et al. described a systematic method for the expression and functional characterization of aquaporins based on an E. coli CFPS system, including template design, aquaporin expression and purification, proteoliposome preparation, and an aquaporin water permeability assay. This protocol can be adapted for the preparation of samples involving other channel proteins or transporters for their function assays.
Heide et al. provided a detailed protocol for the stepwise development and optimization of a CFPS platform derived from mammalian Chinese hamster ovary (CHO) cells. With the optimized CHO CFPS system, the protein yields were significantly improved, making it a useful research tool and a rapid production and screening platform for therapeutic protein development.
In addition to the above described cell lysates based cell-free systems, two research papers report the use of purified enzymes to implement in vitro biocatalysis. Fehlau et al. constructed a one-pot enzymatic cascade reaction for the synthesis of natural and modified nucleotides. Especially, a (d)ATP regeneration system was coupled in the reaction, leading to high-yielding production of nucleotides from nucleosides with high conversion rates. Liu et al. utilized T4 phage capsid as a protein scaffold for the immobilization of a three-enzyme cascade through SpyTag/SpyCatcher pairing. By doing this, the spatially organized enzymes exhibited higher enzymatic activity than the free enzymes, demonstrating the naturally occurring T4 phage scaffold is adaptable for multi-enzyme cascade assembly with enhanced biocatalytic activity.
In summary, the articles collated in this Research Topic demonstrate the potential of cell-free synthetic biology for a wide range of applications. Looking forward, cell-free synthetic biology research will continue to expand further to address current challenges in the field of synthetic biology when cell-based platforms are difficult or not amenable. With that, we now launch the second Research Topic on “Cell-Free Synthetic Biology, Volume II” and warmly welcome your significant contribution and submission.
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Cell-free systems offer a promising approach to engineer biology since their open nature allows for well-controlled and characterized reaction conditions. In this review, we discuss the history and recent developments in engineering recombinant and crude extract systems, as well as breakthroughs in enabling technologies, that have facilitated increased throughput, compartmentalization, and spatial control of cell-free protein synthesis reactions. Combined with a deeper understanding of the cell-free systems themselves, these advances improve our ability to address a range of scientific questions. By mastering control of the cell-free platform, we will be in a position to construct increasingly complex biomolecular systems, and approach natural biological complexity in a bottom-up manner.
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1. INTRODUCTION

Synthetic biology promises to transform diverse domains including biomanufacturing, healthcare, food production, sustainable energy, and environmental remediation, by applying engineering principles to the design and construction of biological systems (Endy, 2005). Specifically, this was stipulated to involve abstracting away intricate biological complexity into simpler parts and modules whose behavior can be quantified (Heinemann and Panke, 2006; Arkin, 2008; Canton et al., 2008). The process of “building” thus involves assembling these subsystems together to obtain a required function, while quantitatively characterized components and their interactions ensure that the overall system may be predictively designed.

Practice currently diverges from the ideal framework set out above, due to the fact that we do not yet have a reliable approach to managing biological complexity (Kwok, 2010). While the idea of abstracting the behavior of a biological process, such as gene expression, into a simple mathematical model may indeed work well for single genes in isolation, as the gene circuit increases in size and complexity, the increased enzymatic and metabolic burden leads to reduced gene expression, changes in host cell state and growth rate, and increasing negative selection pressure. A seemingly modular component naturally loses its modularity as the system becomes more complex, and thus a major bottleneck preventing the current practice of synthetic biology from attaining the ideals outlined above lies in the transition from simple parts and circuits to larger systems (Purnick and Weiss, 2009).

There are several approaches to meet this challenge of reliable engineering of large biological systems, in the face of unknown complexity. One is to take advantage of increasing automation and experimental throughput to arrive at a functional design through screening large libraries of alternative constructs (Hillson et al., 2019). In order to effectively explore the parameter space, these screens may be guided by techniques, such as directed evolution (Agresti et al., 2010). A more rational approach is to discover designs which are robust to specific uncertainties, as exemplified by control theoretic approaches (Khammash, 2016; Vecchio et al., 2016; Hsiao et al., 2018). In this approach, it is not necessarily required to fully characterize the system, but merely to know which parts of the system are uncharacterized and varying, and therefore need to be buffered by an appropriate architecture.

Finally, a fully bottom-up approach attempts to rationally construct increasingly complex biomolecular systems from basic parts in vitro (Liu and Fletcher, 2009; Caschera and Noireaux, 2014a; Göpfrich et al., 2018; Schwille et al., 2018; Ganzinger and Schwille, 2019; Liu, 2019). In this approach, the major interactions within the system can in principle be fully quantified and understood. The payoffs from these efforts are well-informed models and understanding of increasingly complex biological systems (Elowitz and Lim, 2010), which may eventually guide fully predictive design in the future.

The rapidly growing field of cell-free synthetic biology (Garenne and Noireaux, 2019) brought forth numerous examples where such a constructivist approach has been adopted to elucidate basic principles associated with bottom-up construction of biomolecular complexity. The purpose of this review is to give a historical perspective and present an overview of the current capabilities and challenges facing this particular approach. We begin by giving an overview of the rich scientific history of cell-free gene expression systems and their use in deciphering fundamental biological processes by deconstructing them into their essential components. We then describe the current state of bottom-up cell-free synthetic biology, with a dual focus on both the cell-free systems themselves, as well as emerging technological platforms that enable increasingly complex and sophisticated manipulations of cell-free systems. Finally, we discuss how the construction of additional complexity on top of existing TX-TL systems stimulates the investigation of fundamental biological questions, which include context effects in gene expression, resource management, and possibilities for in vitro DNA replication.

Reliable engineering of synthetic biomolecular systems is an ambitious goal, whose success will depend on knowledge and insights gained from many different perspectives. We envision that the bottom-up approach, as exemplified in particular by cell-free synthetic biology, will play a key role in enabling the full potential of synthetic biology.



2. DECONSTRUCTING BIOLOGY USING CELL-FREE SYSTEMS

Cell-free systems are created by extracting cellular machinery, and combining them with energetic substrates and cofactors to recapitulate central biological processes, such as transcription and translation in vitro. While this approach has been in existence since Buchner's (1897) observation of cell-free fermentation in yeast extract (Buchner, 1897), it was only during the molecular biology revolution in the 1960s that cell-free systems began to be used in a rational and directed manner to elucidate biological mechanisms.

Early pioneers of cell-free investigations took advantage of two important properties of the system: its simplified biochemical nature, and its open reaction environment. Preparing a cell-free extract strips away much of the complexity of cellular regulation, homeostasis, and growth, revealing the isolated biochemical mechanisms underneath. By reconstituting the basic steps of protein synthesis, E. coli cell-free systems were used to demonstrate peptide synthesis from amino acids (Lamborg and Zamecnik, 1960), RNA (Nirenberg and Matthaei, 1961), and finally DNA, via coupled in vitro transcription and translation (Wood and Berg, 1962; DeVries and Zubay, 1967; Lederman and Zubay, 1967), thereby experimentally validating the central dogma of molecular biology. The first full protein synthesized in vitro was the coliphage F2 coat protein (Nathans et al., 1962).

The open nature of cell-free systems meant that factors which affected protein synthesis could be isolated and characterized, thus allowing direct study of transcriptional and translational regulation. Well-known examples of this work include the direct demonstration of the lac repressor's effect on peptide synthesis (Zubay et al., 1967), and the identification, isolation, and characterization of the catabolite activator protein (CAP) (Zubay et al., 1970). Cell-free systems were subsequently used to identify and elucidate genetic operons in E. coli (Zubay, 1973).

Another set of cell-free experiments of fundamental importance was the study of translation from synthetic polyribonucleotides by Nirenberg et al. They observed that cell-free extracts loaded with synthetic poly-uracil led to the production of only one type of polypeptide, poly-phenylalanine (Nirenberg and Leder, 1964). Thus, they hypothesized that poly-U must encode for phenylalanine. Over the next few years, the base composition, triplet nature, and eventually the genetic code mapping DNA sequence to amino acids was determined (Nirenberg et al., 1966).

Over the subsequent few decades, it became a standard approach to use in vitro systems to elucidate mechanisms in molecular biology [e.g., RNA replication (Mills et al., 1967), splicing (Kruger et al., 1982), Golgi trafficking (Balch et al., 1984), and chemiosmosis (Steinberg-Yfrach et al., 1998)]. In parallel, the growth of in vitro protein synthesis applications drove the development of increasingly efficient cell-free extracts, which achieved greater yields by incorporating more advanced metabolism to energize synthesis and recycle waste products (Jermutus et al., 1998). In the early 2000s, extract engineering merged with the nascent field of synthetic biology, giving rise to the field of cell-free synthetic biology (Noireaux et al., 2003), where instead of reconstituting existing biological processes, novel ones were constructed in the cell-free environment. This synthetic approach continues to characterize the field today.



3. TECHNOLOGIES


3.1. Lysates and Reconstituted Cell-Free Systems

In recent years the number of cell-free transcription-translation (TX-TL) systems from different organisms has grown rapidly (Zemella et al., 2015; Perez et al., 2016; Gregorio et al., 2019). The most common lysate systems include E. coli, insect, yeast, Chinese hamster ovary, rabbit reticulocyte, wheat germ, and human HeLa cells; and newly emerging systems include B. subtilis (Kelwick et al., 2016; Yim et al., 2019), V. natriegens (Failmezger, 2018; Yim et al., 2019), and P. putida (Wang et al., 2018; Yim et al., 2019), among others (Yim et al., 2019). Hybrid systems composed from multiple sources have also recently emerged (Anastasina et al., 2014; Panthu et al., 2018; Yim et al., 2019). Many of these lysate systems are currently commercially available. Concurrent with the expanding set of available lysate systems, there has also been a resurgence of interest in reconstituted recombinant systems, which are composed of mixtures of purified enzyme components. In this review, we will focus on E. coli lysate as well as recombinant systems, as they are commonly-used cell-free systems.


3.1.1. E. coli Lysates

The preparation and performance of E. coli lysate-based TX-TL systems vary tremendously and it is well-known that there can be large variability between different batch preparations (Takahashi et al., 2015b). For example, a recent study showed variability of more than 40% for TX-TL systems prepared in different laboratories, which resulted mainly from differences in personnel, and reagents used, and significantly, the laboratory in which the measurement was carried out (Cole et al., 2019). Fortunately, there is an increasing understanding of the role that each of the preparation steps plays in determining the final extract performance, as well as the factors responsible for reproducibility (Silverman et al., 2019b). Proteomics has been applied to elucidate the dependence of lysate composition and performance on batch variability, preparation methods (Failmezger et al., 2017; Foshag et al., 2018), as well as strain variability (Hurst et al., 2017; Garenne et al., 2019). The quest for a deeper understanding is also supported by the use of additional methods, such as metabolomics (Bujara et al., 2011), and other techniques such as polysome profiling (Liu et al., 2005), HPLC (Martin et al., 2018), and gel electrophoresis (Jaroentomeechai et al., 2018) (Figure 1C). These results raise the exciting prospect that lysates will become an engineerable substrate, where standardized and controlled preparation can result in extracts with a variety of defined behaviors. This approach has been particularly powerful in the context of cell-free metabolic engineering, and has been reviewed extensively by Karim et al. (2016) and Karim and Jewett (2018). Here we present an overview of different types of lysate preparation steps (Figure 1A), and their effects on lysate properties. The history of the field, recent advances, as well as the development, optimization, and applications of TX-TL systems are covered in recent reviews (Chiao et al., 2016; Silverman et al., 2019a).


[image: Figure 1]
FIGURE 1. Cell-free lysate systems. (A) The major steps in lysate preparation include growth, lysis, and clarification; however there exists a number of variables and options at each step, which can be adjusted to influence the final extract performance. (B) Examples of three energy regeneration systems are shown, which offer different cost-performance tradeoffs. (C) The final extract composition and performance may be analyzed using techniques, such as protein expression analysis, PAGE gel, Western blot, mass-spectrometry, polysome profiling, and HPLC.


E. coli extracts are prepared from a variety of different strains, whose choice strongly depends on the intended application. The most commonly used strains are BL21-derivatives (Sun et al., 2013; Kwon and Jewett, 2015; Didovyk et al., 2017; Cole et al., 2019), but the use of other strains can also be advantageous. For example, strains lacking DNAase, RNAase, and other E. coli enzymes can be used to enhance protein yield (Hong et al., 2015; Kwon and Jewett, 2015), for biosensing applications (Didovyk et al., 2017), or for circuit prototyping (Niederholtmeyer et al., 2015).

Different media, such as 2 × YT (Kim et al., 2006), 2 × YTP (Sun et al., 2013; Failmezger et al., 2017), or 2 × YTPG (Kwon and Jewett, 2015), as well as different temperatures and volumes can be used, which will influence the bacterial proteome and thus the composition of the lysate. For example, adding phosphate and glucose has suppressive effects on phosphatase activity (Kim and Choi, 2000). Bacteria can also be harvested at different time points during exponential or stationary phases. Surprisingly, this appears to have very little effect on lysate performance (Kwon and Jewett, 2015; Failmezger et al., 2017).

Cell lysis is a major and variable step of the overall lysate preparation, and different methods result in varying cost, scalability, and ease of use. Bacterial cells can be lysed by sonication (Kwon and Jewett, 2015), high-pressure homogenization (Hong et al., 2015), bead-beating (Sun et al., 2013), or enzymatic auto-lysis (Didovyk et al., 2017). Production yield between systems were shown to be comparable (Sun et al., 2013; Kwon and Jewett, 2015). However, other factors should also be considered. For example, the formation of inverted membrane vesicles is favored in lysates prepared with high-pressure homogenizers, and their preservation is essential for processes, such as oxidative phosphorylation (Jewett et al., 2008) and glycosylation (Jaroentomeechai et al., 2018). Subsequent lysate clarification usually involves centrifugation at 30,000 × g for S30 lysates or 12,000 × g for S12 lysates, which leads to different lysate clarity as distinct components sediment at different speeds, making the S30 lysate less viscous and opaque. For many applications no significant difference was observed between S30 and S12 lysates (Kim et al., 2006); however S12 lysates contain more inverted membrane vesicles which can support oxidative phosphorylation, and hence may be desirable for certain applications.

To reduce preparation time and simplify the process, some steps have been omitted in recent studies. Among these are run-off reaction and/or dialysis (Shrestha et al., 2012; Kwon and Jewett, 2015). Omitting these has minimal influence on final yield in T7 RNAP based systems (Kim et al., 2006; Kwon and Jewett, 2015) and might even be beneficial for retention of co-factors, amino acids, and tRNAs (Calhoun and Swartz, 2005a; Cai et al., 2015). However, the omission of both run-off reaction and dialysis has a profound effect when native transcriptional machinery is used (Kwon and Jewett, 2015; Silverman et al., 2019b).

Another important difference between systems is related to the energy regeneration approaches used (Figure 1B). The first systems based on substrates containing high-energy phosphate bonds (phosphoenolpyruvate, acetyl phosphate, creatine phosphate) were expensive and inefficient because of their fast degradation by non-specific phosphatases, and formation of inhibitory inorganic phosphate molecules. Over the last 20 years, a large amount of work has focused on yield improvement and price reduction. Most current energy regeneration systems are based on the native metabolic pathways of E. coli. These use either a part of—PANOx (Caschera and Noireaux, 2014b), 3-PGA (Sun et al., 2013)—or the entire E. coli glycolysis pathway—glucose (Calhoun and Swartz, 2005b), maltose (Caschera and Noireaux, 2014b), maltodextrin (Kim and Winfree, 2011; Caschera and Noireaux, 2015), and starch (Kim et al., 2011). These approaches have decreased the price per mg of synthesized protein to under one U.S. dollar. Nevertheless, we still lack systematic studies on the influence of these different energy regeneration methods on lysate properties other than simple protein yield. In particular, for prototyping and characterization of circuits, it is known that resource competition leading to improperly balanced energy usage (Siegal-Gaskins et al., 2014; Koch et al., 2018), efficiency of energy sources and small molecule replenishment (Siegal-Gaskins et al., 2014; Borkowski et al., 2018), changes in binding kinetics due to magnesium ion concentration changes (Kim et al., 2008), and pH variability (Calhoun and Swartz, 2005b) are all dependent on the energy system used and are expected to have profound influence on circuit behavior.

Finally, lysates can be directly supplemented with additives, such as liposomes, polymers, and detergents to facilitate folding of membrane proteins (Hein et al., 2014; Henrich et al., 2015). Enzymes, such as gamS (Sun et al., 2014) or short DNA decoy sequences (Marshall et al., 2017) can be added to prevent linear DNA degradation. The ease of adding functionality to lysates is a major advantage facilitated by the open nature of cell-free reactions.



3.1.2. Recombinant Systems

Lysate systems contain essentially all cytoplasmic components, which is advantageous for recapitulating cellular processes. However, this makes their composition ill-defined, leading to challenges in basic science and engineering. To address these difficulties, efforts were made to generate fully recombinant cell-free systems from a small number of purified enzyme components, whose composition can be defined exactly. Such defined systems are especially important for bottom-up synthetic biology for three main reasons. The first is that their use supports research into minimal cellular systems, as “minimality” of components and pathways can be directly tested. Secondly, the composition of the recombinant system is known much more precisely than for extract-based systems. This property is highly beneficial for modeling, optimization, troubleshooting, and mechanistic understanding of engineered pathways. Thirdly, the use of recombinant cell-free systems presents a viable approach toward the development of de-novo constructed synthetic cells.

Almost half a century ago, Weissbach's group developed the first such systems from recombinant E. coli proteins (Kung et al., 1977), but observed very low protein yield. About 25 years later, thanks to the advent of His-tag purification as well as the addition of a creatine-phosphate-based energy regeneration system, Shimizu et al. (2001) developed a very similar system called PURE (protein synthesis using recombinant elements) but with markedly higher protein synthesis yield (Figures 2A,B). Currently, there are three commercially available versions of this system: PUREfrex 2.0 (GeneFrontier), PURExpress (NEB) (Tuckey et al., 2014), and Magic PURE system (Creative Biolabs). Although highly popular, these systems are more expensive ($0.6–2/μL) than lysate systems ($0.3–0.5/μL). Moreover, despite the fact that the commercial systems are all based on the original PURE system, their exact composition is proprietary, and functional differences can be observed between them in terms of batch to batch variability, system yield, translation rate, lifespan of the reaction, and shelf-life (Doerr et al., 2019).
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FIGURE 2. Recombinant cell-free systems. (A) Schematic of the preparation of the three elements constituting the PURE system: proteins, ribosomes, and energy solution. (B) The four major reactions, aminoacylation, transcription, translation, and energy regeneration occurring during cell-free protein synthesis in the PURE system are shown along with a list of the components involved. (C) Optimization of the system can be carried out by adjusting both protein and energy solution components. Potential system modifications are shown: (D) supplementation with E. coli RNAP allows for more complex transcription regulation (Maddalena et al., 2016); (E) addition of chaperones aids protein folding (Niwa et al., 2012); (F) vesicles enable membrane protein folding and assembly (Kuruma and Ueda, 2015; Niwa et al., 2015a; Jacobs et al., 2019); and (G) oxidizing conditions allow for disulfide bond formation (Shimizu et al., 2005).


Cost-effective and modular PURE systems with user-defined compositions can be prepared in the laboratory (Shimizu and Ueda, 2010; Horiya et al., 2017), but the labor-intensive protocol requires ~36 medium to large scale His-tag and ribosome purification steps (Figure 2A). Thus, different approaches to simplify the protocol have been developed, including His-tagging of in vivo enzyme pathways (Wang et al., 2012), microbial consortia (Villarreal et al., 2018), and bacterial artificial chromosomes (Shepherd et al., 2017). The first two systems achieved a 10–20% protein yield compared to the commercial PURExpress (NEB). Although the third approach reached protein synthesis levels comparable to PUREfrex, in all three of these approaches it is not possible to rapidly modify protein levels or omit proteins. We recently demonstrated that all proteins, except ribosomes, can be prepared from individual strains in a single co-culture and purification step called the OnePot PURE system, which achieves a similar protein synthesis yield as commercial PURExpress (Lavickova and Maerkl, 2019) (Figure 2A).

Much work has been carried out to improve existing recombinant systems, particularly focusing on the protein expression yield: in addition to increasing the versatility of the system, this has also resulted in a better understanding of the system itself. Improved yield, lower cost, and the ability to adjust the system composition opens up many possibilities for applications, such as the development of defined artificial cells, gene network engineering, biosensors, and protein engineering. Here we separated the various approaches into two distinct types: the first includes experimental and theoretical approaches which aim to find an optimal composition of the system, while the second involves supplementing the existing system with factors that augment its behavior.

One direction for optimizing recombinant systems for protein synthesis yield is focused on finding optimal concentrations of the basic system components, such as proteins, energy sources, small molecules, and salts (Kazuta et al., 2014; Li et al., 2014, 2017; Doerr et al., 2019) (Figure 2C). Important work to improve our understanding of the system was done by Matsuura et al. (2009), who performed titrations of all protein components. These studies showed that although the system is composed of a relatively small number of components, its behavior is complex, and its analysis requires multivariate optimization. One of the most important parameters in the system is the magnesium ion concentration, which influences ribosome function. It is difficult to control the concentration of magnesium ions as they can be chelated by negatively charged molecules, such as NTPs, creatine phosphates, and pyrophosphates (Li et al., 2014, 2017). Studies focused on protein component concentrations showed that the performance of the system is mostly influenced by the concentration of ribosomes and translation factors. Increased yield depended strongly on high concentrations of EF-Tu, which often forms more than 50% of the non-ribosomal protein content in vivo. Moreover, finding optimal concentrations is essential for release factors and initiation factors, as an inhibitory effect was shown for these components when higher-than-optimal concentrations were used (Matsuura et al., 2009; Kazuta et al., 2014; Li et al., 2014). Finally, the optimal composition of the system will vary depending on the application. As an example, high concentrations of components, such as NTPs enhance transcription and translation, while inhibiting DNA replication (Sakatani et al., 2015).

To better understand the system behavior and to identify limiting factors, computational models of the PURE system have been developed. This includes coarse-grained ordinary differential equation (ODE) models containing effective lumped parameters and a small number of reactions (Mavelli et al., 2015; Carrara et al., 2018; Doerr et al., 2019), as well as more complex models based on modeling of a large number of elementary reactions, which can provide more detailed mechanistic insights but whose connection to experimental data as well as parameter inference is challenging (Matsuura et al., 2017, 2018). These models show that a number of steps involving ribosomes could potentially become rate-limiting: these include slow elongation rates, peptide release, and ribosome dissociation; qualitatively similar results were observed experimentally (Kempf et al., 2017; Li et al., 2017; Doerr et al., 2019).

As in the case of lysates, a second approach is based on augmenting the system with additional components, such as proteins (Kazuta et al., 2008), crowding agents, and liposomes. For example, yields can be slightly increased by adding proteins, such as EF-4 (Li et al., 2014), EF-P (Li et al., 2017), Pth (Kazuta et al., 2014), and HrpA (Kazuta et al., 2008). Recently, an energy regeneration system originally based on three kinases was replaced by one featuring a single polyphosphate kinase. This improvement lowers the price of the energy source and simplifies the energy regeneration process (Wang et al., 2019). While the original PURE system only contains T7 RNA polymerase, with its limited capability for transcriptional regulation, E. coli σ-factor based transcription has been successfully demonstrated, albeit with low efficiency with certain promoters, which can be enhanced by adding purified E. coli polymerase alone or in combination with transcription elongation factors (Maddalena et al., 2016) (Figure 2D).

Protein folding can be improved by incorporating chaperones, such as a trigger factor, DnaK/DnaJ/GrpE, and chaperonin GroEL/GroES (Figure 2E). Likewise, Niwa et al. (2012) showed that the solubility of 800 aggregation-prone E. coli cytoplasmic proteins can be enhanced if chaperones are added. Furthermore, an oxidizing environment and a disulfide bond isomerase are essential for the expression of proteins containing disulfide bonds (Shimizu et al., 2005) (Figure 2G). The addition of liposomes (Kuruma and Ueda, 2015; Niwa et al., 2015a) together with diblock copolymers (Jacobs et al., 2019) is important for membrane-protein synthesis (Figure 2F). Finally, the concentration of components in the cell-free system is up to 100 times lower than the native E. coli cytoplasm. Crowding agents, such as bovine serum albumin (BSA) (Li et al., 2014), Ficoll (Ge et al., 2011), polyethylene glycol (PEG) (Ge et al., 2011; Li et al., 2014), or osmolites (Moriizumi et al., 2019) can help mimic the E. coli cytosol (Ge et al., 2011), but they affect both transcription, translation (Norred et al., 2018), and the final synthesized proteins (Niwa et al., 2015b) in a complex way. Further studies will be needed to decipher the various physico-chemical effects of crowding on gene expression. Lastly, it was shown that temperature optimization is a key factor for chaperone-free assembly of protein complexes, such as DNA polymerase (Fujiwara et al., 2013).




3.2. Microfluidic Platforms

While cell-free reactions can be carried out successfully in a simple test tube, the complexity and sophistication of experiments can be dramatically augmented by coupling them to the appropriate technological platform. There have been numerous technological advancements with respect to cell-free gene expression over the past few decades, leveraging advances in microarraying, automation, and in particular, microfluidics. Offering reductions of orders of magnitude in sample volume, concomitant low cost, small device footprint, quantitative detection methods, and precise sample manipulation, microfluidic technology has offered tremendous improvements in control and throughput of cell-free reactions (Damiati et al., 2018; Dubuc et al., 2019). We will focus on recent platforms enabling increased control over batch and, importantly, steady-state reactions, as well as describe recent work in the area of compartmentalization.


3.2.1. Increased Throughput and Spatial Control of Batch Reactions

Early high-throughput methods of spatially confined cell-free batch reactions were applied to the generation of protein arrays. In 2004, Ramachandran et al. showed that a plasmid array spotted on a glass slide could be transformed into a protein array by submersing the entire slide in a cell-free reaction. mRNA and proteins were locally transcribed and translated from the spotted plasmid DNA and proximally captured by surface bound antibodies (Ramachandran et al., 2004, 2008). The in situ generated protein array could then be interrogated with a protein of interest. A similar concept was later integrated into a microfluidic device for the automated mapping of protein-protein interactions (Gerber et al., 2009). Here linear expression DNA templates are spotted on a glass slide in pairs. The DNA array is then aligned to a MITOMI microfluidic device (Maerkl and Quake, 2007) so that each pair of linear templates is enclosed by a reaction chamber. Loading of the device with cell-free reaction solution synthesizes the bait and prey proteins, which are then assayed for interaction using the MITOMI method. A similar approach was used to generate large numbers of defined bHLH (basic helix-loop-helix) transcription factor mutants to assess the evolutionary accessible DNA binding specificity repertoire of these transcription factors (Maerkl and Quake, 2009). Martin et al. (2012) used the method to generate an RNA array for protein-RNA interaction studies. More recently, hundreds of full-length Drosophila transcription factors spanning a size range of 37–231 kDa were expressed on-chip using a wheat germ cell-free system (Rockel et al., 2013). Such approaches are becoming appealing for protein engineering, especially with the rapid decrease in synthetic DNA cost. In 2015, we demonstrated that over 400 synthetic zinc-finger transcription factors could be synthesized and characterized in vitro using this approach (Blackburn et al., 2015).

As synthetic gene networks began to emerge, the advantages of cell-free protein expression were adopted to rapidly screen large libraries of functional DNA parts, avoiding in vivo cloning steps, and speeding up the design-build-test cycle (Siegal-Gaskins et al., 2014; Takahashi et al., 2015a). The advent of acoustic liquid handling robots has enabled cell-free reactions to be carried out in standard microwell plate systems with increased throughput and precision, while simultaneously reducing reagent usage. This was recently demonstrated and coupled with a Bayesian modeling approach, which offered a fast route to characterizing regulatory elements from a non-model microbial host (Moore et al., 2018). With their rapid and automated method the authors were able to infer previously unknown transcription factor binding affinities as well as quantify resource competition in cell-free reactions (Figure 3A). Cell-free systems are particularly amenable to mechanistic modeling, and Bayesian inference of model parameters, which benefits from the possibility to perturb the composition of open cell-free reactions. Bayesian approaches uses probability distributions to quantify the degree of belief and uncertainty in the model, and can be deployed to quantitatively compare a number of models as well as determining parameter uncertainty. Automated acoustic liquid handling was also used to test serine integrase recombination dynamics (Swaminathan et al., 2017). A Python package built to model and simulate biological circuits was then applied to the cell-free prototyping data to carry out Bayesian parameter inference.
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FIGURE 3. Batch and continuous cell-free reaction platforms. (A) Overview of the technologies used to carry out high-throughput batch reactions, including the possibilities to vary the concentration of many reaction components in addition to exploring the sequence space of DNA templates. (B) Devices developed for continuous cell-free reactions, separated into two categories: continuous protein production, and steady-state reactors that enabled the implementation of genetic oscillatory circuits.


Microfluidic platforms applied to cell-free TX-TL have also enabled the exploration of larger design spaces at faster time scales. For example, droplet microfluidics was used to rapidly generate a library of distinct combinations of DNA templates, inducer molecules, and cell-free extract concentrations, with the possibility of generating millions of parameter combinations per hour (Hori et al., 2017). Together with a dye labeling scheme, it was possible to create a detailed map of biocircuit expression vs. parameter combination (Figure 3A). Sharing a common goal of characterizing gene network parameters, an alternative microfluidic platform was developed to carry out cell-free TX-TL in high-throughput, using different combinations of surface immobilized DNA as the reaction templates (Swank et al., 2019). Functional repression assays and quantitative affinity measurements (Maerkl and Quake, 2007) were used to characterize a library of synthetic transcription factors, enabling gene regulatory networks to be built from purely synthetic parts de novo (Figure 3A). Another quantitative and multi-dimensional study of genetic promoters was carried out using parallel piezoelectric cantilever beams that were able to generate an array of droplets containing cell-free TX-TL reaction mixtures with highly accurate concentration gradients (Fan et al., 2017) (Figure 3A).

Setting aside high-throughput techniques, there exist many other innovative technologies for cell-free gene expression, including methods that have sought to introduce spatial organization. In particular, a chip was developed to separate transcription and translation into different compartments (Georgi et al., 2016). Multi-compartment vesicles were used to predefine regions in which different proteins would be synthesized in vitro (Elani et al., 2014). Furthermore, Jiao et al. (2018) fabricated a microfluidic device for the encapsulation of plasmid integrated clay microgels. The incorporation of magnetic beads in the microgels permitted their recovery and re-use in subsequent cell-free TX-TL reactions. A bead-based approach was also used to express and capture recombinant proteins in a hydrogel matrix (Lee et al., 2012). Lastly, surface-bound DNA microarrays were aligned with a hydrogel matrix embedding protein synthesis machinery enabling localized protein synthesis (Byun et al., 2013). These studies will be discussed in more detail in section 3.3.



3.2.2. Steady-State Cell-Free Reactions

While cell-free batch reactions provide a means to characterize gene circuits, parts, and devices, the complexity of biological networks that can be implemented is constrained as the systems quickly reach chemical equilibrium. As discussed in section 3.1.1, batch cell-free reactions quickly equilibrate or reach a state of non-productivity for a number of reasons, such as byproduct or cofactor accumulation and subsequent drift from the initial reaction composition (e.g., inorganic phosphate, Mg2+, H+), denaturation or degradation of protein components, and simple exhaustion of substrate molecules. This has motivated the development of in vitro systems that can exchange reagents over time, maintaining the reaction in a non-equilibrium steady state, and mimicking the dilution and regeneration of cellular components during cell growth. Over 30 years ago there was interest in prolonging cell-free TX-TL reactions by providing a continuous flow of amino acids and energy sources to a reaction chamber from which synthesized proteins and by-products could be removed across an ultrafiltration membrane (Spirin et al., 1988). Successive work aimed to improve protein synthesis yield for cell-free TX-TL reactions by using a dialysis membrane to separate the reaction from the feeding solution of amino acids and energy sources, leading to a semi-continuous reaction (Kim and Choi, 1996; Madin et al., 2000). This idea was then extended to be compatible with standard micro-well plate systems that could be used for higher throughput applications (Mei et al., 2006, 2007; Khnouf et al., 2009, 2010). Following upon the same principles of continuous exchange cell-free reactions, a passive PDMS microreactor was built which separated the feeding and reaction chambers with a dialysis membrane, enabling protein synthesis for up to 15 h (Hahn et al., 2007) (Figure 3B).

Recent improvements in implementing continuous cell-free TX-TL reactions came in the form of novel microfluidic devices. For instance, continuous protein synthesis was demonstrated in an array of cell-sized nanoporous silicon containers that could exchange energy components and materials with the surrounding microfluidic environment (Siuti et al., 2011). In 2013, Niederholtmeyer et al. reported a two-layer PDMS device with eight independent nano-reactors that exchanged reagents at dilution rates similar to those of growing bacteria. Using this device, steady-state TX-TL reactions could be maintained for up to 30 h, enabling the first in vitro implementation of genetic oscillator circuits (Niederholtmeyer et al., 2013; van der Linden et al., 2019) (Figure 3B). Using the same device, Yelleswarapu et al. (2018) recently demonstrated the construction of synthetic oscillating networks using sigma-factor-based regulation of native RNAP in E. coli lysate. In 2014, Karzbrun et al. demonstrated two-dimensional DNA compartments capable of creating oscillating protein expression patterns and protein gradients. Each DNA compartment was linked to a supply channel by a small capillary channel for continuous diffusion of nutrients and products into and out of the compartment (Karzbrun et al., 2014) (Figure 3B). The geometry of the compartments determined the dilution rate of the reaction, giving rise to different observed reaction kinetics. Using high frequency localized electric field gradients, the same group was able to push the TX-TL machinery away from the DNA brush, thereby arresting transcription and translation. They showed that different biomolecules can be manipulated efficiently depending on the applied voltage and obtained sustained oscillation of gene expression from controlled ON/OFF switching of the TX-TL reaction (Efrat et al., 2018).




3.3. Compartmentalized Cell-Free Reactions

Compartmentalizing cell-free reactions spatially segregates a bulk reaction into smaller units. In addition to being a fundamental requirement in the construction of artificial cells, compartmentalized TX-TL opens up a number of scientific and practical opportunities, such as increased throughput for screening, in vitro directed evolution, distributed computation, and programmable communication. As discussed in sections 3.2.1 and 3.2.2, microwell plates with reaction volumes as low as 0.5 μL (Marshall et al., 2018), and microfluidic devices with volumes down to femtoliters (Karig et al., 2013), have been used to compartmentalize cell-free reactions.

Below, we will cover different types of compartmentalization including emulsions that allow for the rapid generation of multiple small volume compartments; liquid-liquid phase separation which can recapitulate naturally occurring crowded environments; hydrogels of natural or synthetic origin that immobilize DNA or proteinaceous factors and similarly provide a favorable crowded environment; liposomes which can provide a good starting point in the bottom-up assembly of synthetic cells by encapsulating a gene expression system; and other membrane-enclosed compartments with shells composed of polymers or protein-based materials that will expand the repertoire of physicochemical properties and functionalities.


3.3.1. Emulsion-Based Compartments

Emulsion-based compartmentalization allows for the rapid production of reaction vessels with volumes as low as femtoliters (Shojaeian et al., 2019). In vitro compartmentalization of TX-TL was first described in the context of in vitro evolution when Tawfik and Griffiths (1998) encapsulated a TX-TL system together with a DNA library of genes coding for an enzyme. Single copies of DNA templates were compartmentalized in ~2 μm aqueous droplets dispersed in mineral oil, creating the crucial genotype-phenotype linkage (Contreras-Llano and Tan, 2018) which is required for selection and enrichment of improved enzymes. This eventually allowed a complete cycle of directed evolution of phosphotriesterases to be carried out (Griffiths and Tawfik, 2003).

One major drawback of emulsions produced by bulk methods is the size polydispersity of the obtained compartments (Figure 4A). This leads to enzymatic activity being convolved with noise resulting from variation in droplet size, making it difficult to select droplets containing improved enzymes. Dittrich et al. overcame this limitation using droplet microfluidics to generate monodispersed water-in-oil (W/O) droplets (Figure 4A) containing a TX-TL reaction expressing GFP. However, their setup did not allow for the production of droplets containing single DNA copies that gave rise to detectable signals, as would be required for in vitro evolution. Using a more efficient TX-TL system and stabilized W/O droplets, Courtois et al. (2008) were able to obtain efficient transcription and translation from a single DNA copy, opening the door for high throughput quantitative evolution experiments in droplets generated by microfluidics. Examples of these include multiple screening rounds to enrich for active hydrogenase (Stapleton and Swartz, 2010) and beta-galactosidase enzymes (Fallah-Araghi et al., 2012).
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FIGURE 4. Compartmentalized cell-free reactions. Schematic representation of the different strategies used to compartmentalize cell-free transcription translation reactions. (A) Emulsion-based compartments: polydisperse water-in-oil droplets obtained by mechanical agitation, and microfluidic production of monodisperse droplets. (B) Liquid-liquid phase separation: aqueous multiphase systems containing cell-free transcription translation machinery (Torre et al., 2014), and representation of a complex coacervate. (C) Hydrogels: X-DNA linking template DNA and forming a DNA hydrogel (Park et al., 2009a,b), a DNA-clay hydrogel (Yang et al., 2013), hyaluronic acid (Thiele et al., 2014), or agarose (Aufinger and Simmel, 2018) functionalized with DNA template, polyacrylamide hydrogel functionalized with Ni2+-NTA binding PURExpress His-tagged proteins (Zhou et al., 2018). (D) Liposomes: rehydration of lipid films with an aqueous solution containing TX-TL, droplet transfer method where a lipid-stabilized W/O emulsion is layered on top of a feeding buffer and liposomes transferred to the bottom by centrifugation (Noireaux and Libchaber, 2004), double-emulsions with ultrathin shells containing lipids in organic solvent (Ho et al., 2015, 2017), and octanol-assisted assembly (Deshpande et al., 2016; Deshpande and Dekker, 2018). (E) Other compartments: polymersomes with membrane formed by amphiphilic polymers, proteinosomes with amphiphilic peptides (Vogele et al., 2018), alginate hydrogel coated with various polymers, artificial cells with polymeric shell and liquid core containing a DNA-clay “nucleus” (Niederholtmeyer et al., 2018).


The use of fluorogenic substrates in enzymatic assays can be problematic in surfactant stabilized emulsions as transport of fluorophores can occur between droplets both in single (Gruner et al., 2019) and double emulsions (Etienne et al., 2018). Woronoff et al. (2015) demonstrated an alternative methodology where a proteinogenic amino acid is released after enzymatic turnover and then incorporated in the translation of a reporter protein. Using this approach, they were able to screen for active penicillin acylase enzymes in single gene droplets. The literature contains fewer examples of compartmentalized in vitro assays to screen for protein binders. However, two-hybrid and three-hybrid systems have been developed in PURExpress supplemented with E. coli core RNAP enzyme (Zhou et al., 2014). Cui et al. (2016) used such an in vitro two-hybrid system encapsulated in single-emulsion droplets to screen a library of 105 peptide binders in a single day.

Recent work using droplets has diversified beyond the high-throughput screening studies discussed in the previous paragraphs to encompass physical effects, such as the influence of crowding (Hansen et al., 2015) or droplet size (Kato et al., 2012; Matsuura et al., 2012; Sakamoto et al., 2018) on protein expression. Schwarz-Schilling et al. (2018) used W/O droplets to compartmentalize streptavidin-coated magnetic beads which act as a scaffold on which complex RNA-protein nanostructures can be built using TX-TL. The high-throughput generation of such compartments is also attractive for the extensive parameter space mapping for genetic network prototyping, as exemplified by the work of Hori et al. (2017) discussed in section 3.2.1.



3.3.2. Liquid-Liquid Phase Separation

Liquid-liquid phase separation occurs when a water-soluble molecule, generally a polymer, is mixed with another aqueous solution containing either a high salt concentration or another water-soluble polymer. Under certain conditions, the first polymer cannot dissolve in the second solution, and a separation into two distinct phases occurs. The resulting “aqueous two-phase system” (ATPS) can form microscale, membrane-less compartments. The recent discovery that ATPS are ubiquitous in cells has attracted much attention to better understand their role in cell physiology (Alberti et al., 2019). Recreating cell-free transcription-translation reactions in these systems could help elucidate the properties of such condensates.

Torre et al. (2014) prepared ATPS of dextran/poly(ethylene glycol) or three-phase systems (A3PS) of dextran/poly(ethylene glycol)/ficoll containing TX-TL by vortexing in mineral oil (Figure 4B). In the ATPS, expression of the reporter protein indicated preferential partitioning of the TX-TL machinery to the dextran phase in the ATPS. The A3PS, on the other hand, exhibited lower expression, which was attributed to separation of TX-TL machinery into the different dextran and Ficoll phases, suggesting that different liquid phases could differentially partition TX-TL components.

When a liquid-liquid phase separated compartment consists of a condensate of biological polymers, it is most commonly referred to as a coacervate (Figure 4B). These coacervates are characterized by a high degree of macromolecular crowding, exhibiting protein concentrations of up to 272 g/L (Deng et al., 2018), similar to the E. coli cytosol. Such crowding can profoundly influence gene expression. Sokolova et al. (2013) used a microfluidic device to osmotically concentrate droplets containing lysate, and observed the formation of coacervates in lysate containing 2% PEG-8000. The resultant reporter gene expression was higher in coacervates than in single phase droplets. The work demonstrated that transcription rates were enhanced in the crowded environment of coacervates, offsetting the lower translation rate. Such observations are in agreement with previous studies in bulk cell-free reactions where macromolecular crowding enhances transcription and impairs translation (Ge et al., 2011). To generate monodisperse coacervates in high throughput, Tang et al. (2015) produced coacervates using a microfluidic device (van Swaay et al., 2015) starting from a mixture of carboxymethyl-dextran/polylysine and TX-TL. However, they observed lower gene expression in coacervates compared to the bulk reaction, with results suggesting charge-induced precipitation of the reporter protein after its production. This again indicates that protein expression is sensitive to the partitioning of the TX-TL machinery and that the charge of the coacervate and crowded environment can have opposite effects on yields.



3.3.3. Hydrogels

Similar environments to coacervates are found in hydrogels, where a highly porous hydrated network provides a crowded environment. Forming gel micropads by cross-linking X-shaped DNA entrapping plasmid DNA, or P-gel, Park et al. (2009a,b) obtained an up to 94-fold increase in protein production compared to a standard batch reaction (Figure 4C). They explained the increase in expression by an enhanced transcription rate due to the higher proximity of gene templates in the crowded DNA gel environment. The P-gel has also been prepared in a microdroplet format (Ruiz et al., 2012) and the microgel format was modified with Ni2+-NTA to allow the immobilization of the expressed protein on the surface of the microgel (Kahn et al., 2016).

The same group showed that TX-TL was also increased in the presence of a clay hydrogel, which spontaneously forms when mixing hydrated clay in the presence of an ionic solution (Yang et al., 2013) (Figure 4C). DNA and RNA molecules localize to the clay hydrogel and are protected from enzymatic degradation by nucleases. The clay-DNA hydrogels were also formulated into microgels containing magnetic nanoparticles allowing for multiple successive TX-TL reactions after recovery of the magnetic microgel and refreshing of the TX-TL mixture (Jiao et al., 2018). Finally, clay-DNA microgels have been used as artificial nuclei inside W/O emulsions (Jiao et al., 2018) or inside permeable polymeric capsules (Niederholtmeyer et al., 2018).

Thiele et al. (2014) prepared hyaluronic acid functionalized with DNA template and produced porous hydrogel microparticles, which were further encapsulated in droplets containing TX-TL (Figure 4C). They observed efficient GFP protein expression proportional to the number of encapsulated DNA hydrogel beads, with the fluorescent protein diffusing inside the droplet. By using mRNA molecular beacons, they show that the transcribed mRNA remains trapped in the hyaluronic acid/DNA hydrogel, suggesting that transcription and translation both take place inside the hydrogel.

Aufinger and Simmel (2018) prepared agarose functionalized with alkynes and coupled to azide-modified DNA, and used it to prepare hydrogel-DNA “organelles” (Figure 4C). Transcription organelles contained template DNA coding for mVenus with a toehold switch on the 5′ end of the mRNA, whereas the translation organelles were functionalized with the corresponding toehold trigger. These organelles were re-encapsulated in W/O droplets containing TX-TL, and mVenus expression was observed only in droplets containing both the transcription and translation organelles. As these organelles can offer spatial organization of complex reactions while providing continuous exchange with the environment, they are useful for building more complex modular systems.

Whereas the previous studies focused on immobilizing the DNA template inside hydrogels, Zhou et al. (2018) immobilized the complete set of PURExpress His-tagged proteins on a polyacrylamide gel functionalized with Ni2+-NTA or an anti-His-tag aptamer (Lai et al., 2020) (Figure 4C). The His-tagged proteins, ribosomes, and template plasmids are placed on pre-dried hydrogel particles, which effectively traps the ribosomes and plasmids in the hydrogel network by convection when rehydrated. Sustained gene expression is observed for as long as 11 days when the cell mimics are constantly supplied with fresh feeding buffer.



3.3.4. Liposomes

Liposomes are compartments encapsulated by a lipid bilayer similar to a cell membrane, making them attractive for the encapsulation of cell-free systems. Liposome technology has been recently reviewed by Stano (2019). Early studies used a film hydration method, where the reaction mix rehydrates a dried lipid film to produce liposomes encapsulating TX-TL (Figure 4D). This was deployed to translate peptides (Oberholzer et al., 1999), proteins (Yu et al., 2001; Oberholzer and Luisi, 2002; Nomura et al., 2003), and finally a more complex genetic cascade (Ishikawa et al., 2004). Noireaux and Libchaber (2004) presented a more convenient method of liposome production called droplet transfer, where a lipid stabilized emulsion of the reaction is first formed in oil and then layered on top of the feeding solution (Figure 4D). Liposomal vesicles are subsequently formed by centrifugation. By producing α-hemolysin in situ, which assembled to form pores in the liposome membrane, they were able to constantly supply feeding buffer to the encapsulated reaction and increase the duration of expression up to almost 100 h.

An interesting improvement in the lipid film rehydration method was presented by Nourian et al. (2012) where they dried the lipid films on 200 μm glass beads and rehydrated them with PURExpress. This allowed them to use low reaction volumes to produce liposomes in high yield and with high encapsulation efficiency. Moreover, they used phospholipids with shorter acyl chains to produce semi-permeable liposomes and incorporated biotinylated lipids for efficient immobilization of the vesicles on microscope slides.

Droplet microfluidics allows for the generation of double emulsions with ultrathin shells where the middle phase contains dissolved lipids and forms unilamellar vesicles after evaporation of the solvent (Arriaga et al., 2013) (Figure 4D). Ho et al. (2015) used this technology to encapsulate a mammalian cell-free system with very high encapsulation efficiency, and observe expression of GFP in the interior of the vesicles as well as expression and assembly of a trans-membrane protein. However, they observed in a consequent study that the surfactant necessary for double emulsion led to aggregation of the mammalian cell-free system (Ho et al., 2017).

By using triblock copolymer surfactants, Deng et al. (2016) could control the dewetting of the inner water drop from the middle organic phase thus forming perfectly unilamellar and uniform liposomes, in addition to solvent droplets that could be easily separated. A hierarchical assembly of liposomes inside other liposomes, or vesosomes, through multiple successive encapsulation and dewetting was also demonstrated (Deng et al., 2017). In vitro transcription of Spinach RNA was carried out in the interior “nucleus” liposome and translation of mRFP in the surrounding “cytoplasm” liposome, showing great potential toward bottom-up assembly of complex biomolecular structures, even though controlled transfer of mRNA from the interior to the surrounding liposome remains to be implemented. Finally, a similar method called octanol-assisted liposome assembly (OLA) was developed where the middle phase alkane solvents are replaced by octanol containing lipids and undergo rapid dewetting, which could further increase the efficiency and biocompatibility of the encapsulation method (Deshpande et al., 2016; Deshpande and Dekker, 2018) (Figure 4D).



3.3.5. Other Membrane Compartments

Other types of membrane compartments have also been used for cell-free protein expression, such as polymersomes, protein-based membranes, and polymeric shells (Figure 4E). Although there exist many different strategies and materials to make capsules (Cuomo et al., 2019), the conditions necessary for their production often prevent encapsulating cell-free systems. Martino et al. (2012) used a microfluidic capillary device to generate template double-emulsion for the direct encapsulation of a cell-free expression system inside polymersomes composed of PEG-b-PLA copolymer and PLA homopolymer to increase their stability. They successfully expressed an MreB protein which formed patches inside the aqueous core and also adhered to the membrane.

Vogele et al. (2018) used a film rehydration method similar to the one used for liposome production but with amphiphilic elastin-like peptides as building blocks, which formed vesicles upon rehydration with a TX-TL system (Figure 4E). They demonstrate that the expression of the elastin-like peptide led to its successful integration into the membrane and an increase in the size of the vesicles after a few hours of expression. Schreiber et al. (2019) also used amphiphilic peptides to form vesicles and encapsulate a cell-free expression system, and show the production and incorporation of amphiphilic peptide in the membrane. It will be interesting to see in future studies if pore-forming proteins can be incorporated in these “growing” protein-based membranes, which might allow for prolonged and higher protein expression, as was observed for cell-free protein expression in liposomes. By encapsulating a cell-free extract in millimeter-sized alginate beads coated with polycationic chitosan (Kwon et al., 2008), silica (Lim et al., 2009), or polyethyleneimine (Saeki et al., 2014), researchers could show continuous expression of eGFP (Figure 4E). However, the core of the capsules presented in the previous studies is in a gel format and it is difficult to assess how well the capsules perform as no absolute quantification of the protein levels was provided.

To our knowledge, the only example to date where cell-free protein expression was demonstrated in liquid core-solid shell polymeric capsules was by Niederholtmeyer et al. (2018) where they produced porous polyacrylate capsules containing a DNA-clay hydrogel nucleus (Figure 4E). The capsules' pores are large enough to allow access by large macromolecules including ribosomes. Transcription-translation from the template DNA immobilized in the clay-DNA hydrogel “nucleus” can be achieved by immersing the capsules in a cell-free expression system. But, as the shell material leads to adsorption of proteins on the capsule surface and the pores are too large to retain the TX-TL machinery, the direct encapsulation of cell-free systems inside polymeric capsules remains to be demonstrated. Such direct encapsulation in synthetic polymeric capsules would be valuable as they could present attractive properties, such as high mechanical and chemical stability, as well as tunable porosity, based on the type of shell material and the fabrication method used.



3.3.6. Physical Effects of Compartmentalization

The effect of the compartment size and interface composition can have notable effects on gene expression. Initial work in Yomo's group showed that expression in sub-picoliter PDMS compartments severely hampered GFP synthesis, whereas quartz glass microcompartments passivated with amino acids showed expression as high as 41% of the test tube reaction with no dependence on compartment volume in a range from 40 fL to 7 pL (Okano et al., 2012). They later showed that synthesis of β-glucuronidase (GUS) with fourth-order reaction kinetics was favored in smaller compartments while GUS substrate depletion was rapidly occurring, pointing to an ideal compartment volume (Matsuura et al., 2012; Okano et al., 2014).

No size dependence on GFP synthesis was observed in a range from 1 to 100 μm in liposomes composed of a mixture of different phosphatidylcholine (PC) or phosphatidylglycerol (PG) lipids and cholesterol (Nishimura et al., 2012), in contradiction to previous reports where PG had inhibitory effect on protein synthesis (Sunami et al., 2010). In lipid stabilized droplets, the charge of the lipid used could also influence the synthesis rate, but in this case the relatively more negative PG lipid was favored over phosphatidylethanolamine (PE) or PC (Kato et al., 2012). Sakamoto et al. (2018) proposed a model with three regimes where there could be activation, no regulation, or repression at the surface. In droplets stabilized by PC lipids, they observed protein expression that did not scale with the droplet volume R3, but with R4 for droplets with radii below 17 μm, suggesting surface repression in their system. Other effects could explain variations in fluorescence intensity, such as the exchange of solutes between droplets which is influenced by the composition of the carrier oil, lipid or surfactant, as well as the radius of the droplets (Etienne et al., 2018).

The compartmentalization of biochemical reactions in smaller volumes increases the gene expression stochasticity as only a few molecules are present in each compartment. Hansen et al. (2015) suggest that such randomness can be explained by extrinsic noise, which results from the Poisson distribution of encapsulated reagents of the cell-free system, and intrinsic noise, which results from molecular crowding and other parameters, such as the stochasticity of the gene expression reactions or relative plasmid distributions. They co-encapsulated CFP and YFP plasmids in droplets with varying levels of crowding, and observed an increase in intrinsic noise with increased levels of crowding. Intrinsic noise in gene expression can also arise from the stochastic partitioning as was strikingly observed in liposomes prepared in dilute solutions of transcription-translation system (Stano et al., 2013). A small number of compartments (<0.5%) displayed detectable eGFP gene expression, whereas no expression occurred in free solution raising interesting questions about the mechanism of loading of the solute mixture.

High variability in gene expression was also observed in liposomes prepared in PURE solutions of normal concentration and interestingly gave rise to some compartments displaying particularly high or long lasting gene expression (Blanken et al., 2019). These large variations due to stochastic partitioning are interesting as a mechanism to generate diversity in the population, as recently discussed in a review by Altamura et al. (2018). Understanding and harnessing these physical effects of compartmentalization potentially offers yet another way of controlling cell-free gene expression.



3.3.7. Communication

Cellular communication is fundamental in biology and responsible for many processes ranging from development to tissue homeostasis. Following the successful developments in compartmentalizing cell-free systems, the next logical challenge consists of engineering inter-compartment communication. On-chip artificial cells consisting of DNA brushes (described in section 3.2.2) were interconnected in series by microfluidic channels, and communication is achieved by diffusion of molecules, which can be tuned by adjusting channel geometry (Tayar et al., 2015) (Figure 5A). Diffusion of a σ28 activator from one compartment to the next led to sequential switching of a bistable genetic circuit. In a follow-up study, Tayar et al. (2017) used a non-linear activator-repressor oscillator in compartments coupled by diffusion and observed that the oscillators could be synchronized and tuned by geometric control of diffusion. A key demonstration was that such reaction-diffusion systems could spontaneously form spatial patterns in good agreement with theory.
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FIGURE 5. Communication using cell-free transcription translation. Schematic representation of the different platforms using cell-free transcription translation reactions for communication. (A) Artificial cells on chip: DNA compartments are connected to a cell-free reaction feeding channel and interconnected by another capillary allowing the coupling of the compartments (Tayar et al., 2015). (B) Emulsion droplets: top, water-in-oil droplets containing small molecule activators, bacteria or cell-free genetic circuits arranged in a glass capillary (Schwarz-Schilling et al., 2016); bottom, multiple lipid-stabilized droplets assembled with a micromanipulator with some droplets containing pore forming α-hemolysin (Dupin and Simmel, 2019). (C) Sensing and communication with liposomes: liposomes encapsulating histamine-sensitive riboswitches (Dwidar et al., 2019), mechanosensing using MscL pores (Majumder et al., 2017; Garamella et al., 2019), light-driven ATP synthesis using bacteriorhodopsin and ATP synthase (Berhanu et al., 2019), and two-way communication between liposomes and bacteria using various AHLs (Lentini et al., 2017). (D) Eukaryotic cell mimics: microporous polymeric capsules containing a DNA-clay hydrogel “nucleus” are immersed in cell-free transcription translation. The expressed T3 polymerase can diffuse and activate transcription-translation in another compartment (Niederholtmeyer et al., 2018).


Moving away from microfluidic chips could potentially allow for the engineering of more complex, dynamic consortia of communicating compartments or even tissue-like assemblies. Schwarz-Schilling et al. (2016) used capillaries to align W/O droplets encapsulating cell-free extracts as well as E. coli cells (Figure 5B, top). The bacteria and cell-free systems contained either an AND gate circuit expressing GFP in response to isopropyl β-d-1-thiogalactopyranoside (IPTG) and acyl homoserine lactone (AHL), or a sender circuit producing AHL in response to IPTG. Communication could be established between sender droplets and droplets containing the AND gate, in a cell-free-to-bacteria or bacteria-to-cell-free direction.

Dupin and Simmel (2019) used a micromanipulator to arrange multiple directly adjacent W/O droplets in a lipid-in-oil bath, forming a lipid bilayer interface between the compartments (Figure 5B, bottom). They show direct communication between sender droplets containing arabinose (ARA) or AHL and droplets containing a responder circuit. By using an incoherent feed-forward loop genelet circuit containing an RNA binding to 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), they observe the propagation of the DFHBI signal along multiple successive interconnected droplets. Finally, by encapsulating a positive feedback circuit expressing α-hemolysin in response to ARA, they observe an increased variability in protein expression levels among droplets, which they describe as “a primitive form of cellular differentiation.”

Liposomes can more closely recapitulate cellular systems. Lentini et al. rehydrated liposomes containing a genetic circuit using a riboswitch responding to theophylline to express α-hemolysin and release co-encapsulated IPTG (Figure 5C). By incubating E. coli with these liposomes acting as signal translators, the bacteria could effectively respond to theophylline in the medium (Lentini et al., 2014). They later demonstrated that two-way communication is possible between the artificial cells and bacteria by responding to and secreting different AHLs (Lentini et al., 2017) (Figure 5C). They even devised a “cellular Turing test” where they compare the expression of quorum sensing genes of V. fischeri in the presence of either artificial cells or in a consortium of bacteria. They measure that the artificial cells would be 39% “life-like,” but warn that this estimation does not consider that the artificial cells are not fully genetically encoded. Rampioni et al. (2018) developed synthetic cells which could send quorum sensing molecule C4-HSL to the pathogenic P. aeruginosa. Such synthetic cells could have interesting theranostic applications once equipped with additional sensing capabilities, such as those discussed in this section.

Two-way communication has been implemented in various contexts, from buffer conditions ideal for artificial cells, to more simple environments, such as water or PBS (Ding et al., 2018). Other communication modalities have also been explored, such as osmoregulation using a mechanosensitive MscL channel incorporated into liposomes, which opens due to membrane stress in hypotonic environments (Majumder et al., 2017; Garamella et al., 2019). Impressively, Berhanu et al. (2019) encapsulated proteoliposomes containing ATP synthase and bacteriorhodopsin inside liposomes (Figure 5C). The artificial cells were able to convert photons to a proton gradient inside the proteoliposomes and drive the synthesis of ATP by ATP synthase, fueling the TX-TL system, effectively making these artificial cells capable of light sensing and even photosynthetic activity.

More complex communication between liposomes was presented by Adamala et al. (2016), where they use artificial cells containing either bacterial or mammalian TX-TL systems and use small molecules to communicate between the prokaryotic and eukaryotic artificial cells containing different genetic circuits and cascades. However, the sensing of small molecules is limited to known transcriptional regulators or the theophylline riboswitch. Dwidar et al. (2019) engineered a riboswitch for the biologically relevant small molecule histamine into liposome-based artificial cells, which could respond to the presence of histamine in a variety of programmed ways (Figure 5C). Finally, liposome-based artificial cells expressing Pseudomonas exotoxin A were injected in vivo inside mice tumors and an increase in caspase activity was shown (Krinsky et al., 2017), suggesting their potential use in therapeutic or diagnostic applications.

One major limitation of liposomes is the difficulty in implementing signaling mediated by protein factors, as only small signaling molecules can cross the lipid bilayer with the help of the α-hemolysin pore. The polymeric capsules presented by Niederholtmeyer et al. (2018) (as discussed in section 3.3) are permeabilized by 200–300 nm pores, allowing for the exchange of polymerases and even ribosomes (Figure 5D). The authors show a basic form of quorum sensing where the reporter expression increases sharply at a threshold of 400 cell-mimics per 4.5 μL droplet of TX-TL.

Models have been recently proposed to help understand and implement communication using cell-free systems. These include studies of quorum sensing (Shum and Balazs, 2017) and the design of spatially distributed compartments (Menon and Krishnan, 2019). More complex spatial assemblies of compartments capable of communication (Villar et al., 2013), combined with computation by cell-free TX-TL genetic circuits or other in vitro computation methods [such as DNA strand displacement reactions (Joesaar et al., 2019), the Polymerase-Exonuclease-Nickase (PEN) DNA toolbox (Genot et al., 2016), or transcriptional “genelet” circuits (Weitz et al., 2014)], and integration with orthogonal technologies, such as electronics (Selberg et al., 2018) may one day allow for the bottom-up engineering of programmable tissues with distributed functional capabilities.





4. SCIENTIFIC OPPORTUNITIES

The technical achievements described above have given rise to new research directions involving cell-free gene expression systems. While the pioneering scientific applications of cell-free systems have been the deconstruction and elucidation of molecular biological pathways, today the research landscape is much more varied. Of the numerous active research directions (including biosensing; biomanufacturing; diagnostics; screening; minimal, semi-synthetic, synthetic, and artificial cells; education; and genetic, metabolic, and protein engineering), here we highlight three topics which are particularly relevant in the context of bottom-up construction using cell free systems.


4.1. Gene Expression Regulation

We still lack a complete appreciation for how cells encode, execute, and regulate gene expression (Phillips et al., 2019), which restricts our ability to predictively design new gene regulatory networks or efficiently compose existing modules. Ever since cell-free systems were used to uncover the central dogma, they have contributed profoundly to our understanding of gene expression (Zubay, 1973). In this line of research, PURE and extract systems bring complementary advantages. The PURE system is based on the core components required by the central dogma, and accordingly, can serve as the foundation from which we can build-to-understand basic aspects of gene expression. Extract-based systems serve as environments more similar to their in vivo counterparts, but lacking endogenous mRNA and DNA, effectively decoupling them from host processes that can convolute design implementation and data interpretation (Siegal-Gaskins et al., 2014). This section will highlight recent work that has advanced our understanding of gene expression using cell-free systems to operate at the fertile interface between in vitro biochemistry and in vivo cell biology.

Biology employs promoters to process input logic and initiate informed transcriptional output (Bintu et al., 2005), an operation believed to lie at the heart of cellular decision-making, yet for which we still possess an incomplete understanding. In investigations of transcriptional regulation, cell-free biology has the benefit of combining complex functional assays with controlled and accessible environments. In contrast to purely in vitro research of promoter DNA and transcription factor interactions, cell-free systems have the potential to bridge the divide between promoter occupancy and mRNA production, and help to improve our understanding of the factors that drive transcription. Research from our laboratory by Swank et al. (2019) used cell-free extract to study the interaction between promoters and the largest family of transcription factors, zinc-fingers. They leveraged the compatibility of cell-free systems with high-throughput assays to quantify the binding-energy landscapes of several synthetic zinc-finger regulators (Blackburn et al., 2015). The precise tuning of repression strength was demonstrated, by mutating the consensus sequence or flanking regions to create small changes in binding affinity. This control facilitated the engineering of gene circuits; adjusting individual binding-site affinities was crucial for optimizing logic gate function for example. By fusing interaction domains to repressors, cooperativity was engineered between different regulators binding to promoters possessing two binding sites. With the appropriate placement of binding sites, it was shown that cooperativity greatly increased fold-repression and response non-linearity. Notably, the optimal spacing between cooperative repressors was tied to the helical twist of DNA. The repression strength was greatest if the spacing was such that both repressors would bind to the same face of DNA, while repression decayed to match the non-cooperative level as the spacing changed to place the repressors on opposing sides of the DNA. The combination of predictable cooperative interactions and tunable binding affinity guided the engineering of NAND, AND, and OR gates.

Moving away from intragenic composition, intergenic compositional context effects (referring to the position and orientation of entire genes relative to each other on DNA) have also been shown to influence transcriptional regulation (Rhee et al., 1999; Shearwin et al., 2005; Chong et al., 2014; Yeung et al., 2017). Yeung et al. (2017) arranged genes in convergent, divergent, and tandem orientations, and modeled the relationships (based on torsional stress) between supercoiling and transcription, to support a picture of how supercoiling mediates transcriptional coupling between physically connected genes. Cell-free experimentation served as an important part of the toolkit used to validate their hypotheses and provide evidence for their model. Using cell-free systems, the authors were able to adjust gyrase expression freely, to relax supercoiling and observe the impact on reporter-gene transcription, while avoiding any interference by host-mediated effects. Running cell-free experiments also allowed the authors to control against possible effects coming from plasmid replication. Furthermore, by employing the common practice of expressing linear DNA in cell-free systems (Sun et al., 2014), Yeung et al. were able to investigate the outcome of dissipating peripheral torsional stress, since the ends of linear DNA can rotate freely in response to transcription. Using their insights, the authors leverage supercoiling to build a convergently-oriented toggle switch, which shows a sharper threshold for switching between stable states than the original toggle switch with divergent genes (Gardner et al., 2000).



4.2. Resource Constraints as a Design Feature

A current focal point in synthetic biology research is understanding the failure of synthetic biomolecular circuitry due to the coupling of individual circuit components through their competition for the same gene expression resource, and the added coupling with host processes seen in in vivo implementations (Cardinale and Arkin, 2012; Carbonell-Ballestero et al., 2016; Qian et al., 2017). This category of problems, along with other context dependencies, leads to a reduction in design composability, worsening in proportion to circuit size. In recent years, cell-free systems have served as an important research tool to deepen our understanding of resource constraints. Siegal-Gaskins et al. (2014) exploited the freedom with which DNA concentrations can be varied in cell-free systems to independently quantify the levels of transcriptional and translational cross-talk in cell-free extract (Figure 6). They show that increasing the concentration of a second load construct in their reaction results in a decrease in the transcription and translation of the original reporter construct (Figure 6B). Loading was largely abolished when the second construct lacked a ribosome binding site (Figure 6C), suggesting that the resource bottleneck was caused primarily through increased protein translation. This result was later found to generalize to E. coli. (Gyorgy et al., 2015). The effect of an increase in load DNA concentration on reporter protein translation is dependent on the total DNA concentration in the system. At higher total DNA concentrations, translational coupling between genes increases. This was observed experimentally by Siegal-Gaskins et al., where increasing the load DNA in the cell-free system has a greater impact on reporter protein expression when the system contains higher reporter DNA concentrations (Figure 6A). In contrast, the way an increase in load DNA concentration affects transcription was found to be independent of DNA for a larger range of concentration values. This result highlights a limiting translation (but not transcription) capacity, which above a certain level of load, causes a simple resource trade-off between proteins being produced.
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FIGURE 6. Identifying resource constraints with cell-free gene expression. Schematic summary of results obtained by Siegal-Gaskins et al. (2014) (A) The authors observed that at greater reporter DNA concentrations, a given load imposed on the system will produce a larger decrease in reporter protein expression. (B) Loading decreased both transcriptional and translational output from cell-free extract. (C) When the load DNA lacked a ribosome binding site, loading had no effect, except for at the highest combined load and reporter DNA concentrations, suggesting that the bulk of the imposed load is realized through translational processes. In the figure, the relative positioning of numbers in a given box is arbitrary.


A promising direction to improve predictability when composing synthetic parts, in light of resource problems, is to take the primary resources into account in mathematical models, thereby considering non-regulatory interactions between components through resource sequestration (Gyorgy et al., 2015; Gorochowski et al., 2016; Qian et al., 2017). Gyorgy and Murray (2016) developed a model that used the previous cell-free extract data obtained by Siegal-Gaskins et al. to account for resource competition between genes. They were able to successfully predict expression profiles of multiple co-expressed parts, from data where these parts were characterized individually.

Ceroni et al. (2015) developed a “resource capacity monitor” assay implemented in E. coli, designed to obtain a measure of load imposed on the host by synthetic circuits. They genomically integrated a GFP gene whose output was used to infer the load imposed by synthetic circuitry, from the relative decrease in GFP when the load is expressed in the host. In a subsequent paper, the same group established a similar approach but using cell-free extract (Borkowski et al., 2018), with the reasoning that this avoids growth-dependencies, which cause results to be difficult to interpret since the burden affects growth rate and promotes mutations. They feed the resource-impact data generated from cell-free experiments into a computational model to estimate the resource cost that would be imposed on cells expressing synthetic circuitry employing the proteins they characterized. This strategy could be integrated with cell-free prototyping workflows, to improve the transfer of circuit design from cell-free to in vivo, by creating the opportunity to reject resource-demanding implementations. Furthermore, it is imaginable that cell-free extract systems could be adjusted to be resource-constrained in ways that better emulate a given host in order to improve predictive capacity.

Yelleswarapu et al. (2018) developed a clever oscillator design in cell-free extract that employs resource competition as a functional feature. Their delayed negative feedback topology leverages asymmetric competition between different sigma factors for core RNAP. Studies in this vein can help to improve our understanding of resource competition. By making resource sequestration a design element, circuit failure due to any “cross-talk” through this resource can be reframed as a problem of robust design. By learning design strategies that exhibit the desired behavior over large areas of parameter space, and by figuring out what models properly describe such circuits, we can learn to operate with, and perhaps around, the resource constraints in our biological systems. Even if such a circuit could be implemented successfully in vivo using an orthogonal RNAP and sigma-factor system, it would be difficult to untangle the signal of interest from the effects of the asymmetric load that would be imposed on the host. It would be interesting to investigate other resource-related phenomena, like modes of resource coupling or circuit failure following system overloading, using microfluidic chemostats (section 3.2.2), where reaction resources can be varied in a dynamic yet controllable manner.

One interesting strategy to alleviate the resource demands of translation is to implement transcriptional regulation with nucleic-acid hybridization interactions in cell-free systems (Chou and Shih, 2019). Chou et al. were able to do this by functionalizing T7 RNAP with single-stranded DNA, so that it can interact with cis-regulatory ssDNA domains on promoters, in a way that is dependent on nucleic-acid assemblies acting analogously to transcription factors. Although this may not directly advance our understanding of how biology encodes native promoters, making the link between gene regulatory networks and DNA strand-displacement reactions could reduce the cost of scaling up computation in genetic circuits, in order to fast-track the investigation of more sophisticated phenomena.



4.3. In vitro DNA Replication

Replication and propagation of genetic material is a key feature of life and is distributed among all living systems, and a robust in vitro implementation is crucial in particular for efforts in bottom-up construction of synthetic cells. While self-replicating systems including autocatalytic peptides, ribozyme replication, or RNA replicators have been established in the past (Ichihashi, 2019), it is crucial to develop a DNA replication system with regard to a transcription-translation based synthetic cell. Here we will focus on efforts to reconstitute DNA replication processes using cell-free TX-TL.

Organisms have evolved a great variety of mechanisms to replicate their DNA, with a broad range of complexity ranging from the eukaryotic replication machinery [consisting of at least five components some of which are further subdivided into complexes (Berg et al., 2012)], bacterial chromosome and plasmid replication, to simpler bacterial and viral replication strategies. Efforts to achieve in vitro reconstitution of DNA replication have focused mostly on the simpler systems.

In the 1980s, researchers reported in vitro DNA replication in crude cell extract of infected or transfected cells, including replication of plasmid RSF1010 in P. aeruginosa and E. coli (Diaz and Staudenbauer, 1982), and SV40 virus in monkey and human cell extract (Li and Kelly, 1984; Stillman and Gluzman, 1985; Wobbe et al., 1985). By the end of the decade, in vitro amplification of DNA became routine with the development of the polymerase chain reaction (PCR). Originally using the Klenow fragment of E. coli DNA Polymerase I, which was added anew after each hybridization step (Mullis and Faloona, 1987), the PCR method eventually adopted thermostable polymerases enabling continuous thermal cycling. However, repeated thermal cycling is not ideal for future applications involving synthetic cells, and so work on developing isothermal DNA replication methods remains of interest in this context.

Successful reconstitution of these isothermal machineries was eventually achieved in vitro, using partially or entirely recombinantly expressed and purified elements. Examples of these include the E. coli replication machinery (Kaguni and Kornberg, 1984; Su'etsugu et al., 2017), RSF1010 replication (Scherzinger et al., 1991), and viral replication systems including the phi29 (Blanco et al., 1994), T7 (Hürtgen et al., 2019), T4 (Schaerli et al., 2010), or SV40 (Waga et al., 1994) replication machineries.

The establishment of the PURE transcription-translation system has paved the way toward coupling in vitro protein expression with DNA replication, with the ultimate aim of reconstituting a self-sustaining system. Sakatani et al. (2015) expressed the phi29 DNA polymerase (DNAP) in PURE from a circular DNA template, which was then able to replicate the latter via a rolling circle amplification. The same group further developed their system based on a concept proposed by Forster and Church (2007), introducing recombinantly expressed Cre recombinase, that re-circularized an evolved form of the DNA template at the lox sites (Sakatani et al., 2018) (Figure 7A). They took advantage of the tunability of their home made PURE system by optimizing the NTP concentration, which is necessary for protein expression, yet was shown to inhibit DNA replication. van Nies et al. (2018) reported that PURE-expressed phi29 DNAP and terminal protein (TP) were able to amplify a linear DNA template encoding both proteins, in presence of recombinantly expressed single stranded and double stranded binding proteins (SSB, DSB) (Figure 7B). Those four proteins were shown to be necessary and sufficient for DNA replication of the phi29 bacteriophage (Blanco et al., 1994; Salas et al., 2016).
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FIGURE 7. Coupling DNA replication and cell-free gene expression. Schematic representation of methods to couple in vitro transcription-translation to DNA replication. (A) Sakatani et al. (2015, 2018) coupled in vitro expression of phi29 DNAP to rolling circle amplification of circular DNA and finally concluded their round of replication by re-circularizing the replicated DNA using homologous recombination by Cre recombinase at LoxP sites. (B) van Nies et al. (2018) reconstituted the native phi29 life cycle by replicating a linear DNA template flanked by oriLR sites expressing phi29 DNAP and TP in vitro, and adding recombinant SSB and DSB to the reaction. (C) Fujiwara et al. (2013) expressed the E. coli DNA Pol III holoenzyme in vitro. The enzyme was shown to replicate the second strand of a single stranded linear template containing an A-site; the resulting duplex DNA enables GFP expression.


Fujiwara et al. implemented an in vitro DNA replication machinery by mimicking E. coli DNA replication (Figure 7C). Using the PURE system, they expressed the machinery consisting of initiator (DnaA), helicase and helicase loader (DnaB and DnaC), DNA primase (DnaG), and the DNA polymerase III holoenzyme consisting of nine different proteins. By achieving the correct assembly of the holoenzyme in PURE, they furthermore showed the possibility to assemble a complex holoenzyme in the absence of chaperones by decreasing the cell-free expression temperature. The in vitro-expressed proteins were able to replicate an artificial gene circuit which expressed GFP in the PURE reaction system (Fujiwara et al., 2013).

Despite these advances, one major challenge on the way to implementing a self-sustaining DNA replication system remains to be addressed. Current approaches couple gene expression with DNA replication using only a couple of consecutive batch reactions. To ensure continuous replication in a future synthetic cell, it will be necessary to achieve continuous, multi-round replication, which could be explored for instance, in microfluidic chemostats as described in section 3.2.2. It has yet to be demonstrated that DNA replication can be achieved over many consecutive cycles, which may prove to be rather challenging as it appears that current DNA replication methods are rather inefficient and produce DNA in low-quantities (Sakatani et al., 2018; van Nies et al., 2018).

During long term replication, mutations will appear, among which some will enable the mutated DNA template to replicate faster than the original template, due to length or altered codon usage. This parasitic DNA may eventually out-compete the original DNA template, if no selection pressure is applied. Compartmentalization, as discussed above in section 3.3, may be a method to address this challenge, as discussed in Ichihashi (2019). Furthermore, implementation of a stable, continuous platform for in vitro DNA replication would enable the study of the evolutionary dynamics of molecular replicators, as the system is well-defined, simple, tunable, and does not rely on life-sustaining processes. This may additionally be linked with compartmentalization, where in vitro evolution of DNA polymerase using an error prone PCR approach has already been reported (Ghadessy et al., 2001).

In vitro coupling of transcription-translation with DNA replication is just at the beginning of its development, and it will be interesting to see what the limitations of the systems are. To our knowledge, only phi29 genomic DNA and plasmids have been replicated using coupled in vitro expression/replication systems to date. Successful determination of limits, such as size, accuracy, and energetic requirements to carry out in vitro replication may eventually enable the self-replication of all genes required to sustain a synthetic cell.




5. OUTLOOK

The bottom-up approach is but one way of addressing the formidable challenge of reliably building complex synthetic biological systems, and it will necessarily be combined with other complementary methods. However, the key principle of building to understand is undoubtedly a powerful motivation, and cell-free systems represent perhaps one of the best examples where this is currently being put into practice. While cell-free systems have historically been used to deconstruct biology, allowing its core processes to be elucidated, recent advances have led to its increasing application to construct biological systems.

Today, basic cell-free lysate systems are less of a black-box, and better characterization of their properties and preparation methods has made them an increasingly engineerable, and maybe more importantly, accessible tool. Recombinant systems have been the focus of increasing investigation as users demand more modularity and cost-effectiveness. Technological innovation in automation, microfluidics, and materials science have enabled increased throughput, dynamic control of steady-state reactions, and sophisticated compartmentalization strategies, while at the same time becoming accessible to more labs around the world.

However, there are also clear challenges ahead. Compartmentalizing cell-free reactions has exposed important physical effects, such as crowding and differential partitioning, which, while complex, may one day be harnessed to control the microscale spatial organization of gene expression. This level of fine control, exhibited by all cells, currently eludes us. Cell-free gene expression studies have unveiled a number of effects, such as physical properties of promoters, supercoiling and compositional context dependencies, and the ever-present resource burden of heterologous gene circuits. Replication studies have pointed out to the difficulty of achieving efficient DNA replication and protein synthesis in a cell-free reaction. And while increasingly complex communication systems have been implemented, the field is still in a nascent stage.

A common theme in constructing complex systems is emergence: as the system grows in size, effects appear which cannot be predicted by assessing the parts independently. In synthetic biology, these confounding effects currently stymie many efforts. But it is exactly because cell-free studies allow us to work at the interface between simple and complex systems that they are well-poised to address these issues. Ultimately, a thorough understanding of these effects will allow us to turn what are currently viewed as design constraints into design features, thereby expanding the scope and potential of synthetic biology.
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Involved in most aerobic biochemical processes, oxygen affects cellular functions, and organism behaviors. Protein synthesis, as the underlying biological process, is unavoidably affected by the regulation of oxygen delivery and utilization. Bypassing the cell wall, cell-free protein synthesis (CFPS) systems are well adopted for the precise oxygen regulation analysis of bioprocesses. Here a reliable flow platform was developed for measuring and analyzing the oxygen regulation on the protein synthesis processes by combining Escherichia coli-based CFPS systems and a tube-in-tube reactor. This platform allows protein synthesis reactions conducted in precisely controlled oxygen concentrations. For analysis of the intrinsic role of oxygen in protein synthesis, O2-tuned CFPS systems were explored with transcription-translation related parameters (transcripts, energy, reactive oxygen species, and proteomic pathway analysis). It was found that 2% of oxygen was the minimum requirement for protein synthesis. There was translation-related protein degradation in the high oxygen condition leading to a reduction. By combining the precise gas level controlling and open biosystems, this platform is also potential for fundamental understanding and clinical applications by diverse gas regulation in biological processes.
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INTRODUCTION

Oxygen, serving as essential nutrition of living life, is the critical substrate of many physiological processes in cells, such as ATP generation in aerobic metabolism, which is considered as the energy supply of thousands of biochemical reactions as well as many oxidative reactions (Lindahl, 2008; Heffner et al., 2013; Palmer and Clegg, 2014). Each life is well adopted to a particular oxygen concentration so that changes in oxygen concentration will cause a series of complicated adaptive efforts or misfunction on cells, tissues, and organisms (Ivan et al., 2001; Jaakkola et al., 2001). Adaptions are including but not limited to enzyme activity, membrane transport (Moore et al., 2018), proliferation (Carmeliet and Jain, 2000; Ke and Costa, 2006; Mohyeldin et al., 2010; Heffner et al., 2013), and systemic inflammatory response. After a long period of evolution, the atmospheric conditions were transferred into the present stable element’s composition, the 21% oxygen concentration (Heffner et al., 2013). However, the natural atmospheric condition does not actually reflect the oxygen microenvironments typically in cellular pathways, and many physiological reactions are conducted in low-level oxygen tension, generally in 2–9% (Brahimi-Horn and Pouysségur, 2007; Mohyeldin et al., 2010).

Although oxygen is vital for life, the mechanisms of oxygen sensing and oxygen utilization in cells are still not completely understood, for the limitation of precise control on gradient oxygen concentrations and effective methods to quantify oxygen concentration in its physiological microenvironment (Roussakis et al., 2015). For gas controlling, pioneering efforts in microfluidic devices have demonstrated that it is possible to conduct oxygen concentrations in tiny gradients by physical diffusion equilibrium, biological cellular uptake, and chemical generation for the study of bacterium growth, cell differentiation, migration and disease mechanism (Leclerc et al., 2004; Lam et al., 2009; Adler et al., 2010; Abaci et al., 2012). Moreover, the ineffective and destructive oxygen concentration quantifying methods still limit the fundamental physiological oxygen-derived research (Roussakis et al., 2015). Clark-style electrodes (Clark et al., 1953; Nozue et al., 1997; Buerk, 2004) and luminescent optical sensors (Sud et al., 2006; Wang and Hu, 2012) are commonly used for oxygen measurement in biological process research, which is either focusing on the extracellular measurement or intracellular dye toxicity (Brennan et al., 2014). Therefore, constructing a more flexible gas controlling and measuring systems are critical challenges for the research of essential oxygen affecting cellular processes.

Cell-free synthetic biology, an emerging biological tool for the study of biological reactions without using the intact cells, has been widely used for the fundamental research in biomolecules, pathways, and whole-cell interactions (Perez et al., 2016). With the advantage of bypassing cell membranes, cell-free systems provide unprecedented freedom for applications of precise physiological analysis researches (Shin and Noireaux, 2012; Lu, 2017; Marshall et al., 2018). Therefore, cell-free systems are well-suitable for oxygen-tuned biological change analysis that could directly reflect the intracellular response to the microenvironment changes. Recently, the tube-in-tube reactor, as a powerful tool for studying the gas-liquid system, has shown significant advantages, which was widely used in gas-liquid reactions in flow mode (Koos et al., 2011; O’brien et al., 2011; Polyzos et al., 2011; Brzozowski et al., 2015). As the device’s name suggests, the tube-in-tube reactor consists of a semipermeable inner tubing and a gas non-permeable outer tubing (Yang and Jensen, 2013; Zhang et al., 2017). Due to the high gas permeability of the inner tubing, the tube-in-tube reactor has a rapid oxygen diffusion rate, which allows oxygen to penetrate rapidly into the liquid in about 30 s (Zhang et al., 2017, 2019). In particular, by using the tube-in-tube reactor, it can easily realize the accurate control and alteration of oxygen concentration in liquid by changing the volume fraction of oxygen at the oxygen-mediated reaction process (Petersen et al., 2012; Ringborg et al., 2017; Burkholder et al., 2019).

Here, a new robust method for oxygen-tuned biological regulation was presented by combining the tube-in-tube flow reactor technology and cell-free systems, in which a physiological process in a precise oxygen concentration was conducted. By exposing cell-free protein synthesis (CFPS) systems to 0–100% oxygen gradients, the features of oxygen regulation in fluorescent protein sfGFP (super fold green fluorescent protein) synthesis were analyzed among energy, transcription, translation, and pathway networks.



MATERIALS AND METHODS


Tube-in-Tube Device

The tube-in-tube reactor was composed of an inner semipermeable membrane tube and an outer impermeable tube. The inner tube was fabricated by the materials of Teflon AF-2400 with an inner diameter of 0.6 mm, and the outer tube was made by polytetrafluoroethylene (PTFE) with an inner diameter of 3.175 mm. Due to the high permeability and short mass transfer distance (0.6 mm) of the inner tube, oxygen could penetrate rapidly into the reaction substrates and saturated the reaction substrates in 30 s (Zhang et al., 2017). A total of 300 μL cell-free reactants were injected into the inner tube through a Harvard pump (Harvard, United States). Twenty microliters of reactants were pushed out and gathered for further analysis at every 20 min in 2 h (Supplementary Figures S1, S2). More details were shown in the Supplementary Material.



Cell Extract Preparation

For standard cell-free expression reactions, E. coli Rosetta (DE3) were fermented in 4 L of 2xYTP (1.6% tryptone; 1% yeast extraction; 0.5% NaCl; 40 mM K2HPO4; 22 mM KH2PO4) containing chloramphenicol (34 μg/mL) at 37°C, 300 rpm. Cells were harvested in the late logarithmic growth phase (∼4 h, OD600 = 2). Cell pellets were washed with ice-cold S30A buffer (14 mM magnesium glutamate; 60 mM potassium glutamate; 50 mM Tris, pH 7.7) three times. Cells were resuspended in S30A buffer (1 mL buffer for 1 g of wet cells) for disruption in a high-pressure homogenizer (1,000 bar). Then lysate was centrifuged at 12,000 × g for 10 min at 4°C. The supernatant was incubated at 37°C for 80 min after 3 mM DTT added and centrifuged at 12,000 × g for 10 min at 4°C again. Then it was dialyzed in molecular porous membrane tubing (6-8 KD MWCO) for 3h at 4°C with magnetic stirring. The dialysate was then centrifuged at 12,000 × g for 10 min at 4°C, flash frozen and stored at −80°C (Sun et al., 2013; Supplementary Figure S3).



Cell-Free Reaction

Cell-free reagents for tube-in-tube reactions were assembled on ice as generally described and immediately injected into the inner tube for incubation at 37°C. The general cell-free reaction mixture consisted of the following components: 30% S30 cell extract (v/v%); 15–20 ng/μL DNA templates; 175 mM potassium glutamate; 10 mM ammonium glutamate; 2.7 mM potassium oxalate monohydrate; 10 mM magnesium glutamate; 50 mM each of 19 amino acids without glutamic acid; 3 mM phosphenol pyruvate (PEP); 1 mM putrescine; 1.5 mM spermidine; 0.33 mM nicotinamide adenine dinucleotide (NAD); 1.2 mM ATP; 0.86 mM each of CTP, GTP and UTP; 0.27 mM coenzyme A; 170 μg/mL tRNA; 34 μg/mL folinic; T7 RNA polymerase prepared from E. coli BL21 (DE3) cell extract; reactions also contained 2% PEG8000 (Sun et al., 2013; Supplementary Figure S4).



Fluorescence Measurement and Data Processing

For fluorescent protein sfGFP measurement, the cell-free samples were diluted and measured in the plate reader (TECAN infinite M200 Pro) with the wavelength of excitation at 485 nm and emission at 520 nm. To minimize the error caused by different batches of cell extracts or other reagents, the fluorescence values were normalized.

Since the long-term storage of cell-free reagents would lead to the fluctuation in fluorescence production, one of the time points (120 min) of 10% treatment was used for the normalization of each cell-free reactions from the same batch of cell-free reagents. The fluorescence of 120 min time point of 10% (F106) was considered as the same value at each experiment, that the other fluorescence (FX) was calculated as follow: FXN = FX/F106∗0.825 (0.825, the relative fluorescence to one of 21% treatment in the time point of 150 min). Experiments were run more than twice.



The ROS Level Analysis

The tube-in-tube cell-free reaction samples were determined by Reactive Oxygen Species Assay Kit (Beyotime, S0033) through the DCFH-DA ROS probe. Cell-free reactions without sfGFP expression were injected into the tube-in-tube reactor along with the DCFH-DA probe for incubation directly. At predetermined time intervals, samples were removed onto the ice. Measure the fluorescence intensity in the plate reader (TECAN infinite M200 Pro) with the wavelength of excitation at 485 nm and emission at 520 nm.



The ATP Level Analysis

The ATP concentrations were determined by ATP Assay Kit (Beyotime, S0026) through firefly luciferase. Cell-free samples were diluted into lysis buffer and added to the diluted working solution. Luminescence was determined by the plate reader (TECAN infinite M200 Pro). Series concentrations of ATP were used for a standard curve to calculate the ATP concentration of samples.



RNA Extraction and Target mRNA Quantification

The total mRNA was extracted from cell-free samples by Eastep Super Total RNA Extraction Kit. Then it was stored at −80°C, or the reverse transcription was performed immediately by FastKing RT Kit (With gDNase) (TIANGEN, KR116). The cDNAs were quantified by TranStart Green qPCR SuperMix kit (TranStart, AQ101). The PCR product of sfGFP amplified by the same primers as qPCR was used for the standard curve to relate the sfGFP cDNA concentrations with CT values read by ABI 7300 Real-Time PCR system.



HPLC-MS/MS Analysis

The samples were separated by SDS-PAGE (12% separating gel) for further MS analysis. The proteins were analyzed by Center of Biomedical Analysis, Tsinghua University. The peptide samples were injected to Q-Exactive mass spectrometor for analysis after In-gel digestion process. The raw files were processed by using the MaxQuant software version 1.6.0.16 (Max Planck Institute, Munich, Germany). The Escherichia coli database (strain K12, UniProt release 17/03/2019; containing 29,810 entries) was used by the search engine andromeda implemented in MaxQuant. The criteria for the searching process were listed below: full tryptic specificity required, two missed cleavage tolerance, 20 ppm and 0.02 Da for precursor and fragment ion mass tolerance, respectively. The variable modifications were oxidation on methionine and acetylation on protein N-terminal, and the fixed modifications were carbamidomethylation on cysteine. Both peptide spectrum matches (PSMs) and protein identifications were filtered based on 1% false discovery rate (FDR) based on decoy search for revert mode. The relative label-free quantification (LFQ) of proteomics data based on precursor (MS1) signal intensities were used for quantifying proteins across biological samples. The algorithm MaxLFQ implemented in MaxQuant software was used for LFQ calculation.

One-way ANOVA method and Turkey post-hoc analysis were used to determine the significant difference among groups with different oxygen concentrations. P-value below 0.05 was considered to be significant. Gene ontology (GO) enrichment analysis was performed using DAVID tools (version 6.8, The Database for Annotation, Visualization and Integrated Discovery) with the complete Escherichia coli genome information as the background (Jiao et al., 2012). Visualization of results, including the GO annotations and volcano, were conducted with R packages GOplot, ggplot2, in RStudio (version 1.1, base R 3.5).



RESULTS AND DISCUSSION


Design of Oxygen Gradient Generator

The fabrication of the tube-in-tube reactor was constructed with a semipermeable fluoropolymer inner tube (Teflon AF-2400) encased by a gas-non-permeable outer tube (Figure 1A). The Teflon AF-2400 inner tubing is highly permeable for gas but non-permeable for liquid with an inner diameter of 0.6 mm and an outer diameter of 0.8 mm. The structure of the reactor has been introduced in detail previously (Yang and Jensen, 2013; Zhang et al., 2017, 2019; Zhou et al., 2020). The cell-free reactions were injected into the inner tube with a Harvard pump (Harvard, United States). The impermeable outer tube was made of PTFE with an inner diameter of 1.6 mm and an outer diameter of 3.175 mm. Different tensions of oxygen were created by an oxygen stream and a nitrogen stream whose flow rates were controlled by two thermal mass flow controllers (Sevenstar, Beijing, China), respectively (Supplementary Figure S1).
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FIGURE 1. Schematic diagram of tube-in-tube devices for cell-free protein synthesis and fluorescence gained from devices. (A) Cell-free protein synthesis (CFPS) system was injected into the inner tube of the tube-in-tube reactor, surrounded by the controllable gas. (B) Normalized fluorescence of sfGFP synthesized in cell-free systems in the tube-in-tube reactor oxygen tensions of 0, 10, 21, 30, 50, 70, and 100% in 2 h and 37°C. (C) Normalized fluorescence of sfGFP synthesized in cell-free systems in the tube-in-tube reactor with oxygen tensions of 0, 2, 4, 6, 8, and 10% in 2 h and 37°C. Values were calculated as the mean of biological replicates.


Because of the rapid oxygen diffusion rate (30 s) from the gas phase into the reaction substances in the tube-in-tube reactor, the reaction substrates in the inner tube were always fully saturated with oxygen throughout the protein synthesis process (several hours). For calculating the saturated oxygen concentration of reaction substrates, Henry’s law was used as following:

[image: image]

Where C∗ (mg/L) is the saturated oxygen concentration of reaction substrates, y is the gas volume fraction of oxygen in mixture gas, and K [mg/(L)] is Henry’s constant with a constant value of 34.4505 mg/(L) at 37°C. With this formula, the oxygen concentrations in cell-free liquid could be calculated, and the saturation concentrations of oxygen at different oxygen tensions were shown in Supplementary Figure S5.



Cell-Free Protein Synthesis in Precise Gradients of Oxygen

For the global analysis of the influence of oxygen concentration in CFPS, CFPS reactions for sfGFP (Supplementary Figure S6) in different levels of oxygen were firstly conducted in the tube-in-tube reactor. In this analysis platform, cell-free reaction systems were injected into the inner tube of the tube-in-tube reactor for protein synthesis. The gas tensions varied from 0 to 100% were continuously delivered by changing the flow rates of nitrogen and oxygen streams and maintaining the overall flow rate at 30 mL/min. Before performing the protein synthesis in the tube-in-tube reactor, the cell-free reactants were placed on the ice to stop the synthesis, ensuring that the reactions were performed at a certain oxygen condition.

The protein synthesis features were first explored at a range of O2 tension varied from 0 to 100% to investigate the effect of oxygen concentration in CFPS. The model E. coli-based cell-free system was employed for this investigation. All of the cell-free reactions for oxygen concentration investigation were performed at 37°C as the natural growth environment of E. coli. Experiments with oxygen tensions of 0, 10, 21, 30, 50, 70, and 100% were carried out to separately analyze the protein synthesis characteristics (Figure 1B and Supplementary Figure S7A). To minimize the error from the reagents, the fluorescence was normalized among each batch experiment. Partial fluorescence data were shown in the Supplementary Material (Supplementary Figure S8). As shown in Figure 1B, the natural atmosphere condition 21% oxygen showed the highest yields and protein synthesis rate among the conditions. With the increasing of the oxygen concentration, the protein synthesis rate increased obviously between the tension of 10 and 70%, but a drastic decline in the 100%. As expected, the synthesis was greatly limited when there was no oxygen (0% oxygen and 100% nitrogen) delivery into the synthesis reactions, suggesting that the oxygen was an essential substrate or intermediate in the protein synthesis. As the fluorescence of green fluorescent protein depended on the oxygen oxidation, the expression of 0% oxygen treatment was confirmed with fluorescent recovery (Supplementary Figure S9). As schematically illustrated in Figure 1B, although the synthesis was greatly limited without oxygen, certain low oxygen (10%) was required for the completely functional protein synthesis. However, the high-level oxygen showed the inhibition of protein synthesis in the cell-free system.

Based on the above investigation, the exact oxygen (0–10%) were further investigated for protein synthesis to seek the minimum oxygen concentration. Experiments were performed at the same conditions except for the gradient of oxygen tension, which was ranging from 0 to 10% (Figure 1C and Supplementary Figure S7B). As before, there was little protein synthesis in 0% oxygen condition, while an increasing protein yield appeared at 2%. Until at 4% oxygen, the protein yields were recovered to the high level, suggesting that only a small amount of oxygen (higher than 2%) was required for protein synthesis in E. coli-based cell-free systems. This phenomenon of low oxygen concentration requirement of protein synthesis is consistent with previous literature focusing on the in vivo systems. Earlier study had found that as little as 0.5% of oxygen could lead to a slow but significant recovered cell growth with protein synthesis in E. coli, and a full recovery was at the oxygen tension of ∼7%. However, the condition of 0% oxygen showed a stopping division and protein synthesis (Polinkovsky et al., 2009). From the above investigation and discussion, the tube-in-tube reactor with the excellent gas controlling feature showed great potential for the fundamental investigation of the effect of oxygen concentration on biological processes in the microscale environment with the cell-free system. Moreover, this flexible CFPS device potentially can be applied to different protein synthesis requirements for tunable synthesis rate regulated by the oxygen concentration.

In general, there were several essential observations in the above section. (i) At the 0% oxygen condition, the protein synthesis was limited. (ii) A small amount (larger than 2%) of oxygen was sufficient for the complete function of protein synthesis, and there was a maximum yield in 21% oxygen. (iii) The yield of protein synthesis was not highly dependent on the oxygen at a range of 4–70%, but a substantial decline at 100%. These findings pose a question of what oxygen affects the process of protein synthesis. There might be some changes in the oxygen metabolic pathway or the direct effects on the transcriptional and translational processes.



Transcription in O2-Tuned Cell-Free Systems

To gain a more systematic insight into the effect of oxygen concentration on CFPS processes, the transcriptional level was next quantitatively characterized among O2-tuned cell-free systems. As in vivo systems, the transcription in cell-free systems was a multienzyme reaction that synthesizes RNA from DNA templates for the later translation to proteins (Figure 2A). According to the protein expression observations discovered above, the transcriptional features of experiments on 0, 21, and 100% oxygen treatments were explored. The total RNA was extracted from cell-free systems at varied time points. The concentrations of total RNA were generally between 500 and 700 ng/μL in samples before 2 h (Supplementary Figure S10). Because there was no internal reference in cell-free systems, the sfGFP transcription level was analyzed with absolute quantification real-time PCR, in which the known sfGFP PCR product was used to make a standard curve of CT values attained from qRT-PCR and target DNA concentrations (Supplementary Figure S11). With the incubation going, the mRNA in 0 and 21% oxygen treatments followed a single-phase exponential decay rate (Figure 2B), as reported previously (Moore et al., 2018). The mRNA concentration increased first and decreased along with the incubation going, as the cell-free reagents running out. However, the transcription in 100% treatment appeared in a low state during the oxygen incubation. As the protein synthesis discussed above, both the 0 and 100% oxygen condition showed comparatively low expression. Coupled with the protein yield, the low oxygen concentration showed little influence in transcription but had a substantial effect on the translation process. However, the high oxygen concentration had a direct negative impact on transcription.
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FIGURE 2. Transcription in cell-free systems. (A) Schematic diagram of the transcription process in the cell-free protein synthesis system. (B) Transcriptional mRNA analysis of samples incubated in 0, 21, and 100%. Values were calculated as the mean of biological replicates.




ATP Analysis of the Cell-Free System in Different Oxygen Concentrations

Based on the results above, the direct influences on the transcription and translation regarding different oxygen concentrations are still required to be found out. The primary function of oxygen in vivo was the generation of ATP (adenosine triphosphate) through the aerobic respiration in aerobes (Heffner et al., 2013). In the cell-free system, ATP was an essential energy substrate for the protein synthesis that was from the initial addition or energy regeneration. ATP concentrations were then analyzed, which was considered as a critical limiting factor for cell-free systems (Moon et al., 2019) and oxygen-derived products in natural physiological systems. In the cell-free systems, 1.2 mM ATP was initially added to provide energy for the protein synthesis along with PEP (phosphoenolpyruvate) as the energy source for the ATP regeneration (Kim and Swartz, 2000). Although PEP-based cell-free systems were not dependent on the oxygen for the ATP regeneration, the usage of ATP in protein synthesis probably involved with the oxygen.

ATP quantification relies on a series of energy-related reactions to transfer ATP concentration to the luminescence signal. Given concentrations of ATP were used to draw the standard curve to couple the luminescence intensity with ATP concentration for the ATP quantification (Supplementary Figure S12). The ATP assay was performed at varied time points of the oxygen treatment at different levels (Figure 3A and Supplementary Figure S13). As the protein synthesis reaction going, the ATP substrates were continuously and quickly consumed after 20 min. The quick decline could be mainly attributed to the protein synthesis. In the following incubation, ATP was in a tendency of decreasing or fluctuating, and it reached a rather low level at 2 h that had limited the synthesis reactions. It seemed that ATPs were continuously regenerated from degradative PEP energy source (Kim and Kim, 2009) and exhausted gradually in 2 h. Coupled with the protein yield results, the reduction of ATP was strongly related to the synthesis process. The higher protein yield corresponded to more rapid ATP consumption. However, from the ATP analysis at varied oxygen concentrations, it seemed that oxygen was not the decisive substrate for the ATP generation or consumption.
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FIGURE 3. Analysis of ATP level and ROS level in the cell-free systems under different oxygen concentrations. (A) ATP analysis of cell-free systems between different gradients of oxygen treatments (0, 21, and 100%). The ATP concentration (orange) was decreasing rapidly along with the protein synthesis (blue). The relative fluorescence was related to Figure 1B. (B) The ROS level between the oxygen of 0, 21, and 100%. With the incubation, the fluorescence rose rapidly in 21 and 100%, while little changes in 0% oxygen condition. Values were calculated as the mean of biological replicates.




Reactive Oxygen Species (ROS) Analysis

According to the analysis above, ATP was the limitation substrate in the protein synthesis in all of the oxygen level. To gain more insight into the effects of the oxygen concentration on the protein synthesis, the oxygen byproducts that might affect the protein synthesis were further analyzed. The level of ROS (reactive oxygen species, O2–, H2O2, and OH) was investigated in the oxygen-tuned cell-free system, which was considered as the metabolic intermediate of oxygen and affecting many physiological processes (Schieber and Chandel, 2014; Ezraty et al., 2017; Reichmann et al., 2018; Zhu and Dai, 2019).

The treatments of 0, 21, and 100% oxygen were chosen for the characterization, as they were representative in oxygen-tuned CFPS. The ROS levels were characterized by DCFH-DA (2,7-dichlorodihydrofluorescein diacetate). In this assay, DCFH-DA was catalyzed to DCFH (2,7-dichlorodihydrofluorescein), which could be oxidized by ROS to form fluorescent DCF (2,7-dichlorofluorescein) (Figure 3B). In this way, the ROS levels were compared by measuring the fluorescence levels of DCF (excitation at 488 nm, emission at 525 nm). Cell-free reactions with DCFH-DA were injected into the tube-in-tube reactors for incubation without fluorescent protein synthesis. Fluorescence was measured every 20 min in 2 h incubation to reflect the amount of ROS (Figure 3B). With the increase of the oxygen concentrations in the cell-free reactions, the ROS levels increased with the incubation time. It showed a low level in 0% oxygen treatment, higher in 21% oxygen treatment, and maximum in 100% oxygen treatment along with the incubation. It seemed that the fluorescence intensity was not apparent without oxygen treating, which indicated that there was little ROS generated under this condition. Compared to 0% oxygen treatment, the fluorescence in 21 and 100% increased rapidly, indicating that ROS was generated along with the reaction, which might have some harmful effects on protein synthesis.



Proteomics Analysis in Cell-Free Systems Between Different Oxygen Tension Treatments

To parameterize the protein transformation in the oxygen-tuned cell-free system, the proteomes of the CFPS system in 0, 21, and 100% after 4-h incubation were then analyzed. Each treatment was in three replicates. The analysis was completed by LC-MS/MS. Approximately 1,800–2,100 proteins were validated in each sample, and the common 1,915 proteins were identified for further analysis (Figures 4A,B). Samples in the same condition group showed high repetitive (Supplementary Figures S14–S17). A total of 52 proteins with different abundance were selected out with ANOVA (Anscombe, 1948). Most of them were related to energy metabolism, transcription, translation, and protein folding (Supplementary Figure S18).
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FIGURE 4. Proteomic analysis of the cell-free systems under different oxygen concentrations (Oxygen_0 represented the samples of cell-free reactions conducted in 0% oxygen, oxygen_21 in 21% oxygen, and oxygen_100 in 100% oxygen. Each treatment was in three replicates.). (A) The number of quantified proteins among samples. (B) Number of common and unique proteins among samples in Venn Diagram. (C,D) Volcano plot and GOCircle plot of proteins in different abundance from the comparison from 21 to 0% oxygen condition. (E,F) Volcano plot and GOCircle plot of proteins in different abundance from the comparison from 100 to 21% oxygen condition. (G,H) Volcano plot and GOCircle plot of proteins in different abundance from the comparison from 100 to 0% oxygen condition. (More details of the GOCircle annotation were shown in Supplementary Figures S23–S25).


Efficient transcription and translation were the core processes in protein synthesis. Although additional T7 operon was mainly in charge of the sfGFP synthesis in this cell-free system, the complex endogenous transcription and translation components also played an essential role (Shin and Noireaux, 2012; Garamella et al., 2016). The GO (gene ontology) analysis was used for the protein function annotation in biological process, cellular component, and molecular function. Among the identified 1,915 proteins, 812 proteins were commonly selected for further analysis. Most of them were related to energy regeneration and protein translation (Supplementary Figure S19). For biological process, it showed that 40 proteins were annotated as “translation” and 15 proteins were annotated as “protein folding,” which were enriched in cell-free systems for efficient protein synthesis. For cellular component, 62% of proteins were enriched in the term of “cytosol.” For molecular function, most proteins were considered for protein binding for ATP, RNA, NAD, ribosome, and so on (Supplementary Figure S18). From the global proteomic analysis, the cell-free system involved with sufficient transcription and translation key protein complex.

Among the oxygen treatments, 52 proteins were screened out from the samples. Among the proteins in differential abundance, most of them were related to “translation,” “rRNA binding,” and “ribosomal subunit” (Supplementary Figure S19). With the increased oxygen concentration, proteins associated with the categories mentioned above were likely to be downregulated, that there was degradation in translation-related proteins in high oxygen concentration (Figures 4C–H). Compared to 0% oxygen treatment, in the 21% treatment samples, several genes were upregulated in the term of “cytosol” (Figure 4D and Supplementary Figure S20). In particular, most of the down-regulated proteins were in terms related to “rRNA binding” and “RNA binding,” which were the key components in the translation processes. In the comparison from 100 to 21%, most proteins in the differential abundance were significantly enriched in ribonucleoprotein complex members (Figure 4F and Supplementary Figure S21), and also the proteins involved in translation. Familiar with the previous comparison, in the comparison from 100 to 0%, most proteins were also primarily enriched in ribosomal protein family as well as translation-related such as “tRNA binding” (Figure 4H and Supplementary Figure S22). According to the analysis discussed above, the higher oxygen samples showed a downregulation of translation-related proteins. Although the higher oxygen (21%) already resulted in the protein downregulation of translation-related proteins, the remaining cell-free systems were still sufficient for the protein synthesis. However, much higher oxygen (100%) would lead to further degradation that limited the protein synthesis. Therefore, the treatment by a high concentration of oxygen might lead to the degradation of translation-related proteins, which could significantly affect the CFPS processes.



CONCLUSION

The unknown behind the roles of oxygen in life continues to be a challenge for the fundamental physiological science. During the past decade, efforts made in microfluidics have demonstrated it is possible to explore the oxygen physiological effects in precise oxygen concentrations for the applications of fundamental biological or medical research. However, the ineffective methods for intracellular oxygen tension detection are still the limitations in the oxygen bioprocess analysis, mainly for the gas generation and gas concentration sensing system. To address the challenges mentioned above, an emerging tool that is recently widely used for the study of gas-liquid reactions were introduced. Without the intact cells, cell-free reactions are more likely to chemical reactions, where the substrate concentrations involved in bioprocess are concentrations in liquids, avoiding the limitation from the physical measurement.

Cell-free systems were employed for the analysis of the oxygen-tuned protein synthesis, coupled with a tube-in-tube reactor. The tube-in-tube reactor is regarded as a powerful tool for studying the gas-liquid reaction system, which allows gas to penetrate rapidly into the liquid in about 30 s. It could precisely control and alter the oxygen tension gradients. From this measurement platform, there appeared a maximum yield in the 21% oxygen condition, as the natural atmosphere condition. Meanwhile, no <4% oxygen tension can provide sufficient oxygen for the protein synthesis. Further analysis in mRNA, ATP, ROS, and proteome was conducted for the study of the internal connection between oxygen concentration and protein synthesis. The target mRNA in cell-free reactions seemed that there was little effect in low oxygen concentration (0%) but repressive in high concentration (100%) for nearly no transcription. With the protein synthesis, ATP showed a sharp degradation in the early protein synthesis process. Along with the increased oxygen concentration, ROS levels in cell-free reactions showed a related increase. Many translation-related proteins were downregulated in higher oxygen condition, which was of significant influence in protein synthesis. That is, a high concentration of oxygen seemed to result in a degradation of translational-related proteins and therefore limit the protein synthesis.

Oxygen-tuned protein synthesis machinery could synthesize proteins at a certain speed on demand by the regulation of the oxygen level. Coupled with great gas transfer performance in the tube-in-tube reactor and flexible CFPS system, this platform would be further well-adopted to explore gas-regulated biological cellular processes.
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Advancements in cell-free synthetic biology are enabling innovations in sustainable biomanufacturing, that may ultimately shift the global manufacturing paradigm toward localized and ecologically harmonized production processes. Cell-free synthetic biology strategies have been developed for the bioproduction of fine chemicals, biofuels and biological materials. Cell-free workflows typically utilize combinations of purified enzymes, cell extracts for biotransformation or cell-free protein synthesis reactions, to assemble and characterize biosynthetic pathways. Importantly, cell-free reactions can combine the advantages of chemical engineering with metabolic engineering, through the direct addition of co-factors, substrates and chemicals –including those that are cytotoxic. Cell-free synthetic biology is also amenable to automatable design cycles through which an array of biological materials and their underpinning biosynthetic pathways can be tested and optimized in parallel. Whilst challenges still remain, recent convergences between the materials sciences and these advancements in cell-free synthetic biology enable new frontiers for materials research.
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INTRODUCTION

We live in a material world (Callén Moreu and López Gómez, 2019). There are more than five trillion plastic pieces in the world’s oceans (Eriksen et al., 2014), an estimated 15 billion trees are cut down each year (Crowther et al., 2015) and global natural fiber production is estimated to have already exceeded 30 million tons per annum (Townsend and Sette, 2016). Clearly, the mass production, processing and disposal of an array of materials has significantly shaped the global ecosystem. Whilst we continue to approach irreversible climate change (Lenton et al., 2019), it is of increasing importance that positive advances in the materials sciences are balanced against any negative environmental consequences that relate to material consumption. Arguably, these challenges warrant significant shifts in the manufacturing paradigm, from global mass production to local, sustainable and personalized manufacturing strategies (Hu, 2013; Stock and Seliger, 2016; Kleer and Piller, 2019). Likewise, instead of the chemical industries, the next generation of materials may come through developments in synthetic biology, sustainable biotechnology and the burgeoning bioeconomy (Le Feuvre and Scrutton, 2018; Philp, 2018; Freemont, 2019; French, 2019).

The field of synthetic biology has emerged over the last twenty years into a highly dynamic community of interdisciplinary researchers and societal stakeholders, that are working toward the responsible development and implementation of cutting-edge biotechnologies (Cameron et al., 2014; El Karoui et al., 2019; Lai et al., 2019). Synthetic biology combines knowledge across numerous scientific disciplines including molecular biology, biochemistry, biophysics and the social sciences, whilst also integrating them within an engineering design framework (Anderson et al., 2019; Trump et al., 2019). Ultimately, the synthetic biology approach is geared toward the rational engineering or repurposing of biological parts, devices and systems into solutions that can help address societal challenges (Ausländer et al., 2017). Synthetic biologists envision a broad application space for the field and anticipate positive societal impacts in medical technologies (Pardee, 2018; Hicks et al., 2020) (e.g., biosensors and therapeutics), food security and sustainable energy (Russo et al., 2019; Roell and Zurbriggen, 2020) (e.g., biofuels and synthetic photosynthesis), bioremediation (Dvořák et al., 2017; Wan et al., 2019) (e.g., pollution monitoring and sequestration), education (Kelwick et al., 2015a; Huang et al., 2018; Dy et al., 2019) (e.g., iGEM competition) and biomanufacturing (Le Feuvre and Scrutton, 2018; Choi K.R. et al., 2019; Gilbert and Ellis, 2019; Roberts et al., 2019) (e.g., fine chemicals and materials production).

However, biological systems are highly complex and initial attempts at engineering biological systems to fulfill specific application goals, are often only partially successful. To help overcome these challenges, synthetic biology employs the concept of the design-cycle, through which biotechnologies are iteratively designed, built and tested (Arpino et al., 2013; Church et al., 2014; Kelwick et al., 2014). Learning how to improve a biological system may require multiple attempts, which could be made easier by more rapid and systematic workflows. One potential solution is to utilize cell-free synthetic biology for rapid prototyping (Moore et al., 2017b; Kelwick et al., 2018). Typically, cell-free reactions make use of isolated cellular components and machinery (e.g., ribosomes and recombinant proteins), rather than live whole-cells. Whilst, some cell-free reaction components may be cell-derived (e.g., cell extracts), once prepared, cell-free workflows can be completed within hours (Chappell et al., 2013). In contrast, typical whole-cell experiments may involve several days or weeks of delays that are associated with plasmid cloning, transformation and cell growth (Sun et al., 2014). Furthermore, cell-free reactions are accessible and can combine the advantages of chemical engineering with metabolic engineering, through the direct addition of enzyme co-factors, substrates and chemicals – including those that are cytotoxic (Dudley et al., 2015; Karim and Jewett, 2016; Kay and Jewett, 2020). These advantages are increasingly being exploited for cell-free applications including biopart prototyping, cell-free metabolic engineering, medical or environmental biosensors and on-demand therapeutics production (Kightlinger et al., 2019; Silverman et al., 2019). Based upon an expanding repertoire of examples in the literature, we envision that biological materials and bio-functionalized smart materials are the next frontier for cell-free synthetic biology (Table 1). To this end, this review will introduce key concepts and recent developments in cell-free synthetic biology, with a focus on examples relevant to the materials sciences. Examples will be given of industrially and societally important biological materials that have been generated using cell-free synthetic biology. Cell-free synthetic biology can also be utilized to bio-functionalize materials, which may further enable the emergence of new types of smart materials. This review will also explore future trends and challenges in cell-free synthetic biology and speculate on their potential impact on biological materials of the future.


TABLE 1. Cell-free strategies for biological material biomanufacturing or material bio-functionalization.
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CELL-FREE SYNTHETIC BIOLOGY REACTION FORMATS AND STRATEGIES

Cell-free synthetic biology is a broad term that encompasses many different in vitro biotechnologies. Broadly, the term cell-free synthetic biology refers to different methods and technologies for engineering or using biological processes outside of a cell. For example, cell-free protein synthesis reactions enable the production of proteins within biochemical reactions. Thus, cell-free reactions typically make use of isolated cellular components (e.g., recombinant proteins) and/or cell extracts, rather than live whole-cells. In the context of this review four commonly used cell-free reaction formats will be discussed (Figure 1). We describe these cell-free reaction formats as either (i) recombinant enzyme-based, (ii) protein synthesis using recombinant elements (PURE)-based cell-free protein synthesis, (iii) wildtype and/or engineered cell extract biotransformation or (iv) cell extract-based cell-free protein synthesis.
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FIGURE 1. Cell-free synthetic biology reaction formats and strategies. (i) Recombinant enzymes can be mixed together along with enzyme co-factors and substrates to form biosynthetic pathways. (ii) The PURE cell-free protein synthesis system utilizes reconstituted Escherichia coli transcription and translation machinery, DNA templates, purified enzymes and other factors. (iii) Cell extracts from lysed wildtype or engineered cells can be mixed together along with enzyme co-factors and substrates to form biosynthetic pathways. (iv) Cell extract-based cell-free protein synthesis reactions utilize the transcription and translation machinery within cell lysates, along with exogenously added energy mix components (e.g., amino acids) and DNA templates for in vitro protein production.


Recombinant enzyme-based reaction formats utilize purified enzymes, along with any required co-factors and pathway substrates, to produce fine chemicals, polymer monomers or other molecules of interest. The PURE-based cell-free protein synthesis format reconstitutes the transcription and translation machinery from Escherichia coli using purified histidine (His)-tagged proteins (Shimizu et al., 2001, 2005). In this reaction format, the exact components are known, including the co-factors, substrates and energy mixes. Since PURE reaction components are known they can be standardized and rationally optimized. However, PURE cell-free reactions typically produce lower protein yields than cell-free protein synthesis reactions that use E. coli extracts (Shimizu et al., 2005). The third cell-free reaction format uses cell extracts from lysed wildtype and/or engineered cells, which can be mixed together along with relevant required enzyme co-factors and substrates to form multicomponent biosynthetic pathways. Finally, the last format, cell extract-based cell-free protein synthesis (CFPS), uses the transcription and translation machinery from lysed cells, along with added co-factors and energy mixes to produce proteins in vitro. Cellular extract-based cell-free reactions use the host cells native transcription and translation machinery as well as other metabolic components, including energy providing enzymes such as those involved in glycolysis and the Krebs cycle, which are released when the cells are lysed either mechanically (French pressure cell press), by sonication or osmotically (Gregorio et al., 2019). These reactions were originally developed as experimental tools to enable the fundamental understanding of aspects of cellular biochemistry, molecular biology and in vitro production of various proteins of interest (Gagoski et al., 2016). A range of different host cells have been used to develop these reactions, including bacteria such as Bacillus subtilis (Kelwick et al., 2016), Streptomyces venezuelae (Moore et al., 2017a; Li et al., 2018) and E. coli (Sun et al., 2013) as well as insect (Ezure et al., 2006), wheat germ (Harbers, 2014), yeast (Hodgman and Jewett, 2013; Aw and Polizzi, 2019), protozoans such as Leishmania tarentolae (Mureev et al., 2009; Kovtun et al., 2010, 2011) and mammalian cells (Weber et al., 1975; Martin et al., 2017).

It is important to note that these different cell-free reaction formats are not mutually exclusive and can be combined together. Recombinant enzymes or small molecule substrates can also be added into cell-free protein synthesis reactions to complete biosynthetic pathways, or to use exogenous chemistries within the reaction. It is this flexibility that we envision being particularly useful in terms of exploring how cell-free reactions could create novel types of biological materials or bio-functionalized smart materials. In the following sections we discuss exemplars where cell-free synthetic reactions have been utilized to prototype, manufacture or bio-functionalize, biological materials (Table 1).



CELL-FREE STRATEGIES FOR SUSTAINABLE MATERIALS BIOMANUFACTURING

Living cells and organisms have evolved highly complex enzymes and metabolic processes that generate extremely diverse biochemistries. Exploring these natural biochemistries may lead to important foundational advances in our understanding of natural product synthesis. Foundational discoveries in functional genomics, cellular metabolism and natural product synthesis are also important, because they might inspire novel biosynthetic pathway designs for biological materials production. In synthetic biology, cell-free metabolic engineering (CF-ME) approaches can reconstitute entire biosynthetic pathways using either cell extracts from diverse species, engineered cells and/or cell-free synthesized recombinant enzymes (Karim and Jewett, 2018; Martin et al., 2018; Yim et al., 2019; Bowie et al., 2020) (Figure 1). Also, cell-free protein synthesis and cell extract biotransformation reactions can be combined to create more complex cell-free reactions (Karim and Jewett, 2018; Kelwick et al., 2018). Another important advantage in using cell-free approaches is that pathway reaction bottlenecks can be identified, through the direct addition of the required recombinant enzymes, enzyme co-factors or chemical substrates needed for each stage of a biosynthetic pathway (Dudley et al., 2015). Increasingly sophisticated combinatorial CF-ME strategies, together with high-throughput automation, deep data omics and design of experiments (DoE) approaches to cell-free reaction optimization have been deployed (Caschera et al., 2018; Jiang et al., 2018; Dopp et al., 2019). These advancements have considerably improved the feasibility of refactoring and optimizing fine chemical or natural product biosynthetic pathways within short timeframes (Dudley et al., 2015; Korman et al., 2017; Moore et al., 2017a; Wilding et al., 2018).

Cell-free synthetic biology approaches have also been directed toward the de novo bioproduction of biological materials, including biopolymers or their monomers, cellulosic materials and nanoparticles (Table 1). However, the maximum cell-free bioproduction yields or reaction efficiencies of several reported materials were generally low or unspecified. Examples of cell-free produced materials and their reported maximum production yields and reaction efficiencies include bio-cellulose (3.726 ± 0.05 g/L; 57.68%) (Ullah et al., 2015), chitin (yields not stated) (Jaworski et al., 1963; Endoh et al., 2006), lactic acid (6.6 ± 0.1 mM; 47.4 ± 3.9%) (Kopp et al., 2019), gold nanoparticles (yields not stated) (Chauhan et al., 2011; Krishnan et al., 2016), (R)-3-hydroxybutyrate-CoA (32.87 ± 6.58 μM) (Kelwick et al., 2018), silver nanoparticles (yields not specified) (Costa Silva et al., 2017) and silk fibroin (yields not specified) (Greene et al., 1975; Lizardi et al., 1979). Poor cell-free production yields and efficiencies can be due to a variety of factors including rapid depletion of reaction energy mix components (e.g., ATP, amino acids), the formation of inhibitory waste products (e.g., inorganic phosphates) or unwanted side reactions that divert reaction fluxes away from desirable pathways (Caschera and Noireaux, 2014). Because of these limitations, cell-free synthetic biology may not be an ideal production method for some biological materials. Nevertheless, whilst actual cell-free material production yields can be relatively low, these approaches are still beneficial for prototyping different biosynthetic pathways, substrates or reaction conditions to boost both in vitro and whole-cell production yields. An exemplar is the use of cell-free assays to characterize polyhydroxyalkanoates (PHAs) biosynthetic pathways from phaCAB operons that also enhanced in vivo PHAs production (Kelwick et al., 2018). Furthermore, the same study also demonstrated that the cell-extract biotransformation of whey permeate into 3-hydroxybutyrate (3HB), could be simultaneously coupled with the cell-free protein synthesis of a potential Acetyl-CoA recycling enzyme (Kelwick et al., 2018). Thus, highlighting that combinatorial cell-free reaction formats can be a useful strategy for bioplastic pathway prototyping and optimization.

Interestingly, in some cases, cell-free bioproduction may actually be a more desirable manufacturing route. For instance, several in vitro gold or silver nanoparticle production studies reported desirable nanoparticle characteristics (e.g., size/zeta potential) and/or easier purification protocols within cell-free bioproduction reactions than whole-cell production methods (Krishnan et al., 2016; Costa Silva et al., 2017). Cell-free bioproduction can also be carried out at industrially relevant scales, as illustrated by Sutro biopharma who have developed a highly scalable good manufacturing practices (GMP)-compliant cell-free protein synthesis platform, for producing therapeutic proteins within 100 L bioreactor reaction volumes (Zawada et al., 2011). For cell-free materials production, a highly efficient synthetic biochemistry module was developed to convert glucose into bio-based chemicals, including the PHA bioplastic monomer polyhydroxybutyrate (PHB) (Opgenorth et al., 2016). To achieve this, purified recombinant enzymes were used to reconstitute core elements of the pentose, bifido, glycolysis and PHB pathways (Opgenorth et al., 2016). Cell-free PHB production yields (40 g/L) and efficiencies (90%) were impressive and are promisingly close to industrially attractive scales (Opgenorth et al., 2016). These improvements in PHB production are also welcome since PHB, as well as other PHAs biopolymers, are biodegradable and can potentially be used as ‘drop-in’ replacements for oil-derived plastics (e.g., food packaging) or as biomaterials for tissue engineering (Choi S.Y. et al., 2019; Tarrahi et al., 2020). PHAs are also an interesting example because of their industrial importance and the diversity of cell-free strategies that have been applied to PHAs research (Table 1). Building upon these examples, CFME approaches could be used to explore a greater diversity of PHAs biopolymers given that PHA biopolymers can be composed of a variety of different wildtype and/or synthetic monomers (∼160 different monomers exist) to create complex co-polymers, with an array of material characteristics (Choi S.Y. et al., 2019). Future cell-free synthetic biology explorations of PHAs are likely to unlock novel PHAs biopolymers with unique characteristics (Chen and Hajnal, 2015) and therefore, accelerate bioplastic materials development.

Microbial (in vivo) PHAs production has been commercially manufactured at industrial scales over the last several decades. Unfortunately, the commercial impact of PHA-based bioplastics has been historically prohibited by their higher production costs than oil-derived plastics (Chen et al., 2020). However, more efficient PHAs production processes have been devised through the rational design of phaCAB biosynthetic pathways (Hiroe et al., 2012; Kelwick et al., 2015b; Li et al., 2016; Tao et al., 2017; Zhang X. et al., 2019), key metabolite recycling processes (e.g., Acetyl-CoA) (Matsumoto et al., 2013; Beckers et al., 2016), alternative microbial production hosts (e.g., Halomonas sp., Tan et al., 2011) and the use of industrially sourced, low-cost feedstocks (e.g., whey permeate) (Wong and Lee, 1998; Ahn et al., 2000; Kim, 2000; Nikel et al., 2006; Cui et al., 2016; Nielsen et al., 2017). Interestingly, several of these microbial PHAs production strategies are also compatible with cell-free synthetic biology reactions. In particular, using locally sourced, low-cost feedstocks (e.g., whey permeate) may help to make cell-extract based PHAs production more economically viable (Kelwick et al., 2018). A similar approach has already been piloted for cell-free lactic acid production from spent coffee grounds (Kopp et al., 2019) and could become a generalized strategy for sustainable cell-free materials bioproduction (Figure 2). We would argue that combining cell-free extracts with local feedstocks enables immediate access to highly diverse cellular biochemistries and low-cost substrates (e.g., waste feedstocks), that could potentially be used for the sustainable biomanufacturing of a diverse array of biological materials (Yan and Fong, 2015; Le Feuvre and Scrutton, 2018). Furthermore, just as lyophilized cell-free reactions enable the on-demand production of biotherapeutics (Pardee et al., 2016b), we likewise envision that cell-free reactions might one day lead to rapid and distributed, on-demand biological materials production or bio-functionalization.
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FIGURE 2. Sustainable cell-free biomanufacturing of biological materials. Schematic depicts the local, on-demand cell-free mediated, biomanufacturing of biological materials. Local feedstocks can potentially be utilized as replacements for expensive reaction energy mix components, or to provide the enzymatic co-factors and biosynthetic pathway substrates that are required to produce biological materials of interest.




CELL-FREE MATERIAL bio-FUNCTIONALIZATION AND BIOMIMETICS

Cell-free systems are still being applied to understand the foundational principles and molecular mechanisms of transcription and translation (Hecht et al., 2017; Borkowski et al., 2018). Unlocking these principles can also potentially identify novel strategies to enhance in vitro protein production, which continues to be a core application for cell-free synthetic biology (Gagoski et al., 2016; Khambhati et al., 2019). Simplified or improved cell-free methodologies (Sun et al., 2013; Kwon and Jewett, 2015; Krinsky et al., 2016; Katsura et al., 2017; Lavickova and Maerkl, 2019), coupled with lower-cost and rationally optimized cell-free reaction energy mixes (Cai et al., 2015), has enabled the implementation of in vitro therapeutic protein production at industrial scales (Ogonah et al., 2017; Garenne and Noireaux, 2019). Interestingly, the integration of cell-free reactions within materials can also enhance cell-free protein synthesis yields. For instance, the Luo group has developed the protein-producing gel (P-gel) platform, which integrates protein-producing cell-free reactions within enzyme-catalyzed, 3D DNA hydrogel matrices (Park et al., 2009a). P-gels have been used to produce a panel of model proteins including green fluorescent protein (GFP), chloramphenicol acetyltransferase (CAT) and Renilla reniformis luciferase protein (Park et al., 2009a, b). Optimized P-gels reportedly generated between 1.87 and 5 mg/ml–1 of functional luciferase protein, which was significantly higher (>90-fold) than comparative, standard liquid-format cell-free reactions (Park et al., 2009a, b). However, the authors compared P-gels against linear DNA templates within standard, liquid-format cell-free reactions. In comparison to plasmid DNA, linear DNA fragments can be relatively unstable in cell-free reactions and this instability can result in relatively low cell-free protein production yields (Chappell et al., 2013; Sun et al., 2014). Nevertheless, the P-gel platform is potentially a flexible and versatile platform for cell-free protein production. Furthermore, P-gel droplets can also be rapidly fabricated using microfluidics – thus making scale-up more feasible (Ruiz et al., 2012). In a separate study, a microfluidic fabrication strategy has been developed to embed cell-free protein synthesis reactions within clay microgels that could produce >1 mg/ml of GFP protein (Jiao et al., 2018). Importantly, P-gels and clay microgels illustrate that the cell-free functionalization of materials can lead to novel approaches for protein biomanufacturing.

Combining cell-free synthetic biology with materials can also be important for other applications. For example, by combining the cell-free protein synthesis of membrane proteins with liposomes or nanodiscs can potentially facilitate the production and stable integration of membrane proteins within lipid bilayers – thus enabling structure-function studies or drug discovery applications (Shinoda et al., 2016; Gessesse et al., 2018; Shelby et al., 2019). In a separate study, the Schekman group recreated aspects of exosome biogenesis in vitro, by using cell-free reactions to examine exosome membrane protein topology and exosome-associated miRNA sorting (Shurtleff et al., 2016). These cell-free approaches also enable directed membrane functionalization - potentially leading to rationally engineered protocells and designer exosomes. Combining cell-free synthetic biology with materials has led to the bottom-up engineering of biomimetics, including synthetic protocells (Shin and Noireaux, 2012; Huang et al., 2013; Garamella et al., 2016; Dubuc et al., 2019; Yue et al., 2019), entire phages (Rustad et al., 2018) and more recently, a partially self-replicating in vitro translation system was reported that functions by activating a 116 kb genome and is an important step toward a living, synthetic cell (Libicher et al., 2020).



CELL-FREE SYNTHETIC BIOLOGY ENABLED SMART MATERIALS

Cell-free synthetic biology reactions also enable smart materials and biosensor applications. Cell-free synthetic biology reactions can be programmed with plasmid-encoded gene circuits, lyophilized and embedded within paper (Pardee et al., 2014, 2016a; Smith and Berkheimer, 2014; Pardee, 2018), as well as potentially other materials such P-gels or clay microgels. Cell-free paper-based biosensors can be activated, post-lyophilization, using water or liquid samples and have been shown to maintain activity even after several months of storage at room temperature (Pardee et al., 2014; Smith and Berkheimer, 2014). Once activated, these paper-based cell-free reactions enable in vitro biosensor applications where these cell-free reactions are programmed to generate detectable signal outputs in response to the presence of relevant molecules (e.g., Mercury) or disease biomarkers (Lee and Kim, 2019; Silverman et al., 2019). Beneficially, these cell-free smart materials also provide greater flexibilities in terms of their usage beyond the laboratory and outside in the field (Pardee et al., 2016a, b). The complexity of synthetic biology genetic circuits and the strategies used to devise them has increased significantly in recent years (Nielsen et al., 2016; Grunberg and Del Vecchio, 2020). This has resulted in the development of an array of cell-free compatible genetic circuits that incorporate a variety of different regulatory elements that are applicable to different biosensing applications. For example, cell-free compatible gene networks can be transcription-based such that the presence of a small molecule induces reporter gene expression, through binding to, and activation or repression of, a transcriptional regulator. These types of transcriptional gene circuits have been used to develop cell-free biosensors for detecting heavy metals (Gräwe et al., 2019; Gupta et al., 2019), a date-rape drug (Gräwe et al., 2019), metabolites (Voyvodic et al., 2019) and quorum sensing molecules from Pseudomonas aeruginosa-infected respiratory samples (Wen et al., 2017). Small molecules can also regulate transcription by binding to endogenous or engineered RNA aptamer-regions within 5′ untranslated (UTR) mRNA regions – termed riboswitches. Small molecule binding to the riboswitch facilitates the emergence of stable RNA structures that permit continued reporter gene transcription. Small molecules can regulate translation via a different mechanism, whereby binding of the small molecule to the riboswitch influences the mRNA structure such that it occludes ribosome binding and downstream translation (Nahvi et al., 2002). Utilizing these principles a cell-free biosensor was developed that exploits a riboswitch to detect environmental fluoride (Thavarajah et al., 2020). Cell-free biosensors can also utilize toeholds to detect RNAs (e.g., viral RNA). Essentially, toehold aptamers function in a similar way to riboswitches except that the presence of a complementary RNA is responsible for a conformational change in the mRNA that enables ribosome access and reporter protein translation (Figure 3). Engineered cell-free toehold biosensors can also differentiate between different Ebola (Pardee et al., 2014) and Zika (Pardee et al., 2016a) strains. Conceivably, RNA aptamer-based approaches could be adapted to detect Coronaviruses such as SARS-CoV and 2019 n-CoV (Ahn et al., 2009). Indeed, the 2020 COVID-19 pandemic might be a catalyst for the development of cell-free viral biosensors and the accompanying clinical studies that will be required for comparative testing against existing technologies (e.g., quantitative reverse transcription polymerase chain reaction, RT-qPCR) (Liu et al., 2020). Post-translational cell-free biosensors have also been developed to detect glucose. In this example, cell-free protein synthesis was used to produce fusion protein pairs that elicit changes in Fluorescence Resonance Energy Transfer (FRET) signals in response to bound glucose (Pardee et al., 2014). Furthermore, purified fusion proteins can also enable other types of smart material applications. For instance, Wagner et al. (2019) developed information-processing materials that function by using protease-based signal-amplifying cascades, that integrate both proteolytic activities and ligand-receptor sensing within its logic circuits. As an exemplar, the same authors reported on the development of smart materials, inspired by synthetic biology logic circuits, that can detect novobiocin antibiotics (Wagner et al., 2019). These, as well as many other transcriptional and translational regulatory mechanisms can be combined into highly complex cell-free executable circuit designs (Jeong et al., 2019). Therefore, it is conceivable that these studies might inspire future efforts to embed cell-free executable logic circuits within a broad array of synthetic biology-based smart materials.
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FIGURE 3. Cell-free synthetic biology-based material functionalization. Schematic depicts examples of materials that have been bio-functionalized using cell-free protein synthesis (CFPS) reactions.




AUTOMATED DESIGN-CYCLES FOR CELL-FREE BIOLOGICAL MATERIALS

An important future trend in synthetic biology is the maturation of rational, engineering-led strategies for designing and implementing complex biological systems. Essentially, the field of synthetic biology envisions a future where model-guided, forward-engineering strategies will be routinely used to iterate design-build-test-learn cycles toward the final biotechnology production and application (Kelwick et al., 2014; Bultelle et al., 2016; Misirli et al., 2019). However, the scale of experiments needed to realize this vision may require continued advancements in synthetic biology machine-learning strategies, coupled with automation equipment (e.g., liquid handling robots) (Bultelle et al., 2016; Rajakumar et al., 2019). Indeed, automation capabilities can greatly expand the scale, sophistication and scope of synthetic biology design cycles (Kelwick et al., 2014; Carbonell et al., 2019; El Karoui et al., 2019; Hillson et al., 2019; Jessop-Fabre and Sonnenschein, 2019). Co-ordinated efforts toward improving inter-laboratory data reproducibility, standardizing experimental metrology and an emphasis on industrially scalable biotechnology are also driving the adoption of automation in synthetic biology workflows (Kelly et al., 2009; Beal et al., 2016, 2018a,b; de Lorenzo and Schmidt, 2018; Carbonell et al., 2019; Exley et al., 2019). In a broader sense, automation is also becoming more accessible through reductions in gene synthesis costs (Carlson, 2014), advancements in automated DNA assembly protocols (Kanigowska et al., 2016; Rajakumar et al., 2019; Storch et al., 2019; Walsh et al., 2019), rapid mass spectrometry of complex biological samples (Gowers et al., 2019; Miguez et al., 2019; O’Kane et al., 2019) and through the emergence of academic biofoundries (Chambers et al., 2016; Hillson et al., 2019).

Cell-free prototyping strategies can be readily integrated into design-cycles, including those applications that are intended to be functional in living cells (in vivo). Several studies have described comparability between DNA regulatory elements and genetic circuits tested in vitro (cell-free) and in vivo (whole-cells) across several model (e.g., E. coli, Bacillus subtilis) (Chappell et al., 2013; Sun et al., 2014; Kelwick et al., 2016) and non-model (e.g., Bacillus megaterium, Vibrio natriegens) (Failmezger et al., 2018; Moore et al., 2018) organisms. Thus, cell-free rapid prototyping strategies can also be applied to speed up the development of in vivo (whole-cell) applications. Cell-free workflows are also amenable to automation. Indeed, several studies have successfully utilized acoustic liquid handling robots to rapidly setup large-scale, low-volume (≤10 μl) prototyping cell-free reactions in a 384 well plate format (Moore et al., 2018; Kopniczky et al., 2020). Microfluidic (Swank et al., 2019), droplet array (Zhang Y. et al., 2019) or multiplex (Yim et al., 2019) strategies have also been used to enable high-throughput cell-free experiments. These approaches enable the testing of large numbers of regulatory elements or enzymes, which could potentially inform material biosynthetic pathway optimization. Conceivably, cell-free optimized material biosynthetic pathways could also be implemented within in vivo production strategies (e.g., microbial cell factories). These data sets also enable accompanying quantitative modeling that can potentially predict unknown model parameters, such as transcription factor binding affinities or cell-free energy utilization (Bujara and Panke, 2012; Moore et al., 2018). These data can potentially be entered into biopart data repositories (Ham et al., 2012; Bultelle et al., 2016; McLaughlin et al., 2018) for use in machine learning-enhanced design of experiments (DoE) approaches, to speed up materials development (Liu et al., 2017; Exley et al., 2019; Madsen et al., 2019). High-throughput cell-free experiments can also tease apart where cell-free reactions are fundamentally different to native intracellular environments. Molecular crowding, metabolic fluxes, co-factor regeneration rates and other biophysiochemical characteristics may all differ between cell-free reactions and in vivo (whole-cell) contexts. Also, cell extract processing breaks down cellular organelles and other intracellular compartments, thus perturbing native biomolecule localization. Yet, despite these potential limitations complex genetic circuits (e.g., oscillators), that are functional in vivo, have been prototyped using cell-free forward-engineering design cycles (Niederholtmeyer et al., 2015). This review has also explored several other examples where cell-free approaches have been used to produce or bio-functionalize materials (Table 1). It is therefore conceivable, that cell-free synthetic biology design-cycles may strengthen future efforts to accelerate the development of an array of bio-functionalized smart materials (Figure 4).


[image: image]

FIGURE 4. Automated cell-free design-cycles for biological materials development. Schematic depicts a cell-free design-cycle for prototyping or biomanufacturing biological materials. Firstly, cell-free reactions are designed and then setup using liquid handling robots. Secondly, these cell-free reactions are incubated in an array of reaction formats including batch or continuous feed, at a range of scales (μl to L). Thirdly, cell-free reactions and biological materials are assayed and characterized. Finally, these data inform cell-free reaction models (e.g., metabolic flux models) or material quality control benchmarks that ultimately inform the next iteration of biosynthetic pathways and cell-free reaction parameters to be tested. Sophisticated design-cycle workflows may also utilize machine learning and design-of-experiment (DOE) approaches, to rationally iterate design cycles toward the desired biological material.




SUMMARY AND OUTLOOK

In an era of extreme climate events there is an increasing global consensus to collectively implement more sustainable and carbon-neutral policies (Gills and Morgan, 2019). However, there continues to be an insatiable global demand for materials and the natural resources that are used to manufacture them. These activities have, however, negatively impacted the global ecosystem through for example deforestation, industrial pollution and biodiversity destruction. To partially address some of these challenges, there is increasing support for more locally based bioeconomies underpinned by sustainable practices. Cell-free biomanufacturing could have an important role in the emerging bioeconomy by enabling biological materials to be produced locally, on-demand and more sustainably from waste feedstocks (e.g., whey permeate). Furthermore, centrally produced cell-free reaction components can be lyophilized and then distributed to different geographical locations (Pardee et al., 2016b). Once distributed, these cell-free reactions could potentially make use of highly customized DNA-encoded biosynthetic operons to produce personalized materials that suit local needs. Conceivably, these cell-free produced biological materials could be fabricated using synthetic biochemistries [e.g., unnatural amino acids (Martin et al., 2018; Des Soye et al., 2019; Gao et al., 2019) and xeno nucleic acids (Glasscock et al., 2016; Hu et al., 2019)], mixed cell extracts from diverse bacterial species (Yim et al., 2019), or de novo biological components [e.g., engineered ribosomes (Caschera et al., 2018; d’Aquino et al., 2020) and rationally designed proteins (Huang et al., 2016; Rolf et al., 2019)]. These synthetic components might confer cell-free produced materials with unique physical characteristics or other attributes that are not typically associated with natural fibers. Likewise, we envision that future cell-free materials will have integrated smart-features including biosensing capabilities, the ability to change material properties in response to specific stimuli or self-healing capabilities when damaged. Such capabilities may require further advancements in cell-free genetic circuits and the methods used to embed them within different materials.

A panoply of recent examples, including those discussed in this review, are indicative that biological materials are the next frontier for cell-free synthetic biology – but challenges remain. A deeper understanding of the compositions and biochemical activities of processed cell extracts and cell-free reactions are needed (Foshag et al., 2018) to mitigate cell-free extract batch variability and increase protein synthesis yields. Compounding these challenges are the need for improved cell-free metrology and cell-free biomanufacturing quality control standards, which are especially important for industrial applications (de Lorenzo and Schmidt, 2018). Equally, the acceptability of cell-free produced biological materials may need to be considered through stakeholder engagement, consumer awareness activities and through, where necessary, the establishment of specialist recycling/waste management infrastructure. The scalability of cell free reactions to industrial manufacturing is also extremely challenging. Despite these challenges, Genomatica, Greenlight Biosciences, Sutro Biopharma, Tierra Biosciences and other companies have already successfully developed scalable cell-free synthetic biology platforms that have at least pilot tested materials production (e.g., Genomatica’s cell-free platform produces polymer chemicals including 1,4-butanediol). In addition, the synthetic biology companies Bolt Threads, Spiber, Colorifix, and Ginkgo Bioworks are also working toward a future sustainable fashion industry. Bolt Threads produce spinnable recombinant spider silk in yeast and are also developing scalable biomanufacturing processes for mushroom-based leather. Spiber are also producing recombinant silk, as well as other synthetic protein materials. Both Bolt Threads and Spiber have successfully manufactured pilot batches of clothing products for a future sustainable fashion industry. Colorifix have developed a biological textile dye process that is designed to be less polluting than traditional chemical methods. Meanwhile, Ginkgo Bioworks have made significant investments into their organism-engineering foundry to support an array of manufacturing applications – including the production of materials. Ginkgo Bioworks also occasionally uses cell-free metabolic engineering strategies within its innovation pipelines.

In summary, cell-free synthetic biology is a powerful, highly customizable and promising biotechnology that is beginning to have a positive impact on the industrialization of sustainable materials production. Importantly, synthetic biology companies continue to champion interdisciplinary collaborations with designers and materials scientists as part of the development process. We envision that a continuation of these trends will result in a new frontier for sustainable cell-free materials production and the growing bioeconomy.
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In recent years, cell-free protein synthesis (CFPS) systems have been used to synthesize proteins, prototype genetic elements, manufacture chemicals, and diagnose diseases. These exciting, novel applications lead to a new wave of interest in the development of new CFPS systems that are derived from prokaryotic and eukaryotic organisms. The eukaryotic Pichia pastoris is emerging as a robust chassis host for recombinant protein production. To expand the current CFPS repertoire, we report here the development and optimization of a eukaryotic CFPS system, which is derived from a protease-deficient strain P. pastoris SMD1163. By developing a simple crude extract preparation protocol and optimizing CFPS reaction conditions, we were able to achieve superfolder green fluorescent protein (sfGFP) yields of 50.16 ± 7.49 μg/ml in 5 h batch reactions. Our newly developed P. pastoris CFPS system fits to the range of the productivity achieved by other eukaryotic CFPS platforms, normally ranging from several to tens of micrograms protein per milliliter in batch mode reactions. Looking forward, we believe that our P. pastoris CFPS system will not only expand the CFPS toolbox for synthetic biology applications, but also provide a novel platform for cost-effective, high-yielding production of complex proteins that need post-translational modification and functionalization.
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INTRODUCTION

Cell-free protein synthesis (CFPS) systems are emerging as effective platforms for in vitro synthetic biology and biotechnology applications from fundamental research to biomanufacturing (Carlson et al., 2012; Bundy et al., 2018; Li et al., 2018b; Swartz, 2018; Khambhati et al., 2019; Liu et al., 2019; Silverman et al., 2020). Such platforms separate the cell growth and the protein synthesis into two stages, which can alleviate the cell's metabolic burden and enhance the productivity. Due to the open nature of CFPS, cell-free reactions can bypass limitations on mass transfer and are more tolerant of toxic protein products. Additionally, the process of CFPS without cell walls can be easily manipulated, controlled, and optimized. Therefore, CFPS systems have recently attracted considerable attention as a robust approach for the production of various proteins, for example, membrane proteins (Henrich et al., 2015; Sonnabend et al., 2017), therapeutic proteins (Min et al., 2016; Wilding et al., 2019), unnatural amino acid modified proteins (Martin et al., 2018; Gao et al., 2019), and difficult-to-express proteins (Li et al., 2016; Jin and Hong, 2018). With the advances of synthetic biology, CFPS technology has also been used to construct protein-based biosensors (Pardee et al., 2016; Thavarajah et al., 2020), metabolic pathways (Goering et al., 2017; Zhuang et al., 2020), high-throughput screening platforms (Sawasaki et al., 2002; Swank et al., 2019), bottom-up synthetic cells (Karzbrun et al., 2014; van Nies et al., 2018), and classroom education kits (Huang et al., 2018; Stark et al., 2018), among others.

Due to the aforementioned emerging applications of CFPS systems, many previous efforts have been focused on the optimization and enhancement of a selected few model systems like the Escherichia coli and wheat germ platforms (Carlson et al., 2012; Perez et al., 2016). Unfortunately, these well-developed CFPS systems may have their own disadvantages and drawbacks such as the lack of post-translational modifications (e.g., glycosylation), incorrect protein folding without suitable chaperones, and low protein yields (Zemella et al., 2015). In order to tackle these problems, several new CFPS systems have recently been developed to better mimic the physicochemical environment of native hosts for synthetic biology and biotechnology applications. However, the newly developed CFPS systems are mainly derived from prokaryotic microorganisms, including some from Streptomyces species (Li et al., 2017, 2018a; Moore et al., 2017), Bacillus subtilis (Kelwick et al., 2016), Pseudomonas putida (Wang et al., 2018), and Vibrio natriegens (Des Soye et al., 2018; Failmezger et al., 2018; Wiegand et al., 2018). Although a couple of eukaryote-based CFPS systems are available, they are mostly prepared from plant (e.g., wheat germ), insect (e.g., Spodoptera frugiperda), and mammalian (e.g., Chinese hamster ovary, CHO) cells (Tarui et al., 2001; Takai et al., 2010; Brödel et al., 2014), which often need laborious and expensive cell extract preparation approaches. For example, it takes 4–5 days to prepare wheat germ extracts (ca. 5 ml) from 5 to 6 kg seeds with the steps of grinding, sieving, extensive washing, and eye selection of the embryo particles (Takai et al., 2010). To date, only a few eukaryotic microorganisms (e.g., Saccharomyces cerevisiae), which can be easily cultivated in the laboratory, have been used to develop eukaryotic CFPS platforms (Hodgman and Jewett, 2013; Gan and Jewett, 2014). Despite its success, the protein yield of the S. cerevisiae-based CFPS system is relatively low (<10 μg protein/ml) (Hodgman and Jewett, 2013). Therefore, it is highly desirable to develop more eukaryotic microorganism-based CFPS systems to expand the protein expression toolkit for the rapid synthesis, study, and engineering of proteins.

The methylotrophic yeast Pichia pastoris, a generally recognized as safe (GRAS) eukaryotic microorganism, has emerged as a reliable and robust chassis host for biotechnological applications in both laboratory and industry (Bill, 2014). Specifically, P. pastoris has been well-documented as a cell factory to produce recombinant products such as therapeutic proteins, industrial enzymes, and antimicrobial peptides (Ahmad et al., 2014; Kim et al., 2015; Peña et al., 2018; Yang and Zhang, 2018). The use of P. pastoris as an attractive expression system is largely due to its rapid growth on simple media (Darby et al., 2012), readily genetic manipulation tools (e.g., CRISPR-Cas technology) (Raschmanová et al., 2018), and proper eukaryotic post-translational modifications (e.g., humanized N-linked glycosylation) (Hamilton et al., 2006). In addition, the genome sequence of P. pastoris is available (De Schutter et al., 2009), which provides more opportunities to engineer the organism for desired goals (Peña et al., 2018; Yang and Zhang, 2018). For example, disruption of protease genes in P. pastoris generates protease-deficient strains that can prevent recombinant protein degradation and thus increase the product yield (Gleeson et al., 1998; Ni et al., 2008; Wu et al., 2013).

In this work, we aim to establish a eukaryotic microorganism-based CFPS system that is derived from a protease-deficient yeast strain P. pastoris SMD1163. After showing the baseline ability to synthesize a reporter protein, we set out to investigate cell lysis procedures to obtain highly active cell extracts, which contain the necessary catalytic components for transcription, translation, and protein folding (e.g., aminoacyl-tRNA synthetases, ribosomes, elongation factors, chaperones, etc.). Then, we assessed the effect of cultivation time, energy conditions, and other physicochemical parameters on protein synthesis yields. Finally, we achieved a ~55-fold increase in protein yields as compared to the initial yield of 0.91 ± 0.12 μg/ml. This work establishes a robust and easy to use eukaryotic CFPS system, which we anticipate that it will serve as an alternative platform for the synthesis of “difficult-to-express” proteins that need, for example, glycosylation, as well as for broad synthetic biology applications.



MATERIALS AND METHODS


Strains and Culture Medium

The protease-deficient yeast strain P. pastoris SMD1163 (pep4 prb1) was used in this work. Yeast cells were cultivated in a liquid YPD medium consisting of (per liter) 10 g yeast extract, 20 g peptone, and 20 g glucose.



Plasmid Construction

The superfolder green fluorescent protein (sfGFP) is used as a reporter protein. All plasmids were constructed by modifying the pJL1 expression vector with sfGFP, which is a gift from Michael Jewett (Addgene plasmid # 69496). The cloning was performed according to the Gibson assembly method (Gibson et al., 2009). All gene fragments and sequences used in this study were synthesized by GENEWIZ (Suzhou, China). Initially, a codon optimized sfGFP sequence according to the codon usage in P. pastoris was synthesized to replace the original sfGFP gene in pJL1 between the restriction sites NdeI and SalI. Then, a synthetic 50 bp poly(A) tail was inserted to the 3′ end of the sfGFP gene. Afterwards, several internal ribosome entry site (IRES) sequences were synthesized and individually cloned to the vector in front of the sfGFP gene. In addition, when the cricket paralysis virus (CrPV) IRES was used, a Kozak sequence (GAAACG) was included after CrPV. All constructs were verified by DNA sequencing (GENEWIZ, Suzhou, China). IRES and codon optimized sfGFP sequences are shown in Table S1.



Cell Cultivation and Harvest

Yeast cells were cultivated in liquid YPD medium at 30°C in an orbital shaker at 250 rpm. An overnight culture of P. pastoris was used to inoculate 1 L fresh YPD medium in a 2.5 L baffled Ultra Yield™ flask (Thomson Instrument Company, USA) with an initial OD600 of 0.05. After 18 h cultivation (mid-exponential phase, an OD600 of ~6), the cells were harvested by centrifugation at 3,000 g and 4°C for 15 min. Cell pellets were then washed three times with cold washing buffer (30 mM HEPES pH 7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM dithiolthretol). After the final wash and centrifugation, the pelleted cells were weighed, flash-frozen in liquid nitrogen, and stored at −80°C until further use. Alternatively, cells can be lysed immediately to make cell extracts.



Cell Extract Preparation

Frozen cells were thawed on ice for 30 min before lysis. The thawed cells were resuspended in 1.5 ml of cold lysis buffer (30 mM HEPES pH 7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM dithiolthretol, 0.5 mM PMSF) per gram of wet cell weight. Cell disruption was performed using three approaches: sonication, high-pressure homogenization, and 0.5 mm glass beads.

For sonication lysis, the cells were disrupted by using a Q125 Sonicator (Qsonica, Newtown, USA) with 45 s On/60 s Off for five cycles (3 mm diameter probe, 50% of amplitude). For high-pressure homogenization lysis, the smooth suspended cells were lysed by a UH-06 homogenizer (Union-Biotech, Shanghai, China) with two passes at a pressure of 1,200 bar. For glass beads disruption, the cell suspension was mixed with 0.5 mm glass beads (Tansoole, Shanghai, China) in a 50 ml falcon tube at a mass ratio of 1:1 (cell:bead, g/g). Then, the mixture was vortexed vigorously using a vortex mixer (Vortex-Genie 2, New York, USA) for 40 cycles with 1 min on vortex and 1 min on ice.

After cell disruption, the lysate was centrifuged at 30,000 g and 4°C for 30 min. The supernatant was transferred to a fresh tube and clarified again with the same condition. The resultant supernatant was carefully removed and underwent buffer exchange by dialysis with a 3.5 kDa molecular weight cut-off (MWCO) membrane. The lysate was dialyzed against four exchanges of 50-volumes of fresh lysis buffer (30 mM HEPES pH 7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM dithiolthretol, 0.5 mM PMSF) for 30 min each at 4°C. After dialysis, the extract was centrifuged at 21,000 g and 4°C for 30 min. The resultant supernatant as cell extract was collected, aliquoted, immediately flash-frozen in liquid nitrogen, and finally stored at −80°C until use.



Cell-Free Protein Synthesis

Coupled cell-free transcription and translation reactions were performed as described previously (Hodgman and Jewett, 2013) with some modifications. Standard CFPS reactions were carried out in 1.5 ml microcentrifuge tubes. Each reaction (15 μl) contains the following components: 25 mM HEPES-KOH pH 7.4, 120 mM potassium glutamate, 6 mM magnesium glutamate, 1.5 mM of each ATP, GTP, CTP, and UTP, 0.1 mM of each of 20 amino acids, 25 mM creatine phosphate, 1.7 mM DTT, 1 mM putrescine, 0.5 mM spermidine, 0.27 mg/ml creatine phosphokinase (from rabbit muscle; Sigma–Aldrich), 16.7 μg/ml plasmid, 60 U T7 RNA polymerase (Thermo Fisher Scientific), and 50% (v/v) cell extract. All reactions were mixed using above conditions and incubated at 23°C for 5 h unless otherwise noted.



Protein Quantification

The reporter protein sfGFP was used to measure and optimize protein synthesis activity of the P. pastoris-based CFPS system. After the reactions, two microliters of the CFPS sample were mixed with 48 μl nuclease-free water and placed in a 96-well plate with flat bottom. The fluorescence of sfGFP was measured using a BioTek SYNETGY H1 plate reader with excitation and emission wavelength at 485 and 528 nm, respectively. sfGFP fluorescence units were converted to concentration (μg/ml) according to a linear standard curve made in house with purified sfGFP. For each protein quantification, at least three independent experiments were carried out using the same cell extract. Then, the protein concentration of each independent reaction was technically measured in triplicate.




RESULTS AND DISCUSSION


Development of an Initial P. pastoris-Based CFPS System

In general, during the initial development of a new CFPS system, two primary requirements that need to be considered are the choice of a suitable strain and the construction of an efficient expression vector (Brödel et al., 2014; Gan and Jewett, 2014; Kelwick et al., 2016; Li et al., 2017; Des Soye et al., 2018). For example, a protease-deficient B. subtilis strain cell extracts produced notably higher and more consistent yields of a reporter protein than a wild-type strain with endogenous proteases (Kelwick et al., 2016). In addition, when constructing an expression vector for eukaryotic CFPS systems, IRES sequences that can recruit eukaryotic ribosomes to initiate cap-independent translation were often investigated to enable combined cell-free transcription and translation (Brödel et al., 2014; Gan and Jewett, 2014). In order to establish a robust P. pastoris-based CFPS system, we began our study by trying to adopt the protocol used for the S. cerevisiae CFPS system (Hodgman and Jewett, 2013; Gan and Jewett, 2014). Our first step was to find a proper P. pastoris strain. Although the strain P. pastoris GS115 was reported as a robust host to express recombinant proteins (Gurramkonda et al., 2009; Nie et al., 2014; Zheng et al., 2019; Wang et al., 2020), cell extracts prepared from this strain showed relatively little protein synthesis activity with very low and unreliable yields of sfGFP (data not shown). Then, we switched to the strain P. pastoris SMD1163 (pep4 prb1), which is derived from GS115 with knocking out of two protease genes (pep4 encodes protease A and prb1 encodes protease B) (Gleeson et al., 1998). By doing this, SMD1163 cell extracts were active to synthesize sfGFP. A representative time course of sfGFP synthesis was monitored by online fluorescence measurement (Figure 1A). Our data indicated that the synthesis rate of sfGFP was the highest during the first 1 h reaction with a nearly linear increase manner. Then, the protein synthesis rate declined from 1 to 3 h and no obvious increase of the fluorescence was observed between 3 and 5 h. Therefore, all following CFPS reactions were terminated after 5 h of incubation.


[image: Figure 1]
FIGURE 1. Cell-free protein synthesis of superfolder green fluorescent protein (sfGFP) using Pichia pastoris extract. (A) Time course of sfGFP synthesis with online fluorescence measurement. NC, negative control without plasmid in the reaction. (B) Design of expression vectors based on the pJL1 plasmid. IRES, internal ribosome entry site; Kozak, a 6 bp sequence (GAAACG); poly(A), a 50 bp poly(A) tail; T7p, T7 promoter; T7t, T7 terminator. (C) Effects of IRES elements on the cell-free synthesis of sfGFP in a P. pastoris CFPS system. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.


Having validated the combined cell-free transcription and translation, we next set out to evaluate the impact of IRES sequences on the protein synthesis. IRES elements are commonly used by viruses when they infect eukaryotic cells to recruit cellular ribosomes to start cap-independent translation for their own protein synthesis (Baird et al., 2006). This advantage has been taken to develop eukaryotic CFPS systems (Takai et al., 2010; Brödel et al., 2014; Gan and Jewett, 2014), which can facilitate the protein translation process without the laborious preparation of capped mRNA templates. In eukaryotic CFPS systems, two IRES elements often used are the Ω sequence from tobacco mosaic virus (TMV) and the cricket paralysis virus (CrPV) IRES sequence. We, therefore, chose Ω and CrPV IRES sequences to construct our expression vectors. In addition, several IRES sequences have also been identified in S. cerevisiae such as YMR181c, NCE102, and FLO8 IRES sequences (Gilbert et al., 2007). Since P. pastoris and S. cerevisiae are similar yeast strains, the functionality of above three IRES sequences was also evaluated together with Ω and CrPV IRES sequences. The design of expression vectors is shown in Figure 1B. CFPS reactions with different expression vectors were performed in 15 μl batch reactions at 23°C for 5 h. As shown in Figure 1C, the CrPV IRES sequence showed the highest activity among all tested cap-independent translation sequences. The Ω sequence was found to be the best IRES in the S. cerevisiae CFPS reaction (Gan and Jewett, 2014), however, it showed low activity in our P. pastoris CFPS system. While the three native IRES sequences from S. cerevisiae were able to initiate protein translation, their activities were significantly lower than that of the CrPV IRES sequence.

In eukaryotic cells, there are some consensus sequences, which are the so-called Kozak sequences and locate in the upstream of open reading frames (ORF) for ensuring efficient translation initiation (Kozak, 1986, 1987). As reported previously, a Kozak sequence (GAAACG) from the native alcohol oxidase 1 (AOX1) gene of P. pastoris was often used to construct expression vectors in front of the start codon for enhancing protein translation and recombinant protein yields (Mellitzer et al., 2012; Várnai et al., 2014). The benefit of Kozak sequences was also observed in eukaryotic CFPS systems (Kozak, 1990; Aw and Polizzi, 2019). In order to test if the Kozak sequence (GAAACG) from AOX1 helps enhance the translation efficiency in our P. pastoris CFPS system, it was inserted between the CrPV IRES sequence and the ATG start codon. Our data indicated that the Kozak sequence improved the protein yield to 2.29 ± 0.08 μg/ml, which is about 2.5 times higher than that of the plasmid without the Kozak sequence (the sfGFP yield was 0.91 ± 0.12 μg/ml, Figure 1C). Therefore, the expression plasmid with the CrPV IRES element plus the Kozak sequence was used in our following experiments for further optimization.



Identification of Optimal Procedures for Preparing P. pastoris Cell Extracts

Because cell extracts contain essential components like ribosomes, aminoacyl-tRNA synthetases, and chaperons for protein synthesis, it is crucial to prepare highly active cell lysates to support CFPS reactions. For disrupting different types of cells, commonly used cell lysis methods include sonication and high-pressure homogenization (Gan and Jewett, 2014; Kelwick et al., 2016; Li et al., 2017, 2018a; Des Soye et al., 2018; Failmezger et al., 2018; Wang et al., 2018). In addition, glass beads-based disruption has also been used to lyse cells such as E. coli (Kigawa, 2010; Sun et al., 2013) and S. cerevisiae (Hofbauer et al., 1982; Hodgman and Jewett, 2013) for making cell lysates for CFPS reactions. To identify an optimal cell lysis method, we evaluated the above-mentioned three techniques. Our data demonstrated that the most productive lysate was generated by the bead beating method, which resulted in the highest yield of sfGFP at 4.63 ± 0.28 μg/ml as compared to the other two methods (Figure 2A). The use of beads for cell disruption is simple and promising because no expensive equipment is required like the homogenizer and such method can be easily adopted by other laboratories.


[image: Figure 2]
FIGURE 2. Optimization of cell extract preparation. (A) Evaluation of three cell lysis methods. (B) Effects of bead lysis cycles on cell extract activity. (C) Optimization of the mass ratio of cell and bead (g/g) on sfGFP synthesis. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.


Since the bead lysis method utilizes a grinding mechanism of action, the amount of glass beads in the cell suspension plays an important role in the generation of crushing and grinding forces that break up the cells. We, therefore, next sought to optimize the conditions during the bead lysis process including cell lysis cycles and the mass ratio of glass beads and cell biomass. To this end, we first compared the sfGFP yield with different lysis cycles (one cycle is 1 min on vortex mixer and 1 min on ice for cooling). The results indicated that the highest sfGFP yield reached at 4.99 ± 0.66 μg/mL with 20 cycles of cell lysis (Figure 2B). However, more cycles (>40) slightly reduced the protein yields. Next, we investigated the effect of mass ratio of glass beads and cell biomass on the sfGFP synthesis. The data suggested that a higher ratio of bead in the mixture was better to grind the cells with a ratio of 1:1.25 (cell:bead, g/g) maximizing protein expression in our experiments (Figure 2C). This is likely due to the fact that more beads may provide higher grinding forces and thus can efficiently disrupt cells as reported previously (Hofbauer et al., 1982; Kigawa, 2010; Sun et al., 2013).



Effect of Cell Harvest Time on CFPS Reactions

The activity of crude extract-based CFPS reactions is essentially dependent on the composition of the cellular machinery (e.g., ribosomes) at the time of cell harvest. Previous studies have shown that cells harvested during the exponential growth phase, especially, in the mid-exponential phase, could provide benefits for protein synthesis because the translation machinery is most active (Hodgman and Jewett, 2013; Li et al., 2017; Wang et al., 2018). We were curious to determine the optimal cell harvest time for P. pastoris to prepare highly active cell extracts. We grew P. pastoris cells in 1 L media with an initial OD600 of 0.05 for 45 h at 30°C and 250 rpm. According to the cell growth curve (Figure 3A), we harvested cells after the cultivation at 12, 18, and 24 h, which spanned a range of early to late exponential growth phase in our culture media. Then, we prepared cell extracts from each of these cultivations. To compare these extracts, we performed CFPS reactions in parallel and sfGFP yields were determined. We found that cell extracts prepared from the early exponential phase (12 h) with a final OD600 of ~2 were most active and synthesized the highest yield of sfGFP at 13.70 ± 2.94 μg/ml (Figure 3B). In addition, we harvested cells before the early exponential phase after 6 h cultivation for comparison. However, the protein yield from such extracts was significantly lower than the highest yield (Figure 3B). Not like other CFPS systems, cell extracts derived from the early exponential phase rather than the mid-exponential phase favored protein synthesis in our P. pastoris CFPS system. Taken together, our results highlight the importance of cell harvest as a critical factor for development and optimization of CFPS systems.


[image: Figure 3]
FIGURE 3. Effects of cell growth phase on protein synthesis. (A) A representative growth curve of Pichia pastoris. (B) Comparison of sfGFP synthesis with cell extracts prepared from different growth phases. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.




Optimization of CFPS Reaction Conditions

In order to further increase protein expression yields, we next carried out a systematic optimization of the P. pastoris CFPS system. Specifically, we investigated the effects of magnesium ion concentration, energy regeneration, template plasmid concentration, and reaction temperature on protein yields. We started with Mg2+ concentration, which is known to be a critical cation used in cell-free systems that influences the assembly and activity of ribosomes (Klein et al., 2004; Yamamoto et al., 2010; Petrov et al., 2012). Previous reports showed that different CFPS systems also need different concentrations of Mg2+ ions and the optimal values have to be optimized accordingly (Brödel et al., 2014; Kelwick et al., 2016; Li et al., 2017; Des Soye et al., 2018; Wang et al., 2018). We performed CFPS reactions with a range of Mg2+ concentrations from 2 to 12 mM. Our results suggested that 4 mM gave rise to the highest sfGFP yield of 15.04 ± 0.90 μg/ml (Figure 4A). Similar yields were obtained at around 13 μg/ml with 6 and 8 mM Mg2+ concentrations, respectively.


[image: Figure 4]
FIGURE 4. CFPS reaction optimization for enhancing sfGFP expression yields. The CFPS reaction was optimized by altering (A) Mg2+ concentration, (B) CP (creatine phosphate) concentration, (C) CK (creatine phosphokinase) concentration, (D) reaction temperature, and (E) plasmid concentration for sfGFP synthesis. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.


Energy supply in CFPS systems is an important factor that affects the efficiency of protein synthesis (Kim and Swartz, 1999; Jewett et al., 2008). The energy regeneration system with the pair of creatine phosphate/creatine phosphokinase (CP/CK) is often used in eukaryotic CFPS systems (Tarui et al., 2001; Takai et al., 2010; Hodgman and Jewett, 2013; Brödel et al., 2014). The CP/CK energy system was also employed in our P. pastoris CFPS system. Therefore, we next sought to optimize each concentration of CP and CK in the reaction mixture. To do this, we varied the concentrations of CP and CK separately in CFPS reactions. We observed that the optimal concentration for CP and CK were 40 mM and 0.6 mg/ml (Figures 4B,C), respectively. The optimized CP/CK system improved the sfGFP yield to 21.94 ± 2.08 μg/ml, which is ~70% higher than the yield without optimization.

Another key factor needs to be optimized is the reaction temperature, because it affects protein synthesis and protein folding (Gan and Jewett, 2014; Li et al., 2017; Wang et al., 2018). We run CFPS reactions with different temperatures ranging from 20 to 37°C. Our data indicated that the sfGFP yields gradually improved with the increase of temperature from 20 to 30°C (Figure 4D). However, the yields notably decreased at temperatures of 33 and 37°C. The reaction temperature at 30°C, which is the same as the preferred growth temperature of P. pastoris, remarkably favored protein synthesis with the highest yield of 50.16 ± 7.49 μg/ml that is >2 times higher than the yield at 23°C (Figure 4D). Our finding is similar to other CFPS systems like E. coli and B. subtilis at 30°C (Kelwick et al., 2016; Li et al., 2016), albeit the optimal temperature for the S. cerevisiae CFPS reaction is 24°C (Gan and Jewett, 2014).

Finally, we investigated the impact of plasmid concentration on the performance of our P. pastoris CFPS system. The reactions were carried out in 15 μl volume by adding 200, 250, or 300 ng of template plasmids. The results showed that the sfGFP expression peaked when 250 ng of plasmid was supplied as template (Figure 4E). Taken together, the final, optimized P. pastoris CFPS system described here is capable of synthesizing ~50 μg/ml of sfGFP in a 5 h batch reaction, which is a ~55-fold increase in protein yields as compared to the initial yield of 0.91 ± 0.12 μg/ml. Our yield fits to the range of the yields achieved by other eukaryotic CFPS platforms, normally ranging from several to tens of micrograms protein per milliliter in batch mode reactions (Carlson et al., 2012). Such CFPS platforms include, for example, the insect system (25 μg/ml) (Tarui et al., 2001), the CHO system (~50 μg/ml) (Brödel et al., 2014), and the S. cerevisiae system (<10 μg/ml) (Hodgman and Jewett, 2013). While we successfully established the P. pastoris-based CFPS platform, more efforts are still needed in the future to further improve the overall protein yields through upstream and downstream engineering strategies, for example, strain engineering (e.g., using nuclease-deficient strains), bioprocess engineering (e.g., high cell density cultivation in bioreactors), and reaction engineering (e.g., semi-continuous and continuous reaction formats). In addition, a recent report has demonstrated that enhancing ribosome content during cell growth could provide more active cell extracts, giving rise to higher protein yields in a CFPS system (Aw and Polizzi, 2019). Therefore, combining this strategy with above-mentioned solutions might further enhance the productivity of the P. pastoris CFPS system.

Having obtained an optimized CFPS system, we sought to demonstrate the utility of the platform. We chose two other eukaryotic proteins, luciferase and human serum albumin (HSA, a therapeutic protein), as our targets, which were expressed and analyzed by western blotting. The results indicated that both proteins were also successfully expressed and more than 90% of total proteins were soluble (Figure S1). As a result, the ability to use the newly developed P. pastoris CFPS system to express different proteins demonstrated its potential applications for the synthesis of more complex eukaryotic proteins such as membrane and glycosylated proteins.




CONCLUSIONS

In this study, we developed a robust and easy-to-use yeast-based CFPS system, which is derived from the protease-deficient strain P. pastoris SMD1163. In particular, we designed a suitable expression vector, identified a simple cell extract preparation protocol, and performed a physicochemical optimization. After the above systematic optimization, we were able to achieve sfGFP yields of ~50 μg/ml in 5 h batch reactions. The high-yielding CFPS capacity, together with the heterologous protein expression capability of P. pastoris, makes it a valuable addition to the current existing CFPS platforms. Looking forward, we believe that this work will not only provide an alternative eukaryotic CFPS platform for the synthesis of “difficult-to-express” proteins like glycoproteins, but also set the stage for exciting, novel applications in biotechnology and synthetic biology.
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Over the past two decades, various scaffolds have been designed and synthesized to organize enzyme cascades spatially for enhanced enzyme activity based on the concepts of substrate channeling and enhanced stability. The most bio-compatible synthetic scaffolds known for enzyme immobilization are protein and DNA nanostructures. Herein, we examined the utility of the T4 phage capsid to serve as a naturally occurring protein scaffold for the immobilization of a three-enzyme cascade: Amylase, Maltase, and Glucokinase. Covalent constructs between each of the enzymes and the outer capsid protein Hoc were prepared through SpyTag–SpyCatcher pairing and assembled onto phage capsids in vitro with an estimated average of 90 copies per capsid. The capsid-immobilized Maltase has a fourfold higher initial rate relative to Maltase free in solution. Kinetic analysis also revealed that the immobilized three-enzyme cascade has an 18-fold higher converted number of NAD+ to NADH relative to the mixtures in solution. Our results demonstrate that the T4 phage capsid can act as a naturally occurring scaffold with substantial potential to enhance enzyme activity by spatially organizing enzymes on the capsid Hoc.

Keywords: phage scaffold, Hoc, SpyTagSpyCatcher, amylase, maltase, glucokinase


INTRODUCTION

Catalytic properties of enzymes are greatly affected by their surrounding microenvironment, particularly enzymes retained in a small area either by limited surface or restricted volume (Kuchler et al., 2016). Specifically, high concentration of enzymes in a confined environment are more stable than those free in solution. As a result, there is a preference for a folded state over an unfolded state and their close proximity allows them to execute a series of biocatalytic events more efficiently through substrate channeling (Miles et al., 1999; Zhang, 2011). Based on these concepts, various synthetic scaffolds aimed to spatially organize enzymes were designed and used for immobilizing enzymes to enhance their activity (Conrado et al., 2008; Dueber et al., 2009; Fu et al., 2014). Artificial multi-enzyme scaffolds have been utilized both in vivo and in vitro to improve product production (Siu et al., 2015; Ellis et al., 2019). Among these synthetic scaffolds, protein arrays and DNA nanostructures are the most biocompatible and have the potential to form the basis of a powerful platform to enhance multi-enzyme catalysis for biotechnology applications (Klein et al., 2019; Lim et al., 2019). Our team is researching naturally occurring scaffolds possessing the ability to spatially organize enzymes.

One benefit that naturally occurring phage scaffolds possess is that they are monodisperse and can be produced economically from bacteria hosts. In addition, most of the icosahedral phage capsids are composed of arrays of hexamers formed by capsid proteins, which can serve as a platform for immobilizing enzymes spatially. T4 capsids are composed of the major capsid protein, gp23, and minor capsid protein, gp24, along with two accessory proteins, Hoc (highly antigenic outer capsid) and Soc (small outer capsid), and the portal protein, gp20 (Rao and Black, 2010). The capsids are homogeneous in size and structure and can only assemble inside the host bacteria with the expression of phage chaperone proteins and proteases. During the early infection of phage in bacteria, gp23 and gp24 assemble into a prohead shell wrapping around the core structure, later removed by protease. The vacant proheads allow DNA packaged inside through a packaging machinery, followed by the attachment of tail and tail fibers. Without DNA packaging, tail and tail fibers do not attach to the capsids.

The biggest hurdle for using phage scaffolds for displaying protein is that most capsids are quite rigid and can only display short peptides or few numbers of large proteins in vivo (Cardinale et al., 2012; Patel et al., 2017). However, T4 phage capsids allow one to overcome this difficulty by providing the needed flexibility to enable the display of large proteins through fusion with either of two outer capsid proteins, Hoc and Soc, without disrupting the capsid structure (Ren and Black, 1998). Moreover, both Hoc and Soc are dispensable for T4 phage propagation, their absence having no impact on T4 production. Soc proteins are closely associated with capsid proteins and are assembled next to each other, while Hoc is located at the center of hexamers, separated by both capsid proteins and Soc, based on a cryo-electron microscopy (EM) model (Fokine et al., 2004). Another advantage is that both Hoc and Soc fusions can be assembled onto Hoc and Soc deletion phage capsids as a scaffold either in vitro or in vivo (Rao and Black, 2010).

Our previously established work on characterization of T4 phage capsid structure using atomic force microscopy (AFM) showed that purified capsids are intact and stable (Archer and Liu, 2009; Robertson and Liu, 2012), and based on this work, we developed a new strategy to display a multi-enzyme cascade on phage capsids through SpyTag(St)/SpyCatcher(SC) pairing (Reddington and Howarth, 2015). Amylase (Aml), Maltase (Mal), and Glucokinase (GK) were selected to assemble onto phage scaffolds for catalytic analysis. These three enzymes are part of a four-enzyme biocatalytic pathway, which converts maltoheptaose into NADH and 6-phosphogluconolactone and the bio-catalytic assays for analyzing the enzyme activity have been well-established (Klein et al., 2019). The assembly of Hoc fusions onto phage scaffolds was conducted in vitro for better characterization. Enzyme–SC–St–Hoc fusions were purified and incubated in controlled ratios with T4 capsid. As observed in other scaffold systems, when assembled on the T4 capsid, the spatially organized assembled enzymes exhibit enhanced enzyme catalytic activity. The immobilized enzyme fusions on the phage scaffold showed enhanced biocatalytic activity for the number of NAD+ converted to NADH per second up to 18-fold higher than the enzyme fusions free in solution. We have successfully demonstrated T4 icosahedral phage as a naturally occurring scaffold adaptable for multi-enzyme cascade assembly.



MATERIALS AND METHODS


Construction of Enzyme–SC Fusions and St–Hoc Plasmids

All the primer sequences used for cloning are listed in Table S1 and gene maps and sequences are described in the Supplementary Information. The enzyme–SC fusions were cloned into pET28, while St–Hoc was inserted into pACYCduet according to Anderson et al. (2010) and Goldman et al. (2017). Details are provided in the Supplementary Information.



Preparation of Fusion Proteins

Protein was produced using a protocol similar to one that had been previously described with several modifications (Walper et al., 2014). The protocol for protein production and purification is provided in the Supplementary Information. Protein concentrations were determined using UV-Visible spectroscopy and the molar extinction coefficient predicted from the protein sequence.



Preparation of Tailless ΔHoc T4 Phage Scaffolds

E. coli, CR63 (F− supD60 lamB63), or B40I (F−supD), containing tRNA suppressor E, was used for growing del Hoc T4 phage (ΔHoc T4), a gift from Dr. Lindsay W. Black, Professor of Biochemistry Department, UMB. The phage capsid preparation was performed according to Liu et al. (2014). Details are provided in the Supplementary Information. The concentration of phage capsids was estimated based on 1 mg = 1013 capsids by taking into account the copy numbers of capsid proteins, Hoc, Soc, and portal proteins in one capsid (Fokine et al., 2004; Liu et al., 2014). The protein concentration was determined by the absorbance 280 nm and Bradford assay (Bio-Rad, Hercules, CA).



Assembly of Hoc–Enzyme Fusions Onto ΔHoc T4 Phage Capsids

The three model enzyme–Hoc fusions (Aml–Hoc; Mal–Hoc; and GK–Hoc) were first mixed at various molar ratios, 1:1:1; 1:4:1; 1:16:1. Enzyme–Hoc mixtures were subsequently added to phage capsids at ratios of total enzyme to phage capsid of 60:1 or 40:1. The same amount of enzyme–Hoc fusions was also prepared without added phage capsids. The mixtures were incubated at 22°C for 2 h or overnight (16 h). The assembly buffer consisted of PBS supplemented with 10 mM MgCl2. To assess assembly, after incubation, the reactions were loaded onto 1% agarose and passed through 100 V for 2 h in 1 × Tris–Acetate–EDTA buffer. The scaffolds and proteins were then visualized with GelCode blue safe protein stain (Thermo Fisher Scientific).



Measurements of Enzymatic Activity

For assessing Maltase activity, the production of 4-Nitrophenol (absorbance at 405 nm) as a function of time was recorded for 3–4 h using a Tecan Infinite M1000 plate reader immediately after the addition of the substrate, 10 mM 4-Nitrophenyl-α-D-glucopyranoside to a mixture of Maltase or Mal-Hoc fusions in 250 mM HEPES (pH 7.4) buffer. For measuring the three-enzyme cascade activity, glucose-6-phopsphate dehydrogenase was included in excess in the reaction mixture and the rate was measured as NAD+ conversion to NADH (absorbance at 340 nm) as a function of time after the addition of Maltoheptaose. The reaction mixture included 5 mM ATP, 1 mM NAD+, and 10 U of glucose-6-phosphate dehydrogenase (G8404-2KU) in 250 mM HEPES (pH 7.4). The reaction schemes are described in more detail in Figure S1. The initial rate was measured as the slope after conversion of absorbance to nM/s, and Vmax, Kcat, and Km were calculated using Michaelis-Menton kinetics. Measurements were performed in triplicate. Chemicals were purchased from Millipore Sigma (St. Louis, MO), unless otherwise mentioned. Error bars were standard deviation derived from either biological replicates or technical triplicates.




RESULTS


Demonstration of Purified Enzyme–Hoc Assembled on Phage Capsids

Wild-type (WT) T4 capsids are composed of mainly gp23, T4 capsid protein, which forms an array of hexamers, and two accessory outer capsid proteins (Hoc and Soc) as indicated in Figure 1A along with the minor capsid protein and portal protein (not shown in Figure 1A; Fokine et al., 2004). Although proteins can be displayed onto the capsids through both Hoc and Soc fusions, we choose Hoc for this work, as there is more intermolecular space for enzyme fusions immobilized onto phage capsids. Future studies could also examine Soc–enzyme fusions to evaluate what effects on the enzymatic activity are obtained when the intermolecular spacing of the fusion enzymes is lessened.


[image: Figure 1]
FIGURE 1. Scheme of T4 capsid hexamers and the assembly of Hoc–enzyme fusions onto ΔHoc T4 phages. (A) T4 capsid protein, gp23, forms hexamers and Hoc is located at the center of the hexamers. (B) The agarose image of mixtures of phage scaffolds and Maltase-Hoc fusions at a series of ratios. Ratios are given above each lane as phage scaffold: Mal–Hoc. (C) The agarose image of mixtures of the phage scaffolds and three Hoc–enzyme fusions, Aml–Hoc, Mal–Hoc, and GK–Hoc, with the total sum concentration 60 nM, which have a 60:1 ratio for the total enzyme fusions to phage scaffolds. The stoichiometric ratios for Aml–Hoc, Mal–Hoc, and GK–Hoc are 1:1:1, 1:4:1, and 1:16:1 as indicated. The no enzyme lane contains only the ΔHoc phage, the no phage lane contains only Hoc–enzyme fusions (1:16:1), and wild-type (WT) phage is also shown. Protein bands were visualized by staining gels with GelCode blue safe protein dye.


The enzyme–SC and St–Hoc were covalently attached in vivo to produce enzyme–SC–St–Hoc (a.k.a. enzyme–Hoc) fusions with a 6 × His tag by co-expressing enzyme–SC and St–Hoc in the same E. coli host. The fusion was purified via Ni-Sepharose resins, and separated from un-fused enzyme–SC through size exclusion chromatography (Goldman et al., 2017). Larger enzyme–Hoc fusions eluted earlier than smaller enzyme–SC fusions from the size-exclusion column (Figure S2). This purified material migrated slower on SDS-PAGE gel since the enzyme–Hoc was 40 kDa larger than enzyme–SC (Figure S3). Tailless ΔHoc T4 capsids were produced from ΔHoc T4 phage with a yield of 1–3 mg/L in the presence of 9-aminoacridine, which blocks genomic DNA packaged into the capsids and thus results in no tail attachment to the capsids (Schaerli and Kellenberger, 1980). They show faster electrophoretic mobility than WT T4 capsids as indicated in Figure 1C (lanes 4 vs. 6). The addition of Mal–Hoc onto ΔHoc T4 capsids at various molar ratios slows down their mobility and the Mal–Hoc assembled T4 capsids at ratios over 60–1 (Mal–Hoc: capsid) all maintain the same mobility (Figure 1B), suggesting that the numbers of Mal–Hoc assembled on the phage capsids reached maximum between 60 and 120 (~90 in average; Lanes 4 and 5 in Figure 1B). A darker band with the same position of free Mal–Hoc appears in the ratio of 120–1 (Lane 5 in Figure 1B), indicating that free Mal–Hoc exists following the binding reaction, while there is much less free Mal–Hoc in the ratio of 60–1 in Figure 1B. Likewise, the samples with the ratio of 60–1 for the total enzymes to phage capsids showed the same effect on the electrophoretic mobility as indicated in Figure 1C. Based on these results, we constructed the enzyme assembly onto phage scaffolds at ratios of 40–1 for Maltase alone, while 60–1 was used for the three enzyme mixtures in Tables 2, 3 to ensure better basal Kcat from free enzyme–Hoc fusions for comparison with the assembled ones. Both ratios exhibited minimal background free enzyme–Hoc activity.



Higher Initial Rate for the Immobilized Mal–Hoc on Phage Capsids

Since Maltase is the rate-limiting step in the enzyme cascade, we measured the initial rate of Mal–Hoc (Klein et al., 2019). The enzyme activity of immobilized Mal–Hoc vs. free Mal–Hoc in solution was measured using 4-Nitrophenyl-α-D-glucopyranoside as a substrate and the yield of the end product of 4-Nitrophenol (4-NP) was monitored by measuring its absorbance at 405 nm. The assembly of Mal–Hoc and phage capsids was conducted at 22°C for 16 h before measuring Mal activity. After prolonged incubation, the immobilized Mal–Hoc on phage capsids still retains its activity and exhibit fourfold higher initial rate relative to the free Mal–Hoc in solution (Figure S4 and Table 1).


Table 1. The initial rate for Mal–Hoc fusion with phage scaffold.
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Kinetic Analysis for Enzyme–Hoc Fusions vs. Unfused Enzymes

The kinetics for the three enzyme–Hoc fusions and the three unfused enzymes was measured at a mixing ratio of 1:1:1 of the three enzymes with the total concentration of 0.06 μM. The Vmax was slightly higher for enzyme–Hoc, while Km and Kcat were smaller than enzyme alone (Table 2). Although the Kcat was slower in enzyme–Hoc, a lower concentration of substrate was needed for enzyme–Hoc to reach 1/2 Vmax, resulting in similar catalytic efficiency (Kcat/Km) for unfused enzymes.


Table 2. Kinetics measurement for three enzyme–Hoc fusions vs. non-fusions.
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Kinetic Analysis for Immobilized Enzyme–Hoc vs. Enzyme–Hoc Free in Solution

The catalysis of a three-enzyme cascade immobilized vs. the mixture of three enzyme fusions free in solution was measured and compared. The immobilized enzymes on phage scaffolds consistently showed higher Kcat (Table 3) with more enzymatic efficiency (Kcat/Km) for the conversion of NAD+ to NADH. Specifically, assembled enzyme–Hoc fusions with the mixture of three enzymes at a ratio of 1:1:1 appears to have at least 12-fold higher numbers of conversion of NAD+ to NADH relative to corresponding enzyme fusions free in solution (Table 3). Likewise, assembled enzyme–Hoc fusions at a mixing ratio of 1:4:1 without changing the total enzyme–Hoc concentration also exhibit an increase in Kcat of 18-fold relative to the corresponding ones off the scaffolds in solution. However, the sample with a 1:4:1 molar ratio of Aml:Mal:GK did not show better catalytic efficiency than the one with a 1:1:1 ratio of the three enzymes.


Table 3. Kinetic measurements for three enzyme–Hoc fusions with phage scaffolds.
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DISCUSSION


A Naturally Occurring Phage Scaffold for Assembly of Spatially Organized Enzymes

Reconstructed T4 capsid from cryo-electron microscopy (EM) images revealed that Hoc was dumbbell-shaped with a distance, 14 nm, apart from each other, while Soc was rod-shaped closely associated with each other with a few nanometers distance apart (Fokine et al., 2004). Therefore, the distance between two enzyme–Hoc fusions is within the range where substrate channeling can occur between two co-immobilized enzymes within a cascade (Fu et al., 2014; Lim et al., 2019). Consistent with this prediction, our results showed that the immobilized enzyme–Hoc fusions enhanced catalytic activity in comparison to enzymes free in bulk solution. The assembly of Hoc onto phage capsid is mainly driven by the interaction of its C-terminus with T4 capsid protein through electrostatic, Van der Waals, hydrogen bond forces (Sathaliyawala et al., 2010). According to the cryo-EM model, there are ~155 positions for Hoc–enzyme fusions on each ΔHoc capsid; however, the decorated numbers on the capsids depend on the size or charges of the Hoc fusions (Fokine et al., 2004). The addition of enzyme–Hoc fusions significantly changes the electrophoretic mobility of the assembled phage scaffolds, shifting to the same position as WT T4 (lanes 4 and 6 in Figure 1C). Our previous study showed that the loss of Hoc on the capsids (ΔHoc T4) resulted in a lower pI and more negative zeta potential, but no significant change in size (Robertson et al., 2012). Consistently, our results show that ΔHoc T4 migrated faster toward the positive electrode. Based on the estimate from the band density, ~90 copies on average of enzyme–Hoc were decorated on the capsid; therefore, every immobilized enzyme should have at least two neighboring enzymes on the capsids. Having neighboring enzymes likely facilitates the catalysis via substrate channeling. Enhanced stability could also contribute to higher catalytic activity. Thus, we have demonstrated that T4 phage capsids provide a naturally occurring scaffold to immobilize enzymes for efficient biocatalysis.



Comparable Enzymatic Activity of Enzyme–Hoc Fusion vs. Enzyme Alone

St and SC are two partners of the same domain of Streptococcus pyogenes fibronectin-binding protein (FbaB) and the pair is covalently attached through spontaneous amide bond formation between Asp and Lys in the respective partner (Zakeri et al., 2012; Reddington and Howarth, 2015). We individually fused St onto the N-terminus of Hoc and SC to the C-terminus of enzyme to produce enzyme–SC–St–Hoc fusions in vivo for subsequent one-step purification. The advantage of St–SC pairing allows the separate expression of enzyme and Hoc in the host and avoids the direct expression of large Hoc fusions, which often have the propensity for improper folding and low yields during the production. By this method, we were able to obtain reasonable yields (~5–10 mg/L) for the enzyme–Hoc fusions with the enzymatic activity comparable to enzymes alone.



Demonstration of Enhanced Activity for Immobilized Single Enzyme and the Three-Enzyme Cascade

The kinetics were measured after 2 h of assembly and the measurements were finished within 4 h to ensure that the majority of the enzyme fusions were still active. Although the specific molecular mechanism for the three-enzyme cascade is not clearly identified, we attribute the enhancement of the immobilized enzymes mainly to substrate channeling (Miles et al., 1999; Klein et al., 2019). Mal is the rate-limiting step of the three-enzyme cascade (Klein et al., 2019); therefore, we also specifically measured the initial rate for immobilized Mal–Hoc after 16 h of assembly. Our results show that immobilization on phage scaffolds stabilizes the Mal–Hoc after prolonged incubation (Figure S4). Therefore, the enhancement of the immobilized enzyme activity on phage scaffolds is the sum of substrate channeling and improved stability. Although the scaffolded enzyme–Hoc fusions have higher Km with reduced binding affinity possibly due to the interference of enzyme active sites while attaching to the scaffolds, the greater benefit of substrate channeling compensates for the disadvantage and results in a higher conversion rate of NAD+ to NADH.

In our experiments, the three enzyme–Hoc constructs were incorporated into ΔHoc T4 in vitro. This type of in vitro synthetic biology has been exploited to circumvent drawbacks to cell-based approaches, such as toxicity and the presence of competing pathways (Koch et al., 2018; Sperl and Sieber, 2018). In addition, in vitro assembly allows better control over the stoichiometry of the enzymes in the multi-enzyme-scaffolded complex. However, the T4 system could also be adapted for in vivo display of scaffolded enzymes.




CONCLUSION

T4 phage scaffolds are composed of prolated protein shells containing arrays of hexamers of capsid protein decorated with Hoc at the center of the hexamers. In this work, we prepared enzyme–Hoc fusions through St–SC pairing and successfully immobilized a three-enzyme cascade, Aml, Mal, and GK, onto naturally occurring T4 phage scaffolds. The immobilized enzymes exhibit enhanced catalytic activity up to 18-fold relative to enzymes free in solution. Thus, we have successfully demonstrated an icosahedral T4 phage scaffold as a new platform for enzyme assembly to enhance biocatalysis applicable to variety of biotechnology applications.
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Cell-free protein synthesis (CFPS) has emerged as a novel protein expression platform. Especially the incorporation of non-canonical amino acids (ncAAs) has led to the development of numerous flexible methods for efficient and extensive expression of artificial proteins. Approaches were developed to eliminate the endogenous competition for ncAAs and engineer translation factors, which significantly enhanced the incorporation efficiency. Furthermore, in vitro aminoacylation methods can be conveniently combined with cell-free systems, extensively expanding the available ncAAs with novel and unique moieties. In this review, we summarize the recent progresses on the efficient and extensive incorporation of ncAAs by different strategies based on the elimination of competition by endogenous factors, translation factors engineering and extensive incorporation of novel ncAAs coupled with in vitro aminoacylation methods in CFPS. We also aim to offer new ideas to researchers working on ncAA incorporation techniques in CFPS and applications in various emerging fields.
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INTRODUCTION

Cell-free protein synthesis (CFPS) has emerged as an effective method for the production of recombinant proteins in specialty applications. By eliminating the cell membrane barrier and cell-viability constraint, CFPS offers several benefits over in vivo protein expression (Liu et al., 2019). Firstly, with the open nature of CFPS, almost any molecule can be manipulated precisely in the system for different research purposes, especially molecules whose incorporation is limited by inefficient transport across the cell membrane (Silverman et al., 2019). Secondly, by being able to disregard cell viability, toxic reagents and difficult to express proteins can be employed in CFPS and even some not biocompatible reaction conditions can be applied (Lu, 2017). Finally, without reproducible cells, biosafety can be guaranteed because artificial genes cannot pollute the environment through cells.

Basically, there are two main CFPS platforms: the PURE system (i.e., protein synthesis using purified recombinant elements), and the cell extract system. In the PURE system, all components of the transcription and translation apparatus are purified from cells individually and assembled into a well-defined CFPS system. Although all components can be defined at precise concentration, the tedious purification steps make the PURE platform much more expensive than the cell extract system (Shimizu et al., 2001). Many efforts have been made recently to reduce the costs and labor, such as one-pot purification methods and purification from fewer fusion plasmids (Wang H.H. et al., 2012; Shepherd et al., 2017; Villarreal et al., 2018; Lavickova and Maerkl, 2019). However, partial component control and modularity may be lost in these approaches. The other system relies on non-defined cell extracts. The crude cell extract is separated by lysing cells, so it contains all the native intracellular translation components. Recombinant proteins are synthesized via cell extract based CFPS with the supplementation of additives, such as energy substrates, NTPs, T7 RNA polymerase, amino acids, and salts (Dopp et al., 2019; Figure 1). Due to the simple preparation, the cell extract platform is much cheaper and convenient. Additionally, with the help of ancillary translational factors in the cell extract, this platform also has higher protein yields (Karim and Jewett, 2016). Taken together, both CFPS systems are useful platforms for different applications.


[image: image]

FIGURE 1. Schematic of cell extract based CFPS system preparation and competitors in ncAA incorporation. In ribosome, the peptide release factor competes with ncAA aminoacyl-tRNA in stop codon reassignment. Endogenous aminoacyl-tRNAs compete with aminoacyl-tRNAs in sense codon reassignment. In aaRS, the canonical amino acid (cAA) may compete with ncAA in aminoacylation reaction.


Incorporating ncAAs into proteins is an emerging biological research area with fundamental science and engineering benefits. In fundamental science, lots of questions are being answered by ncAA techniques, such as labeling proteins by isotopic or fluorescent ncAAs, and immobilization of protein using ncAAs with special side chains (Narumi et al., 2018). Post-translational protein modifications (PTM) are difficult to study due to their rapidly shifting levels in the cell. With PTM-mimicking side-chains of ncAAs, high amounts of homologous PTM proteins can be synthesized for investigation (Park et al., 2011; Rogerson et al., 2015; Kightlinger et al., 2019). In engineering applications, a growing number of artificial protein applications are also emerging, including antibody-drug conjugates (Si et al., 2016), virus-like particle drug conjugates (Bundy et al., 2008), active protein polymers (Albayrak and Swartz, 2014), and screening of artificial enzymes (Ravikumar et al., 2015).

Over 230 ncAAs have been incorporated into proteins by in vivo or in vitro methods (Gfeller et al., 2013; Dumas et al., 2015). In living cells, an orthogonal amino-acyl tRNA synthetase/tRNA (aaRS/tRNA) pair is essential to precisely incorporate ncAAs into proteins. The orthogonality means that aaRS can only incorporate ncAAs at the specific tRNA and the tRNA can only be recognized by a corresponding aaRS (Hu et al., 2014). Recently, numerous ncAA aaRS/tRNA pairs were developed based on systems from archaea. For instance, tyrosine derivatives can be installed by Methanococcus jannaschii TyrRS/tRNATyr pair variants and lysine derivatives can be installed by variants of the Methanosarcina mazei or Methanosarcina barkeri PylRS/tRNAPyl (Chin, 2017). However, due to great advantages over in vivo research, accelerated studies are concentrating on CFPS to incorporate ncAAs. Firstly, the concentration of ncAA and aaRS/tRNA could be conveniently improved for efficient incorporation without limitation by transport across the cell membrane. Secondly, the negative components, which influence efficient ncAA incorporation, can potentially be eliminated potentially in the open CFPS environment. Thirdly, the subsequent reaction can be performed in situ, avoiding tedious purification from cells (Italia et al., 2019). Finally, even toxic ncAAs, which cannot be employed in living cells, could be used in CFPS combined with in vitro aminoacylation methods (Kawakami et al., 2008; Haruna et al., 2014; Katoh et al., 2017a). Therefore, CFPS is a novel platform for ncAA incorporation with great potential.

However, ncAA incorporation in CFPS suffers from endogenous competition (Figure 1). In order to incorporate ncAAs at precise positions, a special codon should be reassigned. Both stop codons and sense codons have been reassigned in various studies (Zimmerman et al., 2014; Schinn et al., 2017; Stech et al., 2017). There is codon competition between ncAA complexes and endogenous biomolecules, which recognize the codon as a canonical amino acid or translation stop signal, resulting in a truncated or wrong protein instead of the ncAA protein (Figure 1). Fortunately, various strategies were developed to overcome competition at different levels, fully utilizing the advantages of CFPS (Lee K.-H. et al., 2016; Cui et al., 2018; Martin et al., 2018). We summarize and discuss these efficiency improvement efforts in this review. In addition to efficient ncAA incorporation, many novel ncAAs can only be used in CFPS using in vitro aminoacylation methods (Ohta et al., 2008; Katoh et al., 2017b; Katoh and Suga, 2018). These novel amino acids greatly expand the scope and flexibility of CFPS ncAA incorporation, which is also gaining increasing attention.

The purpose of this review is to give an overview of the emerging methods for improving the scope and efficiency of ncAA incorporation in CFPS. We focus on strategies to raise efficiency at the competition elimination and translation factors engineering. Moreover, the novel ncAAs and in vitro aminoacylation methods, that can only be used in CFPS and expand the range of available ncAAs, are given special attention. This review provides a reference for researchers to choose suitable ncAA incorporation techniques for CFPS and expand the research to more potential fields.



STRATEGIES FOR ELIMINATING COMPETITION

As shown in Figure 1, the competition for codons, that seriously affects the efficiency of ncAA incorporation, always exists in codon reassignment. Competitors are classified into two categories: peptide release factors and endogenous aminoacyl-tRNA, and methods for eliminating competition include genome engineering, protein elimination, tRNA manipulation, and amino acid replacement (Figure 2). Here, we discuss the challenges and opportunities of these current and emerging methods.
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FIGURE 2. Different strategies for eliminating competition to ncAAs. (A) Genome engineering for deleting the prfA gene [corresponding to release factor 1 (RF1)], combined with amber codon replacement in essential genes (eGene). (B) Protein elimination strategies for the removal of RF1, including affinity tags, deactivating additives and protease degradation. (C) tRNA manipulation to erase specific tRNAs for ncAA reassignment, such as antisense DNA additives, DNA-hybridization chromatography, and tRNA pool replacement. (D) Amino acid replacement with a customized amino acid pool containing ncAAs.



Genome Engineering

The amber codon (UAG), which is normally a translation termination signal recognized by peptide release factor 1 (RF1), is most commonly reassigned for ncAA incorporation. Deletion of the prfA gene encoding RF1 is a frequent strategy to improve the ncAA incorporation efficiency in vivo and in vitro (Johnson et al., 2011). Cell extracts from such strains have shown numerous advantages (Smolskaya et al., 2020). However, RF1 is essential for translation termination of over 300 genes in the genome, and the direct deletion of prfA could seriously affect cell growth before cell extract preparation, even leading to cell death (Chin, 2017). To address this problem, several detailed methods have been developed. These efforts and CFPS applications will be discussed in this section (Figure 2A).

The most direct method is the replacement of all amber codons with other stop codons, producing cells that do not need RF1, so that prfA can be knocked out without affecting cell viability. C321. ΔA is such an E. coli strain, whereby all of its 321 amber codons were replaced with ochre codons (UAA) (Lajoie et al., 2013). Without RF1 competition, ncAAs can be incorporated into proteins at high efficiency. For instance, phosphoserine was efficiently incorporated into human MEK1 kinase using CFPS based on a cell extract of C321.ΔA, in which robust production reached up to milligram quantities (Oza et al., 2015). By contrast, under RF1 competition in intracellular expression, only 25 μg of MEK1 containing phosphoserine was isolated from 1 liter of culture (Park et al., 2011). Recently, glycosylation enzymes were also successfully synthesized using this CFPS platform (Kightlinger et al., 2019). Furthermore, to improve the CFPS protein production capacity, great efforts were made to further improve C321. ΔA. Combined knockout of the genes endA, gor, rne, and mazF was shown to increase the yield of a model protein about fivefold, with up to 40 ncAAs (Martin et al., 2018). Subsequently, a C321. ΔA variant that can express T7 RNA polymerase from the chromosome was created and optimized. CFPS based on a cell extract of this strain yielded up to 70 μg/mL of a model protein with 40 ncAAs, demonstrating a highly productive one-pot CFPS system (Des Soye et al., 2019).

In addition to full replacement of amber codons, partial replacement has also been demonstrated, in which only the stop codons of some essential genes were replaced. The strains RFzero, B95.ΔA and rEc.E13.ΔA are representatives of this strategy. The RFzero strain did not contain any replaced stop codons in chromosome. Ingeniously, it was introduced the BCA7 plasmid harboring seven essential genes (coaD, hda, hemA, mreC, murF, lolA, and lpxK) with replaced stop codons for compensation. Subsequently, a chromosomal prfA deletion was carried out successfully, with only a minimal decrease of the cell growth rate (Mukai et al., 2010, 2011; Ohtake et al., 2012). Then, CFPS using a cell extract of the RFzero strain was verified to incorporate six ncAAs with high efficiency and productivity (Adachi et al., 2019). The strains B60.ΔA and B95.ΔA were developed from E. coli strain BL21(DE3) by Mukai et al. (2015) by respectively replacing 60 and 90 chromosomal amber codons before prfA deletion. Due to the rapid growth rates of B60.ΔA and B95.ΔA, a CFPS protocol for highly efficient incorporations of ncAAs was also described in detailed (Seki et al., 2018). Before research on CFPS based on C321.ΔA, Jewett et al., developed the RF1 deletion strain rEc.E13.ΔA, which is homologous to C321.ΔA (Hong et al., 2014, 2015). In conclusion, by bypassing the time, labor and cost needed for full codon replacement, a partial amber codon replacement strategy is a rapid and simple method for constructing the desired strains, even if the growth rate may be decreased to a certain extent. This method has been applied to diverse E. coli strains for various purposes, including MG1655, HST108, and BL21 (DE3).

In addition to the established strains for CFPS, some genome engineering strains also have considerable potential to incorporate ncAAs in CFPS. Wang et al. found that prfA could be deleted unconditionally in E. coli B strain derivatives. Moreover, after reverting the release factor 2 (RF2) A246T mutation back to Ala, prfA could also be knocked out in E. coli K12 strain derivatives, demonstrating that RF1 is non-essential in E. coli (Johnson et al., 2011, 2012; Wang, 2017). Without any stop codon replacement, it is the most rapid and simple method for RF1-free strain construction.

Although genome engineering provides a completely RF1 elimination strategy without residuals, these above methods also inevitably affect the activity and yield of CFPS and consume time and laborious for genetic manipulation. Consequently, additional strategies were developed for CFPS with unique advantages, which may be combined with genome engineering for future improvement.



Protein Elimination

Because the open reaction environment can be controlled directly, the CFPS system is more flexible than in vivo translation systems. Various competition eliminating strategies are only possible in the CFPS system with its special properties. An important strategy is protein elimination from the CFPS system. By manipulating protein levels, essential proteins can remain active to aid cell growth, but can be removed from the CFPS system to remove competition. For example, RF1 can be selectively removed using affinity tags, deactivating additives, or protease degradation (Figure 2B).

Selective removal of RF1 using an affinity tag has already been demonstrated by Otting et al. This approach requires the genetic fusion of a chitin-binding domain sequence to prfA, so that the wild-type RF1 is replaced by a variant with three continuous chitin-binding domains at the C-terminus, which maintained the peptide release activity required for cell growth. After cell extract preparation, the lysate was filtered through a chitin column to selectively remove the tagged RF1, resulting in an improved CFPS system with efficient ncAA incorporation at multiple sites (Loscha et al., 2012; Abdelkader et al., 2015; Jabar et al., 2017).

Similarly, the RF1 protein can also be eliminated by modifying the protein to make it sensitive to certain factors and eliminating it from the CFPS system. For example, a temperature-sensitive variant of RF1 had been engineered in E. coli, and the cell extract with a thermosensitive RF1 demonstrated a 11-fold increase of efficiency in ncAA incorporation following heat treatment (Short et al., 1999). However, longstanding heat shock may result in the loss of basic activity of the CFPS system, while too little heat can leave residual RF1. Recently, another strategy was developed with no need for heat shock. Yin et al. (2017) successfully inserted an outer membrane protease (OmpT) recognition site into the switch loop of RF1. OmpT protease only identifies extracellular target proteins. Thus, the engineered RF1 can maintain the cell growth rate before cell extract preparation, after which it is cleaved by OmpT during cell lysis, which led to an increase of ncAA incorporation in CFPS.

These protein elimination strategies rely on the modification of proteins by genetic engineering. However, certain additives can also deactivate RF1 in the CFPS system. Agafonov et al. (2005) used an anti-RF1 antibody to block RF1 activity in CFPS and improve the ncAA incorporation efficiency. Nonetheless, the antibody requires expression and purification steps, which increased the costs. Consequently, the easily prepared and adaptable RNA aptamers have also been investigated for RF1 inactivation (Szkaradkiewicz et al., 2002; Shafer et al., 2004). For instance, an RNA aptamer that can orthogonally deactivate RF1 in CFPS was selected from a 50 nt random sequence RNA pool, showing the ability to increase the efficiency of ncAA incorporation (Ogawa et al., 2005; Sando et al., 2007).

RF1 could be removed at either genome or protein level. By comparison, deletion of RF1 gene from genome completely get rid of RF1 bioactivity from cell. And RF1-deficient E. coli cells have demonstrated its potential in preparation of RF1-free cell extraction for incorporation of ncAA into protein. However, knockout of gene for RF1 generated side effects, such as slow cell growth. For instance, C321.ΔA has been evolved to improve cell viability by correcting mistakes of genetic manipulation, such as off-target modifications (Wannier et al., 2018). In contrast, RF1 elimination at protein level requires complicated procedures, such as chromatography, degradation or deactivation (Agafonov et al., 2005; Sando et al., 2007; Loscha et al., 2012; Yin et al., 2017). On the other hand, without stop codon replacements by multiple-sites genome editing, protein elimination strategy can be easily applied to other strains. However, due to the open nature of CFPS, more strategies can be flexibly designed.



Manipulation of tRNAs

When a ncAA is inserted into a protein at a sense codon, the endogenous aminoacyl-tRNA will compete with the ncAA aminoacyl-tRNA in the ribosome during translation, resulting in partially native protein. Directly manipulating tRNAs in the cell is unrealistic, but it is convenient in CFPS without a membrane barrier, freeing a large number of sense codons for ncAA incorporation by tRNA manipulation (Tajima et al., 2018). Considering the one-to-one correspondence between tRNAs and codons, artificial codon tables, and even minimum codon combinations can be achieved by tRNA manipulation in CFPS (Calles et al., 2019; Wang et al., 2020). Recently, several tRNA level methods were developed, including tRNA pool replacement, elimination using antisense oligonucleotides, and tRNA-specific enzymatic degradation (Figure 2C).

The most direct method is the replacement of all tRNAs with a tRNA pool customized according to research purposes. Due to the molecular weight of ∼25,000 with 70–90 nucleotides in tRNAs, straightforward dialysis is not capable of removing tRNA from cell extracts and some small molecular translation enzymes, such as initiation factor 1, can be lost during dialysis (Bhat et al., 2005). Nevertheless, several methods for the replacement of endogenous tRNAs have been developed. Recently, a near-complete endogenous tRNA eliminating method was reported Bundy et al. (2008) in which RNase A was attached to magnetic beads to remove native tRNAs from cell extract (Salehi et al., 2017). Additionally, semisynthetic tRNA complements, which contain the majority of 48 synthetic tRNAs, were shown to be functional in CFPS, extending the ability to customize additive tRNA pools for ncAA incorporation at multiple sense codons (Cui et al., 2015).

Considering the time-consuming steps required for native tRNA removal and custom tRNA synthesis in the tRNA pool replacement strategy, tRNA antisense oligonucleotides have emerged as a powerful tool for tRNA-specific elimination and inactivation in CFPS. Cui et al. (2017) removed the tRNA[image: image] by DNA-hybridization chromatography of tRNA-specific antisense oligonucleotides, displaying a universal method for sense codon reassignment. However, without additional chromatography steps, methylated anti-tRNA oligonucleotides were demonstrated to deactivate multiple selected tRNAs by tRNA–DNA hybridization, which was induced due to heating and annealing with the tRNA mix of CFPS. This approach is more efficient than chromatography for tRNA inactivation (Cui et al., 2018).

In addition to tRNA-specific antisense oligonucleotides, the tRNAArg-specific tRNase, colicin D, was also utilized for specific tRNA elimination. Colicin D specifically cleaves tRNAArg at the anticodon loop, including tRNA[image: image], tRNA[image: image], tRNA[image: image], tRNA[image: image], tRNA[image: image], and tRNA[image: image], which can free six codons for reassignment (Tomita et al., 2000). Kang et al. utilized resin-bound colicin D to cleave all tRNAArg in the cell-free system and supplemented synthetic tRNA[image: image] for arginine translation at a single codon, successfully demonstrating the recoding of four sense codons to ncAAs (Lee K.B. et al., 2016).

These tRNA manipulation strategies are able to free a large number of sense codons for efficient ncAA incorporation which are unattainable via stop codon suppression. Nonetheless, limitations still exist. For tRNA pool replacement, only 48 synthetic tRNAs were shown functional in CFPS, and the complete synthetic tRNA substitution pool was not achieved, which may hamper some specific artificial codon tables (Cui et al., 2015). For specific tRNA elimination, the tRNAArg-specific tRNase (colicin D) method was limited by tRNase deficiency and could not be adopted more widely, while the tRNA antisense oligonucleotides may be a potential powerful tool for researchers.



Amino Acid Replacement

Due to the relaxed amino acid specificity of aaRS, a few ncAAs that are structurally similar to canonical amino acids can be charged to native tRNAs by corresponding aaRS. Examples include selenomethionine (Kigawa et al., 2002), fluorinated tryptophan analogs (Mat et al., 2010), chlorinated tyrosine analogs (Singh-Blom et al., 2014), 4-18F-fluoro-L-proline and 3,4-dihydroxy-l-phenylalanine (Harada et al., 2016). Thus, structurally similar ncAAs can be incorporated in place of the corresponding native amino acids. In vivo, a few nutrient deficient strains lacking the specific amino acid biosynthesis enzymes have been constructed and cultured with supplementation of ncAAs for artificial protein expression (Budisa et al., 2004; Montclare et al., 2009). However, ncAAs are toxic to the host strain because they will also be incorporated into essential endogenous proteins, resulting in a low growth rate and low protein yield. Moreover, residues of the corresponding canonical amino acid added during the preculture will also compete with the ncAA, leading to partially native protein.

Recently, CFPS was suggested to overcome these defects in amino acid analog incorporation. Even a detailed video protocol has been posted online (Worst et al., 2016). A cell extract of a nutrient deficient strain lacking the specific amino acid biosynthesis enzymes was prepared, followed by multiple diafiltration processes to remove all amino acids. The specific ncAA and 19 other canonical amino acids were added to the CFPS reaction for uncompetitive ncAA incorporation (Singh-Blom et al., 2014; Figure 2D). For instance, L-DOPA, a tyrosine substitute, was incorporated into protein with almost eight times higher efficiency than competitive systems (Lee K.-H. et al., 2016). The highly toxic arginine analog canavanine was also firstly incorporated into proteins in a tyrosine-replaced CFPS system (Worst et al., 2015).

This amino acid replacement CFPS method has been a cost-effective and simple alternative to ncAA incorporation methodologies without requiring engineered aaRS or tRNAs. However, owing to the loss of replaced canonical amino acids, various potential applications, which need the 20 canonical amino acids, are limited in this method. What’s more, although the specific amino acid biosynthesis enzymes had been knock out in cell-free strains, which avoided other amino acids generating the omitted amino acid to make incorrect incorporations. The omitted amino acid may still be generated from metabolic process in cell extract, such as degradation of endogenous proteins. This problem may be solved by some protease-deficient strains in future studies.



Incorporation of Multiple Different ncAAs

In addition to the incorporation of single ncAAs, the incorporation of multiple different ncAAs into the same protein has been achieved in vivo and in vitro, widely expanding the ability to engineer artificial proteins. By repeating ncAA reassigned codons in template, it is accessible to incorporate a single type ncAA into multiple different locations without methodological modification (Johnson et al., 2011; Martin et al., 2018). On the countrary, efficiently incorporating multiple different ncAAs into a single protein requires method improvements and modifications. So this section will focus on the emerging methods of multiple different ncAAs incorporation into a single protein. However, in vivo methods mainly relied on stop codon repression of the cell protein expression machine, leading to an undistinguished product yield due to the competition of peptide release factors (Wan et al., 2010; Chatterjee et al., 2013a; Wang et al., 2014; Venkat et al., 2018). Only one release factor has been deleted, because the other peptide release factor must be retained for translational termination in cells. Consequently, the RF1-deficient strains, such as C321.ΔA, are currently the most appropriate host strain for reducing competition during the incorporation of multiple ncAAs (Zheng et al., 2018). Although up to three different ncAAs have been incorporated into the same protein in the C321.ΔA strain, the competition between ncAAs and peptide RF2 still had negative effects in cells (Italia et al., 2019).

Recently, cell extracts of RF1-deficient strains were also utilized in a CFPS system for efficient and modular artificial protein expression with multiple different ncAAs, but partial competition was still present, similar to the cells (Hong et al., 2014; Ozer et al., 2017; Chemla et al., 2019). Further, several total competition-removing CFPS methods were developed using different strategies. For instance, Cui et al. (2017) combined tRNA-specific affinity chromatography with stop codon repression in RF1-deficient strains for dual protein fluorescent labeling by incorporating AzF and BPFL-Cys into a single protein. This opens up the possibility of combining approaches at different levels to engineer proteins more freely.



TRANSLATION FACTORS ENGINEERING

Various factors play important role in protein translation as well, especially in ncAA incorporation. These translation factors are also engineered to facilitate efficient ncAA incorporation. In this part, engineering achievement of elongation factor Tu (EF-Tu), ribosome and aaRS/tRNA pairs are summarized and discussed.


EF-Tu

EF-Tu is crucial in translation elongation phase, which is abundant in E. coli (Furano, 1975). EF-Tu binds aminoacyl-tRNA and delivery them to the ribosome for peptide elongation. However, EF-Tu may not efficiently bind to ncAA with macromolecular or negatively charged groups, leading to ineffective incorporation (Doi et al., 2007; Haruna et al., 2014). Thus far, many efforts had been made to improve EF-Tu in ncAA incorporation by engineering the amino acid binding domain.

With evolution of the binding domain in EF-Tu, ncAAs such as phosphoserine, phosphotyrosine, selenocysteine, pyrenylalanine, and p-azido-phenylalanine, were efficiently incorporated into peptide. Some ncAAs carrying negative charged phosphorylation side chain are hard to be recognized by wild type EF-Tu. Therefore, mutant EF-Tu (H67R, E216N, D217G, F219Y, T229S, and N274W) was developed to efficiently incorporated phosphoserine into peptide (Park et al., 2011) and milligram of protein with phosphoserine incorporation was obtained in cell-free system extracted from strain C321.ΔA (Oza et al., 2015). Similarly, the EF-Tu variant (E216V, D217G, and F219G) was also successfully selected for phosphotyrosine incorporation (Fan et al., 2016). And selenocysteine, another negatively charged amino acid, was also efficiently recognized by EF-Tu variant (H67Y, Q98Q, E216D, D217R, and N274R) (Haruna et al., 2014). Doi et al. (2007) developed EF-Tu mutants (E215A and D216A), in which the binding pocket of aminoacyl-tRNA was enlarged, to improve the binding of ncAAs carrying bulky side chain and this system successfully worked with ncAAs of L-1-pyrenylalanine, L-2-pyrenylalanine, and DL-2-anthraquinonylalanine as well. Incorporation of p-azido-phenylalanine was assisted by EF-Tu with mutant binding domain (S65A, D216A, and V274A) (Gan et al., 2017). Although the function of these EF-Tu variants has been proved in vivo, it is easy to applied them in CFPS by either direct addition of purified EF-Tu variants protein or co-expression with other endogenous wild-type translation factors in cell. For instance, protein with phosphoserine incorporation was synthesized to milligram in CFPS with engineered EF-Tu (Oza et al., 2015).



Ribosome

Besides the normal proteinogenic amino acids, wild-type ribosome is also able to accept some analogs of L-α-amino acids (Dedkova and Hecht, 2019). Nonetheless, ncAAs with modified chemical backbone such as partial D-amino acids were incompatible with the wild-type translation machinery (Melnikov et al., 2019). Modification of the peptidyl transferase center on ribosomal 50S subunit has high potential to enhance special ncAAs incorporation. For instance, the mutant 23s rRNA mutations (region of 2447–2451, 2457–2462, 2057–2063, and 2502–2507) allowed efficient peptidyl transfer of D-amino acids or β-amino acids, such as D-methionine, D-phenylalanine (Dedkova et al., 2003, 2006), β-alanine and β-phenylalanine (Maini et al., 2013; Melo Czekster et al., 2016). Interestingly, mutant 16S rRNA (A238U, G849U, G1175U, G1516U) was identified as well with improved activity for selenocysteine incorporation (Thyer et al., 2013). Moreover, several novel features have been evolved in ribosome to improve ncAA incorporation. Wang et al. (2007) developed an orthogonal ribosome with a decreased functional interaction with RF1 and improved amber codon suppression. Another orthogonal ribosome was developed for efficient quadruplet codon suppression (Neumann et al., 2010). Engineered ribosome may bring the risk of losing cell viability especially under overexpression (Dedkova et al., 2003, 2006). Therefore, specially designed orthogonal ribosome may be the good solution, by which ncAA incorporation could be separated from endogenous translation and minimize the influence on cell viability.



Evolution of aaRS/tRNA Pairs

Aminoacylation is the key procedure for orthogonality of tRNA and corresponding amino acids. Thus far, a few of specific aaRS/tRNA pairs were developed, such as the PylRS/tRNA pair for lysine, phenylalanine and pyrrolysine analogs from Methanosarcina spp. (Polycarpo et al., 2006; Katayama et al., 2012; Wang Y.S. et al., 2012), Methanococcus jannaschii and acetivorans TyrRS/tRNA pairs for tyrosine analogs (Ikeda-Boku et al., 2013), Methanococcus maripaludis SepRS/tRNA pair for phosphoserine (Rogerson et al., 2015), Saccharomyces cerevisiae PheRS/tRNA pair for phenylalanine and alanine analogs (Kwon and Lim, 2015), Saccharomyces cerevisiae TrpRS/tRNA pair for tryptophan and alanine analogs (Chatterjee et al., 2013b), Desulfitobacterium hafniense PylRS/tRNA for lysine analogs and Pyrococcus horikoshii ProRS/tRNA for proline analogs (Chatterjee et al., 2012).

However, the slow incorporation rate of nnAAs charged anminoacyl-tRNA leads to increased misincorporation of the endogenous aminoacyl-tRNA, inserting undesired canonical amino acid (O’Donoghue et al., 2012). Additionally, the site-specific incorporation requires accurate aminoacylation reaction between ncAA and its partner tRNA. Thus, directed evolution was applied to evolve efficient and accurate aaRS/tRNA pairs, including phage-assisted continuous evolution (PACE) (Esvelt et al., 2011), compartmentalized partnered replication (CPR) (Ellefson et al., 2014), parallel positive selection combined with deep sequencing and tRNA Extension (tREX) assisted with computationally identification (Zhang et al., 2017; Cervettini et al., 2020). And improved efficiency and specificity have been demonstrated for aaRS/tRNA pairs of Nε-Boc-L-lysine (BocK), Nε-acetyl-L-lysine (AcK) (Bryson et al., 2017), p-azido-L-phenylalanine (pAzF) (Amiram et al., 2015), 3-iodo-L-tyrosine (Oki et al., 2008). O-methyl-L-tyrosine (Cervettini et al., 2020), and so on. However, the degree of the orthogonality of these evolved aaRS/tRNA pairs is crucial for in vivo application. All of these evolved aaRS/tRNA pairs could also be applied in CFPS by either directly addition of purified protein or pre-expression in the cell. And, the activity of orthogonal aaRS/tRNA could be improved by accurately adjusting its relative concentration in cell-free system.



NOVEL ncAAs AND in vitro AMINOACYLATION METHODS FOR CFPS

Without limitations of cell viability and membrane barrier, CFPS allows the direct addition of specific aminoacyl-tRNA to participate in ribosomal translation, in which the aminoacyl-tRNA is pre-synthesized before the CFPS reaction. By decoupling aminoacylation and translation in CFPS, several limitations can be overcome. On the one hand, because the ncAA aminoacylation reaction is physically separated from endogenous reactions, the orthogonality of aaRS is unnecessary, so that time-consuming enzyme evolution can be avoided and more ncAAs can be utilized by in vitro aminoacylation (Urbanek et al., 2018). On the other hand, more chemical and enzymatic methods can be utilized to generate aminoacyl-tRNAs, breaking the limitation that only analogs of L-α-amino acids can be charged by aaRS (Ninomiya et al., 2003; Murakami et al., 2006). Through in vitro aminoacylation methods, orthogonality requirement of aminoacylation process can be avoided, in which tRNA can only be charged by the only amino acid in vitro. But after translation, the released tRNA may be recharged by endogenous aaRS if it is not orthogonal to endogenous system, possibly resulting in incorrect incorporation. Thus, orthogonality evolution of aminoacylation factors can be skipped to save cost, while orthogonal tRNA is needed to achieve accurate ncAAs incorporation. Recently, several novel ncAAs were successfully incorporated into protein by such in vitro aminoacylation methods, including D-α-amino acids (Katoh et al., 2017b), β-amino acids (Katoh and Suga, 2018), γ-amino acids (Ohshiro et al., 2011), N-alkylated-α-amino acids (Kawakami et al., 2013), N-acylated-α-amino acids (Kwiatkowski et al., 2014), α-hydroxy acids (Ohta et al., 2008), α-benzoic acids and even foldamers (Kawakami et al., 2016; Rogers et al., 2018; Figure 3).
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FIGURE 3. Recently developed novel ncAAs only utilized in CFPS. (A) L-α-amino acids with non-canonical side chains, which can only be charged to tRNAs in vitro. (B) D-α-amino acids. (C) N-alkylated-α-amino acids. (D) N-acylated-α-amino acids. (E) α-hydroxy acids. (F) α-benzoic acid. (G) β-amino acids. (H) γ-amino acids. (I) Quinoline-based foldamers. (J) Pyridine-based foldamer.


These novel ncAAs widely expand the ability to engineer artificial proteins with novel features, which may increase the proteolytic stability, membrane permeability, and conformational rigidity of the peptide. For instance, the thioether macrocyclic peptides incorporated with D-amino acids could provide high serum stability due to structural difference and protease resistance (Bashiruddin and Suga, 2015). And β-amino acids were considered as the potential building blocks of peptide analogs for pharmaceutical uses with the improved stability against proteolysis (Maini et al., 2013). Cyclic peptide antagonists containing N-alkylated-α-amino acids also showed more membrane-permeable and stable to proteolysis (Chatterjee et al., 2008; Baeriswyl and Heinis, 2013). The foldamers may potentially be highly water-soluble and possess cell-penetrating properties (Gillies et al., 2007). However, more applications are limited by preparation method of peptide with novel ncAAs. In this part, novel amino acids and different in vitro aminoacylation methods for CFPS platforms will be summarized and discussed.


In vitro Aminoacylation by aaRS

Utilizing the relaxed amino acid specificity of some aaRS, a few analogs of L-α-amino acids can be directly charged to tRNAs by aaRS (Katoh and Suga, 2019; Figure 4A). When aminoacylation and translation are conducted in the same system, in order to avoid competition between amino acids in the same aaRS/tRNA pair, the corresponding canonical amino acid should be removed to safeguard the orthogonality of the translation machine. Via pre-aminoacylation with ncAAs by aaRS, not only any codon, including stop codons, can be reassigned to a ncAA with a defined aminoacyl-tRNA, but also more efficient ncAA incorporation can be realized by optimizing additive concentrations (Urbanek et al., 2020). For instance, the general method for the expression of isotopically labeled proteins relies on aaRS charging isotopically labeled amino acids. With [15N,13C]-glutamine pre-charged by yeast glutaminyl-tRNA synthetase, homogeneous protein was obtained for high-dimensional NMR spectroscopy (Urbanek et al., 2018).
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FIGURE 4. In vitro aminoacylation methods combined with CFPS. (A) In vitro aminoacylation by aaRS. Without an orthogonality barrier, extracellular aaRS can load tRNAs with more kinds of ncAAs. Canonical amino acid (cAA) aminoacyl-tRNAs can be chemically modified to become non-canonical. (B) Chemical aminoacylation. The truncated tRNA can be ligated with chemically aminoacylated pCpA-ncAA by T4 RNA ligase, generating a complete ncAA aminoacyl-tRNA. (C) Ribozyme aminoacylation. Flexizymes can synthesize aminoacyl-tRNAs from ncAAs with different activated carboxyl groups.


Another method is the chemical modification of side chains in canonical aminoacyl-tRNAs after normal aminoacylation by aaRS, generating ncAA aminoacyl-tRNAs to participate in translation (Figure 4A). Several side chains were successfully modified in canonical aminoacyl-tRNAs, generating moieties such as phenyllactyl amino acids (Fahnestock and Rich, 1971), N-methyl amino acids (Merryman and Green, 2004), glycosyl amino acids (Fahmi et al., 2007), fluorescence labeled amino acids and BODIPY labeled amino acids (Iijima and Hohsaka, 2009).

Compared to in vivo methods relying on introducing orthogonal aaRS/tRNA pairs into cells, in vitro aminoacylation by aaRS physically separates the ncAA aminoacylation reaction from endogenous reactions, avoiding orthogonality requirement of aaRS in ncAA aminoacylation process. The cost and time-consuming aaRS evolution can be skipped. And available ncAAs are expanded without orthogonality. However, after the dehydration condensation reaction in ribosome, the released tRNA could be recharged with unwished amino acids if it is not orthogonal to endogenous aaRS, leading to misincorporations. For precise and efficient ncAA incorporation, the corresponding tRNA needs to be orthogonal to endogenous systems. What’s more, the available specter of ncAAs is still largely limited to analogs of L-α-amino acids.



Chemical Aminoacylation

Chemical aminoacylation is a versatile classical strategy for aminoacyl-tRNA synthesis in vitro (Hecht et al., 1978; Figure 4B). Although several improvements have been made, the general process remained consistent (Heckler et al., 1984; Noren et al., 1989; Ninomiya et al., 2003; Lodder et al., 2005; Kwiatkowski et al., 2014). The amino acid with appropriate protecting groups is chemically charged to the 3′-OH of pCpA or pdCpA, which was chemical synthesized. Subsequently, the corresponding truncated tRNA, lacking two bases at the 3′-terminal, is ligated with aminoacyl-pCpA (or pdCpA) by T4 RNA ligase to generate the complete aminoacyl-tRNA. In theory, this method can be used to load any tRNA with any desired amino acid, such as N-acetyl amino acids (Yamanaka et al., 2004), glycosylated serine, and tyrosine (Fahmi et al., 2007), N-methyl and N-nitro arginine (Choudhury et al., 2007), citrulline (Breuillard et al., 2015), homoarginine, and isotopically labeled canonical amino acids (Peuker et al., 2016).

In theory, the greatest strength of this method is that any desired amino acid can be charged to any tRNA. However, the combination of chemical synthesis with enzymatic ligation is labor-intensive and it is challenging to produce homogeneous aminoacyl-tRNAs. Especially the primary by-product, self-ligated tRNA, is unavoidably generated by T4 RNA ligase, leading to inefficient synthesis, which may be avoided in future researches.



Ribozyme Aminoacylation

In addition to aaRS and chemical aminoacylation, Suga et al. evolved small ribozymes (44–46 nt) that synthesize aminoacyl-tRNAs. These so-called flexizymes can charge tRNAs with amino acids with an activated carboxyl group (Murakami et al., 2006; Goto et al., 2011). This activated carboxyl group and the 3′-terminal NCCA sequence of tRNA are crucial recognized sites of the flexizyme catalytic domain (Xiao et al., 2008). Therefore, in theory, the ncAA can be reassigned to any codon. Recently, some flexizyme variants were artificially evolved to accept amino acids with different activated carboxyl groups (Morimoto et al., 2011). The aFx, dFx, and eFx flexizymes are three widely used representatives, respectively recognizing amino acids carrying an activated amino-derivatized benzyl thioester (ABT), dinitrobenzyl ester (DBE) or chlorobenzyl ester (CBE) (Niwa et al., 2009; Passioura and Suga, 2013; Figure 4C). More recently, more than thirty activated groups were verified to be accessible to flexizyme aminoacylation, significantly expanding the range of available amino acids (Lee et al., 2019).

As an emerging method, flexizyme aminoacylation has been applied as a versatile strategy for the incorporation of a great many ncAAs. The only two limitations imposed on the amino acids are the feasibility to activate the carboxyl with a certain group and chemical stability during the aminoacylation process. In fact, different ncAAs have been utilized even with multiple incorporations, including D-α-amino acids (Katoh et al., 2017b), β-amino acids (Katoh and Suga, 2018), γ-amino acids (Ohshiro et al., 2011), α-hydroxy acids (Ohta et al., 2008), α-benzoic acids (Kawakami et al., 2016), N-alkyl-L-α-amino acids (Kawakami et al., 2013), N-methyl-L-α-amino acids (Kwiatkowski et al., 2014), and even foldamers (Rogers et al., 2018). However, the efficiency of flexizyme aminoacylation varies depending on the ncAAs with a wide range of 17–91%, which can only be optimized empirically, since there are no established design rules (Goto et al., 2011). Moreover, the ribosome incorporation capacity of ncAA aminoacyl-tRNAs also ranges from zero to high efficiency. For instance, only eight of nineteen D-α-amino acids showed highly efficient incorporation, while low efficiencies were observed in four D-α-amino acids and the other was incompatible with the ribosome (Fujino et al., 2013, 2016). Henceforth, more versatile aminoacylation and translation techniques are worth developing to satisfy the increasing demand for ncAA incorporation.



CONCLUSION AND PROSPECTS

Cell-free protein synthesis has emerged as a powerful platform for engineering the genetic code with its unique advantages allowing the efficient and extensive incorporation of ncAAs, which were summarized in this review. To improve the efficiency and yield of artificial proteins, several strategies have been presented to remove ncAA competitors at different levels, including genome engineering, elimination of peptide release factors, tRNA manipulation and amino acid replacement. The pros and cons of these strategies have been discussed in detail above. By combining methods at different levels, multiple codons, including sense and nonsense codons, could be simultaneously reassigned to different ncAAs without endogenous competitors, contributing to more flexible artificial protein synthesis (Cui et al., 2017). To enhance ncAA incorporation, several translation factors have been engineered for improvement, such as EF-Tu, ribosome and aaRS/tRNA pairs. At the same time, CFPS is compatible with in vitro aminoacylation methods, which can supply a wider range of novel and unique ncAAs for artificial protein research. Compared with aaRS and chemical aminoacylation methods, flexizymes have been developed into a highly versatile and efficient approach for aminoacyl-tRNA synthesis, with many recent studies confirming its expansion. By emphasizing these crucial techniques for ncAA incorporation via CFPS, this review is intended to provide a bridge between current technologies and future directions in this rapidly developing field.

Looking forward, these tools have the potential to be applied in various emerging fields, such as antibody-drug conjugates, protein labeling, peptide-based materials and so on (Albayrak and Swartz, 2014; Stech et al., 2017; Suga, 2018). Especially in enzyme activity improvement, several efforts have been made with significant influence. For instance, enzyme phosphorylation is a key modification for protein activity, which may occur on tyrosines, threonines and serines. Phosphotyrosine and phosphothreonine were used to activate vasodilator-stimulated phosphoprotein (VASP) and the nicotinic acetyl choline receptor (nAChR) (Rothman et al., 2005). With phosphoserine incorporation, several homogeneous phosphorylated enzymes have been expressed, such as human MEK1 kinase, human Stimulator of Interferon Genes (STING), and Bcl2-associated agonist of cell death (BAD) (Oza et al., 2015; Zhu et al., 2019). Furthermore, methylhistidine also showed important activating effects in the enzyme catalytic center of fluorescent proteins, heme enzymes, and metalloenzymes (Xiao et al., 2014; Gan et al., 2018; Ortmayer et al., 2020). Acetyllysine and methyllysine play a crucial role in the control of chromatin and epigenetic programs by histones, which has been demonstrated by site-specific incorporation with in vitro aminoacylation in CFPS (Sterner and Berger, 2000; Yanagisawa et al., 2014; Wakamori et al., 2015; Xiong et al., 2016). In addition, numerous unclear modifications of amino acids in the enzymatic active center need to be investigated in the future, such as hydroxylation, glycosylation, sulfation, and amidation. Overall, this review hopes to assist researchers in choosing suitable methods to incorporate ncAAs efficiently and easily using CFPS, hopefully inspiring breakthroughs of ncAA techniques and applications in the future.
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Nucleoside-5’-triphosphates (NTPs) and their analogs are building blocks of DNA and are important compounds in both pharmaceutical and molecular biology applications. Currently, commercially available base or sugar modified NTPs are mainly synthesized chemically. Since the chemical production of NTPs is time-consuming and generally inefficient, alternative approaches are under development. Here we present a simple, efficient and generalizable enzymatic synthesis method for the conversion of nucleosides to NTPs. Our one-pot method is modular, applicable to a wide range of natural and modified nucleotide products and accesses NTPs directly from cheap nucleoside precursors. Nucleoside kinases, nucleoside monophosphate (NMP) kinases and a nucleoside diphosphate (NDP) kinase were applied as biocatalysts. Enzymes with different substrate specificities were combined to produce derivatives of adenosine and cytidine triphosphate with conversions of 4 to 26%. The implementation of a (deoxy)ATP recycling system resulted in a significant increase in the conversion to all NTP products, furnishing 4 different NTPs in quantitative conversion. Natural (deoxy)NTPs were synthesized with 60 to >99% conversion and sugar- and base-modified NTPs were produced with 69 to >99% and 27 to 75% conversion, respectively. The presented method is suitable for the efficient synthesis of a wide range of natural and modified NTPs in a sustainable one-pot process.

Keywords: enzymatic cascade synthesis, nucleoside-5′-triphosphate, one-pot multi-enzyme reaction, nucleotide analog, nucleotide kinase, nucleoside kinase, modular, ATP regeneration system


INTRODUCTION

Modified nucleotides are important small molecules in molecular biology and pharmaceutical applications. Natural and modified nucleoside-5’-triphosphates (NTPs) are valuable building blocks for PCR, fluorescent in situ hybridization (FISH), aptamer production as well as for next generation sequencing (Prober et al., 1987; Zaccolo et al., 1996; Giller et al., 2003; Ni et al., 2017). Nucleotides with an azide or alkyne function enable the post-synthetic modification of oligonucleotides via click-chemistry (Gramlich et al., 2008).

Furthermore, the application of nucleotide prodrugs is of increasing interest (Pradere et al., 2014) as most of the known nucleoside analog drugs are only active as the respective nucleoside diphosphate (NDP) or NTP and activation in vivo is often insufficient (Deville-Bonne et al., 2010). In a number of approaches including the application of sofosbuvir or remdesivir, protected nucleoside monophosphates (NMPs) were administered to overcome the first activation step in vivo (Pradere et al., 2014; Ko et al., 2020). Additionally, methods have been developed for the production of NDP or NTP prodrugs with an increased biological availability of the respective nucleoside drug as shown for sofosbuvir or remdesivir (Pradere et al., 2014).

To date, nucleotides are primarily prepared by chemical methods such as the Yoshikawa protocol or the Ludwig-Eckstein method (Burgess and Cook, 2000). A common disadvantage of these multistep synthesis reactions is a limited regioselectivity leading to the formation of different phosphorylation products, as well as the limited control over the exclusive formation of the triphosphate, as higher phosphorylation products can be generated. The overall process is laborious, involves toxic reagents and often achieves only moderate product yields. Furthermore, some nucleotide products harboring sensitive functional groups are not accessible in these approaches as they do not withstand the harsh reaction conditions and generate undesired side products (Lee and Momparler, 1976; Burgess and Cook, 2000).

Biocatalytic routes exploiting enzymes from the nucleotide metabolism promise improved regioselectivity and exquisite control over the phosphorylation product. Driven by these advantages, several attempts have been made to replace chemical synthesis routes for NTP preparation. Natural (deoxy)NTPs have been produced by isolation from animal extracts (Berger, 1956), phosphorylation of RNA/DNA degradation products (Haynie and Whitesides, 1990) or by enzymatic cascade reactions (Ding et al., 2019). While the described methods are suitable for the synthesis of natural NTPs they cannot be easily transferred to the synthesis of NTP analogs bearing sugar or base modifications. Therefore, specific enzymatic synthesis routes were only rarely developed for few NTP analogs (Lee and Momparler, 1976; Da Costa et al., 2007; Hennig et al., 2007).

The application of nucleosides as substrates for the synthesis of nucleotides together with purified biocatalysts offers significant advantages over the approaches described above. Natural nucleosides are generally cheaply available as commercial reagents and modified nucleosides can be accessed enzymatically via known methods in high yield (Kamel et al., 2019; Kaspar et al., 2020; Yehia et al., 2020). The use of purified enzymes minimizes side reactions and simplifies reaction workup. Despite these advantages, however, there are only few examples in the literature of NTP synthesis from nucleosides with purified enzymes. As an example Baughn et al. (1978) used purified adenosine kinase, adenosine monophosphate kinase, acetate kinase and acetyl phosphate to convert adenosine to adenosine triphosphate (ATP) in a one-pot approach with 80% conversion. However, small amounts of nucleotide products ATP, adenosine diphosphate (ADP) and adenosine monophosphate (AMP) were needed to start the reaction. To our knowledge, only a single one-pot approach for the synthesis of a modified NTP from a nucleoside has been described by Hennig et al. (2007) who produced 5-fluorocytidine triphosphate (5F-CTP, 4c). The compound was prepared with 78% isolated yield using a uridine kinase, nucleoside monophosphate kinase, pyruvate kinase as well as an enolase and 3-phosphoglycerate mutase. ATP and 3-phosphoglycerate were used as phosphate donors.

Phosphate donor recycling systems promise increased yields in these reactions by shifting the reaction equilibrium toward the desired product NTP (Abu and Woodley, 2015). These recycling systems are coupled enzymatic reactions which constantly (re)generate NTPs from the respective NDPs and a secondary phosphate donor. Indeed, the incorporation in nucleotide synthesis reactions has been described to enable higher conversions via an equilibrium shift (Wu et al., 2003). The recovery of (d)ATP from (d)ADP lowers substrate and product inhibition effects by decreasing the concentration of the side product (d)ADP. At the same time, the concentration of (d)ATP is kept high to facilitate the kinase reactions. Further advantages of phosphate donor recycling systems include simplified product purification and cost savings by decreasing the amount of (d)ATP required for high conversions.

For the enzymatic regeneration of (d)NTPs acetate kinase, pyruvate kinase and polyphosphate kinase are most commonly used (Endo and Koizumi, 2001; Andexer and Richter, 2015). Those enzymes possess high substrate promiscuity and are able to (re)generate most natural and some modified (d)NTPs from the respective (d)NDPs (Ishige et al., 2001; Gao et al., 2008; Zou et al., 2013). For example, pyruvate kinase has been applied for both the conversion of 5-fluorinated NDPs to 5-fluorinated NTPs as well as the regeneration of the phosphate donor ATP for other coupled enzymatic reactions (Hennig et al., 2007). Regeneration systems also offer the opportunity to reduce the concentration of non-ATP phosphate donors as shown for the enzymatic synthesis of natural dNMPs from nucleosides using the comparably expensive phosphate donor guanosine triphosphate (GTP). Due to a constant regeneration from the secondary phosphate donor acetyl phosphate only small amounts of GTP (2.5 mol%) were needed (Zou et al., 2013). Inorganic polyphosphate is the cheapest available secondary phosphate donor. However, energy-rich phosphate donors such as phosphoenolpyruvate (PEP) offer a significant thermodynamic advantage over other possible phosphate donors (Andexer and Richter, 2015). This allows ATP (re)generation in nearly quantitative fashion and prompted us to employ this system for this study.

Inspired by the initial success of Hennig and colleagues, we herein report a pilot study to develop a generalizable method for the synthesis of natural and modified NTPs from nucleosides as cheaply available precursors (Scheme 1). Our modular one-pot four-enzyme cascade with a PEP-based phosphate donor recycling system allows the simple and efficient production of a wide range of NTPs, as demonstrated by examples bearing pyrimidine and purine bases as well as several different sugars. Nucleoside, NMP and NDP kinases were applied as biocatalysts using a standardized protocol. The application of different enzyme combinations allowed for a rapid adjustment to substrates of interest. Furthermore, the impact of a phosphate donor regeneration system on NTP yields was quantified for the first time. Significantly higher conversions were achieved for natural (4 to 9 times) and modified NTP products (4 to 6 times) using (d)ATP regeneration in a one-pot system, providing 4 NTPs in quantitative conversion. The present study lays the groundwork for future high-yielding syntheses of NTPs from nucleosides.
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SCHEME 1 | Reaction sequence for the phosphorylation of natural and modified nucleosides in a multi-enzyme cascade reaction with an ATP regeneration system based on pyruvate kinase and phosphoenolpyruvate. Depending on the substrate the enzymes Drosophila melanogaster deoxynucleoside kinase (dNK), adenosine kinase (AK), UMP-CMP kinase (UMP-CMPK), guanylate kinase (GMPK), adenylate kinase (AMPK), nucleoside diphosphate kinase (NDPK) and pyruvate kinase (PK) were applied. The protein structures shown belong to the PDB entries 2vqs (dNK), 3uq6 (AK), 2anc (GMPK), 1e4v (AMPK), 2cmk (UMP-CMPK), 2hur (NDPK) and 1pky (PK).




MATERIALS AND METHODS


General Information

All chemicals and solvents were of analytical grade or higher and purchased, if not stated otherwise, from Sigma-Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, Germany), TCI Deutschland (Eschborn, Germany), Carbosynth (Berkshire, United Kingdom) or VWR (Darmstadt, Germany).

The following natural and modified nucleoside substrates were used: Natural pyrimidine and purine nucleoside substrates were cytidine (Cyd, 1), deoxycytidine (dCyd, 2), adenosine (Ado, 5) and deoxyadenosine (dAdo, 6). Sugar-modified nucleosides were arabinofuranosylcytosine (araCyd, 3) known as the anti-leukemia drug Cytarabine and arabinofuranosyladenine (araAdo, 7), a nucleoside antibiotic isolated from Streptomyces antibioticus. Base-modified nucleoside substrates were 5-fluorocytidine (5F-Cyd, 4) and 2-fluoroadenosine (2F-Ado, 8). Halogenated nucleotides like 5F-CTP (4c) are interesting building blocks for studies of secondary structures of DNA or RNA using NMR analysis (Hennig et al., 2007). 2F-Ado (8) is known as Fludarabine and its monophosphorylated form 8a is used as an anti-cancer chemotherapy drug.

Wild-type nucleoside and nucleotide kinases were obtained from BioNukleo GmbH (Berlin, Germany) except for wide-spectrum deoxynucleoside kinase from Drosophila melanogaster (DmdNK). The expression vector of DmdNK was kindly provided by Prof. Birgitte Munch-Petersen (Roskilde University). According to the manufacturer the kinases possess the following substrate specificities: adenosine kinase (AK, NK14), guanylate kinase (GMPK, NMPK21) and adenylate kinase (AMPK, NMPK23) convert purine nucleoside/nucleotide substrates, while uridine monophosphate-cytidine monophosphate kinase (UMP-CMPK, NMPK22) and nucleoside diphosphate kinase (NDPK, NDPK32) accept both purine and pyrimidine nucleoside/nucleotide substrates. All enzymes obtained from BioNukleo were provided as stock solutions (0.1 to 1 mg/mL) and aliquots stored at −0.20°C until use. Pyruvate kinase (PK, P9136) was obtained from Sigma Aldrich as lyophilized powder, dissolved in 70 mM Tris–HCl pH 7.6 (1.74 mg/mL) and stored in aliquots at −0.20°C. All enzymes are active at 37°C and combinable in the same reaction buffer (70 mM Tris–HCl pH 7.6, 5 mM MgCl2).



Expression of DmdNK

Recombinant DmdNK was expressed and purified as described before (Munch-Petersen et al., 2000). Briefly, the enzyme was produced as a GST-fusion protein using Escherichia coli BL21. Following glutathione sepharose purification the GST tag was cleaved of using thrombin and the enzyme was stored at −20°C with 8% glycerol, 1% Triton X-100 and 1 mM DTT.



Enzymatic Cascade Reaction

Enzymatic cascade reactions were performed in a total volume of 50 μL with 70 mM Tris–HCl pH 7.6 (measured at 25°C), 5 mM MgCl2, 1 mM nucleoside substrate and 3.6 mM ATP. 2’-Deoxyadenosine triphosphate (dATP) was used as phosphate donor for reactions with adenosine as substrate to enable substrate and product differentiation. Reactions were started by adding 0.016-0.02 mg/mL (ratio 1:1:1; Supplementary Table SI) of each enzyme. Concentrations were chosen based on preliminary experiments. Reactions were incubated at 37°C in a thermocycler with a heatable lid. An equal volume of methanol (50 μL) was added after 19 h to stop the reaction. After centrifugation at 21.500 × g and 4°C for 15 min (Himac CT15RE, Hitachi, Tokyo, Japan) 75 μL of the quenched reaction mixture were diluted with 25 μL water and analyzed by high performance liquid chromatography (HPLC) as described below.



Enzymatic Cascade Reaction With Phosphate Donor Recycling System

The phosphate donor regeneration system applied in this study consisted of a regeneration kinase (pyruvate kinase, PK) and a phosphate donor (phosphoenolpyruvate, PEP). Both ATP and dATP were accepted as substrates and were regenerated from the respective (deoxy)nucleoside diphosphates at 37°C. The enzymatic cascade reactions with phosphate donor recycling system were performed in a total volume of 50 μL with 70 mM Tris–HCl pH 7.6, 5 mM MgCl2, 1 mM nucleoside substrate, 3.6 mM ATP or dATP, 5 mM PEP and 0.17 mg/mL PK. Reactions were started by adding 0.016-0.02 mg/mL of each of the enzymes (ratio 1:1:1, Supplementary Table SI) and were incubated at 37°C for 19 h. The reactions were stopped by adding equal volumes of methanol (50 μL) followed by centrifugation at 21.500 × g and 4°C for 15 min. After centrifugation, 75 μL of the samples were mixed with 25 μL water and analyzed by HPLC.



Time Course of the Enzymatic Cascade Reaction With and Without Regeneration System

To analyze the enzymatic reactions over time, reaction volumes were scaled up to 0.7 mL with and 1 mL without ATP regeneration system. Enzymatic reactions were performed as described above, but incubated in a thermoblock without lid-heating. The reaction tubes were incubated at 300 rpm for 33 h. Regular samples of 50 μL were taken and mixed with equal volumes of methanol followed by centrifugation at 21.500 × g and 4°C for 15 min. After centrifugation, 75 μL of the samples were mixed with 25 μL water and analyzed by HPLC.



High Pressure Liquid Chromatography (HPLC)

Samples from nucleoside/nucleotide kinase reactions were analyzed by HPLC-DAD (Agilent 1200 series) with a detection wavelength of 260 nm using a Kinetex Evo column (C18, 100 A, 250 × 4.6 mm, Phenomenex, Aschaffenburg, Germany). The method was adapted from literature (Ryll and Wagner, 1991). The flow rate was set to 1 mL/min at 34°C and the gradient consisted of A (0.1 M KH2PO4/K2HPO4, 8 mM tetrabutylammonium bisulfate, pH ca. 5.4) and B (70% A, 30% methanol): 0 min – 80% A, 4 min – 80% A, 14 min – 40% A, 26 min – 38% A, 26.5 min – 80% A, and 29 min – 80% A. Reactions with compound 2F-Ado (8) as substrate were analyzed using a prolonged gradient: 0 min – 80% A, 4 min – 80% A, 14 min – 40% A, 35 min – 36.5% A, 35.5 min – 80% A, and 38 min – 80% A. Natural nucleosides and nucleotides as well as nucleoside analogs were identified using authentic standards. Nucleotide analog peaks were assigned based on analogy of retention times and characteristic UV absorption spectra. Typical retention times [min] were: Cyd (1) – 2.8, CMP (1a) – 3.3, CDP (1b) – 5.5, CTP (1c) – 12.9, dCyd (2) – 2.6, dCMP (2a) – 3.4, dCDP (2b) – 6.3, dCTP (2c) – 14.5, araCyd (3) – 3, araCMP (3a) – 3.5, araCDP (3b) – 6.2, araCTP (3c) – 13.7, 5F-Cyd (4) – 2.8, 5F-CMP (4a) – 3.2, 5F-CDP (4b) – 5.4, 5F-CTP (4c) – 12.8, Ado (5) – 5.9, AMP (5a) – 7.3, ADP (5b) – 14, ATP (5c) – 20.8, dAdo (6) – 6.4, dAMP (6a) – 10.1, dADP (6b) – 17.3, dATP (6c) – 26.3, araAdo (7) – 5.5, araAMP (7a) - 8, araADP(7b) – 15.5, araATP (7c) – 23, 2F-Ado (8) - 9, 2F-AMP (8a) – 12.8, 2F-ADP (8b) – 19.3, 2F-ATP (8c) – 29.9 (Supplementary Figures 2, 3).

Conversion was calculated as:
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where PX is the peak area of compound X and Ptotal is the sum of all peak areas of the substrate and product(s) in the reaction. Consumption of the cofactor (d)ATP was not considered in the calculation.



RESULTS


Time Course of Enzymatic Cascade Reactions Using Nucleoside and Nucleotide Kinases

We aimed to use a modular enzymatic cascade system to synthesize a range of natural as well as sugar- and base-modified NTPs using the respective nucleosides as substrates. Specifically, starting from nucleosides 1-8 we aimed to access cytidine-5′-triphosphate (1c) and its 2’-deoxy (2c), arabinofuranosyl (3c) and 5-fluoro analogs (4c) as well as adenosine-5′-triphosphate (5c) and its 2′-deoxy (6c), arabinofuranosyl (7c) and 2-fluoro analogs (8c) through a one-pot enzyme cascade reaction (Scheme 1). Based on literature data (Serra et al., 2014) we anticipated that a slight excess of ATP would enable access to the NTP products and performed initial experiments with 1.2 equivalents of ATP per product phosphate (3.6 eq. per nucleoside).

In a first set of experiments we sought to confirm if the envisioned enzyme cascade could deliver the expected NTP products and to identify suitable reaction times for the synthesis of these nucleotides. To this end the time course of the conversions of cytidine (Cyd, 1) and arabinosyl cytosine (araCyd, 3) (Figure 1A) were analyzed over a period of 33 h as exemplary transformations. In both reactions the enzymes DmdNK, UMP-CMPK and NDPK were used as catalysts with ATP serving as the phosphate donor. Enzymes were either chosen based on substrate specificities given by the supplier (UMP-CMPK, NDPK) or due to a known wide substrate spectrum (DmdNK) (Serra et al., 2014).
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FIGURE 1. Time course for the synthesis of natural (B, 1a–1c) and modified nucleotides (C, 3a–3c) in an one-pot multi-enzyme cascade reaction (A). Experimental conditions: 1 mM substrate, 3.6 mM phosphate donor, 70 mM Tris–HCl pH 7.6, 5 mM MgCl2, 0.016-0.02 mg/mL of each enzyme, 37°C. The formation of NMP (yellow square), NDP (green diamond) and NTP (blue triangle) was analyzed over 33 h using the natural nucleoside cytidine (1, B) and sugar-modified nucleoside analog arabinosylcytosine (3, C) as substrates (red circle). The enzyme combination DmdNK/UMP-CMPK/NDPK was applied. The first datapoint was taken 30 s after reaction initiation.


HPLC analysis of the reaction samples revealed the formation of the desired products, confirming the successful implementation of the enzymatic cascade. With the applied enzyme combination nucleoside analog 3 was faster converted than the natural counterpart 1. In both reactions NTP products were already detectable at the first time point of sampling (1 h for 1 and 0.5 h for 3) and maximum concentration was reached after 2 h (25% araCTP, 3c) and 6 h (28% CTP, 1c) (Figures 1B,C). Although the amount of the NTP products 1c and 3c did not change further at that point, conversion of the nucleosides to the NDPs 1b and 3b continued until 4 and 19 h after reaction initiation. An equilibrium of the reaction was reached after 19 and 4 h for 1 and 3, respectively, confirmed by datapoints after 24 and 33 h showing no change in reactant concentrations. At the end of the reaction at 33 h, the final nucleotide ratios (nucleoside:NMP:NDP:NTP) were 0:31:47:22% for 1 and 0:30:53:18% for 3, respectively. These experiments showed that the selected enzymes indeed delivered the desired phosphorylated products directly from the nucleoside through cascade catalysis. Thus, stability and performance of these biocatalysis under the selected conditions encouraged further exploration of this system. Furthermore, since the equilibrium was reached after 19 h even for the rather sluggish reaction of these enzymes with 1, we selected this time for the following reactions.



One-Pot Enzymatic Cascade Reaction to Produce Natural and Modified Nucleoside Triphosphates

To investigate if this one-pot cascade system is a generalizable method for the synthesis of natural and modified NTPs a wider spectrum of substrates was tested (Scheme 1 and Figure 2A). Therefore, base- and sugar-modified derivatives of both cytidine (2-4) and adenosine (6-8) were subjected to enzymatic phosphorylation to access the respective NTPs in one pot. ATP was used as phosphate donor, except for reactions with adenosine as substrate, where dATP was applied as phosphate donor to enable differentiation between substrates and products. All reactions were run for 19 h at 37°C before analysis by HPLC. In initial experiments to produce pyrimidine NTPs 1c-4c DmdNK, UMP-CMPK and NDPK were used as biocatalysts while reactions toward purine nucleotides 5c-8c reactions were performed using AK, GMPK, and NDPK.
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FIGURE 2. Production of natural and modified NTPs in an one-pot multi-enzyme cascade reaction with and without phosphate donor regeneration system. Experimental conditions: 1 mM substrate, 3.6 mM phosphate donor, 70 mM Tris–HCl pH 7.6, 5 mM MgCl2, 0.016-0.02 mg/mL each enzyme, 37°C, 19 h. Reactions with phosphate donor regeneration (C) additionally contained 5 mM phosphoenolpyruvate and 0.17 mg/ml pyruvate kinase. (A) Eight natural and modified nucleosides were used as substrates for the multi-enzyme cascade reactions. Applied enzymes: dNK = Drosophila melanogaster deoxynucleoside kinase, AK = adenosine kinase, UMP-CMPK = UMP-CMP kinase, GMPK = guanylate kinase, AMPK = adenylate kinase, NDPK = nucleoside diphosphate kinase. (B,C) Percentages of Nucleoside, NMP, NDP and NTP without (B) and with (C) phosphate donor regeneration system. Without ATP regeneration system dCTP conversion could not be determined by HPLC and was therefore calculated based on the dCMP and dCDP conversions.


Reactions with pyrimidine substrates yielded 11 to 26% of the respective NTP (Figure 2B). In reactions with 1-3 nearly no nucleoside substrate was left after 19 h reaction time. In contrast, 28% residual 4 was detected at the end of the reaction suggesting a lower activity of first cascade enzyme DmdNK toward the base-modified cytidine analog. In reactions with 1 and 3 comparable amounts of NTP (24 to 26%), NDP (46 to 49%) and NMP (25 to 26%) were formed. With 2 as the substrate only 11% of the corresponding triphosphate 2c were formed. Conversions to the NMP 2a and the NDP 2b of 43% and 46% were observed, respectively. These observations suggest that the second cascade enzyme UMP-CMPK and/or the final enzyme NDPK prefer ribo- and arabino-sugar moieties over deoxyribose.

Contrary to the initial success of the reactions with pyrimidines 1-4, we failed to detect a conversion of purine nucleosides 6-8 with the applied enzyme system (Table 1). Only Ado (5) was efficiently transformed to the corresponding NTP 5c in 24% conversion.


TABLE 1. Phosphorylation of adenosine derivatives in a one-pot kinase cascade reaction using different enzyme combinations.
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Therefore, we aimed to improve the product yields for these compounds by employing different enzyme combinations. The exchange of the first cascade enzyme AK with the more promiscuous DmdNK resulted in over 90% conversion of the 2’-deoxyribosyl nucleoside 6 and the arabinosyl nucleoside 7 to the corresponding NMP (Table 1). Additionally, the formation of the fluorinated species 8 to the NMP 8a was improved with this strategy, increasing the conversion from 4 to 22% (Table 1). However, the near absence of NDP products in all reactions indicated that conversion from the respective NMP was a limiting factor. Therefore, the second cascade enzyme GMPK was replaced with the more promiscuous UMP-CMPK. This substitution enabled smooth conversion of NMPs 6a and 7a to the respective NDPs and NTPs, yielding 6c and 7c in 6% and 14% conversion, respectively. Nonetheless, UMP-CMPK showed no activity on the fluorinated 8a in the one-pot cascade reaction, which delivered only the monophosphorylated product and no detectable formation of the NDP and NTP. Lastly, another purine-specific nucleotide kinase, namely AMPK, when incorporated in the cascade reaction yielded 5% conversion of the fluorinated purine nucleoside to its triphosphate 8c (Table 1).

Taken together, these experiments demonstrate the general feasibility to access several NTPs from their corresponding nucleosides in a one-pot cascade reaction by adjusting the applied enzymes. However, the conversion to the NTPs 1c-8c did not reach satisfactory levels (≤26% in all cases). This spurred us to investigate if a PEP-based (d)ATP recycling system could be employed to improve conversions.



One-Pot Enzymatic Cascade Reaction to Produce Natural and Modified Nucleoside Triphosphates Using a Phosphate Donor Recycling System

Next, the reactions described so far were repeated under the same conditions with a (d)ATP recycling system based on PK and PEP to investigate the impact of cofactor recycling on the one-pot enzymatic cascade reactions. A ratio of substrate to PEP to (d)ATP of 1:5:3.6 was applied, with the aim to avoid the formation of (d)ADP. In experiments with and without (d)ATP regeneration the same substrate to (d)ATP ratio was used to enable direct a comparison of the substrate conversion in both reaction set ups. In literature it was shown before that different ATP to substrate ratios influenced product formation (Serra et al., 2014). All reactions were run for 19 h with 5 equivalents of PEP per nucleoside.

The incorporation of the coupled enzymatic (d)ATP recycling reaction had a strikingly positive effect on the NTP yield for all tested substrates, as determined by HPLC (Figure 2C). Natural nucleosides 1, 2, 3 and 5 were nearly completely converted to the respective (d)NTPs (≥97%), which is four to nine times higher than the conversions observed without (d)ATP recycling (6 to 24%).

Pyrimidine nucleoside analogs 3 and 4 were converted to their corresponding NTPs in >99% and 75%, respectively. Non-etheless, 25% residual 4 was detected in the reaction mixture after 19 h reaction time. Without ATP recycling approximately the same amount of residual nucleoside substrate was detected while only 12% NTP were formed (Figure 2B), indicating that conversion of 4 to the monophosphate 4a clearly represents a bottleneck in the cascade.

HPLC analysis further revealed that the NTP yield of modified purine nucleotides 7c and 8c was improved by factors of 5 and 6, respectively. The conversion to 7c was increased from 14% to 69% (Figures 2B,C). By including the ATP recycling system, the conversion to 8c increased from 4 to 27% while the percentage of the remaining nucleoside substrate 8 decreased from 71 to 37%. This observation highlights that the inadequate conversion of these nucleosides without cofactor recycling was not due to a kinetically limited step (as seen for 4), but due to thermodynamic limitations.

The incorporation of the phosphate donor regeneration system further led to reduced reaction times. The time courses of conversion of 1 and 3 to 1c and 3c with the ATP regeneration system showed a 4 to 6 times faster product formation compared to our initial experiments (Supplementary Figure S1). The maximum amount of both NTPs was approximately 25% without ATP regeneration after 6 and 2 h. HPLC analysis indicated that those NTP yields were already reached after 1 h (1c) and 30 min (3c) with ATP regeneration. NTP formation continued after that and reached a maximum of >97% after 18 h (1c) and 4 h (3c) when including the ATP regeneration system.



DISCUSSION

The one-pot enzyme cascade reaction described in this study allows for the efficient synthesis of natural and modified NTPs from nucleosides as substrates. A standardized protocol was used which includes a fixed reaction buffer, enzyme amount and reaction time. This system succeeded in delivering all desired NTPs in various conversions up to 26%. The integration of a phosphate donor regeneration system further improved product yields and reduced reaction times. Highest NTP formation was reached with this system using nucleosides 1, 2, 3 and 5 (all >97%).

The synthesis of NTPs from nucleosides offers the advantage that nucleosides are readily available and inexpensive substrates. Furthermore, the use of purified enzymes promises minimization of side reactions and an easier purification process. The feasibility of this approach for the synthesis of modified NTPs has already been successfully demonstrated, albeit only for selected examples. For example, Hennig et al. synthesized 5F-CTP (4c) in a one-pot approach with near complete conversion (Hennig et al., 2007). We were also able to show that high conversions can be achieved with nucleoside 4, since the corresponding triphosphate 4c was produced with 75% yield after integration of an ATP regeneration system. Nonetheless, a modular enzyme system for the synthesis of multiple NTPs has not been reported to date. We addressed this gap by assaying a number of kinases for their potential to furnish NTPs directly from nucleosides through cascade catalysis.

A crucial factor for the development of a generalizable method is the identification of suitable enzymes. This became evident in the synthesis of ATP derivatives in this study. Significantly higher product yields were observed with DmdNK and UMP-CMPK compared to AK and GMPK as the latter were only suitable enzymes for the phosphorylation of adenosine (5). This observation is in good accordance with the available literature, showing that AK and GMPK performed suboptimally with deoxyribose- and arabinose-derivatives (Van Rompay et al., 2000, 2003), while DmdNK and UMP-CMPK were described to accept a wide variety of sugar-modified substrates (Liou et al., 2002; Serra et al., 2014). Interestingly, the time course experiments performed with Cyd (1) and araCyd (3) even revealed a higher reaction rate of the applied enzymes (DmdNK, UMP-CMPK, NDPK) toward the sugar-modified pyrimidine nucleoside analog 3 compared to the natural counterpart 1. We ascribed this to DmdNK’s preference for deoxyribose- and arabinose-sugar moieties over ribose-containing nucleosides (Munch-Petersen et al., 2000) as well as the fact that CMP (1a) but not araCMP (3a) leads to significant substrate inhibition of UMP-CMPK (Pasti et al., 2003). In summary, wide-spectrum nucleoside kinases proved most suitable for the synthesis of sugar-modified nucleotides.

In contrast, for the synthesis of base-modified nucleotides like 4c the use of a pyrimidine specific nucleoside kinase as the first cascade enzyme might be advantageous over the wide substrate-spectrum DmdNK. Mammalian enzymes like uridine-cytidine kinase (UCK) and deoxycytidine kinase (dCK) were described to phosphorylate a variety of base-modified nucleoside analogs like 4, 5-fluororuridine, 2’-deoxy-5-methylcytidine and 2-thiocytidine (Van Rompay et al., 2003; Hazra et al., 2010). Thus, UCK might be superior over dCK and the DmdNK employed in this study for the phosphorylation of 4 because of a higher activity of UCK toward ribonucleoside substrates (Van Rompay et al., 2003). To identify suitable enzymes for the application in one-pot cascade reactions automated high-throughput assays might be a suitable tool. As shown for nucleoside kinases high-throughput assays allow for the fast and accurate activity screening using a large number of enzymes (Hellendahl/Fehlau et al., in preparation) and we expect future improvements in this area that enable efficient phosphorylation of previously challenging substrates.

Another approach to overcome limitations in the phosphorylation of base-modified nucleosides is to start syntheses from natural sugars. Nucleotide 8c was produced in near quantitative yield applying ribokinase and phosphoribosyl pyrophosphate (PRPP) synthetase for sugar activation followed by adenine phosphoribosyl transferase, adenylate kinase and creatine kinase (Scott et al., 2004). Others have followed a similar approach to produce 8-azaguanosine triphosphate and 5-fluorouridine triphosphate with high yields (Da Costa et al., 2007; Hennig et al., 2007). Although these enzymes show good activity toward base-modified substrates, they, however, are not applicable for cytosine derivatives (Scheit and Linke, 1982; Hennig et al., 2007) and show limited usefulness for the preparation of sugar modified NTPs (Esipov et al., 2016).

Cofactor recycling systems are commonly used in industrial biotransformation processes where costly cofactors like NAD/H would lead to uneconomic production routes (Weckbecker et al., 2010). As an additional benefit reaction equilibria are shifted to favor product formation through cofactor (re)generation and the reduction of product inhibition (Abu and Woodley, 2015). Although (d)ATP recycling systems have been applied for the synthesis of natural and modified nucleotides a comparison to reactions without these has never been shown (Hennig et al., 2007; Zou et al., 2013) and the benefit of these strategies has remained elusive. In this study, a strong beneficial effect was demonstrated for all tested compounds. NTP product yields increased by a factor of 4 (for 3c) to 9 (for 6c) using a PEP-based phosphate donor regeneration system. This observation provides clear evidence for the usefulness of employing ATP recycling systems for NTP synthesis since half of the nucleosides in our study were quantitatively converted to the respective triphosphate.

It remains to be investigated to which extent the applied regeneration enzyme takes part in the last cascade step converting NDPs and NTPs. Pyruvate kinase, acetate kinase and polyphosphate kinase possess wide substrate spectra (Ishige et al., 2001; Gao et al., 2008; Zou et al., 2013) and may be envisioned to serve a twofold purpose. In addition to regenerating the phosphate donor, PK might replace the NDPK in some reactions. For example, the parallel use of a pyruvate kinase for NTP formation and phosphate donor regeneration was demonstrated by Hennig and coworkers in the cascade synthesis of 5F-UTP and -CTP (Hennig et al., 2007). Furthermore, in order to achieve economic (d)ATP recycling in the established cascade system future studies could focus on optimizing the ratio of phosphate donor to substrate by applying substoichiometric (d)ATP concentrations as has been successfully shown before for selected single and multi-enzyme syntheses (Hennig et al., 2007; Zou et al., 2013).



CONCLUSION

We established a modular enzymatic cascade for the synthesis of NTPs from nucleosides in one pot. With (d)ATP as the phosphate donor all desired NTPs were accessed in low yield. The application of a (d)ATP regeneration system resulted in a shift of the reaction equilibrium toward the desired product NTP. Our approach, for the first time, allows for the efficient production of both natural and modified NTPs in high conversion with a standardized protocol after identifying a suitable enzyme combination. Thus, the present study lays the foundation for future high-yielding biocatalytic syntheses of NTPs from nucleosides.
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A Corrigendum on
 Modular Enzymatic Cascade Synthesis of Nucleotides Using a (d)ATP Regeneration System

by Fehlau, M., Kaspar, F., Hellendahl, K. F., Schollmeyer, J., Neubauer, P., and Wagner, A. (2020). Front. Bioeng. Biotechnol. 8:854. doi: 10.3389/fbioe.2020.00854



In the original article, there was an error. We did not receive the expression plasmid of DmdNK from Daniela Ubiali (which is written 2x in the manuscript), but from Prof. Munch-Petersen.

A correction has been made to Materials and Methods, General Information, paragraph 3.

The corrected paragraph appears below:

“Wild-type nucleoside and nucleotide kinases were obtained from BioNukleo GmbH (Berlin, Germany) except for wide-spectrum deoxynucleoside kinase from Drosophila melanogaster (DmdNK). The expression vector of DmdNK was kindly provided by Prof. Birgitte Munch-Petersen (Roskilde University). According to the manufacturer the kinases possess the following substrate specificities: adenosine kinase (AK, NK14), guanylate kinase (GMPK, NMPK21) and adenylate kinase (AMPK, NMPK23) convert purine nucleoside/nucleotide substrates, while uridine monophosphate-cytidine monophosphate kinase (UMP-CMPK, NMPK22) and nucleoside diphosphate kinase (NDPK, NDPK32) accept both purine and pyrimidine nucleoside/nucleotide substrates. All enzymes obtained from BioNukleo were provided as stock solutions (0.1 to 1 mg/mL) and aliquots stored at −20°C until use. Pyruvate kinase (PK, P9136) was obtained from Sigma Aldrich as lyophilized powder, dissolved in 70 mM Tris–HCl pH 7.6 (1.74 mg/mL) and stored in aliquots at −20°C. All enzymes are active at 37°C and combinable in the same reaction buffer (70 mM Tris–HCl pH 7.6, 5 mM MgCl2).”

A correction has been made to Acknowledgments.

The corrected paragraph appears below:

“We thank Prof. Munch-Petersen for supplying Drosophila melanogaster deoxynucleoside kinase plasmid (DmdNK). We thank the Open Access Publishing funds of TU Berlin for the support of this publication.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Copyright © 2020 Fehlau, Kaspar, Hellendahl, Schollmeyer, Neubauer and Wagner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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Aquaporins are essential water channel proteins found in all kingdoms of life. Although the water permeability of aquaporins has been well characterized, sample preparation for aquaporin water permeability assays remains challenging and time-consuming. Besides the difficulty in overexpressing membrane proteins in a cell-based expression system, the unique requirement for homogeneity in aquaporin proteoliposome sample preparations for water transport assays further increases the complexity. In this study, a complementary Cell-free Protein Synthesis (CFPS) method is described in detail, providing three different strategies for the preparation of aquaporin proteoliposome samples. Aquaporin can be produced either as a pellet fraction and then resolubilized, or co-translationally as a detergent-soluble fraction. Furthermore, aquaporin can be directly incorporated into liposomes, which was included in the CFPS reactions. Although proteoliposomes tend to fuse during the incubation of the CFPS reactions, an additional treatment of the fused samples with detergent, followed by a detergent removal step, can re-form homogenously sized proteoliposomes suitable for functional analysis. Using this method, we successfully characterized aquaporins from both prokaryotic and eukaryotic organisms. In particular, in the presence of liposomes, the developed CFPS expression system is a fast and convenient method for sample preparation for the functional analysis of aquaporins.

Keywords: aquaporin, cell-free protein synthesis, water permeability, detergent, proteoliposomes


INTRODUCTION

Aquaporins are integral membrane proteins that facilitate the rapid and selective movement of water and neutral low-molecular-mass solutes across biological membranes along osmotic gradients. Although the function and structure of aquaporins have been extensively characterized (Preston et al., 1992; Agre et al., 1993; Verkman and Mitra, 2000; Tornroth-Horsefield et al., 2006), sample preparation for the functional analysis of aquaporins is still challenging and time-consuming (Yue et al., 2019). Three main methods are commonly used to determine the water permeability of aquaporins: (i) The Xenopus laevis oocyte system. First, the cDNA encoding target aquaporins is injected and overexpressed in the native oocyte membrane. Water permeability is then calculated as the volume change of the oocytes under an osmotic shock, which is recorded via a light microscope (Preston et al., 1992; Yang and Verkman, 1997). (ii) The yeast protoplast system (Pettersson et al., 2006). Here, the water permeability of protoplasts overexpressing target aquaporins is measured using stopped-flow spectrophotometry (Bertl and Kaldenhoff, 2007). (iii) The liposome system, where overexpressed target aquaporins are reconstituted into artificial liposomes, and the permeability of the resulting proteoliposomes is determined according to the changed intensity of scattered light at a fixed angle via stopped-flow spectrophotometry under osmotic shock (Ye and Verkman, 1989; Zeidel et al., 1992). The first two methods do not require isolation and purification of aquaporins; however, they suffer from the influence of endogenous integral membrane proteins (Ho et al., 2009). Although the liposome system offers a precise measurement of the permeability of specific aquaporins, the sample preparation process is still laborious and challenging, especially when aquaporins are overexpressed in vivo (Yue et al., 2019). In contrast, the Cell-free Protein Synthesis (CFPS) system, which is devoid of living cells and cell membrane barriers, has the unique advantage of being an open system (Henrich et al., 2015; Rues et al., 2016), allowing the introduction of various additives in a co-translational manner (Schwarz et al., 2007, 2008). In particular, hydrophobic reagents such as detergents and lipids can be introduced directly into the CFPS system to promote the correct folding of newly expressed membrane proteins (Junge et al., 2011; Roos et al., 2013).

During the last few years, we have developed a set of protocols for the production and functional characterization of aquaporins based on the CFPS system (Kai et al., 2010; Kai and Kaldenhoff, 2014; Yue et al., 2019). Here, we first detail a number of detergents suitable for soluble aquaporin expression. Secondly, we provide a detailed purification strategy, including detergent exchange on a column for the downstream reconstitution process. Furthermore, based on the work of Hovijitra et al. (2009), we describe a detailed protocol for the direct insertion of cell-free (CF) expressed aquaporins into liposomes using a modified procedure that is suitable for the continuous exchange cell-free (CECF) expression mode (Kai and Kaldenhoff, 2014; Yue et al., 2019). In this study, we have summarized our previous methods and provided a systematic protocol for the expression and functional characterization of aquaporins based on an Escherichia coli CFPS system, including template design, aquaporin expression and purification, proteoliposome preparation, and an aquaporin water permeability assay using stopped-flow spectrophotometry.



MATERIALS AND EQUIPMENT


Materials


Materials for the CFPS Reaction


1. 50 × Complete® Protease Inhibitor Cocktail tablets (Roche Diagnostics), 1 tablet/mL of Milli-Q water.

2. Amino acid mixtures containing 8 mM each of the 20 natural amino acids (weigh in all the compounds and dissolve the powders in Milli-Q water; the stock remains turbid).

3. RCWMDE mix containing 16.7 mM each amino acid (the stock remains turbid).

4. 1 M acetyl phosphate lithium potassium salt (AcP) (Sigma–Aldrich), adjusted to pH 7.0 with KOH.

5. 1 M phospho(enol)pyruvic acid monopotassium salt (PEP) (Sigma–Aldrich), adjusted to pH 7.0 with KOH.

6. An NTP mixture containing 90 mM ATP, 60 mM CTP, 60 mM GTP, and 60 mM UTP (Sigma–Aldrich), adjusted to pH 7.0 with NaOH.

7. Pyruvate kinase (Roche Diagnostics), 10 mg/mL.

8. RiboLock® RNAse Inhibitor (Fermentas), 40 U/μL.

9. Total E. coli tRNA (Roche Diagnostics), 40 mg/mL.

10. Folinic acid (as calcium salt), 10 mg/mL (Sigma–Aldrich).

11. Polyethylene glycol 8000 (PEG 8000) (Sigma–Aldrich), 40% (w/v).

12. 4 M potassium acetate (KOAc).

13. 2.4 M Hepes/20 mM EDTA, pH 8.0 adjusted with KOH.

14. 500 mM 1,4-dithiothreitol (DTT).

15. Escherichia coli S30 extract, stored frozen at −80°C (see section “Preparation of S30 Extract and T7RNAP”).

16. T7 RNA polymerase (T7RNAP), stored frozen at −80°C (see section “Preparation of S30 Extract and T7RNAP”).

17. Template DNA (plasmid DNA or linear PCR products), 200–500 ng/μL [see section “CFPS Reactions (Overnight)”].

18. Reaction container: analytical and preparative scale reaction container [see Figure 1 and section “Protein Purification (3 h)”]; D-tube containers, 12–14 kDa MWCO (Merck Biosciences); Slide-A-Lyzer, 10 kDa MWCO (Pierce); dialysis membrane tubing, 12–14 kDa MWCO (Spectra/Por®2).
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FIGURE 1. Cell-free Protein Synthesis (CFPS) reactors for the continuous exchange cell-free (CECF) configuration. Panels (A,C) were custom made from Plexiglas. (B) Commercial D-Tube dialyzer either in a 2-mL Eppendorf tube or in 15–50-mL Falcon tubes, depending on the size of the D-Tube dialyzer. 1, light yellow indicates the outside feeding mixture (FM); 2, dialysis membrane; 3, light green indicates the reaction mixture (RM).



19. Plasmid and PCR product purification kits (Qiagen, Macherey and Nagel).





Materials for S30 Extract and T7RNAP Preparation


1. 40 × S30-A/B buffer: 400 mM Tris-acetate pH 8.2; 560 mM Mg(OAc)2; 2.4 M KCl.



Supplement 1 × S30-A buffer with 6 mM β-mercaptoethanol. Supplement 1 × S30-B buffer with 1 mM DTT and 1 mM phenylmethylsulfonyl fluoride (PMSF).


2. 40 × S30-C buffer: 400 mM Tris-acetate pH 8.2; 560 mM Mg(OAc)2; 2.4 M KOAc.

Supplement 1 × S30-C buffer with 0.5 mM DTT.

3. 2 × YTPG medium: 22 mM KH2PO4, 40 mM K2HPO4, 100 mM glucose, tryptone 16 g/L, yeast extract 10 g/L, NaCl 5 g/L.

4. LB medium: Peptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L.

5. Buffer T7RNAP-A: 30 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM EDTA, 10 mM β-mercaptoethanol, 5% glycerol.

6. Buffer T7RNAP-B: 30 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 10 mM β-mercaptoethanol, 5% glycerol.

7. Buffer T7RNAP-C: 30 mM Tris-HCl pH 8.0, 1 M NaCl, 1 mM EDTA, 10 mM β-mercaptoethanol, 5% glycerol.

8. Buffer T7RNAP-D: 10 mM K2HPO4/KH2PO4 pH 8.0, 10 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5% glycerol.

9. 20% streptomycin sulfate.

10. Escherichia coli strain for extract preparation: A19 (E. coli Genetic Stock Center, New Haven, CT, United States).

11. BL21(DE3) Star transformed with pAR1219 for T7RNAP preparation (Li et al., 1999).





Detergents and Lipids


1. Detergents: Triton X-100 (Merck Biosciences); Brij®35, Brij®58, Brij®S20, digitonin, and tyloxapol (Sigma; LMPG {1-myristoyl-2-hydroxy-sn-glycero-3-(phospho-rac-[1-glycerol])} and LPPG {1-palmitoyl-2-hydroxy-sn-glycero-3-(phospho-rac-[1-glycerol])} (Avanti Polar Lipids); Fos-Choline-12 (dodecylphosphocholine) and Fos- Choline-16 (n-hexadecylphosphocholine) (Affymetrix® Anatrace); and DDM (N-dodecyl-β-D-maltoside) and β-OG (octyl-β-D-glucopyranoside) (AppliChem).

2. Lipids: E. coli polar lipids (Avanti Polar Lipids) and L-α-phosphatidylcholine from soybean (Sigma–Aldrich).





Materials for Purification


1. Buffer P-B (binding buffer): 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 20 mM imidazole, 0.05% DDM.

2. Buffer P-W (washing buffer): 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 80 mM imidazole, 0.05% DDM.

3. Buffer P-E (elution buffer): 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 300 mM imidazole, 0.05% DDM.





Materials for the Water Permeability Assay


1. 10 × Buffer R (reconstitution): 1 M MOPS buffer, pH 7.5.

2. Hyperosmotic solution: Buffer R + 400 mM sucrose.

3. Whatman polycarbonate membrane filter (200 nm) and filter supports (Florham Park, NJ, United States).

4. SM-2 beads (Bio-Rad, München, Germany).





Immunoblotting Assay


1. Penta⋅His Antibody, BSA-free (QIAGEN, Hilden, Germany).

2. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma–Aldrich, Taufkirchen, Germany).

3. Polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Darmstadt, Germany).





Equipment


1. Fermenter for 5–10 L of culture volume (B. Braun Biotech).

2. French press or other high-pressure, cell-disruption equipment.

3. Photometer.

4. Centrifuges and a set of rotors (Sorvall or Kontron).

5. Dialysis tubing, 30 kDa MWCO (Spectrum).

6. Mini extruder (Avanti Polar Lipids).

7. Ultrasonic water bath.

8. Thermo-shaker for incubation.

9. Chromatographic system (GE Healthcare).

10. Q-Sepharose column.

11. Ultrafiltration devices, 30 kDa MWCO.

12. Ultracentrifuge and suitable rotors (Beckman Coulter).

13. Rotary evaporator with vacuum control.

14. Stopped-flow spectrophotometer (SFM 300, Bio-Logic SAS, Claix, France).

15. ZetaPlus particle sizing software 2.27 for dynamic light scattering particle size analysis.

16. Gel electrophoresis system and blotting system.

17. Gel imaging system.





METHODS


Preparation of S30 Extract and T7RNAP


Preparation of S30 Extract (2.5 Days)

S30 is the key component of CFPS reactions, providing all the enzymes needed for translation and energy regeneration. A number of detailed protocols have been published elsewhere (Kai et al., 2012, 2015). Here, we briefly described the major steps:


1. Cell fermentation (using 2 × YTPG medium) at 37°C with vigorous aeration until the cells reach the mid-log growth phase, followed by fast chilling to 18°C.

2. Cell washing (using S30-A buffer) followed by cell lysis (in 110% S30-B buffer) using a French press (one passage above 1,000 psi is sufficient to disrupt the cells) or similar high-pressure cell homogenizer.

3. Centrifugation at 30,000 × g (S30) to clarify the lysate.

4. Runoff steps with high salt and heat (42°C) to remove endogenous mRNA and undesired proteins.

5. Overnight dialysis with one exchange against S30-C buffer and another S30 centrifugation step.

6. Aliquot the resulting supernatant, freeze with liquid nitrogen, and store at −80°C until use. Approximately 60 mL of S30 extract can be obtained from 10 L of fermented E. coli cells.





T7RNAP Preparation (1 Day)

Overexpression of T7RNAP is performed through transforming E. coli BL21 (DE3) Star cells with the pAR1219 plasmid (Li et al., 1999). One step of anion exchange chromatography followed by a concentration step is sufficient to obtain a highly functional enzyme. The resulting T7RNAP should show a prominent band around the 90 kDa region with Coomassie Blue staining following SDS–PAGE. The average yield is approximately 20,000–40,000 units per liter of culture.


1. Inoculate a fresh, overnight culture of newly transformed BL21(DE3) Star cells containing the pAR1219 plasmid into fresh LB medium at a 1:100 ratio. Let the cells grow at 37°C with shaking and induce with 1 mM IPTG when the OD600 reaches 0.6–0.8. Incubate for a further 5 h and harvest by centrifugation at 8,000 × g for 15 min at 4°C.

2. Resuspend the cell pellet in 30 mL of T7RNAP-A buffer and disrupt the cells by passaging once through a French press at 1,000 psi. Remove the cell debris by centrifugation at 20,000 × g for 30 min at 4°C. The ensuing steps should be performed at 4°C.

3. Adjust the supernatant to a final concentration of 4% streptomycin sulfate by the stepwise addition of a 20% stock solution with gently mixing to remove the released DNA. Incubate on ice for 5 min and centrifuge at 20,000 × g for 30 min at 4°C.

4. Perform anion exchange purification by loading the supernatant onto a 40-mL Q-Sepharose column equilibrated with T7RNAP-B buffer and wash the column extensively with T7RNAP-B buffer.

5. Elute the T7RNAP with a 50–500 mM NaCl gradient using T7RNAP-C buffer for 10 column volumes at a flow rate of 3–4 mL/min. Collect the fractions and analyze aliquots by SDS–PAGE (overexpression of T7RNAP should be indicated by the presence of a prominent band at approximately 90 kDa; however, significant impurities might still exist).

6. Pool the T7RNAP-containing fractions (combine only peak fractions) and dialyze against T7RNAP-D buffer overnight. Adjust to a final concentration of 10% glycerol and concentrate the resulting T7RNAP-containing fraction to a total protein concentration of 3–4 mg/mL by ultrafiltration (T7RNAP begins to precipitate at higher concentrations). Adjust to a final concentration of 50% glycerol, aliquot, and store at −80°C.





DNA Template Preparation (0.5–1 Day)

Clone the aquaporin gene of interest between the T7 promoter and T7 terminator. Common vectors such as pET (Merck Biosciences) or pIVEX (Roche Diagnostic) are frequently used. Templates for CFPS reactions should be prepared using standard commercial ‘Midi’ and ‘Maxi’ plasmid kits. Mini kits are usually not suitable due to the low quality of the obtained purified DNA. The resulting DNA should be dissolved in Milli-Q water and the stock concentration should be above 0.3 mg/mL.

Linear PCR templates obtained through a two-step overlap PCR and containing the T7 promoter and T7 terminator region can also be used. Linear PCR templates are less stable than plasmid templates; protective additives can be included, such as lambda gamS (Garamella et al., 2016).



CFPS Reactions (Overnight)

For membrane proteins, a CECF configuration should be employed for the CFPS reaction to obtain higher expression yields because of the relatively low yields of membrane proteins when compared with those of cytosolic proteins. Both analytical- and preparative-scale reactions can be performed using different dialysis setups. Although we use the custom-made reactors shown in Figure 1, commercial dialysis devices can also work, providing that the reaction mixture (RM) and the feeding mixture outside (FM) are in good contact, such as when using a D-tube dialyzer (Novagen) combined with an Eppendorf tube, as shown in Figure 1. The RM: FM ratio should be between 1:14 and 1:20.


1. Calculate the volume required for each compound to perform a set number of reactions.

2. Prepare a common master mixture (RFM) containing the compounds required for both the RM and the FM (see Table 1). Combine all the compounds into one reaction tube.




TABLE 1. Common reagent mixture preparation (RFM) for CFPS with 1:16 ratio of RM: FM.

[image: Table 1]

3.Aliquot the amount of RFM required for the RM and complete the RM and FM with the remaining compounds (see Table 2).




TABLE 2. RM (1 ml) and FM (16 ml) preparation.

[image: Table 2]

4. Optimize the Mg2+ and plasmid concentrations to obtain the maximum yield and use them for the ensuing assay. The range of Mg2+ screening is normally between 10 and 20 mM, while the range of plasmid concentration screening is between 0 and 50 μg/mL.

5. For D-CFPS (Cell-free Protein Synthesis in the presence of detergents) screening reactions, detergents should be included in both the RM and FM. For L-CFPS (Cell-free Protein Synthesis in the presence of liposomes) reactions, liposomes should only be included in the RM.

6. Transfer the RM and FM aliquots into reaction containers and incubate overnight at 30°C with continuous agitation, either by shaking or rolling, depending on the reaction container set up. This is necessary to ensure efficient substance exchange between the RM and FM through the membrane. Shaking water baths or temperature-controlled cabinets with shaking plates (approximately 150–200 rpm) can be used.





Sample Preparation for Functional Analysis


Protein Resolubilization (Optional)

Aquaporins can be expressed without the addition of detergents or lipids. However, the expressed aquaporins are in pellet form and an additional step of resolubilization with detergents is required.


1. After overnight expression, collect the RM and transfer into a new tube (this should be done carefully to collect as much of the RM as possible because the precipitated proteins might stick to the membrane). Resuspend via pipetting up and down before aspiration.

2. Collect the pellet fraction via centrifugation at 20,000 × g for 30 min at 4°C.

3. Wash the pellet twice with Buffer-P-B without DDM and finally resuspend with a mild detergent in an equal volume of RM. Different detergents should be screened since they might result in different resolubilization efficiencies. Our previous results showed that Fos-Chlorine-12, Fos-Chlorine-16, and LPPG display relatively high resolubilization percentages for mAQP4 M23 (Kai et al., 2010).

4. Incubate the sample mixture at 37°C for 30 min with vigorous shaking.

5. Centrifuge at 20,000 × g for 30 min and collect the super- natant for the next purification step. Analyze the supernatant and pellet by SDS–PAGE and immuno- detection to determine the resolubilization efficiency.





Protein Purification (3 H)


1. After overnight expression, collect the RMs from the D-CFPS reactions and transfer them into a new tube.

2. Centrifuge at 20,000 × g for 30 min at 4°C to collect the supernatant.

3. Combine the resulting supernatant or the supernatant resulting from the resolubilization step with nine volumes of Buffer P-B and mix with a proper amount of pre-equilibrated (with Buffer P-B) Ni-NTA resin slurry (in certain case Co+ was used instead of Ni+ for a better selectivity).

4. Incubate with gentle rolling at room temperature for 2 h and wash the resin with 10 volumes of Buffer P-W.

5. Elute with 3–5 volumes of Buffer P-E.

6. Analyze the results via SDS–PAGE or immunodetection.





Liposome Preparation (Overnight)


1. Solubilize the desired amount of lipid in chloroform or use presolubilized lipids in chloroform and transfer it into a round-bottom flask.

2. Form a thin lipid film via a vacuum rotary evaporator and leave the film under a complete vacuum overnight.

3. Reconstitute the dried lipid film in 1 mL of Buffer R to a final concentration of 20 mg/mL by vortexing for 15 min, forming multilamellar vesicles.

4. Extrude the resulting multilamellar vesicles 21 times through an Avanti Polar Lipids mini extruder holding a 200-nm Whatman polycarbonate membrane filter supported on both sides by two filter supports.

5. The resulting unilamellar liposome solutions can be used for the next reconstitution step.

6. Caution: Do not freeze the liposomes; use freshly prepared liposomes. For short storage, store the preformed liposomes at 4°C but not for longer than 1 week as liposomes are not stable and tend to fuse during storage.





Aquaporin Reconstitution (Overnight)


1. Make up the following solution by the sequential addition of 10 × Buffer R (final dilution 1×), followed 10% Triton X-100 (a final concentration of 4 mM), 20 mg/mL preformed liposomes (a final concentration of 4 mg/mL), and finally purified aquaporin (a final concentration of approximately 100 μg/mL). A total volume of approximately 1.6 mL is recommended.

2. Incubate the reconstitution mixture at room temperature with gentle shaking for 30 min.

3. Remove the detergent using SM-2 beads according to the manual.

4. Centrifuge the reconstitution mixture at 500,000 × g for 45 min.

5. Wash the pellet again with Buffer R and finally resuspend with 1.6 mL of Buffer R.





Sample Preparation for L-CFPS (Overnight)


1. Collect the RMs from the L-CFPS reactions after overnight incubation and transfer into new Eppendorf tubes.

2. Centrifuge at 18,000 × g for 30 min and collect the pellet, which contains a mixture of multilamellar lipids with incorporated aquaporin, as well as precipitated aquaporin.

3. Add an equal volume of Buffer R with either 0.42% (w/v) Triton X-100 or 1% (w/v) β-OG per 4 mg/mL lipids to solubilize the incorporated aquaporin with lipids. The remaining pellets are precipitated aquaporin.

4. Centrifuge at 18,000 × g for 10 min, collect the supernatants, and remove the detergent using either SM-2 beads or dialysis.

5. Follow the instructions in the manual for the SM-2 beads to remove Triton X-100. For the removal of β-OG, perform step-wise dialysis against Buffer R with 0.5, 0.25, 0.125, and 0% β-OG. Each dialysis step should run for 6 h at 4°C with constant stirring, except for the final step which should run overnight.

6. The reformed proteoliposomes are extruded again through a 200-nm membrane filter before measurement by stopped-flow spectrophotometry.





Water Permeability Measurement Using a Stopped-Flow Spectrophotometer (1 H)


1. Determine the average diameter of the freshly prepared aquaporin-containing proteoliposomes by dynamic light scattering.

2. Measure the water permeability with a fixed light scattering angle (90 degrees) at 436 nm with temperature control.

3. When the system temperature is stable, the reconstituted proteoliposomes or reformed proteoliposomes from the L-CFPS reactions are mixed with an equal volume of hyperosmotic solution (Buffer R + 400 mM sucrose).

4. Data obtained from the spectrophotometer are fitted into an exponential rise equation. The initial shrinkage rate constant (k) is the average k vale of the best fitted exponential curve from 6–10 individual measurements.

5. Calculate the osmotic water permeability coefficients (Pf) of the corresponding samples using the following equation [1]:



[image: image]

where, S/V0 is the vesicle’s initial surface-to-volume ratio; Vw represents the partial molar volume of water (18 cm3/mol); and Δosm is the osmotic driving force (200 mM if 400 mM sucrose is used for the hyperosmotic solution). The S/V0 is calculated by determining the diameters of the proteoliposomes using dynamic light scattering.


6. (Optional) A reversible mercury inhibitory assay can be performed to show aquaporin-facilitated water transport. Incubate the reconstituted proteoliposomes with 300 μM HgCl2 at the measuring temperature for 5 min. Then, follow steps 1–5 to obtain the Pf of the mercury-treated sample. The inhibition can be reversed by further treatment with 2 mM β-mercaptoethanol for 10 min.





ANTICIPATED RESULTS


Overexpression and Purification of Aquaporin From the CFPS System

The typical yield of aquaporins produced using the above protocol was approximately 1 mg/mL of RM. Routine optimization should be performed to achieve the maximum yield, including optimization of Mg2+ and plasmid concentrations. Aquaporin can be produced as a precipitate and resolubilized posttranslationally using mild detergents and remain functional (Schwarz et al., 2007). As shown in Figures 2A,B, 1% (w/v) Fos-Chlorine-12, 2% (w/v) Fos-Chlorine-16, and 1% (w/v) LPPG showed almost 100% resolubilization efficiency. One advantage of this expression mode was that the pellet fraction was mainly obtained from newly expressed membrane proteins, which led to higher purity without the requirement for extensive purification steps. However, an additional resolubilization step was required, and it remained unclear whether the resolubilized aquaporin was fully or only partially functional. The D-CFPS expression mode provides a direct hydrophobic environment co-translationally and avoids the resolubilization step. Several detergents, such as Brij®35 and Brij®58, showed high efficiency in solubilizing newly expressed aquaporins. For instance, in 0.2% Brij®35, 90% of the mAQP4 M23 was expressed in the soluble fraction (Kai et al., 2010) (Figures 2C,D), while 1% Brij®S20 could support the soluble AqpZ expression (Yue et al., 2019). The optimum detergent might be target-dependent. Nevertheless, a general detergent selection criterion is that the detergent used should not decrease productivity, while still supporting a high solubility of the expressed protein in the CFPS environment.
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FIGURE 2. Cell-free protein synthesis (CFPS) of mAQP4 M23. (A,B) Detergent resolubilization screening of mAQP4 M23; (C,D) detergent screening of mAQP4 M23 for the D-CFPS (CFPS in the presence of detergent) reaction. (A,C) Immunoblotting using anti-His antibodies. (B,D) Quantification of the corresponding immunoblotting by densitometry. The detergent concentrations (indicated by w/v percentage) were: 1% Fos-Chlorine-12; 2% DHPC; 2% Fos-Chlorine-16; 2% LMPG {1-myristoyl-2-hydroxy-sn-glycero-3-(phospho-rac-[1-glycerol])}; 1% LPPG {1-palmitoyl-2-hydroxy-sn-glycero-3-(phospho-rac-[1-glycerol])}; 0.2% Brij-35; 0.4% digitonin; 0.1% Triton X-100; and 0.05% tyloxapol. The figure was adapted and reused from Kai et al. (2010), PloS ONE, under the terms of the Creative Commons Attribution License.


Purification of resolubilized or D-CFPS-obtained aquaporin was performed through one affinity chromatography step and analyzed via SDS–PAGE. As indicated in the Methods section, during this step, a detergent exchange can be introduced because the detergents used in D-CFPS or resolubilization are often not suitable for the reconstitution step. First, dilution with the second detergent was performed to reduce the original detergent concentration. Then, a second washing step was carried out with a large volume of buffer containing the second detergent to further exchange and wash out the original detergent, leading to complete detergent exchange.



L-CFPS Reactions

As stated in Section “Sample Preparation for L-CFPS (Overnight),” a mixture of lipids and incorporated aquaporins can be directly isolated with medium-speed centrifugation. Homogenous proteoliposome can be reformed through detergent resolubilization and removal, which should greatly accelerate the speed of sample preparation for functional analysis. The liposome concentration must be above 8 mg/mL in the RM to support higher incorporation (Roos et al., 2013; Yue et al., 2019). However, due to the volume limit of the CFPS system, it may be impossible to achieve such a high lipid concentration in the final RM. The solution is to either increase the liposome stock concentration or the concentration of the amino acid mixture (25 mM for each of the 20 amino acids).



Water Permeability Measurements

As shown in Figure 3, functional aquaporin proteoliposomes should show a faster increase in the light scattering signal than that of the empty, control liposomes when mixed with a hyperosmotic solution. The corresponding water permeability can be calculated via equation [1] depicted in Section “Water Permeability Measurement Using a Stopped-Flow Spectrophotometer (1 H).” As an example, the water permeabilities of the tested aquaporins (Figure 3) are summarized in Table 3. The binding of mercury ions to key cysteine residues inhibits the activities of most aquaporins (Savage and Stroud, 2007; Yukutake et al., 2008). Furthermore, a strong reducing reagent, such as β-mercaptoethanol, can be used to rescue this inhibition by competing with mercury for the binding to the key cysteine residues. Therefore, a reversible inhibitory assay can further confirm aquaporin-facilitated water transportation (Savage and Stroud, 2007; Yukutake et al., 2008; Kai et al., 2010). mAQP4 M23 was used as a model protein to test this reversible inhibitory assay (Figure 4). After treatment with mercury, the water permeability dropped from 160.01 ± 5.5 μm/s (k = 30.61 ± 1.05) to 94.9 ± 4.2 μm/s (k = 19.39 ± 0.81). However, the function of the blocked mAQP4 M23 could be rescued via β-mercaptoethanol treatment, resulting in a permeability of 137.5 ± 4.9 μm/s (k = 26.3 ± 0.94). The water permeability of empty, mercury-treated liposomes was set as control, displaying a water permeability of 50.3 ± 2.3 μm/s (k = 9.62 ± 0.45). No differences were detected between empty, non-treated liposomes and the mercury-treated samples (data not shown). The system temperature should be kept constant between individual measurements.
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FIGURE 3. The water permeability of aquaporin-containing proteoliposomes prepared from different Cell-free Protein Synthesis (CFPS) modes. The scattered light intensities (arbitrary units) from each measurement obtained via stopped-flow spectrophotometry were normalized between 0 and 100 (the smallest value was defined as 0, the largest value as 100). Each curve shown in this figure represents an averaged and normalized curve of 6–10 individual measurements. The water transport experiments were performed at 10°C. (A–C) mAQP4 M23 expressed as pellet fractions and resolubilized in different detergents; (D) mAQP4 M23 expressed using D-CFPS (CFPS in the presence of detergent); (E,F) Escherichia coli AqpZ-sfGFP and NtPIP2;1 (from Nicotiana tabacum) expressed using L-CFPS (CFPS in the presence of liposomes) and treated with different detergent removal methods to reform the proteoliposomes. Panels (A–D) were adapted and reused from Kai et al. (2010), PloS ONE, under the terms of the Creative Commons Attribution License; (E,F) were adapted and reused from Yue et al. (2019), Cells, under the terms of the Creative Commons Attribution License.



TABLE 3. Summary of calculated water permeability from samples shown in Figure 3.

[image: Table 3]

[image: image]

FIGURE 4. Reverse inhibitory assay to confirm mAQP4 M23-mediated water transport. Proteoliposomes containing mAQP4 M23 obtained by D-CFPS (Cell-free Protein Synthesis in the presence of detergent) were treated with 300 μM HgCl2 for 5 min at 23°C. For the recovery assay, 2 mM beta-mercaptoethanol was added, followed by incubation for 10 min. Empty liposomes with and without HgCl2 treatment were used as controls.




DISCUSSION

Although aquaporins can be successfully overexpressed in different host organisms such as E. coli, yeast, X. laevis oocytes, and insect cells, aquaporin sample preparation for functional and structural analysis remains a great challenge. An alternative recombinant protein production method, namely, the CFPS system, shows advantages over cellular expression systems with regard to membrane proteins (Rues et al., 2018). The CFPS system, which is devoid of living host cells, provides a flexible co-translation environment for the production of aquaporin, without the concern of maintaining living host cells. In addition, processes such as aquaporin extraction from the membrane of host cells or refolding of inclusion bodies can be completely avoided. Instead, the CFPS system allows the screening of translational conditions to achieve better folding. This is normally done through the introduction of additives, such as detergents or lipids, directly into the CFPS reaction mixture.

In this protocol, we have provided a systematic strategy for aquaporin sample preparation. This strategy is suitable for water permeability measurements and other applications that require functional aquaporin either in detergent micelles or liposomes, i.e., water filtration membranes (Wang et al., 2015). Three different expression modes were introduced: (i) CFPS without the addition of hydrophobic reagents; (ii) the D-CFPS mode; and (iii) the L-CFPS mode. The first expression mode is suitable for the first round of yield optimization, such as optimization of Mg2+ and plasmid concentrations. As indicated in the Results section, the membrane protein pellet was often purer than that obtained by D-CFPS. Although the pellet fractions could not always be functionally resolubilized, the D-CFPS mode provided co-translational solubilization of aquaporin, offering a direct hydrophobic environment for the folding of the target proteins. The D-CFPS mode was designed to obtain large quantities of aquaporins. The L-CFPS setup is the most efficient for the fast characterization of the functionality of specific aquaporins based on the proteoliposome assay. First, no additional purification step is needed. Second, the liposome lipid biolayer is a better mimic of the biological membrane than detergent micelles for aquaporin folding. However, after overnight expression, the resulting proteoliposomes were fused and formed a multilamellar lipid clot. Even at low speeds, centrifugation could still pellet all the lipid fractions (Yue et al., 2019). Therefore, it was not possible to directly use these samples for water permeability assays, as homogenously sized proteoliposomes are required for this process. Although it has been reported that low centrifugation can still provide proteoliposome suspensions that can be re-extruded through a filter membrane to reform homogenously sized samples (Hovijitra et al., 2009), this was not possible in our hands, which may have been due to several reasons. For instance, high Mg2+ and PEG concentrations may have promoted liposome fusion, or the relatively long reaction times and high yields may have resulted in additional protein precipitation before their incorporation into liposomes. Consequently, a large amount of non-incorporated aquaporin was present in the pellet fraction derived from the L-CFPS reaction. The key step involving mild detergent resolubilization provided a solution for the separation of the precipitated protein and the incorporated protein–lipid mixture. Homogenous aquaporin proteoliposome samples can be reformed following a detergent removal step. Both SM-2 beads and dialysis can then be used to remove the detergent. However, this may lead to small differences in the final water permeability of individual aquaporins, depending on which method is used. With the above-described methods, we successfully characterized mAQP4 M23 from the mouse (Kai et al., 2010), AqpZ from E. coli, NtPIP2;1 from Nicotiana tabacum (Kai and Kaldenhoff, 2014; Yue et al., 2019), human AQP3 (Muller-Lucks et al., 2013), PfAQP from Plasmodium falciparum (Muller-Lucks et al., 2012), and AqpB from Dictyostelium discoideum (von Bulow et al., 2012). In particular, the mercury inhibitory assay showed that reconstituted mAQP4 M23 was inhibited by mercury, which was different from AQP4 expressed in cell membranes. In line with the results of a previous study (Yukutake et al., 2008) it is reasonable to hypothesize that the reconstitution conditions followed in our study leads to bidirectional insertion of mAQP4 M23, exposing the critical cysteine (C178, loop D) to the outside of the liposome, and therefore accessible to the mercury ion (Kai et al., 2010). In addition, through the same sample preparation procedure, NtAQP1 produced through D-CFPS could be applied to a CO2 permeability assay using a modified black lipid membrane system (Kai and Kaldenhoff, 2014). Furthermore, this protocol can be easily adapted and modified to determine other aquaporin channel activities if the functional assay, such as that for glycerol, is based on proteoliposomes (Hovijitra et al., 2009). Because the CFPS system introduced here was in a reduced environment, the system must be adjusted through the introduction of a redox buffer, as well as DsbC, to allow the formation of correct disulfide bridges in specific aquaporins (Hachez et al., 2013; Matsuda et al., 2013; Rues et al., 2018; Dopp and Reuel, 2020).



CONCLUSION

We described a CFPS system-based sample preparation approach for the functional analysis of aquaporins. Three expression modes were applied that were suitable for different aquaporins. In particular, the L-CFPS mode approach is a fast, efficient, and convenient method for the functional characterization of aquaporins. Finally, this protocol can also be adapted for the preparation of samples for use in plenary or vesicular lipid-based functional assays involving other channel proteins or transporters.
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Teaching the processes of transcription and translation is challenging due to the intangibility of these concepts and a lack of instructional, laboratory-based, active learning modules. Harnessing the genetic code in vitro with cell-free protein synthesis (CFPS) provides an open platform that allows for the direct manipulation of reaction conditions and biological machinery to enable inquiry-based learning. Here, we report our efforts to transform the research-based CFPS biotechnology into a hands-on module called the “Genetic Code Kit” for implementation into teaching laboratories. The Genetic Code Kit includes all reagents necessary for CFPS, as well as a laboratory manual, student worksheet, and augmented reality activity. This module allows students to actively explore transcription and translation while gaining exposure to an emerging research technology. In our testing of this module, undergraduate students who used the Genetic Code Kit in a teaching laboratory showed significant score increases on transcription and translation questions in a post-lab questionnaire compared with students who did not participate in the activity. Students also demonstrated an increase in self-reported confidence in laboratory methods and comfort with CFPS, indicating that this module helps prepare students for careers in laboratory research. Importantly, the Genetic Code Kit can accommodate a variety of learning objectives beyond transcription and translation and enables hypothesis-driven science. This opens the possibility of developing Course-Based Undergraduate Research Experiences (CUREs) based on the Genetic Code Kit, as well as supporting next-generation science standards in 8–12th grade science courses.

Keywords: biochemical education, learn by doing, cell-free protein synthesis (CFPS), in vitro transcription and translation, synthetic biology (synbio), central dogma of molecular biology (CDMB), chemical education and teaching, augmented reality (AR)


INTRODUCTION

Transcription and translation are fundamental cellular processes typically taught in high school and undergraduate science courses and utilized extensively in research settings. As such, students are expected to have an intimate grasp of these concepts to support both their academic and career goals. However, there is evidence that misconceptions about transcription and translation often persist for students even after they have completed these courses (Wright et al., 2014; Newman et al., 2016; Queloz et al., 2017). This issue likely stems from the intangibility of the microscopic processes of the “central dogma” when taught through lecture alone. In the absence of active learning modules, students are unable to visualize and represent these processes for further learning (Kozma et al., 2000; Duncan and Reiser, 2007). To address these limitations and allow students to interact with the individual steps of transcription and translation in the classroom, a variety of model-, analogy-, and virtual- based simulations have been developed (Pigage, 1991; Rotbain et al., 2008; Altiparmak and Nakiboglu Tezer, 2009; Debruyn, 2012; Takemura and Kurabayashi, 2014; Marshall, 2017; Dorrell and Lineback, 2019; Ibarra-Herrera et al., 2019; Chang et al., 2020) (Figure 1). Efforts to develop such activities represent educators’ broad interest in providing students with active-learning modules to improve student learning outcomes. However, chemistry and biology curricula generally rely on laboratory practicals for active learning, as they help students connect scientific concepts and practices. Unfortunately, current wet-lab procedures for teaching transcription and translation are based on bacterial expression of fluorescent proteins, which precludes students from directly accessing and manipulating the genetic code machinery (Ward et al., 2000; Bassiri, 2011; Newman and Wright, 2013; Deutch, 2019) (Figure 1). While all these existing activities are generally low-cost and useful learning tools to help students understand the broad scope and details of transcription and translation, no single activity enables in-depth, hands-on, inquiry-based laboratory learning. The limitations of existing approaches underscore the need for an active learning laboratory-based module that allows students to interrogate transcription and translation in a learn-by-doing fashion.
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FIGURE 1. Traditional central dogma teaching tools and the next-generation Genetic Code Kit. The Genetic Code Kit utilizes cell-free protein synthesis and augmented reality to teach the processes of transcription and translation.


Active learning has been demonstrated to increase student test scores and decrease the odds of failing classes in science, technology, engineering, and mathematics (STEM) (Nogaj, 2013; Freeman et al., 2014). In addition to these learning benefits, active learning is more engaging for students, ultimately promoting positive attitudes toward their education (Armbruster et al., 2009). Prior work also suggests that active learning may engage underrepresented students more than lecture-based courses, helping to narrow the achievement gap in STEM courses (Haak et al., 2011; Theobald et al., 2020). Curriculum design at our own university has led to the development of studio classrooms for general chemistry courses, which integrate the laboratory and lecture portions of the course into one space and time period. The studio classroom helps students to explicitly connect concepts taught in lecture through experimentation, resulting in improved exam scores, more expert-like learning attitudes, and positive assessments of the active learning environment from both students and instructors (Kiste et al., 2017). In order to apply these findings and address the lack of active learning opportunities for transcription and translation in our biochemistry curriculum, we sought to incorporate cell-free protein synthesis (CFPS) into our classroom laboratories. Toward this end, we developed the “Genetic Code Kit,” a classroom-ready, modular CFPS kit that is amenable to broad dissemination. Importantly, we sought to determine whether implementing the Genetic Code Kit improves student performance on content-based assessments, as well as students’ self-assessed comfort and confidence with experimental procedures.

Advancements in the CFPS platform over the last few decades have enabled a multitude of novel applications in biotechnology, including rapid prototyping for engineering biological systems and easy-to-use point of care diagnostics and biosensors (Pardee et al., 2016; Salehi et al., 2017; Benítez-Mateos et al., 2018; Bundy et al., 2018; Dopp and Reuel, 2018; Takahashi et al., 2018; Gräwe et al., 2019; Gregorio et al., 2019; Silverman et al., 2019; Jung et al., 2020). CFPS generally relies on a cell-extract containing the cellular machinery that supports transcription and translation in vitro and is supplemented with additional reagents that provide the necessary energy and precursors. The open nature of the CFPS system is one of the main advantages of the platform as it allows the user to produce proteins on-demand without relying on living cells. Thus, CFPS permits the user to directly manipulate the environment of protein synthesis to suit their needs without the limitation of cellular viability constraints, as is the case for in vivo protein expression. The unique advantages of CFPS are also what makes it well suited for active, inquiry-based learning in ways that can transform biochemical and biotechnology education, while simultaneously exposing students to experimental procedures associated with an emerging biotechnology. The pioneering work by BioBits and myTXTL have provided the proof-of-concept in adapting CFPS to classroom settings and engaging students at various grade levels (Huang et al., 2018; Stark et al., 2018, 2019; Collias et al., 2019). Additionally, CFPS remains robust in a variety of chemical environments (Yin and Swartz, 2004; Seki et al., 2008; Dopp et al., 2019; Gregorio et al., 2019; Karim et al., 2020) providing extensive flexibility in accommodating a broad range of learning objectives. These advantages make CFPS a next-generation educational technology to help meet the next-generation science standards. Moving beyond the proof-of-concept, we focus on using CFPS to teach the fundamental processes of transcription and translation and assess the extent and context of learning gains at the undergraduate level.

Transitioning the CFPS platform from a research-focused technology to one that is broadly accessible to high school and university classrooms required extensive simplification, reduced costs, and improved reagent stabilization. Our work to date has taken incremental steps toward these milestones by reducing the number of pipetting steps in CFPS setup (Levine et al., 2019a), creating a less-labor intensive cell extract preparation workflow (Levine et al., 2019b), and identifying a low-cost formulation of additives that enables storage and transport of cell-free extract at room temperature (Gregorio et al., 2020). These advances are part of a concerted effort by the research community to make CFPS accessible to classrooms around the world (Huang et al., 2018; Stark et al., 2018, 2019; Collias et al., 2019). As a result, instructors and institutions now have many options for obtaining CFPS resources for implementation in their classrooms. Each option has its respective advantages that allow instructors to support their learning objectives. Given these combined advancements in accessibility, CFPS is becoming even easier to broadly implement in the teaching laboratory, with the potential for supporting 100s to 1000s of students per quarter.

Here, we report the Genetic Code Kit, an implementation of CFPS used to teach transcription and translation. This kit is intended to be low-cost and open source to support accessibility and broad dissemination, especially to schools and programs with limited funding. To accommodate a variety of curricular limitations, the Genetic Code Kit can be completed within a single 3-h laboratory period, and does not require instructors to dedicate time in a subsequent day to collect data. The kit utilizes crude, E. coli-based extract and a DNA template encoding sfGFP, which together have been broadly demonstrated to support robust and reliable protein expression (Park et al., 2017; Levine et al., 2019a,b). Importantly, the sfGFP product resulting from a successful CFPS reaction is easy to visualize in real-time with minimal equipment or processing, and introduces students to a workhorse reporter broadly used in research and industry. The Genetic Code Kit contains 4 components: (1) a tube containing cell extract in which the reaction mixture is to be assembled, (2) the sfGFP DNA template, (3) “solution A” containing cofactors and substrates, and (4) “solution B” containing the energy system. The liquid transfer of just three reagents ranging from 4.2 to 11.4 μL allows students to gain micro-pipetting experience while reducing the likelihood of failed reactions. In our implementation, this setup proved reliable and forgiving, with all students able to obtain visible titers of sfGFP within 90 min. Requiring students to manually add all reagents necessary for transcription and translation is an important aspect of the Genetic Code Kit, as it provides the opportunity to identify and discuss the importance of each class of reagent (e.g., DNA template, energy reagents, and building blocks). This aspect of the kit also provides the flexibility to modify the kit based on the desired learning objectives, allowing for other inquiry-based learning opportunities, as well as CUREs.

We have also developed laboratory materials to accompany the Genetic Code Kit, which help students connect the microscopic processes taking place inside their CFPS reactions to the macroscopic outcome. This includes the laboratory manual and student worksheet (Supplementary Data Sheets 1, 2). Additionally, we created an augmented reality activity that allows students to interrogate the structure-function relationships of GFP to understand the basis for green fluorescence as a function of protein synthesis in their tubes (Supplementary Data Sheet 3). In addition to these specific pedagogical goals related to the central dogma, students also gain exposure to research techniques such as pipetting, reagent handling, the importance of negative and positive controls in experimental design, reaction setup, and data analysis. Importantly, we conducted a controlled study to investigate improvements in student understanding of transcription and translation and their self-assessed comfort with performing an emergent research technique as a function of their hands-on experience with the Genetic Code Kit. Our work demonstrates that implementing CFPS as a hands-on laboratory module leads to significant learning gains associated with transcription and translation learning objectives, as well as positive self-assessment of comfort and confidence with research techniques.



MATERIALS AND METHODS


Cell Growth and Extract Preparation

Escherichia coli cell extract was generated using our previously reported CFAI workflow (Levine et al., 2019b). A culture was prepared by inoculating a loopful of BL21∗ DE3 cells into a 2 L baffled flask containing 1 L of Cell-free Autoinduction media (5.0 g of sodium chloride, 20.0 g of tryptone, 5.0 g of yeast, 14.0 g of potassium phosphate dibasic, 6.0 g of potassium phosphate monobasic, 6.0 mL of glycerol, 4.0 g of D-lactose, 0.5 g of D-glucose, and nanopure water to 1.0 L). The culture was incubated at 30°C and 200 rpm for approximately 15 h. Subsequently, the culture was centrifuged at 4°C and 5,000 g for 10 min. Harvested cells were resuspended in 30 mL of S30 buffer [10 mM Tris OAc, pH 8.2, 14 mM Mg(OAc)2, 60 mM KOAc, 2 mM DTT] by vortexing, then spun down at 4°C and 5,000 g for 10 min. Supernatant was removed and cell pellets were flash frozen and stored at −80°C or used immediately for extract preparation. Cell pellets were resuspended in 1 mL of S30 buffer per 1 g of cells. 1.4 mL of resuspended cells were aliquoted into a 1.5 mL microfuge tube. The resuspension was sonicated using a Qsonica Q125 Sonicator with a 3.175 mm probe, with the cell resuspension surrounded by an ice water bath. Three pulses of 45 s on and 59 s off, at 50% amplitude were carried out. Immediately after sonication, 4.5 μL of 1.0 M DTT was spiked into the lysate and the tube was inverted several times to mix. Lysate was centrifuged at 4°C and 18,000 g for 10 min. The resulting supernatant is the cell extract. The mixture was flash frozen in liquid nitrogen and stored at −80°C until Genetic Code Kit preparation.



DNA Purification

DNA template pJL1-sfGFP was purified from DH5α cells using an Invitrogen PureLink HiPure Plasmid Maxiprep Kit. DNA was eluted using warm molecular biology grade water instead of the provided TE buffer for compatibility with the CFPS system. DNA plasmid was diluted with molecular biology grade water to a concentration of 42.1 ng/μL, such that no additional water was needed to prepare 30 μL CFPS reactions with a final DNA concentration of 16 ng/μL. DNA was stored at −20°C until Genetic Code Kit preparation.



Solution A and B Preparation

Solution A (containing cofactors and substrates) was prepared with the following specified concentrations of reagents: 8.14 mM ATP, 5.77 mM GTP, 5.77 mM UTP, 5.77 mM CTP, 153.8 mg/mL folinic acid, 771.9 mg/mL tRNA, 2.71 mM NAD, 1.81 mM CoA, 27.1 mM oxalic acid, 6.79 mM putrescine, 10.2 mM spermidine, 386.9 mM HEPES buffer. Solution B (containing the energy system) was prepared with the following specified concentrations of reagents: 71.6 mM magnesium glutamate, 71.6 mM ammonium glutamate, 930.8 mM potassium glutamate, 14.3 mM 20 amino acids, and 238.1 mM phosphoenolpyruvate. All reagents were dissolved in molecular biology grade water. Both solutions were stored at −80°C until Genetic Code Kit preparation, however, these solutions are also stable at −20°C for 3 months (Supplementary Figure 1).



Genetic Code Kit Preparation and Reaction Setup

Each kit contained the appropriate amount of pre-aliquoted reagents for the laboratory size and was stored at −20°C for up to 5 days until student use. Each pair of students was provided a strip of four PCR tubes, each containing 10 μL of extract. Each group of four students shared a set of PCR tubes containing molecular biology grade water, pJL1-sfGFP DNA plasmid, solution A, and solution B. Students added 11.4 μL of water, 4.4 μL of solution A, and 4.2 μL of solution B to two tubes as negative controls and 11.4 μL of DNA plasmid, 4.4 μL of solution A, and 4.2 μL of solution B to two tubes as positive controls. All reagents were kept on ice throughout reaction setup. The completed reactions were placed in a 37°C incubator and checked intermittently for green fluorescence. Necessary equipment includes a p20 pipette, pipette tips, an incubator, and a blue or black light. More details can be found in the laboratory manual (Supplementary Data Sheet 1).



Development of Lab Materials

The lab manual and worksheet (Supplementary Data Sheets 1, 2) for the Genetic Code Kit were developed with the following student learning objectives as a framework: (A) illustrate and describe the processes of transcription and translation; (B) identify the minimally necessary genetic components, enzymes, and reagents necessary for transcription and translation in vitro; (C) predict and visualize the outcomes of adding, or not adding, various components to CFPS reactions; (D) define CFPS and its advantages over in vivo protein synthesis; (E) paraphrase how energy metabolism sustains transcription and translation in a CFPS reaction. Background on CFPS, the processes of transcription and translation, including the necessary components for each of these processes, and the energy metabolism system operating in CFPS reactions was provided in the lab manual (Supplementary Data Sheet 1).

The student worksheet contained open-ended questions corresponding to each of the learning objectives; some questions also required students to draw a schematic to represent their understanding of a topic (Supplementary Data Sheet 2). For example, for learning objective B, students were asked to illustrate the templates for transcription and translation, including genetic elements like a promoter and ribosomal binding site, and their relative locations to one another on a DNA template. Students were asked to consider the outcome of the experiment if certain elements were missing, such as dNTPs or a particular amino acid, in order to address learning objective C. Questions related to learning objective E focused on steps that require energy input, and how the levels of high-energy molecules like ATP change throughout the CFPS reaction.

The student questionnaire contained 16 content-based questions and 12 attitudinal questions (Supplementary Data Sheet 4). All questions were multiple choice. The content-based section contained three baseline questions that tested knowledge independent of the intervention’s learning objectives and were not expected to be impacted by this laboratory exercise. They acted as a control for differences in baseline aptitudes between the pre- and post- questionnaires. Of the remaining 13 content-based questions, four questions tested transcription knowledge and nine tested translation knowledge. Transcription questions focused on key enzymes and required genetic elements on the DNA template for initiation and termination of transcription. Translation questions were focused on the basic mechanism of the ribosome, including how tRNA and mRNA interact, and the required genetic elements on the mRNA template for initiation and termination of translation. The 12 attitudinal questions asked students to rank their knowledge of transcription and translation vocabulary and comfort with research techniques.

The augmented reality activity utilized Augment1, a smart phone application, to project the three-dimensional structure of sfGFP onto student benchtops for an exploration of protein structure, structure-function relationships, and the structural basis for fluorescence (Supplementary Data Sheet 3). However, our pre- and post- questionnaire did not assess student understanding of sfGFP structure or structure-function relationships, so the impacts of this activity on student learning cannot be reported here.



Implementation of the Genetic Code Kit and Data Collection

The Genetic Code Kit and relevant assessments were implemented in the laboratory component of our non-majors’ “Survey of Biochemistry and Biotechnology” course (CHEM 313) taught by biochemistry faculty. The prerequisite for enrollment was the completion of an introductory organic chemistry course. Our curriculum allows students to select either Organic Chemistry I (CHEM 216), which is the first quarter of a year-long organic chemistry sequence or Survey of Organic Chemistry (CHEM 312), which is a one-quarter survey of organic chemistry (Table 1). The students involved in this study represent a breadth of educational backgrounds, with diverse majors from four colleges at Cal Poly SLO (Table 1). All student data was used with written consent of the participants in the study, based on Institutional Review Board (IRB) approval obtained prior to execution.


TABLE 1. Student population distributions by major and completed courses.

[image: Table 1]Implementation occurred over a 3-week period, with each lab section meeting once a week for 3 h. As a “pre-questionnaire” in week 1, all students completed the questionnaire described above (Supplementary Data Sheet 4). In week 2, students in the intervention group used the Genetic Code Kit in their regularly scheduled lab section (Supplementary Data Sheets 1–3). The control group did not meet and did not perform the experiment or augmented reality activity due to a holiday. However, they were provided with the lab manual and completed the same post-lab worksheet. In week 3, all students repeated the same questionnaire administered in week 1, representing the “post-questionnaire.” A total of 69 students completed both pre- and post- laboratory questionnaires, with 15 in the control group and 54 in the intervention group.

Intervention group students performed the Genetic Code Kit lab module in a single 3 h lab period. They were provided the lab manual at least 3 days prior to performing the experiment. After a brief introduction to the experiment in the lab period, students were asked to follow the instructions for reaction setup described in the lab manual, commencing in vitro transcription and translation. Reaction tubes were then placed in a 37°C mini-incubator for 1–1.5 h (Supplementary Figure 2). During the incubation period, students completed the post-lab worksheet and augmented reality activity (Supplementary Data Sheets 2, 3) and listened to a short lecture from instructors on the basics of transcription and translation. This brief lecture reviewed information on transcription and translation that was also covered in the 4-h per week lecture portion of the course, and introduced the components of each of the solutions in the Genetic Code Kit that correspond to these processes. This information was also available to students in the control group in the form of the introduction in the lab manual, and in the course textbook. At the end of the incubation period, students visualized fluorescence with the naked eye, and enhanced visibility was achieved using a handheld blue light before the lab period was over.



Statistical Methods

Student responses were collected and all anonymized assessment scores and responses can be found in Supplementary Table 1. Content-based questions were divided into baseline (1, 5, 6) and transcription and translation (2–4, 7–16) categories based on each question topic. Each category was analyzed by comparing the pre- and post- questionnaire scores for the control and intervention groups, visualized via box and whisker plots generated in SigmaPlot. Paired t-tests were run for both groups using JMP, and p-values were recorded with a significance level of 0.05. These categories were also analyzed by calculating the normalized learning gain and effect size for both student groups to understand the magnitude of the effect of the Genetic Code Kit. Normalized gain enables the comparison of groups that start at different levels of performance, as it calculates the score increases with respect to the window of potential learning based on pre-questionnaire scores (Hake, 1998). Effect size provides an additional metric that accounts for the number of students tested and the variation in scores among the students (Cohen, 1988). Question-based normalized gain was calculated to determine student performance on each of the 16 questions individually. This metric uses the same equation as normalized gain, however, the average pre- and post- scores are replaced by the percentage of students who answered the question correctly on the pre- and post- questionnaires. Additionally, the content-based data was matched to student major and previous course completion data in the form of an Excel dashboard that allows the user to analyze trends that occur within these subgroups (Supplementary Table 2). The dashboard also allows for a statistical comparison of the control group relative to the intervention group. Due to the different sample sizes, the comparison was performed using the Fisher’s Z Test. Point biserial analysis was performed using the Akindi software2.

Attitudinal questions were analyzed by comparing the trends in the percentage of students that selected each answer choice on the pre- and post- questionnaires. For statistical analysis, student answers were converted to numerical values, where A = 1 and E = 5. Paired t-tests comparing pre- and post- scores for each question were run using JMP and p-values were recorded with a significance level of 0.05.



RESULTS


Content-Based Assessment of Student Learning

The content-based section of the questionnaire contained 16 questions (3 baseline, 13 transcription and translation). For baseline questions unrelated to the learning objectives, there was a minimal increase in the mean percentage of correct answers; the control group’s mean score increased from 35.6 to 37.8% and the intervention group’s mean score increased from 34.0 to 41.3% (Figure 2A). However, a two-sided paired t-test showed that neither of these increases were significant (p-value > 0.05). Thus, we concluded that neither group became significantly better at answering the post-questionnaire as a result of previous exposure in the pre-questionnaire. On transcription and translation questions for the control group, we observed minimal increases in the mean score, from 41.5 to 48.7%. Comparatively, the intervention group had a larger increase in the average score on transcription and translation questions, from 49.6 to 63.8% (Figure 2B). One-sided paired t-tests within the control and intervention groups comparing pre- and post- student scores indicated no significant increase (p-value > 0.5) for the control group and a significant increase (p-value < 0.001) for the intervention group. This indicates that completing the hands-on Genetic Code Kit experiment significantly improves students’ ability to correctly answer questions regarding transcription and translation.
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FIGURE 2. Impact of the Genetic Code Kit on student performance on content-based questions involving baseline or transcription (Tx) and translation (Tl) questions. Student score distributions are depicted as follow: solid lines indicate median, dotted lines indicate mean, boxes demarcate the 25th and 75th percentiles, whiskers represent the 10th and 90th percentiles, and points represent outliers. Control group scores represent a population of 15 students and intervention group scores represent a population of 54 students. The content-based portion of the questionnaire contained 16 questions, 3 baseline and 13 transcription and translation. Specific questions can be found in Supplementary Data Sheet 4. (A) Student score distributions for baseline questions. Pre- and post- scores for the control group and intervention group were compared using a two-sided paired t-test (ns indicates p-value > 0.05) with a null hypothesis that pre- and post- scores will be equal. (B) Student score distributions for transcription and translation questions. Pre- and post- scores for the control group and intervention group were compared using a one-sided paired t-test (ns indicates p-value > 0.05, *** indicates p-value < 0.001) with a null hypothesis that pre- and post- scores will be equal.


In addition to observing improvements in average assessment scores, we also wanted to better understand the magnitude of the effect of the intervention on student learning gains. Toward this goal, we evaluated both normalized learning gains and effect sizes, since both are commonly used metrics in STEM education. The extent of normalized learning gains is categorized as low (gain < 0.3), medium (0.7 > gain ≥ 0.3), and high (gain ≥ 0.7) (Hake, 1998). On baseline questions, the control and intervention groups demonstrated low gains of 0.03 and 0.11, respectively, as expected (Figure 3A). For the transcription and translation questions, the control group demonstrated a normalized gain of 0.12 while the intervention group demonstrated a gain of 0.28. Effect sizes were also calculated as an additional metric to understand the magnitude of learning gains, while accounting for the student sample size and variation. Effect sizes are categorized as small (effect = 0.2), medium (effect = 0.5), and large (effect = 0.8) (Cohen, 1988). For the baseline questions, we observed small effect sizes of 0.07 for the control group and 0.28 for the intervention group (Figure 3B). Effect sizes on the transcription and translation questions were 0.32 for the control (small-medium) and 0.60 for the intervention (medium-large). As with the normalized gain analysis, the intervention group’s ability to correctly answer questions related to transcription and translation after using the Genetic Code Kit module was much greater than the control group, who did not carry out the activity.
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FIGURE 3. Magnitude of student learning gains on content-based questions upon implementing the Genetic Code Kit. The control group represents a population of 15 students and the intervention group represents a population of 54 students. The content-based portion of the questionnaire contained 16 questions, 3 baseline and 13 transcription and translation. Specific questions can be found in Supplementary Data Sheet 4. (A) Normalized gain by question category. Normalized gains > 0.3 indicate a medium gain activity. (B) Effect size by question category. Effect sizes of 0.2 indicate small effects, 0.5 indicate medium effects, and 0.8 indicate large effects. (C) Question-based normalized gain for each question. Question categories are indicated as follows: (B) baseline, (Tx) transcription, and (Tl) translation. Normalized gains > 0.3 indicate a medium gain activity.


Lastly, we analyzed the question-based normalized gains for each of the 16 questions individually (Figure 3C). This analysis was intended to indicate student performance on individual questions, allowing us to identify questions that were poorly designed or not well-addressed by the Genetic Code Kit. The outcome of question-based normalized gain assessment was the identification of questions 7 and 11 as particularly challenging for the intervention group. In fact, the control group outperformed the intervention group on those two questions, and the normalized gain for the intervention group was negative for question 11. Quantitatively, the point-biserial correlation coefficient values for questions 7 and 11 were above 0.2, suggesting that they are “fair” questions. Qualitatively, it is possible that these questions were written ineffectively, were mismatched with our learning objectives, or that CFPS was not able to resolve student misconceptions regarding the macromolecular interactions involved in translation. In fact, non-covalent interactions involved in translation were not explicitly covered in the pre-lab lecture, worksheet, or lab manual.

Given that we observed meaningful normalized learning gains and effect sizes upon intervention despite questions 7 and 11, we remained curious about the learning gains observed in the remaining questions. In a follow-up analysis (Supplementary Tables 2, 3), we removed questions 7 and 11 from the group of transcription and translation questions and used this narrower scope to evaluate learning gains by student demographics. We observed that students who had previously taken Ochem I, the first quarter in a year-long series of organic chemistry, had significantly higher learning gains compared to the control group (p-value < 0.05), while those who had taken Survey of Ochem did not significantly benefit (p-value > 0.05) from the Genetic Code Kit intervention compared to the control group (Supplementary Table 3). The intervention group students that did not significantly benefit were mostly from the College of Agriculture, Food, and Environmental Science, who have historically underperformed in the Survey of Biochemistry and Biotechnology course. While this observation is only suggestive when we removed questions 7 and 11 from the analysis, it represents an intriguing starting point for using CFPS to consider preparation gaps and achievement gaps within our student populations. These results suggest that if question design can be improved and sample size can be increased, implementation of CFPS has the potential to explore the basis for preparation and achievement gaps in biochemical education. Regardless, these additional findings are contingent on solving the learning issues identified in questions 7 and 11, as these differences in prerequisite preparation only appear when they are removed from the analysis.

Overall, significant increases in the average scores on content-based questions (Figure 2), a normalized learning gain around 0.3, and an effect size of 0.6 for the intervention group (Figure 3) indicate that implementing the Genetic Code Kit improved students’ ability to comprehend and answer questions relating to transcription and translation. As no significant increase (p-value > 0.05) in the performance on baseline questions was observed, we propose that the observed increase in assessment scores for transcription and translation questions was a result of the Genetic Code Kit rather than repeated exposure to the questionnaire.



Attitudinal-Based Assessment of Student Learning

The pre- and post- questionnaires completed by both the control and intervention groups contained a total of 12 attitudinal questions. These questions prompted students to self-assess their recognition and knowledge of transcription and translation vocabulary, as well as their comfort with laboratory techniques used in CFPS. Prior work has documented students’ deficiency in metacognitive skills and found that active learning pedagogies can strengthen these skills (National Research Council, 2000). Our attitudinal-based questions allow us to examine how students’ perceptions of their learning correlate with their results on the content-based assessment (Supplementary Figure 3). We found that both the control and intervention groups showed positive correlations on pre- and post- questionnaires, with an increase in the slope from pre- to post- questionnaire. For the control group, the pre-questionnaire R2-value was 0.02 and post-questionnaire was 0.36. For the intervention, the pre-questionnaire R2-value was 0.10 and post-questionnaire was 0.30. The relatively low pre-questionnaire R2 is noteworthy: it shows that students’ knowledge and attitudes are, effectively, uncorrelated. The increase in post-questionnaire R2 indicates that knowledge and attitudes move in the same direction. Overall, this analysis indicates that students’ self-reported confidence correlated with their performance on content-based questions. As a result, we pursued more detailed analysis of the attitudinal-based questions.

We first considered the possibility that improvements in students’ self-assessment of their confidence were an outcome of their recognition of vocabulary terms through repeated exposure to the questionnaire rather than as a result of improved conceptual understanding of the terms. To address this concern, we chose to perform detailed per-question analysis for the attitudinal-based assessment on questions that involved comfort with CFPS as an indicator of how beneficial the activity was in introducing a novel biotechnology. For the intervention group, we observed significant increases (p-value < 0.05) between pre- and post- scores for questions 23 and 25–27 using a one-sided paired t-test (Figure 4). When prompted with “I know what CFPS is” (question 23) on the pre-questionnaire, over 50% of the intervention group students indicated that they had no idea what the term meant and ∼11% indicated that they knew what the term meant (Figure 4A). After conducting the experiment, this changed to less than 5% and greater than 50%, respectively. The control group saw a similar, but less extensive shift in the trend with almost 40% of students reporting that they knew what the term meant in the post-questionnaire (Supplementary Figure 4). The comparable shift in the control and intervention groups is likely due to the background information that they received on CFPS through the lab manual alone. For question 25 (Figure 4B), “I am comfortable conducting experiments with enzymes,” pre-questionnaire comfort was generally high for the intervention group, but only ∼11% of students indicated that they “strongly agreed.” However, the Genetic Code Kit increased intervention student confidence in working with enzymes, such that almost 30% of students said they “strongly agreed” on the post-questionnaire. This was a noteworthy observation, since the Genetic Code Kit was implemented at the end of the quarter, and students had worked with enzymes in numerous previous laboratory modules. The intervention group’s comfort with conducting experiments involving in vitro transcription and translation (questions 26 and 27; Figures 4C,D) also showed notable improvement, with the number of students answering “strongly agree” increasing to ∼25% from less than 2%. Comparatively, the control group had less than 8% of students say that they “strongly agreed” in response to questions 25–27 (Supplementary Figure 4). These data indicate that the intervention group’s hands-on exposure to the CFPS reaction improved their comfort with these laboratory skills over the control group.


[image: image]

FIGURE 4. Changes in intervention group student attitudes toward CFPS and conducting CFPS-based experiments. Answer choices for (A) ranged from A – “I have no idea what this term means” to D – “I know what this term means.” Answer choices for (B–D) ranged from A – “Strongly disagree” to E – “Strongly agree.” Student answers were converted to a numerical value where A = 1 and E = 5, in order to calculate p-values using a one-sided paired t-test with a null hypothesis that pre- and post- scores would be equal. The intervention group contained 52 students. This is less than the number of students in the content analysis, as some students did not complete the attitudinal section of the post-questionnaire. All possible answer categories can be found in Supplementary Data Sheet 4.




DISCUSSION

The CFPS platform has seen significant development and widespread use as a biotechnology tool in recent years. CFPS harnesses the genetic code in a test-tube, in a flexible and tunable biochemical milieu, making it poised to be a transformative educational technology. Specifically, CFPS allows students to probe the processes of transcription and translation in a way that improves their learning outcomes, while providing them the technical skills for careers in biotechnology. Here, we report the implementation of our Genetic Code Kit, a simplified, yet modular CFPS reaction, in college-level biochemistry curriculum. Importantly, the Genetic Code Kit improved students’ understanding of transcription and translation for undergraduate students in a survey of biochemistry course. Our results suggest that the tactile process of setting up a CFPS reaction by adding solutions containing the building blocks, energy system, and DNA template to E. coli extract, and observing the real-time production of a fluorescent protein increases students’ comprehension of transcription and translation. Our observations are consistent with the extensive literature on the benefits of a physical experience in student learning (Bopegedera, 2011; Zacharia et al., 2012; Kontra et al., 2015; Kiste et al., 2016). Moreover, the Genetic Code Kit may help resolve common student misconceptions surrounding transcription and translation. For example, physically supplementing the CFPS reaction vessel with amino acids may eliminate potential confusion on the source of amino acids or the misconception that translation produces amino acids (Fisher, 1985). Additionally, requiring students to add both DNA and nucleotides to the CFPS reaction vessel could help resolve student misconceptions that DNA is converted into RNA via a chemical reaction instead of being used as a template for a new nucleotide strand (Wright et al., 2014).

The shifts in responses to attitudinal-based questions showcase the usefulness of the Genetic Code Kit to prepare students for future careers in laboratory science. Notably, these benefits to students extend beyond the learning gains in the content-based questions to support increased student confidence with the laboratory techniques used for CFPS. This work suggests that improvements to familiarity with biotechnologies and comfort in implementing biotechnology-based experiments provide fundamental advances toward workforce development. Prior work has documented that exposing students to research as part of science curriculum has improved student engagement in research outside of the classroom (Lindsay and McIntosh, 2000). Furthermore, undergraduate involvement in research experiences is known to increase student interest in obtaining a Ph.D. and pursuing a STEM field, especially when students are invested and interested in their research (Russell et al., 2007).

In order to enable all students to access these learning outcomes, the Genetic Code Kit is designed to be a low-cost, easy to assemble and implement, highly tailorable platform for various curricula and learning objectives, and requires minimal training and equipment. The Genetic Code Kit costs $4.08 per student, based on 4x CFPS reactions per student (Table 2). The cost of $1.02 per 30 μL reaction is inclusive of all materials, reagents, and labor at an estimated rate of $25/hr for the technician’s efforts. The development of the previously reported CFAI workflow has allowed us to significantly reduce the time required for cell extract preparation, reducing the cost associated with labor (Levine et al., 2019b). For example, preparing kits for 375 students requires under 25 person-hours. Notably, our kit preparation can be completed entirely by undergraduate students, as was done in this work, which significantly reduces the cost of implementation. The Genetic Code Kit preparation is also highly scalable. In fact, preparing larger quantities becomes more cost-effective. After the cost of labor, the next largest expense is the energy reagents that drive the PANOxSP-based CFPS reaction, but prior work has shown that this cost could be further reduced by leveraging glucose metabolism (Calhoun and Swartz, 2005). Instructors and institutions now benefit from a variety of CFPS options for their classrooms and Table 2 provides a list of options to choose from. We include cost comparisons in Table 2, since this may be one possible driver for selecting a path to implementing CFPS. However, we urge instructors to review the benefits of all listed options, as they may outweigh costs, particularly for convenience of implementation or suitability to specific learning objectives.


TABLE 2. Cell-free protein synthesis (CFPS) reaction costs for in-house and commercially available kits.

[image: Table 2]The Genetic Code Kit can be tailored to meet a variety of learning objectives beyond teaching transcription and translation. The open nature of the system makes it poised to support inquiry-based learning at a variety of grade levels and CUREs through minor modifications to the reaction setup or DNA template described here. These possibilities can help tailor the kit to the desired grade level and course learning objectives, and include (1) the sequence-function relationships of various genetic elements such as promoters, ribosome binding sites, and codon optimization, (2) riboswitches and aptamers, (3) genetic circuits, (4) CRISPR, (5) probing the mechanisms of various antibiotics, such as protein synthesis inhibitors, and many more. Some unique applications of CFPS for classroom instruction have already been developed for the BioBits kits (Huang et al., 2018; Stark et al., 2018, 2019). Lastly, the Genetic Code Kit can be implemented as a free-standing laboratory module to fit within a single 3-h lab course, but it can also be integrated into existing curricula. For example, this lab could be preceded by molecular biology labs including PCR or CRISPR and followed by analysis of the protein product via other traditional biochemical methods such as western blotting, ELISA, or SDS-PAGE.

Overall, this work represents the first controlled study of student learning gains resulting from a hands-on, learn-by-doing intervention based on CFPS. While this study’s findings are limited by a small sample size and focus on undergraduate students from a single institution, we observed significant gains for learning objectives relating to transcription and translation. Thus, the results of this work provide the foundation to expand assessments of learning gains to various educational levels, pursue multi-institutional efforts that include large student sample sizes, and iterate on the design of the kit to further improve student learning gains for a broad range of learning objectives. We propose that the expansion of this work will further validate the important role of CFPS in biochemical education while supporting workforce development for the growing biotechnology industry.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by human subjects in Research Institutional Review Board at Cal Poly. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

LW and NG wrote the manuscript, performed statistical analysis, and generated the figures. LW, NG, BS, and WK prepared all reagents for teaching lab implementation. BS and WK performed reagent storage and time-course testing. AK helped to design the teaching lab implementation and guided the analysis and visualization of assessments of student learning gains. PP helped with statistical analysis of the data. JO conceived the project. KW and JO designed and executed the teaching lab implementation. All authors helped to revise the manuscript and agreed to the accuracy of the work reported.



FUNDING

The authors acknowledge funding support from the Bill and Linda Frost Fund for scholarships to LW, NG, BS, and WK, for supporting general research expenses, and for funding open access publication fees. The authors also acknowledge the Center for Applications in Biotechnology’s Chevron Biotechnology Applied Research Endowment Grant, Cal Poly Research, Scholarly, and Creative Activities Grant Program (RSCA 2017), and the National Science Foundation (NSF-1708919).



ACKNOWLEDGMENTS

The authors acknowledge Dr. Eric Jones, Dr. Anya Goodman, and Dr. Steven Wilkinson for supporting the implementation of the Genetic Code Kit in their teaching laboratories for this work; Andrea Laubscher for technical support; Dr. Derek Gragson for support in obtaining historical student data; and Dr. Aaron Engelhart (University of Minnesota), Dr. Seth Bush, Max Levine, Philip Smith, and Logan Burrington for helpful discussions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2020.00941/full#supplementary-material

Supplementary Data Sheet 5 contains the main Supplementary Materials documentation. Supplementary Data Sheet 6 contains the information for Supplementary Table 2.


ABBREVIATIONS

CFPS, cell-free protein synthesis; CUREs, course-based undergraduate research experiences; sfGFP, superfolder green fluorescent protein.

FOOTNOTES

1
www.augment.com

2
www.akindi.com


REFERENCES

Altiparmak, M., and Nakiboglu Tezer, M. (2009). Hands on group work paper model for teaching DNA structure, central dogma and recombinant DNA. US China Educ. Rev. 6, 19–23.

Armbruster, P., Patel, M., Johnson, E., and Weiss, M. (2009). Active learning and student-centered pedagogy improve student attitudes and performance in introductory biology. CBE Life Sci. Educ. 8, 203–213. doi: 10.1187/cbe.09-03-0025

Bassiri, E. A. (2011). pGLO mutagenesis: a laboratory procedure in molecular biology for biology students. Biochem. Mol. Biol. Educ. 39, 432–439. doi: 10.1002/bmb.20538

Benítez-Mateos, A. I., Llarena, I., Sánchez-Iglesias, A., and López-Gallego, F. (2018). Expanding one-pot cell-free protein synthesis and immobilization for on-demand manufacturing of biomaterials. ACS Synth. Biol. 7, 875–884. doi: 10.1021/acssynbio.7b00383

Bopegedera, A. M. R. P. (2011). Putting the laboratory at the center of teaching chemistry. J. Chem. Educ. 88, 443–448. doi: 10.1021/ed100045z

Bundy, B. C., Porter Hunt, J., Jewett, M. C., Swartz, J. R., Wood, D. W., Frey, D. D., et al. (2018). Cell-free biomanufacturing. Curr. Opin. Chem. Eng. 22, 177–183.

Calhoun, K. A., and Swartz, J. R. (2005). Energizing cell-free protein synthesis with glucose metabolism. Biotechnol. Bioeng. 90, 606–613. doi: 10.1002/bit.20449

Chang, P.-S., Lee, S.-H., and Wen, M. L. (2020). Metacognitive inquiry activities for instructing the central dogma concept: ‘button code’ and ‘beaded bracelet making.’. J. Biol. Educ. 54, 47–62. doi: 10.1080/00219266.2018.1546756

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences, 2nd Edn, New York, NY: Routledge.

Collias, D., Marshall, R., Collins, S. P., Beisel, C. L., and Noireaux, V. (2019). An educational module to explore CRISPR technologies with a cell-free transcription-translation system. Synth. Biol. 4:ysz005. doi: 10.1093/synbio/ysz005

Debruyn, J. M. (2012). Teaching the central dogma of molecular biology using jewelry. J. Microbiol. Biol. Educ. 13, 62–64. doi: 10.1128/jmbe.v13i1.356

Deutch, C. E. (2019). Transformation of Escherichia coli with the pGLO plasmid: going beyond the kit. Am. Biol. Teach. 81, 52–55. doi: 10.1525/abt.2019.81.1.52

Dopp, B. J. L., Tamiev, D. D., and Reuel, N. F. (2019). Cell-free supplement mixtures: elucidating the history and biochemical utility of additives used to support in vitro protein synthesis in E. coli extract. Biotechnol. Adv. 37, 246–258. doi: 10.1016/J.BIOTECHADV.2018.12.006

Dopp, J. L., and Reuel, N. F. (2018). Process optimization for scalable E. coli extract preparation for cell-free protein synthesis. Biochem. Eng. J. 138, 21–28. doi: 10.1016/J.BEJ.2018.06.021

Dorrell, M. I., and Lineback, J. E. (2019). Using shapes & codes to teach the central dogma of molecular biology: a hands-on inquiry-based activity. Am. Biol. Teach. 81, 202–209. doi: 10.1525/abt.2019.81.3.202

Duncan, R. G., and Reiser, B. J. (2007). Reasoning across ontologically distinct levels: students’ understandings of molecular genetics. J. Res. Sci. Teach. 44, 938–959. doi: 10.1002/tea.20186

Fisher, K. M. (1985). A misconception in biology: amino acids and translation. J. Res. Sci. Teach. 22, 53–62. doi: 10.1002/tea.3660220105

Freeman, S., Eddy, S. L., McDonough, M., Smith, M. K., Okoroafor, N., Jordt, H., et al. (2014). Active learning increases student performance in science, engineering, and mathematics. Proc. Natl. Acad. Sci. U.S.A. 111, 8410–8415. doi: 10.1073/pnas.1319030111

Gräwe, A., Dreyer, A., Vornholt, T., Barteczko, U., Buchholz, L., Drews, G., et al. (2019). A paper-based, cell-free biosensor system for the detection of heavy metals and date rape drugs. PLoS One 14:210940. doi: 10.1371/journal.pone.0210940

Gregorio, N. E., Kao, W. Y., Williams, L. C., Hight, C. M., Patel, P., Watts, K. R., et al. (2020). Unlocking applications of cell-free biotechnology through enhanced shelf life and productivity of E. coli extracts. ACS Synth. Biol. 9, 766–778. doi: 10.1021/acssynbio.9b00433

Gregorio, N. E., Levine, M. Z., and Oza, J. P. (2019). A user’s guide to cell-free protein synthesis. Methods Protoc. 2:24. doi: 10.3390/mps2010024

Haak, D. C., HilleRisLambers, J., Pitre, E., and Freeman, S. (2011). Increased structure and active learning reduce the achievement gap in introductory biology. Science 332, 1213–1216. doi: 10.1126/science.1204820

Hake, R. R. (1998). Interactive-engagement versus traditional methods: a six-thousand-student survey of mechanics test data for introductory physics courses. Cit. Am. J. Phys. 66:64. doi: 10.1119/1.18809

Huang, A., Nguyen, P. Q., Stark, J. C., Takahashi, M. K., Donghia, N., Ferrante, T., et al. (2018). BioBitsTM explorer: a modular synthetic biology education kit. Sci. Adv. 4:eaat5105. doi: 10.1126/sciadv.aat5105

Ibarra-Herrera, C. C., Carrizosa, A., Yunes-Rojas, J. A., and Mata-Gómez, M. A. (2019). Design of an app based on gamification and storytelling as a tool for biology courses. Int. J. Interact. Des. Manuf. 13, 1271–1282. doi: 10.1007/s12008-019-00600-8

Jung, J. K., Alam, K. K., Verosloff, M. S., Capdevila, D. A., Desmau, M., Clauer, P. R., et al. (2020). Cell-free biosensors for rapid detection of water contaminants. Nat. Biotechnol. 6, 1–9. doi: 10.1038/s41587-020-0571-7

Karim, A. S., Rasor, B. J., and Jewett, M. C. (2020). Enhancing control of cell-free metabolism through pH modulation. Synth. Biol. 5:ysz027. doi: 10.1093/synbio/ysz027

Kiste, A. L., Hooper, R. G., Scott, G. E., and Bush, S. D. (2016). Atomic tiles: manipulative resources for exploring bonding and molecular structure. J. Chem. Educ. 93, 1900–1903. doi: 10.1021/acs.jchemed.6b00361

Kiste, A. L., Scott, G. E., Bukenberger, J., Markmann, M., and Moore, J. (2017). An examination of student outcomes in studio chemistry. Chem. Educ. Res. Pract. 18, 233–249. doi: 10.1039/C6RP00202A

Kontra, C., Lyons, D. J., Fischer, S. M., and Beilock, S. L. (2015). Physical experience enhances science learning. Psychol. Sci. 26, 737–749. doi: 10.1177/0956797615569355

Kozma, R., Chin, E., Russell, J., and Marx, N. (2000). The roles of representations and tools in the chemistry laboratory and their implications for chemistry learning. J. Learn. Sci. 9, 105–143. doi: 10.1207/s15327809jls0902_1

Levine, M. Z., Gregorio, N. E., Jewett, M. C., Watts, K. R., and Oza, J. P. (2019a). Escherichia coli-based cell-free protein synthesis: protocols for a robust, flexible, and accessible platform technology. J. Vis. Exp. 25:e58882.

Levine, M. Z., So, B., Mullin, A. C., Watts, K. R., and Oza, J. P. (2019b). Redesigned upstream processing enables a 24-hour workflow from E. coli cells to cell-free protein synthesis. bioRxiv [Preprint], doi: 10.1101/729699

Lindsay, H. A., and McIntosh, M. C. (2000). Early exposure of undergraduates to the chemistry research environment: a new model for research universities. J. Chem. Educ. 77, 1174–1177. doi: 10.1021/ed077p1174

Marshall, P. A. (2017). A Hands-on activity to demonstrate the central dogma of molecular biology via a simulated VDJ recombination activity. J. Microbiol. Biol. Educ. 18:1277. doi: 10.1128/jmbe.v18i2.1277

National Research Council (2000). How People Learn. Washington, DC: Academies Press.

Newman, D. L., Snyder, C. W., Fisk, J. N., and Wright, L. K. (2016). Development of the central dogma concept inventory (CDCI) assessment tool. CBE Life Sci. Educ. 15, 1–14. doi: 10.1187/cbe.15-06-0124

Newman, D. L., and Wright, L. K. (2013). Using PCR to target misconceptions about gene expression. J. Microbiol. Biol. Educ. 14, 93–100. doi: 10.1128/jmbe.v14i1.539

Nogaj, L. A. (2013). Using active learning in a molecular biology. J. Coll. Sci. Teach. 42, 50–55.

Pardee, K., Green, A. A., Takahashi, M. K., Braff, D., Lambert, G., Lee, J. W., et al. (2016). Rapid, low-cost detection of zika virus using programmable biomolecular components. Cell 165, 1255–1266. doi: 10.1016/J.CELL.2016.04.059

Park, Y. J., Lee, K.-H., and Kim, D.-M. (2017). Assessing translational efficiency by a reporter protein co-expressed in a cell-free synthesis system. Anal. Biochem. 518, 139–142. doi: 10.1016/J.AB.2016.11.019

Pigage, H. K. (1991). The central dogma in action. Am. Biol. Teach. 53, 436–437. doi: 10.2307/4449352

Queloz, A., Klymkowsky, M. W., Stern, E., Hafen, E., and Köhler, K. (2017). Diagnostic of students’ misconceptions using the biological concepts instrument (BCI): a method for conducting an educational needs assessment. PLoS One 12:e0176906. doi: 10.1371/journal.pone.0176906

Rotbain, Y., Marbach-Ad, G., and Stavy, R. (2008). Using a computer animation to teach high school molecular biology. J. Sci. Educ. Technol. 17, 49–58. doi: 10.1007/s10956-007-9080-4

Russell, S. H., Hancock, M. P., and McCullough, J. (2007). Benefits of undergraduate research experiences. Science 316, 548–549. doi: 10.1126/science.1140384

Salehi, A. S. M., Shakalli Tang, M. J., Smith, M. T., Hunt, J. M., Law, R. A., Wood, D. W., et al. (2017). Cell-free protein synthesis approach to biosensing hTRβ-specific endocrine disruptors. Anal. Chem. 89, 3395–3401. doi: 10.1021/acs.analchem.6b04034

Seki, E., Matsuda, N., Yokoyama, S., and Kigawa, T. (2008). Cell-free protein synthesis system from Escherichia coli cells cultured at decreased temperatures improves productivity by decreasing DNA template degradation. Anal. Biochem. 377, 156–161. doi: 10.1016/J.AB.2008.03.001

Silverman, A. D., Akova, U., Alam, K. K., Jewett, M. C., and Lucks, J. B. (2019). Design and optimization of a cell-free atrazine biosensor. bioRxiv [Preprint], doi: 10.1101/779827

Stark, J. C., Huang, A., Hsu, K. J., Dubner, R. S., Forbrook, J., Marshalla, S., et al. (2019). BioBits health: classroom activities exploring engineering, biology, and human health with fluorescent readouts. ACS Synth. Biol. 8, 1001–1009. doi: 10.1021/acssynbio.8b00381

Stark, J. C., Huang, A., Nguyen, P. Q., Dubner, R. S., Hsu, K. J., Ferrante, T. C., et al. (2018). BioBitsTM bright: a fluorescent synthetic biology education kit. Sci. Adv. 4:eaat5107. doi: 10.1126/sciadv.aat5107

Takahashi, M. K., Tan, X., Dy, A. J., Braff, D., Akana, R. T., Furuta, Y., et al. (2018). A low-cost paper-based synthetic biology platform for analyzing gut microbiota and host biomarkers. Nat. Commun. 9, 1–12. doi: 10.1038/s41467-018-05864-4

Takemura, M., and Kurabayashi, M. (2014). Using analogy role-play activity in an undergraduate biology classroom to show central dogma revision. Biochem. Mol. Biol. Educ. 42, 351–356. doi: 10.1002/bmb.20803

Theobald, E. J., Hill, M. J., Tran, E., Agrawal, S., Nicole Arroyo, E., Behling, S., et al. (2020). Active learning narrows achievement gaps for underrepresented students in undergraduate science, technology, engineering, and math. Proc. Natl. Acad. Sci. U.S.A. 117, 6476–6483. doi: 10.1073/pnas.1916903117

Ward, W. W., Swiatek, G. C., and Gonzalez, D. G. (2000). Green fluorescent protein in biotechnology education. Methods Enzymol. 305, 672–680. doi: 10.1016/S0076-6879(00)05518-X

Wright, K., Fisk, J., and Newman, D. L. (2014). DNA→RNA: what do students think the arrow means? CBE Life Sci. Educ. 13, 338–348. doi: 10.1187/cbe.CBE-13-09-0188

Yin, G., and Swartz, J. R. (2004). Enhancing multiple disulfide bonded protein folding in a cell-free system. Biotechnol. Bioeng. 86, 188–195. doi: 10.1002/bit.10827

Zacharia, Z. C., Loizou, E., and Papaevripidou, M. (2012). Is physicality an important aspect of learning through science experimentation among kindergarten students? Early Child. Res. Q. 27, 447–457. doi: 10.1016/j.ecresq.2012.02.004


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Williams, Gregorio, So, Kao, Kiste, Patel, Watts and Oza. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	PERSPECTIVE
published: 19 August 2020
doi: 10.3389/fbioe.2020.00927





[image: image]

Roadmap to Building a Cell: An Evolutionary Approach

Zhanar Abil and Christophe Danelon*

Department of Bionanoscience, Kavli Institute of Nanoscience, Delft University of Technology, Delft, Netherlands

Edited by:
Yuan Lu, Tsinghua University, China

Reviewed by:
Pasquale Stano, University of Salento, Italy
Julio Augusto Freyre-Gonzalez, National Autonomous University of Mexico, Mexico
Juli Peretó, University of Valencia, Spain

*Correspondence: Christophe Danelon, c.j.a.danelon@tudelft.nl

Specialty section: This article was submitted to Synthetic Biology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 23 May 2020
Accepted: 20 July 2020
Published: 19 August 2020

Citation: Abil Z and Danelon C (2020) Roadmap to Building a Cell: An Evolutionary Approach. Front. Bioeng. Biotechnol. 8:927. doi: 10.3389/fbioe.2020.00927

Laboratory synthesis of an elementary biological cell from isolated components may aid in understanding of the fundamental principles of life and will provide a platform for a range of bioengineering and medical applications. In essence, building a cell consists in the integration of cellular modules into system’s level functionalities satisfying a definition of life. To achieve this goal, we propose in this perspective to undertake a semi-rational, system’s level evolutionary approach. The strategy would require iterative cycles of genetic integration of functional modules, diversification of hereditary information, compartmentalized gene expression, selection/screening, and possibly, assistance from open-ended evolution. We explore the underlying challenges to each of these steps and discuss possible solutions toward the bottom-up construction of an artificial living cell.
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INTRODUCTION

All known life forms are composed of cells as the elementary unit. Nevertheless, the staggering complexity of even the simplest known cells is prohibitive to our understanding of the most basic principles of life. Building a biological cell from scratch, i.e., from a minimal set of loose components, such as in vitro synthesized or purified biomolecules, would serve as a forward engineering approach, thus illuminating the design principles of life (Elowitz and Lim, 2010). Such construction of a minimal, or synthetic, cell bottom-up is considered today to be one of the grand challenges in synthetic biology. Although the challenge first arose as an approach to answering origin of life questions, the field grew considerably in recent decades, and is now also tapping into the perspectives for improving applications in biotechnology and biomedicine (Ausländer et al., 2017). Approaches that have been used so far toward building synthetic cells and their potential applications have been extensively reviewed elsewhere (Forster and Church, 2006; Luisi et al., 2006; Noireaux et al., 2011; Nourian et al., 2014; Xu et al., 2016; Jia et al., 2017; Sikkema et al., 2019; Stano, 2019). Most studies attempt to define the molecular hardware, i.e., enumerate relevant genes, proteins, biological mechanisms, and metabolic pathways that may compose a minimal cell. Yet, how practically the myriad of components will assemble into a functional cell remains a largely unexplored area. This perspective addresses this challenge by conceptualizing an evolutionary synthetic biology route. Specifically, we argue that in vitro evolution must be employed as an engineering tool to accelerate the optimization of individual modules as well as their integration into system’s level functionalities. Numerous iterations of module integration, genetic diversification, and phenotype assessment would gradually increase the complexity and autonomy of the system, i.e., its degree of “aliveness.”



MORE THAN THE SUM OF ITS PARTS

A conceptual difficulty in constructing a synthetic cell bottom-up lies in the recognition that life is not simply a construct composed of a mixture of chemicals that possesses certain physical properties, but rather is a highly complex physico-chemical phenomenon with yet to be fully understood emergent properties. In other words, to construct a living system from scratch, it is not enough to simply emulate some of life’s properties, such as compartmentalization, growth, or information replication, but bring all the processes and functions together into a phenomenon that cannot be reduced to its parts (Figures 1A,B).


[image: image]

FIGURE 1. Framework to designing a synthetic cell. (A) Building a cell is also a way to question the fundamental principles of life. The diagram depicts our view of the key ingredients constituting a biological cell, and by extension an elementary cell. Cellular unit and environment are entangled and they both constitute the “living system”. We consider information (i.e., the sequence of nucleotides in the DNA and RNA of present-day organisms and viruses) and molecular hardware (i.e., the memory-carrying molecule and the set of proteins, lipids, cofactors, etc, composing the cell) as defining elements of life, but their exact nature is not, as they are both subject to diversity across organisms. In contrast, minimal cellular life can be seen as a set of universal functions that are common to all living things. (B) The molecular hardware is defined as the nature and concentration (C) of each cell’s constituents (x refers to their localization). It differs from one organism to the other and, even, in the modern view of biology, between individual cells from a clonal population. The molecular hardware of a synthetic cell may be a combination of natural parts derived from existing organisms and viruses, and engineering products through in vitro evolution or de novo design. The complexity (or simplicity) of the molecular hardware depends on the composition of the environment. Synthesizing a cell following this approach will yield never-born cells, whose initial conditions supporting life do not exist in nature. (C) Liposome and the key reactions forming the central dogma in biology. (D) Scheme of the in vitro continuous evolution cycle applied to synthetic lipid vesicles. Center, microscopy image of liposomes (colored in magenta) expressing the protein GFP (green) from its gene. *In discontinuous evolution mode, this step would consist of DNA isolation and bulk amplification. **In discontinuous evolution mode, the DNA amplified in bulk is re-encapsulated in new liposomes.


One of the features that are considered to be defining of life is the functional integration of elementary processes into system’s level properties. Some of life’s functionalities, such as self-organization, self-maintenance, and information continuity, have been extensively studied and attempts have been made to at least partially reproduce them in the laboratory (Caschera and Noireaux, 2014). However, integration of these functionalities in a single synthetic cell still remains far out of reach (Caschera and Noireaux, 2014). Another, related, property of living systems and a goal to achieve in the efforts of building a minimal cell is autonomy. By autonomy, we understand a property of a far-from equilibrium, thermodynamically open system that enables it to establish an organizational identity of its own as a result of a set of endergonic-exergonic couplings of internal processes (Ruiz-Mirazo et al., 2004). Hence, a system would be considered autonomous if it is able to maintain its far-from equilibrium state by means of intrinsically governed building of its components and operation of vital processes, provided there is an inflow of necessary substrates and outflow of byproducts. Finally, while basic autonomous systems might be capable of some degree of adaptability to changing environmental conditions, this might not be enough for the survival of a cellular population in a less stable environment. Thus, there is a belief among a number of experts that mechanisms for reliable information continuity and hereditary adaptability, or evolution, are required for the survival of a minimal cell in the long run, and constitute one of the defining features of life (Joyce, 1994; Koshland, 2002; Ruiz-Mirazo et al., 2012). Thus, by aiming to construct a minimal cell, we are seeking to construct a functionally integrated phenomenon capable of novel, system’s level functionalities, such as autonomy and evolvability.

Another, practical, difficulty in building a minimal cell is the sheer volume of the variety of molecules, modules, functions, and their inter-relationship that needs to be explored. The first challenge is that, once chosen, the individual modules might not work as intended in the new environment (altered expression, degradation, loss of activities in the new environment, and broken regulation). This is particularly expected if the constituents originate from different organisms (Figure 1B). Additional engineering of individual parts would thus be necessary. Furthermore, a synthetic cell will require a functional integration of multiple modules, which implies further engineering of functional orthogonality, compatibility, and cross-regulation of parts. This approach traditionally involves detailed analysis of individual modules and laborious fine-tuning processes to make the genetic circuits, pathways, and other complex networks to function as desired. However, with increased complexity, the task becomes prohibitively difficult.



A SYSTEM’S LEVEL EVOLUTIONARY APPROACH

We propose to address these difficulties of building a synthetic cell by using a system’s level evolutionary approach (Figures 1C,D), which offers an achievable alternative to the traditional rational engineering strategy. We know this thanks to the substantial contribution, in the last few decades, of directed evolution methods to engineering of a vast number and variety of proteins (Arnold, 2019) and in vitro evolution methods for engineering ribozymes and aptamers (Wilson and Szostak, 1999). Specifically, successful evolution of proteins in vitro and especially in liposomes have been demonstrated (Matsuura and Yomo, 2006; Nishikawa et al., 2012). One of the great advantages of the evolutionary approach to engineering of complex systems is that it does not require a priori knowledge of structure-function relationships, and, in our case, of inter-relation of multiple components in pathways, genetic circuits, or functional modules in even larger synthetic systems. Thus, we believe that due to our very limited understanding of the nature of a minimal living system, the system’s level evolutionary approach is the only practical way we can progress toward the goal of building a synthetic cell.

The system’s level evolutionary approach likewise underlines our current understanding of the origin of the first biological cell via chemical evolution (Ruiz-Mirazo et al., 2017; Takeuchi et al., 2017). Reminiscent of how chemical evolution contributed to the stepwise increase in a protocell’s complexity and dynamic kinetic stability (Pross, 2013), we envision artificial evolution driving the gradual increase in complexity of a minimal synthetic cell to a system that has a higher degree of “aliveness.” Our strategy of building a cell thus embraces the idea of fuzzy logic that allows partial set membership rather than clear-cut definition of life with strict criteria (Bruylants et al., 2010). This is not unlike how prebiotic systems are considered in a continuum of grades of “aliveness.” Therefore, building a synthetic cell via numerous intermediates from a more primitive to a more complex autonomous system could shed light on the fundamental principles of the emergence of life.

Finally, as we mentioned above, evolution is often considered as one of life’s defining features; and thus, engineering a synthetic cell precursor for evolvability may be an attractive goal in itself. Hence, the development of a continuous in vitro evolution approach, which will be discussed below, will not only accelerate the engineering of a synthetic cell, but will become a synthetic cell feature that ensures increased robustness and adaptability to varying environmental conditions, and will require the seamless integration of information replication, diversification, expression, selection, and distribution among daughter synthetic cells.

In the following, we would like to discuss the challenges for successful implementation of the evolutionary approach and propose possible solutions to tackle them.



CHALLENGES AND POSSIBLE SOLUTIONS


Choice of Scaffold

A number of scaffolds for the bottom-up construction of a minimal cell have been explored. Membranous vesicles, emulsion droplets, and coacervates all have their own strengths and disadvantages (Buddingh’ and Van Hest, 2017), and will undoubtedly contribute to the ultimate goal conceptually and as parallel experimental platforms. However, we believe that liposomes, aqueous vesicles encapsulated by a phospholipid bilayer, may be the most promising choice in the long run (Figure 1C). First, liposomes are vesicles that resemble modern cells the most, and thus have the most potential in shedding light on the mechanisms of life as we know it. Second, they are biocompatible, meaning that they can be more easily integrated with other building blocks, which will most likely come from existing biomolecule types, such as membrane proteins and polysaccharides. Biocompatibility also entails that they could be used in combination with other currently characterized biomolecules for biotechnological or biomedical applications (i.e., bioreactors for sugar production or nucleic acid delivery).



Integration of Modules for System’s Level Evolution

The system’s level evolution of a synthetic cell may be directed and facilitated by applying a semi-rational approach. Therein, new polypeptide domains, new genes, and entire functional modules are added intermittently throughout the evolution campaign, followed by multiple rounds of additional genetic diversification and phenotypic enrichment. Multiple modules will need to be integrated in a functional way. However, the goal is not to reconstitute an existing living organism like Escherichia coli or a mycoplasma, but building a novel, minimal system, composed of a variety of modules, and inspired from multiple contemporary organisms and viruses (Figure 1B).

The order of addition of functional modules and concomitant re-design of the environment will need to be carefully considered. Since we will be undertaking an evolutionary approach, the primary and central module would be the one ensuring genetic heredity. One could start with a simple hereditary system capable of self-replication, such as a DNA polymerase and its auxiliary proteins (Van Nies et al., 2018). The initial set of genes could be expressed using an in vitro transcription-translation system, such as PURE system (Shimizu et al., 2001). Some of the modules that would require subsequent integration are those responsible for rudimentary anabolism, catabolism, various internal and external feedback and regulatory mechanisms, as well as controlled division mechanisms. When an additional module is functionally integrated (for production of a biomolecule, for example), it would remove the need for external supply of the corresponding component or physical intervention of the researcher. This will be used as the newly added selection pressure. Hence, in general, with the growing autonomy of the synthetic cell, the complexity of the environment and the need for physical intervention should decrease.

It is important to note that by integration we do not mean simply adding the individual modules to the growing DNA chain, and applying the traditional directed evolution methods, such as genetic diversification and phenotype interrogation. A traditional approach would require total destruction of vesicles, as well as extraction and subsequent re-encapsulation of DNA. This discontinuous evolution mode may be applied in the early stages of synthetic cell evolution. However, we are not interested in simply obtaining an optimal synthetic genome. After all, being in possession of an entire E. coli genome does not equal to having a living organism. Therefore, we suggest to build a system capable of in vitro continuous evolution (Figure 1D), where hereditary material gets re-distributed between daughter cells, thus providing a physical continuity of a gene-expressing vesicle population in time. Initially, it would be enabled by a researcher’s intervention (e.g., mechanical vesicle division), and eventually, will be the result of the system’s intrinsic functions (such as self-encoded division mechanism).



Genetic Diversification of Large Synthetic Genomes

Genetic diversification drives directed evolution, and success of the campaign heavily depends on the nature, size, and quality of the genetic library (Bratulic and Badran, 2017). For single genes or shorter DNA fragments, the commonly used approaches of genetic diversification can be used (Gillam et al., 2014). Increasing complexity of a synthetic cell, however, would necessitate diversification of an increasingly larger synthetic genome, where traditional approaches may become impractical. Herein, we will discuss strategies that may become instrumental for genetic diversification of synthetic genomes, such as assembly and recombination, random, and semi-random mutagenesis methods.

Construction of synthetic genomes will first entail the utilization of commonly used in vitro and/or in vivo genetic assembly methods (Eriksen et al., 2018; Figure 2A). The initial optimization of gene cluster architecture can be performed by combinatorial variation of part choice, gene order, gene orientation, and operon occupancy (Figure 2B), as it was shown that these factors are highly useful for genetic optimization (Smanski et al., 2014). Gene assembly methods would also enable genetic recombination, thus ensuring combinatorial rearrangement of mutations between rounds of evolution (Figure 2A).
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FIGURE 2. Proposed genetic diversification and phenotype interrogation methods for system’s level in vitro evolution of gene-expressing vesicles. (A,B) Combinatorial design and assembly methods (A) Gene assembly and recombination. Homologous recombination in yeast can be performed for gene assembly and recombination of large genetic clusters. (B) Gene order and orientation optimization. Constraint-based combinatorial design as well as in vitro assembly could be employed for gene expression optimization. (C,D) Random mutagenesis methods. (C) Low-fidelity DNA replication. Engineered Φ29 or a similar DNA polymerase can be used for error-prone replication of the entire synthetic genome, thus enabling in-vesicle random mutagenesis. (D) Base editing. Base editor, such as activation-induced deaminase (AID) can be fused to an RNA polymerase, enabling random mutagenesis in both strands of DNA in gene expressing regions. (E,F) Semi-random mutagenesis methods. (E) Programmable base editing. Base editors can be tethered to programmable DNA-binding proteins, which will target random mutagenesis to a narrow region of interest. For this purpose, cytidine or adenine deaminase domains (AID, APOBEC1, TadA) can be fused to MS2 coat protein and tethered to endonuclease-deficient versions of Cas9 (dCas9) or Cpf1 (dCpf1) proteins via MS2-hairpins linked to guide RNA. This flexible architecture would allow a random mutagenesis window of around 100 base pairs (Hess et al., 2016). (F) Error-prone in vitro nick repair. In this proposed method, a nick introduced by a reprogrammable nickase (such as nCas9 or nCpf1) at a region of interest is chewed back with an exonuclease (such as T5 exonuclease), filled in by error-prone DNA polymerase (such as human PolI), and ligated by DNA ligase (such as Taq DNA ligase) to resolve the nick. Such a method would likely constrain the random mutagenesis to up to 200 bases on the targeted strand. (G–I) Screening Methods. (G) Fluorescence-activated cell sorting (FACS). This high-throughput screening method relies on fluorescence measurement of individual particles and sorting by electrostatic deflection. (H) Intelligent image-activated cell sorting (IACS). This high-throughput screening method sorts particles based on their unique morphological features and is based on real-time image-based flow cytometry assisted by artificial intelligence. (I) Dual-photopolymerized microwell array sorting. This image-based single-cell sorting method relies on two-step photopolymerization process: the first to create an array of microwells to capture individual cells and the second to encapsulate undesired cells. The desired cells are removed by washing. (J,K) Selection methods. (J) Compartmentalized partnered replication. When adapted for in vitro, in-liposome use, this approach would rely on linking a phenotype of interest to the expression of a DNA polymerase gene. Differential amplification of a synthetic gene cluster by the expressed DNA polymerase in liposomes would be the basis of selection. (K) Affinity chromatography. Liposomes displaying a molecule of interest can be enriched by specific interaction with a binding partner on a solid support.


For efficient in vitro diversification of large nucleic acids, one can envision the use of a replication system with high processivity, high strand-displacement activity for isothermal amplification, and low fidelity for accelerated mutagenesis. A suitable candidate with such characteristics is the Φ29 DNA polymerase, provided that its high fidelity can be reduced (Figure 2C). The fidelity of Φ29 or a similar DNA polymerase could be lowered by using increased Mn2+ ion concentrations (Fujii R. et al., 2014) or by utilizing exonuclease-deficient variants. Alternatively, increased mutagenesis levels could be achieved by adapting the use of DNA deaminase domains (such as cytidine or adenine deaminases) in vitro either alone (Al-Qaisi et al., 2018) or in fusion with T7 RNA polymerase (Chen et al., 2019; Figure 2D). Development of these and similar methods will be critical in the diversification of large synthetic genomes. However, the sequence space of a synthetic genome would be vast, and the use of random mutagenesis approaches alone may not be enough for efficient evolution campaigns.

More focused, or semi-random, mutagenesis approaches might be needed, assisted by relevant knowledge from biochemical and bioinformatical studies, or simply by modulation of relative gene expression levels in the multi-gene system. For example, to target the mutagenesis to a narrow region of interest, deaminase domains can be tethered to reprogrammable DNA-binding proteins, such as endonuclease-deficient Cas9 or Cpf1 (Eid et al., 2018; Figure 2E). The attractiveness of this approach lies in the fact that it does not require a double strand break or a complex cellular repair machinery, and it could be adapted for use in vitro. Alternatively, one could engineer a method whereby a nick introduced by a reprogrammable nickase at a region of interest is subsequently or simultaneously treated with an exonuclease to chew back the nicked strand, an error-prone DNA polymerase to mutagenically fill in the gap, and a ligase to covalently repair the nick (Figure 2F). This would be reminiscent of the commonly used cloning method (Gibson et al., 2009), but would not require in vitro assembly of multiple fragments followed by in vivo screening, and would be applicable for a more focused in vitro mutagenesis of large DNA fragments. These and other genetic diversification methods still require extensive development and implementation in vitro; however, the effort will be vital for successful system’s level evolution and synthetic cell construction.



Selection/Screening Strategies

The next challenge is to develop efficient approaches to enrich a population of liposomes for synthetic cells’ desired phenotypes (Figure 1D). For certain phenotypes, traditional screening and selection methods (Packer and Liu, 2015) can be implemented. For example, if a phenotype of interest can be linked to the expression level of a single gene, such as a fluorescent or luminescent protein, high-throughput screening by fluorescence activated cell sorting (FACS) can be implemented (Fujii S. et al., 2014). Fluorescence activated cell sorting, the most common method for sorting particles, allows for high-throughput and multiparameter sorting (Figure 2G). It could also be implemented in cases where a substrate is fluorogenic or affinity-based enrichment is required. Alternatively, it is possible to exploit selection strategies by linking a phenotype to the expression of a DNA polymerase (Abil et al., 2017), given that it is adapted for in-liposome amplification (Figure 2J) or to a destructive protein (negative selection by destabilizing the liposomes). For affinity-based enrichment, FACS could potentially be substituted with affinity chromatography (Figure 2K). In many cases, though, traditional approaches that are suitable for evolution of single genes or simple pathways may not be appropriate enough for system’s level evolution, since there will likely be no single parameter defining the system’s state for high-throughput screening or selection. Therefore, a paradigm shift in the approaches to tackle this problem is needed.

One way of enriching vesicles for system’s level functionalities could be via imaging-based screening methods. Cells’ (and by extension, vesicles’) “physiological” functions often manifest in morphological identities and molecular localization footprints, and therefore an imaging-based screening approach would offer an unprecedented advantage over conventional high-throughput screening methods, such as FACS. One emerging technology that would enable enrichment based on multidimensional fluorescence images is intelligent image-activated cell sorting (IACS; Figure 2H; Nitta et al., 2018; Isozaki et al., 2020). Image-activated cell sorting integrates microfluidics, high-throughput cell microscopy, real-time intelligent image processing, decision making, and cell sorting. The strategy has the potential for opening the door for the exploration of phenotypes that are more directly connected to vesicles’ system’s level functions. A possible alternative to IACS is image-based sorting via dual-photopolymerized microwell arrays (Figure 2I; Sun et al., 2013). This method relies on microwell array-assisted spatial segregation, imaging and identification, and screening based on two-step photopolymerization. This approach offers the advantage of interrogation based on high-resolution imaging, as well as time-lapse and long-term dynamics, an advantage that could be uniquely suited for system’s level evolution. Adapting this methodology for screening of micron-sized vesicles and improving it by significantly increasing the throughput capacity would be desirable.



Open Ended Evolution

As an alternative approach to the semi-rational evolutionary approach discussed above, one could choose to undertake a more exploratory, open ended, evolution. Herein, an intrinsic mechanism would be provided for the exploration of new state spaces by the system, thus allowing expansive and transformational evolutionary novelties (Banzhaf et al., 2016; Taylor, 2019). For example, new state spaces for exploration can be provided simply by modifying and re-engineering of the environment. Other mechanisms could be exploitation of exaptation, where a structure that was performing a certain function can switch to performing a different function; and compositional systems, where a new or enhanced function emerges from the combination of smaller part types. Finally, to aid in the discovery of difficult-to-identify features, one can explore the utilization of unsupervised machine learning (Lu et al., 2019). Open ended evolution could provide new unexpected solutions to evolutionary challenges. However, its requirements and mechanisms are still poorly understood and its implementation will require intensive investigation.



CONCLUSION

Herein, we proposed a system’s level evolutionary approach for building a synthetic cell. We believe that it delineates the paradigm shift needed to reach this ambitious goal. A number of new methodologies still need to be developed for the implementation of this vision. However, each of these developments will not only bring us closer toward a synthetic cell, but also open the doors to the realization of novel applications in synthetic biology. Infusing cell-free biology with system’s level evolution will provide testbeds for exploring the roots of evolutionary processes in living organisms, as well as a new perspective in our understanding of life’s fundamental properties. It would also significantly contribute to the ongoing fluid interrelationship between theoretical definition of life and empirical assessment thereof (Amilburu et al., 2020).

The evolutionary strategy will still require expertise, considerable effort, and coordination of more than a single group of researchers. These efforts will be further complicated by the fact that numerous evolutionary routes will likely have to be explored to arrive at a more viable one. Therefore, to facilitate reproducibility and distribution of materials between different groups working on this unifying goal, it would be beneficial to establish or improve platforms for standard part repository (Beal et al., 2020).

A sceptic might wonder if building a synthetic cell via evolution (which encompasses a level of randomness), as opposed to rational engineering, can be useful for our efforts of understanding life and its origins. The first drawback of our approach is that the final system’s structure and performance will be highly dependent on its evolutionary history, which would be contingent on experimenter’s choices of modules and environmental design, as well as random mutagenesis and genetic drift. The second drawback is that the evolutionary path is extremely unlikely to repeat the prebiotic evolution of terrain life, mostly because of the difficulty to reconstitute in the laboratory the environmental conditions that prevailed on the early Earth. Nonetheless, if we manage to construct artificial life using in vitro continuous evolution, this would support the general idea that terrain life likely originated from similar evolutionary processes. If, on the other hand, evolution is found to be the only way of constructing a living organism, this fact alone would illuminate a novel view on the genesis of living matter from non-living as well as reveal a fundamental feature of life. The description of life as an evolved and evolving phenomenon would thus transform from a theoretical concept to an empirical observation.
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One of the most exciting and rapidly expanding research area in contemporary science is the bottom-up construction of artificial cell-like systems, also known as synthetic cells. Such approaches are part of the synthetic biology research paradigm, which equates to understanding means constructing. Accordingly, these artificial systems are considered able to generate new knowledge based on explorative procedures that are complementary to traditional scientific investigations. Constructing synthetic cells aims at understanding the emergence of life from scratch at the cellular level, modeling chemically primitive cells for unveiling origins-of-life mysteries, and developing radically new biotechnological tools for medical, industrial, and research applications. The following article is dedicated to one of the most compelling open questions emerging from the rapid improvement of synthetic cell technology: “life-likeness” of synthetic cells. Based on prior work, we promote an ‘organizational approach’ to the assessment of life-likeness, and, coherently, we propose the transition from behavioral assays, like the Turing test, to systemic strategies, based on concepts such as organization, complexity, networks, and emergence.


1. UNDERSTANDING BY CONSTRUCTING: CELL MODELS IN THE AGE OF SYNTHETIC BIOLOGY

The current age of synthetic biology (SB), for the first time, makes possible novel ways of understanding the emergence of cellular life by means of “constructive” or “synthetic” approaches, also known as “bottom-up” or “understanding-by-building” methods. The operative paradigm is based on the assembly of molecular components into a spatially organized structure that resembles and behaves like a living cell, even if at a minimal complexity level. Synthetic cell technology is an innovative blend of microcompartment technology (in particular, but not exclusively, liposomes), cell-free systems, microfluidics, and numerical modeling. The ever increasing number of experimental reports referring to “synthetic cells” (SCs), “artificial cells,” and “protocells” shows that the goal of constructing cell-like systems in the laboratory is now within the experimental reach. Such advances trigger new stimulating questions about practical and conceptual issues referring to SC construction, such as organizational issues (complexity, life-likeness), materials (primitive-like, modern biochemicals, fully synthetic), goals (basic or applied science). Motivated by the current discussions about the “science of the artificial” (Cordeschi, 2002; Damiano et al., 2011), here we aim to shortly comment on the first issue, in particular about life-likeness, with the goal of stimulating an open discussion in the community.



2. HOW TO QUANTIFY SC LIFE-LIKENESS?


2.1. The Imitation Game

In 2006 the members of the project CHELLnet (2005–2009) published a thought-provoking position paper focused on the relevant yet elusive question of how much alive a SC is. The Authors start the discussion by remarking that no universally acceptable definition of life is available, while the progresses in SB are going to allow the construction of cell-like systems of increasing complexity. How to determine, then, their life-likeness? Following Turing's proposal for artificial intelligence (AI), the answer was a sort of extension of the Turing test [or “imitation game” (Turing, 1950)] to the realm of SCs, in the framework of the analogies indicated in Figure 1A.
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FIGURE 1. (A) Comparison of Turing tests for intelligence and life, taken from Cronin et al. (2006). (B) Graphical summary of the method used by Lentini et al. (2017) to quantify life-likeness of SCs capable of bidirectional chemical communication with V. fischeri. (Top) The biological communication between when V. fischeri cells is taken as benchmark against which the synthetic/natural communication is contrasted. (Middle) When V. fischeri cells send a signal to SCs that are not able to reply, a change in the expression levels of 175 V. fischeri genes is observed. (Bottom) When V. fischeri cells send a signal to SCs that are able to reply with a response signal, a change in the expression levels of 107 V. fischeri genes is observed. Therefore, SCs behavior is capable of offsetting 68 (= 175 − 107) differences in V. fischeri gene expression levels, recovering the 39% (= 68/175) of the biological behavior. (C) Three examples of SCs capable of establishing the kind of molecular communication with V. fischeri of the same type as described by Lentini et al. (2017). (Left) The actual experimental system made in the laboratory: TX-TL machinery produces two proteins capable of sensing the primary signal (sent by the bacteria), and, as response, produces a secondary signal (sent to the bacteria); this SC is based on the expression of two genes. (Center) A hypothetical SC—simpler than the one shown on the left, where the receptor is not produced by the TX-TL machinery, but it is added from the beginning as ready-to-work protein; this SC is based on the expression of one gene. (Right) A hypothetical SC—very complex and currently out-of-reach—where TX-TL components (>100) are all produced by the TX-TL machinery itself, together with the two proteins needed for communication (this SCs is based on the expression of >100 genes). The three SCs clearly have different complexity ([3] >> [1] > [2]) and different life-likeness, but they would result in the same 39% value when evaluated by a behavioral assay (as in B). (D) A possible workflow diagram—inspired from Damiano et al. (2011)—for the evaluation of SC life-likeness based on the measure of “organizational relevance.” The organizational relevance is evaluated after a first screening for the “imitative relevance.” The question is how to devise a method to map the dynamical processes occurring within the artificial system (i.e., the synthetic mechanisms that generate the behavior under investigation) with a benchmark organization, stemming from a reference theory. This study suggests that systemic theories of life, such as autopoiesis, (M,R)-systems and relational biology, or chemoton are best candidate for it, but it left to future investigation the screening and the selection of the best criteria for their application.


In the case of AI, the long-debated question “can machines think?” was re-defined by Turing based on an operational scenario consisting in a machine that imitates the act of thinking, in such a way that a human interrogator, using a natural language, cannot distinguish between a machine's answer and a person's answer. In the SB context, the question becomes “are SCs alive?” and thus it can be re-defined by an operational scenario where SCs do perform well (or do not) in a sort of cellular imitation game. The provided example refers to the SCs capacity of establishing a chemical communication with natural biological cells—in the spirit of the original Turing test.

The 2006 paper on the SC Turing test (and the CRAACC workshop held in the same year in Venice, hosted by the ECLT) were illuminating and anticipated new directions in the SC research that we are starting to approach now. Although a real Turing test for SC may still seem unrealistic, these studies have the merit of having raised very intriguing questions.



2.2. Experimental Results

The original idea of applying the Turing test to SCs generated a first pioneer report a few years later. Ben Davis and collaborators published an experimental paper on chemical communications between SCs and biological cells in 2009 (Gardner et al., 2009). The so-called formose reaction was carried out inside liposomes. Some of the products, after escaping from the liposome and reacting with borate in the medium, reached Vibrio harveyi bacteria and activated a response.

SC technology, however, allows the construction—sometimes microfluidics-aided (Weiss et al., 2018)—of more sophisticated and programmable SCs based on the control of gene expression. These SCs can be seen as general-purpose systems that can be interfaced with biological cells, exchange signals, and be engaged in communicative interactions. An early elaboration of this scenario was obtained by merging pre-existing ideas from SB, bio-engineered nanofactories, and molecular communication networks (Luisi et al., 2006; Leduc et al., 2007; Nakano et al., 2011, 2013; Stano et al., 2012). Experimental results on SCs communicating with other SCs or with biological cells appeared more recently (Lentini et al., 2014, 2017; Adamala et al., 2017; Ding et al., 2018; Niederholtmeyer et al., 2018; Rampioni et al., 2018; Tang et al., 2018; Dupin and Simmel, 2019; Joesaar et al., 2019) showing that establishing chemical communication is now within the reach of several laboratories. Details on the molecular circuitry employed in these studies have been reviewed by Rampioni et al. (2019).

One of these studies is quite relevant and deserves a close attention, because it reports for the first time a bidirectional SCs-biological cells communication (Lentini et al., 2017), thus realizing, in a minimal form, the concepts envisioned in the above-mentioned 2006 paper (Cronin et al., 2006). In particular, SCs based on gene expression were able to perceive and decode a primary chemical signal sent by V. fischeri, then reply by synthesizing a response signal sent back to, and perceived by, V. fischeri. Results were explicitly presented from the viewpoint of the cellular Turing test and attracted the attention of science press (Urquhart, 2017).

Based on the two-way communication between SCs and bacteria, the life-likeness of the SCs employed in that study was estimated, consistently with the seminal idea of the Turing test mentioned above. It is informative, then, commenting on the proposed approach, in light of the present discussion. The strategy is based on measuring the bacterial gene expression profile when a successful bidirectional communication channel is established with SCs (see Figure 1B), estimating the SC life-likeness as 39% (technical details in Figure 1B). The result is at the same time exciting and debatable. The bidirectional communication pattern described above is generated by SCs that just express two genes: a receptor for sensing the signal molecules sent by the bacterium, and a synthase for producing the response signal molecules. How can a system of such (low) complexity displaying 39% life-likeness?

Mansy et al. carefully discussed their conclusions, with the correct intuition that, in addition to the two expressed genes, one should also consider the about 100 macromolecular elements of the transcription-translation (TX-TL) machinery that operate in the background, all essential for expressing the two genes. Accordingly, the value of 39% actually was considered as a proxy for the ratio between the number of genes of the TX-TL machinery and the about 200 genes recognized as the so-called minimal genome (Mushegian and Koonin, 1996; Gil et al., 2004; Islas et al., 2004; Forster and Church, 2006), essential for a minimal cellular life. In other words, it is suggested that the 39% value actually refers to a hypothetical SCs that could produce all TX-TL macromolecules and, consequently, the two proteins which are functional for the experimentally observed bidirectional molecular communication.

It is important to remark that the hypothetical SCs described above are not yet experimentally accessible, and they would be certainly much more complex (and more life-like) than the actual SCs used in that study. However, and this is the key point of the discussion here—even if that sort of SCs would exist, or other similar system of lower complexity, any analysis based on the gene expression of the receiving V. fischeri cells would still have 39% life-likeness.

This conclusion results from monitoring the differences induced in the biological partner for inferring how the synthetic partner behaves, irrespective of the structure and the functioning of the synthetic partner (by “functioning” here we mean the mechanisms that generate its behavior, i.e., its organization). Indeed, the gene expression profile of the receiving biological cells would not change if three different SCs with different complexity would engage the same communication with biological cells, as shown in detail in Figure 1C.



2.3. Limitations of the Imitation Game

The Turing test for AI focuses only on the “recognizability,” by a biological system, of some phenomenology (behaviors) produced by an artificial system, without referring to the biological plausibility of the underlying mechanisms operating within the artificial system. Shannon and McCarthy (1956), and later Block (1981), among others, presented arguments against the purely behavioral approach expressed by the Turing test. In particular it has been claimed that a further non-behavioral criterion, referring to the manner in which the artificial system works, is needed for a proper qualification of the artificial agent. In the mentioned SCs/V. fischeri communication example, the life-likeness of the artificial system is inferred indirectly, by measuring the response achieved in the biological system. The manner in which the artificial system works is not considered, leading to the inconsistencies mentioned above (Figure 1C).

The definition of SC complexity and life-likeness therefore require further elaborations, and the previous considerations suggest to focus on non-behavioral criteria. The original intention of the Turing test was to assess AI without referring to any theory about intelligence functioning. However, assessing life at the minimal unicellular level can be soundly based on several descriptions, disclosed chemical mechanisms, and systemic/synthetic theories. The latter, in particular, can provide a useful starting block for discussing SC life-likeness beyond behavioral imitation.



2.4. The Organizational Perspective

As soon as SC behavior is deliberately skipped, SC life-likeness can be advantageously assessed by their organization, despite the fact that SCs are material entities existing in the chemical domain and discussing their structure is obviously tempting1. SC organization can be conveniently discussed within the Rosen relational theory of (Metabolism,Repair)-systems (Rosen, 1958, 1991; Letelier et al., 2003), the Maturana-Varela autopoiesis (Varela et al., 1974; Maturana and Varela, 1980; Luisi, 2003), and the Gánti's chemoton (Gánti, 2003). These systemic theories focus on the organization, depicting the relations between the elements and the transformations of components within a system, and describe life as a property emerging not from specific elements, but from a peculiar type of organization (Bich and Damiano, 2012).

How to move, then, from mere behavior, on which the Turing test is focused, to the patterns of generative mechanisms? With this regard, the sciences of the artificial (Simon, 1996; Cordeschi, 2002) can help significantly. These include important fields like cybernetics, robotics, artificial intelligence, artificial life, and most recently, synthetic biology, all having in common the construction of artifacts based on the so-called synthetic (or constructive) approach. For example, within the context of the epistemology of the sciences of the artificial, the relevance of artificial models of biological and cognitive processes has been recently discussed in an innovative manner (Damiano et al., 2011), based on an organizational approach to the scientific characterization of life that re-proposes the “life = cognition” thesis (Bich and Damiano, 2012)2. In Damiano et al. (2011) the authors argues that hardware, software and wetware artifacts can have different types of relevance, defined by the combination of two criteria, respectively assessing (a) an artificial system's capability of recreating the phenomenology typical of the natural process under study, and (b) the system's capability of reproducing, in its organization, the organizational mechanisms that in nature generate that phenomenology. In this perspective, an artifact designed for passing the AI Turing test by merely imitating a certain cognitive behavior is recognized to have a purely imitative relevance, and, in this sense, is considered less relevant, as a synthetic model of the target cognitive behavior, than an artifact based on plausible organizational mechanisms generating that behavior.

When translated in the current discussion, the above-mentioned insightful argument leads to an interesting direction. In particular, a distinction can be made between mere “imitative” relevance (low life-likeness) and deeper “organizational” relevance (high life-likeness) according to the scheme shown in Figure 1D. The criterion of organizational relevance (stratified after the imitative one) can measure the SC life-likeness if a suitable “benchmark,” directly stemming from a theory of reference, is available.

Autopoiesis has inspired SCs research from its beginning (Luisi and Varela, 1989; Walde et al., 1994; Luisi, 2003) and thus it appears a suitable theory of reference for the conceptual and operational definition of organizational criteria in SC research. Let us recall that the autopoietic organization is defined as:

(…) a network of processes of production (transformation and destruction) of components that produces the components which (i) through their interactions and transformations continuously regenerate and realize the network of processes (relations) that produced them; and (ii) constitute (…) a concrete unity in the space in which they (the components) exist by specifying the topological domain of its realization as such a network (Maturana and Varela, 1980, p. 79).

A possible quantification of SC life-likeness can be based on the comparison between the actual SC organization and the minimal autopoietic organization. The latter, however, is not specified, there is nothing as a “standard autopoietic network” to refer to. This depends, ultimately, by the actual realization of the autopoietic system, and thus by the type of elements contributing to the autopoietic network, as well as by the foodstuff supplied by the environment3. Autopoietic systems can have in principle different realizations, provided that their autopoiesis and their self-bounding as unity is maintained. For example, if SCs are realized—as it often happens—with familiar biochemical molecules (DNA, RNA, proteins, lipids, …), their minimal complexity is determined (and constrained) by the known biochemistry, because the autopoietic network needs to generate all SC components.

Let us imagine, then, being able to devise a proper and suitable benchmark autopoietic network, which can be realized, at least in principle, in the chemical domain, and endowed with the above-mentioned requirements. The next step would be the selection of criteria for mapping the actual SC organization with the autopoietic benchmark (such a question does not need to be answered here). Life-likeness would result from a comparison between the two organizations (SC vs. autopoietic). Consider for example the above-mentioned synthetic/natural bidirectional communication (Lentini et al., 2017). The benchmark autopoietic network would correspond to a hypothetic SC that produces all components of its organization (e.g., about 100 macromolecules), whereas it can rely on the full set of low MW compounds freely available in the environment. Such an organization consists of a self-bounding constraint and of hundreds of confined transformations, with the possibility of importing and exporting small molecules. Vice versa, the actual SC has been able to produce only a small number of the network components. Comparing these two networks leads estimate SC life-likeness as a very small number (<1%?), which seems more reasonable than the 39% estimated on the basis of the behavioral Turing test.




3. OUTLOOK AND OPEN QUESTIONS

It could be argued that referring to a theory (e.g., autopoiesis, or other systemic theories) to measure the SC life-likeness actually brings back the problem of definition of life into the question of determining the life-likeness: exactly against the general motivation behind the Turing test. While such a criticism should be seriously considered, there are two counter-arguments that can be taken into account. The first is that biological life, especially at the level of single cells, is more understood that human intelligence. Therefore, it is not unrealistic to approach life-likeness as discussed above. Secondly, referring to the systemic perspective is very attractive because theories, such as autopoiesis, (M,R)-systems, and chemoton do not attempt defining life by a list of attributes, but they provide high-level relational descriptions about how living systems function. Accordingly, this move will lead to fecund landscapes where the entire technical and conceptual toolbox of complex adaptive systems theory (complexity theory) can be applied to next steps of SC research, further enriching this rapidly evolving field.
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FOOTNOTES

1Here we refer to the molecular structure of the elements constituting the SCs. In principle, different chemicals can lead to networks of transformations that map into the known biological ones, when causal relationships are considered [an example is the “Rasmussen protocell” (Rasmussen et al., 2004)]. Structure is instead relevant in topological sense, i.e., as a determinant of the unity of SCs in space and time, and must emerge from the physical self-organization of the system's components. For example, non-self-bounded systems should be excluded.

2We refer to the autopoietic description of the biological domain introduced by Maturana and Varela (1980), whose innovative definition of life will be discussed later in this paragraph. Autopoiesis rejects the classical analytical approach organizing scientific definitions of life as lists of properties considered essential for living systems. Recognizing that any such list may always be susceptible to criticism and revision, and be rejected by part of the scientific community, autopoiesis proposes a synthetic approach to the definition of life. This consists in directing the definitional effort not toward the identification of the essential properties of living beings, but toward the determination of an organizational mechanism capable of generating, from a plurality of components, the minimal living cell and, on this basis, all living phenomenology as we know it (Bich and Damiano, 2007). This mechanism, which Maturana and Varela characterized as the “autopoietic organization,” is considered by them to be capable to create all biological processes and features, including the properties typically listed in analytical definitions of life – autonomy, production of the molecular components (including the replication of information-carrying molecules), growth-and-division (reproduction), sensing the environment, etc. In this sense, from the autopoietic point of view, all the properties we can scientifically ascribe to living systems are grounded in this specific organizational mechanism (the system's autopoiesis), which generates living processes as cognitive processes, and is responsible for the emergence of intelligence in higher-level biological domains (Bich and Damiano, 2012).

3In a chemically “rich” environment, for example, autopoietic systems can be simpler than the one established in a chemically poor one (endosymbionts and parasites, living inside other cells, illustrates well this principle).
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In vitro systems are ideal setups to investigate the basic principles of biochemical reactions and subsequently the bricks of life. Cell-free protein synthesis (CFPS) systems mimic the transcription and translation processes of whole cells in a controlled environment and allow the detailed study of single components and reaction networks. In silico studies of CFPS systems help us to understand interactions and to identify limitations and bottlenecks in those systems. Black-box models laid the foundation for understanding the production and degradation dynamics of macromolecule components such as mRNA, ribosomes, and proteins. Subsequently, more sophisticated models revealed shortages in steps such as translation initiation and tRNA supply and helped to partially overcome these limitations. Currently, the scope of CFPS modeling has broadened to various applications, ranging from the screening of kinetic parameters to the stochastic analysis of liposome-encapsulated CFPS systems and the assessment of energy supply properties in combination with flux balance analysis (FBA).
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INTRODUCTION

Cell-free protein synthesis (CFPS) technology has a long history in life sciences, which started with fundamental research on deducing the genetic code (Nirenberg and Matthaei, 1961). Over several decades, the system was developed stepwise into a polypeptide production machinery (Spirin et al., 1988). Since the early adaptations of the system for commercial use (Shimizu et al., 2005), an increasing number of applications have emerged in the market (e.g., PURExpress, PUREfrex, PUREfrex2.0, myTXTLkit). These are based either on synthetic transcription–translation systems with a well-defined composition or on crude cell extracts that contain a more complex component assembly. While the product titer and production volume of such systems have increased from a few microliters to hundreds of liters, several limitations of the system remain. To date, and even within the best commercial systems, the protein titer with CFPS systems is orders of magnitude lower than that of in vivo whole-cell production due to resource expense and reduced longevity (Carlson et al., 2012; Gregorio et al., 2019; Silverman et al., 2019). Here, purpose-driven modeling can be a crucial tool to push the boundaries forward and identify bottlenecks.

CFPS is an “open” experimental system that allows defined reaction setups, which is ideal for simulation approaches. It has emerged not only as a research tool for the processes of transcription and translation but as a biomanufacturing platform for rapidly prototyping production systems in silico and in vitro (Laohakunakorn et al., 2020; Vilkhovoy et al., 2020). For a variety of transcriptional and translational components, kinetic parameters are known, allowing the study of their behavior. Yet, one of the most fundamental principles of modeling always restricts the approach; the accuracy of model predictions cannot exceed the granularity of the model itself. In other words, distinctions between experimental observations and simulations are likely to occur if model predictions, extrapolated data sets, or fundamental model structures do not reflect the real problem. Consequently, such discrepancies may motivate a more thorough study of the experimental problem. Hence, proper model design aims to reflect reality with sufficient granularity (e.g., should the maturation of a reporter be considered?), thereby building on a solid mixture of experimentally validated data supported by assumptions. In this regard, we provide a brief overview of the existing models for CFPS and related systems and how they are applied to specific cases. It must be stated that many models have been developed with different objectives regarding the system environment, model approach (deterministic, stochastic), and granularity. Therefore, the models are not categorized as “good” or “bad” but clustered and assessed with respect to their particular purpose. In contrast to the mini-review of Koch et al. (2018), which focuses on deterministic models for CFPS, we expand the scope to adjacent fields and highlight qualitative and quantitative model characteristics.

When developing a model, it is necessary to know the components that should be considered. A CFPS system typically consists of, at least, the core components of transcription and translation: a mRNA polymerase, ribosomes, translational factors, amino acyl-tRNA synthetases, amino acids, tRNAs, an energy regeneration system, and nucleotides (Shimizu et al., 2005). Additionally, the DNA substrate, the produced mRNA, and the product (in most cases presented here, GFP derivatives) must be considered. If a crude cell extract is used, the system becomes much more complex, as the concentration of many of the components is unknown. The modeling studies on CFPS presented in detail in section “Development and Application of CFPS Models” share the common goal of identifying key model parameters by parameter regression on experimental data. However, the complexity of the models differs. By trend, the models may be divided into four groups of different granularities (Figure 1):
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FIGURE 1. On-trend categorization of CFPS models with respect to the defined model levels “minimum,” “structured,” “unstructured,” and “hybrid.” Color-coded squares indicate model classes, size, and particular features. The transition from “minimum” to “structured” considers the implementation of detailed kinetics. In contrast, the shifting from “minimum” to “unstructured” extends the reaction network and kinetic complexity. “Hybrid model” represents a tradeoff between “structured” and “unstructured” approaches. NTPs, nucleoside triphosphates; S50/S30, ribosomal subunits; EFTu, elongation factor Tu; EFG, elongation factor G; IF1/IF2/IF3, initiation factors; GFP, green fluorescent protein.


“Minimum model”: Minimal models, presented in section “Identifying Bottlenecks in CFPS Systems,” take into account up to ten parameters or equations, mainly focusing on macromolecular components such as mRNA and DNA. They are the backbone for more detailed descriptions. Additionally, most of the genetic circuit models presented in section “Extending the Scope of CFPS Modeling” can be described as minimum models.

“Structured model”: Medium-scale models that introduce structured descriptions of certain aspects of the transcription-translation network. In structured models, kinetic models such as Michaelis–Menten or Hill are implemented in combination with larger ODE systems of up to 100 equations.

“Unstructured model”: Large-scale models are fine-grained. They are meant to describe the CFPS in a holistic way and comprise networks of several hundred reactions. These models typically use simple individual reactions without further structural elements in order to save computational costs (e.g., Matsuura et al., 2017).

“Hybrid model”: A special case are hybrid models, connecting structured models to other networks such as metabolic networks, or unstructured parts of lumped elements. Intrinsically, the approach increases the model complexity and computational costs. However, it offers an in-depth analysis of CFPS.



DEVELOPMENT AND APPLICATION OF CFPS MODELS

Continuous models are typically used to simulate CFPS systems. They make use of ordinary differential equations (ODEs) and algebraic equations to dynamically describe model states. In a structured model, equations incorporate affinity constants and other parameters. To reduce complexity, models can be formulated following an unstructured black-box approach, considering only apparent kinetics (Bailey and Ollis, 1986). The differences between the model types are dynamic. Often, models are partly structured to focus on selected segments of the reaction network with particular interest. We call these approaches “hybrid models.” The quality of CFPS mechanistic models relies heavily on the proper model structure and the correct identification of model parameters. Given the complex nature of CFPS, the precondition of independent datasets for parameter identification is challenging and may require repeated careful consideration for each regression analysis (Golightly and Wilkinson, 2005; Moore et al., 2018). Stochastic effects play only a minor role in most of the classical CFPS modeling approaches. In liposome or droplet-based CFPS, due to small reaction volumes, low numbers of molecules may cause rendering reactions between different molecules in stochastic events. Under such conditions, a description with a discrete and stochastic model is preferable (Gillespie, 1977; Frazier et al., 2009).


Identifying Bottlenecks in CFPS Systems

The most straightforward way of describing in vitro expression of GFP is to consider the macromolecular components, DNA, mRNA, and proteins in a black-box model (Karzbrun et al., 2011; Stögbauer et al., 2012; Chizzolini et al., 2017; Marshall and Noireaux, 2019). This allows fitting kinetic equations to the experimental results of GFP production, mRNA production, and mRNA degradation. RNA polymerase and ribosomes are considered as catalytic components. For simplification, we call such approaches “minimum models.” Karzbrun et al. (2011) proposed a coarse-grained dynamic model consisting of four enzymatic reactions. Kinetic studies were performed for crude cytoplasmic extract from Escherichia coli to identify biosynthesis and degradation parameters. A similar granularity was chosen by Stögbauer et al. (2012) to simulate and analyze the results gathered with the PURExpress system. Here, the model neglects protein degradation but covers a broader experimental range, identifying the plateau phase when the translational system expires. A comparable ODE-based model was applied to a variety of regulatory elements (promotor strength) to identify limitations in the resources of the transcription–translation system (Marshall and Noireaux, 2019). Here, the commercially available “myTXTLkit” was used. Despite the application of different CFPS systems, all models revealed a saturation effect in GFP production under increased DNA template concentrations. Chizzolini et al. (2017) extended the minimal model to describe the expression of different fluorescence proteins under various regulatory elements. Here, limitations of current CFPS models were addressed, namely the specificity for only narrow experimental data sets, limited prediction capacity, and neglecting biophysical factors (e.g., RNA secondary structure).

With a model system of similar complexity, it was shown that limitations of CFPS may occur, which could not be mirrored by minimum models (Doerr et al., 2019). Using a comprehensive experimental data set of commercial E. coli CFPS, depletion of tRNAs and translation initiation were identified as limiting factors. By extending the minimum model to a structured description with additional terms for inactive mRNA states, it was possible to improve the prediction quality for the experimental data.

More fine-grained models were necessary to identify the challenging substrate limitations in silico. Such a model was introduced in our laboratory by Arnold et al. (2005) and recently renovated (Nieß et al., 2017). In this hybrid model, a simplified transcriptional model was connected to a detailed description of the translation process. The unique approach uses a ribosome flow model to simulate the movement of the ribosome along a one-dimensional discrete template (MacDonald and Gibbs, 1969; Heinrich and Rapoport, 1980). This approach enables a careful study of the influence of different components on the translation rate. The elongation factor Tu and tRNA concentration were identified as the most sensitive parameters hampering the translation rate. As a key difference between in vitro and in vivo conditions, a control shift from the ternary complex to translation initiation was identified.

An equally complex system was developed to describe the synthesis of a short Met-Gly-Gly peptide in an E. coli-based in vitro system by incorporating 968 reactions and 241 components (Matsuura et al., 2017). The approach evaluated the stability of pseudo-steady states, revealing the temporal stability of metabolite clusters, their collapse, and re-merge, until a final steady state is reached. Interestingly, increasing tRNA supply also led to a slight increase in translation rates (observed as increased poly-peptide production), but the effect was much less dominant, as shown by Nieß et al. (2017).



Analysis and Prediction of Liposome-Encapsulated Protein Synthesis

A special case of in vitro protein synthesis is the encapsulation of CFPS components in liposomes. In this model, only a few stochastically distributed components may be balanced, creating different reaction conditions in the vesicle and outside the vesicle. The initial studies showed that GFP production kinetics strongly depend on liposome size and lipid composition (Sunami et al., 2010). In a first attempt to simulate protein synthesis inside liposomes, a medium-sized CFPS model considering 30 species and 106 reactions was connected to a stochastic model for encapsulation (Lazzerini-Ospri et al., 2012). Later, the model was extended to 280 species and 270 reactions, comprising a coupled transcription–translation model (Calviello et al., 2013). The approach allowed screening of GFP production with different start conditions either by looking at different liposome diameters or by considering different quantities of CFPS components inside the liposome. In agreement with continuum CFPS simulations, optimal DNA levels were identified for maximizing GFP formation. Oversaturation of the system with DNA decreased GFP yields. This finding reflected the enormous energy needs for the transcription process. Follow-up studies showed that some of the results could be achieved with a much less complicated model. Here, around 10 reactions were incorporated by lumping reactions for tRNA charging, transcription, translation, and energy regeneration. The simplified model described the behavior of the PURE system under 27 different compositions, rendering resource availability from standard conditions to limitation, remarkably well (Mavelli et al., 2015; Carrara et al., 2018).



Extending the Scope of CFPS Modeling

CFPS systems have emerged as ideal test beds for genetic circuits, allowing easier and faster prototyping than traditional in-cell engineering. Consequently, mathematical models to describe those systems have been developed (Niederholtmeyer et al., 2015; Takahashi et al., 2015). They cover a wide range of regulatory circuits: two-gene cascades (Siegal-Gaskins et al., 2014), sigma factor guided regulation (Adhikari et al., 2020), complex genetic ring oscillators (Niederholtmeyer et al., 2015), and experimentally verified RNA circuit controllers (Agrawal et al., 2018, 2019; Hu et al., 2018). The developed “minimum models” typically consist of three to ten ODEs and mass balances, considering mRNA, regulatory RNAs, or protein products as model species, and mass action, Hill, or Michaelis–Menten kinetics for regulatory descriptions. Even with coarse-grained models, the highly dynamic systems could be mirrored and predicted successfully. The model-guided circuit design significantly reduced development times.

The use of in silico models is not limited to well-defined model systems such as E. coli crude extract or commercial products. Moore et al. (2018) broadened their application to study the CFPS capacities of Bacillus megaterium, linking robotic liquid handling with a coarse-grained ODE model (26 parameters, 14 species, and 18 reactions) for the TX-TL system. Key kinetic parameters of the xylose-repressor system were approximated from DNA titration experiments. Simulations were performed using parameters identified by Bayesian parameter inference. Extending the model to describe the concurrent expression of two targets, plasmids carrying GFP and mCherry derivatives revealed competition for translational resources. In general, the reported translation elongation rates (between 0.10 and 0.02 aa s–1) were slower than those reported for CFPS systems. The inefficient use of available energy accounted for the low performance. Another model approach for investigating resource competition in CFPS was formulated by Gyorgy and Murray (2016) with a minimal model for genetic circuits. Here, the authors could successfully quantify the burden of two targets expressed simultaneously on the resources of a CFPS system.

A constraint-based model to approximate energy and substrate supply from E. coli CFPS extract was presented by Varner and colleagues (Dai et al., 2018; Vilkhovoy et al., 2018; Horvath et al., 2020). They connected a simplified description of protein production (Allen and Palsson, 2003) and allosteric enzyme regulation (Wayman et al., 2015) with the metabolic network. Flux balance analysis (FBA) was applied to estimate the flux patterns of central carbon metabolism, amino acid biosynthesis, and energy metabolism using the objective function of maximizing the production rate of chloramphenicol acetyltransferase (CAT). Analysis of different amino acid supply scenarios in silico revealed inefficient energy yields of the experimental in vivo setup, most likely due to unfavorable side reactions. Similar scenarios may have also occurred in the experimental setup for B. megaterium described above.



DISCUSSION

A historical trend can be observed regarding the objectives of CFPS models. Early models (Arnold et al., 2005; Karzbrun et al., 2011; Stögbauer et al., 2012) are focused on the basic CFPS system using GFP as an experimental readout, beyond classical targets such as ß-galactosidase, chloramphenicol transferase, luciferase, or other likewise “easy to quantify” targets. In the past decade, an increasing number of diverging scientific branches have developed broadening the scope of model building and simulations. Yet, the GFP-based system is described in most detail and is the focus of current investigations. Currently, derivatives of the initial GFP are commonly used, such as its “enhanced” and “super folder” variants (Pédelacq et al., 2006; Shin and Noireaux, 2010). The mRNA product is typically quantified with RNA aptamer reporters such as the malachite green RNA aptamer. The broadening of scientific approaches and the extension of cell-free genetic circuits will increase the need for easy and reliable reporter systems based on short nucleotide or peptide sequences (Wick et al., 2019).

When analyzing the different model granularities (Figure 1), major differences are observed. For coarse-grained models, compromises are made by assuming certain states of the model system by neglecting components or by lumping different metabolites (e.g., all amino acids) to one species. Fine-grained models consider these species in detail. System complexity has been increased from small systems with around 10 equations to large models with hundreds of reaction components (Table 1). Increasing complexity can offer the possibility to resolve bottlenecks by getting insights into reactions or reaction networks. Experimental access to all process elements is hardly possible, and only subsets of information are normally available, even for best investigated bacterial strains such as E. coli. As a result, complex models usually rely on multiple data resources covering different experiments (Matsuura et al., 2017; Nieß et al., 2017), whereas small models may be well identified by single experiments. Interestingly, it was shown that results gathered with complex systems can also be mimicked with reduced systems (e.g., Mavelli et al., 2015). Consequently, deciding a proper CFPS model structure should be driven by the questions to be answered, and should critically reflect the database for model identification.


TABLE 1. Overview of the different granularities of CFPS models.

[image: Table 1]The quality of CFPS models is checked by challenging model predictions with experimental observations. Typically, rates for transcription (kTX), translation, and elongation (kTL) are experimental readouts. However, the range of these parameters is broad (Table 1). kTX has been reported from 0.5 (Karzbrun et al., 2011) to 19 nt s–1 (Calviello et al., 2013). kTL ranged from 0.03 (Stögbauer et al., 2012) to 4.00 aa s–1 (Karzbrun et al., 2011; Calviello et al., 2013). The apparent differences may reflect the intrinsic problem of using relatively few experimental readouts to identify models of different complexities (Chizzolini et al., 2017). It has been shown that even simultaneously planned and performed CFPS experiments can lead to significant outcomes between different laboratory sites (Cole et al., 2019). As the modeling studies presented here are based on a wide range of commercial and homemade CFPS systems and extracts, this might explain the deviance of calculated parameters.



CONCLUSION

Currently, CFPS models can identify bottlenecks in the transcriptional and translational processes as well as infer kinetic parameters from model data. The consensus of most model predictions is the identification of the translational rather than the transcriptional process as one of the key targets for further developments in CFPS systems. Potential starting points are translation initiation, tRNA supply, and recycling. In most approaches, the modeled mechanisms of the translational process seem to be oversimplified. Inspiring approaches for in vivo translation have been published by Vieira et al. (2016) and Dykeman (2020) that could be adapted to in vitro descriptions. For many modeling purposes, hybrid models can be the ideal tradeoff between complexity and acceptable computational costs. As CFPS systems and genetic circuits get more complex and consider multiple targets (RNAs/proteins), models that consider the joint burden on resources will come into focus (Gyorgy and Murray, 2016; Borkowski et al., 2018). A feedback loop between the model investigation and experimental setup has to be established. The works on genetic circuit models have proved that fast and easy prototyping is possible with CFPS. To unravel the key mechanisms for designing models, data from metabolomics and proteomics have to be integrated. Recent research addresses this need and offers a variety of datasets that could be harnessed by the CFPS modeling community (Garcia et al., 2018; Garenne et al., 2019; Miguez et al., 2019). This significantly increases the possibility to describe CFPS with an improved mechanistic resolution, up to a complete dynamic description of the CFPS system components. The development will open the door for a thorough application of tools of statistical systems analysis and metabolic control analysis to translate simulation results into system engineering advice.
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The modern cell-free protein synthesis (CFPS) system is expanding the opportunity of cell-free biomanufacturing as a versatile platform for synthesizing various therapeutic proteins. However, synthesizing human protein in the bacterial CFPS system remains challenging due to the low expression level, protein misfolding, inactivity, and more. These challenges limit the use of a bacterial CFPS system for human therapeutic protein synthesis. In this study, we demonstrated the improved performance of a customized CFPS platform for human therapeutic protein production by investigating the factors that limit cell-free transcription–translation. The improvement of the CFPS platform has been made in three ways. First, the cell extract was prepared from the rare tRNA expressed host strain, and CFPS was performed with a codon-optimized gene for Escherichia coli codon usage bias. The soluble protein yield was 15.2 times greater with the rare tRNA overexpressing host strain as cell extract and codon-optimized gene in the CFPS system. Next, we identify and prioritize the critical biomanufacturing factors for highly active crude cell lysate for human protein synthesis. Lastly, we engineer the CFPS reaction conditions to enhance protein yield. In this model, the therapeutic protein filaggrin expression was significantly improved by up to 23-fold, presenting 28 ± 5 μM of soluble protein yield. The customized CFPS system for filaggrin biomanufacturing described here demonstrates the potential of the CFPS system to be adapted for studying therapeutic proteins.
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INTRODUCTION

Owing to the open nature of the cell-free biology, the cell-free protein synthesis (CFPS) system provides practicable opportunities to design and re-design the cellular processes outside the cell (Silverman et al., 2019). In the past decades, the CFPS system has received the spotlight as a versatile multipurpose toolkit of synthetic biology research because the core machinery of transcription and translation can be precisely tuned in an open environment of the in vitro platform, which is hard to achieve in the living system (Lu, 2017). The distinctive perspective of the CFPS system brings the technological advantages over traditional fermentation methods such as decoupling of protein synthesis from cell growth and reproduction, which allows engineers to solely utilize the catalyst from cells in an in vitro platform (Perez et al., 2016) and in artificial cell-like systems (Stano, 2019), enabling the study of protein synthesis process by examining the role of the supplements such as chaperones, elongation factors, ribosomes in a cell-free system (Li et al., 2014), and changing a paradigm of traditional logistic and storage practice by transforming the wet system to the dry format (Pardee et al., 2016; Stark et al., 2019; Wilding et al., 2019). In addition, continued efforts to develop a scalable CFPS system accelerate technology transfer and industrial adaptation (Zawada et al., 2011; Yin et al., 2012). Hence, the CFPS system takes its strong position in the race for the next-generation biomanufacturing platform as well as opens a new avenue for the precise synthesis of protein therapeutics.

Since protein therapeutics was first introduced a few decades ago, it possesses a substantial position in a modern pharmacotherapy market (Ram et al., 2016). The eukaryotic cell system has been widely accepted for protein therapeutics production because of supporting various post-translational modifications (Sanchez-Garcia et al., 2016). In contrast, the bacterial system, which has about 30% of biopharmaceuticals production, has not been considered a practical platform due to the lack of inherent modification capability (Chen, 2012). However, recent advances in the bacterial CFPS systems have overcome this technological barrier and equipped the synthetic capability of the protein therapeutics. i) The modern CFPS system has opened the opportunity of cell-free biomanufacturing of vaccines and personalized protein therapeutics by enabling cell-free protein glycosylation (Guarino and DeLisa, 2012; Jaroentomeechai et al., 2018; Kightlinger et al., 2018, 2020). ii) The synthesis of membrane proteins, which typically are a target of many drugs in clinical studies, has also been improved by the addition of membrane mimics such as peptide surfactants (Wang et al., 2011), membrane fragments (Shinoda et al., 2016), and liposomes (Matthies et al., 2011). iii) The on-demand vaccine productions have been achieved in the CFPS system as well. The CFPS platform was used in a portable medicines-on-demand system for a glycosylated protein vaccine (Adiga et al., 2018) and bioconjugate vaccine products (Stark et al., 2019). iv) The development and production of antibodies and antibody fragments by utilizing the CFPS system are available (Yin et al., 2012). High-throughput expression of IgG has achieved by disulfide bond isomerase (DsbC) addition, adjustment of redox potential (oxidized and reduced glutathione), chaperone and cofactor addition, and the tuning of the incubation time (Murakami et al., 2019). Also, the cytosol-penetrating antibodies have been synthesized in the CFPS system (Min et al., 2016). v) There have also been improvements in the CFPS systems devoted to the cancer therapeutic proteins such as onconase (Salehi et al., 2016) and crisantaspase (Hunt et al., 2019), demonstrating the CFPS platform to be advanced and on-demand technology for future cancer therapeutics.

Filaggrin (FLG) is a filament associated protein monomer that plays a crucial role in keratinization and maintaining the skin barrier function. The reduction of FLG in human epidermal skin increases the risk for asthma, immune sensitization, and other severe skin disorders such as atopic dermatitis and ichthyosis vulgaris (Cabanillas and Novak, 2016). In the human epidermis, the monomeric FLG is processed by FLG proteolysis from a large precursor profilaggrin. The skin aspartic protease (SASPase) is expressed exclusively in the stratum granulosum layer and cleaves the linker sequence of profilaggrin, leading to profilaggrin-to-FLG processing (Matsui et al., 2011). The free monomeric FLG protein is then cross-linked to keratin filaments by transglutaminases to form intracellular filaments that contribute to the compaction and mechanical strength of the cells (Cabanillas and Novak, 2016) and subsequently deiminated by peptidylarginine deiminases (PADs) 1 and 3 (O’Regan et al., 2008). During the deamination (namely, citrullination), the arginine residue in FLG is converted into citrulline, which drives a drastic charge loss and FLG dissociation from keratin filaments to further metabolism (Nachat et al., 2005). In the outer layers of the stratum corneum (SC), FLG monomers are degraded by proteases such as caspase-14, calpain-1, and bleomycin hydrolase into free amino acids (Egawa and Kabashima, 2018). These FLG breakdown products constitute the natural moisturizing factor (NMF) with the function of hydration or UV protection (Thyssen and Kezic, 2014).

The cell-free synthesized monomeric FLG can be used to restore impaired skin barrier function. There have been studies associated with FLG in regulating skin disorders by using gene therapy and protein therapeutics, including gene therapy targeting the upregulation of the FLG expression in the human immortalized keratinocyte cell line and mice for remedying atopic dermatitis (Otsuka et al., 2014). Another therapeutics study is a direct protein supplement. This approach required the precision delivery of monomeric FLG protein across the SC barrier, so that the reduced size of the FLG monomer was preferentially used rather than large profilaggrin for the therapy (Stout et al., 2014). Although the study by Stout et al. has shown the FLG synthesis using Escherichia coli host cell, the problem of lower production yield remains to be overcome to move on to future biomanufacturing of protein therapeutics. The overall protein synthesis rate can be improved by using an alternative in vitro biomanufacturing strategy with systemic optimization to set up the optimal production condition for the target protein of interest. Another perspective about FLG that makes this work meaningful, other than considering it just as a treatment of skin disorder, is that FLG is one of the many types of tandem repeat proteins that have a greater chance of mutation, which can render them dysfunctional. Due to their repetitive manner, the tandem repeats have higher mutation rates relative to other genomic loci, which contribute to generate variations that differ in the number of repeated units (Verstrepen et al., 2005). As the variable numbers of tandem repeats (VNTRs) mediate phenotypic plasticity and various polygenic disorders, a better understanding of tandem repeat polymorphisms (TRPs) and disease-associated mutations involving repeat instability needs to be accurately studied (Hannan, 2018). For example, there are three most common-sized human FLG genes encoding 10, 11, or 12 FLG tandem repeats due to the intragenic copy number variation in the gene (Brown and McLean, 2012). Synthesizing FLG repeat variants along with loss-of-function mutations and documenting the heterogeneity of amino acids in repeats will provide an insight on tandem repeat instability and disease-associated mutation. Many tandem repeats (including FLG) are present in coding and regulatory regions of the human genomes, and the mutations in the repeated units are often associated with many genetic diseases (Duitama et al., 2014). Besides, repetitive DNA sequences are common, consisting of almost half of the human genome (Jelinek et al., 1980). Hence, synthesizing and characterizing monomeric FLG will provide a better understanding of repeat variants associated genetics and pathogenesis of a range of human genetic diseases.

Here, in this study, we demonstrated that high-yield FLG synthesis (1.0 ± 0.2 mg/ml or equivalently 28 ± 6 μM) by streamlining the CFPS optimization process. First, we have chosen the eighth repeat unit of human profilaggrin (GenBank ID 2312) for CFPS as the monomeric FLG repeat does not possess a loss-of-function mutation site in the map of the profilaggrin gene reported previously, allowing a starting point to be set to study the variations of FLG subunit heterogeneity and mutations (Sandilands et al., 2007). The coding sequence [wild type (WT)] was then modified for the E. coli codon preference (codon optimization). The WT DNA fragment and E. coli codon-optimized DNA fragment were assembled into two separate plasmid backbones. Next, highly active crude cell extracts were prepared from BL21 Star (DE3) and Rosetta-gami B (DE3) pLacI E. coli strains to attain the highest FLG production rate. Finally, we assessed the CFPS reaction conditions not only for the synthesis of FLG but also for overlooking the potential for cell-free biomanufacturing of therapeutic proteins.



MATERIALS AND METHODS


Plasmids and Strains

The bacterial plasmid pETBlue-1 (Novagen, St. Louis, MO) and pJL1-sfGFP were used for protein expression vectors. Escherichia coli strain Subcloning EfficiencyTM DH5α [Genotype F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rK–, mK+) phoA supE44 thi-1 gyrA96 relA1 λ-] (Invitrogen, Waltham, MA) was used for subcloning. E. coli strains BL21 Star (DE3) [Genotype F– ompT hsdSB (rB– mB–) gal dcm rne131 (DE3)] (Invitrogen, Waltham, MA) and Rosetta-gami B (DE3) pLacI [Genotype F– ompT hsdSB (rB– mB–) gal dcm lacY1 ahpC (DE3) gor522:Tn10 trxB pLacIRARE (CamR, KanR, TetR)] (Novagen, St. Louis, MO) were used for protein expression.



Growth Media

E. coli cells were grown in Luria–Bertani (LB) media or 2xYTPG media (16 g/L of tryptone, 10 g/L of yeast extract, 5 g/L of sodium chloride, 7 g/L of potassium phosphate dibasic, 3 g/L of potassium phosphate monobasic, pH 7.2, and 0.1 M of glucose) for cell biomass and protein expression.



Preparation of Expression Vector

The human eighth FLG repeat unit (324 amino acids) was selected for this study (Figure 1A). The WT nucleotide sequence was optimized for E. coli codon usage bias (strain K12) using a codon optimization tool (Integrated DNA Technologies) (Supplementary Figure 1). The WT and E. coli codon-optimized FLG coding sequences (so-called “Codon Opt” further on) were synthesized (Integrated DNA Technologies) and cloned into plasmids pJL1 and pETBlue-1 by Gibson Assembly (Gibson et al., 2009) for CFPS and in vivo protein synthesis, respectively. 6xhistidine tag was added to the C-terminal end of FLG during PCR. E. coli DH5α competent cells were used for the cloning host. The sequences have confirmed by DNA Sanger-Sequencing using the 3130xl Genetic Analyzer (Applied Biosystems). The recombinant plasmids were isolated by plasmid maxiprep kit (Invitrogen, Waltham, MA). A schematic cloning workflow is described in the Supplementary Figure 2.
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FIGURE 1. Filaggrin (FLG) gene to protein. (A) Human filaggrin tandem repeat sequences in the profilaggrin gene. The gene comprises three exons and two introns. Functional filaggrin repeat units (324 amino acids long, 10 to 12 repeats) are encoded in exon 3. The cleavage site (FLYQVST) is indicated in bold brown. (B) Cell extract preparation procedure. (C) The cell-free protein synthesis system.




Preparation of Cell Extracts


Cell Culture and Harvest

E. coli cell extract was prepared as described previously (Figure 1B; Kwon and Jewett, 2015; Kim et al., 2019). E. coli BL21 Star (DE3) and Rosett-gami B (DE3) pLacI were grown in 2.5-L baffled Tunair shake flasks (IBI Scientific, Peosta, IA) at 37°C with vigorous shaking at 250 rpm. LB and 2xYTPG media were used for overnight seed culture (20 ml) and main culture (1 L), respectively. Cell cultures were monitored by measuring optical density at wavelength 600 nm (OD600) by UV-Vis spectrophotometer (Genesys 6, Thermo Fisher Scientific, Waltham, WA). The cultured cells were induced by 1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) at OD600 0.6 to regulate T7 RNA polymerase. The cultured cells were collected two times by centrifugation [5,000 relative centrifugal force (RCF) at 4°C for 15 min] at different phases: 0.5 L of cells was harvested at the exponential growth phase (OD600 2.0), and the remaining cells were grown until they reached the stationary growth phase (OD600 2.8–3.0) and harvested. Cell pellets were washed three times in Buffer A, weighed, flash-frozen in liquid nitrogen, and stored at −80°C freezer until use.



Cell Lysis, Runoff, and Cell Extract Clarification

The cell pellets were thawed on ice and resuspended in 1.3 ml of Buffer A per 1 g of wet cell mass. The resuspended cells were then transferred to clean microtube in ice for sonication (Qsonica Q125, Newtown, CT). The sonicator (model Q125) was set at 20-kHz frequency and 50% amplitude with 1/8” diameter probe. To lyse the cells, the pulse was on for 10 s and off for 10 s to minimize overheat protein degradation. Total energy input (joules) was varied in three levels (270, 537, and 1,074 J for 1 ml of cell suspension); 3 μl of 1 M dithiothreitol (DTT) was added to 1 ml of cell lysate, and the microtube was gently inverted several times. The cell lysates were then centrifuged at 12,000 RCF 4°C for 10 min. The supernatant (clarified cell lysate) was transferred to new microtubes. To compare the extract performance between non-runoff reaction and runoff reaction, half of the clarified cell lysate (cell extract) was aliquoted in a small volume (non-runoff reaction), and the second half was incubated at 37°C for 1 h (runoff reaction) and clarified by centrifugation (12,000 RCF at 4°C for 10 min). The supernatant was transferred to new tubes and aliquoted in a small volume. The aliquoted cell extracts were flash-frozen in liquid nitrogen and stored at −80°C freezer until use.



Cell-Free Protein Synthesis

The CFPS was carried out for FLG expression as represented in Figure 1C. The standard 15 μl of CFPS reaction contains 4 μl of cell extract in addition to 12 mM of magnesium glutamate; 10 mM of ammonium glutamate; 130 mM of potassium glutamate; 1.2 mM of ATP; 0.85 mM each of GTP, UTP, and CTP; 34 μg/ml of L-5-formyl-5,6,7,8-tetrahydrofolic acid (folinic acid); 170 μg/ml of E. coli total tRNA, 57 mM of HEPES buffer (pH 7.2); 0.4 mM of nicotinamide adenine dinucleotide (NAD); 0.27 mM of coenzyme A; 4 mM of sodium oxalate; 1 mM of putrescine; 1.5 mM of spermidine; 2 mM of each of 20 amino acids; 33 mM of phosphoenolpyruvate (PEP); and 13.3 μg/ml of DNA template (plasmid). For the radioactivity measurement of cell-free synthesized protein, 10 μM of L-[U-14C]-leucine [300 mCi (11.1 GBq)/mmole, GE Life Sciences, Marlborough, MA] was added to the standard CFPS reaction. E. coli cell extract contains endogenous T7 RNA polymerase, which was synthesized from the IPTG-induced cells. The CFPS reactions were carried out at 30°C for 20 h.



In vivo Protein Expression

The recombinant plasmid pJL1-FLGHis was transformed into Rosetta-gami B (DE3) pLacI [reactive oxygen species (ROS)] for in vivo FLG expression study (ROS:pJL1-FLGHis). WT ROS and ROS:pJL1-FLGHis were grown in two 300-ml Tunair flasks with 100 ml of 2xYTPG media at 37°C with the vigorous shaking at 250 rpm. ROS was induced by 1 mM of IPTG when the cells’ optical density reached at 0.8 to inactivate lac repressor. Uninduced cell culture was prepared separately. The cultured cells were harvested by centrifugation. In order to lyse the cells, resuspended cells were disrupted by sonication (energy input 537 J for 1 ml of resuspended cells). The lysate was centrifuged at 14,000 RCF for 10 min to isolate a soluble fraction. The total cell protein and a soluble fraction were mixed with sample loading dye and denaturing solution (DTT), denatured by heating at 80°C for 5 min, and stored at −20°C until sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis.



Protein Analysis


Trichloroacetic Acid-Insoluble Radioactivity Calculation

The amounts of cell-free synthesized proteins were quantified by measuring trichloroacetic acid (TCA)-insoluble radioactivity using a liquid scintillation counter (MicroBeta2, PerkinElmer, Waltham, MA). Radioactive L-[U-14C]-leucine added to the CFPS reaction mixture along with the 20 amino acids and carried out the standard CFPS reaction at 30°C for 20 h. The CFPS reaction was quenched by adding an equal volume of 0.5 M of potassium hydroxide and incubated at 37°C for 20 min. The same amounts of samples were spotted on two separate fiberglass paper sheets (Filtermat A, PerkinElmer, Waltham, MA) and dried at room temperature for 30 min. One of the fiberglass paper sheets was subjected to washing three times with 5% TCA solution at 4°C for 10 min. The sheet was rinsed in 100% ethanol at room temperature for 10 min to remove non-precipitated samples and was dried at room temperature for 40 min. The meltable cocktail (MeltiLex A, PerkinElmer, Waltham, MA) was heated to 95°C, and then radioactivity was measured using the liquid scintillation counter. The total and soluble yields were determined as described previously (Swartz et al., 2004).



Fluorescence Intensity and Quantification

The fluorescence intensity of active sfGFP was measured by multi-well plate fluorometer (Synergy HTX, BioTek, Winooski, VT); 2 μl of cell-free synthesized sfGFP was diluted with 48 μl of diethylpyrocarbonate (DEPC)-treated water (Invitrogen, Waltham, MA) in a 96-well half-area black flat-bottom plate (Corning, Glendale, AZ). The excitation and emission wavelengths for the sfGFP fluorescence were 485 and 528 nm, respectively. The cell-free synthesized sfGFP was purified by affinity chromatography cartridge (Strep-Tactin resin) following the manufacturer’s instruction (Qiagen, Germantown, MD). The soluble fraction of sfGFP was filtered by using a 0.2-μm syringe filter to remove remaining precipitants before passing through the column. Lysis buffer (50 mM of sodium phosphate monobasic, 300 mM of sodium chloride, pH 8.0) and elution buffer (50 mM of sodium phosphate monobasic, 300 mM of sodium chloride, 2.5 mM of desthiobiotin, and protease inhibitor) were filtered before use. The column was then washed three times with lysis buffer. Elution fractions were collected in the fresh tubes and concentrated first two fractions using an Amicon Ultra centrifugal filter unit [molecular weight cutoff (MWCO) (10 kDa)] (Millipore, Burlington, MA). The conversion factor was then calculated by Bradford assay using the purified sfGFP. The concentration of the sfGFP (μM) was determined by applying the conversion factor to the fluorescence intensity of the cell-free synthesized sfGFP.



Protein Electrophoresis

Five microliters of cell-free synthesized protein was mixed with 5 μl of sample buffer [NuPAGE LDS (4×), Invitrogen, Waltham, MA] and 10 μl of 200 mM of DTT and then mixed well. The samples were denatured by incubation at 80°C for 5 min before loading; 10 μl of heat-denatured protein samples was loaded on pre-casted gradient gel (NuPage 4-12% Bis-Tris Protein Gel, Invitrogen, Waltham, MA). The protein electrophoresis was carried out at 150 V for 75 min, and the proteins were visualized by Coomassie blue staining.



Filaggrin Purification

The cell-free synthesized FLG was isolated by immobilized-metal affinity chromatography (IMAC). The nitrilotriacetic acid (NTA) agarose matrices (Qiagen, Germantown, MD) were charged with Ni2+ and then washed with deionized water (Direct-Q system, Millipore, Burlington, MA) 10 times. All buffers contain the same composition of 50 mM of monosodium phosphate and 300 mM of sodium chloride with the different imidazole concentrations for each step of purification (10 mM for binding, 20 mM for wash, and 250 mM for elution). The CFPS reaction was transferred to a centrifugal filter unit [Amicon Ultra, MWCO (10 kDa)] and centrifuged at 14,000 × g RCF for 15 min. The filtrate was discarded, and an equal volume of lysis buffer containing protease inhibitors (Thermo Fisher, Waltham, MA) was added to the concentrate and subjected to repeated centrifuge to remove salts and other components in CFPS that possibly interfere with the histidine binding. The tagged proteins were then loaded onto the Ni-NTA matrices and immobilized, washed twice, and eluted by adding an elution buffer containing protease inhibitors. The imidazole in elute was removed by buffer exchange to Tris buffer (pH 8.0) containing protease inhibitors. The purified FLG was stored at −20°C until use.



Statistical Analysis

All effect estimation was presented at the 5% significance level. Analyses were conducted using Graphpad Prism 8.4.3 (GraphPad Software). For the parametric analysis of data from quantification of the synthesized protein, two-way ANOVA followed by the Dunnett test was used.



RESULTS AND DISCUSSION


Host Selection and Codon Optimization


Improving Protein Synthesis Using Rare tRNA Expressed Cell Extract

Since the transcription and translation apparatus is well conserved in the cell extract, host strain selection can revamp the overall protein synthesis rate in the CFPS system and likewise in in vivo recombinant protein synthesis platforms. Although the genetic code is universally shared across species, different codon usage biases strongly correlate with protein synthesis between the host strain and the origin of a gene of interest (Gingold and Pilpel, 2011). This codon usage impacts protein expression levels and folding efficiency during the translation (Quax et al., 2015). As the abundance of tRNA at the cellular level speeds up ribosomes to decode a codon (Novoa and de Pouplana, 2012), codon optimization and rare tRNA supplementation can improve transcription and translation efficiency without a shortage of tRNA availability. Therefore, choosing an appropriate Escherichia coli host that supports sufficient rare tRNA expression provides a decisive improvement in protein production yields, particularly in a prokaryotic heterologous gene expression system for a codon biased exotic gene such as FLG.

We first selected two E. coli strains BL21 Star (DE3) and Rosetta-gami B (DE3) pLacI (denoted as “BL21” and “ROS”) as hosts to validate and compare initial FLG synthesis level. ROS is a BL21 strain derivative. It is more versatile in producing eukaryotic proteins, including therapeutic proteins, as it supports six-rare-tRNA translation as well as disulfide bond formation. Both E. coli strains were cultured and lysed into cell extracts for the CFPS reactions. The separate reactions were conducted at 30°C for 20 h using the cell extracts from BL21 and ROS. The CFPS reaction with ROS cell extract showed a significantly higher yield than the synthesis using BL21 (p < 0.001) in both total and soluble fractions (increased yields by 5.3-fold and 9.1-fold, respectively) (Figure 2A). There were no significant differences between the BL21 and ROS extracts for sfGFP synthesis, indicating that two E. coli extracts are comparable for producing non-codon biased genes such as sfGFP. The SDS-PAGE results confirmed an increase in FLG production (blue arrows) using the ROS cell extract (Figures 2B,C). These results indicate that the additional supplement of rare tRNA in the CFPS reaction can improve the production yield of human proteins, which are considered one category of the hard-to-express proteins due to the highly biased codon usage. In other words, the gene encoding a FLG monomer (a functional repeat unit) contains 59 biased codons of its total 324 codons, which are not favorable in E. coli translational machinery due to lacking tRNA corresponding to the six rarely used codons in E. coli such as AGG, AGA for arginine, GGA for glycine, AUA for isoleucine, CUA for leucine, and CCC for proline. In this work, ROS cell extracts supplied the rare tRNAs to the CFPS system by utilizing the pLacIRARE plasmid containing a set of rare tRNA genes.
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FIGURE 2. Cell-free protein synthesis (CFPS) using cell extracts from different Escherichia coli strains. (A) The amount of the cell-free synthesized protein was quantified by radioisotope analysis. sfGFP was used for the protein synthesis indicator (positive control). Data represented as the mean ± SD (N = 3). Tukey’s multiple comparisons test was performed with the two-way ANOVA. * indicates that the difference exists between the extracts from BL21 and reactive oxygen species (ROS) in terms of protein productivity (p < 0.001); ns indicates no significant difference between the two groups at the 0.05 level of significance. (B) The soluble portion of cell-free synthesized proteins using BL21 Star (DE3) cell extract. (C) The soluble portion of cell-free synthesized proteins using Rosetta-gami B (DE3) pLacI cell extract. NC represents a negative control that used no plasmid for the CFPS reaction. Filaggrin (FLG) and sfGFP represent that pJL1-FLG wild-type plasmid and pJL1-sfGFP plasmid were used for the CFPS reaction, respectively. The blue and green arrows indicate the cell-free synthesized FLG and sfGFP. All CFPS reactions were performed at 30°C for 20 h.


Another implication of the lower FLG monomer synthesis result here is that the expression level of the FLG monomer is more likely dependent on the CFPS reaction condition compared with the non-human-originated gene. Then, the protein synthesis yields would be improved by further optimizing the CFPS reaction condition to recreate a favorable environment for FLG monomer synthesis. On the basis of the assumption, we next modified the major contributors of the CFPS system systematically, as follows: DNA template, cell extract, and the CFPS reaction mixture.



Bypassing the Codon Usage via Codon Optimization

Codon optimization is an alternative method for addressing the biased codon usage in the CFPS system. When the canonical 20 amino acids are encoded within one to six synonymous codons, the frequencies of different codons vary across organisms (Gustafsson et al., 2004). Codon usage has been recognized as one of the most vital factors to regulate gene expression in the prokaryotic system (Lithwick and Margalit, 2003). Therefore, the complete reassignment strategy of human gene sequences for matching E. coli codon usage facilitates to maximize the chance of efficient protein expression.

To demonstrate this assumption, we synthesized the WT and codon-optimized FLG using IDT’s Codon Optimization Tool (organism set for E. coli K12). DNA properties, in particular, guanine–cytosine (GC) contents (%), were not changed significantly (WT, 57.03%; and codon optimized, 58.21%). We then cloned both sequences into pJL1 and pETBlue1 vectors to obtain four recombinant plasmids (pJL1-FLG WT, pJL1-FLG Codon Opt, pETBlue1-FLG WT, and pETBlue1-Codon Opt) by Gibson Assembly. The coding sequences were placed between the T7 promoter and T7 terminator in the plasmid. sfGFP sequence in the plasmid pJL1-sfGFP was substituted to the FLG sequence. pETBlue-1 vector is a compatible expression vector for the E. coli host strain Rosetta-gami B (DE3) pLacI. The yields of cell-free synthesized proteins were determined by radioisotope analysis and compared head to head (Figure 3).
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FIGURE 3. Cell-free synthesized protein yields from different filaggrin (FLG) expression vectors in the cell-free protein synthesis (CFPS). (A) FLG synthesis in BL21 extract. From the left to right, pETBlue-1-FLG WT, pETBlue1-FLG Codon Opt, pJL1-FLG WT, and pJL1-FLG Codon Opt. (B) FLG synthesis in reactive oxygen species (ROS) extract. From the left to the right, pETBlue-1-FLG WT, pETBlue1-FLG Codon Opt, pJL1-FLG WT, and pJL1-FLG Codon Opt. Data represented as the mean ± SD (N = 3). Tukey’s multiple comparisons test was used for post hoc analysis with two-way ANOVA. *p < 0.001. (C) and (D) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) images of cell-free synthesized proteins with BL21 and ROS cell extract. The arrows indicate synthesized FLG. All CFPS reactions were performed at 30°C for 20 h.


Coupled with BL21 cell extract, the codon-optimized gene in pJL1 vector (pJL1-FLG Codon Opt) notably improved protein expression level than the WT gene (pJL1-FLG WT) in both total and soluble fractions (increased yields by 5.2-fold and 7.4-fold, respectively) (Figure 3A) (∗p < 0.001). In contrast, the codon-optimized gene in the pET vector did not show improved protein expression. Interestingly, pJL1-FLG Codon Opt paired with ROS cell extract increased protein yield only by 1.5-fold (total protein) and 1.8-fold (soluble protein) than did pJL1-FLG WT (Figure 3B) (∗p < 0.001). Regarding the low expression level shown with the pET vector, extra investigation showed that IPTG (0 to 1.0 mM) during the CFPS reaction could be supplemented. We expected efficient transcription initiation on the T7lac promoter located upstream of the FLG gene by IPTG inactivation of the lac repressor. However, the protein expression was still at a low level from uninduced (0 mM) to fully induced (1.0 mM) IPTG level (Supplementary Figure 3), implying that T7 RNA polymerase was not the limiting factor in the translation. The cell-free synthesized proteins visualized on SDS-PAGE indicate comparable results with those of the quantitative protein analysis (Figures 3C,D). Although the enhancement effect of codon optimization was lower when coupled with ROS extract (1.8-fold, Figure 3B, right panel) than with BL21 extract (7.4-fold, Figure 3A, right panel), the absolute protein yield increment was 12.2 μM (soluble protein) using ROS extract. This is not a negligible increase considering the entire production yield from pJL1-FLG Codon Opt paired with BL21 extract, which was 13.5 ± 2.7 μM. Conclusively, the codon optimization markedly enhanced FLG production in both BL21 and ROS cell extract-based CFPS system. Furthermore, the rare tRNA supplement by ROS extract combined with the E. coli codon-optimized gene has shown the combinational effect of the overall FLG synthesis yield up to 27.9 ± 5.0 (μM) in the soluble fraction (equivalently, 961 ± 172 μg/ml). This is 15.2-fold greater than that of BL21 extract combined with the WT gene. This result clearly indicated the synergic effect of changes in the plasmid construct and host strain.



Tuning the Cell-Free Protein Synthesis System for Filaggrin Synthesis


Cell Extract Optimization

Multiple factors were explored in this study for preparing cell extract to improve FLG synthesis in the CFPS system. First, we tuned the cell culture and the time for cell harvest. Harvesting the cultured cells at the exponential phase of growth is beneficial for the performance of cell extracts because such cell extracts contain more active ribosomes and other translational machinery than other growth phases (Swartz, 2018). The time for harvest cells at high growth rate (OD600 = 2.0) was set to optimal harvest time (Harvest Opt), while the time for harvest cells at the stationary phase (2 h after reaching to maximum OD600 = 2.6∼3.0) was set to late harvest time (Harvest Late). Second, the level of cell lysis energy input (joules) is critical to generating highly active cell extract for the CFPS (Kwon and Jewett, 2015; Kim et al., 2019). Insufficient sonication energy lowers the total E. coli protein mass, which includes the translation apparatus and brings a higher chance of contamination by residual E. coli cells in the cell extract, while excessive energy input causes overheating degradation and deactivation of the proteins and enzymes in the cell extract (Kwon and Jewett, 2015). We tested the three different levels of energy input values representing insufficient energy (Low), optimal energy (Opt), and excessive energy (High). The optimal lysis energy was set to 537 J per processing volume (ml) for BL21 and ROS cell lysis; 269 and 1,074 J was used as Low and High lysis energy, respectively. Lastly, the runoff reaction was chosen as a critical post-lysis processing factor. Runoff reaction is a post-incubation procedure after cell lysis for decoupling ribosomal subunits from the paused translation on the endogenous mRNAs (polysome). In our previous work (Kim et al., 2019), the significant increase in protein yield was observed in the CFPS when using the cell extract prepared with runoff reaction. Dialysis was excluded in this study because we observed a decreased protein yield with dialyzed cell extract previously (Kim et al., 2019).

The combinatorial effect of the three critical cell extract processing factors on cell extract performance was studied by examining the protein yield of the 12 cell extract variations at four different scenarios: sfGFP expression using BL21 extracts (Figure 4A), sfGFP expression using ROS extracts (Figure 4B), FLG expression using BL21 extracts (Figure 4C), and FLG expression using ROS extracts (Figure 4D) (note that blue bars in each scenario indicate the optimal processing condition giving the highest protein yield). First, we compared the cell-free synthesized sfGFP expression levels using BL21/ROS extracts. As we expected, in Figure 4A, the sfGFP synthesis between standard CFPS reaction condition (Harvest Opt:Lysis Opt:No Runoff) and non-runoff condition (Harvest Opt:Lysis Opt:Runoff) in BL21 extract showed the same pattern reported previously (Kwon and Jewett, 2015). However, all the ROS extracts with runoff reactions showed improved sfGFP synthesis levels compared with those in non-runoff conditions (Figure 4B, right panel). Next, we studied the cell-free FLG synthesis in BL21/ROS extracts. The FLG synthesis in BL21-based CFPS has shown the highest yield in the combinatorial condition of Harvest Late:Lysis Opt:No Runoff in Figure 4C (note that this optimal processing condition significantly improved FLG expression compared with that in the groups in ∗ and ∗∗). The highest FLG yields for ROS-based CFPS were obtained in a combinational condition of Harvest Opt:Lysis Opt:No Runoff (Figure 4D).
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FIGURE 4. The effect of the combinatorial cell extract processing optimization for the cell-free protein synthesis (CFPS). A set of 12 different cell extracts was prepared for each strain by varying processing conditions with three nominal variables (harvest time, cell lysis energy input, and runoff). (A) The impact of processing conditions for BL21 Star (DE3) cell extract (BL21) for the sfGFP expression. (B) The impact of processing conditions for Rosetta-gami B (DE3) pLacI [reactive oxygen species (ROS)] cell extract for sfGFP expression. (C) The impact of processing conditions for BL21 cell extract for filaggrin (FLG) expression. (D) The impact of processing conditions for ROS cell extract for FLG expression. Data represented as the mean ± SD (N = 3). Followed by three-way ANOVA along with normality test, the multiple comparison test was performed for post hoc analysis. The Dunnett multiple comparisons were used by comparing the mean of a group showing the highest expression with the other group means (11 comparisons). *p < 0.05 and **p < 0.001 were presented when the difference exists between the control group and another group. All CFPS reactions were performed at 30°C for 20 h.


Interestingly, the runoff reaction was able to help to regain the protein synthesis capacity of the cell extract processed with excessive energy (Figure 4A, both panels, right bars). The increased pattern was observed in all scenarios (Figure 4, Harvest Opt or Late:Lysis High:Runoff) as well. This result indicated the runoff reaction could be an essential step for generating cell extracts that show homogeneous protein synthesis capacity batch by batch. We assume that the excessive sonication condition provided sufficient energy to rupture the most E. coli cell wall and release the cytoplasmic components, maximizing the level of endogenous mRNA, genomic DNA, other small molecules, and cell debris that potentially interferes the exogenous gene expression during the CFPS. The runoff reaction can assist in degrading such molecules, which results in reactivating translational machinery in the cell extract processed by the excessive sonication. On the other hand, without the runoff reaction, optimal sonication energy input is considered the major affecter to gain the highest extract performance (Figure 4, left panels, middle bars). The overall performance of the CFPS system in terms of protein expression was shown to be significantly affected by cell extract processing conditions. With the combinatorial processing condition for the cell extract, the soluble protein yield in the CFPS increased up to 54 ± 1 μM (1,463 ± 32 μg/ml) for the sfGFP and 23 ± 3 μM (799 ± 109 μg/ml). Total FLG proteins showed the same expression pattern as the soluble portion (Supplementary Figure 4).

Even though the cell extract from processing combination of Harvest Opt:Lysis Opt:No Runoff provided a high protein yield in general, there were slight variations in optimal processing condition, which depends on the type of proteins as well as the type of expression hosts. Thus, it is necessary to customize the processing condition to obtain the cell extract specialized for a certain protein cell-free biomanufacturing.



Modifying Cell-Free Protein Synthesis Reaction Conditions

The optimal CFPS conditions vary from protein to protein because of the inherent complexity of protein, gene transcription and translation, and post-translational modification. In the CFPS system, the gene transcription and translation that initiated by the addition of DNA templates are processed simultaneously in both prokaryotic and eukaryotic systems (Zemella et al., 2015). Modifying the CFPS conditions favorable to the specific target protein synthesis can increase the system’s protein synthesis capability. The incubation temperature is the important factor of protein translation dynamics and directly influences the speed of the transcription and translation-elongation rate, protein folding, and solubility (Yu et al., 2015). Recent researches have shown the synonymous codon substitution affects the translation-elongation rate as well (Spencer et al., 2012; Supek et al., 2014). In addition, magnesium ions (Mg2+) play a critical role in protein synthesis. Lacking or having a shortage of magnesium ions causes incorrect folding of ribosomal RNA and disassembly of the ribosome, which results in early translation termination (Pontes et al., 2016). In this work, we assessed the effect of incubation temperature and the concentration of magnesium ions to explore the optimal condition for FLG synthesis during the CFPS reaction.

The sfGFP expression level was measured at 4-h intervals to gauge the appropriateness of the 20 h of incubation to set as default reaction time when evaluating the effect of the CFPS conditions on protein yield (Figure 5A). The sfGFP synthesis increased quickly for the first 10 h of reaction, and then the curve plateaued after 12–16 h of incubation, implying that 20 h is sufficient CFPS reaction time to complete the CFPS reaction at maximum yield when comparing yields at different CFPS conditions. Since we observed that the soluble proteins are comparable with the total protein level in FLG and sfGFP expression (Figure 2A), we measured the soluble protein in different temperatures [24°C, 30°C (default), and 37°C] to find out the optimal CFPS reaction. The CFPS reaction was set for 20 h. Both sfGFP and FLG showed the highest soluble protein yield in the 30°C reaction (Figures 5B,C). Besides that, the CFPS at 30°C produces a highly soluble form of FLG, which was observed little in the CFPS at 37°C (Supplementary Figure 5A), implying that a reaction at 30°C helps the proper protein folding in the E. coli CFPS system. We assume that both the FLG gene’s codon optimization and the temperature alteration increased the overall protein folding dynamics, particularly the translation-elongation rate of the FLG synthesis. For example, unlike the FLG expression in human, during the E. coli CFPS at 37°C, the T7 RNA polymerase-mediated transcription rate and E. coli translation-elongation rate would be too fast to have time for protein folding. By lowering the temperature to 30°C, transcription and translation rate would slow down, which provides time for proper protein folding. The optimal concentration of magnesium ion in the CFPS was determined to be 8 mM for sfGFP expression (Figure 5D), which was the consistent outcome reported by Dudley et al. (2020). However, the FLG expression was at the highest level in the CFPS system when 12 mM of Mg2+ concentration was used (Figure 5E and Supplementary Figures 5B,C). With the optimized CFPS reaction condition, we successfully isolated and concentrated the cell-free synthesized FLG observed to have a clean single band without noise (Figure 5F).
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FIGURE 5. The effect of the cell-free protein synthesis (CFPS) reaction conditions. (A) 24-h monitoring of sfGFP expression (CFPS reaction: 30°C, 8 mM of Mg2+). (B) The incubation temperature for sfGFP expression. The CFPS reaction was carried out at different temperatures (24°C, 30°C, and 37°C) for 20 h using 12 mM of Mg2+. (C) The incubation temperature for filaggrin (FLG) expression. The CFPS reaction was carried out at different temperatures (30°C and 37°C) for 20 h using 12 mM of Mg2+. (D) The effect of the concentrations of Mg2+ for sfGFP synthesis (CFPS reaction: 30°C, 20 h). (E) The effect of the concentrations of Mg2+ for FLG synthesis (CFPS reaction: 30°C, 20 h). Data represented as the mean ± SD (N = 3). The unpaired t-test and the one-way ANOVA with the Dunnett test were performed. The Dunnett multiple comparisons were used by comparing the mean of a group showing the highest expression with the other group means *p < 0.05, **p < 0.001. (F) Gel electrophoresis of cell-free synthesized and purified FLG. Lane 1, protein size marker; lane 2, CFPS without FLG plasmid; lane 3, soluble FLG in CFPS; lane 4, isolated FLG protein (elute from Ni-NTA IMAC); lane 5, concentrated FLG. The pJL1-FLGHis plasmid was used as the expression vector in the reactive oxygen species (ROS) cell extract-based CFPS system.




Filaggrin Expression in vivo

After achieving a high-yield FLG synthesis via optimizing the CFPS system in this study, we next explore the FLG synthesis in vivo. The CFPS system has been compared with in vivo recombinant protein synthesis platform in terms of usability, flexibility, scalability, and, more importantly, productivity. One of the features is that the CFPS is accomplished in a single reaction, whereas the in vivo system requires multiple procedures for protein expression (Rosenblum and Cooperman, 2014). This allowed the CFPS to become an essential tool to rapidly screen and eliminate factors limiting the production of target proteins. For example, we identify that the codon bias was the main limiting factor in FLG expression without conducting time-consuming steps of cloning, transformation, and cell cultivation. This highlights the versatility of cell-free platform as a protein production optimization toolkit. Additionally, the CFPS system does not require host strain modification to accommodate the exogenous DNA to express target protein, which causes the poor growth of the host, protein inactivity, and low protein yields (Rosano and Ceccarelli, 2014). Not only the exogenous protein expression but also the presence of the exogenous gene in bacteria can be a burden to the host cell (Andersson et al., 1996).

As the FLG production yield greatly improved through the systemic approach with cell-free platform, the optimized condition was simply applied to the in vivo system to stress the suitability of cell-free system as a simulator of FLG production in vivo. The ROS cell extract showed promising performance to synthesize FLG in vitro due to the endogenous rare tRNA supplement from the plasmid pLacIRARE (Figure 3B). The ROS cell extract was prepared following the standard cell extract preparation protocol, as described in Preparation of Cell Extracts. We first examined in vivo protein synthesis to confirm the FLG synthesis at a higher temperature (37°C) by using the host strain with the plasmid pETBlue1-FLGHis [Rosetta-gami B (DE3):pETBlue1-FLGHis or simply ROS:pET-FLG]. We observed the slow growth of ROS:pET-FLG compared with WT ROS (ROS WT) (Figure 6A). The cell doubling time (Td) of ROS WT and ROS:pET-FLG was 46 and 51 min, respectively. IPTG induction was successfully regulated FLG gene translation compared with non-induced cells. However, ROS:pET-FLG cell growth reached at the stationary phase earlier, implying the presence of inhibiting effect. The same trend appeared in IPTG-induced (at OD600 = 0.6) and uninduced cell culture. This indicates that the presence of plasmid significantly inhibited cell growth and eventually achieved the lower FLG synthesis yield and solubility (Figure 6B). This inhibitory effect results in the difficulty of rapid optimization for target protein expression when using in vivo system.
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FIGURE 6. Filaggrin (FLG) expression in vivo. (A) The cell growth curve of reactive oxygen species (ROS) wild type (WT) and ROS:pET-FLG at 37°C with antibiotics. (B) Productivity and solubility of induced and non-induced FLG. (C) The cell growth curve of ROS WT and ROS:pET-FLG at 30°C without antibiotics. (D) Productivity and solubility of synthesized FLG. Red arrows indicate FLG. Tot, total proteins; Sol, soluble proteins.


Next, the cell culture condition was slightly modified, similar to the CFPS reaction condition, mainly by lowering culture temperature to 30°C to gain soluble protein synthesis. Also, cell culture, protein expression, and cell harvest conditions were slightly modified to mimic the CFPS condition, which was optimized in this study. For example, ROS WT and ROS:pET-FLG cells were grown in 2xYTPG media at 30°C without antibiotics, IPTG induction at OD600 = 0.6, and harvest the cell at OD600 = 2.0 (OD600 = 1.0 for ROS:pET-FLG) (Figure 6C); washed with Buffer A; and disrupted the cell via optimized sonication condition. As a result, we observed increased protein productivity (Figure 6D). However, the in vivo study revealed that the FLG expression causes a negative effect on cell growth and implies the possible low protein yield that resulted from the reduction of total cell biomass. Consequently, the CFPS with the processing optimization can detour this limitation to ensure the protein synthesis for future biomanufacturing of therapeutic proteins.



CONCLUSION

Although the profit of therapeutic proteins in the pharmaceutics market is significantly expanded in the last few decades, the manufacturing capacity and production cost limit the market availability of biological drugs (Matthews et al., 2017). In this work, we proposed the CFPS system to streamline human therapeutic protein production. In this customized CFPS model, the therapeutic protein FLG expression was significantly improved, representing 28 ± 5 μM of soluble protein yield. As the most FLG protein was expressed with a soluble form in the CFPS system, the protein synthesis enhancement by optimization was evaluated using the amount soluble fraction of FLG. The protein yield was 9.1 times greater with the rare tRNA overexpressing host strain (ROS extract) than with the host strain without rare tRNA (BL21 extract) in the CFPS system. The combination of rare tRNA overexpressing host and DNA codon bias optimization enhanced protein synthesis by up to 15.2-fold of protein yield in the CFPS system. To improve the FLG production yield, we applied the combinational optimization of the three key manufacturing processes without the individual factor optimization. We obtained the 3.7-fold (ROS extract) and 4.0-fold (BL21 extract) improvement of protein yields in the customized CFPS system. Taken together, the customized CFPS system for FLG synthesis described here not only provides the alternative protein synthesis platform but also proves the potential of the CFPS system for biomanufacturing of human therapeutic proteins. In this study, we focused on the high-yield soluble FLG production using the CFPS. Solubility would not be the solid indicator for functionality, but it suggested the proper protein folding and an important prerequisite of it. The follow-up characterization and functionality studies will expand therapeutics applications and capabilities of in vitro protein synthesis.
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In this paper, we describe the stepwise development of a cell-free protein synthesis (CFPS) platform derived from cultured Chinese hamster ovary (CHO) cells. We provide a retrospective summary of the design challenges we faced, and the optimized methods developed for the cultivation of cells and the preparation of translationally active lysates. To overcome low yields, we developed procedures to supplement two accessory proteins, GADD34 and K3L, into the reaction to prevent deactivation of the translational machinery by phosphorylation. We compared different strategies for implementing these accessory proteins including two variants of the GADD34 protein to understand the potential trade-offs between yield and ease of implementation. Addition of the accessory proteins increased yield of turbo Green Fluorescent Protein (tGFP) by up to 100-fold depending on which workflow was used. Using our optimized protocols as a guideline, users can successfully develop their own functional CHO CFPS system, allowing for broader application of mammalian CFPS.
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INTRODUCTION

Cell-free protein synthesis (CFPS) is an emerging research field. Originally developed to decipher the genetic code (Nirenberg and Matthaei, 1961), CFPS has recently become a powerful tool, providing new opportunities for protein expression, metabolic engineering, therapeutic development, education, and more (Gregorio et al., 2019). CFPS has several advantages over traditional cell-based expression including an open reaction environment, which allows addition of enhancers and non-natural compounds to facilitate protein expression, lack of requirement to maintain cells in a living state, and the ability to direct all energy and cellular machinery to translate mRNA encoding the protein of interest.

Among CFPS platforms, eukaryotic systems are of increasing interest due to their ability to produce post-translationally modified proteins (Mikami et al., 2006a; Brödel et al., 2013; Zemella et al., 2018). Systems have been developed based on yeast (Hodgman and Jewett, 2013; Gan and Jewett, 2014; Aw and Polizzi, 2019; Zhang et al., 2020), plants (Madin et al., 2000; Murota et al., 2011; Buntru et al., 2014, 2015), insect (Ezure et al., 2006, 2010; Madono et al., 2011; Richter et al., 2014; Stech et al., 2014), and mammalian cells (Stavnezer and Huang, 1971; Shields and Blobel, 1978; Jackson and Hunt, 1983; Starr and Hanover, 1990; Katzen and Kudlicki, 2006; Mikami et al., 2006a,b; Mikami et al., 2008; Brödel et al., 2014; Yadavalli and Sam-Yellowe, 2015; Thoring et al., 2017; Burgenson et al., 2018; Thoring and Kubick, 2018). Mammalian systems are of particular interest due to their ability to produce glycoproteins with human-like N-linked glycosylation. This has led to the development of CFPS platforms for human (Mikami et al., 2008; Yadavalli and Sam-Yellowe, 2015; Burgenson et al., 2018) and Chinese Hamster Ovary (CHO) cells (Brödel et al., 2014, 2015; Martin et al., 2017; Thoring et al., 2017; Thoring and Kubick, 2018) among others. Among previous work demonstrating CFPS using CHO, only one group has reported the successful development of a reliable CFPS platform so far (Brödel et al., 2014, 2015; Thoring et al., 2017; Thoring and Kubick, 2018), while others have relied on the use of the commercial “1-step CHO High Yield In vitro Translation (IVT)” kit (Thermo Scientific, West Palm Beach, FL, now discontinued) (Martin et al., 2017). Although the cost of commercial kits is substantial, they simplify the protein expression workflow and offer standardized reagents for reproducible CFPS performance. However, since the product details of the commercial kits are not disclosed and reagents are provided as pre-mixed stocks, they have limited flexibility for customizing the reaction for different purposes.

It is therefore of great interest to increase the understanding of mammalian-based CFPS platforms and promote the development of in-house systems with improved protein yields. In this methods paper, we share our scientific insights and technical protocols with the cell-free community. Specifically, we developed a CFPS based on suspension-adapted CHO cells that includes the supplementation of two accessory proteins to increase protein yields. We studied three variations of implementing these accessory proteins and show increased expression of tGFP in all cases.

Batch reactions are well-suited to high-throughput screening as they can easily and quickly be prepared. Yields of CFPS platforms range from 1 μg/mL to 2.3 mg/mL in batch mode depending on the complexity of proteins (Kobs, 2008; Caschera and Noireaux, 2014). In CHO cell-based CFPS systems, total protein yields of 9–51.3 μg/mL have been achieved in batch mode (Brödel et al., 2014; Stech et al., 2017). Our cell-free system generates yields of up to 20 μg/mL of tGFP with accessory protein supplementation, which is in line with previously reported yields from CHO cell-based mammalian CFPS. This technical protocol should enable complete novices to successfully develop their own CHO CFPS system with results comparable to our reported data.



MATERIALS AND METHODS


CHO Cell Culture and Lysate Generation

The CHO cell lysate was prepared from FreeStyle™ CHO-S cells (Invitrogen, UK) cultured in Erlenmeyer flasks (Corning, Netherlands) using chemically defined animal component-free Gibco™ 1X CD CHO medium (Invitrogen, UK), supplemented with 8 mM L-Glutamine (Thermofisher Scientific, UK) and 10 ml/l of 100X hypoxanthine/thymidine supplement (Thermofisher Scientific, UK). Cells were revived by thawing in a water bath at 37°C, followed by centrifugation to remove the freezing medium and resuspension in 10 mL of complete growth medium. Cultures were seeded at an initial density of 3 × 105 cells/ml in 125 ml vented Erlenmeyer flasks and subcultured every 3–4 days in complete growth medium at a seeding density of 2 × 105 cells/ml. Cells were subcultured at least twice before use for extract preparation. Cultures were maintained in a humidified incubator on an orbital shaking platform rotating at 125 rpm at 37°C and 5% CO2. Approximately 200–250 ml of CHO-S cells at a density of ~4 × 106 cells/ml were required for the preparation of a few ml of lysate and culture viability of >90% were required for active lysates.

With the exception of the energy content studies, CHO cells were harvested from the batch culture at mid-log phase (day 4). Cells were collected via centrifugation for 5 min at 200 × g at 4°C and washed twice with ice-cold 25 ml HEPES-based buffer (40 mM HEPES-KOH (pH 7.5), 100 mM NaOAc, and 4 mM DTT, 1/per 50 ml complete EDTA-free Protease Inhibitor Tablet). To prevent degradation during the lysate preparation, the cell suspension was mixed gently and the pellets re-suspended by pipetting. For each wash step, the cells were centrifuged for 5 min at 200 × g at 4°C except for the final wash, when the cells were centrifuged for 10–15 min to ensure they were fully pelletized prior to final re-suspension.

Lysates were prepared in a cold room and handling time was kept to a minimum to prevent loss of activity. The pellet was re-suspended in HEPES-based buffer to a final cell density of ~4.0 × 108 cells/mL, transferred into pre-cooled 3 or 5 ml glass Snap cap vials, and closed with a transparent plastic lid. Two holes were punched into the lid- one to insert the needle and a second to avoid vacuum formation. The cells were mechanically lysed by pulling and pushing the cell suspension through BD Precisionglide® 23-, 25-, 27-gauge, L 1 1/4 in. needles using sterile, disposable 2 ml BD Plastipak™ syringes. The lysis procedure was started with the largest needle size (23-gauge) and when the resistance of the cell suspension noticeably decreased, smaller needle sizes were used to increase the shear forces and disrupt the remaining cells. The progress of lysis was observed through a light microscope and was deemed complete when over 90% of cells were lysed.

The crude lysate was transferred into 1.5 ml Eppendorf tubes and centrifuged at 10,000 × g, 4°C for 10 min to remove the nuclei and cell debris. The supernatant was transferred into fresh 1.5 ml Eppendorf tubes. To degrade residual DNA, the supernatant was treated with micrococcal nuclease at room temperature. 100 mM CaCl2 was added at a final concentration of 1 mM, followed by 10 U/mL S7 nuclease (M0247S, NEB UK) and the lysate incubated for 2 min at room temperature. The reaction was stopped by adding EGTA to a final concentration of 6.7 mM. Finally, the lysate was flash-frozen in 200 μl aliquots using liquid nitrogen to avoid repeated freeze-thaw cycles and stored at −80°C.



ATP and GTP Quantification

The nucleotide content was determined using high-performance ion exchange chromatography (HPAEC) as previously reported by del Val et al. (2013). In brief, CHO cells were harvested, washed and quenched using ice-cold 0.9% w/v aqueous NaCl solution. One volume of cell culture sample (1.5 × 107 cells) was added to four volumes of quenching solution. The mixture was centrifuged (1,000 g, 1 min, 4°C), and the cell pellet was re-suspended in a second volume of quenching solution (ice-cold 0.9% w/v NaCl). This suspension was centrifuged again (1,000 g, 1 min) to obtain the cell pellet for acetonitrile extraction. To isolate the intracellular nucleotides, the cell pellet was then re-suspended in 3 ml of ice-cold 50% v/v aqueous acetonitrile solution. 2 μl of 20 mM GDP-Glc were added as an internal standard and the resulting suspension was incubated on ice for 10 min. The sample was centrifuged (0°C, 18,000 g, 5 min) and the supernatant was collected and dried at room temperature using a SpeedVac (Savant, USA). The dried extract was re-suspended in 240 μl of deionized water and stored at −80°C until analysis. The sample was thawed at room temperature and filtered using 0.2-μm sterile filtered Sartorius™ Minisart™ Plus Syringe Filters before analysis by HPAEC using an Alliance HPLC system (Waters) equipped with a CarboPac PA-1 column and a PA-1 guard column (Dionex, USA). HPLC-grade GTP and ATP were used to create a standard curve for the quantification of the intracellular GTP and ATP content of the cells.



Cell-Free Protein Synthesis Reactions

The reaction mix contains a large number of reagents and its activity is highly dependent on its preparation speed and method. Due to its complex composition, preparation of the mix is highly susceptible to pipetting errors and reagent degradation. Hence, in order to obtain comparable data for assessing the effect of lysis preparation and accessory proteins, we used the commercial reaction mix. The reactions were performed using the optimized protocol of the “1-Step Human Coupled IVT Kit” (ThermoScientific, West Palm Beach, Fl) as a guideline.

All CFPS reactions were carried out in coupled batch mode in a total reaction volume of 25 μL.The reactions were composed of four different pre-prepared components (template DNA, lysate, reaction mix, and accessory proteins). For each 25 μL reaction, 1 μg template DNA was added. While a reaction mix based on previous work was initially used for the CFPS reactions (Aw and Polizzi, 2019), in the work described here we used the reaction mix supplied with the commercial kit to enable direct comparison. All components were thawed on ice and mixed together at room temperature. The lysate was incubated with the accessory proteins for 10 min and then the reaction mix and the DNA were added. The plates were sealed with BreatheEasy sealing membrane (Sigma Aldrich). CFPS was conducted overnight at 30°C in a 384-well plate (Corning) in a Synergy HT Microtiter Platereader (BioTek, Winooski, VT) with shaking on the medium setting. The model protein tGFP was expressed using the positive control (pT7CFE1-tGFP-CHis) vector included in the 1-Step Human High-Yield IVT Kit (Thermo Scientific, West Palm Beach, FL).



Functional tGFP Quantification

tGFP protein yields were quantified by fluorescence measurement using a Synergy HT Microtiter platereader (BioTek, Winooski, VT) with an excitation wavelength of 485 nm and an emission wavelength of 528 nm. Recombinant tGFP from Evrogen (Cambridge Bioscience, UK) was used to establish a standard curve to convert fluorescence units into concentrations.



Recombinant Expression and Purification of Accessory Proteins

Expression and purification of K3L, as well as full-length and truncated (Δ1–240) GADD34 was conducted as described in Mikami et al. using E. coli C41 (DE3) (Lucigen, Middleton, WI, USA) as the expression host (Mikami et al., 2006a, 2010a). The plasmids pGEX-6P-GADD34-FLAG and pTac-His-K3L were a kind gift from Hiroaki Imataka (University of Hyogo). The N-terminally truncated form of GADD34 was amplified by PCR and cloned in to pGEX-6P-1. After purification, K3L and both versions of GADD34 were subsequently buffer exchanged with 20 mM HEPES pH 7.0–7.6 (Sigma-Aldrich), and concentrated using Vivaspin 500 centrifugal concentrators with a molecular weight cut-off (MWCO) of 3 kDa and 30 kDa (Sigma-Aldrich, St. Louis, MO), respectively. For maximal activity of the accessory proteins, the purification and concentration steps were conducted in a cold room.



Transient Expression of Truncated GADD34 in CHO Cells

The truncated GADD34 sequence (Δ1–240) was cloned into the mCherry2-C1 backbone (Addgene plasmid #54563), a kind gift from Michael Davidson, in frame with the mCherry coding sequence to generate the pmCherry-Trunc-GADD34 construct. pmCherry-Trunc-GADD34 was prepared using the Endotoxin-free Maxi kit (Qiagen, UK) following manufacturer's instruction and the purified plasmid was diluted to 1 μg/μL.

FreeStyle™ CHO-S cells (Invitrogen, UK) were used for transient expression of GADD34Δ1–240 as a C-terminal fusion with mCherry. Culturing conditions were the same as previously described. The cells were revived in a 125 mL polycarbonate sterile Erlenmeyer shake flask containing 30 mL of pre-warmed FreeStyle™ CHO Expression Medium (Thermo Scientific, UK) supplemented with 8 mM L-Glutamine (Sigma-Aldrich, UK). Seventy-two hours post-revival, the cells were subcultured at an initial seeding density of 0.3 × 106 viable cells/mL in pre-warmed medium, followed by subsequent subculturing at 1 × 106 viable cells/mL every 3 days. A minimum of five passages occurred before transfection to allow for cell recovery. Forty-eight hours prior to transfection, cells were passaged to obtain a density of 4–8 × 106 cells/mL on transfection day. Immediately prior to transfection, the culture was diluted with complete medium to a final density of 2 × 106 cells/mL in a 500 mL Erlenmeyer flask containing 80 mL culture medium.

The transfection complex consisting of 8 mL FreeStyle CHO Expression medium, 96 μL plasmid DNA, 80 μL TransIT-PRO Reagent (Cambridge Bioscience, UK), and 40 μl PRO Boost Reagent (Cambridge Bioscience, UK) was prepared. TransIT-PRO and PRO Boost Reagents were incubated at room temperature and gently vortexed prior to use. The plasmid DNA was diluted with the FreeStyle CHO medium and after gentle mixing, TransIT-PRO Reagent and PRO Boost Reagent were successively added. The prepared transfection mixture was incubated at room temperature for 10 min to allow sufficient time for complexes to form. After adding the transfection complex to the cell culture, the transfected cells were incubated for 3 days under the same culturing conditions previously described. Three days after transfection, the cells were harvested and lysate was prepared as described previously. A culture viability above 85% was required to produce active lysates. Lysates with transiently expressed mCherry-GADD34Δ1–240 were stored and handled in the same way as lysates without transient expression.

To calculate the amount of expressed mCherry- GADD34Δ1–240 fusion protein, 5 × 106 cells were washed twice in cold PBS and pelleted by centrifugation at 2,500 × g for 5 min. 1 mL of RIPA buffer (Thermofisher Scientific, UK) was added to the cell pellet. The re-suspended pellet was incubated on ice with gentle shaking for 15 min. The mixture was centrifuged at ~14,000 × g for 15 min to pellet the cell debris and supernatant was used to perform fluorescence measurements. An mCherry standard curve was prepared using mCherry protein (Biovision, mCherry Quantification Kit) serially diluted in RIPA buffer with a range of 50 ng to 0.8 μg. The amount of expressed mCherry-GADD34Δ1–240 fusion in the lysate was calculated as 0.18 μg/μL.



Statistical Analysis

Data was analyzed via one-way analysis of variance (ANOVA), followed by Student's t-test using a two-tailed distribution. A value of p < 0.05 is denoted by *, p < 0.01 by **, p < 0.001 by ***.




RESULTS


Generating Functional CHO Cell Lysates

Our initial aim was to develop functional CHO cell lysates, which involved the culture and characterization of CHO cells, the determination of optimal cell harvesting time and the identification of a successful method to lyse the cells while retaining the activity of the intracellular machinery. We initially evaluated the growth characteristics of two parental CHO cell lines, CHO-S and CHO-K1. CHO-K1 was used in previous work (Stech et al., 2013), but this cell line is subject to clumping even though it is suspension adapted, making it more difficult to efficiently lyse (Supplementary Figure 1). Moreover, CHO-S cells recover more quickly from cryopreservation and have a higher growth rate, leading to a 1.5-fold higher cell density on day 5 of culture, which increases the speed of lysate preparation. Therefore, we chose CHO-S for all further work.

The characterization of the cell culture is a crucial prerequisite to find the best harvesting conditions for generating active lysate. Harvesting the cell at the right time can lead to improved CFPS yields and better cost efficiency. Therefore, we first evaluated the effect of the day of harvest on the activity of the lysate generated. We hypothesized that the nucleotide triphosphate content at the harvest point might affect the translational activity by influencing the amount of available energy for the reaction as well as the phosphorylation state of translational machinery (Jewett et al., 2009). Cells were harvested on days 3, 4, and 5, corresponding to early, mid, and late exponential phase, respectively, and the ATP and GTP content were measured by anion exchange chromatography. Overall, the ATP content was more variable than the GTP content and peaked on day 4 (Figure 1A). On the other hand, while the GTP content was statistically lower on day 3 than day 4 or 5, no statistically significant difference between the GTP content on day 4 and day 5 could be observed (p = 0.37). Based on the results evaluated, day 4 appeared to be the optimal harvest day with respect to energy content.


[image: Figure 1]
FIGURE 1. Determination of optimal harvest time. (A) Intracellular ATP and GTP content (in fmol/cell) on days 3, 4, and 5 (early-, mid-, and late-log phase, respectively) of culture. Error bars represent the standard deviation of the mean of three samples taken from independent culture flasks. (B) GFP expression using lysates harvested and prepared on the three harvesting days. The positive control plasmid, the accessory proteins, and the reaction mixtures from the 1-Step Human Coupled IVT Kit were used to facilitate comparison. Error bars represent the standard deviation of the mean of three independent CFPS reactions (*p < 0.05). Early-log phase: day 3, mid-log phase: day 4, late-log phase: day 5. Measurements were corrected for a negative control (NC, no plasmid addition).


We then compared the yields of the model protein tGFP from CFPS using the lysates prepared from cells harvested on days 3, 4 and 5 (Figure 1B). We observed the highest tGFP expression in reactions using lysates from cells harvested on day 4, followed by day 3 and subsequently day 5. The results indicate day 4 is the optimal harvest time for preparing lysates with maximal activity. While the reason for this observation requires further study, the ATP content might be an indicator of the overall status of the cell. For example, ATP availability might correlate with the phosphorylation state of translation initiation factors or the expression level of metabolic enzymes. This is in contrast with previous work that reported the highest activity in extracts from cells harvested from late-log phase (Brödel et al., 2015). However, different cell lines were used (CHO-S vs. CHO-K1) and the mode of culture was also different (shake flasks vs. bioreactors), suggesting that the optimal harvest time may vary depending on the cell line and culture conditions. It is hence important to characterize a chosen cell line to find the optimal harvesting time for each growth condition.

Once the optimal harvest day was found, we compared a range of lysis methods to identify the best method for generating active lysates. The ideal cell lysis method balances efficient disruption of the cell membrane with retaining the activity of the cellular machinery. We began by taking the protocol previously published by Brödel et al. (2014, 2015), which recommends using 20-gauge needles, as a starting point. However, the lysis efficiency was lower than expected (Supplementary Figure 2). Therefore, different lysis methods (sonication, homogenization, nitrogen cavitation, freeze-thaw cycles, and needles) were studied. Among the different approaches, only the “needle method” proved to be successful in efficiently lysing the cells (Figure 2). However, much smaller needle sizes were required (23-gauge, 25-gauge, and 27-gauge used in succession), possibly due to the smaller size of CHO-S cells compared to CHO-K1 cells. Harsher methods like sonication or homogenization, which are traditionally used for the preparation of microbial cell extract did not prove to be successful. In these cases, the cells were lysed efficiently, but the extract was not functional (see Supplementary Table 1 for a summary). We present the details of our lysate preparation workflow in Figure 2.


[image: Figure 2]
FIGURE 2. Lysate preparation workflow. Created with Biorender (biorender.com).




Supplementing Reactions With Purified GADD34 and/or K3L Leads to an Increase in Expression Yield

Having generated active lysates, we focused on developing our own workflows for the preparation and addition of accessory proteins to increase CFPS yields. One of the bottlenecks in eukaryotic CFPS is the phosphorylation of the eukaryotic translation initiation factor 2 (eIF2), which leads to reduced translation initiation over time (Zeenko et al., 2008). To counteract this, reactions can be supplemented with two accessory proteins, GADD34 and K3L, which have been shown to increase the activity of human cell-derived CFPS systems, but had not previously been tested in CHO CFPS (Mikami et al., 2006a, 2010b; Burgenson et al., 2018). GADD34 is a regulator that recruits protein phosphatase 1, leading to dephosphorylation of eIF2α (Novoa et al., 2001), and K3L is a viral protein that acts as a pseudo-substrate, reducing phosphorylation of eIF2α (Carroll et al., 1993).

In the first iteration, we tested the addition of different concentrations of full-length GADD34 and K3L to our system. Both proteins were recombinantly expressed in E.coli cells and then purified before addition (Hinnebusch, 2000). Active tGFP was produced in CFPS reactions without accessory protein addition, but yields were low and varied widely from reaction-to-reaction (average yields of ~0.4 μg/mL, range 0.05–1.08 μg/mL). Supplementing CFPS with either accessory protein alone or in combination led to an increase in tGFP yield over the non-supplemented control (Figure 3). Increasing the concentration of the accessory proteins, led to further increases in yield, presumably because of a greater degree of de-phosphorylation of the translational machinery leading to enhanced translation initiation. The concentrations tested herein were not sufficiently high to reach a plateau in tGFP expression. However, they could not be further increased due to the poor expression yields of the accessory proteins, which limited the amount of protein available for testing. There was a strong synergistic effect of adding both GADD34 and K3L that resulted in a ~50-fold increase in tGFP expression levels compared to tGFP yields attained without the addition of accessory proteins. The synergy is most likely due to the different roles that K3L and GADD34 play in reducing EIF2α inactivation. Interestingly, these results differ from those reported for HeLa extracts, where no synergy was noted (Mikami et al., 2006a). Our results further indicate that the effect of addition of GADD34 alone has a larger impact (~10-fold increase in yield) than the addition of K3L alone (~six-fold increase). This could be due to the active role of GADD34 in the recruitment of a phosphatase to dephosphorylate the translation initiation machinery, compared to the more passive role of K3L as a pseudo-substrate. With the addition of both accessory proteins, yields of tGFP approached 20 μg/mL.


[image: Figure 3]
FIGURE 3. Addition of the accessory proteins GADD34 and K3L results significant increase in expression yields compared to the yield attained in their absence. GADD34 and K3L were separately and added in combination at different concentrations to the CFPS reactions. No AP refers to the CFPS reaction yield in the absence of accessory proteins, which corresponds to an average yield of ~0.4 μg/ml (range 0.05–1.08 μg/ml). Yields are normalized to individual reactions without accessory proteins run concurrently. Error bars represent the standard deviation of the mean of three independent CFPS reactions using the same lysate (**p < 0.01, ***p < 0.001).




Truncation of GADD34 Improves Its Recovery Without Compromising Its Effect

Full-length GADD34 was difficult to express and purify in the quantities that were required for CFPS supplementation. However, previous work has shown that truncating membrane domain of GADD34 leads to improved expression in E. coli without loss of activity (Mikami et al., 2010a). Therefore, we expressed a truncated version of GADD34 (GADD34Δ1–240) and repeated the supplementation experiments. Overall, E. coli expressing GADD34Δ1–240 grew to a higher optical density during the expression, suggesting a reduced expression burden, with a ~1.4-fold increase in optical density (OD) at harvest (GADD34: 2.11, truncated GADD34: 2.96, Supplementary Figure 3). As a result, there was a four-fold increase in the amount of GADD34Δ1–240 obtained after purification.

In the CHO CFPS reaction, supplementation of GADD Δ1–240 had a similar effect on protein yield as the full-length form, with increases in yield of 114-fold at the highest concentration supplemented (Figure 4). In order to assess if the truncation compromised the function, GADD Δ1–240 was tested as the same concentrations as the full-length version. However, due to variations in the control reaction without accessory protein, overall yields were lower at ~14 μg/mL. Furthermore, in contrast to the results with the full-length GADD34, there was no synergistic effect when both GADD34Δ1–240 and K3L were supplemented to the reactions.


[image: Figure 4]
FIGURE 4. Truncation does not compromise the yield effect of GADD34 on CFPS yield. The negative control refers to the CFPS reaction yield in the absence of accessory proteins, which corresponds to an average yield of 0.13 μg/ml. Error bars represent the standard deviation of the mean of three independent CFPS reactions.


The reason for the decreased effect of GADD Δ1–240 and K3L co-addition is not fully understood. However, it could be related to the lower purity level of the GADD34Δ1–240 protein stock produced in E. coli (Supplementary Figure 4). More impurities were observed for the truncated version than for the non-truncated version, which likely resulted in an overestimation of the truncated GADD34 stock concentration. It has been previously observed that the deletion of the N-terminal region improves the stability of the truncated protein, but increases the amount of co-purified bacterial proteins (Mikami et al., 2010a).



Transient Expression of N-Terminally Truncated GADD34 in CHO-S Cells Increases CFPS Yields

Expression and purification of the accessory proteins requires additional processing steps. Therefore, we next explored the potential of transiently expressing the accessory proteins in CHO cells prior to the generation of the lysate as an alternative method that would reduce handling time and resources. GADD34 showed a greater effect on expression yields than K3L and GADD34Δ1–240 expresses at higher levels. Therefore, we focused on transient expression of GADD34Δ1–240. The GADD34Δ1–240 gene was cloned into the mCherry2-C1 plasmid in-frame with an N-terminal mCherry tag to provide a fluorescent fusion protein that was easy to detect. Cells were harvested 3 days after transient transfection and the mCherry-GADD34Δ1–240 fusion protein concentration in the lysate was estimated to be ~0.18 μg/μL (Supplementary Figure 5). Using this lysate in a CFPS reaction results in a final concentration of mCherry-GADD34Δ1–240 of 0.086 μg/μL, which is comparable to the middle concentration added in supplementation experiments (0.06 μg/μL). Overall, expressing GADD34Δ1–240 in the cells prior to the generation of the lysate resulted in a 47.5-fold increase in tGFP expression relative to the negative control in which no GADD34 was expressed (Figure 5). However, the total tGFP expression was lower in lysates made from cells transiently expressing GADD34Δ1–240 compared to those where purified GADD34 Δ1–240 was supplemented (3.5 vs. 4.8 μg/ml, respectively). We believe this is likely due to the negative effects of the transient transfection conditions on the energetic state of the cell, although we cannot rule out that the mCherry fusion leads to reduced activity of GADD34. The cell extract from the transient transfection was harvested on day 3, due to lower viability and it is well-known that the polyethyleneimine used for transient transfection reduces culture viability and may also decrease the activity level of protein machinery for CFPS. The negative effect of PEI limits the application of this approach, although stable expression of the accessory proteins in CHO extracts remains to be explored in the future. Furthermore, it may be useful to test other transient transfection methods that may have a lower impact on the physiology of the cells.


[image: Figure 5]
FIGURE 5. Effect of transiently expressing N-terminally truncated GADD34 in CHO cells before lysate preparation. In all cases, the negative control refers to the CFPS reaction yield in the absence of accessory proteins, which corresponds to an average yield of ~0.07 μg/ml. Error bars represent the standard deviation of the mean of three independent CFPS reactions.





DISCUSSION

Mammalian CFPS are useful tools for high throughput screening and production of proteins requiring post-translational modifications. In this paper, we shared our detailed protocols for the design, development and optimization of a functional mammalian cell-free protein synthesis platform derived from cultured CHO cells. Among the required ingredients for a CFPS reaction, the cell lysate is the most labor-intensive component to prepare, requiring careful handling to protect functionality of the protein synthesis machinery. Furthermore, as the productivity of CFPS platforms depends highly on translation initiation, it is an important to enhance this step for developing robust cell-free platforms. Therefore, the focus of this study was to find the optimum method for active cell lysate preparation and to increase the protein synthesis yields via addition of accessory proteins to combat the phosphorylation of the translation machinery. Three options for increasing the expression of proteins by supplementing the reactions with accessory proteins that decrease the phosphorylation of the translational machinery were demonstrated. In general, there is a tradeoff between the effect of expression yields and the ease of implementation. Expressing the accessory proteins in a heterologous host and then supplementing them into the reaction led to higher tGFP yields overall, but is a more cumbersome protocol, which requires extra steps to purify and concentrate the accessory proteins. On the other hand, transiently expressing GADD34Δ1–240 still increases the expression of tGFP, albeit to a lesser degree due to reduced cell viability, and is much simpler. In the future, generating stable cell lines expressing the accessory proteins may provide a route for the facile generation of lysates with increased activity. By explaining our methods including all details of the developed protocols, we hope to improve the understanding of bottlenecks in CHO CFPS systems. We aim to spur greater participation in mammalian CFPS, both in the cell-free community and in bioprocessing, and hope to offer a powerful and more flexible alternative to using the available commercial kits. We believe a collaborative approach is needed to make mammalian CFPS a more widely used research tool and establish CHO CFPS as a rapid production and screening platform for therapeutic development.
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Cell-free expression systems (CFEs) are cutting-edge research tools used in the investigation of biological phenomena and the engineering of novel biotechnologies. While CFEs have many benefits over in vivo protein synthesis, one particularly significant advantage is that CFEs allow for gene expression from both plasmid DNA and linear expression templates (LETs). This is an important and impactful advantage because functional LETs can be efficiently synthesized in vitro in a few hours without transformation and cloning, thus expediting genetic circuit prototyping and allowing expression of toxic genes that would be difficult to clone through standard approaches. However, native nucleases present in the crude bacterial lysate (the basis for the most affordable form of CFEs) quickly degrade LETs and limit expression yield. Motivated by the significant benefits of using LETs in lieu of plasmid templates, numerous methods to enhance their stability in lysate-based CFEs have been developed. This review describes approaches to LET stabilization used in CFEs, summarizes the advancements that have come from using LETs with these methods, and identifies future applications and development goals that are likely to be impactful to the field. Collectively, continued improvement of LET-based expression and other linear DNA tools in CFEs will help drive scientific discovery and enable a wide range of applications, from diagnostics to synthetic biology research tools.
Keywords: cell-free expression, linear expression template, nuclease inhibition, genetic circuits, rapid prototyping, DNA aptamers
INTRODUCTION
Cell-free expression systems (CFEs) are powerful tools for the execution of arbitrary genetic programs or the synthesis of proteins in vitro. One of the most common and affordable forms of CFE, the lysate-based system, is composed of a crude cellular extract (typically from E. coli, but lysates from other organisms are useful for specific applications) combined with supplemented cofactors and substrates essential for transcription and translation. CFEs offer several advantages over the use of whole-cell in vivo systems (Khambhati et al., 2019). Transport limitations inherent to whole-cell systems due to the cell membrane are reduced in CFEs because they have no membrane, yielding improved control over plasmid dosage, pH, and inducer levels (Swartz 2006). CFEs also eliminate cellular toxicity issues that sometimes arise in vivo from the expression of certain proteins, with the additional effect of avoiding plasmid instability often caused by toxicity (Katzen et al., 2005). CFEs have expedited research on key biological principles (Nirenberg and Leder 1964) and have been applied in contexts ranging from industrially relevant large-scale protein production (Zawada et al., 2011) to upstream screening for glycoprotein synthesis (Schoborg et al., 2018). CFEs are particularly attractive for sensor development, with applications ranging from environmental sensors (Verosloff et al., 2019; Thavarajah et al., 2020) to user-friendly biomedical diagnostics (McNerney et al., 2019).
The configuration of CFEs as a membrane-less solution of expression machinery, compared to the membrane-compartmentalized individual cells of in vivo systems, not only reduces the transport limitations that would have been imposed by the membrane, but also makes the use of linear expression templates (LETs) a viable option for CFEs. For in vivo systems, the use of plasmids is required for stable expression without genomic integration. Since delivery of DNA into cells happens with low efficiency, successfully transformed cells must be selected for and then expanded, meaning that the DNA vector must replicate during cell growth to avoid growth-associated dilution and loss. Plasmid construction requires cloning, in vivo synthesis, and plasmid isolation, a process that takes days for each new construct. However, LETs—which typically consist of a promoter region, gene coding sequence, and transcriptional terminator—can be quickly and easily produced in vitro via polymerase chain reaction (PCR) from existing plasmid DNA or genomic DNA (Figure 1). With techniques such as Golden Gate assembly, multiple LETs can be rapidly assembled into complex constructs entirely in vitro. Using PCR products as expression templates rather than plasmids can decrease the “primers-to-testable-DNA” time from days to only a few hours. This can facilitate high-throughput screening and significantly accelerate the prototyping cycle time of multicomponent genetic circuits to a standard business day (Sun et al., 2013).
[image: Figure 1]FIGURE 1 | Strategies for preparing DNA templates for use in cell-free expression systems. Traditional plasmid cloning protocols involving construct assembly, transformation, screening, and plasmid purification take days to complete. Linear expression templates can be made via PCR from genomic DNA or plasmid templates and used directly after amplicon verification and purification, drastically reducing DNA template preparation time.
Additionally, LETs allow for expression of toxic genes in CFEs that otherwise would be difficult to clone into a plasmid. The LET construct for the toxic gene can be amplified directly from genomic DNA or from a plasmid without a promoter upstream of the gene. Without a promoter, the plasmid containing the toxic gene can be cloned because the gene will not be expressed in vivo as normal. This can then be used as a template for a LET, with the promoter sequence added via primers during PCR.
Despite the numerous benefits of LETs, plasmids remain the most widely used DNA template in CFEs due to their resistance to degradation. DNA nucleases native to E. coli are present in the crude cellular lysate and remain after lysate purification. These nucleases readily digest linear double-stranded (ds) or single-stranded (ss) DNA fragments in the reaction to an extent not observed for circular plasmids, causing LETs to have a much shorter half-life than plasmids. This leads to much lower protein yields or diminished function of genetic circuits, which has in turn slowed adoption of LETs for CFEs.
However, there exist several approaches for stabilizing linear DNA that lessen the impacts of these phenomena and allow for the effective use of LETs in crude lysate-based CFEs. In this review, we will describe these advances and compare their effectiveness and limitations. Then, we will summarize select applications where LETs have been used to expedite circuit prototyping cycles, rapidly screen synthetic regulators, express toxic proteins, and more. Lastly, we will discuss the restrictions of the existing nuclease inhibition strategies, recognize areas with critical need for improvement, and identify future development goals.
APPROACHES FOR STABILIZING LINEAR DNA IN CELL-FREE EXPRESSION SYSTEMS
While crude bacterial lysate is widely used for CFEs, purified recombinant proteins can also constitute the basis for CFEs. PURExpress (NEB), PUREfrex 2.0, and Magic PURE are three commercially available recombinant systems based on the original PURE system developed by Shimizu et al. (2001) (See also Laohakunakom et al. (2020)). Purchasing these systems from commercial vendors saves valuable laboratory time compared to typical modern protocols for in-house preparation of crude cell extract that typically take three days and over 10 h of active labor (Kwon and Jewett 2015). Perhaps more importantly, these systems have minimal nuclease and protease activity compared to crude lysates, making expression from LETs much easier than in lysates.
However, crude lysate-based CFEs still dominate the field based in part on their affordability. For example, the PURExpress in vitro protein synthesis kit costs $0.35-$0.65 per 1 uL reaction while a crude lysate-based system costs $0.02-$0.04 per 1 uL reaction (Pardee et al., 2014). Recently, robust methods have been reported for in-house production of recombinant protein CFEs by coculturing and inducing expression of all 36 proteins present in the commercial systems (Lavickova and Maerkl 2019). This “OnePot” method can achieve high protein yields at a cost closer to $0.09 per μL. While this is significantly lower than the cost of the PURExpress system, it is still more expensive than crude lysate CFEs and laborious in its own way; it remains to be seen whether this approach will be adopted widely.
The financial benefits of lysate-based CFEs, among other advantages, have motivated substantial effort toward addressing one of its major shortcomings: the effects of nucleases in crude extracts. Significant linear DNA degradation is attributed to exonuclease V, the product of the recBCD operon. As a result, previous efforts have attempted to remove, inhibit, or deter RecBCD activity on LETs (Figure 2), with varying success. The relative effectiveness of each approach is listed in Table 1. The most common approaches to achieve these goals include genomic removal of nucleases, nuclease inhibition, and protective linear DNA modifications.
[image: Figure 2]FIGURE 2 | Approaches used to increase expression yield from LETs. (A) Bacteria can be genetically modified prior to lysate extraction either by deletion of nuclease genes or by the fusion of affinity peptides to nuclease genes for later removal during lysate processing. Both methods aim to produce a lysate with negligible nuclease activity. (B) Nuclease inhibitors can be added to cell-free reactions to mitigate activity of specific nucleases. This effect can be achieved with direct RecBCD inhibitors such as GamS, Chi DNA, and certain small molecules, or via the addition of DNA-binding proteins that interact with the LETs. (C) The LET can also be modified to better protect the construct from nuclease degradation: methylation of PCR-generated LETs can mimic the chemistry of native DNA, phosphorothioate linkages can be added to the ends of LETs via modified primers, or amplicons with appropriately designed primers can be recircularized prior to CFE.
TABLE 1 | Effectiveness of different nuclease inhibition strategies quantified by their ability to improve LET-based expression in E. coli CFEs. Values with an asterisk were inferred from figures in the corresponding reference.
[image: Table 1]Genomic Modifications
In E. coli, endonucleases and exonucleases are critical for proper cell function and are essential enzymes involved in double-stranded break repair and recombination events. The predominant endonuclease in E. coli is endonuclease I, encoded by the endA gene. The dominant source of exonuclease activity in E. coli comes from exonuclease V, the product of the recBCD operon (Kuzminov and Stahl 1997). In this complex, RecB has both helicase and nuclease activity, and RecD serves only as a helicase. Attempts have been made to engineer E. coli mutants that lack the activity of one or several of these subunits (Figure 2A). For example, a cell extract made from an A19ΔrecDΔendA mutant was used for cell-free protein synthesis and tested with LETs for nuclease activity (Michel-Reydellet et al., 2005). Plasmid-based expression was slightly lower in the mutant extract compared to the wild type, suggesting that the endA deletion did not improve plasmid stability. However, extracts from both strains possessed significant linear DNA degradation as evidenced by low protein yields from the LETs. And while these results showed almost equal expression from plasmids between strains, others have reported that extracts of exonuclease-deficient strains exhibit significant loss in translational activity (Ahn et al., 2005).
Knockout strains that lack the entire recBCD operon have also been explored. Complete recBCD knockouts create strains that are extremely slow-growing, cannot support recombination, and do not allow for replication of many plasmids (Yu et al., 2000). To address this, recBCD can be replaced with the Red recombination system from bacteriophage λ to remove exonuclease activity while allowing recombination and adequate growth rates (Murphy 1991; Michel-Reydellet et al., 2005). Lysates made from this mutant yielded over three times more protein from PCR-generated LETs compared to the wild-type extract.
Since the growth defects of these knockout strains make the culture steps in lysate preparation more time-consuming, removing nucleases from the lysate post-harvest has been explored as an alternative option. Insertion of streptavidin-binding peptide tag sequences in the 3’ termini of RecD and the gene encoding polynucleotide phosphorylase (PNPase) was shown not to effect E. coli growth (Seki et al., 2009). Lysates made from these modified strains were treated with an affinity purification resin to remove tagged proteins, leading to approximately four times as much GFP production from LETs compared to wild-type BL21 (Seki et al., 2009). Expanded to multiple other nucleases simultaneously, this approach could potentially have a substantial impact on linear DNA stability. That being said, genes that overlap on the chromosome cannot be tagged (and thus, removed), and physical limitations of the resin such as its binding capacity and specificity can limit the success of this approach. Additionally, the resin-treated lysate with the greatest improvement in LET protein yield exhibited a 15% loss in plasmid-driven protein expression, which reduces the overall potential yield of the system.
Nuclease Inhibition
Inhibiting nucleases present in the lysate instead of removing them completely is another promising approach to improving expression from LETs (Figure 2B). This strategy is potentially simpler and more easily generalizable than genetic modifications, since the addition of supplements to CFEs can be applied to lysates of any strain background. Multiple strategies for nuclease inhibition have been reported.
One widely used method for nuclease inhibition is inclusion of the bacteriophage λ protein GamS in CFEs. GamS is an inhibitor of RecBCD that can protect linear DNA from degradation in vivo and in crude extracts (Murphy 1991; Sitaraman et al., 2004). GamS has been used in CFEs to allow expression from LETs containing various promoters, including T7, natural and synthetic σ70, and well-characterized inducible promoters (Sun et al., 2013). With GamS supplementation, LETs with a strong σ70 promoter yielded 37.6% of that from a plasmid, a large improvement from the 2% LET yield in the absence of GamS. The GamS protein can be purified with affinity tagging or purchased commercially specifically for use in CFEs. Enhanced extracts can also be made from strains that express GamS to improve LET performance without the need to exogenously add protein. These GamS-containing extracts doubled LET protein yield compared to extracts without GamS (Contreras-Llano et al., 2020). While this method is more cost-effective and avoids any negative effects caused by the protein storage buffer, the observed benefits in LET performance are far less than those seen when purified GamS is added. Additionally, enriched lysates made from plasmid-carrying strains can suffer from overall decreases in efficiency, a consequence of the burdens of plasmid maintenance (Zawada and Swartz 2006).
The use of Chi DNA for RecBCD inhibition also avoids the costly purchase or reagent-intensive purification of proteins. Chi DNA are dsDNA oligos containing the short DNA motif (5′-GCTGGTGG-3′) referred to as a Chi (crossover hotspot instigator) site. These sites can be found throughout the genome of E. coli and are known to be involved in recombination events. Chi sites act as recognition sequences for RecBCD and other proteins involved in recombination (Smith et al., 1981). Addition of dsDNA composed of six repeated Chi sequences (with spacers) to the cell-free reaction has been shown to stabilize LETs and improve protein yield from undetectable levels to approximately 23% of that from a plasmid (Marshall et al., 2017).
RecBCD activity can also be inhibited by organic small molecules. From an in vivo screen of 326,100 organic small molecules, several compounds were identified to inhibit the nuclease activity of RecBCD and AddAB, a RecBCD analog native to B. subtilis and other bacteria (Amundsen et al., 2012). Many of these compounds showed reduced helicase and Chi-cutting activity from RecBCD as well. Two of these small molecules, CID 697851 and CID 1517823, improved expression from LETs in CFEs as much as 200% at some concentrations compared to reactions with no RecBCD inhibitors (Shrestha et al., 2014). However, expression remained far less than that from a plasmid.
GamS, Chi DNA, and small molecule RecBCD inhibitors all function by binding directly to RecBCD, but nuclease inhibitors can also bind directly to the LET to protect it from degradation. For example, adding single-chain Cro (ssCro) to a cell-free reaction protects LETs containing the ssCro operator recognition sequences from RecBCD degradation (Jana et al., 1998; Zhu et al., 2020). These ssCro operators can be easily added to LETs through PCR. Addition of ssCro improved LET expression over 6-fold, resulting in about 23% of plasmid-based expression (Zhu et al., 2020). DNA-binding proteins can also inhibit degradation from other exonucleases. Ku, for example, is a DNA-binding protein with homologs found in eukaryotes and prokaryotes that aids in nonhomologous end joining (Aravind and Koonin 2001). Ku binds directly to dsDNA termini and is proven to reduce degradation by AdnAB, a helicase/nuclease in mycobacteria (Sinha et al., 2009). Ku has been used recently in E. coli CFEs to protect LETs and improved transcription significantly, but those yields were only about a third of those transcribed when using GamS or Chi DNA oligos as inhibitors (Yim et al., 2020). However, because of Ku’s different mechanism for LET protection, it was proven to be the most effective in lysates made from diverse bacteria. In B. subtilis and C. glutamicum extracts, Ku-protected LETs improved transcription 4.43- and 1.58-fold, respectively, compared to the no inhibitor control (Yim et al., 2020). This is notable improvement, considering GamS and Chi DNA addition to C. glutamicum CFEs actually reduced RNA yield slightly. While Chi DNA enhanced transcription from LETs in B. subtilis CFEs, Ku was about twice as effective.
Linear Expression Template Modifications and Enhanced Design
Chemical modification of LETs can also reduce their enzymatic degradation in CFEs (Figure 2C). In E. coli, methylation of genomic DNA provides some protection against restriction endonucleases (Marinus and Løbner-Olesen 2014). PCR-generated LETs, by virtue of being synthesized in vitro, are unmethylated. Post-synthesis methylation via commercially available enzymes was thus tested as an avenue for extra protection against degradation of LETs. LET methylation via dam methyltransferase (adenosine-specific) increased protein yield by 32% while methylation by CpG methyltransferase (cytosine-specific) actually lowered protein yield by 18% (Zhu et al., 2020). This decrease could be because CpG methyltransferase is a eukaryotic enzyme, yielding methylation patterns that might still appear foreign in E. coli. This hypothesis would suggest that it’s not simply the presence of methyl groups added by dam methyltransferase that led to increased yield, but the prokaryotic methylation pattern on the LET disguising it as native DNA. The potential number of methyl groups that can be incorporated throughout the LET is restricted with this method, since the commercial methyltransferases act only at sequence-specific sites. These sites can easily be added at regions flanking the gene, but the concentration of methylation sites within the gene itself will be fixed.
Noncanonical DNA backbones and nucleotides can also be used to decrease LET susceptibility to degradation by lysate nucleases. Phosphorothioate (PT) linkages have been shown to restrict exonuclease digestion in vivo, specifically from Lambda exonuclease (Exo) (Putney et al., 1981; Mosberg et al., 2012). Terminal PT linkages can easily be added to LETs during PCR with modified primers. However, these DNA modifications have generally shown insignificant stabilization of LETs in CFEs (Zhu et al., 2020), with the exception of one instance where two PT linkages were added immediately upstream of the σ70 promoter (Sun et al., 2013). Even still, these PT linkages only improved LET expression by about 36%. Internal PT linkages might be more effective in protecting dsDNA from Lambda Exo degradation in vivo, as suggested by increased recombination frequency (Mosberg et al., 2012). In addition, several other chemical modifications can be made to LETs via PCR primers that might reduce their susceptibility to degradation, including carbon spacers and 2′-O-methoxy-ethyl bases. However, to our knowledge, these modifications have yet to be tested in CFEs.
Different PCR-based techniques for template DNA production have also been explored for generating templates that provide the highest protein yield while still avoiding the lengthy cloning steps required to make plasmids. With appropriately designed primers, PCR amplicons can be purified and ligated to create circularized templates that give protein yields comparable to plasmid DNA without cloning and transformation (Wu et al., 2007). Furthermore, dilute samples of these recircularized PCR amplicons can be amplified overnight via rolling circle amplification and used directly in CFEs at more suitable concentrations (Dopp et al., 2019). These approaches maintain shorter production times, which is desirable for high-throughput testing, but have not gained much popularity in other applications. Also, their use has been restricted to only T7 expression elements.
Finally, designing the LET sequence in ways that specifically prolong the half-life of the messenger RNA (mRNA) transcripts can significantly improve LET-based production. Increased mRNA half-life is essential for LET yield since it allows for continued protein production even after the LET has been compromised. Use of extracts from strains such as BL21 Star—which has reduced RNase activity due to a mutation in the RNase E gene—is one way to accomplish this. Additionally, the inclusion of various 3′-tail mRNA secondary structures can improve protein yield from LETs, with poly(G) tails and T7 terminator sequences increasing yield by nearly 2-fold and 3-fold, respectively (Ahn et al., 2005).
Reduced Culture Temperatures
It is worth noting that simple modifications to the lysate preparation protocol can sometimes improve LET protein yield, a particularly desirable approach based on its simplicity. It has previously been reported that E. coli cultivation temperature can have a significant influence on the exonuclease activity of the lysate. Reducing culture temperature to 30°C was shown to approximately triple LET-driven protein yield compared to lysates cultured at 37°C, while plasmid-driven protein yield decreased slightly (Seki et al., 2008). However, others have reported no increased expression from LETs when using this method (Sun et al., 2013).
APPLICATIONS OF LINEAR EXPRESSION TEMPLATES
While the discussion in Approaches for Stabilizing Linear DNA in Cell-Free Expression Systems often used protein yields as a metric to indicate the relative utility of methods to stabilize LETs, producing large quantities of protein is not the most compelling reason to use LETs. In fact, all of the approaches described above still led to protein yields from LETs below those from plasmids. When producing large amounts of protein is the goal, the use of plasmids is preferred not only due to the attendant improved expression, but also due to the relatively low cost of plasmid production. The most prominent benefits of LETs lie in their ability to accelerate synthetic biology prototyping and enable the expression of genes that would otherwise be toxic to produce in vivo.
Circuit Prototyping
Rapid prototyping of genetic circuits has been significantly impacted by the use of LETs in CFEs. Genetic circuit design to date has largely been guided by trial-and-error testing, known in the field as the Design-Build-Test-Learn (DBTL) cycle. The length of the DBTL cycle can be substantially shortened by using LETs to avoid time-consuming cloning steps after every iteration. For example, LETs have been used to assemble feedforward loop circuits and quickly facilitate promoter optimization (Guo and Murray 2019). Other complex systems, such as synthetic genetic oscillators (Niederholtmeyer et al., 2015; Yelleswarapu et al., 2018) and four-piece genetic switches have also been be assembled with LETs (Sun et al., 2013). To quantify rates of transcription and translation in real time, fluorescent reporters can be used at the RNA and/or protein level and measured directly. One example of such an assay, PERSIA, uses LETs in CFEs to rapidly characterize several biological phenomena during the reaction (Wick et al., 2019). The activities of T7 promoter mutants have been efficiently characterized through the use of LETs by using the PCR products from an in vitro transcription screen directly in CFEs (Komura et al., 2018). Similarly, using a common reverse primer and unique forward primers, a LET library was quickly generated to test the spatial dependence of promoter and operator sequences at low cost in lysate-based CFEs (McManus et al., 2019).
Engineering Synthetic Regulators
LETs can also expedite the lengthy screening time required for engineering synthetic regulators. RNA toehold switches are powerful riboregulators that have been used to detect nucleic acid sequences in vivo (Green et al., 2014) and in CFEs, including low-cost user-friendly diagnostics to detect pathogens (Pardee et al., 2016). A toehold-based sensing system consists of two pieces: the RNA toehold switch sequence responsible for translational regulation, and the trans-acting nucleic acid trigger sequence that binds to the switch and modulates its activity. The switch and/or the RNA trigger can be encoded on LETs and expressed in the cell-free reaction (Takahashi et al., 2018), which is particularly important because finding a switch with good performance characteristics (leakiness, limits of detection, etc.) requires screening multiple (and sometimes many) candidates. Also, triggers can be added directly as linear ssDNA oligos to quickly test for switch functionality for a given target, avoiding the encoding of RNA triggers on DNA templates entirely (Amalfitano et al., 2021).
While the above and many other applications of toehold switches have used (nuclease-free) PURE systems, LET-based toehold systems can also be used in crude cell lysate systems for a more cost-efficient way to screen switches. Using Chi DNA as a nuclease inhibitor, ssDNA trigger oligos were stabilized and detected with toehold switches in encapsulated CFEs (Garamella et al., 2019). RNA triggers encoded onto LETs were used in developing a novel crude lysate-based multiplexed diagnostic sensor (Zhang et al., 2021). Additionally, in the more general class of synthetic riboregulators, riboswitch development also suffers from inefficient trial-and-error design (Etzel and Mörl 2017) that can be addressed with LETs in CFEs. This approach has previously been used as a platform to model riboregulator kinetics and predict in vivo behavior (Senoussi et al., 2018).
CRISPR-Cas Screening
Development and screening of CRISPR systems has also benefited from the rapid prototyping enabled by LETs in CFEs. CRISPR technologies harness the nuclease activities from what is essentially a bacterial “immune system” to execute functions ranging from precise and efficient DNA editing to indiscriminate cleavage of nucleic acid sequences. These functions have been used in a variety of applications from plant and animal genomic manipulation to therapeutics and diagnostics (Barrangou and Doudna 2016; Petri and Pattanayak 2018). However, the laborious process of screening protein function has imposed obstacles to how rapidly advances can be made. This bottleneck has been mitigated in part through the use of CFEs for rapid CRISPR-Cas characterization (Marshall et al., 2018). LETs amplified from genomic fragments containing multiple Cas proteins have been used in CFEs to discover CRISPR-Cas12a inhibitors (Watters et al., 2018). LETs encoding dozens of guide RNA switch candidates (guide RNAs coupled to RNA toehold switches) were used for rapid characterization in CFEs to develop a modular design scheme for regulating Cas12a activity with arbitrary RNA inducers (Collins et al., 2021). LETs have also been used to elucidate the protospacer-adjacent motif (PAM) sequences recognized by Cas nucleases (Maxwell et al., 2018). While LETs can be used to express a Cas protein as well as its guide RNA sequence, it is particularly advantageous to use LETs for Cas expression since certain Cas genes can be extremely difficult to clone into plasmid vectors containing promoters suitable for CFEs (Maxwell et al., 2018).
Expression of Toxic Proteins
Beyond Cas, the expression of many metabolically taxing or toxic proteins has been facilitated by LETs. In vivo, some proteins can interfere with metabolic pathways or inhibit cell division, resulting in cell death. Since CFEs do not have these same requirements as cells, they are a promising system for expression of such proteins. However, use of plasmids as expression templates in CFEs still requires traditional plasmid cloning, which can be challenging for such toxic proteins. LETs eliminate this challenge, as they can be generated by PCR from a DNA template that is much easier to clone: a plasmid with a defective promoter. For example, the human G-protein coupled receptor (GPCR) has been expressed at cytotoxic levels in both lysate-based CFEs and recombinant protein systems using LETs (Haberstock et al., 2012). Antimicrobial peptides (AMPs), which act as a natural infection defense mechanism and are known to severely stunt bacterial growth, have been successfully expressed with CFEs using LETs (Dopp et al., 2019). Other classes of difficult-to-express proteins that have been expressed successfully off plasmids in CFEs include vaccine antigens (Welsh et al., 2012) and antibiotic efflux pumps (Wuu and Swartz 2008). Employing LETs in these applications could simplify template production or translation to other proteins in these classes.
Other Applications
LETs also allow CFEs to produce larger protein libraries more easily. Protein microarrays are systems that screen the activity and interaction of many proteins in parallel, but their use is limited by persisting technical challenges including lengthy protein expression, purification, and immobilization steps that reduce the maximum diversity of proteins for array construction (Schinn et al., 2016). The same challenges do not arise with DNA arrays; thus, in situ protein arrays that can use nucleic acid arrays as a template for protein production are advantageous (He et al., 2008b). Two methods that use LETs and CFEs to create protein microarrays include the protein in situ array, PISA (He and Taussig 2001), and a DNA array to protein array approach, DAPA (He et al., 2008a). Both methods involve parallel in situ protein expression and surface capture using purification tags that can be easily added to LETs with PCR. With PISA, 35 fg of unpurified LET was sufficient for detectable production of GFP in sub-nL volumes (Angenendt et al., 2006; Berrade et al., 2011).
LETs have also been shown to be functional in various non-standard reaction environments for CFEs. Using Chi DNA as a nuclease inhibitor, LETs have been used in polymer microgels to synthesize functional malonyl-CoA synthetase (MatB) (Köhler et al., 2020). LETs have also been spotted on glass slides and aligned to microfluidic devices enclosing each LET into a reaction chamber (Gerber et al., 2009). Microfluidic devices have also been used to encapsulate LET-containing CFEs (with GamS inhibitor) into agarose hydrogel beads, which then withstood lyophilization, storage, and rehydration into a functional sensor for P. aeruginosa quorum-sensing molecules (Seto 2019). Moreover, with sufficient protection, LETs can be used in continuous reaction conditions as well. While batch operation is the simplest mode for CFEs, depletion and degradation of reagents can limit long-term productivity. One notable example of a continuous format to address this issue was the use of a multilayer microfluidic device engineered to conduct extended cell-free reactions, where LETs were used to create a screening process that was entirely in vitro (Niederholtmeyer et al., 2013).
THE FUTURE OF LINEAR DNA IN CELL-FREE EXPRESSION SYSTEMS
Advances in nuclease inhibition strategies to facilitate LET-based expression have made the applications described above, and many others, possible. While existing nuclease inhibition methods are sufficient for certain applications, there is still both room and a critical need for improvement. Further enhancement of linear DNA stability and protein yield from LETs in CFEs can drive innovation of novel synthetic biology research tools and broaden the scope of viable applications of CFEs.
Improvements in Linear Expression Template-Based Expression
One insufficiently studied aspect of CFEs is the interplay between promoter strength and template DNA structure. Since a common goal for using LETs in CFEs is maximizing protein yield, and since a common concern with using LETs is diminished expression, most scientists designing LETs choose to use strong promoters. As a result, there is little literature characterization of the expression levels from different promoters from LETs. However, use of diverse promoters is often an integral part of engineering genetic circuits and cell-free technologies, meaning that an accurate characterization of promoter strength in LETs is important. Multiple investigations of synthetic σ70 constitutive promoters on LETs showed that the relative strengths seen in CFEs have no correlation to the strengths seen when using the same promoters on plasmids in CFEs or in vivo (Chappell et al., 2013; Sun et al., 2013).
One hypothesis is that this discrepancy is due to the relationship between transcriptional rate and DNA supercoiling. This is supported by experiments that show stronger correlations of different ribosome binding site (RBS) strengths between linear and plasmid templates, as RBS sequence and resulting mRNA structure are independent of DNA template conformation (Chappell et al., 2013). Others have also explored the effect of supercoiled linear DNA on transcription by testing two different genes in convergent, divergent, and tandem orientations on a single LET (Yeung et al., 2017). Transcription from each configuration was significantly different, most likely because less supercoiling occurs at free DNA ends compared to the center. Recently, a study that focused on the impact of LET length on performance in CFEs verified via atomic force microscopy (AFM) a significant increase in DNA supercoiling as the LET length increased (Nishio et al., 2021). This study also showed that increasing the LET length from 2.8 to 25.7 kbp improved cell-free expression approximately 3-fold, which could be attributed to the positive influence of DNA supercoiling. The benefits of extending LET length have been previously reported while supplementing with GamS, albeit on a much smaller scale, where a 2.4-fold increase in LET expression was observed after the addition of just five bp on each end (Sun et al., 2013). Nonetheless, DNA supercoiling, the significance of gene orientation, and LET length should be taken into consideration for optimal design of future LET-based technologies.
It is also important to identify whether linear DNA stabilization techniques are generalizable across lysates from different species of bacteria. E. coli extracts make up the majority of CFEs because their lysate is the simplest to prepare and provides high protein yields, and because E. coli is otherwise a workhorse model organism. However, E. coli extracts are not practical for every application, as they cannot support some functionalities easily (e.g., glycosylation). As a result, the use of other chassis organisms as lysate sources is growing, and thus so will the demand for expression from LETs in CFEs made from those lysates. Some stabilization techniques that are shown to be most effective in E. coli systems (e.g., GamS) are practically ineffective in other CFEs such as V. natriegens (Wiegand et al., 2019). This is perhaps to be expected, as different organisms can possess different nucleases. One example of a nuclease inhibition approach with potential to be effective in CFEs of different species would be the small molecule RecBCD inhibitors mentioned in Nuclease Inhibition, as they have been shown to also inhibit AddAB (a helicase/nuclease native to many bacteria) (Amundsen et al., 2012). Interestingly, Chi DNA sites have also been identified in other bacteria, such as B. subtilis and L. lactis, indicating that Chi DNA oligos could potentially be useful in extracts made from these bacteria (Chedin and Kowalczykowski 2002; Marshall et al., 2017). Chi DNA inhibition has recently been tested in B. subtilis CFEs, and only improved LET yield about 2-fold (Yim et al., 2020). At any rate, identifying which techniques are generalizable—and for those that are not generalizable, identifying alternatives or replacements as needed—will be important in moving this aspect of CFEs forward.
However, it may in fact turn out that lysate-based CFEs from some non-model organisms could actually improve the efficiency of LET-based expression. Chinese hamster ovary (CHO) cell extracts have been shown to allow for sufficient LET functionality to be used for production of “difficult-to-express” proteins (Thoring et al., 2016). Wheat germ CFEs are known to possess undetectable nuclease activity compared to other cell-free systems (Endo and Sawasaki 2003). Surprisingly, in yeast CFEs, expression from LETs has been shown to yield 40–60% more protein compared to a plasmid DNA template (Gan and Jewett 2014). These LETs included a Ω leader sequence for initiation, a T7 promoter, and a 3’ poly(A)50 tail. Lysates from both S. frugiperda (Sachse et al., 2013), and P. putida (H. Wang et al., 2018) allow efficient expression from LETs, with the latter allowing for LET-based expression at about 70% of plasmid-based yields in the absence of any nuclease inhibitors or DNA protection. However, the economic viability for any downstream applications of CFEs based on these other chassis organisms remains to be seen.
Simultaneous inhibition of multiple nucleases could have a substantial impact on linear DNA stability in CFEs. The majority of approaches to nuclease inhibition have focused on RecBCD as the primary DNA nuclease, but significant activity from other nucleases has been recognized yet typically overlooked (Sun et al., 2013). For example, ExoVII has been identified as a key dsDNA and ssDNA nuclease; its removal has improved the preservation of mutations on dsDNA termini in vivo (Mosberg et al., 2012). Fortunately, some of the widely used nuclease inhibitors can inhibit more than one nuclease. For example, GamS can also inhibit SbcCD, another endo/exonuclease in E. coli (Kulkarni and Stahl 1989). Other significant native E. coli nucleases include RecJ, ExoI, and ExoX (Mosberg et al., 2012). Generalized inhibition methods would further improve linear DNA stability and help bring LET-based gene expression closer to plasmid yields.
Linear Expression Templates to Avoid Confounding Effects in Cell-Free Expression Systems
LETs also have the potential to solve a unique phenomenon sometimes seen in CFEs but infrequently reported. Our group has observed multiple instances where the addition of plasmids expressing unrelated proteins, or even with no gene insert (“empty vectors”), seems to increase protein production from a separate reporter plasmid (Miguez et al., 2021). This is perhaps counterintuitive, as one might expect transcription or translation to be limited by competition for resources, such that adding more plasmids would increase competition for expression resources and thus likely decrease expression from the original plasmid. We hypothesize that this effect could be caused (in certain expression regimes) by RNase competition. Expression from additional plasmids added to the system would increase the total concentration of RNA, which would increase “competition” for RNases and thus in turn yield increased half-life of mRNA transcripts. Even empty vectors contribute to increasing the total RNA concentration in the reaction due to expression from their selectable marker cassettes. Since LETs encode only the gene of interest and no selectable markers, different LETs could be added for each gene to be expressed without the confounding effects typically caused by plasmids.
Aptamers as Sensing Tools in Cell-Free Expression Systems
In synthetic biology, the engineering of novel genetic circuits is limited most significantly by the characteristics and diversity of extant cellular machinery (Purnick and Weiss 2009). Specifically, in the development of biosensors using CFEs, limitations on the “biological parts” available in nature has led to increasing demand for de novo regulators and synthetic circuit elements with low crosstalk and high sensitivity (Green et al., 2014). The most prominent examples of success in this space allow for rapid and specific detection of arbitrary nucleic acid sequences, which is useful in developing sensors for pathogens and other microbes. Detection of small molecules, however, has been more challenging because there are no de novo-designable regulators to facilitate detection of arbitrary small molecules (Silverman et al., 2020). There is thus a critical need for analogous technologies that can be used in synthetic circuits to detect classes of molecules beyond nucleic acid sequences, including small molecules, proteins, and ions.
Aptamers could potentially fill this need. Aptamers are short oligonucleotides that bind to a specific target with high affinity. DNA aptamers are stable at room temperature, can be synthesized at low cost with negligible batch-to-batch variability, and can withstand lyophilization (Zhang et al., 2019). They have previously been used as the basis for robust sensors for the detection of all types of molecular targets. Most importantly, aptamers are evolved in vitro, which means new aptamers can be created for virtually any analyte.
Despite all of the strengths of DNA aptamers, there are surprisingly few examples of their use in CFEs, likely due to the instability of linear DNA in bacterial extracts. As discussed in Approaches for Stabilizing Linear DNA in Cell-Free Expression Systems, even the best methods for stabilizing LETs still allow significant degradation. DNA aptamers, unlike LETs, are mostly ssDNA oligos, which likely increases their susceptibility to enzymatic degradation in E. coli since there are more native exonucleases that act on ssDNA specifically than there are that act solely on dsDNA (Lovett 2011). Also, aptamers are significantly shorter in length than LETs: LETs include entire coding sequences and other transcription elements, while evolved aptamers are normally 20–60 nucleotides long (Lakhin et al., 2013). Because we know that nucleases can cleave DNA at rates as high as 500 bp/s (Spies et al., 2007) and that extending LETs results in improved protein yield (Sun et al., 2013), it is likely that the short lengths of aptamers are a major contributor to their instability. This seems reasonable because on a mass basis, aptamers have more free ends than LETs for exonucleases to bind to, and on a molar basis they may have a higher density of critical sequence without which they cannot function.
Another characteristic that sets aptamers apart from LETs is that aptamers do not undergo downstream amplification steps like LETs do (Figure 3). LETs produce numerous mRNA transcripts which are then amplified into protein. These transcripts remain viable templates for protein translation even after the LET has been degraded, and the proteins themselves may also have some function that serves as an amplification of signal in certain applications. Aptamers, however, are not templates for amplification and thus leave no residual function after enzymatic degradation. This means that for aptamers to be used successfully in lysate-based CFEs, nuclease inhibition strategies must be strong enough to prevent aptamer degradation for the entirety of the reaction.
[image: Figure 3]FIGURE 3 | Comparison of the impacts of degradation on LETs vs DNA aptamers in CFEs. LETs benefit from downstream amplification steps, leading to continued protein synthesis even after complete LET degradation. Aptamers, however, must be present and intact to execute their function as they do not serve as templates for amplification.
In a few cases, these obstacles have been overcome or circumvented sufficiently to allow DNA aptamers to be successfully used in CFEs. For example, DNA aptamers integrated into plasmids have successfully allowed transcriptional regulation in CFEs (Iyer and Doktycz 2014; Wang et al., 2017). This confirms that the environment of CFEs (in these examples, a commercially available extract) can accommodate proper aptamer secondary structure formation to allow for both target analyte binding and subsequent conformational changes. Integrating the aptamer onto a circular template was done to mitigate exonuclease activity that would otherwise degrade the aptamer. To that end, these reports do not indicate the use of any additional nuclease inhibitors in their experiments.
However, the integration of aptamers onto circular templates can be significantly more labor-intensive and challenging than most of the LET stabilization techniques described above. Since aptamers are single-stranded, incorporation into a circular template typically requires generation of a ssDNA circular template by affinity purification of biotin-labeled ssDNA produced via PCR (Mitchell and Merril 1989). This approach has the advantage of in vitro production but often produces insufficient yields for downstream applications. An alternative method that can produce a higher yield of ssDNA entails in vivo amplification in E. coli with phagemids, which are plasmids that possess both bacteriophage and plasmid properties and thus have all the viral components necessary to enable ssDNA replication (Kuczek et al., 1998; Zhou et al., 2009). However, this approach is even more complex than the in vitro strategy. Regardless of the synthesis strategy, constraining DNA aptamers to circular templates limits the design space and could compromise the functionality of some aptamers. Given all of these considerations, the development of simpler, more effective, and more generalizable methods to enable their stability are a critical need to unleash the potential of DNA aptamers in CFEs.
CONCLUSION
The advances made in nuclease inhibition (specifically of RecBCD) have improved linear DNA stability in lysate-based CFEs sufficiently to allow feasible LET-based production of proteins. The accessibility and ease of implementation of these methods has supported their effective use in driving innovative research in genetic circuit design, efficient screening of de novo riboregulators, rapid screening of CRISPR-Cas system parts, and more. However, continued progress is necessary, because while protein yields from LETs have improved significantly, this is not a direct measurement of LET half-life and obscures the difficulties in using other types of linear DNA constructs in CFEs. Keeping linear DNA stable long enough to function on its own, rather than as a template for amplification, is an important challenge to tackle. Some of the potentially most promising applications of linear DNA in CFEs remain infeasible due to nuclease-based degradation, meaning that more effective methods to extend linear DNA half-life could have a dramatic, enabling impact on a myriad of biotechnology applications.
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Cell-free systems have been used to synthesize chemicals by reconstitution of in vitro expressed enzymes. However, coexpression of multiple enzymes to reconstitute long enzymatic pathways is often problematic due to resource limitation/competition (e.g., energy) in the one-pot cell-free reactions. To address this limitation, here we aim to design a modular, cell-free platform to construct long biosynthetic pathways for tunable synthesis of value-added aromatic compounds, using (S)-1-phenyl-1,2-ethanediol ((S)-PED) and 2-phenylethanol (2-PE) as models. Initially, all enzymes involved in the biosynthetic pathways were individually expressed by an E. coli-based cell-free protein synthesis (CFPS) system and their catalytic activities were confirmed. Then, three sets of enzymes were coexpressed in three cell-free modules and each with the ability to complete a partial pathway. Finally, the full biosynthetic pathways were reconstituted by mixing two related modules to synthesize (S)-PED and 2-PE, respectively. After optimization, the final conversion rates for (S)-PED and 2-PE reached 100 and 82.5%, respectively, based on the starting substrate of l-phenylalanine. We anticipate that the modular cell-free approach will make a possible efficient and high-yielding biosynthesis of value-added chemicals.
Keywords: cell-free systems, biocatalysis, biotransformation, value-added chemicals, synthetic biology
INTRODUCTION
Biotransformation is a green and sustainable approach for the production of valuable chemicals, pharmaceuticals, and materials, among others (Bornscheuer et al., 2012; Sheldon and Woodley, 2018; Wu and Li, 2018; Wang et al., 2021; Wu et al., 2021). For decades, microbial organisms have been predominantly engineered to synthesize those compounds of interest from cost-effective carbon sources like renewable biomass (e.g., cellulose and starch, etc.) and one-carbon feedstocks (e.g., formate and CO2, etc.) (Humphreys and Minton, 2018; Cotton et al., 2020; Ko et al., 2020). While cell-based biotransformation is a promising means for the production, efforts to design and engineer living organisms are constrained by slow design-build-test (DBT) cycles (Nielsen and Keasling, 2016). In addition, overexpression of a set of exogenous enzymes to perform in vivo chemical conversions imposes a strong metabolic burden on heterologous microbial hosts. Another key challenge in cellular production is the balance (conflict of resource allocation) between the cell’s survival objectives (i.e., native metabolism and growth) and the engineer’s production goals (i.e., synthesis of target products), making the final product yields in cellular systems often low and not satisfactory (Li and Neubauer, 2014; Wu et al., 2016). Therefore, designing and building efficient systems for biotransformation and maximization of product yields is highly desirable.
As a complement to cell-based approaches, cell-free systems have emerged as promising and powerful platforms for biomanufacturing (Bundy et al., 2018; Li et al., 2018; Swartz, 2018; Liu et al., 2019; Bowie et al., 2020; Silverman et al., 2020; Rasor et al., 2021). The unique feature of cell-free systems is that cell growth and product synthesis are separated, thus moving biosynthesis away from living cells and converting input resource/energy into desired products at high yields. Due to the open nature of cell-free systems, the reaction environment can be easily manipulated, directly accessed, and rapidly optimized. Furthermore, cell-free systems without cellular barriers can bypass transfer limitations and are more tolerant of toxic molecules (e.g., substrates, pathway intermediates, and final products) than living microbial cells. Recently, crude extract based cell-free protein synthesis (CFPS) systems were well developed and their applications have been expanded from single protein synthesis to multiple enzyme coexpression (Kwon et al., 2013; Li et al., 2016; Goering et al., 2017; Moore et al., 2021). The CFPS-expressed enzymes without purification can carry out in situ cascade biotransformation to synthesize a wide variety of molecules, such as n-butanol (Karim and Jewett, 2016), diketopiperazine (Goering et al., 2017), polyhydroxyalkanoate (Kelwick et al., 2018), styrene (Grubbe et al., 2020), 3-hydroxybutyrate (Karim et al., 2020), limonene (Dudley et al., 2020), l-theanine (Feng et al., 2021), and the complex natural product valinomycin (Zhuang et al., 2020). Notably, the yields of the CFPS-based production platform are often higher than in vivo production. For example, CFPS systems improved the production of styrene and valinomycin both by more than two times as compared to recombinant cellular systems (Grubbe et al., 2020; Zhuang et al., 2020).
Despite cell-free systems have many advantages and have been applied to reconstitute in vitro metabolic pathways for biotransformations, the reported complete pathways in CFPS systems were normally short with less than four enzymes. This is mainly because some full pathways are too long–with many enzymes–to express in a single-pot CFPS. To alleviate the tension of all enzyme coexpression in one pot, partial enzymes of the pathway can be individually expressed in vivo to prepare enzyme enriched cell extracts, which then can be used for CFPS to express the rest enzymes to assemble the full biosynthetic pathway (Dudley et al., 2020; Karim et al., 2020; Zhuang et al., 2020). However, this strategy is laborious and time-consuming that includes in vivo overexpression of each pathway enzyme, preparation of multiple cell lysates, and in vitro mix-and-match of lysate combination. As comparison to in vivo expression (days), CFPS systems can significantly reduce the expression time (hours) from DNA (plasmids) to functional enzymes. Therefore, with the rapid property of CFPS reactions, the overall time for enzymatic biotransformation will also be notably reduced if all enzymes of a long pathway can be coexpressed by CFPS.
Recently, we reported the use of CFPS to coexpress three enzymes for the bioconversion of styrene to (S)-1-phenyl-1,2-ethanediol with a high conversion rate (Liu et al., 2020). However, the substrate styrene is water-insoluble. Then, an aqueous-organic biphasic system was used to support the enzyme expression and the resulting cascade biotransformation. While this system worked well, an organic solvent like the toxic toluene was required to dissolve styrene, which is not a green or environmentally friendly approach. To avoid using organic solvents, a metabolic pathway is thus needed to synthesize styrene from possible water soluble substrates as an intermediate, which can be enzymatically converted to the downstream products. Such pathway is available by using three enzymes to convert l-phenylalanine (L-Phe) to styrene (Lukito et al., 2019). However, this solution will bring more enzymes to coexpress in one CFPS reaction and as a result coexpression of all enzymes might be problematic. Thus, a rational strategy is needed to solve the issue of multiple enzyme coexpression in a one-pot CFPS reaction.
In this work, we aim to address the challenge by designing modular cell-free systems for tunable biotransformation, which can be used to convert the same precursor L-Phe to two value-added aromatic compounds without using the water-insoluble substrate styrene (Figure 1). The first target compound is the chiral drug intermediate (S)-1-phenyl-1,2-ethanediol ((S)-PED) and the second one is the rose-like fragrance 2-phenylethanol (2-PE) (Peng et al., 2019; Wang et al., 2019). These two aromatic compounds share a common upstream intermediate styrene. To achieve our goal, here we design three CFPS modules. In the first module, an artificial pathway from L-Phe to styrene is constructed by coexpression of three enzymes, namely, phenylalanine ammonia lyase 2 (PAL2) from Arabidopsis thaliana (Cochrane et al., 2004) and phenylacrylic acid decarboxylase (PAD, containing two enzymes Fdc1 and Pad1) from Aspergillus niger (Payne et al., 2015). The second module uses styrene generated in the first module to synthesize (S)-PED, where another three enzymes are coexpressed to perform the cascade reaction. The related enzymes include styrene monooxygenase (SMO, consisting of two subunit enzymes StyA and StyB) from Pseudomonas sp. VLB120 (Panke et al., 1998) and epoxide hydrolase (SpEH) from Sphingomonas sp. HXN-200 (Wu et al., 2013). In the third module, three enzymes (StyA, StyB, and StyC) involved in the styrene degradation pathway (Panke et al., 1998) are employed to convert styrene to phenylacetaldehyde, which can be reduced to the final product 2-PE by endogenous alcohol dehydrogenases (ADHs). Our data suggest that the designer CFPS modules are efficient for long enzymatic cascade reactions, enabling high conversion rates of L-Phe to (S)-PED and 2-PE at 100 and 82.5%, respectively. Looking forward, we anticipate this work will expand the application space of cell-free systems by designing modular CFPS reactions to carry out long cascade biotransformations for efficiently synthesizing valuable chemicals when the whole-cell bioconversion remains difficult.
[image: Figure 1]FIGURE 1 | Cell-free synthesis of (S)-PED and 2-PE. (A) CFPS reaction and the synthesis of target chemicals. (B) Overall enzymatic pathways and designing of three modules. (C) Modular cell-free systems for the product formation. Abbreviations: CFPS, cell-free protein synthesis; PAL, phenylalanine ammonia lyase; PAD, phenylacrylic acid decarboxylase; SMO, styrene monooxygenase; SpEH, epoxide hydrolase; SOI, styrene oxide isomerase (also called StyC); ADH, alcohol dehydrogenase. Chemicals 1–7: 1, l-phenylalanine (L-Phe); 2, cinnamic acid; 3, styrene; 4, styrene oxide; 5 (S)-1-phenyl-1,2-ethanediol ((S)-PED); 6, phenylacetaldehyde; 7, 2-phenylethanol (2-PE).
MATERIALS AND METHODS
Chemicals
l-phenylalanine was purchased from Sigma-Aldrich (St. Louis, United States). Styrene, styrene oxide, (S)-1-phenyl-1,2-ethanediol, and 2-phenylethanol were purchased from Adamas (Shanghai, China). Cinnamic acid and phenylacetaldehyde were obtained from Aladdin (Shanghai, China). The plasmid miniprep kit was purchased from Sangon Biotech (Shanghai, China). All other chemical reagents were of the highest purity available.
Strains and Cultivation Media
Escherichia coli DH5α was used for molecular cloning and plasmid propagation. E. coli BL21 Star (DE3) was grown for cell extract preparation to perform CFPS reactions. General cultivation of E. coli strains was carried out in the LB medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl). The 2xYTPG medium (10 g/L yeast extract, 16 g/L tryptone, 5 g/L NaCl, 7 g/L K2HPO4, 3 g/L KH2PO4, and 18 g/L glucose, pH 7.2) was used to grow E. coli cells for cell extract preparation.
Plasmid Construction
The plasmids pET28a-StyA, pET28a-StyB, and pET28a-SpEH used for the expression of StyA, StyB, and SpEH, respectively, were reported in our previous work (Liu et al., 2020). All other genes were codon optimized for E. coli, synthesized, and cloned into the plasmid pET28a by GENEWIZ (Suzhou, China), including PAL2 (GenBank: AY303129), Fdc1 (GenBank: XM_001390497), Pad1 (GenBank: XM_001390495), and StyC (GenBank: AF031161). The gene StyC encodes a styrene oxide isomerase (StyC) in the styrene degradation pathway (Panke et al., 1998). To construct fused StyA and StyB, a flexible linker sequence [AS (GGGGS)5GAS] was inserted between the amino acid sequences of the two enzymes and cloned into pET28a, generating the plasmid pET28a-StyA-linker-StyB. All genes were inserted to the pET28a backbone between two restriction sites NdeI and SalI (see Supplementary Figure S1 for plasmid maps).
Preparation of Cell Extracts
Cell growth, collection, and extracts were prepared as described previously (Liu et al., 2020). In brief, E. coli BL21 Star (DE3) cells were grown in 1L of 2xYTPG media, induced with 1 mM IPTG (OD600 = 0.6–0.8) to express T7 RNA polymerase, and harvested by centrifugation at an OD600 of around 3.0. Then, cell pellets were washed three times with cold S30 Buffer (10 mM Tris-acetate, 14 mM magnesium acetate, and 60 mM potassium acetate). After the final wash and centrifugation, the pelleted cells were resuspended in S30 Buffer (1 ml per Gram wet cell mass) and lysed by sonication (10 s on/off, 50% of amplitude, input energy ∼600 J) on ice. The lysate was then centrifuged twice at 12,000 g and 4°C for 10 min. The resulting supernatant (i.e., cell extracts) was flash frozen in liquid nitrogen and stored at −80°C until use.
Cell-free Protein Synthesis Reactions
Standard CFPS reactions were carried out in 1.5-ml microcentrifuge tubes. Each reaction (15 μL) contains the following components: 12 mM magnesium glutamate, 10 mM ammonium glutamate, 130 mM potassium glutamate, 1.2 mM ATP, 0.85 mM each of GTP, UTP, and CTP, 34 μg/ml folinic acid, 170 μg/ml of E. coli tRNA mixture, 2 mM each of 20 standard amino acids, 0.33 mM nicotinamide adenine dinucleotide (NAD), 0.27 mM coenzyme A (CoA), 1.5 mM spermidine, 1 mM putrescine, 4 mM sodium oxalate, 33 mM phosphoenolpyruvate (PEP), 13.3 μg/ml plasmid unless otherwise noted, and 27% (v/v) of cell extracts. T7 RNA polymerase was not added to CFPS reactions since it was induced with IPTG during cell growth and contained in the cell extracts. CFPS expressed proteins were analyzed by SDS-PAGE and Western-blot.
Modular Cell-free Protein Synthesis Reactions
To assemble enzymatic pathways for the synthesis of (S)-PED and 2-PE, one upstream module (module 1) and two downstream modules (module 2 and module 3) were constructed in cell-free systems. Each module of the CFPS reaction was performed at 30°C with a total volume of 15 μL in the 1.5-ml tube. In the first module, three enzymes were coexpressed by adding 13.3 μg/ml of pET28a-PAL2, 13.3 μg/ml of pET28a-Fdc1, and 6.7 μg/ml of pET28a-Pad1, respectively. This upstream CFPS module was incubated for 2 h to express enzymes for the conversion of L-Phe to styrene. In module 2, StyA, StyB, and SpEH were coexpressed with plasmid concentrations of 13.3, 3.3, and 13.3 μg/ml, respectively, for 6 h before mixing with module 1 to convert styrene to (S)-PED. Similarly, in module 3, StyA and StyB were expressed the same as in module 2; StyC was expressed with 13.3 μg/ml of pET28a-StyC. Coexpression of three enzymes in module 3 was also carried out for 6 h before mixing with module 1. Cell-free expressed StyA, StyB, and StyC together with endogenous ADHs can convert styrene to 2-PE. After mixing module 1 with module 2 or 3, 1 mM of the substrate L-Phe was added to the CFPS mixture and the reaction was further carried out for 16 h at 30°C to synthesize target compounds.
Analytical Methods
All intermediates and final products were extracted with 2 volume of ethyl acetate for twice (as thoroughly as possible), followed by analysis with GC-MS (Trace 1300-ISQ, ThermoFisher Scientific) using a TG-5MS (30 m × 0.25 mm x 0.25 μm) column. For (S)-PED and 2-PE analysis, 1 μL of each sample was injected with a split ratio of 33.3:1. Helium was used as the carrier gas at a flow rate of 1.2 ml/min. The initial column temperature was 40°C and then increased at 30°C/min to 270°C (for (S)-PED) or 200°C (for 2-PE), which was maintained for 3 min. Afterwards, the column temperature increased at 30°C/min to 300°C with a final 5 min hold. The retention times of (S)-PED and 2-PE were 6.04 and 5.07 min, respectively. The concentration of each product was determined by comparison to a linear standard curve generated with a commercial standard (Supplementary Figure S2). All measurements were performed in triplicate.
RESULTS AND DISCUSSION
Cell-free Expression of Each Enzyme and Demonstration of Their Catalytic Activities
To synthesize (S)-PED and 2-PE from the same precursor L-Phe, we chose in total seven enzymes from different organism sources to construct two full enzymatic pathways (Figure 1B). First, L-Phe is converted to styrene, which is a shared upstream intermediate, by successive deamination and decarboxylation with three enzymes PAL2, Fdc1, and Pad1 (Cochrane et al., 2004; Payne et al., 2015). Then, styrene undergoes two divergent pathways to form (S)-PED and 2-PE, respectively, with enzymes StyA, StyB, StyC, SpEH, and E. coli endogenous ADHs (Panke et al., 1998; Wu et al., 2013). Prior to build in vitro full pathways, each enzyme except the endogenous ADHs has to be actively expressed in CFPS reactions. To this end, the well-developed E. coli-based CFPS system was used to express all enzymes and test their catalytic activities. Note that the conversion of cinnamic acid to styrene requires two enzymes Fdc1 and Pad1 originated from A. niger (Payne et al., 2015); in addition, the styrene monooxygenase (SMO) from Pseudomonas sp. VLB120 also consists of two subunit enzymes StyA and StyB to oxidize styrene to styrene oxide (Panke et al., 1998). Therefore, these two enzymatic conversion steps need the coexpression of two related enzymes in one-pot CFPS reactions.
The E. coli CFPS system has been used to express various proteins, for example, therapeutic proteins, membrane proteins, and non-natural amino acid modified proteins (Henrich et al., 2015; Martin et al., 2018; Wilding et al., 2019), demonstrating the robustness of E. coli CFPS for in vitro protein production. To see if all enzymes we selected can be expressed, we used the E. coli strain BL21 Star (DE3) to prepare cell extracts for protein expression. We observed that each enzyme was successfully expressed in CFPS as shown by the Western-blot analysis (Supplementary Figure S3). Then, the catalytic ability of each enzyme was investigated. To do this, the substrate of each enzyme was added to the reaction mixture when the enzyme expression started. As shown in Figures 2A–E, each target compound was detected by GC-MS, demonstrating that all cell-free expressed enzymes were active to convert their substrates to the corresponding products (see Supplementary Figure S4 for MS spectra of all compounds). In addition, E. coli endogenous ADHs were also active to reduce phenylacetaldehyde to 2-PE when no exogenous enzymes were expressed by CFPS (Figure 2F). Taken together, the results demonstrated the potential of using CFPS to express functional enzymes to reconstitute (S)-PED and 2-PE biosynthetic pathways in vitro. As the goal of this work was to establish modular cell-free systems for tunable biotransformation, we next sought to coexpress different sets of enzymes in different single pot CFPS reactions and then mix them for synthesizing final products (Figure 1C).
[image: Figure 2]FIGURE 2 | GC-MS detection of the product of each step enzymatic reaction. (A) Cinnamic acid. (B) Styrene. (C) Styrene oxide. (D)(S)-PED. (E) Phenylacetaldehyde. (F) 2-PE. In each panel, the numbers 1, 2, and 3 represent negative control without plasmid in the CFPS reaction (substrate was added), chemical standard, and cell-free reaction sample, respectively. Note that in (F), no exogenous enzymes were expressed in CFPS and only E. coli endogenous ADHs catalyzed the reaction.
Designing Modular Cell-free Systems for the Synthesis of (S)-PED and 2-PE
After demonstrating the enzyme activity, we next aimed to design CFPS modules for the expression of different enzyme combinations. The key idea was to express short pathways first and then mix them together to assemble the full pathways. Since styrene is the same upstream intermediate of (S)-PED and 2-PE, three enzymes (i.e., PAL2, Fdc1, and Pad1) were coexpressed in the first module of CFPS to convert L-Phe to styrene, which can be used by the downstream modules as a substrate. In module 2, styrene undergoes epoxidation and hydrolysis by SMO (i.e., StyA and StyB) and SpEH, respectively, to form (S)-PED. While cell-free expressed StyA, StyB, and StyC in module 3 catalyze the cascade conversion of styrene to phenylacetaldehyde, which can be reduced to 2-PE by endogenous ADHs. Initially, cell-free synthesized enzymes in each module were confirmed by Western-blot (Supplementary Figure S5). Next, biotransformations in all three modules were tested individually by adding 1 mM of substrate to the CFPS reactions. After the reaction, each product was extracted from the reaction mixture and analyzed by GC-MS. The results showed that all three target compounds of styrene, (S)-PED, and 2-PE were detected from the related modules (Figure 3), suggesting that our designed cell-free modules are capable of assembling long, full pathways for tunable biotransformation.
[image: Figure 3]FIGURE 3 | Extracted ion chromatograms (EIC) of the GC-MS detection of (A) styrene (m/z 140) in module 1, (B) (S)-PED (m/z 138) in module 2, and (C) 2-PE (m/z 122) in module 3. In each panel, 1, sample at the reaction time of zero; 2, sample from the reaction finished.
We, therefore, set out to build cell-free pathway combinations for (S)-PED and 2-PE synthesis. To achieve this goal, we first ran three cell-free modular reactions separately at 30°C to express enzymes and then mixed module 1 with module 2 or 3. While the time for enzyme expression in modules 2 and 3 was 6 h, the upstream module 1 was only incubated for 2 h before mixing because we observed that 2-h CFPS reaction was the best for module 1 to convert L-Phe to styrene (Supplementary Figure S6). When mixing two modules, 1 mM of L-Phe was added to the cell-free mixture and the reaction was further carried out for 16 h at 30°C to synthesize (S)-PED and 2-PE. The GC-MS analyses suggested that in both cases the final products were successfully detected (Supplementary Figure S7), demonstrating the ability of using modular cell-free reactions each with several CFPS-expressed enzymes to assemble long metabolic pathways in vitro.
Effect of L-Phe on the Synthesis of (S)-PED and 2-PE
Having validated the ability to mix cell-free modules for biotransformation, we next wanted to investigate the effect of L-Phe on the synthesis of (S)-PED and 2-PE, respectively. To do so, we mixed module 1 with module 2 or 3 after cell-free enzyme expression and added L-Phe to the reaction mixture at different final concentrations from 0.5 to 5 mM. Our data indicated that the effect of L-Phe on the synthesis of (S)-PED was more obvious than that on the synthesis of 2-PE (Figure 4). The highest titer of (S)-PED reached 0.82 mM when L-Phe was supplied with 2 mM, which is 2.4-fold higher than the titer achieved with 0.5 mM L-Phe (Figure 4A). By contrast, the titers of 2-PE were similar with different L-Phe concentrations, although 2 mM L-Phe gave rise to a bit higher titer of 2-PE as compared to all other concentrations (Figure 4B). In order to further optimize our system for enhanced production, we chose to add 2 mM of L-Phe to the reactions in our following experiments.
[image: Figure 4]FIGURE 4 | Effect of L-Phe on the synthesis of (A) (S)-PED and (B) 2-PE. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.
Optimization of Reaction Temperature and Volume on the Synthesis of (S)-PED and 2-PE
Cell-free reaction temperature is an important factor for optimization because it affects protein expression and enzyme activity. Our cell-free biosynthesis system includes two phases: the initial CFPS reaction phase and the second enzymatic biotransformation phase. While the best temperature for protein expression in E. coli CFPS system has been found to be 30°C (Goering et al., 2017; Li et al., 2016; Martin et al., 2018), whether this temperature is optimum for the enzymatic reactions remaining unknown. Therefore, we did not focus on the optimization of the CFPS temperature in this work. Instead, we conducted our optimization by investigating the optimal reaction temperature during the biotransformation stage for producing (S)-PED and 2-PE. After mixing two cell-free modules, we incubated the reactions containing 2 mM of L-Phe at 23, 30, and 37°C. The results indicated that low temperatures favored the product formation and the maximum titers of both products were obtained at 30°C (Figures 5A,B). This makes the whole production process easy without the change of incubation temperature from protein expression to product synthesis. Our finding is similar to previous reports that 30°C is the optimal temperature to synthesize enzymes and the resulting chemical compounds (Goering et al., 2017; Grubbe et al., 2020; Liu et al., 2020).
[image: Figure 5]FIGURE 5 | Effects of (A, B) reaction temperature and (C, D) reaction volume on the synthesis of (S)-PED and 2-PE, respectively. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.
Next, we evaluated the effect of reaction volume on the synthesis of (S)-PED and 2-PE. We ran standard CFPS reactions in 15 μL volume and also scaled up the volume to 90 μL per reaction. Thus, the total volume after mixing two modules was 30 μL or 180 μL. For the group of reaction volume with 180 μL, we also compared the reactions without shaking and with shaking at 600 rpm. All enzymatic reactions were carried out at 30°C for 16 h and the final products were extracted and analyzed. Interestingly, we found that the reaction volume has different effects on the product titers (Figures 5C,D). For (S)-PED, the titer obtained from the reaction volume of 30 μL was higher than that of the volume of 180 μL. By contrast, the titer of 2-PE in the reaction volume of 180 μL was maximum, but shaking was not necessary. In both cases, the product titers in 180 μL volume with shaking were lower than those without shaking. While the impact of reaction volume on product formation was different, our results suggested that 1) the reaction volume should be investigated for each new enzymatic pathway in vitro and 2) cell-free system is flexible for manipulation and optimization. With the aim to improve each product titer, we decided to use 30 and 180 μL reaction volumes to synthesize (S)-PED and 2-PE, respectively, in the following studies.
Enhancing the Epoxidation Step of Styrene for Efficient Biotransformation
Styrene accumulated in the first cell-free module is the upstream precursor for the synthesis of (S)-PED in module 2 and 2-PE in module 3. It is, therefore, important to efficiently convert the water-insoluble styrene to styrene oxide, which can be used by the subsequent enzymes for further conversion. The epoxidation of styrene is catalyzed by the enzyme SMO (i.e., StyA and StyB). Previous studies have shown that StyA plays a core role in the biocatalytic activity of SMO and StyB helps maximize the epoxidation of styrene (Panke et al., 1998; Otto et al., 2004). In addition, the highest epoxidation activity can be achieved when the molar ratio of StyA and StyB reaches at about 1:1 (Otto et al., 2004; Corrado et al., 2018). Based on these reports, we were curious to know if tuning StyA and StyB might enhance the epoxidation activity of styrene. Thus, we subsequently sought to test two strategies to see their effects on the efficiency of cell-free biotransformations. First, we overexpressed the key enzyme StyA in vivo in E. coli rather than in CFPS and prepared StyA-enriched cell extracts to coexpress the rest enzymes, for example, StyB, StyC, and SpEH, in CFPS reactions. Second, we fused StyA and StyB with a flexible linker to construct a fused SMO (StyA-linker-StyB) and, as a result, the molar ratio of the two enzymes should be 1:1 once they are expressed in CFPS.
By using the above-mentioned two strategies, we found that they did impact the final product titers, albeit their effects were different. For the synthesis of (S)-PED, StyA-enriched CFPS system enabled the maximum conversion of styrene to (S)-PED, giving rise to the titer of 1.79 ± 0.17 mM (Figure 6A), which is > 2 times higher than the control reaction by coexpression of StyA and StyB with plasmids. However, cell-free expression of fused SMO (StyA-linker-StyB) led to the lowest production of (S)-PED. The results are in agreement with our previous report that cell extracts pre-enriched with StyA notably enhanced the cascade biotransformation of styrene to (S)-PED (Liu et al., 2020). In contrast, both StyA-enriched CFPS and fused SMO benefited the 2-PE synthesis and significantly improved the titers, which are >2 and >4 times higher than that of the control reaction (0.20 ± 0.01 mM) (Figure 6B). Interestingly, not like (S)-PED, fused SMO was better than the StyA-enriched CFPS to produce 2-PE, perhaps as a result of the different downstream enzymes (SpEH and StyC/ADHs in (S)-PED and 2-PE pathways, respectively) that influence the whole cell-free metabolic fluxes.
[image: Figure 6]FIGURE 6 | Optimization of StyA and StyB expression for the synthesis of (A) (S)-PED and (B) 2-PE. In panels (A) and (B): 1, both StyA and StyB were expressed in CFPS; 2, StyA was expressed in vivo to prepare cell extracts and StyA-enriched CFPS was used to express StyB; 3, StyA and StyB was fused and the resulting StyA-linker-StyB was expressed in CFPS. Effect of supplementation of NADH on (C) (S)-PED and (D) 2-PE formation. Time courses of (E) (S)-PED and (F) 2-PE production within 24 h. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.
Since the activity of StyB is dependent on NADH as an electron donor (Otto et al., 2004), we next wanted to supplement NADH to the cell-free systems and explore the effect of NADH concentration on product formation. As shown in Figures 6C,D, the titers of both products were obviously increased by supplementation of NADH. Specifically, 1.93 ± 0.08 mM of (S)-PED (96.5% conversion based on 2 mM L-Phe) and 1.60 ± 0.09 mM of 2-PE (80% conversion based on 2 mM L-Phe) were produced by adding 2 mM of NADH per reaction. Notably, we also observed product formation without NADH supplementation. This is because our cell-free system, which is based on the E. coli crude lysate, contains endogenous NADH that can be used to support the activity of StyB. Additionally, in CFPS reactions 0.33 mM of NAD+ was added that can also be reduced to NADH by the native NADH/NAD+ recycling systems (Jewett et al., 2008).
Finally, with the optimized cell-free reaction system, we tested the time courses of product formation by measuring (S)-PED and 2-PE concentrations at different time points (Figures 6E,F). After mixing two cell-free modules, the cascade biotransformation was carried out for 24 h in total. Our data indicated that the biosynthesis of (S)-PED occurred with a gradual increase before 12 h, while 2-PE underwent a nearly linear increase manner. Clearly, more than 95% of both products were synthesized during the initial 16 h reaction and no obvious products were accumulated from 16 to 24 h. Eventually, the conversion rates based on the starting substrate (2 mM L-Phe) at 24 h were 100 and 82.5% for (S)-PED and 2-PE, respectively. Since styrene is the common upstream intermediate, the standard Gibbs free energy change of the overall reaction from styrene to (S)-PED and 2-PE were calculated to be −363.92 kJ/mol and −224.66 kJ/mol (https://www.chemeo.com/), respectively. This demonstrates that the conversion of styrene to (S)-PED is more thermodynamically favorable than that to 2-PE, which is in agreement with the experimental data.
In the present work, we demonstrated the robustness and feasibility of using the E. coli-based CFPS system to assemble long biosynthetic pathways enabled by designing modular cell-free systems. While the two paradigms were successful, the overall conversion rates from L-Phe to (S)-PED and 2-PE were different. One main reason might be the different levels of the concerted activity of each pathway reconstituted with multiple cell-free expressed enzymes. For example, the conversion of L-Phe to 2-PE was not complete within 24 h, which is likely due to the low expression of soluble StyC and the resulting low catalytic efficiency. Therefore, given the flexibility of cell-free systems, one might switch from the E. coli CFPS system to many other CFPS systems (Kelwick et al., 2016; Li et al., 2017; Des Soye et al., 2018; Wang et al., 2018; Xu et al., 2020; Zhang et al., 2020) to better mimic the physicochemical environment of native hosts for the expression of related enzymes with high (soluble) yields and high activities. In other words, various CFPS systems can be used to express highly active enzymes in different cell-free modules and then mix them for efficient biotranformations, thus giving rise to high productivity.
CONCLUSION
In this study, we demonstrated the design of modular cell-free systems to build in vitro long metabolic pathways for tunable conversion of L-Phe to two aromatic compounds (S)-PED and 2-PE. The activities of all cell-free expressed enzymes were first confirmed and then mixed modules were able to synthesize (S)-PED or 2-PE. After optimization, the final conversion rates based on L-Phe (2 mM) at 24 h were 100% for (S)-PED and 82.5% for 2-PE. Looking forward, we envision that modular cell-free systems will provide a feasible approach to construct long enzymatic pathways for the synthesis of valuable chemicals of pharmaceutical and industrial importance.
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Cell-free gene expression systems have emerged as a promising platform for field-deployed biosensing and diagnostics. When combined with programmable toehold switch-based RNA sensors, these systems can be used to detect arbitrary RNAs and freeze-dried for room temperature transport to the point-of-need. These sensors, however, have been mainly implemented using reconstituted PURE cell-free protein expression systems that are difficult to source in the Global South due to their high commercial cost and cold-chain shipping requirements. Based on preliminary demonstrations of toehold sensors working on lysates, we describe the fast prototyping of RNA toehold switch-based sensors that can be produced locally and reduce the cost of sensors by two orders of magnitude. We demonstrate that these in-house cell lysates provide sensor performance comparable to commercial PURE cell-free systems. We further optimize these lysates with a CRISPRi strategy to enhance the stability of linear DNAs by knocking-down genes responsible for linear DNA degradation. This enables the direct use of PCR products for fast screening of new designs. As a proof-of-concept, we develop novel toehold sensors for the plant pathogen Potato Virus Y (PVY), which dramatically reduces the yield of this important staple crop. The local implementation of low-cost cell-free toehold sensors could enable biosensing capacity at the regional level and lead to more decentralized models for global surveillance of infectious disease.
Keywords: cell-free, toehold-sensor, low-cost, diagnostics, decentralization
INTRODUCTION
Cell-free sensors have emerged as a promising technology for fast and field-deployable detection of nucleic acids (Pardee et al., 2014, 2016; Ma et al., 2018; Takahashi et al., 2018; Verosloff et al., 2019) and chemical pollutants (Didovyk et al., 2017; Jung et al., 2020; Liu et al., 2020; Silverman et al., 2020; Thavarajah et al., 2020). Cell-free toehold RNA sensors (CFTS) have been shown to detect viruses such as Ebola (Pardee et al., 2014), norovirus (Ma et al., 2018), and Zika (ZIKV) (Pardee et al., 2016) at femtomolar concentrations of viral RNA when combined with isothermal RNA amplification (Pardee et al., 2016). Toehold RNA sensors are de novo designed genetic structures that can be programmed to detect RNAs of arbitrary sequences (Green et al., 2014). A toehold switch relies on the formation of a hairpin loop at the 5′-end of a reporter gene that structurally prohibits an interaction between the ribosome binding site (RBS) and ribosomes, thereby preventing translation. This structure is released via toehold-mediated strand displacement by an unstructured RNA “trigger” with sequence-specific complementarity to the switch (Green et al., 2014), thus enabling ribosomal-binding and subsequent protein translation. These CFTS can be lyophilized and transported at room temperature for in-field detection of viral RNAs (Pardee et al., 2014, 2016; Ma et al., 2018).
CFTS are implemented in a reconstituted cell-free expression system, known commercially as PURExpress, which consists of a mixture of 34 individually purified components involved in transcription, translation and energy generation (Shimizu et al., 2001). Despite the potential of CFTS for point-of-care deployment, constraints in the accessibility to PURE systems in South America impose significant barriers to locally engineer de novo sensors. PURE systems are expensive and proprietary (Laohakunakorn et al., 2020). Furthermore, they need to be imported from the Northern hemisphere under cold-chain shipping, which increases their costs and the risk of activity loss. PURE systems can also be prepared in the laboratory by purifying the components individually or as a single step from a bacterial consortium of strains (Shimizu et al., 2001; Horiya et al., 2017; Villarreal et al., 2018; Lavickova and Maerkl, 2019). Alternatively, cell lysate-based protein expression systems, made from E. coli crude extract that do not require purification of particular components, can also be used as a substrate for CFTS (Silverman et al., 2019). Lehr et al. have shown the implementation of CFTS in commercially available cell-free transcription-translation systems (TX-TL) based on cell extracts (Lehr et al., 2019), which are also sourced from the US and shipped under cold chain. Encouragingly, Silverman et al. (2019), McNerney et al. (2019) and Pieters et al. (2021) have recently shown the successful implementation of CFTS in home-made cell extracts, offering a path for local prototyping de novo sensors of interest (McNerney et al., 2019; Silverman et al., 2019; Pieters et al., 2021).
Cell extracts are cell lysate-based protein expression systems that have been instrumental to molecular biology and biotechnology for decades (Nirenberg and Matthaei, 1961). Cell extracts have also become a versatile tool for engineering complex biomolecular systems outside living cells (Garenne and Noireaux, 2019; Laohakunakorn et al., 2020). Diverse genetic systems have been implemented in cell extracts, e.g. for sensing small molecules (Salehi et al., 2018; Jung et al., 2020; Silverman et al., 2020; Thavarajah et al., 2020), engineering metabolic pathways (Dudley et al., 2016; Grubbe et al., 2020; Swartz, 2020), producing virus-like particles (Bundy et al., 2008; Rustad et al., 2018), and prototyping genetic devices (Siegal-Gaskins et al., 2014; Moore et al., 2017), including RNA circuits (Takahashi et al., 2015), transcriptional cascades (Shin and Noireaux, 2012; Garamella et al., 2016) and oscillators (Niederholtmeyer et al., 2015; Tayar et al., 2017; Yelleswarapu et al., 2018). Various protocols have been crafted to simplify extract preparation and optimize lysate performance, including methods based on cell homogenization (Kim et al., 2006), sonication (Shrestha et al., 2012; Kwon and Jewett, 2015), bead-beating (Sun et al., 2013), enzymatic lysis or flash freezing (Didovyk et al., 2017).
With the goal of making cell-free toehold sensor technology more accessible and affordable, here, we describe the implementation of CFTS in cell extracts supplemented with maltodextrin as an energy source. These CFTS can detect RNA at similar sensitivity to the PURExpress-based CFTS but for a fraction of the cost. Furthermore, using a CRISPRi strategy for silencing nucleases before harvesting cells, we increased DNA stability, enabling cell-free protein synthesis from linear, PCR-derived templates. These optimized extracts were suitable for fast prototyping of novel toehold sensors directly from linear PCR products using a lacZ gene template. As a proof-of-concept demonstration, we applied our framework to engineer cost-effective CFTS for PVY virus detection, which poses a significant economic threat to local potato farmers and producers of potato seeds.
MATERIALS AND METHODS
Crude Extract Preparation
BL21 DE3 Star cells (Invitrogen, C601003), BL21dLacGold cells (Didovyk et al., 2017) (Agilent, 230,132), or the CRISPR+, CRISPR-derivatives from this work were grown overnight at 37°C on 2xYT agar plates with the appropriate antibiotics. A single colony was grown in a 5 ml 2xYT culture overnight at 37°C. The next day, a 50 ml culture was started with a 1:1,000 dilution overnight at 37°C. On the fourth day, a total of 2 L of culture was started and split in 5 2-L Erlenmeyer, at an initial OD600 0.05 in 2xYT supplemented with 40 mM phosphate dibasic (Sigma, 94,046), 22 mM phosphate monobasic (Sigma, 74,092) and 20 g/L D-glucose. This culture was grown at 37°C with vigorous agitation (230 rpm) until OD600 reached 0.6–0.8 (approximately 2.5 h) and cells were induced with 1 mM IPTG for another 3 h at 37°C before harvesting by centrifugation at 5,000 g and 4°C. Pellets were washed twice with cold S30B buffer (5 mM tris acetate pH 8.2, 14 mM magnesium acetate, 60 mM potassium glutamate, and 2 mM dithiothreitol) (Sun et al., 2013). The pellet was then weighted, and a relationship of 0.9 ml of S30B and 5 g of 0.1 mm diameter silica beads (Biospec, 11079101) were added per Gram of pellet obtained. 2.5 ml bead-beating tubes and cups were filled with the viscous solution composed of cells and glass beads, without generating bubbles, sealed and beaten for 30 s using a homogenizer (MP Biomedicals, FastPrep-24 5G). To remove the beads from extracts, processed samples were placed on the top of a micro-chromatography column (Biorad, 7326204), which was placed into an empty bead-beating tube. The bead-beaten tube attached to the micro-chromatography column and the empty recipient tube was placed into a 15 ml Falcon tube and centrifuged at 6,000 g for 5 min at 4°C. Properly beat extracts should appear clear, and two distinct layers should be observed. The supernatant from all tubes was pooled and agitated at 37°C inside a 5 ml unsealed tube for 1 hour for runoff. After the run-off reaction, the tubes were placed on ice and re-centrifuged at 6,000 g for 10 min at 4°C to pull down the debris generated during the run-off reaction. The supernatant from this centrifugation, i.e., the crude extract, was aliquoted, frozen, and stored at −80°C until use. A link to the full protocol of crude extract and cell-free reaction preparation can be found here: https://www.protocols.io/view/preparation-of-cell-free-rnapt7-reactions-kz2cx8e.
Cell-Free Transcription-Translation Reaction
The in-house cell-free reactions were composed of 45% crude lysate and 40% reaction buffer. The remaining 15% included DNA input solution chlorophenol red-β-D-galactopyranoside (Sigma, 59,767 at final concentration of 0.6 mg/ml), and in the case of the RNA sensing reactions, trigger RNA from in vitro transcription. A typical reaction is composed of 50 mM HEPES pH 8, 1.5 mM ATP and GTP, 1.4 mM CTP and UTP as triphosphate ribonucleotides, 0.2 mg/ml tRNA (Roche, 01109541001), 0.26 mM Coenzyme A, 0.33 mM NAD, 0.756 mM cAMP, 0.0068 mM folinic acid, 0.112 mg/ml spermidine, 2% PEG-8000, 3.4 mM of each of the 20 amino acids (glutamate is also added in excess in potassium and magnesium salts), and 12 mg/ml maltodextrin and 0.6 mg/ml sodium hexametaphosphate (Sigma, 305,553) or 30 mM 3-PGA as an energy source. Cell-free reactions were mounted on ice in a final volume of 10 µL in 1.5 ml Eppendorf tubes and vortexed for 30 s before sampling 5 µL that were loaded in V-bottom 96 well plates (Corning, CLS3957) or rounded 384 well-plates (Corning, CLS3540). All the reactions were incubated at 29°C in a Synergy HTX plate reader (BioTek).
Input DNA Preparation
All plasmids used in this work correspond to single transcriptional units (Level 1 plasmids) that were prepared using Golden Gate assembly from Level 0 parts (T7 Promoter, T7 terminator, Toehold Sensors, Triggers, etc.) (Pollak et al., 2019). The level 0 parts were previously prepared by Gibson assembly (Gibson et al., 2009) from PCR linear DNA amplified from gblocks (IDT). All plasmids were commercially sequenced before use. Plasmid DNA input was produced by midi prepping an overnight culture of 200 ml LB with the appropriate strain (Promega, A2492) and cleaned again using PCR cleanup (Promega, A6754). Plasmid DNA inputs were used in a set of concentrations ranging from 0.5 to 10 nM. Input linear DNA was produced by PCR and cleaned with PCR cleanup kit (Promega, A6754), quantified and diluted to desired concentrations using ultra-pure water. A list of all the primers and plasmids used in this work is shown in Supplementary Tables S1, 2, respectively.
Trigger RNA Preparation
PCR products containing the trigger T7 transcriptional unit were cleaned by PCR cleanup kit (Promega, A6754) and 250 ng were processed by in vitro transcription using the HiScribe T7 kit (Promega, E2040S) and incubated at 37°C overnight. The products were then treated with DNAseI for 1 hour at 37°C and the enzyme was inactivated by heat at 70°C for 10 min. Next, standard RNA clean up steps were performed according to the RNeasy MinElute kit (Qiagen, 74,204) before quantification.
Isothermal NASBA Amplification
We used the NASBA lyophilized kit from Life Sciences following the manufacturer’s instructions. Negative controls and RNA dilutions in the range 27 mM to 0.2 fM were prepared in ultra-pure water just before use. The lyophilized reaction buffer containing nucleotide mix (Life Sciences, LRB-10) was reconstituted with DRB-10 diluent (Life Sciences, DRB-10), heated at 41°C for 5 min and kept at room temperature. The initial mixture, consisting of 10 µL of the reconstituted reaction buffer, 1 µL RNAsin (Promega, N2111), 380 mM of each DNA primer, 2 µL ultra-pure water and a 1 µL RNA amplicon dilution, were assembled at 4°C and incubated at 65°C for 2 min, followed by a 10 min annealing at 41°C. During annealing, the lyophilized enzyme mix, consistent of AMV RT, RNaseH, T7 RNAP, and high molecular weight sugar mix (Life Sciences, LEM-10), was reconstituted with cold D-PDG (Life Sciences, D-PDG-10) and placed on ice. Immediately after annealing, 5 µL of the dissolved enzyme mix was added to the reaction, to a final volume of 20 µL, and the mixture was incubated at 41°C for 2 h with thermocycler lid at 98°C. A 10 min incubation at 70°C was performed for enzyme inactivation. The amplified product was subsequently cleaned up with the RNeasy MinElute kit (Qiagen, 74,204).
Lyophilization and Storage of Cell-free Reactions
Lyophilization was performed by assembling 9 µL of cell extracts and 8 µL of reaction buffer in a PCR tube. In a separate tube, 3 µL of the corresponding plasmid were mixed with 1 µL of substrate (9 mg/ml), when LacZ reporter was used. Tubes containing the assembled reactions were closed with adhesive aluminum film and punctured with a 16-gauge needle to create a hole. The tubes were placed in a FreeZone 2.5 L Triad Benchtop Freeze Dryer (Labconco), previously pre-chilled at −75°C (shelf temperature), for overnight freeze-drying of two segments. The first segment was at −75°C (shelf temperature) with a temperature collector of −80°C for 12 h and 0.04 mbar of pressure. The second segment was performed at −20°C for 4 h with the same pressure. Samples were stored at room temperature in open plastic bags over 30 g of silica inside a closed Tupperware. Rehydration of cell-free reactions was done with 20 µL of a plasmid solution in ultra-pure water. pT7:sfGFP was used at 6 nM or 8 nM final concentration whereas ZIKV Toehold 27 was used at 10 nM final concentration. Trigger 27 RNA was added at a final concentration of 300 nM.
Design of Novel Toehold Sensors
With the aim of designing novel toehold sensors, we implemented an algorithm developed by Green et al. (Green et al., 2014), as an in silico tool called NupackSensors (http://www.github.com/elanibal/NupackSensors). To identify possible triggers from a target sequence, the algorithm first determines all contiguous 36 nucleotide sub-sequences. Each possible trigger defines one specific toehold sensor. After filtering out the sensors that contained stop codons, potential structural defects of each design were calculated, along with a set of thermodynamic parameters (Supplementary Figure S1; Supplementary Tables S3, 4). The following score function was implemented, and one score value was assigned to each of the possible designs (Ma et al., 2018):
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Here, [image: image]represents the average number of incorrectly paired nucleotides with respect to the ideal toehold sensor structure, defined as “.........................(((((((((((...(((((............)))))...))))))))))).....................” (Pardee et al., 2016) in dot-bracket notation (Supplementary Figure S1). Similarly, the parameter[image: image]represents the average number of incorrectly paired nucleotides with respect to the ideal activated sensor structure.[image: image]represents the deviations from the perfect single-stranded binding site in the toehold domain, which is essential for the initial trigger binding and subsequent strand-displacement reaction. After assigning one score to each toehold sensor design, they are ranked.
For the PVY toehold sensor design, two RNA target sequences were evaluated in NupackSensors, corresponding to the long and short sequences found to be conserved in several PVY strains (Supplementary Tables S5, 6). For each of them, four of the highest scores were picked for experimental evaluation. Linear DNA encoding the PVY toeholds were prepared by PCR using specific primers that add the T7 promoter and each toehold sensor sequence on their 5’ tails along with the UNSXR reverse primer. LacZ full length was used as template (Supplementary Table S1 for primer sequences).
sgRNA Design
Sequences of each operon of the genes that are part of the RecBCD complex and the EndI endonuclease were identified in E.coli K12 strain genome using the web platform RegulonDB (Salgado et al., 2013). sgRNAs were designed according to (Larson et al., 2013), following these steps: all available 5'->3' PAM sites (CCN) within the nucleotide sequence of the gene of interest were marked, identifying contiguous sites as target candidates; the target candidates were analyzed and selected as the 18–22 bp contiguous to the PAM sequence that are within the first ∼156 nt of the CDS (i.e., counting from the ATG); sequences that end in C or T were selected so that the sgRNA begins with A or G (corresponding to nucleotide +1 of the sgRNA transcript) since this increases the transcription of the promoter used (Larson et al., 2013; Qi et al., 2013). The designed sgRNA corresponded to the reverse complementary sequences of the chosen target. These steps were performed in ApE open source software (https://jorgensen.biology.utah.edu/wayned/ape/). We designed three sgRNAs that targeted the cistron of recB and recD, recC and endA genes, respectively.
Stability of PCR-Derived Linear DNA in Cell-free Reactions
Linear DNA fragments of 1.5 kb and 500 bp were prepared via PCR for its use as linear DNA input and standards, respectively. Those were purified by wizard gel and PCR clean-up kit (Promega), achieving a final concentration of 200 ng/μL 600 ng of the 1.5 kb linear DNA were added to 20 μL cell-free reactions and incubated at 29°C for 0, 30, 60 or 120 min and quickly submerged in liquid nitrogen to stop the reaction. Frozen samples were put on ice; and immediately, a volume of binding buffer from PCR clean-up kit (Promega, A9282) was added followed by 2 µL (300 ng) of the 500 bp linear DNA that served as an internal standard for the purification. The samples were then purified following standard supplier’s protocol and eluted with 30 µL of ultra-pure water. Next, 0.3 volumes of loading buffer were added to the purified samples and 10 µL were run on a 1% agarose gel electrophoresis containing 1X SYBR-Safe for DNA visualization. 1.5 kb and 500 bp DNA fragments were placed in two independent lines along with another line for 1 kb Ladder (NEB, N232). Once bands were clearly identifiable, the gel was photographed on a blue LED light transilluminator with a blue-light filter. The intensity of the 1.5 kb bands in each sample was integrated using ImageJ and normalized with the intensity of the 500 bp band of the same lane.
RESULTS
Implementation of an In-House Cell-free Gene Expression System
We first sought to implement a low-cost and simple protocol for cell-free gene expression. To do this, we combined the use of S12 crude extracts–a simple post lysate processing which does not require ultracentrifugation nor dialysis (Kim et al., 2008)—with a highly concentrated amino acid mixture (Caschera and Noireaux, 2015b) and a cost-effective energy source. This energy source is based on maltodextrin and polyphosphates, which do not require cold-chain transportation (Caschera and Noireaux, 2015a). We characterized our system by measuring the dynamics or endpoints of the pT7:sfGFP constitutive expression (Figure 1A). Initially, we prepared four different batches and tested optimum magnesium concentration in the reaction buffer for the cell-free expression of sfGFP. Optimal values ranged between 8.5 and 10 nM for all extracts (Supplementary Figure S2). With the goal of reducing the cost of lysate preparation, we compared maltodextrin and polyphosphates (HMP) to the conventional and more expensive 3-phosphoglyceric acid (3-PGA) energy source. In a side-by-side comparison with 3-PGA, maltodextrin produced a similar initial rate in sfGFP fluorescence (Supplementary Figure S3). Moreover, the endpoint measurements were significantly higher for the cost-effective maltodextrin-based energy source in each batch tested (Figure 1B). Next, we measured the dynamics of constitutive pT7:sfGFP (Figure 1A) expression in these extracts compared to two RNAP T7-based commercial kits. In comparison to these commercial cell-free systems, our in-house cell lysates generated higher endpoint fluorescent values, although variability was observed between different batches of cell-free extracts (Figure 1C).
[image: Figure 1]FIGURE 1 | Optimized in-house cell-free reactions compared to commercial alternatives. (A) Left: Schematic representation of testing the performance of home-made or commercial cell-free systems using the sfGFP constitutive reporter. Right: Example of the endpoint sfGFP reaction and negative control (without input DNA) in a home-made cell-free system supplemented with maltodextrin energy source. Tubes were photographed under white light or blue light plus an amber filter that allows visualizing the sfGFP fluorescence. (B) Endpoint sfGFP fluorescence (plasmid DNA at 9 nM final concentration) was measured in four different cell extracts (Batch A, B, C, D) supplemented with either maltodextrin and polyphosphates (light blue) or 3-PGA (green) as energy source. Grey dots represent the arithmetic mean of three measurements performed on each batch, and error bars represent standard deviations of the means of the four batches tested (N = 4). t-test for paired measurements was performed and statistically significance was found between the two groups (p-value = 0.03, shown by *). Assumptions of the paired t-test were verified using the Shapiro-Wilk test for normality of the differences between energy sources for a given batch (p-value = 0.97), and Levene test for homoscedasticity of the 3-PGA and maltodextrin data sets (p-value = 0.25). (C) sfGFP production dynamics from plasmid DNA (9 nM final concentration) in reactions performed at 29°C using NEB PURExpress and Promega S30 T7 High Yield commercial kits along with four optimized in-house cell-free reactions (Batch A, B, C, D) using maltodextrin and polyphosphates as the energy source. Error bars represent the standard deviations of three independent replicates, dots are centered at the arithmetic mean for each time point.
A cost-breakdown analysis of lab-scale extract production of this optimized cell-free lysate system was performed, comparing reagent prices available to the collaborating institutions in Chile and the United Kingdom (Supplementary Tables S7–13). The cost per reaction (5 µL) in Chile was $0.069 USD for the maltodextrin-based preparation in comparison to $7.80 USD for the locally purchased commercial PURExpress, representing a reduction of two orders of magnitude. In comparison, the home-made preparations were about two times less expensive in the United Kingdom than in Chile (Supplementary Figure S4; Supplementary Table S7). Maltodextrin-based reactions were approximately 20% cheaper than the 3-PGA alternative.
Implementation of CFTS in Low-Cost Cell-free Reactions
To investigate whether RNA toehold sensors would be functional in the in-house prepared cell extracts, we used Zika virus (ZIKV) toehold sensors already shown to work well in PURExpress (Pardee et al., 2016). We selected ZIKV toehold sensors 8 and 27 and their respective triggers due to their high dynamic range and orthogonality (Pardee et al., 2016). These toehold sensors, controlling full-length LacZ expression, were incubated with the corresponding RNA trigger (400 nM) independently (Figure 2A). For each sensor, we chose the highest DNA concentration that ensures low-background in PURExpress and used this concentration for comparison with in-house cell-free reactions. Sensor 8 (at 0.8 nM plasmid DNA) behaved similarly in both reaction conditions, achieving a near-maximal response about 120 min after induction while maintaining a low signal in the absence of the trigger (Figure 2B). Sensor 27 (2 nM input DNA), also displayed comparable performance and sequence-specific activation in both systems used (Figures 2B,C). We also compared the performance of the full-length LacZ with LacZ-alpha reporters supplemented with the previously expressed LacZ-omega peptide in commercial and in-house cell-free extracts (Supplementary Figure S5). Full-length LacZ reporters exhibited higher ON/OFF endpoint absorbance values in both systems tested (Supplementary Figure S6, right). This can be explained by the slightly higher OFF state observed on both toehold sensors when using LacZ-alpha as a reporter (Supplementary Figure S6).
[image: Figure 2]FIGURE 2 | Performance of ZIKV toehold sensors in low-cost cell-free lysate reactions. (A) Schematic representation of toehold-mediated RNA sensing. (B) Dynamics of the RNA sensing reactions performed with ZIKV toehold sensor 8 (0.7 nM plasmid DNA) and 27 (2 nM plasmid DNA), regulating the expression of the full-length LacZ in home-made cell extracts and PURExpress cell-free reactions. Error bars represent the standard deviations of three independent experiments, dots are centered at the arithmetic mean for each time point. (C) Example of the endpoint visualization of the experiments after 4 hours of incubation at 29°C. (D) Endpoint measurement of RNA sensing reactions performed with ZIKV sensor 27 and trigger 27 in a range of concentrations with and without NASBA isothermal amplification. Gray dots represent data from six independent measurements performed from two independent NASBA amplifications performed on different days. Black error bars correspond to standard deviations of these six measurements.
Next, we studied the effect of plasmid DNA input concentration on the leaky expression and saturation of sensing reactions. We tested three ZIKV toehold sensors controlling full-length LacZ expression (ZIKV Sensors 8, 27, and 32) (Pardee et al., 2016) in concentrations ranging from 0.5 to 10 nM. In all sensors, OFF state signal increased as a function of the input DNA concentration (Supplementary Figure S7). These results indicate that input DNA concentration can affect the dynamic range of RNA toehold sensors and that optimal concentrations may be different for each sensor.
To increase the sensitivity of CFTS in home-made cell-free preparations, we performed NASBA amplification of the target RNA before adding it to the reactions containing the sensors (Pardee et al., 2016). While unamplified RNA was detected at concentrations no lower than 3 nM, the NASBA amplification of target RNAs upstream in the workflow permitted the detection of RNA at concentrations as low as three fM (Figure 2D), representing a sensitivity increment of six orders of magnitude.
Lyophilization and Shelf-Stability of In-House Cell-free Reactions
Deployment of RNA sensors in point-of-care settings is facilitated by the lyophilization of cell-free reactions, enabling room temperature transportation and use upon rehydration (Pardee et al., 2016). In order to test whether home-made CFTS can also be freeze-dried and stored at room-temperature, we lyophilized reactions supplemented with pT7:sfGFP plasmid. These reactions were sealed immediately after lyophilization and kept at room temperature for up to 90 days in a closed tupperware containing desiccant and, upon rehydration, compared to a fresh sample for reference. We observed more than 60% recovery of the endpoint sfGFP expression 1 week after lyophilization, which decreased to 17% after 90 days at room temperature (Supplementary Figure S8). The ZIKV Sensor 27 was also tested in home-made cell extracts after one and 7 days of lyophilization. Besides the evident decrease in dynamic range, especially after 7 days, these reactions retained the ability to detect its target trigger, while maintaining target specificity (Supplementary Figure S9). Taken together, these results indicate that the home-made cell-free system is compatible with lyophilization both for constitutive protein expression and for toehold RNA sensing reactions. The efficiency loss during storage at room temperature indicates that the preservation conditions should be addressed for further optimization and the use of cryoprotectants (Karig et al., 2017).
Increasing PCR-Product Stability in Home-Made Cell-free Reactions
The use of linear DNA for CFTS offers several advantages compared to plasmid DNA that has to be generated by cloning and then amplified using bacterial cultures prior to use (Yang et al., 1980; Bassett and Rawson, 1983; Hoffmann et al., 2001; Michel-Reydellet et al., 2005; Seki et al., 2008; Shrestha et al., 2012; Sun et al., 2014; Marshall et al., 2017). Linear DNA can be produced by PCR amplification from a lacZ gene template, enabling the design of toehold structures as primer tails for rapid screening of CFTS libraries. The use of linear dsDNA in cell-free, however, is affected by nuclease-mediated DNA degradation in crude cell extracts. This effect is primarily due to the action of exonuclease V (Yang et al., 1980; Bassett and Rawson, 1983) (encoded in the RecBCD operon) (Dillingham and Kowalczykowski, 2008) and endonuclease I (encoded by endA), which are the dominant sources of endonuclease activity in E. coli (I. R. Lehman et al., 1962). Previous studies have shown an increase in the efficiency of cell-free protein synthesis from PCR products using several approaches, such as supplementing with exonuclease V inhibitors (Sitaraman et al., 2004; Sun et al., 2014), using modified nucleotides downstream the PCR reaction (Hoffmann et al., 2001), incorporating competitive DNA strands containing χ-sites (Marshall et al., 2017), adding dsDNA binding proteins (Zhu et al., 2020), depleting exonuclease V in the crude extracts (Seki et al., 2008), deleting RecBCD with the lambda phage red recombinase (Michel-Reydellet et al., 2005), and generating strains lacking endA (Michel-Reydellet et al., 2005; Hong et al., 2015).
To increase the stability of PCR-derived linear DNA, we explored a CRISPRi-based strategy (Larson et al., 2013) to control the genes encoding exonuclease V and endonuclease I in cells before harvesting. We designed sgRNAs targeting the 5’ ends of these genes and an IPTG-inducible dCas9 (Supplementary Figure S10A–C) and transformed E coli strain BL21 DE3 STAR (hereafter named CRISPRi+). As a control, an off-target sgRNA that does not have a known target in the E.coli genome (Nuñez et al., 2017) was transformed into E coli strain BL21 DE3 STAR and tested in parallel (hereafter named CRISPRi-). A growth comparison was performed between the CRISPRi+, CRISPRi- and the basal genotype strain BL21 DE3 STAR, finding a slightly lower growth rate for the CRISPRi+ (Supplementary Figure S10D).
This CRISPRi strategy is cost-effective as it does not require the supplementation with extra components, or in vitro modifications of the PCR product. To test this approach, our crude extracts of each genotype (BL21 DE3 STAR/CRISPRi+, BL21 DE3 STAR/CRISPRi- and BL21 DE3 STAR) were prepared and the stability of a 1.5 Kb linear DNA was quantified over a 2-h time course using agarose gel electrophoresis (Supplementary Figure S11A). The following exponential degradation model was fitted to the data:
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where [image: image] is the initial concentration of DNA, [image: image] is the remaining concentration of DNA at a given time [image: image], and [image: image] the degradation rate of the DNA. Modelling was undertaken assuming the lower plateau equal to zero, and the ordinary least squares approach was used for parameter estimation. Model screening indicated no statistical evidence of the parameters [image: image] being different across the data sets evaluated (F-test for extra sum of squares, p = 0.9285), finding the best fit value at [image: image] = 0.9797 (Supplementary Figure S11B). Statistical analysis of the [image: image] parameters showed significant differences between cell extract genotypes (F-test for extra sum of squares, p < 0.001). Degradation rate decreased significantly between the CRISPRi-optimized extracts ([image: image]) to the two controls ([image: image] for the CRISPRi-negative control, and [image: image] for the BL21-derived crude extract). Also, the CRISPRi optimized extracts significantly increased protein production capacity from PCR products, leading to a two-fold increase in the sfGFP endpoint signal (Supplementary Figure S12A).
Plasmid-derived endpoint expression was also measured in the three genotypes. No statistical differences were found between these values (Supplementary Figure S12B). The linear/plasmid ratio of end-point sfGFP fluorescence was also calculated for each batch, revealing statistical differences between CRISPRi+ and each of the other two genotypes (Supplementary Figure S12C). Taken together, these results indicate that CRISPRi + strain enhances stability of linear DNA, and increases expression yields of sfGFP from PCR-derived linear templates.
We observed a small increase in variability in the PCR-derived linear DNA expression of sfGFP with respect to the expression from plasmid DNA. This was observed across the three genotypes, with coefficients of variability of 0.89 and 1.29 for the expression of sfGFP in CRISPRi+ from plasmid and linear DNA, respectively (Supplementary Table S14).
Fast Prototyping de-novo Designed Sensors
We prepared CRISPRi-optimized extracts using the BL21-Gold-dLac strain and tested the RNA sensing capability of ZIKV toehold sensors expressed directly from PCR linear products. Using these CRISPRi extracts, both ZIKV sensors, 8 and 27, were able to detect RNA in a sequence-specific manner and behaved similarly to the plasmid derived sensors (Supplementary Figure S13). Subsequently, we used these CRISPRi-optimized crude extracts to prototype novel RNA sensors for Potato Virus Y (PVY), a virus affecting local agriculture in Chile. First, we selected a conserved sequence from a wide range of PVY strains (Supplementary Figure S14), which was subsequently generated as a synthetic fragment, transcribed in vitro and used for screening potential toehold sensors (Figure 3; Supplementary Table S5, 6).
[image: Figure 3]FIGURE 3 | Fast prototyping de-novo designed sensors in low-cost optimized cell-free systems. (A) Scheme representation of fast prototyping de-novo designed RNA toeholds sensors against synthetic fragments of PVY virus. (B) PCR-purified transcriptional units (at 10 nM final concentration) encoding for PVY RNA toehold sensors were incubated with synthetic RNA direct or RNA reverse complementary (RC) (at 300 nM final concentration) and absorbance at 570 nm was measured in plate reader. Endpoint ON/OFF absorbance was calculated at 200 min with respect to an untriggered control. Heatmap values correspond to the average of six experimental replicates from two PCR amplifications performed on different days. (C) PVY Sensor 1 and ZIKV Sensor 27 encoded in plasmids (at 3.5 nM final concentration) were incubated with ZIKV Trigger 27 RNA or with PVY Trigger RNA (at 480 nM final concentration). Plotted values correspond to arithmetic mean and standard deviation of two independent experiments.
The majority of published toehold sensors have been designed with NUPACK, a software tool for modeling the thermodynamics properties of DNA and RNA molecules (Green et al., 2014; Pardee et al., 2016; Ma et al., 2018). In this work, we have implemented an algorithm that leverages NUPACK and can be generally applied to the analysis and design of novel toehold sensors according to ideal designs (Supplementary Figure S1). Using NupackSensors (see Methods), we analyzed the consensus sequence identified previously and selected eight different toehold RNA sensors for experimental screening. Transcriptional units encoding for each PVY sensor were prepared by PCR amplification and incubated with synthetic RNA direct or reverse complementary (RC) to test their ability to detect RNA in a sequence-specific manner (Figure 3A; Supplementary Figure S15). A control without RNA was used as a baseline in the ON/OFF endpoint calculations. Among the eight sensors tested, two PVY sensors had ON/OFF endpoint measurements greater than two and background level lower than 1.2 (Figure 3B).
In order to validate the fast characterization of PVY toehold sensors using PCR-derived linear DNA, the best scored sensors (PVY Sensor one and PVY Sensor 7) were cloned in plasmids and compared side by side to the plasmid version of ZIKV Sensor 27 in a gradient of input DNA concentrations ranging from 1 to 4 nM (Supplementary Figure S16). Consistent with previous observations (Supplementary Figure S7), input DNA concentrations affect the performance of the toehold sensors. Some sensors (e.g. PVY Sensor 7) showed significant background activation (i.e., being active without a trigger) (Supplementary Figure S16). This background activation is proportional to input DNA concentration. The best performance of PVY Sensor seven was found at a lower concentration (1–2 nM) than for PVY Sensor 1, whose optimal concentration was between 2 and 4 nM (Supplementary Figure S16). Once a good working concentration was identified, PVY Sensor one and ZIKV Sensor 27 were incubated in home-made cell-free reactions (at 3.5 nM final concentration) and supplemented with ZIKV Trigger 27 or PVY RNA (at 480 nM final concentration). PVY Sensor one displayed sequence-specific activation comparable with ZIKV Sensor 27 (Figure 3C). These results showed that the fast-prototyping pipeline presented here, followed by an optimization of input DNA concentration, is a suitable strategy for identifying novel RNA toehold sensors of good performance.
DISCUSSION
The increasing frequency of infectious disease outbreaks and the long-standing impact of viral pathogens on agriculture and livestock highlight the need for more efficient, cost-effective and ubiquitous surveillance of viruses. Cell-free toehold sensors have emerged as a promising technology to address this challenge (Pardee et al., 2014; Pardee et al., 2016; Ma et al., 2018). However, in Latin America the high cost and shipping constraints of the commercial in vitro transcription and translation systems has limited the local production and distributed development of new sensors. These constraints could lead to centralized production models and fragile technological dependencies prone to failure, as evidenced recently by the disrupted supply chain of diagnostic reagents for SARS-CoV-2 testing (The COVID-19 testing debacle, 2020; Nkengasong, 2020). These shortages highlight the relevance of biotechnological tools that can be shared, produced and deployed locally at a lower cost and without the restrictions of intellectual property (Kellner et al., 2020; Mascuch et al., 2020; Thomas G.W. et al., 2020; JOGL (Just One Gigant Lab)-Open COVID19 Initiative, 2020; Reclone, 2020). In-house prepared cell-free toehold sensors, implemented in cell lysates or home-made PURE systems (Shimizu et al., 2001; Villarreal et al., 2018; Lavickova and Maerkl, 2019), could contribute to the decentralization of this technology and its adaptation to local needs.
Here, we demonstrate the implementation and rapid prototyping of novel sensors using low-cost, locally produced cell-free lysates. As our cost analysis showed, we estimate that this approach could enable the manufacture of bespoke diagnostic tests to meet local needs (for instance in Chile the cost was $0.069 USD/test, considering a 5 µL reaction). While the RNA amplification step still requires commercial inputs, such reactions can also be made in-house (Compton, 1991; Aufdembrink et al., 2020). Future work will focus on the in-house preparation of NASBA from locally purified, and IP-free RNAseH, T7 RNAP, pyrophosphatase, and reverse transcriptase enzymes (Aufdembrink et al., 2020; Reclone, 2020; Matute et al., 2021).
Future lines of research will also address the cost efficiency of crude extract preparation. 45–60% of the maltodextrin-based reaction cost relates to growing, inducing, and processing cells, where IPTG (used for induction) and the micro-chromatography columns (used for separation of the cell extract from the glass beads) add up to more than one third of the cost per reaction (Supplementary Figure S4). Therefore, sonication (Shrestha et al., 2012), or other column-free methods for disrupting the cells should be evaluated, along with the use of alternatives to the relatively expensive IPTG such as use of the autolysis strain (Didovyk et al., 2017) or the autoinduction media formulation (Levine et al., 2019).
A key aspect of cell-free biology is the possibility of freeze-drying genetic systems into pellets or paper-based reactions that can be transported at room temperature and deployed in the field. Here, we have tested the performance of toehold sensors in lyophilized cell extracts stored at room temperature for up to 7 days. The decay of the activity after lyophilization highlights the need for further optimization of the storage conditions. Modifications of the storage atmosphere conditions either by replacing air with an inert gas, such as nitrogen or argon, in addition to the use of vacuum sealing, oxygen absorbers, and desiccants (Jung et al., 2020), remains to be explored.
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Arnold et al. (2005)
Chizzolini et al. (2017)
Continuous model Moore et al. (2018)
{8 Stochastic model Doerr etal. (2019) NMEE

Karzbrun et al. (2011)
Stégbauer et al. (2012)
Mavell/Carrara et al. (2015/18)
Marshall & Noireaux (2019)
Genetic circuit models*

<10 reactions.
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M >100 reactions.

ux balance analysis (FBA)
5 Bayesian parameter inference .
[CMetabolic control analysis Hybrid model
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Lazzerini-Ospri et al. (2012)
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Matsuura et al. (2017)
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Horvath et al. (2020) MMM

*Genetic circuit models can vary in model size, depending on circuit complexity. References can be found in section 2.3
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References.

Karzbrun et al. (2011)
Stogbaver et al. (2012)

Maveli et al. (2015) and Carrara
etal. 201§)

Marshall and Noireaux (2019)

Chizzolini et al. (2017)

Moore et al. (2018)

Doerr et al. (2019)
Lazzerini-Ospri et al. (2012) and
Calvielo et al. (2013)

Matsuura et al. (2017)

Nief et al. (2017) (based on

Armold et al., 2005)

Dai et al. (2018); Vikhovoy et al
(2018), and Horvath et al. (2020)

Features

Minimal model of the CFPS system
Refined minimal model of the CFPS system

Simplfied GFPS model for screening of different CFPS
compositions

Simulation of different transcription (promoter) and
translation initation (ribosome binding ste) configurations
Study on different fluorescence protein targets, fegulatory
elements, and critcal evaluation of model prediction

Model description and kinetic parameter estimation for
CFPS of non-model bacteria

Identification of translation initiation as bottleneck of CFPS,
analysis of different commercial kits

In lipo protein synthesis, stochastic distribution of
components in liposomes

Quasi-stationary state analysis of complex model networks
First detailed description of coupled transcription and
translation model (Armold). Comparison of n vitro and

in vivo conditions, metabolic control analysis

Coupling of CFPS o flux balance network of the central
‘carbon metabolism, implementation of allosteric regulation

No. of
parame-
ters

10

16

14

12

26

13

24-280

483
>70

No. of No.of  krx [nts™']
species  equations
7 4 050
220
9 6 167
5 5 10.00
10 10 -
14 18 8.13-11.47
10 10 -
106-270 - 19.00
241 968 -
174+00.  >500 -
of
codons
146 264 =

kr [aas™']

4.00
0.03
0.09

250

0.09-0.11

4.00

1.12

Each reference is listed with its unique features alongside the number of parameters, species, and equations incorporated in the model. If available, the transcriptional
and translational rate constants krx and kn_ as readouts of the model are given. Models that share the same background are lumped together (note that genetic circuit

models are not considered here).
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Substrate Kinase 1 Kinase 2 Kinase 3 Relative amount [%]*

DmdNK AK GMPK UMP-CMPK AMPK NDPK Nucleoside NMP NDP NTP

Ado (5) X X X 0 49 27 24
dAdo (6) X X X 100 0 0 0
X X X 93 4 3
X X X 86 8 6
araAdo (7) X X X 100 0 0 0
X X 100 0 0

X X X 80 5 14
2F-Ado (8) X X X 96 4 0 0
X % X 76 24 0 0
% X X 7 23 0 0
X X X 71 22 3 5

*Experimental conditions: 1 mM substrate, 3.6 mM phosphate donor, 70 mM Tris HCI pH 7.6, 5 mM MgCl,, 0.016-0.02 mg/mL of each enzyme, 37°C, 19 h.
The enzyme combinations resulting in the largest NTP formation are depicted in bold. Applied enzymes: DmdNK = Drosophila melanogaster deoxynucleoside kinase,
AK = adenosine kinase, UMP-CMPK = UMP-CMP kinase, GMPK = guanylate kinase, AMPK = adenylate kinase, NDPK = nucleoside diphosphate kinase.
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Compound

FM:

RFM

S30-C Puffer
Amino acid mix
MilliQ water

RM:

RFM

Pyruvat kinase
t-RNA (E. coli)
T7RNAP
Ribolock

DNA template

E. coli S30 extract
MilliQ water

Stock

1x
4 mM

10 mg/ml
40 mg/ml
1.4 mg/ml
40 U/ul
0.2-0.5 mg/ml

1x

Final concentration

0.35x
0.5 mM

0.04 mg/ml
0.5 mg/ml
0.05 mg/ml
0.3 U/pl
0.015-0.03 mg/ml
0.35x%

Volume

6,642 pl
5,600 pl
2,000 pl
1,758 pl
Total: 16 ml

415 pl
4l
125 pl
35,7 ul
7.5 pl
60 wl
350 !
115.3 pl
Total: 1 ml
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Sample? Diameter (nm)

Control (A-D) 113
Sample A 113
Sample B 113
Sample C 113
Sample D 113
Control (E and F) 180
AgpZ-sGFP-Dialysis 210
AgpZ-sGFP-Biobeads 210
NtPIP2;1-Dialysis 195
NtPIP2;1-Biobeads 185

kb

4.87 £ 0.31

9.71 £0.562
9.45 4+ 0.38

10.41 £0.48
25.44 £1.07
5.38 4+ 0.16

15.49 £ 0.96
15.08 £ 0.62
54.23 £0.99
39.49 £0.59

Pf (wm/s)b

2565+1:6
850.7 2.7
494 4+20
544 +25
133.1 £ 5.6
44.88 +1.33
150.60 £+ 9.33
146.61 £ 6.03
489.58 + 8.94
356.51 £ 5.33

Significant differences®

O O U T ®» O T T T o

References

Kai et al., 2010
Kai et al., 2010
Kai et al., 2010
Kai et al., 2010
Kai et al., 2010
Yue et al., 2019
Yue et al., 2019
Yue et al., 2019
Yue et al., 2019
Yue et al., 2019

aControl (A-D): empty liposomes shown in Figures 3A-D; Sample A-D: different mAQP4 M23 proteo-liposome samples shown in Figures 3A-D; Control (E and F):
empty liposomes samples shown in Figures 3E,F. PBoth the rate constant and calculated Ps value of a corresponding sample were given as mean =+ SD. °Significant
differences among different samples (indicated by different letters) were analyzed by one-way ANOVA followed by Tukey’s honest significant difference test (n = 6-10,

P < 0.05).
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Compound Stock Final Volume? [il]
concentration

RCWMDE 16.67 mM 1mM 1,020

Amino acid mix 4 mM 0.5 mM 2,337.50

Acetyl 1M 20 mM 340

phosphate

Phospho(enol) Y 20 mM 340

pyruvic acid

75 x NTP mix 90 mM ATP 1.2mM 226.7
60 mM G/C/UTP 0.8 mM

1,4 500 mM 2 mM 68

dithiothreitol

Folinic acid 10 mg/ml 0.1 mg/ml 170

Complete® 50x% 1x 340

protease

inhibitor

Hepes/EDTA 24x 1x 623.3

buffer

Mg(OAC)2 1M 11.1 16, mMP 274

KOAc 4M 110, 270, mMmP 382.5

PEG 8000 40% 2% 850

NaNg 10% 0.05% 85

Total: 7,057

aVolumes are calculated for 1 mi RM and 16 mi FM = 17 mi RFM. ®Concentration
is subject to optimization and might need to be adjusted for each individual target.
Volumes are calculated for final total concentrations of Mg?* of 16 mM, and Kt of
270 mM as additional amounts of 4.9 mM Mg?* and 160 mM K* are contributed
by other compounds.
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A Hoc T4 capsids (nM) Mal-Hoc (nM)

0 1.80
0.0450 1.80
0 0.90
0.0225 0.90
o 0.45
0.0113 0.45

Initial rate ("M/s)*

(4.40 £ 1.12) x 102
(1.73£0.16) x 10*
(4.66 % 0.50) x 107
(1.120 £ 0.16) x 10°
(6.54%0.77) x 107
(8:66 4 1.09) x 107

*Error bars represent standard deviation (STDEV) derived from technical triplicates.
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Cell-free reaction format

Material

Application

References

Recombinant enzymes

Cell extract biotransformation

Cell-free protein synthesis

Polyhydroxyalkanoates (PHAs)

Lactic acid

Bio-cellulose

Chitin

Poly-3-hydroxybutyrate [P(3HB)]
Gold nanoparticles (AuNPs)
Silver nanoparticles (AgNPs)
Bacteriophages

Chitin

Clay microgels

DNA hydrogels/Protein-producing gels (P-gel)
Elastin-like polypeptides (ELPs)
Extracellular vesicles (EVs)
Freeze-dried pellets

Liposomes and nanodiscs

icrofluidic devices (various)

icroparticles/nanoparticles
Paper

PEG hydrogels
Poly-3-hydroxybutyrate (P(3HB))
Protein biologics

Silk fibroin

Biopolymer production

Platform material for polymer production
Bio-cellulose production

Chitin synthesis

Optimizing PHAs biopolymer production
Medical and industrial

Nanobiotechnology, therapeutic development
De novo synthesis and phage engineering
Chitinase expression

Protein production

Protein production

Biopolymer with non-canonical amino acids
Therapeutics/EV biogenesis research

In vitro diagnostics or therapeutic production
Membrane protein production, drug discovery or protocell production

Antibody development and protein microarrays

On-demand functional biomaterials/therapeutics
In vitro diagnostics

Education
Polyhydroxyalkanoates (PHAs) biosynthetic operon prototyping
Cancer therapeutics, protein therapeutics

Silk fibroin production

Thomson et al., 2009; Han et al., 2011; Tomizawa
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Kopp et al., 2019
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Kelwick et al., 2018

Chauhan et al., 2011; Krishnan et al., 2016
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Garamella et al., 2016; Rustad et al., 2018
Endoh et al., 2006

Jiao et al., 2018

Park et al., 2009a; Ruiz et al., 2012

Martin et al., 2018

Shurtleff et al., 2016; Garcia-Manrique et al., 2018
Pardee et al., 2016b; Salehi et al., 2016, 2017

Garamella et al., 2016; Rues et al., 2016; Shinoda
et al., 2016; Contreras-Llano and Tan, 2018;
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Kilb et al., 2014; Georgi et al., 2016;
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Huang et al., 2018
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AHocT4 capsids (nM) ¥Ratio (A-Hoc:M-Hoc:GK-Hoc) Vimax (NM/s) Kum (nM)

0 6.31£0.12 (3.00 £0.71) x 10°
1.00 7850 £ 4.9 (2.50 4 0.20) x 10°
0 1:4r 9.40 £ 2.04 (1.61 £ 0.59) x 10°
1.00 12411 170.00 £ 32.50 (2.31£0.28) x 10°

#The total concentration is 60 nm.

Keat (1/5)

032 £0.01
3.93+0.25
0.24 +0.05
426 £0.81

*The number of NAD+ converted to NADH per second by the three-enzyme cascade. Error bars are STDEV derived from biological replicates.

Keat/Km (1/M 5)

(1.07 £0.14) x 103
(1.57 4 1.25) x 10°
(1.63 £0.91) x 10°
(1.83£0.17) x 10°
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Enzymes #Ratio (Aml:Mal:GK) Vimax (nM/s) Km (nM)

Keat (1/5) at/Km (1/M 5)
Hoc-enzyme fusions 1:4:1 650+ 156 (5,88 +3.31) x 10° 0.10+0.03 (1.77 £0.79) x 10°
Enzyme alone 1:1:1 433121 (377 £159) x 10° 087024 (2.30 +1.52) x 10°

#The total concentration is 60 M.
*The number of NAD* converted to NADH per second by the three-enzyme cascade. Error bars are STDEV derived from technical triplicates.





