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Abstract

One of the goals of synthetic biology is the development of an artificial cell. Building an

artificial cell from scratch will provide a deeper understanding of fundamental mechanisms

and models in biology and promises to contribute towards building novel platforms that can be

leveraged to drive bioengineering innovation. There is ongoing debate on what a synthetic cell

looks like in detail; here we define an artificial cell as a system that is able to self-replicate and

evolve. Self-replication entails the capability of renewing all of the components of the cellular

machinery and replicating its genetic blueprint. If errors in the copying of the genetic blueprint

can occur and are propagated, the system is in principle able to undergo Darwinian evolution

[1]. One scheme for realizing such an artificial cell is based on transcription-translation (TX-

TL). In turn, the most widely-used practical implementation of the TX-TL machinery is the

well-defined PURE cell-free system [2], in which case the genetic blueprint is stored in the

form of DNA.

Cell-free systems do not only offer a possible foundation for a future synthetic cell, but

also provide a powerful platform for innovation in the area of bioengineering. This thesis

first reviews and compares existing cell-free platforms, while highlighting opportunities for

applications to address a multitude of scientific questions.

Chapter 3 introduces a protocol for setting up a OnePot PURE system that is cost-effective

and can be prepared within one week. The OnePot PURE system thereby addresses a key

shortcoming of the conventional PURE system: its high cost currently impedes its widespread

adoption. Our approach streamlines the process of protein purification of all 36 non-ribosomal

proteins to one purification step, thereby saving time and costs.

Chapter 4 details the development of a microfluidic chemostat, augmented with semi-permeable

membranes, which addresses a second limitation of the PURE system: its capacity for protein

synthesis is at least 25x too low to regenerate all of its components [3]. Implementing dialysis

on our chemostat resulted in significantly extended protein synthesis, leading to a 6-fold

increase in protein levels at steady-state.

Chapter 5 describes C2CAplus, a one-pot isothermal Circle-to-Circle DNA amplification

(C2CA) system. Rolling circle amplification (RCA) is a DNA amplification method that has

found widespread usage in biosensing applications and is considered the most promising

approach towards developing a DNA replication system for a synthetic cell. However, standard

v



RCA generates linear, multimeric product from circular input DNA, which is not ideal for the

construction of an artificial cell. C2CAplus implements a recircularization method employing

restriction digest and ligation. The method is highly sensitive and efficient, and the amplified

DNA product can be seen with the naked eye, suggesting that C2CAplus also holds promise

for use as a biosensor.

Across these chapters, this thesis explores fundamental research into the development of

an artificial cell, contributing towards the greater goals of a self-regenerating PURE cell-free

system and establishing a robust DNA replication system that can be integrated into a future

synthetic cell. Furthermore, it explores opportunities for concrete and timely applications of

the systems, which were initially devised for the development of an artificial cell.

Key words: cell-free synthetic biology, self-replication, microfluidics, DNA replication, syn-

thetic cell



Zusammenfassung

Eines der Ziele der synthetischen Biologie ist die Entwicklung einer künstlichen Zelle. Der

Bau einer künstlichen Zelle von Grund auf wird ein tieferes Verständnis grundlegender Me-

chanismen und Modelle in der Biologie ermöglichen und verspricht, zum Aufbau neuartiger

Plattformen beizutragen, die Innovationen im Bereich des Bioengineerings vorantreiben kön-

nen. Es gibt eine anhaltende Debatte darüber, wie eine künstliche Zelle im Detail aussieht;

hier definieren wir eine künstliche Zelle als ein System, das die Fähigkeit besitzt, sich selbst zu

replizieren und sich zu entwickeln. Selbstreplikation umfasst die Fähigkeit, alle Komponenten

der zellulären Maschinerie zu erneuern und ihren genetischen Bauplan zu replizieren. Wenn

beim Kopieren des genetischen Bauplans Fehler auftreten können und weitergegeben werden,

kann das System prinzipiell Darwinistischer Evolution unterliegen [1].

Ein Schema zur Realisierung einer solchen künstlichen Zelle basiert auf Transkription und

Translation (TX-TL). Die am weitesten verbreitete praktische Implementierung der TX-TL-

Maschinerie ist wiederum das wohldefinierte zellfreie PURE-System [2], bei dem der geneti-

sche Bauplan in Form von DNA gespeichert wird.

Zellfreie Systeme bieten nicht nur eine mögliche Grundlage für eine zukünftige künstliche

Zelle, sondern stellen auch eine leistungsstarke Plattform für Innovationen im Bereich des

Bioengineerings dar. Diese Arbeit befasst sich zunächst mit der Zusammenfassung und dem

Vergleich existierender zellfreier Systeme und hebt dabei die Möglichkeiten der Anwendung

zur Beantwortung einer Vielzahl wissenschaftlicher Fragen hervor.

Kapitel 3 stellt ein Protokoll zur Erstellung eines kostengünstigen OnePot-PURE-Systems vor,

das innerhalb einer Woche hergestellt werden kann. Das OnePot-PURE-System adressiert da-

mit ein wesentliches Defizit des herkömmlichen PURE-Systems: seine hohen Kosten hindern

derzeit eine breite Anwendung. Unser Ansatz rationalisiert den Prozess der Proteinaufrei-

nigung aller 36 nicht-ribosomalen Proteine auf einen Reinigungsschritt, wodurch Zeit und

Kosten gespart werden.

Kapitel 4 beschreibt die Entwicklung eines mit semi-permeablen Membranen ausgestatteten

mikrofluidischen Chemostats, der eine zweite Einschränkung des PURE-Systems behebt:

Die Kapazität des PURE Systems bezüglich der Proteinsynthese ist mindestens 25-fach zu

gering, um all seine Komponenten zu regenerieren [3]. Die Implementierung der Dialyse

in unserem Chemostat führte zu einer deutlich verlängerten Proteinsynthese, was zu einer

vii



6-fachen Erhöhung des Proteinlevels im stationären Zustand führte.

Stichwörter: Zell-freie synthetische Biologie, Selbstreplikation, Mikrofluidik, DNA Replikation,

Synthetische Zelle



Résumé

Un des objectifs de la biologie synthétique est le développement d’une cellule artificielle.

Construire une cellule artificielle en partant de zéro permettra une compréhension plus

approfondie des mécanismes et modèles fondamentaux en biologie et promet de contribuer à

la construction de nouvelles plateformes pouvant être exploitées pour encourager l’innovation

en bio-ingénierie. Il existe un débat continu sur ce qui constitue d’une cellule synthétique;

ici, nous définissons une cellule artificielle comme un système capable de s’auto-répliquer

et d’évoluer. L’autoréplication implique la capacité de renouveler tous les composants de la

machinerie cellulaire et de répliquer son code génétique. Si des erreurs dans la copie du code

génétique peuvent se produire et se propager, le système est en principe capable de suivre

une évolution darwinienne [1].

La technologe pour réaliser une telle cellule artificielle est basé sur la transcription et traduc-

tion (TX-TL). Dans ce contexte, la mise en œuvre pratique la plus largement utilisée de la

machinerie TX-TL est le système acellulaire PURE bien défini [2], dans lequel le plan génétique

est stocké sous forme d’ADN.

Les systèmes acellulaires n’offrent pas seulement une base possible pour une future cellule

synthétique, mais fournissent également une plateforme puissante pour l’innovation dans

le domaine de la bio-ingénierie. Cette thèse examine et compare d’abord les plateformes

acellulaires existantes, tout en soulignant les opportunités d’applications pour répondre à une

multitude de questions scientifiques.

Le chapitre 3 introduit un protocole pour mettre en place un système PURE OnePot qui est

rentable et peut être préparé en une semaine. Le système PURE OnePot remédie ainsi à une

lacune importante du système PURE conventionnel : son coût élevé entrave actuellement son

adoption généralisée. Notre approche rationalise le processus de purification de toutes les 36

protéines non ribosomiques en une seule étape de purification, économisant ainsi du temps

et de l’argent.

Le chapitre 4 détaille le développement d’un chémostat microfluidique, augmenté avec des

membranes semi-perméables, qui répond à une deuxième limitation du système PURE : sa

capacité de synthèse de protéines est au moins 25 fois trop faible pour régénérer tous ses

composants [3]. La mise en œuvre de la dialyse sur notre chémostat a entraîné une synthèse

protéique significativement prolongée, conduisant à une augmentation d’un facteur 6 des
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niveaux de protéines à l’état d’équilibre.

Mots clefs : biologie synthétique acellulaire, autoréplication, microfluidique, réplcation d’ADN,

cellule synthétique
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1 Introduction

1.1 Towards a synthetic cell

Can we build a living system, like a cell, from biological building blocks? And: why would we

want to do this?

Richard Feynman argued: "What I cannot create, I do not understand" [4]. The ability to

construct a synthetic cell from inanimate components represents a profound challenge and

extraordinary opportunity. Trying to build an artificial cell from scratch will create a deeper

understanding of basic principles in biology and biological system. Furthermore, it promises

to provide novel platforms for a variety of applications to address a multitude of scientific

problems including biomedical and bioengineering questions [5, 6].

Currently, cells with a genetic background that has evolved for the purpose of survival and

fitness in the respective environment are being utilized in biomedical and bioengineering

applications. Their application is thus constrained by the inherent biochemical characteristics

that have evolved for purposes divergent from the specific objectives we may aim to achieve

[1]. This in turn frequently requires reconfiguring metabolic and biochemical pathways

[1], circumventing innate cellular mechanisms that we might only partially understand. A

synthetic cell, a cell-like entity, or even a lower-order building block of the latter, however, will

provide us with a well-understood and defined chassis that can be tailored to specific needs,

opening the door to a multitude of opportunities. It needs to be emphasized that not only a

finished, ready-to-use synthetic cell will be of great benefit, but also the path of building a

synthetic cell will lead to the development of platforms and systems that will be invaluable for

bioengineering and biomedical applications.

It is broadly agreed on that building a synthetic cell is one of the greatest challenges in the

area of synthetic biology. It is, however, less agreed on that the completion of this task is

feasible and within reach [1, 7]. To achieve this visionary goal, it will be necessary to combine

engineering approaches with biological and biochemical knowledge and expertise, and some

creativity, to assemble inanimate biomolecular building blocks into more complex units and
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entities, eventually creating a system that will be able to perform basic tasks of life.

The exact definition of a synthetic cell is still being debated, and there is very little consensus

on what it would look like or when it could be considered a true synthetic cell [7]. Here, we

define a synthetic cell as an entity capable of performing basic functions of life. As such it

would be compartmentalized (whereas the compartment does not necessarily need to be

a lipid bilayer, as known from current living organisms) that will be able to self-replicate,

adapt to changing environments, and undergo Darwinian evolution [1]. This definition of

a minimial approach for a synthetic cell aligns with the concept of the universal automaton

proposed by Von Neumann. According to this concept, a self-replicating system possesses a

blueprint of its own structure, and the machinery to make a copy of itself and the blueprint,

based on the latter. This is under the assumption of unlimited supply of parts [8]. The

concept of the universal automaton can be translated to biological systems with the genome

being the blueprint and the transcription-translation machinery being the copy machine.

The transcription-translation machinery is in principle able to copy itself and the genetic

blueprint, using the latter as a template. If errors occur and are propagated, the system can

undergo adaptation and ultimately evolution [1].

Two approaches are imaginable to achieve such a form of minimal life: A synthetic cell based

on transcription-translation (TX-TL) via DNA as a blueprint molecule, and proteins and

ribosomes as copy machine, or an RNA-based approach, where RNA could be used as both,

storage molecule and copy machine. Substantial advancements have been achieved in both

directions [9]. The RNA-based approach appeals due to its simplicity. RNA can act both as a

storage molecule and perform catalytic tasks. The complex central dogma of biology involving

the blueprint to be first transcribed and then translated is not needed in RNA based systems.

An RNA based system could thus operate on fewer components compared to systems based

on transcription and translation. It is due to this simplicity that a common theory for the

origin of life claims that early life was based on RNA rather than DNA and proteins [9, 10].

However, given that current living systems operate under the central dogma, we believe

that a transcription-translation-based synthetic cell holds the greatest potential. Such a

transcription-translation based cell would require a DNA replication system and a transcription-

translation machinery capable of reproducing all cellular components including itself and the

DNA replication machinery. Utilizing well-defined components will most likely facilitate this

task. Additionally, a minimal synthetic cell will most likely also require a simple metabolism to

fuel reactions, and a division mechanism would be necessary for cellular reproduction [1, 11].

Implementing all these features in a synthetic cell remains a monumental challenge. If we

base a synthetic cell on the PURE TX-TL system, it will have to be capable of regenerating

all of its own components plus a DNA replication machinery. While regenerating the DNA

replication machinery involves only a few components (see section 1.2.2), it is crucial to

emphasize that the most demanding aspect in terms of of self-regeneration is the synthesis of

the PURE system itself, as this task requires substantial protein production capacities. While
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establishing the sub-systems presents a daunting challenge in itself, the orchestration and

coordination of all those sub-systems have presented, and will likely continue to present,

obstacles and challenges.

1.2 Self-regeneration

1.2.1 Self-regeneration of the transcription-translation machinery

The fully recombinant and, to a significant extent, minimal PURE cell-free transcription-

translation (TX-TL) system lies at the heart of our transcription-translation based synthetic

cell. Comprising 36 proteins for TX-TL, along with ribosomes, amino acids, tRNAs, and small

molecule components that fuel the TX-TL reactions [2], this system is well-defined and thus

meets the above mentioned prerequisite as a basis for a self-regenerating synthetic cell. The

PURE system has been available for over two decades and has proven to be an indispensable

tool for various applications. Chapter 2 provides a comprehensive review of cell-free systems,

including the PURE system, offering insights into the scientific challenges that have been or

can be addressed using PURE, extending beyond the grand challenge of building an artificial

cell.

Regenerating the PURE system will require regenerating 36 non-ribosomal proteins [3, 12–14],

ribosomes [15, 16], and tRNAs [17, 18]. While regenerating functional tRNAs and ribosomes

present a formidable challenge, here we focus on the self-regeneration of the non-ribosomal

protein components of the PURE system. It still needs to be demonstrated if the PURE system

is sufficient and capable of generating a copy of itself.

Niwa and co-workers demonstrated the successful synthesis of 70 % of all E. coli proteins in

PURE [19], suggesting that the synthesis of the E. coli-based PURE proteins might indeed be

possible. Awai and coworkers reported the synthesis of 19 out of 20 aaRS (aminoacyl-tRNA

synthetases) in PURE and confirmed their functionality [20]. A proof-of-concept for the re-

generation of PURE components has been demonstrated in our laboratory. Lavickova et al.

regenerated up to seven PURE components using a microfluidic chemostat [3]. However, the

authors identified limited protein synthesis capacity as a key obstacle hindering the complete

regeneration of the PURE system. At its current composition, the protein synthesis capacity of

PURE is estimated to be at least 25 times too low to effectively synthesize all 36 non-ribosomal

proteins, let alone other essential components like tRNAs, ribosomes, DNA replication factors,

and other factors that might be necessary for functional synthesis of the PURE proteins [3, 21].

Libicher and coworkers co-expressed 30 translation factors from multiple plasmids. They fur-

thermore showed that the expressed amounts were too low to regenerate the original amounts

of the components in the PURE system, pinpointing a constraint of the PURE system [22]. In a

follow-up study the authors demonstrated the functionality of several components including

T7 RNAP using a serial transfer experiment [13]. Wei and Endy tested, if all 36 non-ribosomal

proteins can be functionally expressed in PURE. Their study verified the functional expression
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of 19 components, and revealed that 2-3 in vitro expressed release factors were non-functional,

possibly due to a lack of methylation. Interestingly, their study showed no significant decrease

in PURE expression efficiency when omitting 13 further PURE components separately, indicat-

ing a certain redundancy and robustness in the system [21]. Doerr and coworkers successfully

expressed all translation factors and 20 aaRS in PURE from a single plasmid encoding a total of

32 PURE proteins in 30 cistrons. They furthermore showed that functionality of the expressed

proteins was greatly impaired by a significant fraction of proteins missing their c-terminal

end, revealing a significant bottleneck and challenge for achieving full self-regeneration of the

PURE system [12]. Recent work by Hagino and coworkers showed the functional expression

of aaRS from a replicated DNA template, successfully linking one round of central dogma.

While using PURE in its standard composition led to the successful regeneration of only 5

aaRS, utilizing dialysis enabled them to successfully regenerate 20 aaRS [14].

Current bottlenecks in protein yield of the PURE system include the depletion of energy

sources and small molecules including amino acids that are necessary to fuel reactions, as

well as the accumulation of inhibitory products [23, 24], impaired processivity of ribosomes

[12], or incomplete translation due to ribosome stalling [25].

Significant efforts have been dedicated to enhancing the overall protein synthesis rate of the

PURE system, or tailoring its composition to optimize its performance for specific applications

by altering its composition or introducing additional components. These efforts are discussed

in section 2.4.1. However, while adding components to enhance yield can be beneficial for

specific applications, it is not a viable approach to achieve self-regeneration. Replicating

these components would further strain the limited synthesis capacity of the PURE system. To

improve self-regenerating of the PURE system it may be more constructive to optimize the

overall stochiometric composition of the PURE system and optimize the relative expression

levels of each component by minimizing the overall protein concentration while keeping

expression levels in an acceptable range. This will lower the overall protein synthesis burden

on the system. Another strategy for achieving a higher protein production capacity involves

improving the availability of small molecules within the energy solution that fuels the reactions,

and removing the inhibitory byproducts, directly addressing the previously identified resource

constraints [3, 23, 24, 26].

Living cells address resource availability by active and passive transport of small molecules

and metabolites across their membranes. Fresh reagents are taken up from the environment,

while metabolic waste products are excreted. Dialysis using semi-permeable membranes

lends itself to mimic this exchange of molecules. Large molecules including proteins and

ribosomes for instance, will be retained in the reaction compartment, while small molecules

and metabolites will be able to freely diffuse across the membrane, constantly fueling the

reactions inside the compartments with fresh reagents, at the same time diluting metabolites

that might act inhibitory. Dialysis systems have successfully been implemented for PURE

reactions and have demonstrated an increase in protein yield [27, 28]. Exchanging metabolites

via dialysis membranes offers a significant advantage over protein transport systems by not
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requiring energy or imposing a higher protein synthesis burden to the system, rendering them

an attractive strategy for developing a self-regenerating synthetic cell. In the above mentioned

work by Lavickova and coworkers [3], it was shown that the expression levels at steady-state

using a standard chemostat were at least 25-fold too low to regenerate all PURE components.

Protein levels at steady-state are highly dependent on dilution rates. Longer intervals between

dilution steps at the same expression rate will lead to a higher protein level at steady-state.

However, using our current chemostat, increasing the time interval between dilution steps

does not increase overall protein levels, due to a decrease in the protein synthesis rate over

time. This decrease in synthesis rate results from the exhaustion of small molecules that fuel

the reaction. Implementing dialysis in a chemostat promises to enhance the supply of small

molecules, keeping reaction rates steady for a longer time interval. This will enable us to

prolong dilution cycles and ultimately lead to higher protein levels at steady-state.

1.2.2 DNA replication

The second crucial task a future artificial cell needs to perform is to replicate its own building

plan, which, for a transcription-translation based cell, would be encoded in form of DNA. This

blueprint serves as the instruction for the cell to create a replica of itself. To generate viable

offspring it is of utmost importance that every daughter cell inherits a full set of this building

plan. Therefore, a robust DNA replication system is essential.

A DNA replication system for a synthetic cell needs to operate isothermally at ambient temper-

atures, eliminating the possibility of using PCR. Ideally, the DNA replication system should be

designed as simple as possible, minimizing the additional load on the TX-TL system. Finally,

it is crucial that the system is compatible with tRNA, ribosome, and protein expression in the

PURE system. The latter has proven to be challenging and requires substantial alterations of

the standard PURE composition [22, 29, 30].

It is intriguing that conditions optimal for protein expression are not ideal for DNA replication,

and conditions suited for DNA replication seem to have a detrimental effect on PURE protein

expression [22, 29–31]. Recent work by Seo and coworkers investigates the influence of

various components required for transcription, translation, and DNA replication and identifies

adverse effects for a multitude of them. For instance, while dNTPs are required for DNA

replication, they are detrimental for translation, and tRNAs are crucial for translation, but

inhibit transcription and DNA replication. Some components including spermidine improve

all three processes, and others like DTT have no effect on either process [32].

This incompatibility highlights a fundamental challenge in building an artificial cell. However,

a closer examination of natural systems reveals that it is not uncommon for DNA replication to

occur in a different environment than protein expression. Eukaryotic cells, for instance, have

developed a sophisticated system that spatially separates DNA replication within the nucleus

and temporally through different phases of the cell cycle. Similarly, prokaryotes employ

liquid-liquid phase separation to spatially confine and organize membraneless organelles [33].
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To implement DNA replication in a PURE environment, two scenarios are possible: either

protein expression and DNA replication are spatio-temporally separated, or the PURE system

is modified to be compatible with both DNA replication and protein expression. However,

such modifications may result in a system that is not ideally suited for either task, despite

attempts to enhance the compatibility of the systems by tuning NTP and buffer compositions

and concentrations, as well as magnesium concentrations [31, 32].

Most advances towards implementing a DNA replication system for a future synthetic cell

are based on the viral phi29 DNA polymerase [14, 22, 29, 30, 34–37]. Advancements towards

establishing DNA replication in PURE are reviewed in section 2.5.3. However, it is important

to note that since the publication of the review in 2020, further progress has been made in this

area, which I will discuss in this section.

While Van Nies and coworkers replicated linear DNA using phi29 DNA polymerase [34], all

other studies presented so far utilize rolling circle amplification (RCA) [14, 22, 29, 30, 35–37].

Rolling circle amplification (RCA) begins with the specific recognition and binding of primers

(either DNA or mRNA [29]) to a circular template. A DNA polymerase with strand displacement

activity then initiates a rolling circle mechanism to replicate the DNA. The product of RCA

is long multimeric strands of linear DNA, and as such presents a structural difference to

the circular input DNA. DNA can generally be replicated from this linear multimeric DNA

product, and continuous DNA replication using an in vitro expressed phi29 DNA polymerase

was demonstrated for 10 consecutive rounds of increasing dilution ratios ranging from 2-fold

to 100-fold dilutions [36]. However, the inability of DNA polymerases to initiate replication

without a priming mechanism results in continuous shortening of the template DNA on the 5’

end, when replicating further rounds of the now linear RCA product [36]. This phenomenon

is naturally addressed in living organisms through telomeres and enzymes like telomerases,

which prevent the critical loss of genes [38].

Recircularization of the linear RCA product is a strategy to keep structural integrity of the

synthetic cell genome intact and ensure robust replication and propagation of the genome.

Sakatani and coworkers have implemented this strategy via homologous recombination

using Cre-recombinase [30]. During their work, they expressed the phi29 DNA polymerase

from a circular template that was subsequently replicated using the in vitro expressed phi29

DNA polymerase. A recombinant, commercially available Cre recombinase was utilized to

recircularize the product. One major drawback of their system is the inhibitory effect of the

cre recombinase on DNA polymerization, which the authors solved by in vitro evolution of

the DNA to develop a circular input DNA that was more efficiently replicated in presence of

the Cre recombinase. They furthermore evolved the DNA polymerase for higher processivity

[35]. Okauchi and coworkers demonstrated 30 rounds of replication/recombination and

DNA polymerase expression using this system encapsulated in water-in-oil droplets [37].

These evolutionary rounds resulted in a template with increased replication efficiency due

to enhanced polymerase activity, and a decreased inhibitory effect of the Cre recombinase.

Recent work from the same group demonstrated the successful replication of a DNA template
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encoding a tRNA gene and the subsequent transcription of the tRNA from the replicated

template in the PURE system, generating a proof of concept that DNA replication based on

RCA and recombination is compatible with tRNA expression [18]. However, one limitation

of the Cre-recombinase based RCA/recircularization system is the sequence requirement to

avoid Cre recombinase inhibition, which is not ideal in the context of building an artificial cell.

1.2.3 Microfluidics for building a synthetic cell

Microfluidics emerged as a powerful platform for advancements in cell-free synthetic biology,

due to its versatility and low volume requirements, which is especially advantageous due to

the high cost of cell-free systems. These characteristics empower the development of robust

multistep workflows that have the potential to redefine the boundaries of synthetic cell-free

biology [39]. Integration of microfluidics with cell-free systems has been explored in various

ways, and chapter 2.4.2 offers an in-depth overview of the current advancements and enabling

technologies in this area.

In the context of building an artifical cell, prominent choices for microfluidic platforms

include droplet-based and compartmentalizing systems, given their inherent resemblance

to cellular structures. These systems include for instance polymersomes and liposomes,

which compartmentalize an aqueous core of defined size, shape, and composition, and serve

as an individual reaction compartment to host biomolecular reactions [40] such as DNA

replication, RNA transcription, and cell-free protein expression [41]. Approaches towards

compartmentalized cell-free reactions using droplet microfluidics are reviewed in section

2.4.3.

Droplet microfluidic platforms currently face a challenge when used as a platform for a

synthetic cell. Most systems are based on water-in-oil systems, and the water-oil interface

creates an impermeable barrier between the inside and the outside of the microreactor.

This makes it difficult to exchange reagents between the core of the microreactor and the

environment. Therefore, the reactor core provides a compartment for a batch reaction that will

continue until all resources are exhausted. However, a living system requires reactions to occur

at steady-state with an active protein turnover, as this is crucial to implement genetic networks

that ultimately form the basis of a living system. This challenge necessitates solutions like

integrating functional membrane proteins into the droplets [11].

Microfluidic chemostats enable the implementation of steady-state reactions by controlling

the exchange of reactants at predefined dilution rates [42, 43]. This capability allows for the

investigation of increasingly complex biological networks, as discussed in detail in section

2.4.2. Therefore, microfluidic chemostats lend themselves as a chassis for research towards

establishing a self-regenerating synthetic cell. For instance, Lavickova et al. have recently

demonstrated the successful regeneration of up to seven components of the PURE system

using a microfluidic chemostat [3].
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1.3 Overview and objective of this work

This thesis resides at the intersection of fundamental research in developing an artificial cell,

and the practical application of the platforms and systems derived from this research. As

elaborated in section 1.1, the development of an artificial cell holds the potential to enhance

our understanding of the underlying biological processes, and simultaneously promises to

introduce novel platforms that can be applied to address a variety of scientific questions and

challenges.

As discussed in section 1.2.1, the fully recombinant PURE system lends itself to be a suitable

foundation of a synthetic cell, given its minimal and well-defined nature. The PURE system

has proven to not only be a promising chassis for a synthetic cell, but has also shown high

potential for diagnostic and therapeutic applications. Chapter 2 provides a comprehensive

review of cell-free systems, including the PURE system, offering insights into the scientific

challenges that have been or can be addressed using PURE, extending beyond the grand

challenge of building an artificial cell. PURE serves as a prime example of how platforms

developed for synthetic cells are finding real-world applications today, contributing to the

resolution of current challenges, particularly in therapeutic and diagnostic settings.

A major drawback of the PURE system lies in the high cost and limited tunability of commer-

cially available systems. Preparing home-made PURE solutions is laborious, involving the

purification of 36 proteins alongside ribosomes, and the preparation of the energy solution.

To address this limitation, we present a comprehensive protocol on how to prepare the OnePot

PURE system in chapter 3, aiming to enhance accessibility of this powerful tool. Our method

streamlines the preparation process by co-cultivating all 36 non-ribosomal proteins, followed

by a single His-tag protein purification step. Using our OnePot method, an experienced user

can prepare a cost-effective, custom made, versatile PURE system within one week, using

standard laboratory equipment.

As detailed in section 1.2.1, a future synthetic cell will need to be able to self-regenerate its own

transcription-translation machinery. Advances have been made to achieve self-regeneration

of the PURE system. However, it has been reported that the protein synthesis capacity of the

PURE system is by far too low to produce all of its components [3]. One way to improve protein

levels at steady-state in PURE is by implementing a dialysis system. In chapter 4 we intro-

duce a microfluidic chemostat augmented with semi-permeable membranes that is able to

continuously exchange small molecules and metabolites between the reaction compartment

and the environment. Using our dialysis chemostat, we were able to significantly increase

the protein production capacity in batch mode. The continuous exchange of small molecules

via the dialysis membranes enabled a constant protein synthesis rate for a longer time span.

This allowed us to increase dilution intervals from 15 to 60 min, thereby increasing protein

levels at steady-state by 6-fold, bringing the self-regeneration of PURE closer to realization.

We anticipate that the dialysis chemostat will also serve as a promising technological platform

for advancing cell-free applications of increasing complexity, particularly those requiring an
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enhanced protein synthesis capacity.

The second prerequisite of a transcription-translation based artificial cell is the ability to ro-

bustly copy its genome. Current systems for advances towards establishing a DNA replication

system for a synthetic cell incorporate RCA and have the disadvantage that the input DNA

structure is circular, while the replication product is multimeric and linear. Attempts to recir-

cularize this linear product using Cre-recombinase required the evolution of the underlying

DNA to limit inhibitory effects on DNA synthesis by the Cre-recombinase [30]. In chapter 5,

we introduce C2CAplus, a fully isothermal, single-step system for robust DNA replication that

combines RCA with re-circularization. During C2CAplus, the RCA product is monomerized

using a restriction enzyme and recircularized using a ligase. By balancing the ratio of restric-

tion enzyme to ligase, we achieved a one-pot method that robustly and efficiently replicates

DNA. C2CAplus incorporates a restriction enzyme and a ligase at a balanced ratio. Not being

hindered by inhibiting effects of the utilized components, the only sequence requirement for

our system is a unique cutting site for a restriction enzyme. Our C2CAplus system has proven

to be robust across ambient temperatures, highly sensitive, and profoundly efficient. White,

highly viscous product can be seen in the reaction tube by plain eye. Due to its isothermal one-

pot nature and high sensitivity, we anticipate that C2CAplus has a potential as a cost-effective,

sensitive biosensor for applications in remote areas.

Throughout this thesis, I hope to convince the reader that pursuing the development of an

artificial cell is not merely an ambitious undertaking; it is a visionary endeavour that holds

immense promise, not only for the ultimate goal of achieving a well-defined self-sustaining

synthetic cell, but also for the multitude of opportunities for groundbreaking discoveries and

applications that will emerge along the way.
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2
Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic

Biology

2.1 Abstract

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.

2.2 Introduction

Synthetic biology promises to transform diverse domains including biomanufacturing, health-

care, food production, sustainable energy, and environmental remediation, by applying en-

gineering principles to the design and construction of biological systems [45]. Specifically,

this was stipulated to involve abstracting away intricate biological complexity into simpler

parts and modules whose behaviour can be quantified [46–48]. The process of ‘building’ thus

involves assembling these subsystems together to obtain a required function, while quantita-

tively characterised 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 [49]. While the idea

of abstracting the behaviour 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 [50].

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 [51]. In order to effectively explore the parameter space, these screens

may be guided by techniques such as directed evolution [52]. A more rational approach is to

discover designs which are robust to specific uncertainties, as exemplified by control theoretic

approaches [53–55]. In this approach, it is not necessarily required to fully characterise the
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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 [56–61]. 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 [62], which may eventually guide fully predictive design in the future.

The rapidly growing field of cell-free synthetic biology [63] brought forth numerous exam-

ples 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 fundamen-

tal 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.

2.3 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 tran-

scription and translation in vitro. While this approach has been in existence since Buchner’s

1897 observation of cell-free fermentation in yeast extract [64], it was only during the molecu-

lar 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 [65], RNA [66], and finally DNA, via coupled in vitro transcription
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and translation [67–69], thereby experimentally validating the central dogma of molecular

biology. The first full protein synthesised in vitro was the coliphage F2 coat protein [70].

The open nature of cell-free systems meant that factors which affected protein synthesis could

be isolated and characterised, 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 [71], and the identification, isolation, and characterisa-

tion of the catabolite activator protein (CAP) [72]. Cell-free systems were subsequently used to

identify and elucidate genetic operons in E. coli [73].

Another set of cell-free experiments of fundamental importance was the study of translation

from synthetic polyribonucleotides by Nirenberg and coworkers. They observed that cell-free

extracts loaded with synthetic poly-uracil led to the production of only one type of polypeptide,

poly-phenylalanine [74]. Thus, they hypothesised 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 [75].

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 [76], splicing [77], Golgi

trafficking [78], and chemiosmosis [79]). 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 energise synthesis and recycle

waste products [80]. In the early 2000s, extract engineering merged with the nascent field

of synthetic biology, giving rise to the field of cell-free synthetic biology [81], where instead

of reconstituting existing biological processes, novel ones were constructed in the cell-free

environment. This synthetic approach continues to characterise the field today.

2.4 Technologies

2.4.1 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 [82–84]. 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 [85, 86], V. natriegens [86, 87], and P. putida [86,

88], among others [86]. Hybrid systems composed from multiple sources have also recently

emerged [86, 89, 90]. 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.
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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

[91]. 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

[92]. 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 [93]. Proteomics has been applied to elucidate the dependence of lysate

composition and performance on batch variability, preparation methods [94, 95], as well

as strain variability [96, 97]. The quest for a deeper understanding is also supported by the

use of additional methods such as metabolomics [98], and other techniques as polysome

profiling [99], HPLC [100] and gel electrophoresis [101] (Fig. 2.1B). 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 behaviours. This

approach has been particularly powerful in the context of cell-free metabolic engineering, and

has been reviewed extensively by [102, 103]. Here we present an overview of different types of

lysate preparation steps (Fig. 2.1A), 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 [104, 105].

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 [92,

106–108], 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 [107, 109],

for biosensing applications [108], or for circuit prototyping [110].

Different media such as 2×YT [111], 2×YTP [95, 106] or 2×YTPG [107], 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 [112]. 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 [95, 107].

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

[107], high-pressure homogenization [109], bead-beating [106], or enzymatic auto-lysis [108].

Production yield between systems were shown to be comparable [106, 107]. 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 [113] and glycosylation [101]. Subse-

quent lysate clarification usually involves centrifugation at 30000×g for S30 lysates or 12000×g
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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 [111]; 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 [107, 114]. Omitting these has mini-

mal influence on final yield in T7 RNAP based systems [107, 111] and might even be beneficial

for retention of co-factors, amino acids, and tRNAs [115, 116]. However, the omission of both

run-off reaction and dialysis has a profound effect when native transcriptional machinery is

used [93, 107].

Another important difference between systems is related to the energy regeneration ap-

proaches used (Fig. 2.1B). The first systems based on substrates containing high-energy

phosphate bonds (phosphoenolpyruvate, acetyl phosphate, creatine phosphate) were ex-

pensive and inefficient because of their fast degradation by nonspecific phosphatases, and

formation of inhibitory inorganic phosphate molecules. Over the last twenty 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 [117], 3-PGA [106]—or the entire E. coli glycolysis pathway—glucose [24],

maltose [117], maltodextrin [118, 119], and starch [120]). These approaches have decreased

the price per mg of synthesised 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

[121, 122], efficiency of energy sources and small molecule replenishment [121, 123], changes

in binding kinetics due to magnesium ion concentration changes [124], and pH variability

[24] 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 [125, 126]. Enzymes such as gamS [127]

or short DNA decoy sequences [128] 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.

16



Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic
Biology 2

Mass-Spectrometry

A

$$$

3-PGA

amino
acidsNTPs tRNA

K+ Mg2+

NADCoAfolinic acid
spermidine

cAMP
HEPES DTT

glutamate

PEG

$$

Maltodextrin

amino
acidsNTPs tRNA

K+ Mg2+

NADCoAfolinic acid
spermidine

cAMP
HEPES DTT

glutamate

PEG

HMP

$

Glutamate

NMPs
K+ Mg2+

 potassium oxalate
KH2PO4GSSG

B Energy regeneration systems

C Extract analysis

Extract preparation
LYSATE EXPRESSION SYSTEMS

Cell-free extract

37 ºC

A19 JS006
BL21

(DE3)
BL21

-dLac

S12

12000xg 30000xg

S30

2xYT
2xYTP

2xYTPG

18ºC

30ºC

37ºC

Sonication

Homogenizer Bead-beater
Freeze-thaw

Run-off

Dialysis

Clarification

Lysis

Growth

Strain

Media Volume Temperature

PAGE GEL

Transcription analysis 

Time

eG
FP

 [µ
M

]

delay/maturation

ra
te

life-time yield

Polysome 
profiling Western blot

HPLC
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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 towards

the development of de-novo constructed synthetic cells.

Almost half a century ago, Weissbach’s group developed the first such systems from recombi-

nant E. coli proteins [129], 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. [2] developed a very similar system called PURE

(protein synthesis using recombinant elements) but with markedly higher protein synthesis

yield (Fig. 2.2A, B). Currently, there are three commercially available versions of this system:

PUREfrex 2.0 (GeneFrontier), PURExpress (NEB) [130], 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 [131].

Cost-effective and modular PURE systems with user-defined compositions can be prepared in

the laboratory [132, 133], but the labour-intensive protocol requires ∼36 medium to large scale

His-tag and ribosome purification steps (Fig. 2.2A). Thus, different approaches to simplify

the protocol have been developed, including His-tagging of in vivo enzyme pathways [134],

microbial consortia [135], and bacterial artificial chromosomes [136]. 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 [137] (Fig. 2.2A).

Much work has been carried out to improve existing recombinant systems, particularly focus-

ing 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,

18



Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic
Biology 2

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 behaviour.

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 [25, 27, 131, 138] (Fig. 2.2C). Important work to improve

our understanding of the system was done by Matsuura et al., who performed titrations of all

protein components [139]. These studies showed that although the system is composed of a

relatively small number of components, its behaviour is complex, and its analysis requires

multivariate optimisation. One of the most important parameters in the system is the mag-

nesium 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 [25, 138]. 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 [27, 138, 139]. 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 [29].

To better understand the system behaviour 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 [131, 140, 141], as well as more complex models based on modelling 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

[142, 143]. 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 [25, 131, 144].

As in the case of lysates, a second approach is based on augmenting the system with additional

components such as proteins [145], crowding agents, and liposomes. For example, yields can

be slightly increased by adding proteins such as EF-4 [138], EF-P [25], Pth [27], and HrpA [145].

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 [146]. While the original PURE system
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only contains T7 RNA polymerase, with its limited capability for transcriptional regulation, E.

coliσ-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 [147] (Fig. 2.2D).

Protein folding can be improved by incorporating chaperones such as a trigger factor, DnaK /

DnaJ / GrpE, and chaperonin GroEL / GroES (Fig. 5.3E). Likewise, Niwa et al. showed that the

solubility of 800 aggregation-prone E. coli cytoplasmic proteins can be enhanced if chaperones

are added [148]. Furthermore, an oxidising environment and a disulfide bond isomerase are

essential for the expression of proteins containing disulfide bonds [149] (Fig. 2.2G). The

addition of liposomes [150, 151] together with diblock copolymers [152] is important for

membrane-protein synthesis (Fig. 2.2F). 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) [138], Ficoll [153], polyethylene glycol (PEG) [138, 153],

or osmolites [154] can help mimic the E. coli cytosol [153], but they affect both transcription,

translation [155], and the final synthesised proteins [151] 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 [156].
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four major reactions, aminoacylation, transcription, translation, and energy regeneration
occuring during cell-free protein synthesis in the PURE system are shown along with a list
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formation [149].

2.4.2 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
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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 [158, 159]. 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.

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 [160, 161].

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 [162]. Here linear expression DNA templates are spotted on a

glass slide in pairs. The DNA array is then aligned to a MITOMI microfluidic device [163] 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 [164].

Martin et al. used the method to generate an RNA array for protein-RNA interaction studies

[165]. 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 [166].

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 [167].

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 ([121, 168]). 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 [169]. 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 2.3A). 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
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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 [170]. 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.

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 [171]. Together with a dye labelling scheme, it was possible to create a detailed

map of biocircuit expression versus parameter combination (Figure 2.3A). 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 immobilised DNA as the reaction templates [172]. Functional repression assays

and quantitative affinity measurements [163] were used to characterize a library of synthetic

transcription factors, enabling gene regulatory networks to be built from purely synthetic

parts de novo (Figure 2.3A). 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 [173] (Figure 2.3A).

Setting aside high-throughput techniques, there exist many other innovative technologies

for cell-free gene expression, including methods that have sought to introduce spatial orga-

nization. In particular, a chip was developed to separate transcription and translation into

different compartments [174]. Multi-compartment vesicles were used to predefine regions

in which different proteins would be synthesized in vitro [175]. Furthermore, Jiao et al. fabri-

cated a microfluidic device for the encapsulation of plasmid integrated clay microgels [176].

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 [177]. Lastly, surface-bound DNA

microarrays were aligned with a hydrogel matrix embedding protein synthesis machinery

enabling localized protein synthesis [178]. These studies will be discussed in more detail in

section 2.4.3.

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 2.4.1, 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
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gies 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.

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 [179]. 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 [180, 181]. This

24



Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic
Biology 2

idea was then extended to be compatible with standard micro-well plate systems that could

be used for higher throughput applications [182–185]. 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 hours [186] (Figure 2.3B).

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 [187]. In 2013, Niederholtmeyer

et al. reported a two-layer PDMS device with 8 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 hours, enabling the first in vitro

implementation of genetic oscillator circuits [188, 189] (Figure 2.3B). Using the same device,

Yelleswerapu et al. recently demonstrated the construction of synthetic oscillating networks

using sigma-factor-based regulation of native RNAP in E. coli lysate [190]. 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 [191] (Figure 2.3B). 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 [192].

2.4.3 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, com-

partmentalized 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 2.4.2-2.4.2, microwell plates

with reaction volumes as low as 0.5 µL [207], and microfluidic devices with volumes down to

femtoliters [208], have been used to compartmentalize cell-free reactions.

Below, we will cover different types of compartmentalization including emulsions that al-

low for the rapid generation of multiple small volume compartments; liquid-liquid phase

separation which can recapitulate naturally occuring crowded environments; hydrogels of

natural or synthetic origin that immobilize DNA or proteinaceous factors and similarly pro-

vide a favorable crowded environment; liposomes which can provide a good starting point in
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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.

Emulsion-based compartments

Emulsion-based compartmentalization allows for the rapid production of reaction vessels with

volumes as low as femtoliters [209]. In vitro compartmentalization of TX-TL was first described

in the context of in vitro evolution when Tawfik et al. [210] 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 [211] 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 [212].

One major drawback of emulsions produced by bulk methods is the size polydispersity of the

obtained compartments (Figure 2.4A). This leads to enzymatic activity being convolved with

noise resulting from variation in droplet size, making it difficult to select droplets contain-

ing improved enzymes. Dittrich et al. overcame this limitation using droplet microfluidics

to generate monodispersed water-in-oil (W/O) droplets (Figure 2.4A) 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, Cour-

tois et al. were able to obtain efficient transcription and translation from a single DNA copy

[213], 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 [214] and beta-galactosidase enzymes [215].

The use of fluorogenic substrates in enzymatic assays can be problematic in surfactant stabi-

lized emulsions as transport of fluorophores can occur between droplets both in single [216]

and double emulsions [217]. Woronoff et al. demonstrated an alternative methodology where

a proteinogenic amino acid is released after enzymatic turnover and then incorporated in the

translation of a reporter protein [218]. 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 [219]. Cui et al. 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 [220].

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 [221] or droplet size [222–224] on protein expression. Schwarz-Schilling et al.

used W/O droplets to compartmentalize streptavidin-coated magnetic beads which act as
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a scaffold on which complex RNA-protein nanostructures can be built using TX-TL [225].

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. discussed in section 2.4.2 [171].

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 [226]. Recreating cell-free transcription-translation reactions in

these systems could help elucidate the properties of such condensates.

Torre et al. 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 [193] (Figure

2.4B). 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 2.4B). These coacervates are

characterized by a high degree of macromolecular crowding, exhibiting protein concentrations

of up to 272 g/L [227], similar to the E. coli cytosol. Such crowding can profoundly influence

gene expression. Sokolova et al. used a microfluidic device to osmotically concentrate droplets

containing lysate, and observed the formation of coacervates in lysate containing 2% PEG-

8000 [228]. 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 [153]. To generate monodisperse coacer-

vates in high throughput, Tang et al. [229] produced coacervates using a microfluidic device

[230] 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.
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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. obtained an up to 94-fold increase in

protein production compared to a standard batch reaction [194, 195] (Figure 2.4C). 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 [231] and the microgel format was modified with Ni2+-NTA

to allow the immobilization of the expressed protein on the surface of the microgel [232].

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

[196](Figure 2.4C). 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 [176]. Finally,

clay-DNA microgels have been used as artificial nuclei inside W/O emulsions [176] or inside

permeable polymeric capsules [206].

Thiele et al. prepared hyaluronic acid functionalized with DNA template and produced porous

hydrogel microparticles, which were further encapsulated in droplets containing TX-TL [197]

(Figure 2.4C). 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 et al. prepared agarose functionalized with alkynes and coupled to azide-modified

DNA, and used it to prepare hydrogel-DNA ‘organelles’ [198] (Figure 2.4C). 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. immobilized the complete set of PURExpress His-tagged proteins on a polyacry-

lamide gel functionalized with Ni2+-NTA [199] or an anti-His-tag aptamer [233] (Figure 2.4C).

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
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when the cell mimics are constantly supplied with fresh feeding buffer.

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 [234]. Early studies used a film hydration method, where the

reaction mix rehydrates a dried lipid film to produce liposomes encapsulating TX-TL (Figure

2.4D). This was deployed to translate peptides [235], proteins [236–238], and finally a more

complex genetic cascade [239]. Noireaux and Libchaber [200] 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 2.4D).

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 hours.

An interesting improvement in the lipid film rehydration method was presented by Nourian

et al. where they dried the lipid films on 200 µm glass beads and rehydrated them with

PURExpress [240]. 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 [241] (Figure 2.4D). Ho et al. 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

[201]. However, they observed in a consequent study that the surfactant necessary for double

emulsion led to aggregation of the mammalian cell-free system [202].

By using triblock copolymer surfactants, Deng et al. 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 [242]. A

hierarchical assembly of liposomes inside other liposomes, or vesosomes, through multiple

successive encapsulation and dewetting was also demonstrated [243]. 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 towards 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
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further increase the efficiency and biocompatibility of the encapsulation method [203, 204]

(Figure 2.4D).

Other membrane compartments

Other types of membrane compartments have also been used for cell-free protein expres-

sion, such as polymersomes, protein-based membranes, and polymeric shells (Figure 2.4E).

Although there exist many different strategies and materials to make capsules [244], the condi-

tions necessary for their production often prevent encapsulating cell-free systems. Martino

et al. [245] 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. 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 [205] (Figure 2.4E). 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. also used amphiphilic

peptides to form vesicles and encapsulate a cell-free expression system, and show the produc-

tion and incorporation of amphiphilic peptide in the membrane [246]. 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 [247], silica [248], or

polyethyleneimine [249], researchers could show continuous expression of eGFP (Figure 2.4E).

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 demon-

strated in liquid core-solid shell polymeric capsules was by Niederholtmeyer et al. where they

produced porous polyacrylate capsules containing a DNA-clay hydrogel nucleus [206] (Figure

2.4E). 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.
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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 [250]. 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 [222, 251].

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 [252], in contradiction to previous reports where PG had inhibitory

effect on protein synthesis [253]. In lipid stabilised droplets, the charge of the lipid used could

also influence the synthesis rate, but in this case the relatively more negative PG lipid was

favoured over phosphatidylethanolamine (PE) or PC [224]. Sakamoto et al. [223] 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 [217].

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. [221] 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 [254]. 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 solu-

tions of normal concentration and interestingly gave rise to some compartments displaying

particularly high or long lasting gene expression [255]. 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. [256]. Understanding and harnessing these physical

effects of compartmentalization potentially offers yet another way of controlling cell-free gene
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expression.
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Figure 2.4: 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 [193],
and representation of a complex coacervate. (C) Hydrogels: X-DNA linking template DNA
and forming a DNA hydrogel [194, 195], a DNA-clay hydrogel [196], hyaluronic acid [197]
or agarose [198] functionalized with DNA template, polyacrylamide hydrogel functionalized
with Ni2+-NTA binding PURExpress His-tagged proteins [199]. (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 [200], double-emulsions with ultrathin shells containing lipids
in organic solvent [201, 202], and octanol-assisted assembly [203, 204]. (E) Other compart-
ments: polymersomes with membrane formed by amphiphilic polymers, proteinosomes with
amphiphilic peptides [205], alginate hydrogel coated with various polymers, artificial cells
with polymeric shell and liquid core containing a DNA-clay ‘nucleus’ [206].
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Communication

Cellular communication is fundamental in biology and responsible for many processes rang-

ing 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 2.4.2) were interconnected in series by microfluidic channels, and communication

is achieved by diffusion of molecules, which can be tuned by adjusting channel geometry [257]

(Figure 2.5A). 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. 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 [265]. A key

demonstration was that such reaction-diffusion systems could spontaneously form spatial

patterns in good agreement with theory.

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. used capillaries to align W/O droplets encapsulating cell-free extracts

as well as E. coli cells [258] (Figure 2.5B, top). The bacteria and cell-free systems contained ei-

ther 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 et al. 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 [259] (Figure 2.5B,

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 imida-

zolinone (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 lipo-

somes containing a genetic circuit using a riboswitch responding to theophylline to express

α-hemolysin and release co-encapsulated IPTG (Figure 2.5C). By incubating E. coli with these

liposomes acting as signal translators, the bacteria could effectively respond to theophylline in

the medium [266]. They later demonstrated that two-way communication is possible between

the artificial cells and bacteria by responding to and secreting different AHLs [264] (Figure

2.5C). They even devised a ‘cellular Turing test’ where they compare the expression of quo-

rum 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 esti-

34



Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic
Biology 2

mation does not consider that the artificial cells are not fully genetically encoded. Rampioni et

al.[267] 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 [268]. Other com-

munication modalities have also been explored, such as osmoregulation using a mechanosen-

sitive MscL channel incorporated into liposomes, which opens due to membrane stress in

hypotonic environments [261, 262]. Impressively, Berhanu et al. encapsulated proteolipo-

somes containing ATP synthase and bacteriorhodopsin inside liposomes [263] (Figure 2.5C).

The artificial cells were able to convert photons to a proton gradient inside the proteolipo-

somes 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., 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 [269]. However, the sensing of small molecules is limited

to known transciptional regulators or the theophylline riboswitch. Dwidar et al. 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

[260] (Figure 2.5C). Finally, liposome-based artificial cells expressing Pseudomonas exotoxin A

were injected in vivo inside mice tumors and an increase in caspase activity was shown [270],

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 signalling molecules can cross the lipid bilayer with the help

of the α-hemolysin pore. The polymeric capsules presented by Niederholtmeyer et al. (as

discussed in section 2.4.3) are permeabilized by 200–300 nm pores, allowing for the exchange

of polymerases and even ribosomes [206]. 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 [271] and the design of spatially

distributed compartments [272]. More complex spatial assemblies of compartments capable

of communication [273], combined with computation by cell-free TX-TL genetic circuits

or other in vitro computation methods (such as DNA strand displacement reactions [274],

the Polymerase-Exonuclease-Nickase (PEN) DNA toolbox [275], or transcriptional ‘genelet’

circuits [276]), and integration with orthogonal technologies such as electronics [277] may one

day allow for the bottom-up engineering of programmable tissues with distributed functional

capabilities.
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sentation of the different platforms using cell-free transcription translation reactions for
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the compartments [257]. (B) Emulsion droplets: top, water-in-oil droplets containing small
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2.5 Scientific opportunities

The technical achievements described above have given rise to new research directions involv-

ing 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.

2.5.1 Gene expression regulation

We still lack a complete appreciation for how cells encode, execute, and regulate gene expres-

sion [278], 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

[73]. 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 accord-

ingly, 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 [121]. 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

[279], 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. [172]

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 [167]. 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

37



2
Bottom-Up Construction of Complex Biomolecular Systems With Cell-Free Synthetic

Biology

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 [280–283]. Yeung et al. arranged genes

in convergent, divergent, and tandem orientations, and modelled the relationships (based

on torsional stress) between supercoiling and transcription, to support a picture of how

supercoiling mediates transcriptional coupling between physically connected genes [283].

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 [127], 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 [284].

2.5.2 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 pro-

cesses seen in in vivo implementations [285–287]. 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. 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 [121] (Figure 2.6).

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

2.6B). Loading was largely abolished when the second construct lacked a ribosome binding site
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(Figure 2.6C), suggesting that the resource bottleneck was caused primarily through increased

protein translation. This result was later found to generalize to E. coli. [288]. 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 2.6A). 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 2.6: Identifying resource constraints with cell-free gene expression. Schematic sum-
mary of results obtained by Siegal-Gaskins et al. [121] (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 se-

questration [287–289]. Gyorgy et al. developed a model that used the previous cell-free extract

data obtained by Siegal-Gaskins et al. to account for resource competition between genes

[290]. They were able to successfully predict expression profiles of multiple co-expressed parts,

from data where these parts were characterized individually.

Ceroni et al. developed a ’resource capacity monitor’ assay implemented in E. coli [291], de-

signed 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,
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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 [123], 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. developed a clever oscillator design in cell-free extract that employs re-

source competition as a functional feature [190]. 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 con-

straints 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 re-

source coupling or circuit failure following system overloading, using microfluidic chemostats

(section 2.4.2), 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

[292]. 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.

2.5.3 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
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autocatalytic peptides, ribozyme replication, or RNA replicators have been established in

the past [9], 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 [293]), 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 [294],

and SV40 virus in monkey and human cell extract [295–297]. 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 [298], 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 [299, 300], RSF1010 replication [301], and viral

replication systems including the phi29 [302], T7 [303], T4 [304], or SV40 [305] replication

machineries.

The establishment of the PURE transcription-translation system has paved the way towards

coupling in vitro protein expression with DNA replication, with the ultimate aim of reconsti-

tuting a self-sustaining system. Sakatani and co-workers 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 [29]. The same group further developed their system based on

a concept proposed by Forster and Church [306], introducing recombinantly expressed Cre

recombinase, that re-circularized an evolved form of the DNA template at the lox sites [30].

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 and co-workers 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)

[34]. Those four proteins were shown to be necessary and sufficient for DNA replication of the

phi29 bacteriophage [302, 307].

Fujiwara and coworkers implemented an in vitro DNA replication machinery by mimicking
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Figure 2.7: Coupling DNA replication and cell-free gene expression. Schematic representa-
tion of methods to couple in vitro transcription-translation to DNA replication. (A) Sakatani
and coworkers [29, 30] coupled in vitro expression of phi29 DNAP to rolling circle amplifi-
cation 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 and coworkers [34] 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 and coworkers [156] 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.
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E. coli DNA replication. 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 9 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 [156].

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 2.4.2. 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 [30, 34].

During long term replication, mutations will appear, among which some will enable the mu-

tated 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 2.4.3,

may be a method to address this challenge, as discussed in [9]. Furthermore, implementa-

tion 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 [308].

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.

2.6 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
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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 innova-

tion 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 organisation 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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This work was published in the Journal of Visualized Experiments (JoVE), 2021 [309]. The

corresponding video can be found here: DOI: 10.3791/62625-v

Reference: Grasemann, L.*, Lavickova, B.*, Elizondo-Cantu, M. C., & Maerkl, S. J. (2021).

OnePot PURE cell-free system. JoVE (Journal of Visualized Experiments), (172), e62625.

Contribution: L.G. and B.L. are shared first authors. L.G., B.L., and M.C.E. performed the

experiments. L.G., B.L., and S.J.M. wrote the manuscript. The work is based on and adapted

from the following publication: Lavickova, B., & Maerkl, S. J. (2019). A simple, robust, and

low-cost method to produce the PURE cell-free system. ACS synthetic biology, 8(2), 455-462.

45



3 One Pot PURE system

3.1 Summary

We present a fast and cost-effective method to produce the recombinant PURE cell-free TX-TL

system using standard laboratory equipment.

3.2 Abstract

The defined PURE (protein synthesis using recombinant elements) transcription-translation

system provides an appealing chassis for cell-free synthetic biology. Unfortunately, commer-

cially available systems are costly, and their tunability is limited. In comparison, a home-

made approach can be customized based on user needs. However, the preparation of home-

made systems is time-consuming and arduous due to the need for ribosomes as well as 36

medium scale protein purifications. Streamlining protein purification by coculturing and

co-purification allows for minimizing time and labor requirements. Here, we present an easy,

adjustable, time- and cost-effective method to produce all PURE system components within 1

week, using standard laboratory equipment. Moreover, the performance of the OnePot PURE

is comparable to commercially available systems. The OnePot PURE preparation method

expands the accessibility of the PURE system to more laboratories due to its simplicity and

cost-effectiveness.

3.3 Introduction

Cell-free transcription-translation (TX-TL) systems constitute a promising platform for inves-

tigating and engineering biological systems. They provide simplified and tunable reaction

conditions, as they no longer rely on life-sustaining processes, including growth, homeostasis,

or regulatory mechanisms [44]. Thus, it is anticipated that cell-free systems will contribute

to the investigation of biomolecular systems, offer a framework to test rational biodesign

strategies [310], and provide a chassis for a future synthetic cell [311, 312]. The fully recom-

binant PURE system offers an especially appealing chassis due to its defined and minimal

composition, as well as its adjustability and tuneability [2].

Since the first functional, fully recombinant PURE system was established in 2001 [2], efforts

have been made to expand the system limits and optimize the system’s composition to improve

the system yields [25, 27, 138] allow for transcriptional regulation [147], membrane[150, 152]

and secretory protein synthesis [149], and to facilitate protein folding [148, 151]. Nowadays,

there are three commercially available systems: PUREfrex (GeneFrontier), PURExpress (NEB),

and Magic PURE (Creative Biolabs). However, those systems are costly, their exact composition

is proprietary and thus unknown, and adaptability is limited.

PURE systems prepared in-house proved to be the most cost-effective and tunable option
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[132, 313]. However, the required 37 purification steps for protein and ribosome fractions are

time-consuming and tedious. Several attempts have been made to improve the efficiency

of the PURE system preparation [134–136]. We recently demonstrated that it is possible to

coculture and co-purify all required non-ribosomal proteins present in the PURE system. This

OnePot method has proved to be cost-effective and time-efficient, cutting down preparation

time from several weeks to 3 working days. The approach generates a PURE system with a

protein production capacity comparable to the commercially available PURExpress system

[137]. Contrary to the previous approaches to simplify the PURE preparation [134–136], in the

OnePot approach all proteins are still expressed in separate strains. This enables the user to

tune the composition of the OnePot PURE system by merely omitting or adding specific strains

or adjusting the inoculation volumes, thus generating dropout PURE systems or altering the

final protein ratios, respectively.

The protocol presented here provides a detailed method for creating the OnePot PURE sys-

tem as described previously [137], although β -mercaptoethanol was replaced with tris(2-

carboxyethyl)phosphine (TCEP). Moreover, two methods for ribosome purification are de-

scribed: traditional tag-free ribosome purification using hydrophobic interaction and sucrose

cushion, adapted from Shimizu et al. [132], and Ni-NTA ribosome purification based on Wang

et al. [134] and Ederth et al. [314], but significantly modified. The latter method further

facilitates the preparation of the PURE system and makes it accessible to more laboratories, as

only standard laboratory equipment is required.

The experimental protocol summarizes the preparation of a versatile PURE cell-free TX-TL

system to provide a simple, tunable, cost-effective cell-free platform, which can be prepared

using standard laboratory equipment within a week. Besides introducing the standard PURE

composition, we indicate how and where it can be adjusted, with a primary focus on critical

steps in the protocol to ensure the system’s functionality.
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3.4 Protocol

NOTE: This protocol describes the preparation of cell-free TX-TL system from recombinant

components. For convenience, the work is separated into five parts. The first part describes

preparation steps, which should be done before starting the protocol. The second part de-

scribes the preparation of the OnePot protein solution. The third part describes ribosome

purifications, the fourth part details the preparation of the energy solution, and the last part

provides a manual for setting up a PURE reaction. For convenience, the protocols are divided

into days and summarized in daily schedules in 3.1. Following the schedule, the whole system

can be prepared in 1 week by one person.

1. Preliminary work

1) Prepare the bacterial culture media and media supplements as described in Supple-

mentary Table 3.3. Prepare and sterilize the materials required, including pipette

tips, 96 deep-well plates.

2) Strain preparation

1) Transform the expression strains indicated in Table 3.2 2 with the correspond-

ing expression vectors using the heat shock method.

1) Add purified plasmid to the chemically competent bacteria and incubate

on ice for 20-30 min.

2) Place the mixture at 42 °C for 30 s (heat shock) and then place it back on

ice for 2 min.

3) Pipette 20 µL of the bacteria directly onto agar plates containing ampicillin

(AMP) and incubate at 37 °C overnight. Store the plates at 4 °C for up to 1

week.

4) Inoculate 3 mL of LB media containing AMP with a single colony of bac-

teria from the agar plates. Incubate at 37 °C while shaking at 260 rpm

overnight.

5) Mix 250 µL of the culture with 250 µL of 50% (v/v) glycerol and store at -80

°C.

NOTE: For faster preparation in the future, store the strains in a 96-well

plate as glycerol stocks.

2) Confirm all vector transformations by colony PCR and sequencing. Sequence

the gene, promoter region, and ribosome binding site.

3) Expression test

1) Inoculate 300 µL of LB media containing AMP with around 1 µL of the prepared

glycerol stocks in a 1.3 mL deep-well plate. Seal the plate with a breathable

membrane and then incubate at 37 °C while shaking at 260 rpm overnight.

NOTE: All expressions are done separately at this point.
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2) Inoculate 300 µL of fresh LB media containing AMP with 1 µL of the overnight

cultures. Incubate at 37 °C while shaking at 260 rpm overnight. After 2 h,

induce the cells with 100 µM of Isopropyl β-D-1-thiogalactopyranoside (IPTG)

and grow for an additional 3 h.

3) Mix 10 µL of the culture with 10 µL of 2x Laemmli buffer and heat to 95 °C

for 10 min. Spin the samples for 1 min using a table centrifuge and load 10

µL of the supernatant on a PAGE gel. Run the gel in Tris/Glycine/SDS buffer

at 200 V for 30 min. Rinse it well with deionized water. Cover the gel with

a Coomassie protein stain and incubate for 1 h. Destain the gel in water if

necessary (representative results for the expression test in Figure 3.1).

NOTE: Use gradient (4%-15% or 4%-20%) PAGE gels to achieve a good separa-

tion.

4) IMAC Sepharose resin restoration and cleaning

1) Column preparation.

1) Mix the Sepharose resin well by vortexing.

2) Pipette the required amount of resin into an empty gravity flow column.

NOTE: The amount of resin required varies between His-ribosome purifi-

cation and protein purification and is specified in the respective sections.

3) Wash the resin with 30 mL of deionized water.

4) Proceed with column re-charge as specified in section 1.4.4.

NOTE: Always let all the liquid pass through the column before continuing

with the next step. However, make sure that the column never runs dry.

Whenever running any liquid through the column, ensure to stop the flow

or continue to the next step as soon as the liquid reaches the resin.

2) Restoration.

1) Wash the column with 30 mL of deionized water.

2) Apply 10 mL of a 0.2 M EDTA and 0.5 M NaCl solution.

3) Add 30 mL of a 0.5 M NaCl solution.

4) Wash the column with 50 mL of deionized water.

5) Store in 20% (v/v) ethanol at 4 °C or continue with the next step.

3) Cleaning.

CAUTION: Wear protective equipment.

1) Wash the column with 30 mL of 0.5 M NaOH.

2) Wash the column with 30 mL of deionized water.

3) Wash the column with 30 mL of 0.1 M acetic acid.

4) Wash the column with 30 mL of deionized water.

5) Wash the column with 30 mL of 70% (v/v) ethanol.

6) Wash the column with 50 mL of deionized water.

7) Store in 20% (v/v) ethanol at 4 °C or continue with the next step.
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4) Re-charging.

1) Add 10 mL of 0.1 M nickel sulfate solution to the column.

CAUTION: Nickel sulfate is toxic. Nickel sulfate waste needs to be dis-

carded with the precautions indicated by the supplier.

2) Wash the column with 50 mL of deionized water.

3) Store in 20% ((v/v)) ethanol at 4 °C or continue with the column equilibra-

tion.

NOTE: If the column is stored in ethanol between steps, make sure to

remove all traces of ethanol by washing the column with water.

2. OnePot protein solution expression and purification

NOTE: The protocol consists of three parts divided into days (Figure 3.2). An ideal

preparation procedure produces 1.5 mL of 13.5 mg/mL OnePot protein solution, which

corresponds to more than one thousand 10 µL PURE reactions. However, the amount

and the ideal concentration of the solution will vary from batch to batch. Experienced

users can perform multiple OnePot PURE preparations at a time.

Day 1:

1) Prepare bacterial culture media and media supplements as described in Supple-

mentary Table 3.3.

2) Prepare and sterilize the required materials, including pipette tips, two 96 deep-

well plates, and one 1 L baffled Erlenmeyer flask.

3) Prepare buffers and supplements as described in Supplementary Table 3.4. Fil-

ter sterilize all buffers using bottle top filters (0.45 µm) and store them at 4 °C.

Supplement all the buffers with 1 mM TCEP right before use, unless indicated

otherwise.

4) Use 2 mL of sepharose resin for the OnePot protein purification. Prepare the

column as described in section 1.4.

5) To prepare the starter cultures, combine 20 mL of LB media with 20 µL of AMP. In a

sterile 96, 1.3 mL deep-well plate, add 300 µL of the media into 35 wells. Inoculate

each of them with its respective strain, except elongation factor thermo unstable

(EF-Tu), and seal the plate with a breathable membrane.

NOTE: Inoculate the plate using a 96-well replicator (see Table 3.10). The well

volume of the deep-well plate and the volume of the starter culture are essential.

Larger media volumes or smaller well volumes will lead to a different bacterial

density due to aeration inconsistencies.
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6) For the EF-Tu culture, inoculate 3 mL of LB media in a 14 mL culture tube with a

snap cap. A single 3 mL of culture for EF-Tu is sufficient for one OnePot expression

culture.

7) Incubate at 37 °C while shaking at 260 rpm overnight.

Day 2:

NOTE: Perform all the steps at room temperature unless indicated otherwise.

8) Transfer 500 mL of LB media and 500 µL of AMP into the sterile baffled flask.

9) Inoculate the OnePot PURE culture with 1675 µL of the EF-Tu culture and 55 µL of

each of the cultures from the deep-well plate (Table 3.2).

NOTE: During this step, the overall protein composition can be adjusted by tuning

the inoculation ratios. Make sure that the overall inoculation volume remains

constant at 3.6 mL.

OPTIONAL: To confirm that all strains have grown overnight, measure the optical

density of the overnight cultures at 600 nm (OD600) in a 96-well plate using a

plate-reader. Use a dilution of 10x for the optical density measurement.

10) Incubate the culture for 2 h at 37 °C with a shaking of 260 rpm, or until the OD600

of the culture reaches 0.2-0.3.

11) Induce the culture with 500 µL of 0.1 mM IPTG and grow for an additional 3 h.

12) Harvest the cells by centrifugation at 4 °C and 3220 x g for 10 min and store the cell

pellet at -80 °C until further use.

NOTE: To optimize the timing, prepare the energy solution described in section 4

during the incubation times on day 2 (Table 3.1).

Day 3:

13) Measure the amounts of buffers needed for the purification described in the steps

below and add TCEP to all of them as indicated in Supplementary Table 3.2. Store

the remaining buffers without TCEP at 4 °C for future purifications.

14) Equilibrate the charged column (section 2.4) with 30 mL of buffer A. After 25 mL

of buffer A have passed through, close the column from the bottom. In parallel,

continue with steps 2.15-2.17.

15) Thaw the cells and use a serological pipette to resuspend the cell pellet in 7.5 mL

of buffer A.

16) Lyse the cells using a 130-watt probe sonicator (see Table 3.10, probe tip diameter: 6

mm) with the following parameters: 4 x 20 s pulse on, 20 s pulse off, 70% amplitude.

If sonication is successful, the solution will turn darker (Figure 3.2).
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NOTE: Make sure to keep the cells on ice during sonication. Place the probe deep

enough into the solution without touching the tube. If a large amount of foam is

generated, the energy transfer will be damped. In that case, let the foam settle,

lower the probe deeper into the solution, and extend the sonication time.

17) Remove the cell debris by centrifugation at 21130 x g for 20 min at 4 °C immediately

after sonication. Keep the lysate on ice.

18) Add the supernatant to the equilibrated column. Close the column from the top

and make sure there is no leakage. Incubate the column for 3 h at 4 °C under

rotation using a tube rotator.

19) Elute unbound components from the column and wash with 25 mL of buffer A.

20) Wash the column with 25 mL of 25 mM imidazole buffer (23.95 mL of buffer A and

1.25 mL of buffer B).

21) Elute the proteins with 5 mL of 450 mM imidazole buffer (0.5 mL of buffer A and

4.5 mL of buffer B). Keep the eluted proteins on ice at all times.

22) Dilute the eluate with 25 mL of HT buffer, keep the mixture on ice. Add 15 mL to a

15 mL centrifugal filter and concentrate to a volume of 1.5 mL. Add the remaining

15 mL to the filter with the concentrated solution and concentrate to 1.5 mL once

more.

23) Add 10 mL of HT buffer to the concentrated sample and concentrate to 1 mL. Add

an equal amount of stock buffer B and store at -80 °C until further use

NOTE: One round of exchange/concentration takes about 60 min spinning at 3220

x g at 4 °C.

24) During the buffer exchange, restore the column as specified in section 1.4.

Day 4:

25) Measure the protein concentration using the Bradford assay as described by the

supplier. Concentrate the sample with a 0.5 mL of 3 kDa cutoff centrifugal filter to

20 mg/mL.

NOTE: Dilute the protein solution 25-fold or 50-fold before the concentration

measurements to avoid oversaturating the Bradford assay.

26) To establish the ideal protein concentration, perform an expression test at this

stage (section 5.2) with different concentrations of the protein solution. To perform

the titration, keep the total volume of the solution constant and pipette the OnePot

protein solution, including stock buffer B, at five different ratios (Supplementary

Table 3.9).

27) Verify the OnePot PURE protein composition using SDS-PAGE (Figure 3.3A). Dilute

2.5 µL of the sample with 7.5 µL of water, mix with 10 µL of 2x Laemmli buffer and
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then load 5 µL and 2.5 µL of the samples to the gel. Run the SDS-PAGE as specified

in section 1.3.3.

28) Aliquot the protein solution into 50 µL aliquots after verifying the expression and

adjusting the concentration. Store the OnePot PURE protein solution at -80 °C

until further use.

NOTE: If a protein component is suspected not to be present, or is present in a

lower-than-expected concentration in the OnePot PURE, perform the following

steps.

29) Check whether the overnight culture of the respective strain has grown at a com-

parable rate to the other cultures by performing optical density measurements

(OD600) of all cultures.

30) Perform an additional expression test of the specific strain to verify the expression

of the suspect protein.

3. Ribosome solution

NOTE: Two different ribosome purification strategies are introduced, one for hexahistidine-

tagged and one for non-tagged ribosomes. The major advantage of the purification

method using His-purification on a standard affinity Ni-NTA gravity flow column is that

the purification is easy, fast, and does not require additional laboratory equipment, such

as a FPLC system and an ultracentrifuge. However, the protein production capacity in

OnePot PURE reactions is around one-third compared to tag-free ribosomes. Therefore,

choose the method for ribosome production based on whether a high yield is important

for the given application.

1) His-tagged ribosome purification

NOTE: This protocol utilizes the E. coli RB1 strain, a gift from Professor Wang

(Columbia University, USA) [134]. This strain has a genomic insertion of a hex-

ahistidine tag on the C terminus of 50S ribosomal protein (L7/L12), allowing for

purification using a Ni-NTA gravity-flow column. The usual yield is around 0.5 mL

of 3.45 µM ribosomes, which is sufficient for more than five hundred 10 µL PURE

reactions.

Day 1:

1) Prepare bacterial culture media and media supplements as described in Sup-

plementary Table 3.3.

2) Prepare and sterilize the required materials, including pipette tips, two 96

deep-well plates, and one 1 L baffled Erlenmeyer flask.

3) Prepare buffers and supplements as described in Supplementary Table 3.4.

Filter sterilize all buffers using bottle top filters (0.45 µm) and store them at
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4 °C.

Day 2:

4) Pipette 5 mL of resin to a column and prepare the column as specified in

section 1.4.

NOTE: Due to the higher volume of the resin, the restoration and purification

take significantly longer. Use a different column for ribosome purification to

avoid cross-contamination and thoroughly clean it before the purification.

5) Prepare an overnight culture of E. coli RB1 strain by inoculating 35 mL of LB

media in a 100 mL Erlenmeyer flask. Incubate at 37 °C while shaking at 260

rpm.

Day 3:

NOTE: Perform all the steps at room temperature unless indicated otherwise.

6) Add 2 L of LB media into a 5 L sterile flask, inoculate with 12 mL of the

overnight culture, and then incubate for 3-4 h at 37 °C while shaking at 260

rpm.

NOTE: Alternatively, perform bacterial culturing in 4 x 500 mL of cultures in 1

L baffled flasks.

7) Pellet the cells by centrifugation for 10 min at 3220 x g and 4 °C. Store at -80 °C

until further use.

Day 4:

8) Equilibrate the column prepared in step 3.1.4. with 30 mL of lysis buffer.

9) Resuspend the pellet in 20 mL of lysis buffer using a serological pipette.

10) Lyse the cells with a 130-watt probe sonicator (see Table 3.10, probe tip diame-

ter: 6 mm) on ice with the following parameters: 11 x 20 s pulse on; 20 s pulse

off, 70% amplitude (see step 2.16 for procedure details).

11) Immediately after sonication, remove the cell debris by centrifugation for 20

min at 21130 x g at 4 °C. Keep the lysate on ice.

12) Load the supernatant to the columns and let it pass through.

13) Wash the column with the following mixtures of lysis and elution buffers.

1) Wash 0: use 30 mL of lysis buffer.

2) Wash 1: use 30 mL of 5 mM imidazole (29 mL of lysis buffer, 1 mL of

elution buffer).

3) Wash 2: use 60 mL of 25 mM imidazole (50 mL of lysis buffer, 10 mL of

elution buffer).
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4) Wash 3: use 30 mL of 40 mM imidazole (22 mL of lysis buffer, 8 mL of

elution buffer).

5) Wash 4: use 30 mL of 60 mM imidazole (18 mL of lysis buffer, 12 mL of

elution buffer).

14) Elute the ribosomes with 7.5 mL of the elution buffer. Keep the eluted proteins

on ice at all times.

15) Add 22 µL of pure bet a-mercaptoethanol to 45 mL of ribosome buffer.

CAUTION: bet a-mercaptoethanol is toxic. Take safety precautions and work

in a fume hood.

16) Add the eluate to a 15 mL centrifugal filter and concentrate to 1 mL.

17) Add 15 mL of ribosome buffer to the concentrated sample and concentrate

again to 1 mL.

NOTE: Repeat the previous step twice.

18) Store at -80 °C until further use.

NOTE: One round of exchange/concentration takes about 60 min of centrifu-

gation at 3220 x g at 4 °C.

19) During the buffer exchange, restore the column as specified in section 1.4.

Day 5:

20) Determine the ribosome concentration by measuring the absorbance at 260

nM of a sample diluted 1:100 in ribosome buffer. An absorbance value of 10 of

the diluted solution corresponds to 23 µM of undiluted solution as previously

described [315].

21) Implement a final stock concentration of 3.45 µM. To adjust the concentration,

dilute the ribosomes with ribosome buffer or concentrate them further by

centrifugation at 14000 x g in a 3 kDa 0.5 mL centrifugal filter at 4 °C.

NOTE: To achieve optimal system expression, perform a ribosome concentra-

tion titration (section 5.2, Supplementary Table 3.9).

22) Verify the ribosome composition using SDS-PAGE (Figure 3.3A) as specified in

section 1.3.3. Dilute 2.5 µL of the sample with 7.5 µL of water, mix with 10 µL

of 2x Laemmli buffer, and then load 5 µL and 2.5 µL of the samples onto the gel.

2) Tag-free ribosome purification

NOTE: Tag-free ribosome purification is performed using a FPLC system (Table

3.10) and is based on hydrophobic interaction chromatography using 2 x 5 mL

Butyl columns (Table 3.10). Although ribosomes may be purified from any strain,

using the E. coli A19 (E. coli Genetic Resources at Yale CGSC) strain is advantageous

due to its RNase I deletion [315]. Perform the purification at 4 °C in either a cold

room or a cooling cabinet. The usual yield is around 0.5 mL of 10 µM ribosomes,
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which corresponds to more than five hundred 10 µL PURE reactions.

Day 1:

1) Prepare bacterial culture media and media supplements as described in Sup-

plementary Table 3.3.

2) Prepare and sterilize the required materials, including pipette tips, 5 L Erlen-

meyer flask, and 100 mL Erlenmeyer flask.

3) Prepare buffers and supplements as described in Supplementary Table 3.4.

Filter sterilize all the buffers using bottle top filters (0.45 µm) and store them

at 4 °C.

Day 2:

4) To prepare an overnight culture of the E. coli A19 strain, inoculate 35 mL of LB

media in a 100 mL Erlenmeyer flask. Incubate at 37 °C while shaking at 260

rpm.

Day 3:

5) Transfer 2 L of LB media into the 5 L sterile baffled flask, inoculate with 30 mL

of the overnight culture, and then incubate for 3-4 h at 37 °C while shaking at

200 rpm.

6) Pellet the cells by centrifugation at 4000 x g for 15 min at 4 °C. Resuspend the

pellet in 25 mL of suspension buffer and store at -80 °C until further use.

Day 4:

7) Perform steps 3.2.8-3.2.12 in parallel with steps 3.2.13-3.2.19.

8) Thaw and lyse the cells using a 130-watt probe sonicator (see Table 3.10 and

probe tip diameter: 6 mm) on ice with the following parameters: 12 x 20 s

pulse on; 20 s pulse off, 70% amplitude (see step 2.16 procedure details).

9) Immediately remove the cell debris by centrifugation at 20000 x g for 20 min

at 4 °C.

10) Aspirate the supernatant and measure the volume. Add an equal volume of

suspension buffer (high salt) to adjust the final concentration of ammonium

sulfate to 1.5 M and mix well.

11) Remove the precipitate by centrifugation at 20000 x g for 20 min at 4 °C.
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12) Filter the supernatant using a 0.45 µm polyethersulfone membrane syringe

filter before FPLC purification and collect the filtrate in a 100 mL glass bottle.

Keep the supernatant at 4 °C at all times.

13) Set up the FPLC system for hydrophobic-interaction chromatography purifi-

cation using a double Butyl column (2 x 5 mL) as follows. For this setup, one

column volume (CV) refers to a volume of 10 mL.

14) Three inlets will be needed: two as buffer lines and one as the sample line.

Due to the default settings of the purifier, it is convenient to choose lines A1

and B1 for buffer C and buffer D, respectively, and line A2 as the sample line.

Apply a default flow rate of 4 mL/min, except for pump washes (10 mL/min)

or unless indicated otherwise.

NOTE: As TCEP is a costly reagent, add the corresponding amount to buffers

C and D only after the equilibration step.

15) Perform a system pump wash in 20% ((v/v)) ethanol to clean the system and

remove potential contamination from previous purifications. Manually set a

flow rate of 0.2 mL/min and mount the column. Stop the flow.

16) Execute a system pump wash with water. Wash the column with 3 CV of water.

17) Equilibration: place inlets A1 and A2 in buffer C and inlet B1 in buffer D

without TCEP. Execute a pump wash and equilibrate the column with 4 CV of

buffer C.

18) Add TCEP to buffers C and D.

19) Prepare 15 mL tubes or clear round fraction collector tubes to the fraction

collector to collect 4-5 mL elution fractions.

20) Loading: Place the inlet A2 into the bottle with the filtered sample. Load

approximately 90% of the sample volume onto the column. Dilute the sample

with 20 mL of TCEP-containing buffer C, and load 10 mL of the sample onto

the column. Repeat the dilution step at least twice and load as much sample

onto the column as possible. It is critical to ensure that no air is sucked into

the machine.

21) Washing step 1: wash with 3 CV of buffer C to remove the unbound compo-

nents.

22) Washing step 2: wash with 5 CV of 80% buffer C and 20% buffer D.

23) Elution: elute the product by applying 50% of buffer C and 50% of buffer D,

with a total elution volume of 5 CV. Collect this fraction in the collector tubes.

24) Washing step 3: Elute all strongly interacting contaminants using 100% buffer

D with a total volume of 5 CV.

25) Analyze the absorption spectrum of the sample fraction at 260 or 280 nM

(Figure 3.4). The first peak shows the non-absorbed proteins eluted during

loading and the first washing step; the second peak shows contaminants that

have been eluted during the second washing step. The third peak monitors
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the final product, and the last peak shows the strongly interacting contami-

nants. Pool all sample fractions corresponding to the third peak for further

processing. Keep the eluted proteins on ice at all times.

26) Gently overlay the recovered fraction onto 15 mL of the cushion buffer in four

polycarbonate ultracentrifugation tubes. Add a maximum of 15 mL of the

sample to 15 mL of the cushion buffer. Make sure to balance the weight of the

tube well. Pellet the ribosomes by ultracentrifugation at 100000 x g at 4 °C for

16 h.

NOTE: Ensure that no cracks are present in the ultracentrifugation tubes.

27) Clean and reset the column as follows. A flow rate of 5 mL/min works well.

Place all the inlets into the water and execute a pump wash. Wash the column

with 2 CV of water.

1) Place the inlet into a 0.5 M NaOH solution, perform a pump wash, and

subsequently wash the column with 3 CV of NaOH.

2) Place the inlet into water, perform a pump wash, and then wash the

column in 2 CV of water.

3) Place the inlet to a 0.1 M acetic acid solution, perform a pump wash, and

subsequently wash the column with 3 CV of acetic acid solution.

4) Pump wash and wash the column with 2 CV of water.

5) Place all inlets into 20% ((v/v)) ethanol, execute a pump wash step, and

store the column in 20% ((v/v)) ethanol by washing it with 3 CV of a 20%

((v/v)) ethanol solution.

NOTE: Ensure that the system never runs dry or sucks in air. Never apply

buffer directly to ethanol, or ethanol to buffer. Always add a water washing

step in between, as otherwise there is a risk of precipitates clogging the

column. Make sure to add enough sample collection tubes.

Day 5:

28) Discard the supernatant and carefully, without disturbing the translucent

pellet, wash each pellet with 0.5 mL of ice-cold ribosome buffer. Repeat this

step twice.

29) Resuspend each of the clear pellets in 100 µL of ribosome buffer on ice using a

magnetic stir bar (3 mM diameter, 10 mM length) on a magnetic stirrer using

the lowest possible speed. Collect the resuspended ribosomes and wash the

tubes with an additional 50 µL of ribosome buffer.

NOTE: The translucent pellet is difficult to see. Therefore, carefully wash the

pellet from the sides of the tube.

30) Determine the ribosome concentration by measuring the absorbance at 260

nM of the sample diluted at a ratio of 1:100 in ribosome buffer. An absorbance

58



One Pot PURE system 3

of 10 of the diluted solution corresponds to 23 µM of undiluted solution as

previously described [313].

31) Implement a final stock concentration of 10 µM. To adjust the concentration,

dilute the ribosomes with ribosome buffer or concentrate them further by

centrifugation at 14000 x g in a 3 kDa centrifugal filter at 4 °C.

NOTE: To achieve optimal system expression, perform ribosome titration

(section 5.2, Supplementary Table 3.9).

32) Verify the ribosome composition with SDS-PAGE (Figure 3.3A) as specified

in section 1.3.3. Dilute 2.5 µL of the sample with 7.5 µL of water, mix with 10

µL of 2x Laemmli buffer, and then load 5 µL and 2.5 µL of the samples to the gel.

4. Energy solution

NOTE: The composition for the 2.5x energy solution introduced here is an example

of a solution that worked well for a standard TX-TL reaction. To optimize the timing,

prepare the energy solution during day 2. The preparation of the amino acid solution is

explained in detail, followed by the final preparation procedure.

1) Amino acid solution

NOTE: Prepare the amino acid solution in bulk. Preparing the amount of amino

acid stock solutions required for a final volume of at least 2000 µL will reduce the

weighing error for the otherwise very small amounts. The overall concentration

of the amino acid solution is limited by the solubility of the amino acids and the

respective stock solution concentrations. For the standard PURE system, prepare a

solution with a final concentration of 3.25 mM. Use the amino acid solution calcu-

lation table (Supplementary Table 3.5) as a template. Use cysteine in the salt form

to ensure sufficient solubility. Avoid using KOH-based amino acid preparation

methods. It is possible to directly weigh the exact amounts of amino acids into the

final amino acid solution without preparing stock solution for all the amino acids.

However, this is more challenging and less precise.

1) Prepare stock solutions for each amino acid as described in Supplementary

Table 3.5, except for Tyrosine.

NOTE: Due to the different solubilities of the amino acids in water, the respec-

tive suggested concentrations of the stock solution differ.

2) Minimal mass [mg] provides the approximate minimum mass required to

obtain a sufficient amount of stock solution for the target overall volume, as a

reference.

NOTE: The minimal mass is calculated with a surplus of 10%.

3) For an easier preparation of the solutions, do not weigh the exact amount of

amino acid, but instead, for the mass at hand, adjust the amount of water to
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achieve the desired concentration. Calculate the amount of deionized water

(Water to add [µL]) needed, based on the actual mass filled in (light yellow

cells) and the desired concentration using the spreadsheet in Supplementary

Table 3.5.

4) Solubilize the amino acid stock solutions by vortexing until all precipitate has

dissolved. The individual amino acid stock solutions can be stored at -20 °C

for several weeks.

NOTE: Some amino acids are difficult to dissolve in water; the process may

take some time.

5) Weigh the exact amount of tyrosine required to obtain a final concentration of

3.25 mM directly into the tube for the amino acid solution.

NOTE: Tyrosine is very difficult to dissolve in water. Add it directly instead of

preparing a stock solution.

6) Add the corresponding amounts of amino acid stock solutions and water as

indicated in the Final volume to add [µL] column (light blue cells) and vortex

the solution well. Store the completed amino acid solution at -80 °C until

further use.

2) Preparation of the energy solution

NOTE: In total, the 2.5x energy solution contains 0.75 mM of each amino acid, 29.5

mM of magnesium acetate, 250 mM of potassium glutamate, 5 mM of ATP and

GTP each, 2.5 mM of CTP, UTP, and TCEP, respectively, 8.75 mg/mL of tRNA from

E. coli MRE 600, 50 mM of creatine phosphate, 0.05 mM of folinic acid, 5 mM of

spermidine, and 125 mM of HEPES. First-time users prepare the energy solution

in small batches of 200 µL. Store the individual solutions prepared according to

Supplementary Table 3.6 at -20 °C or -80 °C for later use.

1) Thaw all aqueous solutions mentioned in the Supplementary Table 3.7 on ice.

2) Meanwhile, prepare the stock solutions for the remaining components listed

in Supplementary Table 3.6. Keep all the solutions on ice after preparation.

NOTE: Add 500 µL of RNase and DNase-free water directly to the vial to dis-

solve the lyophilized tRNAs. Mix well by gentle vortexing; limit pipetting to

avoid introducing RNases.

3) Add the calculated volumes (Supplementary Table 3.7) of stock solutions and

water and mix well using a vortex. Keep the solution on ice at all times.

4) Measure the pH of the solution by pipetting 1 µL onto a pH strip, to ensure

that the pH of the solution is neutral.

5) Aliquot the energy solution at 50-100 µL per tube on ice and store at -80 °C

until further use. While aliquoting, vortex the main stock frequently to prevent

the components from precipitating.

NOTE: Optionally, conduct an activity assay of the newly made energy solu-

tion against commercial energy solutions, e.g. Solution A in PURExpress. If
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a significantly lower performance of the system with the energy solution is

observed, optimizing the ion concentrations, especially magnesium ions, by

titration (5-20 mM) may be advantageous.

5. OnePot PURE reaction

1) DNA template

NOTE: Proteins encoded downstream of the T7 promoter can be expressed in

PURE from either linear or circular DNA. By generating a linear DNA template

using extension PCR, tedious cloning steps can be omitted. The linear templates

for this study were generated by PCR as described below, using a high-fidelity

DNA polymerase (Table 3.10). Primer sequences, melting temperatures, and the

thermocycler settings used in this study are specified in Supplementary Table 3.8.

The preparation of the DNA template is not included in the daily schedule.

1) Set up a PCR reaction as recommended by the polymerase supplier.

NOTE: Optimized parameters for a high-fidelity DNA polymerase (Table 3.10)

are given in Supplementary Table 3.8.

2) Amplify the target gene (e.g., eGFP) as a linear template from a plasmid or

genome using gene-specific primers (500 nM) (for the parameters, see Sup-

plementary Table 3.8).

3) The amplification generates short extensions to provide annealing sequences

for the following extension PCR steps.

4) Check the amplicon on an agarose gel for correct size and purity.

5) Use the amplified DNA as a template for the subsequent extension steps. Set

up a reaction of at least 50 µL.

6) Run 10 PCR amplification cycles with the extension primers (2.5 nM). After

completing the amplification cycles, immediately add the final primers (500

nM) to the same reaction and run 30 cycles to amplify the extended PCR prod-

uct. Find the melting temperatures and primer sequences in Supplementary

Table 3.8.

7) Purify the DNA fragments using a DNA purification kit and elute the DNA in

nuclease-free water instead of EDTA containing elution buffer.

8) Check the linear template on an agarose gel for correct size and purity.

9) Measure the DNA concentration in ng/µL using an UV-Vis spectrophotometer.

2) Setting up the PURE reaction

NOTE: The final reaction composition is 1x energy solution, tag-free ribosomes or

His-tag ribosomes, OnePot PURE proteins, and DNA template. The reaction vol-

ume ratio comprises 40% energy solution, 30 protein and ribosome solution, and

30% DNA and water. Typical reaction volumes vary between 5 µL and 25 µL. Quan-

tify the expression of a fluorescent protein continuously on a plate-reader. Use a
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Green Lys in vitro Translation Labeling System, which incorporates fluorescently

labeled Lysine residue into newly synthesized proteins, to verify the expression

of non-fluorescent proteins on a SDS-PAGE gel. An example reaction template

is given in Supplementary Table 3.9 to help establish a PURE cell-free expression

reaction. Cells in yellow indicate user-input values, and cells in orange indicate

additional reagents to be optionally added to the reaction. Keep the volume ra-

tios of the components precise to ensure the correct ion balance. For instance,

to achieve a higher protein concentration, increase the OnePot protein solution

concentration; however, do not increase the volume of protein solution added to

the reaction.

1) Perform the following steps for Green Lys labeled samples.

2) After the cell-free expression, incubate the sample with 0.16 µg/µL of RNase

A for 30 min at 37 °C to remove the fluorescent background of the Green Lys

labeling kit.

NOTE: Use RNase A, as other types of RNases do not remove the background

sufficiently well.

3) Visualize the protein expression by running SDS-PAGE as specified in section

1.3.3. Wash the unstained gel gently in deionized water, and image it on a

fluorescent imager using an excitation wavelength of 488 nm.

4) Subsequently, stain the gel using conventional Coomassie staining methods.

For the suitable parameters see section 1.3.3.

NOTE: Perform a titration of the protein solution with the recommended

ribosome concentration and, if required, titrate ribosomes with the optimal

OnePot protein concentration afterward. Use the commercial PURExpress ∆

Ribosome kit as a positive control. Solution A, Factor Mix, and the ribosome

solution correspond to the prepared energy, the OnePot protein solution, and

the purified ribosomes, respectively.

3.5 Representative results

The above protocol is designed to facilitate establishing the PURE cell-free TX-TL system in

any laboratory. The protocol includes a detailed description of the preparation of the three

distinct parts of the PURE system: the OnePot protein, ribosome, and energy solution. A

detailed daily schedule, which optimizes the workflow, is shown in Table 3.1. The workflow is

optimized for the purification of His-tagged ribosomes, and time frames may differ slightly if

tag-free ribosome purification is performed. One preparation provides a sufficient amount of

PURE for a minimum of five hundred 10 µL reactions. Moreover, the prepared solutions are

stable for more than a year at -80 °C and can withstand multiple freeze-thaw cycles.

Adequate overexpression levels for all strains are crucial for the functionality of the final

protein solution. Figure 3.1 shows successful overexpression in all 36 individual strains used
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subsequently for the OnePot protein preparation. Variation in the over-expressed proteins’

band intensities occurred most probably due to a bias in loading volumes onto the SDS-PAGE

gel. The expected protein sizes are summarized in Table 3.2. GlyRS and PheRS consist of two

subunits of various molecular weights; the remaining 34 proteins consist of a single subunit.

Key to this protocol’s simplicity and time-effectiveness is the coculturing and co-purification

step (Figure 3.2). The OnePot protein solution was prepared by increasing the ratio of EF-Tu

strain with respect to all the other expression strains. The overall composition of the final

proteins was analyzed by SDS-PAGE (Figure 3.3A). From the gels (lanes 2, 3), it is noticeable

that EF-Tu (43.3 kDa) is present in a higher concentration compared to the other proteins,

as expected. While the gel provides a good first indication of protein expression ratios, it

is difficult to determine whether and at which level each individual protein was expressed.

Therefore, it is highly recommended to confirm the overexpression in each strain before

coculturing, as shown above.

The E. coli ribosome is a complex molecular machine composed of over 50 individual protein

subunits [316]. A representative absorption spectrum at 260 nm for tag-free ribosome purifi-

cation is shown in Figure 3.4; the third peak is characteristic of successful ribosome elution.

For both ribosome purification methods, the expected running pattern on the SDS-PAGE gel

(Figure 3.3A)[134] was observed. We did observe contaminations for both purifications, albeit

in small quantities (<10%). Notably, different contaminants were present in the tag-free (lanes

5, 6) and His-tagged (lanes 11, 12) ribosomes due to the variation in the method. For user

reference, the SDS-PAGE gels for the combined systems are also included (lanes 8, 9, and 14,

15).

Lastly, the performance of the prepared systems (Figure 3.3) using the different ribosome

variants are compared. The time courses of in vitro eGFP expression show that both PURE

systems are functional and produce fluorescent eGFP. However, the OnePot protein solution

combined with the His-tagged ribosomes, using the ribosome concentration optimized by

titration, yielded only one-third of the expression level of the non-tagged ribosome version

(Figure 3.3B). Similar results were observed when three proteins of different sizes were ex-

pressed and labeled using the Green Lys tRNA in vitro labeling system (Figure 3.3C). As seen on

the fluorescent gel, full-length products were successfully expressed in both systems; however,

only around half of the expression level was achieved with the His-tag ribosome system. In

addition to the fluorescence labeling, the expected bands for all three proteins are distinguish-

able on a Coomassie-stained gel (Figure 3.3D). The results show that the introduced expression

system, which can be prepared within a week in a laboratory with standard equipment, can

be used for the in vitro expression of proteins encoded downstream of the T7 promoter from

linear templates.
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Figure 3.1: Representative results for the overexpression test for all expression strains of
the PURE system. PURE protein numbers and sizes are summarized in Table 3.2. Protein
numbers 21, 24, and 27 are marked with a star for better visualization.
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Figure 3.2: OnePot protein purification. The schematic depiction and corresponding pho-
tographs of all steps involved in the production of the OnePot protein solution.
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Figure 3.3: Performance of the prepared systems using the different ribosome variants. (A)
Coomassie blue stained SDS-PAGE gels of the OnePot protein solution (lanes 2, 3), tag-free
ribosomes without protein solution (lanes 5, 6) and with protein solution (lanes 8, 9), His-
tagged ribosomes without protein solution (lanes 11, 12) and with protein solution (lanes 14,
15). Two different concentrations were loaded per sample. (B) Comparison of eGFP expression
of His-tagged ribosomes and tag-free ribosomes. The fluorescence intensity of in vitro eGFP
expression is monitored over time for a PURE reaction using tag-free ribosomes (1.8 µM,
blue) and His-tagged ribosomes (0.62 µM, red). The concentrations of the linear template
and the OnePot protein solution were 4 nM and 2 mg/mL, respectively. Panels (C) and (D)
show the SDS-PAGE gel of proteins synthesized in OnePot with tag-free (1.8 µM, blue, lanes
3, 4, 5) and His-tag ribosomes (0.62 µM, red, lanes 6, 7, 8) labeled with a GreenLys in vitro
labeling kit (C) and stained with Coomassie blue (D), respectively. The black arrows indicate
the expected bands of synthesized proteins: eGFP (26.9 kDa), ArgRS (64.7 kDa), T7 RNAP (98.9
kDa). The linear template and OnePot protein solution concentrations were 4 nM and 1.6
mg/mL, respectively.
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3.6 Discussion

The protocol presented here describes a simple, time- and cost-effective method to prepare a

versatile PURE expression system [137] based on the standard composition [132]. By utilizing

the protocol together with the supplied daily schedules (Table 3.1), all components can be

prepared in 1 week and yield amounts sufficient for up to five hundred 10 µL PURE reactions.

Since the proteins used in this protocol are overexpressed from high copy plasmids and have

low toxicity to E. coli, good expression levels are observed for all the required proteins (Figure

3.1). This allows for the easy adjustment of strains, and therefore also protein composition

in cocultures, simply by modifying the ratios of the inoculation strains [137]. Besides the

ribosomal proteins, the concentration of EF-Tu showed to be of fundamental importance

for expression yields [138]. In contrast, changes in the concentration of the other protein

components had a relatively low impact on the robustness of the PURE system [27, 139].

Therefore, by adjusting the inoculation ratio of EF-Tu with regard to all the other components,

a comparable composition to the standard PURE composition can be achieved, and a PURE

system with a similar yield [137] can be attained. In preparing the protein solution, it is crucial

to ensure that all strains grow well and overexpress the encoded protein after induction (Figure

3.1).

Ribosome function is key for the overall performance of the PURE system [139]. In this proto-

col, two different methods for preparing the ribosome solution are demonstrated, i.e., tag-free

and His-tagged ribosome purification. The tag-free ribosome purification is based on hy-

drophobic interaction chromatography followed by centrifugation with a sucrose cushion,

which requires access to a FPLC purification system and an ultracentrifuge [132]. In contrast,

the method utilizing His-tagged ribosomes [134] and gravity flow affinity chromatography pu-

rification does not require specialized equipment and can be performed in most laboratories.

The latter method, therefore, brings advantages such as simplicity and accessibility. However,

we observed a significantly lower synthesis yield when using the His-tagged ribosomes in the

OnePot PURE compared to the tag-free variant (Figure 3.3). Based on the type of application,

this lower yield may be acceptable.

The energy solution provides the low molecular weight components and tRNAs required to

fuel in vitro TX-TL reactions. This protocol provides a recipe for a typical energy solution,

which can be easily adjusted based on user needs. Together with tRNA, NTP, and creatine

phosphate, the abundance and concentration of Mg2+ ions have been crucial for the overall

performance of the PURE system [25], as they are critical cofactors for transcription and

translation. In some cases, the titration of ions can, therefore, greatly enhance the overall

PURE performance. DNA integrity is crucial for PURE performance. Thus, sequence verifying

the promoter region, ribosome binding site, and target gene and ensuring that an adequate

DNA concentration (<2 nM) will help troubleshoot issues that may arise while setting up a

PURE reaction.

The PURE system is a minimal TX-TL system, and specific applications may thus require
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additional adjustments [22]. These may include incorporating different RNA polymerases [42,

147], chaperones [148], and protein factors such as EF-P or ArfA [25]. Although the expression

strains for these proteins can be included in the cocultures, adding them separately to the

prepared system may provide better control of the required protein levels. Furthermore, the

inclusion of vesicles is essential to the production of membrane proteins [150, 152]. Oxidizing

rather than reducing environments and a disulfide bond isomerase facilitate proper disulfide

bond formation, which are, for example, required for secretory proteins [149].

It is essential to ensure that any additional components do not interfere with the reaction.

The most important factors to pay attention to when setting up a reaction or adding other

components are listed below. Ensure that neither incompatible buffers are used nor the ion

concentrations are disturbed. Avoid solutions containing glycerol, high concentrations of

potassium, magnesium, calcium ions, osmolytes, pyrophosphate, antibiotics, or EDTA, as

much as possible. For example, replacing an elution buffer with water during DNA purification

can be beneficial as EDTA is a common additive in this buffer. Supplying the solutions with

additional negatively charged molecules such as NTP or dNTP requires adjusting the mag-

nesium concentration [25], as the negatively charged molecules behave as chelating agents

and bind positively charged molecules. A neutral pH is ideal for the reaction. Accordingly,

all components should be buffered to the corresponding pH; this is especially important

for highly acidic or basic molecules such as NTPs. Lastly, temperature and volume are key

parameters for the reaction. To achieve a good yield, one should implement a temperature

around 37 °C, as temperatures below 34 °C will significantly reduce the yield [3].

It is relevant to note that before preparing the OnePot PURE, one should consider the target

application and the associated requirements, such as volume, purity, ease of modification, and

inclusion or omission of components. For many applications, the system will be an excellent

choice, but others may require yields, adjustability, and other factors, which the OnePot system

cannot provide. Irrespectively, the introduced protocol will be beneficial for the preparation

of any home-made system, as all critical steps for such preparation are summarized here.

One of the main advantages of the OnePot system is its compatibility with the commercially

available PURExpress system, which provides the possibility of testing the functionality and

integrity of all components separately by sequentially replacing each PURExpress component

with its OnePot equivalent. The advantages of the OnePot PURE system, such as tunability

and easy, fast, and cost-effective preparation, will make cell-free TX-TL accessible to more

laboratories worldwide and contribute to expanding the implementation of this powerful

platform in cell-free synthetic biology.
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3.7 Supplementary Information

3.7.1 Supplementary tables

The interactive excel files of the following supplementary tables can be downloaded from the

publication website. Tables 3.8 and 3.9 have been slightly modified to fit the format of this

thesis.

Table 3.1: A daily time-optimized schedule for the preparation of all the OnePot PURE
solutions.

DAILY SCHEDULE

Time Mon Tue Wed Thu Fri
8:00 AM Preparation 

LB media/ 
autoclave

Inoculation Inoculation

Column 
preparation

8:30 AM

Cell growth
Amino acid 

solution 
preparation 

Cell  
resuspension, 

lysis, 
centrifugation

Column 
preparation 

Cell growth

Cell  
resuspension, 

lysis, 
centrifugation Concentration 

adjustment  (or 
ribosome 

resuspension)

Active time Energy solution 

9:00 AM

Buffer 
preparation 

Active time
Protein solution 

9:30 AM Passive time

10:00 AM

Incubation on 
column

Purification 

Active time 
Ribosome solution

10:30 AM Induction 
Cell harvest

Passive time

11:00 AM

Protein 
expression

Other 
components 

SDS-PAGE gel SDS-PAGE gel
11:30 AM

Buffer 
preparation 

12:00 PM
Components 

mixing
12:30 PM

1:00 PM
Purification 

1:30 PM
Cell harvest

Expression 
test

2:00 PM

Column 
preparation & 

resin 
cleaning

Column 
preparation & 

Resin 
cleaning 

(only for Ni-
NTA 

purification) 

Buffer 
exchange and 
concentration

Column 
regeneration 

Buffer 
exchange and 
concentration 

(or 
ultracentrifuga

tion)

2:30 PM

Column 
regeneration 

3:00 PM

3:30 PM

4:00 PM

4:30 PM

Concentration 
adjustment

5:00 PM
Starter 
culture

Starter 
culture

5:30 PM

6:00 PM
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Table 3.2: PURE protein list

#Addgene Number Protein Protein name Size [kDa] Vector Strain Induction 
volume [ L] Note

#124103 1 AlaRS Alanyl-tRNA synthetase 96.0 pQE30 M15 55

#124104 2 ArgRS Arginyl-tRNA synthetase 64.7 pET16b BL21(DE3) 55

#124105 3 AsnRS Asparaginyl-tRNA synthetase 52.6 pQE30 M15 55

#124106 4 AspRS Aspartate-tRNA synthetase 65.9 pET21a BL21(DE3) 55

#124107 5 CysRS Cysteinyl-tRNA synthetase 52.2 pET21a BL21(DE3) 55

#124108 6 GlnRS Glutaminyl-tRNA synthetase 63.5 pET21a BL21(DE3) 55

#124109 7 GluRS Glutamyl-tRNA synthetase 53.8 pET21a BL21(DE3) 55

#124110 8 GlyRS Glycyl-tRNA synthetase 34.8 & 76.8 pET21a BL21(DE3) 55 2 subunits

#124111 9 HisRS Histidyl-tRNA synthetase 47.0 pET21a BL21(DE3) 55

#124112 10 IleRS Isoleucyl-tRNA synthetase 104.3 pET21a BL21(DE3) 55

#124113 11 LeuRS Leucyl-tRNA synthetase 97.2 pET21a BL21(DE3) 55

#124114 12 LysRS Lysyl-tRNA synthetase 57.8 pET21a BL21(DE3) 55

#124115 13 MetRS Methionine--tRNA ligase 76.3 pET21a BL21(DE3) 55

#124116 14 PheRS Phenylalanyl-tRNA synthetase 36.8 & 87.4 pQE30 M15 55 2 subunits

#124117 15 ProRS Prolyl-tRNA synthetase 63.7 pET21a BL21(DE3) 55

#124118 16 SerRS Seryl-tRNA synthetase 48.4 pET21a BL21(DE3) 55

#124119 17 ThrRS Threonyl-tRNA synthetase 74.0 pQE30 M15 55

#124120 18 TrpRS Tryptophanyl-tRNA synthetase 37.4 pET21a BL21(DE3) 55

#124121 19 TyrRS Tyrosyl-tRNA synthetase 47.5 pET21a BL21(DE3) 55

#124122 20 ValRS Valyl-tRNA synthetase 108.2 pET21a BL21(DE3) 55

#124123 21 IF1 Initiation factor 1 8.3 pQE30 M15 55

#124124 22 IF2 Initiation factor 2 97.4 pQE30 M15 55

#124125 23 IF3 Initiation factor 3 20.6 pQE30 M15 55

#124126 24 EF-G Elongation factor G 77.6 pQE60 M15 55

#124127 25 EF-Tu Elongation factor Tu 43.3 pQE60 M15 1675

#124128 26 EF-Ts Elongation factor Ts 30.4 pQE60 M15 55

#124129 27 RF1 Release factor 1 40.5 pQE30 M15 55

#124130 28 RF2 Release factor 2 41.2 pET15b BL21(DE3) 55

#124131 29 RF3 Release factor 3 59.6 pQE30 M15 55

#124132 30 RRF Ribosome recycling factor 20.6 pQE60 M15 55

#124133 31 MTF Methionyl-tRNA formyltransferase 34.2 pET21a BL21(DE3) 55

#124134 32 CK Creatine kinase 37.1 pQE30 M15 55

#118977 33 MK Adenylate kinase (Myokinase) 21.7 pET21a BL21(DE3) 55

#124136 34 NDK Nucleotide diphosphate kinase 15.5 pQE30 M15 55

#118978 35 PPiase Inorganic pyrophosphatase 32.3 pET21a BL21(DE3) 55

#124138 36 T7 RNAP T7 RNA polymerase 98.9 pQE30 M15 55
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Table 3.3: Reagents. The table lists concentrations, volumes, and other specific details of the
reagents and components used during this study
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Table 3.4: Buffers. The spreadsheet lists the exact buffer compositions for protein, tag-free
ribosome, and His-tag ribosome purifications, as well as the concentrations of the stock solu-
tions used for their preparation. In addition, it calculates the required amounts of components
based on the buffer volume.
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One Pot PURE system 3

Table 3.5: Amino acid calculations. The spreadsheet lists the amino acids and their recom-
mended stock solution concentrations required for the energy solution. It calculates the
amount of water to be added to each amino acid based on the actual weighed mass, and also
calculates the volume of the amino acid solution to be added to the final amino acids’ mixture.
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Table 3.6: Stock solutions for the energy solution. The table lists the concentrations and vol-
umes of stock solutions needed for the energy solution and indicates further details, including
storage conditions.
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Table 3.7: Energy solution. The table lists the energy solution components and their rec-
ommended concentrations. In addition, it calculates their required volumes to be added to
the final solution based on their stock solution concentrations and the volume of the energy
solution.

Component
Stock 

concentration 
[mM]

Concentration of 
components in 
reaction [mM]

Concentration in 
Energy solution  

[mM]

Final volume to 
add [µL]

HEPES 1000 50 125 625.0
Potassium glutamate 2000 100 250 625.0
Magnesium acetate 2000 11.8 29.5 73.8

ATP* 100 2 5 250.0
GTP* 100 2 5 250.0
CTP 100 1 2.5 125.0
UTP 100 1 2.5 125.0

tRNA [mg/mL] 200 3.5 8.75 218.8
Creatine phosphate 1000 20 50 250.0

TCEP 500 1 2.5 25.0
Folinic acid 34 0.02 0.05 7.4
Spermidine 500 2 5 50.0

Amino Acid solution 3.25 0.3 0.75 1153.8
Water 1221.3

Final volume
5000

*For energy solutions volumes above 5 mL order double the amount of these components

Energy solution total
Final concentration [fold]

2.5
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Table 3.8: PCR. The table lists sequences and concentrations of the primers used for the
extension PCR and indicates melting temperatures and thermocycler steps optimized for a
high-fidelity DNA polymerase.
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Table 3.9: PURE reaction. The spreadsheet shows an example setup of a PURE reaction. It lists
the used concentrations and volumes of the components for a PURE reaction using tag-free
ribosomes or His-tag ribosomes. Moreover, it calculates the volume ratios for protein and
ribosome titrations.

PURE reaction setup for Tag-free ribosomes

Component Input concentration Unit Final concentration Unit
Volume for one reaction 

[µL]

Energy solution 2.5x 2.50 × 1 × 4.00
Protein solution** mg/mL mg/mL 1.20 ** determine the optimal protein concentration by  titration 

Ribosome solution *** 10 µM 1.8 µM 1.80 *** ribosome concentration can be optimised by titration 
DNA 1 100 ng/µL 4 nM 0.26
DNA 2 100 ng/µL 0 nM 0.00

 tRNA Lys* 25 × × 0.00 * use at final concentration 1x
Additional components

Water 2.74

Total volume [µL]
10

Calculation for DNA concentration DNA length [bp] Unit Avg. MW of bp Unit
eGFP 990 bp 650 g/mol

bp 650 g/mol

PURE reaction setup for His-Taged ribosomes

Component Input concentration Unit Final concentration Unit
Volume for one reaction 

[µL]

Energy solution 2.5x 2.50 × 1 × 4.00
Protein solution** mg/mL mg/mL 1.20 ** determine the optimal protein concentration by  titration 

Ribosome solution (His-tag)*** 3.45 µM 0.6 µM 1.80 *** ribosome concentration can be optimised by titration 
DNA 1 100 ng/µL 4 nM 0.26
DNA 2 100 ng/µL nM 0.00

 tRNA Lys* 25 × × 0.00 * use at final concentration 1x
Additional components

 water 2.74

Total volume [µL]
10

Calculation for DNA concentration DNA length Unit Avg. MW of bp Unit
eGFP 990 bp 650 g/mol

bp 650 g/mol

Protein solution titration **
Input proteins concentration 

(determined by Bradford assay):
20 mg/mL

Final protein concentration [mg/mL] 2.4 2.1 1.8 1.5 1.2
Protein solution [µL] 1.20 1.05 0.90 0.75 0.60
Stock buffer B [µL] 0.00 0.15 0.30 0.45 0.60
Total concetration of protein solution and stock buffer B is kept constant 

Optional: Ribosome solution titration  (Tag-free)***
Input ribosome concentration: 15 µM

Final ribosome concentration [mg/mL] 2.7 2.25 1.8 1.35 0.9
Ribosome solution [µL] 1.80 1.50 1.20 0.90 0.60
Ribosom buffer [µL] 0.00 0.30 0.60 0.90 1.20

Optional: Ribosome solution titration  (His-tag)***
Input ribosome concetration: 10 µM

Final ribosome concentration [mg/mL] 1.8 1.4 1 0.6 0.3
Ribosome solution [µL] 1.80 1.40 1.00 0.60 0.30
Ribosom buffer [µL] 0.00 0.40 0.80 1.20 1.50

77



3 One Pot PURE system

Table 3.10: Materials.

Material / Equipment Supplier Catalog Number Comments

384-well Black Assay Plates Corning 3544
Sodium hydroxide Sigma-Aldrich  6203
Ampicillin Condalab 6801
Creatine phosphate  Sigma-Aldrich  27920
Potassium glutamate Sigma-Aldrich  49601
Sucrose Sigma-Aldrich  84097
96-Well Polypropylene DeepWell plate Nunc 260252
Falcon® 14 mL Round Bottom Polystyrene Test Tube, with Snap Cap Falcon 352051
Centrifuge tubes polycarbonate Beckman 355631 purification of tag free ribosomes
Thickwall Polycarbonate Tube Beckman 355631
10x Tris/Glycine/SDS buffer Bio-Rad Laboratories 1610732
4-20% Mini-PROTEANRTM TGXTM Precast Protein Gels Bio-Rad Laboratories 4561096
Quick Start™ Bradford 1x Dye Reagent Bio-Rad Laboratories 5000205
Econo-Pac Chromatography Columns Bio-Rad Laboratories 7321010
Flasks, baffled 1000 mL 4 baffles, borosilicate glass Scilabware 9141173
Nickel Sulfate  Alfa Aesar 15414469
HiTrap Butyl HP Column  GE Healthcare 28411005 purification of tag free ribosomes
Acetic acid, 99.8 % Acros 222140010
tRNA Roche 10109541001
EDTA (Ethylenediaminetetraacetic acid) Sigma-Aldrich  03609-250G
Ammonium chloride  Sigma-Aldrich  09718-250G
HEPES Gibco 15630-056
IMAC Sepharose® 6 Fast Flow GE Healthcare 17-0921-07
Eppendorf Protein LoBind microcentrifuge tubes VWR International / Eppendorf 525-0133
50 mL centrifuge tubes VWR International 525-0304
15 mL centrifuge tubes VWR International 525-0309
Thermo Scientific™ Nalgene™ Rapid-Flow™ Sterile Single Use Bottle Top Filters ThermoFisher 10319590
Magnesium chloride  Honeywell Fluka 63020-1L
TCEP (Tris(2-carboxyethyl)phosphin -hydrochlorid) Sigma-Aldrich  646547-10X1mL
Lysogeny broth (LB) media AppliChem A0954
Ammonium sulfate Sigma-Aldrich  A4418
RNaseA solution Promega A7973
IPTG (Isopropyl-beta-D-thiogalactoside) Alfa Aesar B21149.03
Tris base ThermoFisher BP152-500
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3.8 Annexe

In 2022/2023 the supply of the specified tRNAs by Roche was discontinued. Adding tRNAs

from different suppliers failed to function in the PURE environment. We therefore developed

a protocol for tRNA purification based on work published by Cayama and coworkers [317],

which was further adjusted by Matt Cummins, ETHZ, and refined by our laboratory.

1. Grow a culture of E. coli BL21 and harvest the cells after around 6 h

2. Cells can be aliquoted and stored at -80 °C until further use

3. Weigh cell pellet, the weight in g, typically between 4-8 g, will subsequently be referred

to as X.

4. Equilibrate at least 7 x X of equilibrated phenol once in resuspension buffer (10 mM

HEPES, 10 mM MgCl2, pH 7.2)

5. Resuspend cells in 5x X mL of resuspension buffer

6. Add 5x X mL of equilibrated phenol to achieve a 1:1 v/v mixture

7. Mix well and incubate for 30 min at 4 °C rotating.

8. Separate the phases by spinning for 10 min at 4000 x g.

9. Remove the aqueous phase (top) with a serological pipette and transfer it to a new tube

10. Add ultrapure Isopropanol to be 1:1 v/v or slightly more. If the reagent freezes at -20°C

add more Isopropanol

11. incubate at -20°C at least over night

12. Precipitate nucleic acids by centrifugation for 10 min at 4000 x g and 4°C. Discard the

supernatant

13. Resuspend the pellet in X mL of Lithium buffer (0.8 M LiCl and 0.8 M NaCl)

14. Precipitate the DNA and transfer the supernatant to a new tube

15. Add X mL of Isopropanol to reach a v/v ratio of 1:1

16. Precipitate the RNA and discard the supernatant

17. Wash the pellet three times with ultrapure Ethanol by dissolving the pellet in Ethanol

and subsequently precipitating by centrifugation for 10 min at 4000 x g and 4 °C

18. Dry the pellet with Nitrogen
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19. Dissolve the pellet in resuspension buffer (50 mM NaCl, 10 mM HEPES in ultrapure

water)

20. tRNAs can be stored at -80°C. Adding RNase inhibitor will increase tRNA stability during

storage
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4.1 Abstract

Increasing the protein production capacity of the PURE cell-free transcription–translation

(TX-TL) system will be key to implementing complex synthetic biological circuits, and to

establishing a fully self-regenerating system as a basis for the development of a synthetic

cell. Under steady-state conditions, the protein synthesis capacity of the PURE system is

likely at least one order of magnitude too low to express sufficient quantities of all PURE

protein components. This is in part due to the fact that protein synthesis cannot be sustained

during the entire dilution cycle, especially at low dilution rates. We developed a microfluidic

chemostat augmented with semipermeable membranes that combines steady-state reactions

and continuous dialysis as a possible solution to enhance protein synthesis at steady-state. In

batch operation, the continuous dialysis of low molecular weight components via the mem-

branes extended protein synthesis by over an order of magnitude from 2 h to over 30 h, leading

to a 7-fold increase in protein yield. In chemostat operation, continuous dialysis enabled

sustained protein synthesis during the entire dilution cycle even for low dilution rates, leading

to 6-fold higher protein levels at steady state. The possibility to combine and independently

manipulate continuous dialysis and chemostat operation renders our dialysis chemostat a

promising technological basis for complex cell-free synthetic biology applications that require

enhanced protein synthesis capacity.

KEYWORDS: cell-free transcription and translation microfluidics nonequilibrium reactions

synthetic biology dialysis

Figure 4.1: Graphical Abstract
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4.2 Introduction

A reconstituted cell-free transcription–translation (TX-TL) system such as the PURE system is

a viable chassis for constructing a synthetic cell [44]. However, one critical requirement that

remains a major challenge is achieving a sufficiently high protein synthesis rate to regenerate

all PURE proteins simultaneously in order to achieve sustained self-regeneration. We recently

demonstrated that several proteins of the PURE system could be sustainably self-regenerated

in a microfluidic-based synthetic cell-like system [3]. However, the synthesis rate and yield

in the recombinant cell-free system are currently predicted to be orders of magnitude below

what would be required to regenerate all of its nonribosomal protein components, which is a

limitation not only for advances in constructing a synthetic cell, but also for prototyping of

complex synthetic systems.

Cell-free reactions can be classified into equilibrium and nonequilibrium reactions [44]. Stan-

dard batch experiments are classified as equilibrium reactions. All components are combined

at the outset, after which they undergo reactions with no further external input, until chemical

equilibrium is reached. A standard cell-free protein synthesis system in batch configuration

ceases to function mainly due to the rapid depletion of critical small molecular weight compo-

nents such as NTPs [44]. This, however, does not mimic biological systems, which operate

far from chemical equilibrium. Therefore, continuous in vitro systems, where reagents are

exchanged over time, have been developed.

These nonequilibrium reactions can be further separated into two subcategories: batch reac-

tions with continuous dialysis, and reactions in chemostat reactors. During batch reactions

with dialysis, replenishment is achieved by passive, diffusion driven exchange based on dial-

ysis, which allows the exchange of small molecules with the environment, while retaining

the TX-TL machinery within a defined reaction compartment [319]. This approach permits

protein synthesis to last for up to several days, leading to a total protein synthesis yield in the

range of mg/mL [27]. Batch reactions with continuous dialysis have previously been realized

using standard tube-based dialysis [27], a microwell plate with integrated dialysis membranes,

[28, 183], or a passive PDMS microreactor [186]. In comparison, reactions in chemostat reac-

tors overcome equilibrium by diluting all reaction components with fresh components; this

allows for replenishment of both small molecules and the enzymatic machinery, allowing

an efficient protein turnover rate and thus implementation of complex genetic networks [42,

191, 320]. Therefore, combining both approaches by replenishing small molecules by dialysis

and replenishing the enzymatic machinery by dilution is likely crucial to achieve adequate

synthesis rates required for self-replicating systems.

In this work, we designed a microfluidic device with 8 independent microfluidic chemostat

reactors with integrated PEG-DA dialysis membranes. Our device enables the implementation

of steady-state reactions in combination with small molecule feeding by continuous dialysis.

We describe a simple silanization protocol that does not require either the use of oxygen plasma

or organic solvents, and a technique for simple PEG-DA hydrogel membrane patterning, using
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pneumatic valves in an oxygen-free environment. Additionally, we describe how different

membrane permeabilities can be generated to achieve an ideal molecular weight cutoff for

a continuous dialysis TX-TL reaction. Furthermore, we report a simple way to avoid water

evaporation from PDMS at low environmental humidity by adding a PDMS hydration layer. We

show that implementing continuous dialysis protein synthesis in our steady-state chemostat

reactor with semipermeable membranes extended protein synthesis to at least 30 h, leading to

a 7-fold increase in the synthesis yield compared to batch reactions. Moreover, by combining

the chemostat TX-TL reaction with continuous dialysis, we achieved a 6-fold increase in

steady-state protein synthesis levels while maintaining active protein turnover.

4.3 Results

4.3.1 Formulation, Generation, and Characterization of PEG-DA Hydrogel Mem-
branes

To achieve continuous dialysis of small molecules, several methods and designs have been pro-

posed [28, 183, 186], with most of them suffering from the drawback that they are difficult to

implement and manufacture. We adapted a method to manufacture PEG-DA semipermeable

membranes inside of a microfluidic device utilized for protein crystallization [321]. PEG-DA is

ideal for this purpose due to several advantages including biocompatibility [322], tunable pore

sizes [323–326], the possibility to be integrated within PDMS [321], the ability to be introduced

as the unpolymerized prepolymer, and to be quickly cured by UV. The reactor uses fluidically

hard-coded dilution fractions as described previously [43], and was augmented with a feeding

channel for the continuous dialysis of small molecules, and an antievaporation layer on top

of the device (Fig 4.6a-f). The feeding channel is linked to the main reactor by four channels,

which contain the PEG-DA hydrogel membranes. These PEG-DA membranes form a semiper-

meable barrier between the reactor and feeding chamber to allow the continuous supply of

small molecular weight components while retaining high molecular weight components such

as proteins or ribosomes inside the reactor (Figure 4.2a,b 4.6a,b). These linker channels can be

controlled by two valves on either end. To generate PEG-DA membranes, the valves facing the

reactor ring were closed to prevent any chemical from entering the actual reaction chamber,

and the linker channels were addressed via the feeding chamber. The PDMS surface was

functionalized with silane as described below, and subsequently PEG-DA was flown into the

channels. The valve facing the feeding chamber was actuated to trap the PEG-DA inside the

linker channels, and the feeding chamber was thoroughly washed to remove all remaining

PEG-DA. The PEG-DA was then cured using a UV lamp generating semipermeable membranes

separating the main reactor from the feeding channel. To implement the semipermeable

hydrogel membranes for the application of long-term continuous dialysis of small molecular

reagents during cell-free expressions, several crucial factors, such as strong anchoring of the

membranes to the PDMS and glass surfaces, a correct molecular weight cutoff, and a low

evaporation rate of liquids from the reactors had to be achieved.
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Figure 4.2: (a) Design schematic of the microfluidic device featuring eight individual chemostat
reactors and details of a single reactor showing the feeding channel separated from the main
reactor by hydrogel membranes. The flow layer is shown in black, the control layer in dark gray,
and the antievaporation layer in light gray. Design and functional details are provided in 4.6.
(b) Bright-field image of the hydrogel membranes between the reactor and feeding channel.
(c) Schematic protocol for preparing hydrogel membranes. First the PDMS channels were
functionalized with TMSPMA, subsequently PEG-DA prepolymer was flown and polymerized
inside of the membrane channels, and the formed membranes were washed overnight with
water before conducting on-chip cell-free TX-TL reactions.
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In our device, pressure on the membranes is imposed over extended periods due to the

osmotic pressure generated by the differences in composition of the feeding solution and the

PURE TX-TL solution, as well as during the pressure-driven loading phase, and as a result of

volume displacement arising from the pneumatic valve actuation. Therefore, strong anchoring

of the membranes to PDMS is crucial. To anchor the membranes, the addition of vinyl groups

to the PDMS surface by silanization with silane-containing acrylate or methacrylate [327] was

essential. Here we report a simple and fast (<1 h) silanization protocol based on hydrochloric

acid/hydrogen peroxide treatment [328, 329] and TMSPMA hydrolyzed in acidic conditions

[330], without the use of organic solvents, which can support strong PEG-DA anchoring and is

compatible with PDMS valves (Figure 4.2c). Polymerization of PEG-DA membranes has to be

performed in an oxygen-free environment, as the presence of oxygen leads to a thin oxidized

layer that is not able to cross-link with the PDMS [321]. To deplete oxygen, the hydrogel-

forming valves controlling the connection of the feeding channel with the ring, and the

antievaporation layer were pressurized with nitrogen instead of air (Figure 4.2c). The resulting

channel functionalization and formation of hydrogel membranes was highly reproducible, and

the membranes were stable against rupture and could withstand the imposed transmembrane

pressure for more than 2 days.

To achieve continuous cell-free expression, membranes of the correct molecular weight cutoff

have to be implemented on the device. The ideal molecular weight cutoff level for cell-free

continuous dialysis reactions is around 10 kDa [321], which allows small molecules to dif-

fuse between feeding and reaction chamber, while retaining protein components inside the

reaction chamber. One of the main advantages of utilizing hydrogel membranes as dialysis

membranes is their tunable pore size. In particular PEG-DA hydrogels have been shown

to be tunable from nm pores [331] to µm [324–326] pores, allowing molecular weight cut-

offs from small molecules to large proteins. The porosity depends mostly on the molecular

size of the PEG-DA polymer [324] and porogen [325, 331] used during the polymerization

reaction. To achieve the desired permeability of our membrane and low hydrogel swelling

[332, 333], we decided to use PEG-DA Mn 700 g/mol (average Mn) with photoinitiator 2-

hydroxy-2-methylpropio-phenone [321]. The main advantage of using Mn 700 g/mol PEG-DA

prepolymer is its solubility in water, in contrast to Mn 250 g/mol PEG-DA prepolymer for exam-

ple, which is insoluble in water. This significantly simplifies prepolymer manipulation within

the microfluidic chip, as any remaining unpolymerized prepolymer can easily be washed away.

Moreover, water simultaneously acts as a porogen during hydrogel polymerization; therefore,

the hydrogel permeability can be tuned by modifying the PEG-DA/water ratio.

We initially prepared two aqueous formulations of different PEG-DA/water ratios (33% and

42% w/w PEG-DA/water), and examined the diffusion of different molecular weight solutes

through the formed membranes from the feeding channels to the chemostat reactor (Figure

4.3a,b). While the small molecular weight methylene blue dye (Figure 4.3c) diffused rapidly

into the reactor for both tested PEG-DA formulations, 10 kDa (Figure 4.3d) and 40 kDa (Figure

4.3e) fluorescently labeled dextrans were mainly retained in the feeding channel and diffused

into the reactor at a much slower rate. In particular for the membrane formulation of 42%
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Figure 4.3: Solute diffusion through the membrane: (a) Schematic of a hydrogel permeability
experiment. The feeding chamber (bottom) and the reaction ring (top) are separated by
semipermeable membranes (pink) which allow small molecules to diffuse freely, while retain-
ing molecules above the respective molecular weight cutoff. (b) Bright field and fluorescent
images of the semipermeable membrane and the feeding channel loaded with methylene
blue dye. Diffusion of solutes of different molecular weight from the enclosed feeding channel
to the reactor chamber through the membrane over time: (c) methylene blue, (d) 10 kDa
FITC-dextran, (e) 40 kDa TMR-dextran. The fluorescence of methylene blue was normalized
to the maximum level attained in each experiment. For 10 kDa FITC-dextran and 40 kDa
TMR-dextran, the fluorescence was normalized to the maximum level attained in reactors
without membrane.

w/w PEG-DA/water, there was no observable diffusion into the reactor ring for the 10 kDa or

the 40 kDa dextran in the time frame of the experiment. This renders both formulations ideal

candidates to be utilized for membranes for continuous dialysis protein synthesis, and we

decided to implement the 33% w/w PEG-DA/water formulation for subsequent experiments.

4.3.2 Batch Cell-Free Expression Augmented with Continuous Dialysis

We first tested if our microfluidic device with integrated membranes could be used for batch

cell-free protein synthesis and whether the dialysis membranes have a noticeable effect on

protein synthesis. To be able to sustain long-term protein synthesis we implemented an anti-

evaporation layer to prevent evaporation of water through the PDMS. In a PDMS device during

a batch reaction (environmental humidity and 34 °C), evaporation can be observed after 2 h,

if no evaporation prevention is applied (Supplementary figure 4.6g). The anti-evaporation

layer features a dead-end serpentine channel covering the reactors, and is bonded on top

of the chip using oxygen plasma (Supplementary Figure 4.6c-f. During the experiment, the

channel is connected to a pressurized, water-filled tube to sustain a constant water supply
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Figure 4.4: Batch cell-free expression augmented with dialysis: (a) Schematic of a continuous
dialysis reaction of a single chemostat reactor augmented with a hydrogel membrane. (b)
Time course of in vitro eGFP expression in batch, batch with static dialysis, and batch with
continuous dialysis reactions. A concentration of 1.5× of the feeding solution based on solution
A was used for batch with static dialysis and batch with continuous dialysis reactions. Each
curve represents a technical replicate. (c) Time course of in vitro eGFP expression levels in
batch with continuous dialysis reactions for different feeding solution concentrations based on
the commercial solution A (PURExpress) or homemade energy solution. Each curve represents
a technical replicate.

in the anti-evaporation layer. With the anti-evaporation layer, no discernible evaporation

was observed after 16 h (Supplementary Figure 4.6g). Compared to previously reported anti-

evaporation methods [334–337], our design is easy to fabricate, assemble, and can be applied

to most standard double-layer microfluidic designs without the need of additional hardware.

For cell-free expression experiments, the chemostat reactors were filled with the PURExpress

components in a ratio of 2:2:1 for solution A (2.5×, energy solution), solution B (2.5×, pro-

tein/ribosome), and DNA solution (5×), respectively. The feeding channel was loaded with a

1.5× feeding solution (1.5× solution A and PURE buffer (see Methods 4.5), either once in the

beginning of the experiment for the batch with static dialysis reaction, or every 10 min for

the continuous dialysis experiments (Figure 4.4a). The batch reaction was run as previously

described [3] using a traditional chemostat device without a feeding chamber, but augmented

with the anti-evaporation layer. The experimental procedures and parameters of the batch,

batch with static dialysis, and batch with continuous dialysis experiments are detailed in

Supplementary Table 4.6.

There was no significant difference between the batch reaction and batch with static dialysis

reaction, as the feeding channel was filled only once at the beginning of the reaction, therefore

supplying only a limited amount of additional energy components. For both reactions, protein

synthesis ceased after around 2 h. However, continuous eGFP synthesis was observed for the

batch reaction with continuous dialysis, when the feeding solution was replenished every

10 min, which resulted in a 3-fold increase in the reaction yield after 15 h compared to the

batch reaction with static dialysis (Figure 4.4b). In addition, we explored the importance of an

RNase inhibitor to prevent the degradation of RNA based components, but did not observe

any difference between the reactions with and without RNase inhibitors for any conditions
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tested (Figure 4.4b).

We tested different concentrations of the feeding solution to further increase protein synthesis

(Figure 4.4c, Supplementary Figure 4.7). We prepared different concentrations of feeding

solutions, with energy solutions prepared based on previously published protocols [309], and

compared them to the feeding solution based on the commercially available solution A of

the PURExpress system. We achieved a similar expression level comparing our homemade

1.5× solution to the 1.5× concentrated PURExpress solution A for up to 15 h. However, in

contrast to the homemade solution, which exhibited steady protein expression during the

entire experiment duration of 30 h, we observed a cessation of eGFP expression after 15 h

when using the commercial solution. This effect is potentially due to the use of the more

stable TCEP as a reducing agent in the homemade solution instead of DTT that is used in

the commercial solution. The relatively constant expression rate throughout the experiment

timeline indicates low degradation of ribosomes and other macromolecules. Although we did

not study the stability of the various components in detail, this observation is in accordance

with literature and our previous results, where long-term stability of macromolecules at 34 °C

was observed [3]. This is probably a result of low amounts of proteases and RNases present in

the PURE system and the use of a temperature-stable reducing agent as mentioned above.

Increasing feeding solution concentration to 2.5× led to an increase in synthesis rates and

overall higher yield by around 2-fold compared to the 1.5× feeding solution concentration.

After 30 h, we achieved a 7-fold increase of protein yield without observing any cessation of

protein synthesis. Further increasing the concentration (3×) did not increase synthesis rate or

yield compared to the 2.5× feeding solution.

4.3.3 Steady-State Cell-Free Reaction Augmented with Continuous Dialysis

A system that is designed to implement complex biological networks needs to be able to

exchange reagents and operate at steady-state. We have previously shown that a microfluidic

chemostat can achieve steady-state transcription and translation [3, 42, 320]. However, a

remaining challenge is obtaining adequate protein synthesis at steady-state to implement

larger and more complex biological circuits and to establish a self-replicating system for a

future synthetic cell. Steady-state is achieved when the synthesis rate matches the combined

dilution and degradation rate. Hence, at a given synthesis rate, faster dilutions lead to lower

steady-state levels, and vice versa. In the experiments described in this work, the fraction of

the ring being exchanged is held constant at 20%, and the dilution rate is determined solely by

the dilution frequency. In silico models of the chemostat show that in the ideal case, where

the synthesis rate remains constant throughout the time interval between dilution steps,

steady-state levels are inversely proportional to dilution rates (Supplementary Figure 4.8a).

For instance, a dilution interval of 60 min should lead to a 4-fold increase in steady-state GFP

level compared to a 15 min dilution interval. However, if the supply of small molecules is

limiting (Supplementary Figure 4.8b) or inhibitory byproducts accumulate, the synthesis rate
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between dilution steps may not be constant and decrease or cease entirely, and hence lower

dilution rates will not lead to proportionally increased steady-state protein levels.

To test whether resource supply might be a limiting factor, as we hypothesized in our previous

work [3], we investigated steady-state expression at different dilution rates. The chemostat

reactors were loaded with PURExpress components in a ratio of 2:2:1 (v/v/v) for energy

solution (2.5×, energy components), solution B (2.5×, proteins/ribosomes), and DNA solution.

Subsequently, to investigate steady-state expression levels at different dilution rates, 20%

of the reactor volume was exchanged with fresh components using the same ratio every 15,

30, or 60 min (Supplementary Table 4.7). observed similar steady-state levels for all dilution

frequencies, with the lowest steady-state level for the 60 min dilution interval. This indicates

that the synthesis rate averaged over one cycle is the lowest for the 60 min dilution interval.

As it can be seen in 4.5a, the synthesis rate in fact decreases during the cycle, probably due

to insufficient supply of energy components. As lower dilution rates mean less components

being replenished per unit time, and the 20% volume replacement every 60 min is apparently

insufficient to supply enough small molecules to sustain a constant synthesis rate during the

60 min reaction, a lower steady-state protein level is achieved.

We thus combined the chemostat reaction with a continuous dialysis reaction to overcome

the insufficient supply of small molecular components at lower dilution rates (Figure 4.5b).

For continuous dialysis reactions, the chemostat reactors were filled and diluted as described

above for the standard chemostat reactions. In addition, the feeding channel was loaded

with a 3× feeding solution (3× energy solution and PURE buffer, see Methods 4.5, which was

exchanged every 15 min, if not indicated otherwise (Figure 4.5b). Surprisingly, we already

observed a significantly enhanced eGFP synthesis rate (4-fold) when continuously exchanging

the feeding solution for the 15 min dilution interval, indicating that even our highest dilution

rate is already resource limited. By lowering the dilution rates, we further increased the steady-

state level eGFP fluorescence level by 6-fold compared to the reaction without continuous

dialysis. In contrast to the traditional chemostat reactor, we did not observe any significant

decrease in synthesis rate during each dilution cycle even for the longest dilution interval (60

min), indicating a sufficient supply of small molecules through the membranes to sustain

protein expression. However, the average synthesis rate for the 60 min interval was lower than

the average synthesis rate at an interval of 15 min, suggesting that further optimization might

be possible.

4.4 Discussion

In this work, we augmented a microfluidic reactor with hydrogel-based semipermeable dial-

ysis membranes to combine chemostat operation with continuous dialysis. For standard

batch reactions, augmenting the reaction chambers with semipermeable membranes led to a

prolongation of protein synthesis from approximately 2 to at least 30 h, increasing total pro-

tein yield by 7-fold. For chemostat operation we showed that combining steady-state protein
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Figure 4.5: Steady-state chemostat reactions. (a) eGFP steady-state levels on a traditional
chemostat reactor as previously described (30) for different dilution rates. 20% of the chemo-
stat reactor volume was diluted with energy solution, solution B (PURExpress), and DNA at
different time intervals of 15, 30, and 60 min. Each curve represents a technical replicate. (b)
eGFP steady-state levels for chemostat reactors augmented with hydrogel membranes for
different dilution rates. 20% of the chemostat reactor volume was diluted with energy solution,
solution B (PURExpress), and DNA at different time intervals of 15, 30, and 60 min. The
feeding solution (3×) was replaced as specified in the table. Each curve represents a technical
replicate. Doubling time td = ln(2)µ−1 was calculated from the dilution rate µ = -ln(Ct /C0)t−1.
The average synthesis rate for each dilution period was calculated from the steady-state levels
(average during 5–18 h) based on the percentage of dilution and the dilution period.
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synthesis with continuous dialysis led to a 6-fold increase in protein levels at steady-state. By

decoupling small molecule supply from TX-TL machinery replenishment and dilution, we

more closely mimic the dilution and regeneration of cellular components during cell growth.

In a living cell, small molecules are taken up from the outside to fuel reactions inside the

cell, providing a supply of small metabolites that is decoupled from growth and thus dilution.

Large biomolecules including proteins and DNA are synthesized inside the cell and diluted

(or rather kept constant) by growth and degradation. Likewise, our chemostat exchanges

small molecules with the feeding chamber to fuel the reactions inside, while keeping pro-

teins and DNA inside the reactor subject to exchange by dilution. To our knowledge, this is

the first device that combines chemostat operation and continuous dialysis cell-free protein

expression.

The increase in the protein production capacity at steady-state is a key step toward achieving

adequate protein synthesis likely required when building a synthetic cell based on the PURE

cell-free expression system. We anticipate that further optimizing and tuning the system, for

instance by increasing protein concentration in the reactor, omitting glycerol [27], or further

optimizing the exact composition of the feeding solution [28], will render even higher protein

production rates possible.

Although this specific microfluidic device is designed to study systems requiring nonequi-

librium conditions such as synthetic cells and biomolecular oscillators that operate out-of-

equilibrium, the methods described here could also be expanded to be used for applications

that would benefit from a higher protein synthesis yield, including for instance continuous

dialysis protein synthesis combined with on-chip purification [338, 339] or protein crystalliza-

tion [321]. Besides, the simplicity and time-efficiency of the silanization protocol and method

to prepare PEG-DA hydrogel membranes by utilizing pneumatic valves presented here also

suggests itself for the implementation of other applications that involve hydrogels [339, 340]

in-double-layer microfluidic devices, such as on-chip concentration gradient generator- and

separation devices [339].

4.5 Methods

4.5.1 Microfluidic Chip Fabrication

The device with 8 reactors and 9 fluid inputs (Figure 4.2 Supplementary Figure 4.6) is based on

a previous design [3, 43]. Molds for the control, the flow layer, and the anti-evaporation layer

were fabricated on separate wafers by standard photolithography techniques. The positive

photoresist AZ 10XT-60 (Merck) with a height of 14 µm was used to generate the flow channel

features. For the control layer and the anti-evaporation layer, SU-8 photoresist (Microchem

3025, Kayaku Advanced Materials) was used to generate the channel features with a height

of 40 µm. Subsequently, each of the wafers was treated with trimethylchlorosilane. For the

flow and the anti-evaporation layers, PDMS with an elastomer to cross-linker ratio of 5:1
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was prepared and poured over the wafers. The wafers coated with PDMS were placed in a

desiccator for 40 min prior to baking. For the control layer, PDMS with a 20:1 elastomer to

cross-linker ratio was spin-coated at 1400 rpm onto the wafer and left to relax for 40 min prior

to baking. The flow and control layers were partially cured at 80 °C for 20 min. The flow layer

was then cut out and aligned onto the control layer. The aligned devices were placed back

in the oven at 80 °C for 90 min. The anti-evaporation layer was cured at 80 °C for 90 min.

After the curing, the devices and the anti-evaporation layers were removed from the wafer

and the inlets were punched. The aligned devices were plasma bonded to a glass slide and

subsequently the evaporation layer was plasma bonded on top of the chip.

4.5.2 Chip Silanization and Formation of PEG-DA Hydrogel Membrane

To prime the chip, control lines were filled with water and pressurized with air at 1.38 bar,

except for the hydrogel-forming valves, which were pressurized with nitrogen at 1.38 bar.

The inner walls of the flow channels, except for the reactors, were oxidized by flowing freshly

prepared solution of H2O:H2O2(30% (v/v)):HCl(36%) solution in a ratio of 5:1:1 v/v for 10 min,

followed by a washing step with Milli-Q water for 4 min. The silanization solution was freshly

prepared by mixing Milli-Q water with 0.4% (v/v) 3-(trimethoxysilyl)propyl methacrylate

(TMSPMA, Sigma) and 0.4% (v/v) glacial acetic acid (VWR) and let flow for 20 min through the

oxidized channels. Subsequently, the channels were washed with Milli-Q water for 15 min.

Meanwhile, an aqueous solution for the polymerization of the hydrogel membrane was pre-

pared. First, the PEG-DA (Mn 700 g/mol, Sigma) was mixed with photoinitiator 2-hydroxy-2-

methylpropio-phenone (Sigma) (90/10% w/w). Subsequently, different volumes of UltraPure

water (Invitrogen) were added to the mixture, as specified in section 4.3.1 Formulation, Gen-

eration, and Characterization of PEG-DA Hydrogel Membranes. The solution was perfused

with nitrogen gas for up to 20 min to remove oxygen. However, we found that shorter times of

less than 1 min are sufficient for the hydrogel formation. After the silanization process, the

anti-evaporation layer was pressurized with nitrogen at 1.38 bar to deplete oxygen from the

chip. The PEG-DA solution was injected into the feeding chamber for 10 min, after which

the hydrogel-forming valves were closed, and the remaining PEG-DA was removed by wash-

ing with water. The remaining PEG-DA was polymerized for 2 × 30 s using an Omnicure

S1500 200 W UV curing lamp with a standard filter (320–500 nm). After the formation of the

membranes, the hydrogel forming valves and the anti-evaporation layer were disconnected

from the nitrogen source. The anti-evaporation layer was primed with water, and the formed

membranes were washed with UltraPure water for 20 h and subsequently passivated with

bovine serum albumin (1%, Sigma-Aldrich) in 50 mM HEPES, 100 mM potassium chloride, 10

mM magnesium chloride for 1–3 h, and finally primed with a wash buffer (50 mM HEPES, 100

mM potassium glutamate, 11.8 mM magnesium acetate).
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4.5.3 Solute Diffusion through the Hydrogel Membranes

The reactors were thoroughly washed and filled with the wash buffer, while the feeding channel

was loaded with either 10 µg/mL of methylene blue, fluoresceinisothiocyanat-dextran (FITC-

dextran, 10 kDa), or tetramethylrhodamine-dextran (TMR-dextran, 40 kDa) solutes. The

peristaltic pump was actuated at 20 Hz to mix the solutions inside the reactor. The reactor was

imaged every 10 min.

4.5.4 Energy and Feeding Solution Preparation

The energy solutions were prepared as described previously [309] although at a higher final

concentration (4×). The 4× energy solution contained 1.2 mM of each amino acid, 47.2 mM

magnesium acetate, 400 mM potassium glutamate, 8 mM ATP and GTP, 4 mM CTP, UTP,

and TCEP (tris(2-carboxyethyl)phosphine hydrochloride), 14 mg/mL tRNA, 80 mM creatine

phosphate, 0.08 mM folinic acid, 8 mM spermidine, and 200 mM HEPES. The prepared energy

solution was then diluted to 2.5× working concentration, or used in a feeding solution. The

feeding solutions were prepared by combining the energy solution or Solution A (PURExpress)

at the desired concentrations with PURE buffer (final concentration in the feeding solution:

13 mM HEPES, 1.4 mM magnesium acetate, 1.7 mM magnesium chloride, 7 mM potassium

glutamate, 4.2 mM potassium chloride, 4 mM TCEP, 2.8 mM 2-mercaptoethanol).

4.5.5 Device Setup for Cell-Free Expression

PURExpress solution B supplemented with RNase inhibitor (2 U/µL), mScarlet, and TCEP (10

mM), PURExpress solution A or energy solution 2.5×, and DNA solutions were mixed in the

microfluidic reactors on the microfluidic chip in a 2:2:1 v/v ratio. The DNA solution at five

times its final concentration was prepared by mixing 10 nM eGFP linear templates and 6.25

µM Chi DNA as described previously [3].

For continuous dialysis batch experiments, the reactor was imaged every 10 min and the

feeding channel solution was replenished if indicated. For chemostat experiments, the reactor

was imaged every 15 min, a 20% fraction of the reactor volume was replaced with fresh

components with the same 2:2:1 ratio every 15, 30, or 60 min, while the feeding channel

solution was replenished every 15 min, if indicated. Details on the operation of the microfluidic

chip can be found in Supplementary Tables 4.1 and 4.2.

4.5.6 Data Acquisition and Analysis

Solenoid valves, microscope, and camera were controlled by a custom Matlab and LabVIEW

program. The chip and microscope stage were enclosed in an environmental chamber at

34 °C. The fluorescence was monitored over time on an automated inverted fluorescence

microscope (Nikon), using 20× magnification and FITC/Cy5/mCherry filters. The microscope
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hardware details are as described previously [43]. Fluorescence images were analyzed using a

custom Python script.
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4.6 Supplementary Information

Figure 4.6: Design of the microfluidic device with hydrogel membranes:(a) Design schematic
of the microfluidic device. The control layer is shown in gray, the flow layer in blue, and the
anti-evaporation layer in red. The device features eight chemostat reactors. (b) Close-up
of a microfluidic reactor and table of channel heights and corresponding photoresists used
during mold fabrication. Each reactor has four outlets corresponding to four different dilution
fractions. Four Control lines serve dual-functions as valves and peristaltic pumps. The width
of a flow channel is 100 µm. (c) Schematic depiction (not to scale) of the microfluidic chip
cross-section. Image of the microfluidic chip from the top (d) and from the side (e), for
visualization the flow channels and the anti-evaporation channel are filled with blue and
red dye, respectively. (f) Image of microfluidic chip connected to the control lines, reagent
inputs and outlet. (g) Comparison of the water evaporation in the chip with and without the
anti-evaporation layer at different times at 34°C. The flow channels were filled with blue dye
for better visualization.
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Figure 4.7: Time course of in vitro eGFP expression levels in batch with continuous dialysis
reactions for different feeding solution concentrations based on the commercial solution A
(PURExpress) or home-made energy solution. Each curve represents a technical replicate.

Figure 4.8: Chemostat simulations: The chemostat was simulated using a minimal resource-
dependent TX-TL model [3] periodically diluting and replenishing species and solving ODEs
every 15 min to match the experimental measurements. The resource R 0 was chosen so:
(a) the resource depletion is not rate limiting (R0 = 1000), (b) the resource depletion is rate
limiting (R0 = 30). 20% of the chemostat reactor volume was diluted at different time intervals
of 15, 30, and 60 min. Parameter conditions α = 0.7, β = 0.07, K = 1 and initial conditions pT =
10, dG = 2, with all other species set to zero.
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Table 4.1: Microfluidic chip operations for batch, batch with static dialysis and batch with
continuous dialysis reactions
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Table 4.2: Microfluidic chip operations for steady-state reactions
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5.1 Abstract

Rolling circle amplification (RCA) is a widely used DNA amplification method that uses circular

template DNA as input and produces multimeric, linear single or double stranded DNA. Circle-

to-circle amplification (C2CA) has further expanded this method by implementing product

re-circularization using restriction and ligation, leading to a higher amplification yield, and

enabling the generation of circular products. However, C2CA is a multistep, non-isothermal

method, requiring multiple fluid manipulations and thereby compromises several advantages

of RCA. Here, we improved C2CA to implement a one-pot, single step, isothermal reaction at

temperatures ranging from 25 to 37°C. Our C2CAplus method is simple, robust, and produces

large quantities of product DNA that can be seen with the naked eye.

keywords: synthetic biology, DNA replication, circle-to-circle amplification, cell-free synthetic

biology, phi29, rolling circle amplification
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and recircularization in one tube

Figure 5.1: Graphical Abstract

5.2 Introduction

RCA is a robust DNA amplification method that has become increasingly popular with a broad

range of applications [342]. RCA requires a circular template. Sequence specific primers bind

to this template and subsequently a polymerase with strand displacement activity, mainly

bacteriophage phi29 DNA polymerase [343], will replicate the DNA in a rolling circle fashion,

producing long multimeric strands of linear DNA. In contrast to PCR, no thermal cycling

is required, which offers a multitude of advantages. DNA amplification using RCA is cost-

effective, simple, and at the same time can be highly specific [344]. RCA has shown great

potential for the use in diagnostics and as a biosensor, and various biologically relevant targets

have been detected using RCA [345–347]. Hence, it is not surprising that isothermal systems

such as RCA are anticipated to be used for on site testing in remote areas and poorly equipped

healthcare settings [345]. Besides being used in biosensing, RCA is currently one of the most

promising DNA replication methods for the construction of a synthetic cell [22, 29, 30, 36, 37].
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To that end, however, a major drawback is that the output DNA structure of a RCA reaction is

different to the input structure, that is linear instead of circular DNA.

Circle-to-circle-amplification (C2CA) was originally developed to improve RCA for the use in

biosensing [348]. In a first step, padlock probes specific to the tested single-stranded DNA

sequence and a ligase are used to generate a circular target DNA, which can then be amplified

using standard RCA [349, 350]. In C2CA, the linear, single-stranded, multimeric RCA product is

then digested by restriction digest and re-circularized in combination with a second primer by

ligation generating circular monomeric products. These circles can then enter a consecutive

round of RCA amplification, leading to circles of the opposite polarity, followed by another

round of restriction, and ligation. The repetitive amplification, restriction, and ligation of

template DNA during C2CA yielded 100x higher amounts of DNA than PCR [346]. Recent work

has successfully demonstrated the detection of the Zika virus using padlock probes and C2CA

combined with microfluidic affinity chromatography enrichment of the amplification product

[351]. Martin and coworkers developed a biosensor to detect the antibiotic resistance gene

sul1 for sulfonamide resistance using padlock probes. They furthermore developed a readout

method that was visible by the naked eye using functionalized magnetic nanoparticles that

aggregate with the C2CA product [352].

While RCA has the advantage that the process is simple, isothermal and is functional at ambient

temperatures, current C2CA methods lost these advantages, as different temperatures are

required for restriction and ligation, additional heat inactivation steps are necessary, and

multiple reagent additions are needed in each round of amplification. C2CA therefore requires

considerable user interaction or the use of liquid handling robotic platforms. We thus set

out to develop an isothermal C2CA system that contains all components in a single tube,

creating an isothermal C2CA method that requires no user interaction or complex automation.

Our C2CAplus method is more sensitive than standard RCA, and produces large quantities

of DNA that can be seen by naked eye. C2CAplus functions robustly in a temperature range

between 25-37°C and produces circular DNA products that can be transformed. We anticipate

that C2CAplus will pave the way towards lower-cost, and easier-to-use RCA based biosensing

methods, and could form the basis of a DNA replication system in a synthetic cell.

5.3 Results

5.3.1 Isothermal restriction and ligation

In RCA one or more primers bind to a circular target DNA. A strand displacing DNA poly-

merase elongates these primers in a rolling circle manner producing long, multimeric, initially

single-stranded DNA products. If an anti-directional primer is added, double-stranded, mul-

timeric DNA can be generated. In C2CA and C2CAplus a restriction enzyme is then used

to monomerize this double-stranded DNA, and subsequently a ligase ligates the ends, thus

re-circularizing the initially linear product (Figure 5.2A).
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To develop an isothermal one-pot C2CAplus system, one thus requires a restriction enzyme

and ligase that operate under isothermal conditions, ideally around 30°C. We used the enzyme

BsmBI v2 (NEB) to cut the sequence of our target plasmid exactly once to monomerize the

double-stranded product, as can be seen by the single band in Figure 5.2B. The non-digested

high-molecular weight product in the gel loading pocket is most likely single-stranded DNA

that can’t be cut by BsmBI, but can be digested by P1, a nuclease that specifically degrades

ssDNA and RNA (Figure 5.2B). Adding both P1 and BsmBI produced a single band at around 5

kbp (Figure 5.2B), which is presumably monomeric, double-stranded DNA. Albeit optimal

conditions for BsmBI v2 include NEB buffer 3.1 and incubation at 55°C, BsmBI activity at 30°C

in an RCA reaction environment is sufficient to monomerize all product DNA after 18 h of

incubation at 30°C using a concentration of around 0.5 - 0.2 U/µL (Supplementary Figure 5.4).

In the next step we digested an RCA product using BsmBI and screened several commercially

available ligases including T4 DNA ligase, Taq DNA ligase, T3 DNA ligase, T7 DNA ligase, and

E. coli DNA ligase, under their respective optimal conditions. When transforming the ligation

product into 10-beta competent E. coli cells, we observed a significant increase in colonies

for T4 DNA ligase, T3 DNA ligase, and E. coli DNA ligase treated samples compared to the

BsmBI digested control and the plain RCA product (Supplementary Figure 5.6). As the optimal

temperatures for T3 and T4 ligases of 25°C are already close to our target temperature of 30°C,

and E. coli DNA ligase optimally operates at 16°C, we focused on T3 and T4 ligase.

Optimal ligation conditions for both T3 and T4 ligases include the above mentioned ligation

temperature of 25°C, addition of a reaction buffer, and dilution of the restricted RCA product.

We set out to investigate the performance of both ligases under non-optimal conditions.

We added the ligases to the non-diluted restricted RCA product and omitted the respective

reaction buffer. Both ligases retained activity under these conditions (Figure 5.2C). In a second

experiment we increased the ligation temperature from the optimal 25°C to 30°C. Both, T3

and T4 DNA ligases ligated the restricted product at 30°C in absence of ligase buffer at both

temperatures, rendering them promising candidates for an isothermal one-pot C2CA system.

5.3.2 One-Pot C2CAplus

The development of a one-pot C2CAplus system requires a careful balance of restriction

enzyme to ligase ratio (Figure 5.3A). If too little restriction enzyme is present, most product

will remain multimeric, rendering re-circularization inefficient. If too much restriction enzyme

is present, the restriction enzyme will linearize all DNA including newly ligated circular DNA.

As RCA only works on circular DNA, the presence of only linear template will not lead to an

improved DNA amplification. We thus tested concentrations between 0 - 0.15 U/µL of BsmBI

which were below the 0.2 U/µL used above and which digested all RCA product during the time

course of a RCA reaction. As T3 out-performed T4 ligase in our initial characterization (Figure

5.2C), we chose to test different concentrations of T3 DNA ligase between 0-120 U/µL. To

develop our one-pot C2CAplus reaction, we investigated a combinatoric space of BsmBI-to-T3
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Figure 5.2: (A) Schematic of a C2CAplus amplification scheme that integrates DNA ampli-
fication, restriction, and re-circularization. DNA amplification by Phi29 DNA polymerase
produces multimeric double-stranded DNA that can be monomerized using a restriction
enzyme. These monomers are subsequently ligated and thus circularized using a ligase. (B)
Characterization of restriction digestion of an amplification product. The left band shows the
untreated reaction with product in the pocket and a distinct band at a running length greater
than the uppermost band of 48.5 kbp of the 1kb Extend Ladder. The product in the pocket can
be digested by exonuclease P1 (5 U/µL), which is specific for ssDNA. The band at > 48.5 kbp
can be cut by BsmBI (0.67 U/µL) to a length of around 5 kbp, which is the monomeric length
of our input plasmid, indicating that this band is multimeric dsDNA.
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Figure 5.2: (C) Ligation activity of T4 and T3 DNA ligases (both 0.5 µL in a total reaction volume
of 10 µL) after an initial BsmBI digest (0.67 U/µL) with and without reaction buffer, at 25°C
and 30°C. The dashed lines indicate where different lanes were pasted together in the left gel.
A non-cropped version of that gel is shown in Supplementary Figure 5.5.

concentrations (Figure 5.3B).

The tested BsmBI concentrations were indeed low enough to not drastically affect ampli-

fication (Figure 5.3B). However, without the addition of T3 ligase, amplification efficiency

was decreased compared to the control lacking T3 ligase and BsmBI (Figure 5.3B, first band).

The sole addition of T3 ligase did not change amplification efficiency considerably (Figure

5.3B, bands e, i, m). However, if both BsmBI and T3 ligase were added together, amplification

efficiency was increased (Figure 5.3B, bands f-h, j-l, n-p).

Amplification was generally so efficient that the solution in the reaction tube became highly

viscous and was difficult to be applied to an agarose gel. Amplification was so large with

optimal combinations of BsmBI and T3 ligase that a white, highly viscous precipitate formed

in the reaction tubes, which became more pronounced after a freeze - thaw cycle (Figure

5.3C). Precipitate formation could be seen for all reactions containing both BsmBI and T3

ligase, indicating that C2CAplus is robust over the tested range of restriction enzyme-to-

ligase ratios. However, a concentration of 0.1 U/µL BsmBI with T3 ligase at 30, 60, and 120

U/µL, seemed to be especially advantageous for precipitate formation, with a qualitative

optimum at 0.1 U/µL BsmBI and 30 U/µL T3 ligase (Figure 5.3C panels g, k, o). Precipitate

formation is less pronounced at lower and higher BsmBI concentrations, indicating that

BsmBI concentration is critical for DNA amplification efficiency. It should be mentioned that

although the precipitate can be seen directly after the reaction, precipitate becomes even

more prominent after freeze-thawing the reaction tubes. We subsequently validated DNA

sequence integrity by transforming 10-beta E. coli cells with the C2CAplus product, isolated

the plasmid via Miniprep, and sequence verified the plasmid.

5.3.3 C2CAplus is highly sensitive and robust

We tested the sensitivity of C2CAplus by titrating input plasmid concentrations between 1.6

pM and 0.16 nM (0.005 ng/µL and 0.5 ng/µL) to an RCA and a C2CAplus reaction supplemented

with EvaGreen DNA stain and measured fluorescence over time (Figure 5.3D). While plain

RCA produced an increase in fluorescence for input plasmid concentrations of 0.5 and 0.1

ng/µL (Figure5.3D), C2CAplus amplified plasmid DNA for all tested input DNA concentrations

including 0.005 ng/µL (Figure 5.3E). C2CAplus also generated a significantly higher fluorescent

signal compared to plain RCA. The curves for C2CAplus were exponential, in contrast to the

linear curves obtained for plain RCA, indicating that the restriction enzyme and ligase indeed

circularize a significant amount of the RCA product, which can subsequently serve as a circular

input template for further rounds of replication leading to an exponential amplification.
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Figure 5.3: Caption next page.
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Figure 5.3: (A) Schematic overview of all potential outcomes of C2CAplus reactions. If the
BsmBI to T3 ligase ratio is too low, most of the RCA product will remain multimeric leading to
inefficient amplification. If the ratio is too high, the restriction enzyme will monomerize the
majority of the product and input DNA, which will reduce amplification. Therefore, an optimal
ratio is required to facilitate efficient re-circularization of the digested products present in
the reaction. If the BsmBI to ligase ratio is optimal, more circular product will be generated,
which serves as an efficient template for further rounds of replication, thus generating a high
amplification rate. (B) Agarose gel showing the products of C2CAplus reactions with different
concentrations of BsmBI and T3 DNA ligase (C) Pictures of the reaction tubes from (B). (D),
(E) RCA (D) and C2CA (E) reaction curves measured on a platereader using different input
plasmid concentrations. C2CAplus successfully amplifies lower DNA input concentration
than RCA. (F) Agarose gels of a time course of C2CAplus using different reaction temperatures.

If used as a biosensor or in a synthetic cell, a tolerance to reaction temperatures is ideal. We

therefore compared the performance of C2CAplus at 30°C to its performance at 25°C and 37°C.

Figure 5.3F shows the time course of C2CAplus reactions at 25°C, 30°C, and 37°C. Despite

the reaction at 25°C being delayed by about 30 min compared to the reactions at higher

temperatures, no differences are observed between the general amplification levels, indicating

that C2CAplus performs robustly in the tested temperature range of 25 to 37°C.

5.4 Discussion

In this work we developed a fully isothermal one-pot C2CA method called C2CAplus using

the restriction enzyme BsmBI to cut the linear multimeric DNA produced by phi29 DNA

polymerase, and T3 DNA ligase to re-ligate the monomers to form circular DNA. As the only

sequence requirement for C2CAplus is a single unique restriction site, the method promises

to be versatile and broadly applicable for various purposes Although the system has so far

only been tested with BsmBI as restriction enzyme, we anticipate that after optimization other

restriction enzymes that are active at ambient temperatures could be used for C2CAplus, as

well. This might be necessary when sequence restrictions limit the use of BsmBI, especially if

long or multiple DNA fragments are replicated. C2CAplus combines the main advantage of

standard RCA by being able to operate in isothermal conditions , with the advantages of C2CA

of a higher amplification rate and the ability to generate circular DNA products.

C2CAplus successfully amplified DNA with input concentrations of 0.005 ng/µL (1.6pM). The

exponential amplification produces large quantities of DNA and generates precipitate that is

visible to the naked eye. We anticipate that a simple readout based on precipitate formation

could facilitate the use of C2CAplus as a biosensor in remote areas, rendering readout inde-

pendent of sophisticated laboratory equipment. However, comparable to LAMP and other

highly sensitive DNA amplification methods that exponentially amplify DNA, C2CAplus is also

prone to producing false-positives and care must be taken to avoid DNA contamination when

used as a biosensor, or highly specific primers need to be developed.
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DNA hydrogels have become popular due to characteristics that render them advantageous

especially in biomedical applications and biosensing [353]. Recently, Song and coworkers

demonstrated the fabrication of a DNA hydrogel in 24 h, using multiple primed RCA reactions

[354]. As our C2CAplus method produces large quantities of DNA that precipitates in the

tube to a white, viscous, gel-like structure, we expect that C2CAplus could also be helpful in

efficiently producing DNA for use in biomaterials.

Lastly, we see potential for C2CAplus to be used as a DNA replication mechanism in a synthetic

cell. Thus far, endeavours have mainly focused on implementing standard RCA in cell-free

transcription/translation systems [22, 29, 36] and Van Nies and coworker implemented a

method that replicates DNA from a linear template [34]. One main challenge of using RCA as

a replication method is the structural difference of DNA produced by RCA: while the input

DNA structure is circular, the output structure is linear, entangled, and multimeric. Although

Okauchi and coworkers successfully demonstrated the replication of short (100-200 basepair)

multimeric DNA sequences using the RCA method, RCA is generally more efficient for circular

templates of longer DNA sequences [36].

Sakatani and coworkers [30], as well as Okauchi and coworkers in a subsequent publication

[37] attempted to solve this issue by implementing a re-circularization mechanism using cre

recombinase. However, cre recombinase seemed to inhibit DNA replication. Okauchi [37]

solved this by evolving the DNA. Yet, in the larger context of eventually building an artificial

cell, sequence restrictions to avoid inhibition by a cre recombinase may be problematic. We

therefore suggest that implementing re-circularization by restriction and re-ligation may

be a viable path towards achieving integrated DNA replication in a cell-free transcription

- translation system. It needs to be mentioned that both re-circularization mechanisms

using cre-recombinase and C2CAplus produce a significant amount of linear, entangled, and

multimeric DNA side products [29, 37], but the main advantage of re-circularization systems

is that they do regenerate some circular product that will amplify efficiently and therefore has

a better chance of sustaining a long-term DNA replication system.

5.5 Methods

Stand-alone RCA, restriction, and ligation reactions

A standard RCA reaction was performed using 0.1 U/µL phi29 DNA polymerase (ThermoFisher

Scientific, stock: 10 U/µL) supplemented with 1x reaction buffer, 1 µM 3’ final primer and 1

µM 5’final primer, (sequences in Supplementary Table 5.1), 0.5 mM dNTP mix (ThermoFisher

Scientific), and an input plasmid (sequence in Supplementary Information) concentration of

0.5 ng/µL (0.16 nM) unless indicated otherwise.

Nuclease P1 (NEB) treatment was performed as recommended by the supplier in a reaction

volume of 10 µL, by supplementing 8.5 µL of RCA product with 1 µL NEB 1.1 reaction buffer

(final concentration: 1x) and 0.5 µL P1 nuclease (final concentration: 5 U/µL). Restriction
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digest using BsmBI v2 (NEB, stock concentration 10 000 U/mL) was performed at a BsmBI-v2

concentration of 0.67 U/µL. The restriction was performed in undiluted RCA product omitting

any additional buffer at 55°C for 1 h, followed by heat inactivation at 80°C, unless indicated

otherwise.

All ligases (T3, T4, E.coli, T7, Taq) used during this work were obtained from NEB. Ligations

were performed as indicated by the supplier. For the transformation experiments in Supple-

mentary Figure 5.6, 1 µL of BsmBI digested RCA product was supplemented with 0.5 µL of

each ligase in 1x reaction buffer in a total reaction volume of 10 µL. Incubation times and

temperatures are as follows: T4 ligase was incubated at 25°C for 2 h, followed by heat inacti-

vation at 65°C for 10 min; T3 and T7 ligases were incubated at 25°C for 30 min without heat

inactivation; Taq ligase was incubated at 45°C for 15 min; E. coli ligase was incubated at 16°C

for 30 min, followed by heat inactivation at 65°C for 20 min.

For transformation reactions, 5 µL of the respective ligated product was added to one vial (50

µL) of NEB 10-beta competent E. coli cells. Non-ligated RCA and BsmBI products were diluted

1:10 in MiliQ water prior to transformation, to obtain the same dilution factor as the ligated

product.

For the ligation tests of T3 and T4 ligases in Figure 5.2C, 4.5 µL of BsmBI digested RCA product

was added to the reactions containing reaction buffer, and 9.5 µL of BsmBI digested RCA

product was added to the reactions without reaction buffer. Reaction temperatures and times

are as indicated above, unless specified otherwise.

Gel electrophoresis was performed using 1 % agarose gels and the ladders used were either

Quick-Load 1 kb Extend DNA Ladder (NEB), or Quick-Load Purple 1 kb plus DNA Ladder

(NEB).

5.5.1 C2CAplus reactions and platereader experiments

C2CAplus reactions were performed in a total reaction volume of 20 µL or 50 µL. 0.1 U/µL phi29

DNA polymerase was supplemented with 1x reaction buffer, 0.5 mM dNTP mix, 1 µM 3’final

primer, and 1 µM 5’final primer (Supplementary Table 5.1). The reaction was additionally

supplemented with 120 U/µL T3 ligase, and 0.1 U/µL BsmBI, unless indicated otherwise. It

should be noted that T3 DNA ligase is ATP dependent. No ATP is present in the RCA reaction

buffer, and by omitting the T3 ligase buffer, we do not add any ATP to the reaction. However, it

is known that T3 ligase ligates DNA efficiently in presence of dATP as well [355]. The C2CAplus

reaction was incubated in a thermocycler for 18 h at 30°C. The highly viscous product was

subsequently applied to a 1% agarose gel for analysis. It needs to be noted that due to the high

viscosity of the product, the application to a gel was challenging. For the analysis of precipitate

formation in Figure 5.3B, the product was freeze-thawed once before imaging. Here, the total

reaction volume was 50 µL. All platereader experiments were performed with 20 µL volumes

and the reactions were further supplemented with 2% BSA and 0.25x EvaGreen (Biotium, stock:
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20x in H2O) in an optical, black, flat bottom 384 well-plate (Thermo Scientific). It should be

noted that EvaGreen inhibits the reaction if applied at higher concentrations, and the addition

of BSA is crucial in platereader experiments. Samples were sealed using a SealPlate film (Excel

Scientific). Fluorescence was measured every 10 min at 500 / 530 nm ex/em for 18 h at 30°C,

and during every 10 min interval, the plate was shaken for 10 s.

5.5.2 Image and data processing

Gel images were cropped using Adobe Photoshop and labeled in Adobe Illustrator. Plate

images in Figure 5.6 were adjusted in brightness and contrast for better visibility of the colonies

using Fiji.
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5.6 Supporting Information

BsmBI   
[U/µL]    0.5     0.2      0.1    0.05   0.02   0.01     0

undigested product

digested product

3 kbp

1 kbp

3 kbp

48.5 kbp

5 kbp

48.5 kbp

5 kbp
3 kbp

BsmBI   
[U/µL]    0.5     0.2      0.1    0.05   0.02   0.01     0

Figure 5.4: BsmBI titration at 30°C and 18 h reaction time. Three independent replicates were
performed. A concentration of 0.5 to 0.2 U/µL digests most of the RCA product in the given
conditions.
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Figure 5.5: Non-cropped gel of 5.2C. The first lane is a BsmBI digested product as shown in
Figure 1C. The second lane is a T3 ligase ligation reaction with less DNA (3 µL in a total volume
of 10 µL), not included in Figure 1C. The following two lanes are again included in Figure 1C,
and show the T3 ligation with and without reaction buffer. The 5th lane, T4 ligase (less DNA)
is not included in Figure 1C, and shows the T4 ligation with 3 µL of DNA in a total volume of
10 µL. The last two lanes are again included in Figure 1C, and show the T4 ligation reaction
with and without reaction buffer.
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Figure 5.6: Ligase screen. Transformation results of: (A) non-treated RCA product, (B) BsmBI
digested RCA product, T3 (C) T3 ligase, T4 (D) T4 ligase, (E) E. coli ligase, (F) T7 ligase, (G) Taq
ligase.
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5.6.1 DNA sequences

Primer sequences

The primers used in this work were:

Table 5.1: Primers used during this work

5’ final GATCTTAAGGCTAGAGTAC
3’ final CAAAAAACCCCTCAAGAC

Plasmid sequence

The plasmid used in this work is a pSTBlue plasmid encoding Kanamycin and Ampicillin

resistance as well as an EGFP gene. The BsmBI restriction site is located inside the Kanamycin

resistance gene. The complete plasmid sequence is:

CTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCA

TTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGA

TACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTC

ATTTGATGCTCGATGAGTTTTTCTAAGAATTAATTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGA

GATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGG

CTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTAC

CAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGC

CCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCA

GGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTC

GTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCT

GTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAA

CCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATT

AGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTCTAAT

ACGACTCACTATAGGGAAAGCTCGGTACCACGCATGCTGCAGACGCGTTACGTATCGGATCCAGAATTCGTGATGATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGG

AGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTAAGAAGGAGGAAAAAAAAATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAG

ATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTACTGGTAAATTGCCAGTTCCAT

GGCCAACCTTAGTCACTACTTTAACTTATGGTGTTCAATGTTTTTCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGA

AAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGAT

GGTAACATTTTAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCATGGCTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAACATTG

AAGATGGTTCTGTTCAATTAGCTGACCATTATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCAATCTGCCTTATCCAAAGA

TCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAATAATAACGACTCAGGCTGCTACGCCTGTG

TACTGGAAAACAAAACCAAAACCCAAAAAACAAAAAACTGAGCCCATTGGTATCGTGGAAGGACTCTATCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACTAGCATAACCCCTT

GGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGATCTGAATTCGTCGACAAGCTTCTCGAGCCTAGGCTAGCTCTAGACCACACGTGTGGGGGCCCGAGCTCGCGGCCGCT

GTATTCTATAGTGTCACCTAAATGGCCGCACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCC

CTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGAAATTGTAAGCGTTAATATTTTGTTAAAATTCG

CGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAA
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CAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGA

GGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGG

GCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGC

GCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCA

ACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGT

GGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTAT

CCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTA

AGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGA

TCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAA

CTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGC

TGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACT

ATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTT

AATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGT

CTTGCTCTAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAG

CCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCAT

CAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGA

TGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCG
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Building a synthetic cell from scratch is one of the goals of synthetic biology. Research and

advances during the past decades have contributed to a greater understanding of biochemical

and biological processes. Synthetic biology leverages engineering principles and method-

ologies to apply this knowledge, making the ambitious goal of creating a synthetic cell more

attainable [1]. However, despite being able to build and assemble building blocks of increasing

complexity, we are not at the finish line yet, and a multitude of components still remain to be

established and compiled.

The work presented in this thesis contributes towards the advancement of synthetic cell de-

velopment and the practical application of platforms designed for this purpose. This section

provides a summary of the results presented in the preceding chapters, discusses limitations

encountered, and offers insights into potential future steps and opportunities.

6.1 Bottom-Up Construction of Complex Biomolecular Systems With

Cell-Free Synthetic Biology

Chapter 2 discusses different cell-free systems, enabling platforms, and highlights scientific op-

portunities. Cell-free systems provide a unique chassis for engineering biomolecular systems

and pathways due to their versatile, open, and well-defined nature. It is thus not surprising

that they are expected to transform a variety of different areas including bioengineering,

healthcare, environmental remediation, or food production [45]. In the review presented,

we start by discussing the history of cell-free systems and give examples of milestone exper-

iments that utilized cell-free systems and revolutionized our understanding of biology. We

continue by introducing and comparing the two versions of cell-free systems: lysates, and

the fully recombinant PURE system. We show advantages and limitations of either system

and highlight preparation methods and examples to taylor the respective systems. In the next

section we introduce microfluidics as an enabling platform and provide examples illustrating

how microfluidics has increased the complexity and sophistication of experiments involving
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cell-free systems. These include high-throughput platforms and spatially controlled batch

reactions, devices enabling experiments at steady-state, and platforms for compartmentalized

cell-free reactions. We furthermore discuss emergent scientific opportunities, starting with

research towards gene expression regulation using cell-free systems, and finishing with cur-

rent advances towards DNA replication methods in the context of cell-free systems and the

development of an artificial cell. The review was published in 2020 and since then, advances

have been made.

Arguably the greatest advantages of cell-free systems are their open nature and versatility,

and the fact that they do not depend on life-sustaining processes. This allows for the easy

expression of a great variety of proteins that would otherwise require sophisticated expression

and purification methods. This includes toxic proteins, proteins requiring liposomes or

deterents, multiprotein complexes, or proteins requiring disulfide bonds, which may for

instance be harnessed for pharmaceutical applications [356]. Prominent examples are the

plasminogen activator which contains disulfide bonds, multidomain proteins such as malaria

vaccines, the toxic microtubule binding protein (MID1), or G-protein coupled receptors

(GPCRs) as membrane proteins [356]. Another great advantage of cell-free systems, especially

the PURE system is the possibility to express from linear templates, which renders cell-free

protein expression considerably faster than protein expression in cells.

Ongoing work in our lab leverages several of the above mentioned advantages to identify,

which mutational patterns of the omicron variant of SARS CoV-2 have permitted it to evade

antibody binding. Using the commercially available PUREfrex 2.1 kit with its DsbC disulfide

kit, we expressed 519 variants of the SARS CoV-2 spike protein receptor binding domain (RBD)

between the wild type and omicron variants (Grasemann et al., unpublished data). The vari-

ants were expressed from non-purified linear templates, which were previously generated by

assembly PCR using a liquid handling system. The ability to avoid cloning, transformation

and purification steps for 519 variants saved significant amounts of time and costs. More

importantly, using our PURE kit complemented with the disulfide bond enhancing kit enabled

us to correctly express and fold the RBDs. In other expression systems the correct expression

and folding of RBDs is complicated by the critical importance of the correct formation of

disulfide bonds [357]. We have since measured the binding affinities of the variants against

therapeutically relevant antibodies using a high throughput microfluidic chip [163] and are

currently finalizing the analysis thereof.

6.2 One Pot PURE system

As outlined previously, the PURE cell-free system presents an attractive platform for cell-free

synthetic biology. However, its usage is restricted due to the high cost and limited customiza-

tion options of commercially available systems, as well as the laborious and time-consuming

preparation of home-made solutions. In chapter 3, we present a protocol for the preparation of
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a OnePot PURE system. The protocol streamlines the purification of all 36 non-ribosomal pro-

teins to a single purification by co-culturing all 36 protein-encoding strains. We provide two

detailed protocols for ribosome purification. Purifying tag-free ribosomes requires access to

an Akta purifier, which we consider to be beyond the scope of standard laboratory equipment.

To expand the accessibility of PURE to users with standard laboratory equipment, we also

provide a protocol for purifying His-tagged ribosomes. Although easier to purify, His-tagged

ribosomes exhibit a decreased protein production rate compared to tag-free ribosomes. Next,

we introduce a protocol to prepare the energy solution. Finally, we guide the user through

setting up a PURE experiment. Using our protocol, an experienced user can synthesize a

custom-made PURE system within one week. This protocol is adaptable, allowing the PURE

system to be tailored to specific needs and applications. Unfortunately, the supply of tRNAs

from Roche was discontinued in 2023, and tRNAs from other sources were not compatible

with the PURE system. As a result, we have purified tRNAs in our laboratory. The protocol for

tRNA purification is described in section 3.8.

For the fall semester 2022/23, we established a synthetic biology student lab course with the

aim of producing a functional OnePot PURE system including His-tagged ribosomes and

energy solution. The successful realization of the PURE system by the students in the fall

semesters 2022/23 and 2023/24 underlines the robustness of the method and indicates that the

OnePot PURE system can be successfully prepared by users with varying levels of experience.

In its current state the OnePot PURE system still has notable limitations, but also potential

for further improvement and tailoring to specific applications. The first notable limitation

of OnePot compared to home-made PURE is that after protein expression the OnePot PURE

protein composition can only be modified by adding components. Another drawback of the

co-culturing and co-purification of all 36 non-ribosomal strains is that the exact concentra-

tions of the single components in the PURE system are unknown and may vary from batch

to batch. While protein expression using OnePot PURE is insensitive to slight changes of

system composition, this might limit the application of the OnePot PURE in cases where the

composition must be carefully adjusted and tuned. An example application where the exact

composition may be critical is the full self-regeneration of the PURE system, as discussed in

section 6.3. It is worth noting that the ratio and composition of the OnePot PURE components

can be altered and controlled by adjusting the inoculation volumes of the strains [137]. How-

ever, further work is required to define optimal inoculation volumes for specific applications.

A possible direction could be to tailor the protein composition match the concentrations

and ratios proposed by Kazuta and coworkers, who increased protein yield by tuning the

concentrations of the components of the PURE system [27].

Adding further components to the OnePot PURE could open the door towards a broader range

of applications. For instance, the addition of chaperones could be interesting to enhance fold-

ing for aggregation prone proteins [148]. Meanwhile, the addition of disulfide bond isomerases

[149] such as DsbC could be implemented to express and fold proteins containing disulfide

bonds. However, experimental investigations are still required to confirm that adding these
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components to the OnePot co-culturing / co-purification process have the desired effects.

6.3 Improved Cell-Free Transcription–Translation Reactions in Mi-

crofluidic Chemostats Augmented with Hydrogel Membranes

for Continuous Small Molecule Dialysis

Achieving self-regeneration of the PURE system is a formidable task. Current efforts towards

achieving a full regeneration of the system are hindered by the limited protein production

capacity of the PURE system, which is at least 25x too low to replicate all 36 non-ribosomal

proteins, let alone further components that may need to be added for functional protein

synthesis [21, 137]. To overcome this limitation, we implemented dialysis membranes in a

microfluidic chemostat (chapter 4). This resulted in a seven fold increase of the overall protein

yield and a six-fold increase in protein levels at steady-state. Additionally, our platform was

able to sustain continuous protein synthesis by an order of magnitude longer, from two to over

30 h. During our work we demonstrated the increase in protein production yield for a GFP

reporter protein. A next step would be to probe self-regeneration on the dialysis chemostat to

investigate new limitations in self-regeneration.

However, despite achieving these noteworthy improvements, our dialysis chemostat alone will

most likely not produce enough protein to fully regenerate the PURE system in its standard

composition. One potential point for further optimizing the dialysis chemostat is to increase

the dialysis surface. The area for dialysis in the current chip is small compared to the overall

surface and volume of the microchemostat. Increasing the surface area could improve the

exchange of small molecules, rendering the energy supply of the reactions inside the reactor

more efficient. However, this might be a challenging endeavour, as it would likely impede the

physical stability of the microfluidic chip.

Given how far away we are still from reaching a more than 25-fold increase in protein pro-

duction rate to achieve full regeneration, it will be essential to enhance the efficiency of the

system by further optimizing the system itself. Ribosome stalling and impeded translation

efficiencies lead to wasted protein production capacities on non-functional proteins. This

bottleneck will need to be addressed to generate a more efficient PURE system [12, 25].

Further improvement could be achieved by adjusting the composition and stochiometry

of the PURE system, which has already shown to be not optimal [27, 138, 139]. Ongoing

efforts in our laboratory are directed towards synthesizing a more minimal and thus more

efficient PURE system (Bava Ganesh et al., unpublished data). Currently, the PURE system

is composed in a way to achieve maximal protein production capacity, rather than optimal

protein production capacity. By minimizing the protein concentration of the PURE system

while keeping protein expression at an acceptable level, the protein production burden could

be significantly decreased, bringing us one step further towards full regeneration of the PURE
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system.

Dialysis offers an attractive approach to enhance protein yield and the reaction span of cell-

free reactions, while maintaining an open reaction environment which is one of the key

advantages of cell-free reactions for applied scientific questions, extending beyond the scope

of building an artificial cell [44]. The most costly or laborious components of the PURE system

are proteins and ribosomes. Dialysis systems effectively increase the yield while minimizing

the consumption of these components. Most reported dialysis systems utilize microfluidic

chips [233, 318, 358, 359] or complex microscale dialyzer plates [27, 28]. These systems require

access to sophisticated equipment and thus limit the usage to well-equipped laboratories.

Ongoing research in our lab thus focuses on developing a user-friendly DIY dialysis system

to enhance protein yield in PURE reactions at medium scale. Our system was able to sustain

protein synthesis in PURE for at least 12 days and produce up to 1 mg/mL of EGFP, outper-

forming a lysate system with the same dialysis system. We achieved this yield using a standard,

commercially available PURE system and home-made energy solution (Grasemann, L.*, Roset

Julia, L.* et al., unpublished data). We anticipate that this system could be utilized to produce

proteins at medium scale for biomedical or bioengineering applications that benefit from the

open nature and versatility of cell-free systems.

6.4 C2CAplus: a one-pot isothermal circle-to-circle DNA amplifica-

tion system

A robust DNA replication system is key to developing an artificial cell. Existing DNA replication

systems for this purpose are based on RCA, which has the drawback that the resulting product

is linear and multimeric, while the input structure is circular. We developed a recircularization

system that employs restricion digest using a restriction enzyme that cuts the sequence

exactly once, and religation of the monomers using a ligase. The concept of circle-to-circle

amplification (C2CA) was previously introduced by Dahl et al. [348] for biosensor applications.

However, their method requires multiple steps and thermal cycling, making it unsuitable for a

synthetic cell. Our C2CAplus system improves this approach by employing a balanced ratio of

restriction enzyme to ligase to enable a single-step isothermal process that operates at ambient

temperature. C2CAplus has demonstrated high sensitivity, efficiency, and robustness across

a temperature range of 25-37°C. Due to the exponential amplification of DNA achieved by

C2CAplus, high amounts of product are generated, making them observable to the naked eye.

We therefore anticipate that C2CAplus could also be used as a platform to develop low-cost

and user friendly RCA-based biosensors.

A next step towards utilizing C2CAplus for a synthetic cell is to couple the system to in vitro

expression of the respective components using PURE. The PURErep system developed by

Libicher and coworkers [22] based on the PURE composition proposed by Sakatani and

coworkers [29] proposes itself for this application. A major challenge will be to tune the
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expression levels of the ligase and restriction enzyme to meet a ratio that enables C2CAplus.

This could for instance be achieved by implementing partial repression of the restriction

enzyme, or tuning the promoter strengths of both components. Another challenge is the

proprietary sequence of the utilized BsmBI v2 restriction enzyme [360]. While the sequence

of the original BsmBI version 1 is publicly available [361], it still needs to be demonstrated

that C2CAplus functions with BsmBI v1. Lastly, it needs to be demonstrated that T3 ligase and

BsmBI can be functionally expressed in PURE.

A current challenge of utilizing C2CAplus as a biosensor is its susceptibility to producing

false-positives. Nonspecific amplification is a well-recognized challenge for isothermal DNA

replication methods, like for instance loop-mediated isothermal amplification (LAMP) [362,

363]. Sources for nonspecific amplification include unintended interactions between a tem-

plate and the polymerase, partial hybridization of a non-target DNA molecule to a primer, or

the formation of primer dimers. A multitude of strategies have been developed to minimize

these false-positives by for instance developing methods to degrade carryover contaminations

[363].

We are confident that further exploration of these strategies within the context of C2CAplus

will improve the specificity of the system, thereby increasing its potential as a cost-effective

and sensitive biosensor. The ability of C2CAplus to operate at temperatures between 25-37°C

is a notable advantage over methods like LAMP, which require a higher temperature. This

suggests that a simple water bath or even room temperature might be sufficient for utilizing a

C2CAplus-based sensor.

Droplet microfluidics has shown to be compatible with C2CA [364], so it is likely that C2CAplus

could be encapsulated, too. Encapsulating C2CAplus could take us one step further towards

developing an artificial cell, and could be utilized to increase throughput in a biosensing

format. Encapsulation of a highly sensitive isothermal DNA amplification method has already

been used to detect cancer markers or pathogens including a variety of bacteria and viruses

(reviewed in [41]). We thus anticipate that encapsulated C2CAplus could be utilized as a

powerful platform to address both biosensing and synthetic cell applications.

6.5 Advances towards a synthetic cell

Can we build an artificial cell from scratch? I think the answer to this question is yes, but

the successful implementation and assembly of all biological building blocks to form a living

system remains a distant prospect, and there is still a multitude of challenges ahead of us.

This thesis contributes to pushing the boundaries of self-replicating the PURE system, and

developing a sustainable, robust DNA replication system. Nonetheless, it is evident that

numerous obstacles lie ahead, particularly considering the interplay between subsystems

that will need to be integrated into a synthetic cell. A striking example of challenges posed by

assembling parts into increasingly complex systems is the surprising incompatibility of the
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PURE system with DNA replication, which continues to demand innovative solutions [32].

Why do we want to address this grand challenge of building this artificial cell, especially

given the unpredictable hurdles that lie ahead? First, building to understand promises to

provide a deeper understanding of the fundamental principles of life, of the interactions of

specific subsystems, of how life might have originated, and many more. Second, developing

an artificial cell requires the convergence of engineering approaches with biological and

biochemical expertise. This convergence promises to drive innovation and introduce powerful

tools to address a multitude of bioengineering challenges. A notable example is the PURE

cell-free system, which has proven to be a versatile platform for a broad range of applications,

as discussed in chapter 2. Another, much more modest example is our C2CAplus system, a

DNA replication system initially developed for synthetic cell applications but also exhibiting

potential as a cost-effective and user-friendly biosensor applicable in remote areas.

I am confident that the path towards building an artificial cell will be a path of innovation that

will contribute to addressing some of today’s most emergent problems.
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