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Abstract

Thanks to recent advancements in synthetic biology, the dream of creating a synthetic cell has
become feasible. However, due to its inherent complexity, one of the fundamental functions of
all living systems, i.e., self-replication, remains to be introduced. The development of a system
capable of self-regeneration faces several challenges, as the system needs to be able to functionally
synthesize all of its components at sufficient capacity in an environment that allows continuous
and sustained regeneration. In this work, we have developed a system coupling a microfluidic
platform with cell-free systems, which provides a viable approach for developing and optimizing
self-regeneration at non-equilibrium conditions.

Reconstituted transcription-translation systems are a viable starting point for achieving a self-
regeneration system. Therefore, in this work, we begin by presenting a simple, robust, and low-
cost production method for the cell-free system called protein synthesis using recombinant el-
ements (PURE). Our approach relies on streamlining protein purification by coculturing and
co-purification. We show that our "OnePot" method allows for minimizing time and labor require-
ments while preserving the versatility and purity of the system. Moreover, we demonstrate that the
OnePot PURE system can achieve a similar protein synthesis yield to a commercial PURE system,
which leads to a 14-fold improvement in cost-normalized protein synthesis yield over existing
PURE systems with similar composition.

Living organisms continuously exchange energy and matter with their environment. Similarly,
one of the requirements of continuous and sustained regeneration is a life-like non-equilibrium
environment. Therefore, we developed an improved microfluidic chemostat with fluidically hard-
coded dilution fractions defined by the reactor geometry, which enable long-term steady-state
reactions. We employed the introduced microfluidic platform in combination with the PURE sys-
tems to study self-regeneration. We demonstrated that the system can regenerate proteins essential
for transcription and translation from DNA templates and that simultaneous self-regeneration
of multiple proteins is sustainable in the system. Moreover, in combination with computational
modeling, we showed that minimizing resource competition and optimizing resource allocation is
critically important for achieving robust system functions.

Lastly, we developed a microfluidic platform with an integrated hydrogel membrane with ad-
justable permeability. The integrated membranes separate transcription-translation machinery
from the feeding solution of small molecular components, which can diffuse into the reactor
through the membranes without diluting the machinery. Utilizing the dialysis-based continuous-
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Abstract

exchange reaction, we extended the protein synthesis beyond traditional batch conditions.

Keywords: synthetic cell, self-replication, synthetic biology, protein expression, cell-free transcrip-
tion and translation
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Résumé

Grace aux récents progres de la biologie synthétique, le réve de créer une cellule synthétique est
devenu réalisable. Cependant, en raison de sa complexité inhérente, 'une des fonctions fonda-
mentales de tous les systémes vivants, a savoir I’autoréplication, reste a réaliser. Le développement
d'un systeme capable de s’auto-régénérer fait face a plusieurs défis, car le systeme doit étre ca-
pable de synthétiser fonctionnellement tous ses composants a concentrations suffisantes dans un
environnement qui permet une régénération continue et soutenue. Dans cette thése, nous avons
développé un systéme couplant une plate-forme microfluidique avec des systemes acellulaires qui
fournit une approche viable pour développer et optimiser ’auto-régénération dans des conditions
de non-équilibre.

Les systemes de transcription-traduction reconstitués sont un point de départ viable pour réaliser
un systeme d’auto-régénération. Par conséquent, dans ce travail, nous commencons par présenter
une méthode de production simple, robuste et peu cofiteuse pour le systeme acellulaire appelé
syntheése de protéines a I'aide d’éléments recombinants (PURE). Notre approche repose sur la
rationalisation de la purification des protéines par co-culture et co-purification. Nous montrons
que notre méthode "OnePot" permet de minimiser les besoins en temps et en main-d’ ceuvre
tout en préservant la polyvalence et la pureté du systeme. De plus, nous démontrons que le
systeme OnePot PURE peut atteindre un rendement de synthese protéique similaire a un systeme
PURE commercial. Cela conduit a une amélioration du rendement de synthese protéique a cofit
normalisé 14 fois supérieure par rapport aux systemes PURE existants avec une composition
similaire.

Les organismes vivants échangent continuellement de 1'énergie et de la matiere avec leur en-
vironnement. De méme, 'une des exigences d'une régénération continue et soutenue est un
environnement de non-équilibre similaire au vivant. Par conséquent, nous avons développé un
chémostat microfluidique amélioré, avec des fractions de dilution définies par la géométrie du
réacteur, qui permettent des réactions a long terme en régime permanent. Nous avons utilisé
cette nouvelle plate-forme microfluidique en combinaison avec les systéemes PURE pour étudier
l'auto-régénération. Nous avons démontré que le systéme peut régénérer des protéines essen-
tielles a la transcription et a la traduction a partir de matrices d’ADN et que I'auto-régénération
simultanée de plusieurs protéines est durable dans le systéme. De plus, en combinaison avec
la modélisation informatique, nous avons montré que la minimisation de la concurrence des
ressources et 'optimisation de I’allocation des ressources sont d'une importance cruciale pour



Résumé

obtenir des fonctions robustes du systeme.

Enfin, nous avons développé une plate-forme microfluidique avec une membrane hydrogel inté-
grée a perméabilité réglable. Les membranes intégrées séparent la machinerie de transcription-
traduction de la solution d’alimentation de petits composants moléculaires, qui peuvent diffu-
ser dans le réacteur a travers les membranes sans diluer la machinerie. En utilisant la réaction
d’échange continu basée sur la dialyse, nous avons étendu la synthese des protéines au-dela des

conditions traditionnelles par lots.

Mots clefs : cellule synthétique, machine autoréplicative, biologie synthétique, expression des

protéines, transcription et traduction sans cellule
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Chapter 1 Introduction

1.1 Synthetic cell

How did life originate? This question that lurks in the minds of many has led to the start of a
field that can change how we think about life. This field aims to build an artificial or synthetic
cell, and achieving this holy grail does not seem to be so far away anymore. Although the initial
question of the origin of life remains, the application and motivation to construct synthetic cells
evolved toward understanding and controlling biological systems throughout the decades [1]. As
even the simplest known organisms and mechanisms they rely on are complex and remain to
be understood. There are two main approaches to creating artificial and "simplified" biological
systems, with different levels of engineering involved: top-down and bottom-up [2, 3].

As can be derived from the name top-down, the approach derives the synthetic cell from a biological
one by modifying the existing genome or replacing it with a synthetic one, focusing mainly on the
creation of a minimal cell [2, 4]. A minimal cell is a theoretical cell created by reducing or simplifying
the genome to a minimum number of genes for the cell to survive. Tremendous advances in the
top-down approach were recently accomplished, such as the creation of an artificial chromosome
[5], and minimal bacterial genome [6]. Nevertheless, we still do not know the functions of all of
these essential genes and might be even further from understanding the whole picture of how
this symphony of live works [7, 8]. Moreover, the minimality of the genome remains questionable
[8]. In comparison, the bottom-up approach is a pure engineering approach, pursuing assembly
of synthetic cells from non-living matter [3, 4]. While this is much more challenging, generating
cells with defined compositions from basic elements can bring us a complete understanding of
the processes behind life. The synthetic cell field is vast, regrouping different motivations for the
construction of a synthetic cell, and various experimental and theoretical methods related to the
approaches mentioned above [2, 3]. The work presented in this thesis is focused purely on the
bottom-up approach.

All-natural cells have common characteristics and materials they are composed of. In contrast,
when building synthetic cells, there are fewer constraints, and natural or de-novo materials can
be used (Figure 1.1a). For example, self-replicating systems including autocatalytic peptides,
ribozyme replication, or RNA replicators have been established in the past [9], and artificial cell
mimics have been built on microfluidic chips [10] or from inorganic membranes [11, 12]. However,
currently, an RNA-based or completely de-novo synthetic cell seems far more complicated to build
than a DNA cell, which mimics the natural cell [4, 13]. Although it might seem easy to assemble
the different natural materials to create a synthetic cell, putting this biological puzzle together is
immensely complex. This complexity is due to the endless possible combinations of puzzle pieces
that must work together efficiently in a perfect symphony. Consequently, combining the use of
native biological parts with a de-novo approach is the most advantageous [14, 15].

However, the different approaches and the use of various components brought up fundamental
questions to which we still lack universally accepted answers, i.e., how do we define synthetic and
minimal cells and their lifelikeness, and when do they become alive [16-19]? These questions
become even more complicated when we consider different motivations and applications for
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creating synthetic cells. Most likely, there will not be one synthetic cell, but many with various core
and adaptive abilities [7, 20], i.e., maintenance of non-equilibrium conditions [13], self-replication
[3, 13, 21], regulation [22, 23], informational storage [24], self-organization [13, 19, 25], metabolic
pathways [14, 26], motility [14, 26], communication [3, 27, 28], compartment [29-31], sensing [28,
32], growth, division [14], and evolution [33]. Let’s consider the example of metabolic pathways.
With respect to the environment the cell will be exposed to, the presence and the complexity of the
metabolic pathways will significantly vary, e.g., if specific small molecules are constantly supplied
to the system, no extensive metabolism is required [13, 24, 34, 35]. In recent years, there has been
rapid growth in the technologies involved in creating synthetic cells, e.g., compartments [29-31],
cell-free transcription-translation systems (Chapter 1.3) [23, 36], numerical modeling [37, 38], and
microfluidics (Chapter 1.4) [31, 39, 40]. Despite allowing the development of simpler non-living
artificial cells and different subparts, which mimic specific properties of the cells [2, 19], these
technologies did not yet enable fully sustainable artificial life.

a Bottom-up synthetic biology
Synthetic cell chemistry

biological components

8 E de novo components
P E

/) \ .
i o oW
ORVRDRTTITTIINS technology -

b universal biochemical constructor
N reads | N

_________ . i instruction set || copy machine || core constructor ;
. energy ! E x X proteins A N
SIzzzzzzo, ! DNA o proteins 11 (aaRSs, enzymes, -}: waste !
' building blocks! : i (ONApobmerase) 4y RNApoymerase...) i f 7 - oo - - - -~
________ — ! ra [ rioosomes !

| ; | e tRNAs '

U N/"Eébiiééiéé"fv""v"")

Figure 1.1: Bottom-up synthetic cell: (a) Schematic depiction of synthetic cell assembly from
biological and de-novo building blocks. Adapted from Ref. [41] Copyright 2019, John Wiley & Sons,
Inc. (b) Diagram of the universal biochemical constructor concept.
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1.2 Self-reproduction

As stated above, the definition of lifelikeness of synthetic cells is not universally agreed upon,
and the defining core and adaptive abilities depend on the artificial cell application. However,
reproduction is recognized as a crucial component in any autonomous, self-sustaining system. Von
Neumann'’s self-reproducing automata [42] is conceptually analogous to self-replicating biological
systems like synthetic cells [3, 13, 43], and provide us with a guideline to understand the parts that
compose the system (Figure 1.1b). The hardware of the automata consists of a copy machine, a
universal constructor, and a controller. During replication, a universal constructor reconstructs
the whole hardware according to the instruction set, or DNA genome, which is copied by the copy
machine, or DNA replication machinery, and the whole process is controlled by regulation. In
comparison to biological systems, in the model, the idea of a compartment is somewhat simplified
and does not include encapsulation of the different parts of the constructor [13].

1.2.1 Self-replication of instruction set

In recent years, the decreasing cost of chemical gene synthesis [19] and the advent of high-
throughput DNA assembly [44-47], allowed for the de novo design and synthesis of DNA to
become a routine tool in synthetic biology, and led to the construction of the first artificial bacterial
chromosome [5, 48]. Besides the advancements in the generation of an artificial genome, major
progress was also achieved in DNA replication [23]. An artificial gene circuit was replicated in vitro
by E. coli the DNA replication machinery [49]. However, the E. coli DNA replication machinery
requires thirteen proteins and an intricate assembly process. In comparison, DNA polymerases
from phages, such as Phi29, require only a single protein, and are therefore promising candidates
for genome replication [24] in synthetic cells. Plasmid DNA replication by Phi29 rolling circle
amplification coupled with transcription and translation was demonstrated under optimized con-
ditions without any enzymatic post-processing [50-52]. However, a significant shortcoming of this
system is that the product is a long linear concatemer, which limits the system recursion. Therefore,
implementation of re-circulation by recombination [53] will most probably be a prerequisite for a
self-sustainable DNA replication system based on rolling circle amplification. Although replication
of linear DNA with proteins from phi29 bacteriophage was recently also reported [54], continuous
multi-round replication in synthetic cell models remains to be demonstrated.

1.2.2 The core constructor self-regeneration

Due to its minimal, defined, and adjustable composition, the reconstituted translation system is
a viable option to act as the core constructor. The ability of the core constructor to sustainably
construct all of its components is essential to achieve full self-replication. Despite its minimal
nature, the PURE system is an elaborate apparatus, and it is still unknown if it can fulfill this
requirement and at which composition. Therefore, the current research focuses on the PURE
system’s ability to regenerate its different subgroups: transcription enzymes and translation factors,
ribosomes, and tRNA.
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As specified in Chapter 1.3.1, the PURE system comprises only purified recombinant proteins
deemed essential to the system. Therefore, the system does not contain any chaperones or post-
translational modification proteins. Although it was proposed that specific chaperones and post-
translational modification enzymes will be required to achieve self-replication, the requirement
of those proteins remains ambivalent [24]. For example, Niwa et al. [55] showed that the PURE
system could synthesize 70% of all Escherichia coli proteins. The same group [56] established
that the translation-associated proteins, which are cytosolic, generally have a high solubility and
low precipitation, even without any chaperones facilitating their folding. Moreover, recent studies
synthesized the proteins of the reconstituted translation system in a single reaction. However, the
results and the number of proteins expressed at levels matching the input concentrations varied
significantly for different compositions of the PURE system and various reaction conditions [47,
51, 57]. Although these studies are highly encouraging and expand our knowledge of the system,
the findings also highlight the high per-codon ribosome processivity loss and varying yields of the
synthesized proteins [57, 58], and therefore emphasize the need to incorporate direct functional
feedback of the synthesized proteins.

One of the earliest works directly focusing on the functionality of the synthesized translation
machinery showed that all aaRSs, except for PheRS, retain their aminoacylation activity when
synthesized in the PURE system supplemented with molecular chaperone trigger factor, without
any other chaperones or enzymes required for post-translational modification [59]. Likewise,
recent work from Wei et al. [60] exploring the functionality of the reconstituted translation system,
supplemented with proteins expressed and purified from the PURE system instead of E. colj,
showed that the system is able to synthesize active elongation factors, energy recycling enzymes,
IF3, and a subset of aaRSs. Besides, this work emphasized the importance of studying the essen-
tiality of the individual proteins of the system and the potential contamination problems due to
the co-purification of native enzymes, which might impact the findings of these drop-out studies.
Although the studies summarised above brought crucial insights for using the PURE system as
the chassis of a self-replicating system, these studies were not able to answer if the system can
regenerate its components and maintain protein synthesis. Libicher et al. [61] demonstrated
self-maintenance of several individual PURE proteins and explored co-regeneration of multiple
proteins by employing a serial transfer strategy. Despite being a valuable approach for probing
self-regeneration in a cell-free environment, this batch-based method has its limitations, i.e., it
requires small volume transfers over an extended period of time, limiting the number and volume
of the serial transfers.

Integrated ribosome synthesis, assembly, and translation will be indispensable to a self-replicating
machine derived from the reconstituted translation system because ribosomes are required to
translate genetic information into proteins. These unique machines are composed of dozens of
ribosomal proteins (r-proteins) and RNAs (rRNAs) assembled in a sophisticated stepwise process.
In 2013 Jewett et al. [62] developed integrated synthesis, assembly, and translation (iSAT) technol-
ogy that allowed for one-step rRNA transcription and assembly of native ribosomal proteins of
both ribosome subunits in E. coli lysate. The same group later showed the reconstruction of an
active small ribosome subunit from r-proteins synthesized and purified from the PURE system
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[63]. Besides, they demonstrated coexpression of all the r-proteins of the small ribosomal subunit
and 29 out of 33 r-proteins of the large ribosomal subunit. In the past year, key progress in the
self-regeneration of ribosomes has been made. Shimojo et al. [64] developed a recombinant-based
integrated synthesis, assembly, and translation (R-iSAT) method for the small ribosomal subunit
assembly coupled with 16S rRNA synthesis and ribosomal protein synthesis. Levy et al. [65] were
able to assemble the small ribosomal subunit from in vitro synthesized 16S rRNAs and r-proteins,
showing the importance of high local concentration and the timeline for an efficient assembly
process. However, it remains to be established if the synthesized ribosome is capable of expressing
proteins.

The key to the genetic information translation is carried by the transfer RNA (tRNA). Despite
tRNAs being only transcribed, their requirement for proper folding and modification of specific
nucleotides in the tRNA sequence, essential for decoding specific codons and efficient aminoa-
cylation, makes tRNA regeneration in vitro a challenge. Fortunately, amino acids are encoded by
multiple codons, this redundancy in the tRNA coding allows us to reduce the set of tRNAs and
ensure the use of tRNAs that do not require modified nucleotides [66]. Recent works on tRNA
demonstrated that in vitro expressions can be achieved with semisynthetic tRNAs [67], chemically
synthesized tRNAs [68], and in vitro transcribed minimal sets of tRNAs [69]. However, these tRNAs
were synthesized separately and purified before their addition to the reaction. Accordingly, direct
synthesis of tRNAs has yet to be demonstrated within a PURE system.

1.2.3 Regulation in artificial cell

A complex regulatory behavior, driven by underlying gene regulatory circuits, is found in microor-
ganisms [70]. Currently, cell-free synthesis can be optimized by varying individual DNA input
concentrations to adjust protein synthesis [71]. Tuning the genes’ expression strength will be
required in the future when all genes will be encoded on a single genome [24]. Protein expression
can be controlled on the transcription level by promoter strength [22], synthetic terminators [72]
or transcription factors [73], or on the translation level by ribosome binding sites [74]. Although it
was recently reported that the transcriptional promoter strength is more effective in the control of
RNA synthesis than protein synthesis in cell-free systems utilizing the phage RNAP system [75], it
remains to be seen if finer control can be obtained by fine-tuning the polymerase concentrations.
Moreover, strong control of translation was demonstrated for different ribosome binding sites [74]
and gene positions in open reading frames [75]. Autonomous artificial cells will require regulatory
networks to gather information and make decisions [76]. Fortunately, advancements in molecular
component standardization, characterization, and engineering allows for the development of new
regulatory networks [23].
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1.3 Cell-free synthetic biology

Cell-free synthetic biology has evolved from a research tool used to advance our understanding of
transcription and translation to a commonly used technological platform in many research fields,
including synthetic cell systems. Cell-free systems are created by extracting cellular machinery and
combining it with energetic substrates and cofactors to replicate central biological processes such
as transcription and translation in vitro. 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, thereby revealing the isolated, underlying biochemical mechanisms.

In recent years the number of cell-free transcription-translation (TX-TL) systems from different
organisms has grown rapidly [77-79]. The most common lysate systems include E. colj, insect, yeast,
Chinese hamster ovary, rabbit reticulocyte, wheat germ, and human HelLa cells. 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, especially in conjunction with
synthetic cell explorations.

1.3.1 Recombinant systems

Lysate systems contain essentially all cytoplasmic components, which is advantageous for recapit-
ulating 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 mech-
anistic 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 recombinant E.
coli proteins [80], 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. [81] developed a very similar system called PURE (protein synthesis using
recombinant elements) but with markedly higher protein synthesis yield (Figure 1.2A, B). Currently,
there are three commercially available versions of this system: PUREfrex 2.0 (GeneFrontier),
PURExpress (NEB) [82], and Magic PURE system (Creative Biolabs). Although highly popular,
these systems are more expensive ($0.6-$2/uL) than lysate systems ($0.3-$0.5/uL). 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
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batch to batch variability, system yield, translation rate, lifespan of the reaction, and shelf-life [83].

RECOMBINANT PROTEIN EXPRESSION SYSTEMS
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Figure 1.2: Recombinant cell-free systems: (A) Schematic of the preparation of the three elements
constituting the PURE system: proteins, ribosomes, and energy solution. (B) The four major
reactions, aminoacylation, transcription, translation, and energy regeneration occuring during
cell-free protein synthesis in the PURE system are shown along with a list of the components
involved. (C) Optimization of the system can be carried out by adjusting both protein and energy
solution components. Potential system modifications are shown: (D) supplementation with E.
coli RNAP allows for more complex transcription regulation [84]; (E) addition of chaperones aids
protein folding [56]; (F) vesicles enable membrane protein folding and assembly [85-87]; and (G)
oxidising conditions allow for disulfide bond formation [88].

Cost-effective and modular PURE systems with user-defined compositions can be prepared in
the laboratory [89, 90], but the labour-intensive protocol requires ~36 medium to large scale
His-tag and ribosome purification steps (Figure 1.2A). Thus, different approaches to simplify the
protocol have been developed, including His-tagging of in vivo enzyme pathways [91], microbial
consortia [92], and bacterial artificial chromosomes [47]. 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
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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 [93] (Figure 1.2A).

Much work has been carried out to improve existing recombinant systems, particularly focusing
on the protein expression yield: in addition to increasing the versatility of the system, this has also
resulted in a better understanding of the system itself. Improved yield, lower cost, and the ability
to adjust the system composition opens up many possibilities for applications such as the develop-
ment 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 [58, 83, 94, 95] (Figure 1.2C). Important work to improve our understanding
of the system was done by Matsuura et al., who performed titrations of all protein components
[96]. 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 magnesium ion concentration, which
influences ribosome function. It is difficult to control the concentration of magnesium ions
as they can be chelated by negatively charged molecules such as NTPs, creatine phosphates,
and pyrophosphates [58, 94]. 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 [94-96].
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 [50].

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
(83, 97, 98], 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 exper-
imental data as well as parameter inference is challenging [99, 100]. 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 [58, 83, 101].
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A second approach is based on augmenting the system with additional components such as pro-
teins [102], crowding agents, and liposomes. For example, yields can be slightly increased by adding
proteins such as EF-4 [94], EF-P [58], Pth [95], and HrpA [102]. Recently, an energy regeneration sys-
tem 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 [103]. While the original PURE system only contains T7 RNA polymerase, with its limited
capability for transcriptional regulation, E. coli o-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 [84]
(Figure 1.2D).

Protein folding can be improved by incorporating chaperones such as a trigger factor, DnakK / DnaJ
/ GrpE, and chaperonin GroEL / GroES (Figure 1.2E). Likewise, Niwa et al. showed that the solubility
of 800 aggregation-prone E. coli cytoplasmic proteins can be enhanced if chaperones are added
[56]. Furthermore, an oxidising environment and a disulfide bond isomerase are essential for the
expression of proteins containing disulfide bonds [88] (Figure 1.2G). The addition of liposomes [85,
86] together with diblock copolymers [87] is important for membrane-protein synthesis (Figure
1.2F). 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) [94], Ficoll
[104], polyethylene glycol (PEG) [94, 104], or osmolites [105] can help mimic the E. coli cytosol
[104], but they affect both transcription, translation [106], and the final synthesised proteins [107]
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 [49].

10
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1.4 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. In resent years microfluidic technology has offered
tremendous improvements in control and throughput of cell-free reactions [108, 109]. High-
throughput methods of spatially confined cell-free batch reactions were applied to the generation
of protein arrays [110-113], enabled the exploration of larger design spaces at faster time scales [22,
114], and allowed for introduction of spatial organization [115-119].

CONTINUOUS REACTIONS
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Figure 1.3: Continuous cell-free reaction platforms. 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.

1.4.1 Steady-State cell-free reactions

Main constrain of cell-free batch reactions is that they quickly reach chemical equilibrium, due to
byproduct or cofactor accumulation and subsequent drift from the initial reaction composition
(e.g. inorganic phosphate, Mg*?, H"); denaturation or degradation of reaction components; and
simple exhaustion of substrate molecules. This is opposed to living organisms which continuously
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exchange energy and matter with the environment. Cell-free TX-TL reactions were successfully
prolonged 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 [120] or 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 [95, 121, 122]. This
idea was then extended to be compatible with standard micro-well plate systems [123-127] and a
passive PDMS microreactor, enabling protein synthesis for up to 15 hours [128] (Figure 1.3A).

Continuous-flow and continuous-exchange formats allow small molecule exchange with the en-
vironment but lack efficient protein turnover, limiting their use for dynamical systems such as
oscillators or self-replicating systems. Recently these limits have been overcome. Continuous
protein synthesis was demonstrated for example in an array of cell-sized nanoporous silicon
containers [129] (Figure 1.3A). Moreover, in 2013, Niederholtmeyer et al. reported a two-layer
PDMS device with 8 independent nano-reactors that utilise a peristaltic pump for active reagents
exchange. Using this approach dilution rates similar to those of growing bacteria can be achieved,
allowing to maintain steady-state TX-TL reactions up to 30 hours, and enabling the first in vitro
implementation of genetic oscillator circuits [130, 131] (Figure 1.3B). In 2014, Karzbrun et al.
demonstrated two-dimensional DNA compartments capable of creating oscillating protein expres-
sion 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 [132] (Figure 1.3B). The geometry of the compartments determined the dilution rate
of the reaction, giving rise to different observed reaction kinetics. Recently, Swank et al. demon-
strated automated microfluidic cell-free processing unit contains 280 chemostats, based on the
design geometries by [132]. The chemostats periodically supplied with cell-free reagents giving
rise to long-term steady-state condition.

12
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1.5 Overview and objective of this work

As outlined in the previous sections, due to its well-defined and straightforward nature, a recombi-
nant cell-free system is an ideal choice as a chassis for a synthetic cell. However, whether or not
the PURE system can regenerate itself and drive the self-replication of an artificial cell remains to
be demonstrated. Consequently, we set out to couple the PURE system with a microfluidic device
to study the regeneration of the protein components essential to transcription and translation.

Given the task at hand, a highly modulable PURE system, where different components can be
adjusted or omitted, was imperative. Hence, we decided to prepare the PURE system in-house
to have the most control over the system. However, as stated above, this is time-consuming
and tedious (Chapter 1.3.1). Therefore, as part of the preparation process, we also developed
a novel "OnePot" preparation method for the PURE system, which significantly simplifies the
preparation. Chapter 2 is dedicated to this coculturing and co-purification method for preparing
the protein components of the PURE system. By utilizing this method, we were able to cut down the
preparation time of the PURE system from weeks to days while ensuring comparable expression
levels to the commercial system and preserving system versatility. We anticipate that this method
will make this powerful platform accessible to more laboratories worldwide, further expanding the
applications of cell-free synthetic biology.

As outlined in Chapter 2, a cell-free reaction can easily be performed in a batch mode. However,
to successfully realize prolonged self-regeneration, a biologically more relevant steady-state is
required. Chapter 3 outlines the protocol for preparing a microfluidic chemostat that allows
regular replenishment and dilution of cell-free TX-TL reactions and, therefore, enables steady-state
implementation. We designed a nanoliter microfluidic chemostat with fluidically hard-coded
dilutions defined by reactor geometry. Contrary to the peristaltic pump-based dilutions used
previously, the hard-coded dilutions are not affected by solution viscosity. This allowed us to
separate the energy and protein components of the TX-TL reaction, thereby enabling a vaster
experimental versatility and storage of components without cooling.

In Chapter 4, we applied the microfluidic platform developed in Chapter 3 to the TX-TL self-
regeneration of proteins. By implementing the kick-start method to boot-up regeneration, we
demonstrated that our platform could facilitate the long-term regeneration of essential protein
components from DNA templates. Moreover, by coupling our experimental results with computa-
tional modelling, we highlight the importance of minimizing resource competition and optimizing
resource allocation to achieve robust system function. Lastly, we demonstrated the system’s
capability to regenerate multiple protein components and showed that the optimal system is
surprisingly similar to fitness landscapes observed in living systems.

Self-regeneration of multiple components in Chapter 4 emphasized the significant challenges for
achieving a fully self-regenerating system related to a low synthesis rate ruelative to the fully self-
regenerating system requirements. As summarised in Chapter 1.4, synthesis rates and yields can be
significantly improved using non-equilibrium systems, e.g., semi-continuous reactions, where the
small molecule components are separated from the TX-TL reaction and supplied through diffusion.
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Chapter 5 outlines the progress towards microfluidic devices, which enable semi-continuous and
continuous cell-free systems on a single device. We demonstrate the incorporation of PEG-DA
hydrogel into the device, where the hydrogel acts as a cut-off membrane. This allows for the
diffusion of small molecules to the microfluidic reactor while retaining other reaction components.

Finally, the results, limitations, and future work outlook are briefly summarized and discussed in
chapter 6.
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Chapter 2 A simple, robust, and low-cost method to produce the PURE cell-free system

2.1 Abstract

We demonstrate a simple, robust, and low-cost method for producing the PURE cell-free transcrip-
tion-translation system. Our OnePot PURE system achieved a protein synthesis yield of 156 pg/mL
at a cost of 0.09 USD/ uL, leading to a 14-fold improvement in cost normalized protein synthesis
yield over existing PURE systems. The OnePot method makes the PURE system easy to generate
and allows it to be readily optimized and modified.

2.2 Introduction

Cell-free transcription-translation systems have become popular for molecular engineering[73,
132-136]. Cell-free systems can be categorized into two main classes: cell extract and recombinant
systems. Cell extracts are highly functional but complex and undefined cell-free systems. In
2001, Shimizu et al. demonstrated that a defined cell-free system called the “PURE” system
(protein synthesis using recombinant elements) could be reconstituted from purified recombinant
components [81]. Because of its defined and minimal nature, PURE is an appealing choice for
biological systems engineering. The PURE system has been used for genetic network engineering
[134], recombinant DNA replication [137], molecular diagnostics [138], therapeutics [139], and
educational kits [140]. The PURE system also represents a viable starting point for generation of
an artificial cell [14, 24] and its composition has been optimized [94, 141] and extended [84] to
achieve higher functionality.

Unfortunately, producing PURE is an arduous and costly process, requiring 36 individual medium
to large-scale protein purifications. PURE is now commercially available (PURExpress, New Eng-
land Biolabs (NEB)), but the high-cost of the commercial system at 1.36 USD/ uL still limits its use.
Although NEB provides a few different formulations of the PURE system, the commercial system
can't be customized or optimized by the user, and the precise formulation of the commercial
PURE system is not publicly available. It was recently demonstrated that the PURE system could
be produced using synthetic microbial “consortia” (TraMOS PURE) [92], which simplified the
process of making PURE by co-expressing multiple protein components in a single E. coli clone
combined with co-culturing of multiple strains. TraMOS PURE achieved only a ~20% protein yield
compared to the commercial PURExpress and production cost was reduced from 1.36 USD/uL
to 0.96 USD/uL. An earlier approach used MAGE to His-tag most PURE protein components
in their endogenous locus and co-purified them from 6 strains to generate an ensemble PURE
system (ePURE) [91]. The approach led initially to only minimal protein synthesis activity, and an
optimized ePURE system ultimately reached a 11% protein yield compared to the original PURE
system [81]. Shephard et al. cloned 30 PURE protein components onto 3 separate plasmids for sim-
plified and low-cost generation of the PURE system [47]. Upon optimization, this PURE 3.0 system
reached protein synthesis levels comparable to the commercial PUREfrex kit (GeneFrontier, Chiba,
Japan). As multiple proteins are being expressed and purified from a single E. coli clone in all three
of these approaches it is not possible to rapidly modify protein levels or omit proteins from the
PURE system, which is a critical feature for further PURE system development and optimization.
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Here we present a simple, robust, and low-cost method for producing the PURE system. Our
method co-cultures [142] and induces all 36 protein producing E. coli clones in a single flask
followed by a single Ni-NTA purification. Our “OnePot” method produces PURE at a cost of
0.09 USD/uL and a protein synthesis capacity of 156 ug/mL, which is as high as the commercial
PURE system. OnePot PURE production reduces the cost per microliter to 6% compared to the
commercially available PURExpress from NEB (1.36 USD/uL ). A single batch prepares enough
proteins for a total of 15 mL of PURE which is sufficient material for ~ 1,500 10 pL reactions and
can be generated together with ribosomes in 4 days. The method produces consistent PURE across
different batches and allows the rapid optimization of individual PURE protein components.

2.3 Results and discussion

The PURE system consists of several different components [81], that can be separated into three
main categories: proteins (transcription, translation, and energy regeneration), ribosomes, and
small molecule components (salts, buffers, NTPs, creatine phospate, and folinic acid). In this
work, we developed a “OnePot” method for the preparation of all 36 protein components using a
single mixed co-culture and Ni-NTA affinity purification step to simplify the process and decrease
the cost of the PURE system. All 36 E. coli expression clones are cultured individually in small
volumes overnight, which are then combined to inoculate a single 500 mL culture. The mixed
culture is allowed to outgrow and is induced, followed by pelleting, lysis and loading of the lysate
onto a Ni-NTA column for protein purification. To keep the final cost of the PURE system as
low as possible, we also prepared ribosome and energy solutions (Figure 2.1a, Supplementary
Figure 2.3, 2.4). The entire process of OnePot PURE system preparation, including protein and
ribosome purification and energy solution preparation, requires 4 days with 20 hours of hands-on
time (Supplementary Table 2.1, 2.2, 2.3). To date no method has been presented in which all
non-ribosomal PURE proteins were prepared using a single co-culture and purification step [91,
92]. Moreover, other simplified protocols resulted in low protein synthesis activity as compared to
the original PURE system [92].

We explored whether it is possible to adjust the protein component ratios in the OnePot PURE sys-
tem simply by varying the ratios of the inoculation culture volumes added to the mixed co-culture
(Supplementary Table 2.4). Besides ribosomal proteins, elongation factor thermo unstable (EF-Tu)
is one of the most abundant proteins in rapidly growing E. coli [143] and it was shown to be one of
the key factors for in vitro protein synthesis [94]. Previous work showed that PURE is otherwise rel-
atively robust to changes in protein concentrations as demonstrated by experimental work where
PURE protein components were titrated [94, 96] and computational modeling [99]. Additionally,
over 50% of the HomeMade PURE protein components consist of EF-Tu (Supplementary Table 2.5).
Hence, we decided to optimize our OnePot PURE system with a particular focus on this translation
factor.

We varied the relative volume of the EF-Tu inoculating culture with respect to the 35 remaining
inoculation cultures to generate ratios of 3%, 17%, 38%, and 47%. The 3% ratio corresponds
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Figure 2.1: OnePot PURE preparation and optimization: (a) All 36 PURE protein components
were produced using the OnePot method, which consists of a single co-culture and a single Ni-NTA
affinity purification. Different OnePot systems were produced by varying the ratio of inoculation
culture EF-Tu with respect to the 35 remaining inoculation cultures, and characterized using SDS-
PAGE gels and eGFP expression. (b) Concentration of EF-Tu in OnePot PURE reactions derived
from SDS-PAGE gel analysis, as a function of relative volume ratios of the EF-Tu inoculation
culture in a co-culture. Each data point represents four biological replicates (mean + s.d.). (c) In
vitro eGFP expression activity after 3h plotted against concentration of EF-Tu in OnePot PURE
reactions. Measurements on the x-axis represent biological replicates, and y-axis measurements
represent four biological replicates with three technical replicates. Error bars represent s.d. (d)
Coomassie blue-stained SDS-PAGE gel of four OnePot PURE (EF-Tu 47%) replicates. In the right
panel, intensities of the different replicates are plotted with molecular weight standards (kDa).
(e) In vitro eGFP expression activity after 3 h plotted against relative inoculation volume ratios of
EF-Tu. Each data point represents a single biological replicate with three technical replicates; error
bars represent s.d. of the technical replicates. (f) Time course of in vitro eGFP expression with
OnePot PURE (EF-Tu 47%). Each line represents a technical replicate.
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to 100 L of all 36 inoculation cultures, including EF-Tu, being added to the mixed co-culture
(Supplementary Table 2.4). As can be seen from gels and corresponding analysis, larger percentages
of the EF-Tu strain in the co-culture led to higher absolute levels of EF-Tu in the OnePot protein
system (Fig. 2.1b, Supplementary Fig. 2.5, 2.6). Increased concentrations of EF-Tu also gave rise to
higher protein expression yields (Fig. 2.1c). We could therefore show that it is possible to modify
the ratio of an individual PURE protein component simply by varying the initial inoculation ratio
of the corresponding strain, and that the OnePot PURE system gave rise to high protein expression
yields.

It has been thought that precise control over the PURE system composition is required to achieve
reproducible, and high protein expression yields and it has been suggested that a simple one-pot
method would not be a viable option for robustly generating the PURE system [92]. However, we
observed that variations in overnight culture densities (Supplementary Fig. 2.7) did not lead to
substantial differences in OnePot PURE protein content (Fig. 2.1d, Supplementary Fig. 2.5, 2.8c-e).
We observed high protein expression robustness across four biological replicates, especially for the
38% and 47% EF-Tu formulations, with coefficients of variation (CV) of 8% and 12%, respectively
(Fig. 2.1e, f). In comparison, the CV for a technical replicate of PURExpress and HomeMade PURE
were 5% and 12%, respectively. To avoid significant total protein concentration differences across
replicates, we adjusted the concentration of the protein mixture to 1.6 mg/mL in the final reaction.
This optimal concentration was chosen based on titrations of OnePot PURE (47% EF-Tu) replicate
A (Supplementary Fig. 2.9).

We compared the protein composition of our OnePot PURE system to the commercially available
PURExpress (NEB) and our HomeMade PURE system prepared based on the Shimizu protocol
with minor adjustments [81]. From gels and mass spectrometry (MS) we determined that the
overall composition of the PURExpress and HomeMade PURE systems were quite similar to one
another as expected (Fig. 2.2a, Supplementary Fig. 2.8d). Both PURExpress and HomeMade
PURE had a higher relative percentage of EF-Tu and a lower total protein concentration (1 mg/mL
for HomeMade PURE) than OnePot PURE. The relative intensities of individual proteins in the
OnePot PURE deviated from the PURExpress and HomeMade PURE standards although the protein
expression yield of the OnePot PURE system (47% EF-Tu) was similar to PURExpress, 1.6 times
higher than our HomeMade PURE and 5 times higher than TraMOS (Fig. 2.2b).

Moreover, we compared expression levels of different proteins in PURExpress and OnePot PURE
(47% EF-Tu). Based on SDS-PAGE gels of proteins labeled with FluoroTect GreenLys tRNA, we
reached similar levels of expression in PURExpress and OnePot PURE for eGFP (26.9 kDa), T3
RNAP (98.8 kDa), -galactosidase (116.5 kDa) and trehalase (63.7 kDa) (Supplementary Fig. 2.10).
We were not able to separate bands for DHFR (18 kDa) as it co-migrated with FluoroTect GreenLys
tRNA bands. However, we were able to distinguish the expected bands for all four proteins on a
Coomassie-stained gel (Supplementary Fig.2.10b). Activity assays for -galactosidase and trehalase
(Supplementary Fig. 2.11) showed that the synthesized proteins were functional. We also synthe-
sized a zinc-finger transcription factor demonstrating functional repression of deGFP [22, 113],
and achieved comparable fold-repression levels in PURExpress and OnePot PURE supplemented
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with E. coli RNA polymerase and ¢70 factor (Supplementary Fig. 2.11).

Since PURE systems are prepared by affinity chromatography, a certain amount of contaminants
can be expected in the systems. To approximate the amount of protein contamination present
we analyzed PURExpress, HomeMade PURE and OnePot PURE by LC-MS/MS. The percentage of
contaminants was estimated based on total independent spectral counts, which correlated with
the amount of protein present in the sample (Supplementary Fig. 2.8a, b).Our OnePot method gave
rise to a similar amount of contamination as in-house prepared HomeMade PURE (Supplementary
Fig. 2.8e). The amount of contamination across all OnePot PURE (EF-Tu 47%) replicates was 12.6
+ 1.5% and for the HomeMade PURE 11.3%. PURExpress had a lower level of contamination of
4.5%. Moreover, the contaminants present across the different PURE systems are similar; more
than 50% of contaminants present in OnePot PURE are present in HomeMade PURE as well
(Supplementary Excel file for LC-MS/MS). Moreover, many of these contaminants are well-known
His-tag based purification contaminants [144]. The main difference is the presence of ribosomal
proteins (Supplementary Fig. 2.8f, Supplementary Excel file for LC-MS/MS), these represent
around 40% of the contaminating proteins present in OnePot PURE only. This observation is in
agreement with results obtained for TraMOS [92]. Based on these results the OnePot PURE system
achieved similar levels of purity as PURE produced in-house using the standard method.

One of the main factors limiting the use of the PURE system is its high cost. We performed a
detailed cost analysis of different PURE systems: two systems prepared from individually purified
protein components (PURExpress and HomeMade PURE), as well as two systems prepared from
batch cultures and pooled purifications (OnePot and TraMOS) (Fig. 2.2c, Supplementary Table
2.1,2.2,2.3, Supplementary Table 2.6, 2.7). The commercial PURExpress is the most expensive at a
cost of 1.36 USD/ uL followed by TraMOS (0.96 USD/ ulL), HomeMade PURE (0.36 USD/uL), and
OnePot PURE (0.09 USD/uL). For the HomeMade PURE and TraMOS preparations, cost originates
primarily from protein components and ribosomes. The OnePot approach reduces the cost of
the non-ribosomal protein components to negligible levels and relies on ribosome purification
to further reduce cost. Combining in-house ribosome purification with bulk purification of non-
ribosomal proteins is thus a general strategy to reduce cost. In-house ribosome purification does
not only reduce the price by almost 16-fold as compared to using commercial ribosomes, but also
allows for higher ribosome concentrations in the PURE system. The standard ribosome purification
protocol used in this work is simple and robust. We compared a total of six ribosome preparations
purified over a period of 11 months (Supplementary Fig. 2.12a) showing similar expression levels
in OnePot PURE for all batches, demonstrating the robustness of the purification process as well
as long-term stability of the purified ribosomes (Supplementary Fig. 2.12b). Moreover, in case
ultracentrifugation is not accessible, His-tag purification of ribosomes could be a viable alternative
[91, 145]. OnePot PURE substantially outperformed all other systems when directly comparing
protein synthesis yield and cost per microliter (Fig. 2.2d), achieving a cost normalized protein yield
of 1.70 ug/USD compared to 0.27 pug/USD for HomeMade PURE, 0.12 ug/USD for PURExpress,
and 0.03 ug/USD for TraMOS (Fig. 2.2e).

We demonstrated that it is possible to robustly produce a highly functional PURE system at low
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Figure 2.2: OnePot PURE comparison to existing PURE systems: (a) SDS-PAGE gel of PURExpress,
HomeMadePURE, OnePot PURE (EF-Tu 47%, replicate A). In the right panel, intensities of different
replicates are plotted with molecular weight standards (kDa). (b) Comparison of eGFP expression
activity (after 3 h) of different PURE systems. The different systems were tested in the same
conditions except for TraMOS where the reported value was used [92]. (c) Price comparison
of the different PURE systems. Calculations are detailed in Supplementary Tables 2.1, 2.2, 2.3,
Supplementary Table 2.6, 2.7. (d) Yield of the different PURE systems plotted against their price
per uL. Mean values of the eGFP expression yield were plotted. (e) Cost-normalized yield of the
different PURE systems. The mean value of the eGFP expression yield was used for the calculations.
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cost using a practical single batch culture and purification approach. Previous approaches such
as ePURE, TraMOS, and PURE 3.0 all expressed multiple proteins within a single host to simplify
downstream purification. TraMOS further combined this concept with co-culturing of multiple
strains but failed to produced highly functional PURE from a 34 strain co-culture in which each
strain expressed a single protein. Here we show that 36 strains can be successfully co-cultured,
eliminating the need to co-express multiple proteins in a single host. This in turn makes it possible
to rapidly adjust the formulation of the resulting PURE mix which would require tedious and
time-consuming cloning steps with the previous methods. The OnePot PURE system described
here achieved a protein synthesis yield of 156 ug/mL at a cost of 0.09 USD/uL. At 1.7 ug/USD the
cost normalized protein synthesis yield is over a magnitude higher than the commercial PURE
system and substantially higher than TraMOS. We also showed that it is possible to adjust and
optimize the OnePot PURE system by varying the inoculation fraction of an individual strain. This
simple, low-cost, and robust protocol for producing the PURE system should broaden access to
the technology and enable new applications which hitherto were not feasible due to the high cost
and complexity of producing the PURE system.
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2.4 Methods

2.4.1 Escherichia coli strains, plasmids, and linear DNA templates

E. coli BL21(DE3) and M15 strains were used for protein expression. All plasmids encoding PURE
proteins used in this work were originally obtained from Y. Shimizu (RIKEN Quantitative Biology
Center, Japan). Genes coding for MK and PPiase were originally cloned in pET29b vectors with
kanamycin resistance. To establish a OnePot system, we used CPEC assembly (Circular Polymerase
Extension Cloning) [45] to clone a DNA fragment amplified from pET29b vectors containing
MK and PPiase genes as well as the T7 promoter, RBS, and T7 terminator, into a pET21a vector
containing ampicillin resistance. The primer sequences used are listed in Supplementary Table
2.8. A list of the PURE proteins with their corresponding gene, vector and reference number are
given in Supplementary Table 2.9. E. coli A19 (Coli Genetic Stock Center, CGSC#: 5997) was used
for ribosome purification.

Linear template DNA for in vitro eGFP synthesis was initially prepared by extension PCR from a
pKT127 plasmid as described [134] and cloned into a pSBlue-1 plasmid. The DNA fragment used for
PURE system characterization was amplified from this plasmid by PCR. DNA templates coding for
trehalase, -galactosidase and T3 RNA polymerase were amplified from E. coli MG1655Z1 genome,
ZIKV_Sensor_27B_LacZ (Addgene plasmid # 75006) [138] and BBa_K346000 (Registry of Standard
Biological Parts), respectively, by extension PCR. Primer sequences are listed in Supplementary
Table 2.10. For DHFR expression the control template supplied with PURExpress was used. DNA
templates for Zinc-fingers (Supplementary Table 2.11) were prepared as described [22]. DNA
fragments were purified using DNA Clean and Concentrator-25 (Zymo Research). DNA was eluted
in nuclease-free water instead of elution buffer.

2.4.2 Buffers used for protein and ribosome purification

All buffers used in this work are listed in Supplementary Table 2.12. All buffers were filtered (Flow
Bottle Top Filters, 0.45 um aPES membrane) and stored at 4°C. 2-mercaptoethanol was added
immediately before use.

2.4.3 OnePot protein preparation

Lysogeny broth (LB) used for OnePot protein component preparation was supplemented with
100 pg/mL ampicillin and all cultures were grown at 37°C, 260 RPM. To allow for fast and easy
inoculation, the different strains were stored as a glycerol stock in a single 96 well microplate. All
overnight cultures were inoculated by a 96-well replicator (VP 408FS2AS, V & P Scientific), except
for the EF-Tu strain, and grown in 0.3 mL of LB in a deep-well microplate (96 wells, void volume
1.5 mL). The strain expressing EF-Tu was grown in 3 mL of LB in a standard 14 mL culture tube.
Overnight cultures (in total 3.6 mL) were used to inoculate 500 mL of LB media in a 1 L baffled
flask. The exact composition of the inoculation cultures for different OnePot systems are given in
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Supplementary Table 2.4. Cells were grown 2 h before induction with 0.1 mM IPTG for 3 h, then
harvested by centrifugation (4,000 RPM, 10 min, 4°C) and stored at —80°C overnight. Cells were
resuspended in 7.5 mL buffer A and lysed by sonication on ice (Vibra cell 75186 and probe tip
diameter: 6 mm, 4 x 20s:20s pulse, 70% amplitude). Cell debris was removed by centrifugation
(15,000 RPM, 20 min, 4°C). The supernatant was mixed with 2 mL of equilibrated resin, prepared as
described below, and incubated for 3 h, at 4°C. After the incubation, unbound lysate was allowed
to flow through the column. The column was washed with 25 mL of a wash buffer (95% buffer A,
5% buffer B) and eluted with 5 mL of elution buffer (10% buffer A, 90% buffer B). Instead of dialysis,
buffer exchange was done using a 15 mL Amicon Ultra filter unit with a 3 kDa molecular weight
cutoff (Merck). All centrifugation steps were performed at 4,000 RPM and 4°C. The elution fraction
was diluted with 25 mL of HT buffer and concentrated to 1 mL (2 x 60 min). The concentrated
sample was then diluted with 10 mL of HT buffer, concentrated to 1.5 mL (60 min), and mixed
with 1.5 mL of stock buffer B. The protein solution was then concentrated (14,000 RPM, 30 min,
4°C) using a 0.5 mL Amicon Ultra filter unit with a 3 kDa molecular weight cutoff (Merck) and
stored at —80°C. Total protein concentration in the OnePot protein mixture was determined using
a microplate Bradford protein assay with bovine gamma-globulin as a standard (Bio-Rad). Samples
were diluted 1:25 and 5 uL of the diluted sample was mixed with 250 uL of Bradford reagent.
Absorbance at 595 nm was measured using a SynergyMX platereader (BioTek). The OnePot protein
mixture was then adjusted to a concentration of 12.25 mg/mL.

2.4.4 HomeMade PURE protein preparation

Proteins were prepared by Ni-NTA gravity-flow chromatography. The LB medium used was sup-
plemented with 100 ug/mL of ampicillin and/or 50 pg/mL of kanamycin (Supplementary Table
2.5), and all cultures were grown at 37°C, 250 RPM. Overnight cultures were grown in 3 mL of
LB. Each strain was then individually inoculated in a flask with 2 L of LB. Cells were grown 2 h
before induction with 0.1 mM of IPTG for 3 h, then harvested by centrifugation and stored at
—80°C overnight. The cells were resuspended in 30 mL of buffer A and lysed by sonication on ice
(Vibra cell 75186 and probe tip diameter: 6 mm, 8 x 20s:20s pulse, 70% amplitude). Cell debris
was removed by centrifugation (25,000 RCE 20 min, 4°C). The supernatant was mixed with 2-3
mL of equilibrated resin (described below), and incubated for 1-2 h, at 4°C. After the incubation,
unbound lysate was allowed to flow through the column. The column was washed with 30 mL of a
wash buffer (95% buffer A, 5% buffer B) and eluted with 15 mL of an elution buffer (10% buffer A,
90% buffer B). The elution fraction was dialysed against HT buffer (2x) and stock buffer and stored
at —80°C. Protein concentrations were estimated by absorbance at 280 nm and calculated protein
extinction coefficients. When a higher protein concentration was required, the protein solution
was concentrated using a 0.5 mL Amicon Ultra filter unit (Merck).

2.4.5 Ni-NTA resin preparation and regeneration

2 mLIMAC Sepharose 6 FF (GE Healthcare) was pipetted into Econo-Pac chromatography columns
(Bio-Rad), and charged with 15 mL of 100 mM nickel sulfate solution. The charged column
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was washed with 50 mL of DEMI water and equilibrated with 35 mL of buffer A. After protein
purification, columns were regenerated with 10 mL of buffer containing 0.2 M EDTA and 0.5 M
NaCl, and washed with 30 mL of 0.5 M NacCl, followed by 30 mL of demineralized water, and stored
in 20% ethanol at 4°C.

2.4.6 0D600 measurement

OD600 measurements of over-night cultures were measured on a 96-well plate with tenfold dilu-
tions (20 uL of over-night culture in 180 uL of LB) using a SynergyMX platereader (BioTek). The
background (OD600 of 200 uL of LB) was subtracted from all samples.

2.4.7 Ribosome purification

Ribosomes were prepared from E. coli A19 by hydrophobic interaction chromatography (HIC)
and sucrose cushion buffer ultracentrifugation as described previously with slight modifications
[89, 146]. E. coli A19 strain was grown overnight in 100 mL of LB media at 37°C. 2 x 30 mL of
the overnight cultures was used to inoculate 2 x 2 L of LB. Cells were grown at 37°C, 250 RPM to
exponential phase (3-4 h, OD600 = 0.6-0.8), harvested by centrifugation (4,000 RCE 20 min, at
4°C), resuspended in 50 mL suspension buffer and stored at —80°C. The resuspended cells were
lysed by sonication on ice (Vibra cell 75186 and probe tip diameter: 6 mm, 12 x 20s:20s pulse,
70% amplitude). The cell debris was removed by centrifugation (20,000 RCE 20 min, at 4°C). The
recovered fraction was mixed with the same amount of high salt suspension buffer. The precipitate
was removed by centrifugation (20,000 RCE 20 min, at 4°C) and the supernatant was filtrated with
a GD/X syringe filter membrane (0.45 mm, PVDE Whatman).

Ribosomes were purified using a 15 mL (3 x 5 mL HiTrap Butyl HP column (GE Healthcare) on
Akta Purifier FPLC (GE Healthcare) at 4°C. After the column was equilibrated with 60 mL of buffer
C, the prepared lysate solution was loaded onto the column and washed with 45 mL of wash buffer
1 (100% buffer C) followed by 75 mL of wash buffer 2 (80% buffer C, 20% buffer D). Ribosomes
were eluted with 60 mL of ribosome elution buffer (50% buffer C, 50% buffer D) followed by 60 mL
of final elution buffer (100% buffer D) at a flow rate of 4 mL per minute. All fractions containing
ribosomes (absorbance peak at 280 nm during elution with ribosome elution buffer) were pooled
together (around 55 mL). The column was recovered by washing with NaOH (1 M) and acetic acid
(0.1 M), and stored in 20% ethanol.

14 mL of recovered fraction was overlaid onto 15 mL of cushion buffer in four polycarbonate tubes
(void volume: 32 mL). The ribosomes were pelleted by ultracentrifugation (Beckman type SW 32 Ti
rotor, 100,000 RCE 16 h, 4°C). Each transparent ribosome pellet was washed two times with 0.5 mL
ribosome buffer and resuspended with a magnetic stirrer in 100 uM of ribosome buffer. To ensure
that all the ribosomes are recovered every tube was washed with 100 uM ribosome buffer. The
recovered solution was concentrated using a 0.5 mL Amicon Ultra filter unit with a 3 kDa molecular
weight cutoff (Merck) by centrifugation (14,000 RCE 10 min, at 4°C). Ribosome concentrations
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were determined by measuring absorbance at 260 nm of a 1:100 dilution. An absorbance of 10 for
the diluted solution corresponded to a 23 M concentration of undiluted ribosome solution. Final
ribosome solution used for in vitro protein synthesis was prepared by diluting the sample to 10
uM. The usual yield is above 0.75 mL of 10 uM ribosome solution.

2.4.8 SDS-PAGE gels

Proteins were separated by SDS-PAGE using 15-well 4-20% Mini-PROTEAN TGX Precast Protein
Gels (Bio-Rad). Gels were stained using Bio-Safe Coomassie stain (Bio-Rad), scanned using an
EPSON Perfection V10 scanner and analyzed with Image]J. In case of all gels containing PURE
proteins a mixture 0.625 uL of the adjusted solution was loaded. Concentration of EF-Tu in different
PURE systems was determined based on SDS-PAGE gels of EF-Tu with known concentrations
(Supplementary Fig. 2.13). PURE reactions (5 pL) labeled with FluoroTect GreenLys (Promega)
were analyzed by SDS-PAGE using 15-well 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-
Rad) scanned (AlexaFluor 488 settings, excitation: Spectra blue 470nm, emission: F-535 Y2 filter) at
Fusion FX7 (Vilber).

2.4.9 Mass spectrometry

Prior the MS analysis, 15 uL of PURE proteins was subjected to buffer exchange. The samples
were diluted to 500 pL in 100 mM ammonium bicarbonate buffer and concentrated by 0.5 mL
Amicon Ultra 3 kDa filter unit by centrifugation (14,000 RCE at 4°C) to 100 uL. This process was
repeated three times, with 100 uL of the sample prepared for tryptic digestion and LC-MS/MS
analysis. Samples were submitted to tryptic digestion as follows. First, 90 uL of each sample were
denaturated by heating for 10 min at 95°C. Then, disulfide bridges were reduced by incubation
with tris(2-carboxyethyl) phosphine at 15 mM final concentration for 1 h at 30°C. Cysteine residues
were subsequently alkylated for 30 min with iodoacetamide at 20 mM final concentration at room
temperature in the dark. Afterwards trypsin was added to the reaction mixture in the ratio 1:50
for overnight digestion. Reaction was quenched by addition of trifluoroacetic acid to 1% final
concentration.

Digested samples containing proteolytic peptides were analyzed by LC-MS/MS. 5 uL of each
sample were loaded onto a Zorbax Eclipse Plus C18 (1.8 ym, 2.1 x 150 mm) analytical column
from Agilent Technology for separation using analytical Dionex Ultimate 3000 RSLC system from
Thermo Scientific. The separation was performed with a flow rate of 250 uL/min by applying
an effective gradient of solvent B from 5 to 35% in 60 min, followed by column washing and
re-equilibration steps. Solvent A was composed of water with 0.1% formic acid, while solvent B
consisted of acetonitrile with 0.1% formic acid. The outlet of the chromatographic column was
coupled online with the conventional HESI source from Thermo Scientific and eluting peptides
were analyzed by high resolution QExactive HF-HT-Orbitrap-FT-MS benchtop mass spectrometer
from Thermo Scientific. Analysis was performed in data-dependent manner with 60000 resolution
and AGC (automatic gain control) of 3e6 for MS1 scan. MS2 scans were realized in Top10 mode
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with dynamic exclusion of 30 sec, 15000 resolution, 2 uscans, AGC of 1e5, precursor isolation
window of 2 m/z and NCE (normalized collision energy) of 27% for HCD (higher energy collisional
dissociation) fragmentation.

Obtained shotgun bottom-up proteomic data were processed with open source Trans-Proteomic
Pipeline software (Institute for System Biology, Seattle Proteome Center) using Xtandem! search
engine. Peptides were searched against custom database containing all E.coli proteins from
SwissProt database (Uniprot) together with creatine kinase and adenylate kinase from Gallus
gallus, inorganic pyrophosphatase from S. cerevisiae, T7 RNA polymerase from enterobacteria
phage T7 and cationic trypsin from Bos taurus. The precursor ion mass tolerance was set to 10
ppm with product ion tolerance of 0.02 Da. Cysteine carbamidomethylation was set as fixed
modification, while methionine oxidation, asparagine/glutamine deamidation and N-terminal
acetylation were specified as dynamic modifications. The cleavage specificity was set to trypsin
with two allowed missed cleavages. 1% false discovery rate (FDR) was allowed with minimum
peptide length of 7 amino acids and minimum 2 peptides per protein.

2.4.10 Energy solution preparation

Energy solution was prepared as described previously with slight modifications [89]. 2.5x energy
solution contained 0.75 mM of each amino acid, 29.5 mM of magnesium acetate, 250 mM of
potassium glutamate, 5 mM of ATP and GTP, 2.5 mM CTP, UTP, and DTT (Dithiothreitol), 130
U a260/mL of tRNA, 50 mM of creatine phospate, 0.05 mM of folinic acid, 5 mM of spermidine, and
125 mM of HEPES.

2.4.11 Invitroprotein expression and functional assays

HomeMade or OnePot PURE reactions (5 pL) were established by mixing 2 uL of 2.5x energy
solution, 0.9 uL of 10 uM ribosomes (final concentration: 1.8 uM), 0.65 uL of PURE proteins
(HomeMade or OnePot solution), DNA template and brought to a final volume of 5 uL with
addition of water. PURExpress reactions (5 uL) were established by mixing 2 uL of solution A, 1.5
L of solution B, DNA template and brought to 5 uL with water.

All reactions measuring eGFP expression levels were prepared as described above with eGFP linear
template at a final concentration of 5 nM and incubated at 37°C at constant shaking for 3 h, and
measured (excitation: 488 nm, emission: 507 nm) on a SynergyMX platereader (BioTek). Absolute
eGFP concentrations were determined from a standard curve (Supplementary Fig. 2.14).

Reactions expressing other proteins were prepared as described above and supplemented with 0.2
L FluoroTect GreenLys (Promega). DNA templates at a final concentration of 5 nM, except DHFR
which was supplied at a concentration of 10 ng/uL, were used. The reactions were incubated at
37°Cfor 3 h.

B-galactosidase expression reactions was prepared as described above with 5 nM of DNA coding
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for 3-galactosidase and incubated at 37°C for 3 h. The reaction was then diluted 50x in PBS and 2
L of the diluted solution was mixed with 20 uL of chlorophenol red-3-D-galactopyranoside (1
mg/mL, Sigma) and measured (absorbance: 580 nm) on a SynergyMX platereader (BioTek).

Trehalase expression reaction was prepared as described above with 5 nM of DNA coding for
trehalase and incubated at 37°C for 3 h, 2.5 uL of the PURE reaction was mixed with 2.5 uL trehalose
(500mM) and incubated for 15 min at room temperature. After incubation, 5 uL of DNS reagent
was added, the final solution was incubated for 10 min at 99°C and 5 uL was measured (absorbance:
540 nm) on a SynergyMX platereader (BioTek). DNS reagent was prepared by dissolving 5 mg of
dinitrosalicylic acid (Acros Organics) in 250 uL of water at 80°C. When this solution reaches room
temperature, 100 L. of NaOH, 2 N (Sigma) and 150 mg of potassium sodium tartrate-4-hydrate
(Merck) were added and the volume is brought to a volume of 500 uL with distilled water.

Repression of deGFP expression with zinc-finger transcription factors was measured in the reaction
set-up as described above and supplemented with 800 nM of E. coli core RNAP and 4 uM of ¢70
factor, which were prepared as described previously [84]. 1 nM of linear DNA template coding
for deGPF and 1 nM of linear DNA template coding for ADD or CBD zinc-finger were used. The
reaction was incubated at 37°C at constant shaking for 3 h, and measured (excitation: 488 nm,
emission: 507 nm) on a SynergyMX platereader (BioTek).

2.4.12 Cost calculations

To estimate the cost of PURE systems, we analyzed in detail the costs of the different subsets:
protein components, ribosomes, and energy solution. The calculation for protein subset costs
varies with the type of the system. For the TraMOS system, the reported cost of 0.052 USD/uL
was used [92]. For our OnePot system, the cost was estimated based on the calculations given in
Supplementary Table 2.1, with the assumptions that some of the materials can be reused and that
four purifications can be done simultaneously in one working day. In the case of the HomeMade
PURE system (Supplementary Table 2.6), our estimate was based on the price charged by the EPFL
protein expression core facility: 300 USD per 2 L expression culture, which corresponds to our
calculation for OnePot PURE of 83 USD per 0.5 L culture (332 USD for 2 L, Supplementary Table
2.1). Although the total price of this PURE system is high, the total amount of proteins purified
is higher as well which can generate at least 40 mL of PURE HomeMade system (based on the
volume of the protein limiting the preparation, in our case EF-Tu). Therefore, the price per uL of
HomeMade protein components is 0.27 USD.

Two different possibilities were taken into account in the case of the ribosome subset. In the
first system, commercial ribosomes (Supplementary Table 2.7) were used for the PURE reactions
(TraMOS). In the second system, purified ribosomes were used (HomeMade and OnePot PURE).
The cost calculations for purified ribosomes are given in Supplementary Table 2.2, with the as-
sumptions that some of the materials can be reused and that hands-on time for one purification is
a single working day.
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The cost calculation for the OnePot energy solution is described in Supplementary Table 2.3, with
the assumption that half a day is necessary for the preparation of 20 mL of energy solution. For
the TraMOS energy solution and the additional protein components, the costs were recalculated
based on the component’s price that would apply for the preparation of the given solutions
(Supplementary Table 2.7). For some of the additional protein components, we were not able to
determine the exact protein which was purchased and its amount used, mostly due to a difference
in the type of units reported in the paper as compared to the units specified by the supplier.
However, we arrived at a very similar cost estimate as given in the original calculation. Furthermore,
we assumed that the work required for the solution preparation is taken into account in the
purification cost calculation, so we did not consider it.

In the case of PURExpress, the total cost was based on the commercial price. The values used in
the cost calculation were derived from experience with the actual experiments while preparing
the different subsets. All costs for the different components were based on the prices given in our
internal EPFL system when performing the calculation; no delivery costs were taken into account.

2.4.13 Important details and tips

1. The optimal concentration of Mg?* in the energy solution is essential to high expression
levels. If low expression levels are observed with an in-house prepared energy solution, we
recommend to perform a Mg?" titration.

2. tRNAs should not be weighed, but should be diluted directly in the flask, to avoid RNAase
contamination [89].

3. All buffers should be sterile filtered to avoid bacterial contamination.

4. 2-mercaptoethanol should be added to the solutions immediately before use, buffers without
2-mercaptoethanol can be stored for an extended period in the fridge.

5. The overnight cultures should be shaken at 260 rpm, and well mixed prior to culture inocula-
tion.

6. The expression cultures should be performed in a baffled flask to ensure proper oxygenation.
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2.5 Supplementary information

2.5.1 Supplementary figures

a OnePot Protein Purification

One culture

Proteins
10min Pulse 4x20s 20min 3x1h 30min =
37° C 250 RPM 37° C 250 RPM, 4K RPM Amp 70 /o 15k RPM 4k RPM 15k RPM  [i=]
. . |6 >
N| NTA
~2 mL of proteins (12.25mg/mL)
V

3mL

culture overnight )

(EF-Tu) B 37°C, 250 RPM
-

]

~ 15 mL of OnePot PURE

35x0.3mL
culture
Resuspension Incubation Buffer . Concentration
Inoculation Inoculation Induction Cell harvesting & Sonication & Purification  exchange Concentration oy iment
> ]
Day 1 Day 2 Day 3
b Two cultures Ribosome Purification
Ribosomes
overnight 20min 20min 20min 16h 10min =
37°C, 250 RPM 37°C, 250 RPM, 4k RCF 20k RCF 20k RCF 100k RCF 15k RPM ?
o | 2| 22—
30 mL Pmse 12><205 (NH ),S0, "”C Sucrose
Amp.70 % cusion AV
~0.75 mL of ribosomes (10uM)
~ 4 mL of OnePot PURE
E. coli A9
Resuspension  Precipitation Purification Ultra- Resuspension Concentration
Inoculation Inoculation Cell harvesting & Sonication & Sonication centrifugation & Concentration adjustment
> > > A
Day 1 Day 2 Day 3 Day 4
c Energy Solution Preparation d
Amino
Acids NTP; .
N Proteins 5965
Sy

Fluorescence

Creatine Folinic Energy Solution
phcsphaleg tRNA E acid
U E U Ribosomes
_
Salts

eGFP expression

2
%) 5uL reaction, 37°C
32?\;\0‘\? 1l ion, Time

) 3

Spermidine Buffers Energy
Solution &
& DNA
Day 1 N

Figure 2.3: Schematics depicting all steps of the OnePot PURE production: (a) Protein purifica-
tion, (b) ribosome purification, and (c) energy solution preparation steps. The description of the
different steps as well as the day on which they are performed are indicated below the schematics.
(d) Composition of the OnePot PURE reaction. Two numbers are given for each subset, the volume
required for a 5 uL reaction and the component concentration in the reaction.

30



Chapter 2 A simple, robust, and low-cost method to produce the PURE cell-free system

200
B PURExpress
— B OnePot PURE
2 150
~
(o))
= 100
[a
LL
O 50
0]
0
Energy solution Energy solution
PURExpress OnePot

Figure 2.4: Comparison of eGFP expression levels: Comparison of eGFP expression levels in
PURExpress (Solution B) and OnePot PURE (EF-Tu 47%, replicate A) supplied with commercial
energy solution (Solution A, PURExpress) and the OnePot energy solution used in this study. Each
data point represents at least five technical replicates (mean + s.d.)
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Figure 2.5: Coomassie blue stained SDS-PAGE gels of the four OnePot PURE formulations: (a)
3% EF-Tu, (b) 17% EF-Tu, (c) 37% EF-Tu, and (d) 47% EF-Tu. In the panels to the left of the gels,
intensities of the different replicates are plotted with molecular weight standards (kDa). On the
right the intensity variations relative to the inter-replicate mean is shown.
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Figure 2.6: EF-Tu analysis: (a) Mean intensities of the different OnePot systems are plotted against
molecular weight standards (kDa); the shaded regions represent the s.d. of the four biological repli-
cates. (b) Total intensity of all protein bands as a function of EF-Tu clone inoculation percentage.
(c) The integrated intensity of the EF-Tu peak from SDS-PAGE gel analysis as a function of EF-Tu
clone inoculation percentage. (d) The normalised EF-Tu intensity (integrated EF-Tu peak intensity
/ total protein intensity) as a function of EF-Tu clone inoculation percentage. (b) - (d) Each data
point represents four biological replicates (mean =+ s.d.)
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Figure 2.8: Mass spectrometry analysis of the PURE systems: (a) Total independent spectral
count from MS analysis of HomeMade PURE system vs protein concentration based on A280 in
the HomeMade PURE system (b) Correlation of total independent spectral count and protein con-
centration (excluded EF-Tu). (c) Relative abundance of OnePot (EF-Tu 47%) system components
normalized to total protein content based on total independent spectral count. (d) Relative abun-
dance of PURExpress, HomeMade PURE, OnePot (EF-Tu 47%) system components normalized
to total protein content based on total independent spectral count. (e) Normalized composition
of different PURE systems based on total independent spectral count. (f) Detailed description of
contamination in the different PURE systems. Relative abundance of the four highest contaminant
and ribosomal proteins are shown.
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Figure 2.9: Protein concentration calibrations and adjustment: (a) Bradford assay standard
calibration curve for protein concentration. The standard curve was produced by measuring the
absorbance at 595 nm of prediluted bovine y-globulin standards. Data are shown as mean + s.d. (n
= 3). Linear fit errors were not propagated as they were negligible compared to experimental errors.
(b) eGFP expression as a function of protein concentrations in the protein subset of OnePot PURE
(47%) replicate A (7.7x concentration in the final reaction). Each point represents at least two
replicates; data are shown as mean + s.d. (¢) The concentrations of all OnePot protein subsets and
their replicates after purification. Each bar represents two independent measurements in technical
duplicate. Data are shown as mean + s.d. The dotted line represents concentration (12.25 mg/mlL,
which is equal to 1.6 mg/mL in the final PURE reaction) to which all reactions were adjusted to.
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Figure 2.10: SDS-PAGE gel of proteins synthesized in PURExpress or OnePot (EF-Tu 47%, repli-
cate A): (a) labeled with FluoroTect Greenlys, (b) Coomassie blue stained. Black arrows indicate
the expected bands of synthesized proteins, GFP (26.9 kDa) T3 RNAP (98.8 kDa), 3-galactosidase
(116.5 kDa) and trehalase (63.7 kDa), DHFR (18 kDa)
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Figure 2.11: Activities of different proteins, expressed in PURExpress and OnePot (EF-Tu 47%,
replicate A):. Trehalase assay: (a) Absorbance change at 540 nm and (b) image of resulting color
change due to the presence of trehalase in the reaction. Three reactions were measured for positive
samples. Error bars represent standard deviation. B-galactosidase assay: (c) absorbance (580
nm) increase over time due to substrate cleavage, (d) slope of absorbance. Three and one OnePot
PURE reactions were measured for positive and negative samples, respectively. Each reaction
was measured in triplicate. Error bars represent standard deviation. Zinc-finger (ZF) repression:
(e) Down-regulation of deGFP expression, due to binding of ZF to the target promoter. deGFP
containing lambda PR promoter containing double ADD ZF binding sites was used as a reporter.
The ADD ZF was co-expressed with deGFP (repressed state), and the CBD ZF was co-expressed as
a negative control (unrepressed state). (f) Fold-repression, the ratio of unrepressed to repressed
expression levels. Each data point represents three technical replicates (mean =+ s.d.)
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case of purified ribosomes. (b) Comparison of expression levels in PURExpress A ribosome kit
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and purified ribosomes (1.8 uM). Each data point represents two technical replicates (mean =+ s.d.)
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Figure 2.13: Standard calibration curve for EF-Tu protein concentration: (a) Coomassie blue
stained SDS-PAGE gels of different concentrations of EF-Tu. (b) The standard curve was produced
by measuring the integrated intensity of the EF-Tu peak at different EF-Tu concentrations. The
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Figure 2.14: Standard calibration curve for eGFP: The standard curve was produced by measuring
the fluorescence over 60 min for different eGFP (TP790050, AMS Biotechnology) concentrations in
PBS on a plate reader with the same settings as for in vitro expression. Excitation and emission
wavelengths were 488 nm and 507 nm, respectively. Experiments were performed in triplicates.
Fluorescence measurements for the first 20 min were not considered. Data are shown as mean +
s.d. (n = 3). Linear fit errors were not propagated as they were negligible compared to experimental
errors.
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2.5.2 Supplementary tables

Table 2.1: OnePot protocol cost and time estimate

OnePot Protein Purification

Amount per ce per
Setsiea tmber m purification/[USDI

LB media A0954 PanReac AppliChem | 2,500 g 0.98
IMAC Sepharose® 6 Fast Flow 17092107 GE Healthcare 25 mL 208 05 mL 417 (rouse) e ooy Par et ions)
Econo-Pac Chromatography Columns 7321010 Bio-Rad Laboratories 50 pes 382 0.25 pes 1.91 (reused at *"j;sf}‘;‘f‘ja;‘j‘”ﬁcam"s)
Nickel Sulfate 15414469 Alfa Aesar 100 mL 47 3 mL 1.41
Buffers 4.30
AMICON ULTRA 15ML - 3 KDa UFC900324 Merck Millipore 24 pes 248 1 pes 10.33
AMICON ULTRA 0.5ML - 3 KDa UFC500324 Merck Millipore 24 pes 12 1 pes 4.69
Additional Lab supplies (pipets, tubes) 5.00
Work | 200 025 50.00 4 purifications can be done a the
Total price per one purification 82.8
Amount of PURE from single purification 15 mL Price per 1pL 0.006
Day 1 14h 2h 30m
Inoculation + Cell Growth 12h 30m
Preparation of media and buffers 2h 2h
Day 2 6h 30m 1h 30m
Inoculation + Cell Growth 2h 20m 20m
Induction + Cell Growth 3h 10m 10m
Centrifugation 1h 1h
Day 3 Sh 4h
Preparation of columns 40m 40m
Cell sonication and centrifugation 40m 40m
Purification 3h 30m 1h
Buffer exchange 3h 30m 1h
Concentration 40m 40m
Total 2%9h 30m 8h

Table 2.2: Ribosome protocol cost and time estimate

Ribosomes Purification

Ar P

LB me A0954 PanReac AppliChem 2500 g
HiTrap Butyl HP Column 28411005 GE Healthcare 5 pes 323 02 pes 1291 (ousea o) l:gig‘;ﬂ,?,’,’camns)
Thickwall Polycarbonate Tube 355631 Beckman 25 pes 275 1 pes 10.99 reused for multiple purifications
Whatman® GD/X syringe filters WHA8722504 GE Whatman 50 pes 304 1 pes 6.07
Buffers 2263
AMICON ULTRA 0.5ML - 3 KDa UFC500324 Merck Millipore 24 pes 112 1 pes 469
Additional Lab supplies (pipets, tubes) 5.00
Work 1 200 1 200.00
Total price per one purification 268.8
Amount of PURE from single purification 4 mL Price per 1pL 0.07
Day 1 14h 2h 10m
Inoculation + Cell Growth 12h 10m
Preparation of media and buffers 2h 2h
Day 2 5h 1h 10m
Inoculation + Cell Growth ah 10m
Centrifugation 1h 1h
Day 3 21h 3h 40m
Preparation and cleaning of columns 2h 1h
Cell sonication and centrifugation 1h 30m 40m
Purification 1h 30m 1h 30m
Ultracentrifugation 16h 30m
Day 3 1h 1h
Resuspension, Concentration th 1h
Total 41h 8h

39



Chapter 2 A simple, robust, and low-cost method to produce the PURE cell-free system

Table 2.3: Energy solution cost estimates

OnePot Energy Solution

Amount per Price per
ceteloa fimBer mmm b G ([T

Amino acids LAA21-1KT Sigma-Aldrich g 0.04 g 0.000020
Magnesium acetate MO0631 Sigma-Aldrich 100 g 20 25 g 0.000001
Potassium glutamate 49601 Sigma-Aldrich 500 g 120 20 ug 0.000005

DTT 5c-290898B SantaCruz Biotech 10 g 139 0.15 pg 0.000002
ATP RO481 ThermoFisher 250 uL 36 20 nL 0.002844
GTP RO481 ThermoFisher 250 uL 36 20 nL 0.002844
CTP RO481 ThermoFisher 250 uL 36 10 nL 0.001422
UTP R0481 ThermoFisher 250 uL 36 10 nL 0.001422
tRNA 10109541001 Roche 500 uL 244 17 nL 0.008186
Creatine phosphate 27920 Sigma-Aldrich 1g 38 7 ug 0.000248
Folinic acid PHR1541 Sigma-Aldrich 1g 55 0.01 pg 0.000000
Spermidine S2626 Sigma-Aldrich 1g 34 0.29 pg 0.000010
HEPES HO0887-100ML Sigma-Aldrich 100 mL 39 50 nL 0.000020
Work 20 mL 100 04 uL 0.002000
Total Price per 1pL 0.019
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Table 2.4: OnePot inoculation culture volumes

Number Protein Vector Strain OnePot (3%) OnePot (17%) OnePot (37%) OnePot (47%)
Amount of inoculation culture

1 AlaRS pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
2 ArgRS PET16b BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
3 AsnRS pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
a4 AspRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
5 CysRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
6 GInRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
7 GIuRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
8 GlyRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
9 HisRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
10 lleRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
1" LeuRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
12 LysRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 5 15%
13 MetRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
14 PheRS pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 15%
15 ProRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
16 SerRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
17 ThrRS pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 15%
18 TrpRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
19 TyrRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
20 ValRS pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
21 IF1 pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
22 IF2 pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 15%
23 IF3 pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
24 EF-G pQE60 M15 100 2.8% 85 2.4% 65 1.8% 55 15%
25 EF-Tu pQE6O M15 100 2.8% 625 17.4% 1325 36.8% 1675 46.5%
26 EF-Ts pQE6O M15 100 2.8% 85 2.4% 65 1.8% 55 15%
27 RF1 pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 15%
28 RF2 PET15b BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
29 RF3 pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
30 RRF PQE6O M15 100 2.8% 85 2.4% 65 1.8% 55 15%
31 MTF pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
32 CK PQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
33 MK pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
34 NDK PQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 1.5%
35 PPiase pET21a BL21(DE3) 100 2.8% 85 2.4% 65 1.8% 55 15%
36 T7 RNAP pQE30 M15 100 2.8% 85 2.4% 65 1.8% 55 15%

Total amount of inoculation culture 3600 100% | 3600 100% 3600 100% 3600 100%
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Table 2.5: HomeMade PURE protein concentrations

HomeMade PURE

Number Protein Vector Antibiotic Strain

Final Concentration in Concentration in PURE
reaction [pg/mL] protein solution [pg/mL]
1 AlaRS pQE30 Amp, Kan M15 70 538
2 ArgRS pET16b Amp BL21(DE3) 2 15
3 AsnRS pQE30 Amp, Kan M15 22 169
4 AspRS pET21a Amp BL21(DE3) 8 62
5 CysRS pET21a Amp BL21(DE3) 1 9
6 GInRS pET21a Amp BL21(DE3) 4 29
7 GluRS pET21a Amp BL21(DE3) 13 97
8 GlyRS pET21a Amp BL21(DE3) 10 74
9 HisRS pET21a Amp BL21(DE3) 1 6
10 lleRS pET21a Amp BL21(DE3) 40 308
11 LeuRS pET21a Amp BL21(DE3) 4 31
12 LysRS pET21a Amp BL21(DE3) 6 49
13 MetRS pET21a Amp BL21(DE3) 2 18
14 PheRS pQE30 Amp, Kan M15 17 131
15 ProRS pET21a Amp BL21(DE3) 10 77
16 SerRS pET21a Amp BL21(DE3) 2 15
17 ThrRS pQE30 Amp, Kan M15 6 48
18 TrpRS pET21a Amp BL21(DE3) 6 48
19 TyrRS pET21a Amp BL21(DE3) 1 5
20 ValRS pET21a Amp BL21(DE3) 2 14
21 IF1 pQE30 Amp, Kan M15 10 77
22 IF2 pQE30 Amp, Kan M15 40 308
23 IF3 pQE30 Amp, Kan M15 10 77
24 EF-G pQE60 Amp, Kan M15 50 385
25 EF-Tu pQE6O Amp, Kan M15 500 3846
26 EF-Ts pPQE60 Amp, Kan M15 50 385
27 RF1 pQE30 Amp, Kan M15 10 77
28 RF2 PET15b Amp BL21(DE3) 10 77
29 RF3 pQE30 Amp, Kan M15 10 77
30 RRF pQE60 Amp, Kan M15 10 77
31 MTF pET21a Amp BL21(DE3) 20 154
32 CK pQE30 Amp, Kan M15 4 31
33 MK pET29b Kan BL21(DE3) 3 23
34 NDK pQE30 Amp, Kan M15 1 8
35 PPiase PET29b Kan BL21(DE3) 1 8
36 T7 RNAP pQE30 Amp, Kan M15 10 77
Total protein concetration [pg/mL] 966 7428
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Table 2.6: HomeMade protocol cost estimates

) Amount per Amount per Price per
Sesea e purification [USD]
1 70 ng 49 mg 300

AlaRS
2 ArgRS 2 ng 6 mg 300
3 AsnRS 8 ng 93 mg 300
4 AspRS 1 ng 34 mg 300
5 CysRS 4 ng 48 mg 300
6 GInRS 10 ng 38 mg 300
7 GIuRS 2 ng 69 mg 300
8 GIyRS 17 ng 20 mg 300
9 HisRS 10 ng 85 mg 300
10 leRS 6 ng 26 mg 300
11 LeuRS 22 ng 33 mg 300
12 LysRS 13 ng 112 mg 300
13 MetRS 1 ng 39 mg 300
14 PheRS 40 ng 27 mg 300
15 ProRS 4 ng 16 mg 300
16 SerRS 6 ng 42 mg 300
17 ThrRS 2 ng 67  mg 300
18 TrpRS 6 ng 64 mg 300
19 TyrRS 1 ng 56 mg 300
20 ValRS 2 ng 26 mg 300
21 IF1 10 ng 14 mg 300
22 IF2 40 ng 16  mg 300
23 IF3 10 ng 36 mg 300
24 EF-G 50 ng 56 mg 300
25 EF-Tu 500 ng 20 mg 300
26 EF-Ts 50 ng 36 mg 300
27 RF1 10 ng 37 mg 300
28 RF2 10 ng 16  mg 300
29 RF3 10 ng 66 mg 300
30 RRF 10 ng 8 mg 300
31 MTF 20 ng 36 mg 300
32 CK 4 ng 12 mg 300
33 MK 3 ng 41 mg 300
34 NDK 1 ng 119 mg 300
35 PPiase 1 ng 149 mg 300
36 T7 pol. 10 ng 208 mg 300

Total price per purifications 10800

Amount of PURE from single run of

purifications (based on EF-Tu) 40 mlL Price per 1pL 0.27
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Table 2.7: Energy solution and ribosome cost estimates for TraMOS

TraMOS Energy Solution

Amount per Price per
Catalog et m 1ul reaction [USD]

Amino acids LAA21-1KT Sigma-Aldrich g 0.39 0.000181
Magnesium acetate MO0631 Sigma-Aldrich 100 g 20 3.9 ug 0.000001
Potassium glutamate 49601 Sigma-Aldrich 500 g 120 71 g 0.000017

DTT sc-29089B SantaCruz Biotech 10 g 139 0.77 ug 0.000011
ATP R0481 ThermoFisher 250 uL 36 38 nL 0.005333
GTP RO481 ThermoFisher 250 uL 36 25 nL 0.003555
CTP R0481 ThermoFisher 250 uL 36 13 nL 0.001778
UTP RO481 ThermoFisher 250 uL 36 13 nL 0.001778
tRNA 10109541001 Roche 500 ulL 244 17 nL 0.008501
Creatine phosphate 27920 Sigma-Aldrich 149 38 16 ug 0.000620
Folinic acid PHR1541 Sigma-Aldrich g 55 0.03 pug 0.000002
Spermidine S2626 Sigma-Aldrich 149 34 0.15 pg 0.000005
HEPES H0887-100ML Sigma-Aldrich 100 mL 39 50 nL 0.000020
Total Price per 1pL 0.022

TraMOS Additional Enzymes

Amount per Price per
Catalog NUmBeE e [USD] [ eacion ot reEG e [USD]

A3912 Sigma-Aldrich 100 g 1 g 0.000002
Creatine kinase 10127566001 Roche 100 mg 142 81 ng 0.000115
Myokinase M3003 Sigma-Aldrich 0.3 mg 63 50 ng 0.010425
Diphosponucleotide . .
) N2635 Sigma-Aldrich 0.1 mg 233 4.1 ng 0.009517
kinase
New England
T7 RNAP MO0251S . 100 uL 96 40 nL 0.038360
Biolabs
New England
RNAse inhibitor MO0314S . 75 uL 101 10 nL 0.013413
Biolabs
Total Price per 1pL 0.072
Ribosomes
Amount per Price per
catalog Sumber mm Ut s (L)
New England
Ribosomes M0314S mg Hg 0.815163
Biolabs
Total Price per 1pL 0.815

Table 2.8: DNA sequences of primers used for CPEC
T e oo

Primers used for amplification DNA fragment from pET2%9b vectors 5'-GCGTCCCATTCGCCAATC-3* 5'-GCGTCCCATTCGCCAATC-3*
Primers used for amplification DNA fragment from pET21a vectors 5'-CCATTCCTTGCGGCGG-3' 5'-CTGAAAGGAGGAACTATATCCGGATTGG3'
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Table 2.9: PURE protein list

Number Protein Protein name Gene ‘ Organism ‘ Vector used for i Expression Strain
Home Made PURE OnePot PURE
1 AlaRS AlanyltRNA synthetase alaS E. coli pQE30 pQE30 M15
2 ArgRS Arginyl-tRNA synthetase argS E. coli pET16b pET16b BL21(DE3)
3 AsnRS Asparaginyl-tRNA synthetase asnS E. coli pQE30 pQE30 M15
4 AspRS Aspartate-tRNA synthetase aspS E. coli pET21a pET21a BL21(DE3)
5 CysRS Cysteinyl-tRNA synthetase cysS E. coli pET21a pET21a BL21(DE3)
6 GInRS Glutaminyl-tRNA synthetase glnS E. coli pET21a pET21a BL21(DE3)
7 GluRS Glutamyl-tRNA synthetase gltx E. coli pET21a pET21a BL21(DE3)
8 GlyRS Glycyl-tRNA synthetase glyQ & glyS E. coli pET21a pET21a BL21(DE3)
9 HisRS Histidyl-tRNA synthetase hisS E. coli pET21a pET21a BL21(DE3)
10 lleRS Isoleucyl-tRNA synthetase ileS E. coli pET21a pET21a BL21(DE3)
1" LeuRS LeucyltRNA synthetase leuS E. coli pET21a pET21a BL21(DE3)
12 LysRS Lysyl-tRNA synthetase lysS E. coli pET21a pET21a BL21(DE3)
13 MetRS Methionine--tRNA ligase metG E. coli pET21a pET21a BL21(DE3)
14 PheRS Phenylalanyl-tRNA synthetase pheT & pheS E. coli pQE30 pQE30 M15
15 ProRS Prolyl-tRNA synthetase proS E. coli pET21a pET21a BL21(DE3)
16 SerRS Seryl-tRNA synthetase serS E. coli pET21a pET21a BL21(DE3)
17 ThrRS Threonyl-tRNA synthetase thrS E. coli pQE30 pQE30 M15
18 TrpRS Tryptophanyl-tRNA synthetase trpS E. coli pET21a pET21a BL21(DE3)
19 TyrRS Tyrosyl-tRNA synthetase tyrS E. coli pET21a pET21a BL21(DE3)
20 ValRS Valyl-tRNA synthetase valS E. coli pET21a pET21a BL21(DE3)
21 IF1 Initiation factor 1 infA E. coli pQE30 pQE30 M15
22 IF2 Initiation factor 2 infB E. coli pQE30 pQE30 M15
23 IF3 Initiation factor 3 infC E. coli pQE30 pQE30 M15
24 EF-G Elongation factor G fusA E. coli pQE&0 pQE60 M15
25 EF-Tu Elongation factor Tu tufB E. coli pQE&0 pQE&0 M15
26 EF-Ts Elongation factor Ts tsf E. coli pQES0 pQE60 M15
27 RF1 Release factor 1 prfA E. coli pQE30 pQE30 M15
28 RF2 Release factor 2 prfB E. coli pET15b pET15b BL21(DE3)
29 RF3 Release factor 3 prfC E. coli pQE30 pQE30 M15
30 RRF Ribosome recycling factor frr E. coli pQES0 pQE&0 M15
31 MTF Methionyl-tRNA formyltransferase fmt E. coli pET21a pET21a BL21(DE3)
32 CK Creatine kinase CKM Chicken pQE30 pQE30 M15
33 MK Adenylate kinase (Myokinase) AK1 Chicken pET29b pET21a BL21(DE3)
34 NDK Nucleotide diphosphate kinase ndk E. coli pQE30 pQE30 M15
35 PPiase Inorganic pyrophosphatase IPP1 Saccharérﬁyces pET29b pET21a BL21(DE3)
cerevisiae
36 T7 RNAP T7 RNA polymerase 1 Enterabacteria pQE30 pQE30 M15
phage T7
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Table 2.10: DNA sequences for linear templates with T7 RNAP promoter
v T vpicsiorrines | Everionprmen

GTCTAAAGGTGAAGAATTATTCACTGGT
GTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAA
AATTTATTTGTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTAACTTATGGTGTTCAATGTTTTTCTAGATACCCAGATCATATGAAAC 5-

©GFP linear |\ cATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAG | GATCTTAAGGCTAG 5=

DNA TTTGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGGAATACAACTATAACTCTCA | AGTACTAATACGAC | CAAAAAACCCCTCAA

CAATGTTTACATCATGGCTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGTTCTGTTCAATTAGCTGACCATTAT | TCACTATAGGGAGA | GACCCGTTTAGAG-3'

CAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCAATCTGCCTTATCCAAAGATCCAAACGAAAAGAGAGAC cc3

CACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTAC

fragment

ATCATCGAAAACATCGAAAAGAA
TGACTTCTCAGAAATCGAACTGGCTGCTATCCCGTTCAACACACTGGCTGACCACTACGGAAGCGCCTTGGCTAAAGAGCAGTTGGCTTTAGAACATGAG
TCTTATGAGCTAGGCGAGCGCCGCTTCCTCAAGATGCTTGAGCGTCAAGCGAAAGCTGGTGAGATTGCAGACAACGCAGCCGCTAAGCCGTTACTCGCT
ACGCTTCTCCCTAAGTTAACCACACGTATCGTCGAGTGGCTCGAAGAGTACGCATCGAAGAAAGGCCGCAAGCCTAGCGCATACGCACCGCTCCAGTTA
CTCAAGCCGGAGGCCTCCGCGTTTATCACCCTGAAAGTTATCCTTGCGTCACTAACCAGTACGAACATGACAACCATTCAGGCCGCTGCTGGTATGCTGG
GGAAAGCCATTGAGGACGAGGCACGATTTGGGCGCATCCGTGACCTAGAAGCGAAGCACTTCAAGAAGCACGTTGAGGAACAGCTTAACAAGCGCCA
CGGGCAAGTCTACAAGAAAGCATTTATGCAGGTGGTCGAGGCCGATATGATTGGTCGAGGTCTGCTTGGTGGCGAGGCGTGGTCTAGCTGGGATAAAG
AAACCACGATGCACGTAGGGATTCGCCTGATTGAAATGCTGATTGAATCCACGGGTCTGGTGGAATTACAGCGCCACAACGCAGGTAACGCAGGCTCTG
ACCATGAGGCACTGCAACTGGCCCAAGAGTACGTGGACGTATTAGCGAAGCGTGCAGGCGCTCTGGCGGGTATCTCTCCGATGTTCCAGCCGTGTGTC
GTACCGCCGAAACCTTGGGTAGCAATCACAGGGGGCGGCTATTGGGCTAACGGTCGCAGACCTTTGGCACTCGTTCGCACTCACTCTAAGAAGGGCTT
GATGCGCTACGAAGACGTTTACATGCCAGAAGTCTACAAGGCTGTGAACCTCGCGCAAAACACCGCATGGAAAATCAACAAGAAAGTTCTTGCTGTTGT 5 s
CAATGAGATTGTTAACTGGAAGAATTGCCCGGTAGCAGACATTCCATCGCTGGAGCGCCAAGAGTTACCGCCTAAGCCTGACGACATTGACACCAACGA s ATCTTAAGGCTAGA  CAAAAAACCCCTCAA

T3RNAP  COCAGCGCTCAAGGAGTGGAAGAAAGCCGCTGCTGGTATCTATCGCTTGGACAAGGCACGAGTGTCTCGCCGTATCAGCTTAGAGTTCATGCTGGAGE | (ron sy iy 5 GACCCGTTTAGAGGC
AGGCCAACAAGTTCGCAAGTAAGAAAGCAATCTGGTTCCCTTACAACATGGACTGGCGCGGTCGTGTGTACGCTGTGCCGATGTTCAACCCGCAAGGCA | rerrnly Ll 1) | GTAGCAGCCTGAGTC GTACTAATACGACTCA | ) - GGTTATGC

linear DNA | ACGACATGACGAAAGGTCTGCTGACCCTTGCTAAAGGCAAGCCAATCGGTGAGGAAGGTTTCTACTGGCTGAAAATCCACGGTGCGAACTGTGCGGGT | (e 70 | GTTATTATOCAMGGE | CTATAGGOAGACCAC | 1
GTTGATAAGGTTCCATTCCCGGAGCGCATCGCGTTCATTGAGAAGCACGTAGACGACATTCTGGCTTGCGCTAAAGACCCAATCAATAACACTTGGTGGG ARANASANAT AACGGTTTCCCTCTA

fragment | C1GAGCAGGATTCACCGTTCTGTTTCCTCGCGTTTTGCTTCGAGTATGCAGGCGTTACGCACCACGGTCTGAGCTACAATTGCTCTCTGCCGCTGGCGTT AACATE:SE? C | maagTcacacy GAAATAATTTTGTITA GT

CGACGGGTCTTGCTCTGGTATCCAGCACTTCTCCGCGATGCTCCGCGATGAGGTAGGCGGTCGTGCGGTTAACCTGCTGCCAAGCGAAACCGTGCAGG ! AGCAGCCTGAGTCG

ACATTTACGGCATCGTTGCACAGAAAGTAAACGAGATTCTCAAACAGGATGCAATCAACGGCACGCCTAACGAGATGATTACCGTGACCGACAAGGACA ACH 3

CCGGGGAAATCTCAGAGAAGCTCAAACTTGGAACCTCAACGCTGGCGCAACAGTGGCTGGCATATGGTGTAACCCGTAGCGTAACTAAACGTTCGGTCA

TGACGCTGGCTTACGGTTCCAAGGAGTTCGGCTTTCGTCAACAGGTATTGGATGACACCATTCAGCCTGCAATTGACAGCGGTAAGGGCTTGATGTTCAC

CCAACCGAACCAAGCGGCTGGCTATATGGCTAAGCTGATTTGGGATGCGGTAAGCGTGACCGTAGTTGCAGCGGTTGAGGCGATGAACTGGCTCAAATC

TGCCGCTAAGCTGCTGGCTGCTGAGGTCAAGGACAAGAAGACCAAGGAGATTCTGCGCCACCGTTGCGCGGTTCACTGGACTACGCCGGACGGCTTC

CCGGTCTGGCAGGAATACCGCAAGCCACTCCAGAAGCGTCTCGATATGATTTTCTTAGGGCAATTCCGTCTGCAACCGACGATTAATACCCTCAAGGATTC

AGGCATTGACGCACACAAGCAGGAGTCTGGCATCGCTCCTAACTTTGTTCACTCACAGGACGGTAGCCACCTCCGCATGACAGTCGTTTATGCTCACGA

GAAGTATGGCATTGAGTCCTTTGCGCTCATCCATGACAGCTTTGGGACTATCCCGGCAGACGCTGGTAAGCTCTTTAAGGCTGTGCGTGAAACGATGGTT

ATCACCTATGAGAACAACGATGTGCTGGCAGACTTCTACTCTCAGTTTGCCGACCAGCTACACGAGACCCAACTGGACAAGATGCCTCCGCTTCCGAAG

AAAGGAAACCTGAACCTGCAAGACATTCTCAAGTCTGACTTTGCCTTTGCAT/

tggggectctaaacgggtcttgaggggttttttg

CTCAATCAGAAAATTCAAAACCCTAAT
CCAGACGAACTGATGATCGAAGTCGATCTCTGCTATGAGCTGGACCCGTATGAATTAAAACTGGATGAGATGATCGAGGCAGAACCGGAACCCGAGATG
ATTGAAGGGCTGCCTGCCTCTGATGCGCTGACGCCTG TCGCTATCTCGAACTGTTCGAGCATGTTCAGTCGGCGAAAATTTTCCCCGACAGTAAMA
CCTTTCCCGACTGCGCACCTAAAATGGACCCGCTGGATATCTTAATCCGCTACCGTAAAGTGCGCCGTCATCGTGATTTTGACTTGCGCAAGTTTGTTGAA
AACCACTTCTGGCTGCCGGAGGTCTACTCCAGCGAGTATGTATCGGACCCGCAAAATTCCCTGAAAGAGCATATCGACCAGCTGTGGCCGGTGCTAACC 5
CGCGAACCACAGGATCACATTCCGTGGTCTTCTCTGCTGGCGCTGCCGCAGTCATATATTGTCCCGGGCGGCCGTTTTAGCGAAACCTACTATTGGGATT 5 CAAAAAACCCCTCAA
CCTATTTCACCATGCTGGGGCTGGCGGAAAGTGGTCGGGAAGATTTGCTGAAATGCATGGCCGATAACTTCGCCTGGATGATCGAAAACTACGGTCACAT § GATCTTAAGGCTAGA
CCCCAACGGCAACCGCACCTATTATTTGAGCCGCTCGCAACCACCGGTTTTTGCGCTGATGGTGGAGTTGTTTGAAGAAGATGGTGTACGCGGTGCGCG s 5 GTACTAATACGACTCA | SACCCOTTTAGAGGC
CCGCTATCTCGACCACCTTAAAATGGAATATGCCTTCTGGATGGACGGTGCAGAATCGTTAATCCCTAATCAGGCCTATCGCCATGTTGTGCGGATGCCGG | GTTTAACTIAAGAA | o F ) | craraGGGAGACCAC | CCCAAGGGTTATGE
linear DNA | ACGGATCGCTGCTCAACCGTTACTGGGACGATCGCGACACGCCGCGTGACGATCCTGGCTTGAGGACGTTGAAACCGCGAAACATTCTGGTCGCCCG | GGAGGARMAAAA | cyrlivretrr nl | P2 O TAGTTATTGCTCAGC
CCCAACGAGGTGTACCGCGATTTACGCGCGGGGGCGGCCTCCGGTTGGGATTACTCTTCCCGTTGGCTGCGTGATACTGGTCGTCTGGCGAGCATTCGT | ATGCTCAATCAGAA | GTACAAACC 3 GGTGGCAGCAGCCA
fragment | ACCACCCAGTTCATCCCCATCGATCTGAATGCCTTCCTGTTTAAACTGGAGAGCGCCATCGCCAACATCTCGGCGCTGAAGGCGAGAAGAGACAGAA ARTTCAAAACCE 3 GABATAATTTIGTTTA | &2 2l e
GCACTGTTCCGCCAGAAAGCCAGTGCCCGTCGCGATGCGGTAAACCGTTACCTCTGGGATGATGAAAACGGCATCTACCGCGATTACGACTGGCGACG ACTTAAGAAGGAGGA
CGAACAACTGGCGCTGTTTTCCGCTGCCGCCATTGTGCCACTCTATGTCGGTATGGCGAACCATGAACAGGCCGATCGTCTGGCAAACGCCGTGCGCAG AAAAAAA 3 GOGCTTIGTTAGCAG
TCGGTTACTGACACCTGGCGGGATTCTGGCAAGCGAGTACGAAACCGGTGAACAGTGGGATAAACCCAACGGCTGGGCACCGTTACAATGGATGGCGA CCGGATC 3
TTCAGGGATTTAAAATGTACGGCGATGACCTTCTGGGTGATGAAATCGCGCGAAGCTGGCTGAAGACGGTGAATCAGTTCTATCTGGAACAGCACAAACT
GATCGAAAAATACCATATTGCCGATGGTGTTCCCCGCGAAGGCGGCGGTGGCGAGTATCCGTTGCAGGATGGGTTTGGCTGGACTAACGGTGTGGTACG
CCGTTTAATTGGTTTGTACGGCGAACCAT/

gtettgaggggttttttg

Trehalase

\TGACCATGATTACGGATTCACTGGCCGT
CGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGC
CCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTG
GAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTA
CGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAAT
TATTTTTGATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGGGTCGGTTACGGCCAGGACAGTCGTTTGCCGTCTGAATTTGACCTGAGC
GCATTTTTACGC ccT TGGTGCTGCGCTGGAGTGACGGCAGTTATCTGGAAGATCAGGATATGTGGCGGATGAGCGG
CATTTTCCGTGACGTCTCGTTGCTGCATAAACCGACTACACAAATCAGCGATTTCCATGTTGCCACTCGCTTTAATGATGATTTCAGCCGCGCTGTACTGGA
GGCTGAAGTTCAGATGTGCGGCGAGTTGCGTGACTACCTACGGGTAACAGTTTCTTTATGGCAGGGTGAAACGCAGGTCGCCAGCGGCACCGCGCCTT
TCGGCGGTGAAATTATCGATGAGCGTGGTGGTTATGCCGATCGCGTCACACTACGTCTGAACGTCGAAAACCCGAAACTGTGGAGCGCCGAAATCCCGA
ATCTCTATCGTGCGGTGGTTGAACTGCACACCGCCGACGGCACGCTGATTGAAGCAGAAGCCTGCGATGTCGGTTTCCGCGAGGTGCGGATTGAAAAT
GGTCTGCTGCTGCTGAACGGCAAGCCGTTGCTGATTCGAGGCGTTAACCGTCACGAGCATCATCCTCTGCATGGTCAGGTCATGGATGAGCAGACGATG
GTGCAGGATATCCTGCTGATGAAGCAGAACAACTTTAACGCCGTGCGCTGTTCGCATTATCCGAACCATCCGCTGTGGTACACGCTGTGCGACCGCTACG s
GCCTGTATGTGGTGGATGAAGCCAATATTGAAACCCACGGCATGGTGCCAATGAATCGTCTGACCGATGATCCGCGCTGGCTACCGGCGATGAGCGAAC . 5

B- GCGTAACGCGAATGGTGCAGCGCGATCGTAATCACCCGAGTGTGATCATCTGGTCGCTGGGGAATGAATCAGGCCACGGCGCTAATCACGACGCGCTG GAAATAASTWGW 5 GATCTTAAGGCTAGA mﬁx’:
galactosidase | TATCGCTGGATCAAATCTGTCGATCCTTCCCGCCCGGTGCAGTATGAAGGCGGCGGAGCCGACACCACGGCCACCATATTATTTGCCCGATGTACGCS |y s cnncn | GTAGCAGCCTGAGTC | GTACTAATACGACTCA | o oy
CGCGTGGATGAAGACCAGCCCTTCCCGGCTGTGCCGAAATGGTCCATCAAAAAATGGCTTTCGCTACCTGGAGAGACGCGCCCGCTGATCCTTTGCGAA GTTATTATATTATTTTTG = CTATAGGGAGACCAC
linear DNA | 1, CCCACGCGATGGGTAACAGTCTTGGCGGTTTCGCTAAATACTGGCAGGCGTTTCGTCAGTATC TTTACAGGGCGGCTTCGTCTGGGACTGG | oo TG | ACACCAGACCAACTG | AACGGTTTCCCTCTA | TAG
fragment | GTGGATCAGTCGCTGATTAAATATGATGAAAACGGCAACCCGTGGTCGGCTTACGGCGGTGATTTTGGCGATACGCCGAACGATCGCCAGTTCTGTATGA AC?&::;ZCSGA G3 GAAATAATTTTGTTTA AGCAGCCTGAGTCZT
ACGGTCTGGTCTTTGCCGACCGCACGCCGCATCCAGCGCTGACGGAAGCAAAACACCAGCAGCAGTTTTTCCAGTTCCGTTTATCCGGGCAAACCATCG AC3 3
AAGTGACCAGCGAATACCTGTTCCGTCATAGCGATAACGAGCTCCTGCACTGGATGGTGGCGCTGGATGGTAAGCCGCTGGCAAGCGGTGAAGTGCCT
CTGGATGTCGCTCCACAAGGTAAACAGTTGATTGAACTGCCTGAACTACCGCAGCCGGAGAGCGCCGGGCAACTCTGGCTCACAGTACGCGTAGTGCA
ACCGAACGCGACCGCATGGTCAGAAGCCGGGCACATCAGCGCCTGGCAGCAGTGGCGTCTGGCGGAAAACCTCAGTGTGACGCTCCCCGCCGCGTC
CCACGCCATCCCGCATCTGACCACCAGCGAAATGGATTTTTGCATCGAGCTGGGTAATAAGCGTTGGCAATTTAACCGCCAGTCAGGCTTTCTTTCACAG
ATGTGGATTGGCGATAAAAAACAACTGCTGACGCCGCTGCGCGATCAGTTCACCCGTGCACCGCTGGATAACGACATTGGCGTAAGTGAAGCGACCCG
CATTGACCCTAACGCCTGGGTCGAACGCTGGAAGGCGGCGGGCCATTACCAGGCCGAAGCAGCGTTGTTGCAGTGCACGGCAGATACACTTGCTGATG
CGGTGCTGATTACGACCGCTCACGCGTGGCAGCATCAGGGGAAAACCTTATTTATCAGCCGGAAAACCTACCGGATTGATGGTAGTGGTCAAATGGCGA
TTACCGTTGATGTTGAAGTGGCGAGCGATACACCGCATCCGGCGCGGATTGGCCTGAACTGCCAGCTGGCGCAGGTAGCAGAGCGGGTAAACTGGCTC
GGATTAGGGCCGCAAGAAAACTATCCCGACCGCCTTACTGCCGCCTGTTTTGACCGCTGGGATCTGCCATTGTCAGACATGTATACCCCGTACGTCTTCC
CGAGCGAAAACGGTCTGCGCTGCGGGACGCGCGAATTGAATTATGGCCCACACCAGTGGCGCGGCGACTTCCAGTTCAACATCAGCCGCTACAGTCAA.
CAGCAACTGATGGAAACCAGCCATCGCCATCTGCTGCACGCGGAAGAAGGCACATGGCTGAATATCGACGGTTTCCATATGGGGATTGGTGGCGACGA
CTCCTGGAGCCCGTCAGTATCGGCGGAATTCCAGCTGAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAAAATAARacgactcaggetgctacaaaaa

Blue T7 promoter
Red RBS
Green Gene coding for protein

Bold T7 terminator
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Table 2.11: DNA sequences for linear templates with E. coli RNAP promoter
e

CGGAT GGATGGA TGGAGCTTTTCACTGGCGTTGTTCCCATCCT
GGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC
GTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC

deGFP linear DNA | AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATAT

CATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC

AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCT!

fragment

i aataattttgtttaactttaagaaggagatataccATGGAACGTCCGTACGCTTGCCCGGTTGAATCTTGCGACCGTCGTTTCTCTGACAAAACCAAACTGCGTGTTCATATTAGAATTCATACTGGACAAAAACCATTCCAATGTAGAATTTG
ZFapp linear DNA 1y 7 G AAATTTCTCTGTTCGTCACAACCTGACCCGTCACATCCGTACCCACACCGGTGAAMACCGTTCGCTTGCGACATCTGCGGTCGTAAATTCGCTCGTTCTGACGAACGTAAACGTCACACCAAAATCCACCTGCG
fragment TCAGGGCAGCGGCAGCGTGAAAGAAAGCCTGGTGTAATAAGaatcaggggataacgeaggaaaga

aataattttgtttaactttaagaaggagatataccATGGAACGTCCGTACGCTTGCCCGGTTGAATCTTGCGACCGTCGTTTCTCTGACAAAACCAAACTGCGTGTTCATATTAGAATTCATACTGGACAAAAACCATTCCAATGTAGAATTTG
TATGA(

ZFcep linear DNA AAATTTCTCTGACCGTGCTAACCTGCGTCGTCACATCCGTACCCACACCGGTGAAAAACCGTTCGCTTGCGACATCTGCGGTCGTAAATTCGCTGAACGTGGTAACCTGACCCGTCACACCAAAATCCACCTGCG

fragment TCAGGGCAGCGGCAGCGTGAAAGAAAGCCTGGTGTAATAAgaatcaggggataacgcaggaaaga
Blue E. coli RNAP
Red RBS
Green Gene coding for protein
Bold T500 terminator

Table 2.12: Buffers and energy solution

Bufferes for protein purification

Buffer A | BufferB | Buffer HT Stock
Compound Catalog number|  Company buffer B

HEPES HO887-100ML Sigma-Aldrich 50 50 50 50 50 pH =7.6, KOH
Ammonium chloride  09718-250G  Sigma-Aldrich 1000
Magnesium chloride 63020-1L Honeywell Fluka 10 10 10 10 10
Potassium chloride P5405-1KG  Sigma-Aldrich 100 100 100 100
Imidasol 12399 Sigma-Aldrich 500 pH = 7.6, KOH
Glycerol G7757-1L Sigma-Aldrich 30% 60%
B-mercaptoethanol M6250-100ML Sigma-Aldrich 7 7 7 7 7

Bufferes for ribosomes purification

Suspension

buffer | BufferC | BufferD
Compound Catalog number|  Company || e buffer buffer

Suspension Cusion | Ribosome

HEPES HO887-100ML  Sigma-Aldrich 20 20 pH = 7.6, KOH
Magnesium acetate MO631 Sigma-Aldrich 10 6
Potassium chloride P5405-1KG Sigma-Aldrich 30
Ammonium chloride 09718-250G Sigma-Aldrich 30
Ammonium sulfate A4418 Sigma-Aldrich pH = 7.6, KOH
Sucrose 84097 Sigma-Aldrich 30%
p-mercaptoethanol M6250-100ML  Sigma-Aldrich 7 7

Energy Solution

0.3

Amino acids LAA21-1KT Sigma-Aldrich

Magnesium acetate MO0631 Sigma-Aldrich 1.8 29.5 mM
Potassium glutamate 49601 Sigma-Aldrich 100 250 mM
DTT 5c-290898 SantaCruz Biotech 1 25 mM
ATP R0481 ThermoFisher 2 5 mM
GTP RO481 ThermoFisher 2 5 mM
CTP R0481 ThermoFisher 1 25 mM
utp RO481 ThermoFisher 1 25 mM

tRNA 10109541001 Roche 52 130 Unzs0/mL
Creatine phosphate 27920 Sigma-Aldrich 20 50 mM
Folinic acid PHR1541 Sigma-Aldrich 0.02 0.05 mM
Spermidine 52626 Sigma-Aldrich 2 5 mM
HEPES HO0887-100ML Sigma-Aldrich 50 125 mM
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3.1 Abstract

Cell-free synthetic biology offers an approach to building and testing gene circuits in a simplified
environment free from the complexity of a living cell. Recent advances in microfluidic devices
allowed cell-free reactions to run under non-equilibrium, steady state conditions enabling the
implementation of dynamic gene regulatory circuits in vitro. In this chapter we present a detailed
protocol to fabricate a microfluidic chemostat device which enables such an operation, detailing
essential steps in photolithography, soft lithography, and hardware setup.

3.2 Introduction

One of the enduring challenges in synthetic biology today is the overwhelming difficulty of predic-
tive forward-engineering, despite major efforts to characterise, standardise, and mathematically
model synthetic biological parts and systems [147]. Even if parts such as promoters and regulators
are initially well-characterised, combining them together into larger subsystems typically changes
the context of the parts as well as the host cell, resulting in diminished predictive accuracy and
in some cases a loss of the original function altogether. Functional designs are therefore usually
developed not in a purely rational manner, but require rounds of empirical design-build-test cycles.
While this approach can certainly yield functional designs, it is preferable to ultimately develop
more efficient and rational ways of engineering gene circuits.

Within synthetic biology, the adoption of cell-free systems has become increasingly widespread
[148]. From an engineering perspective, they behave as a very simplified ‘host cell’, providing
a constant and controllable environment in which to build synthetic gene networks. Cell-free
systems are thus well-suited for rational, bottom-up engineering of biomolecular systems [79, 149].
Furthermore, the functionality of cell-free systems can be expanded by inclusion of additional
components [84], and provide a system for quantitative analysis including mRNA and protein
concentrations [130, 150]. A second key benefit is that their ease of preparation and scalability also
accelerates design-build-test cycles, resulting in their adoption as an efficient rapid prototyping
platform. Both lysate [151, 152] and recombinant [93] cell-free reaction systems can now be
readily generated using standard laboratory equipment at reasonably low costs. Microfluidics have
allowed these benefits of cell-free synthetic biology to be more fully realised [109]. By increasing
the throughput, lowering reagent consumption, and providing control and quantitative monitoring
of thousands of reactions in parallel, they have enabled precise characterisation of cell-free gene
circuits both in integrated chips [153] as well as in encapsulated droplets [114, 154].

Batch cell-free reactions typically run to chemical equilibrium as substrates are exhausted, reaction
products accumulate, and enzymatic machinery degrades. To maintain a more life-like non-
equilibrium steady state, large-scale continuous exchange or continuous flow reactors have been
used to feed the reaction with small molecules and wash away products through ultrafiltration
membranes [120]. At the microfluidic level, microchemostat devices have been developed which
replenish not only substrates but also the enzymatic machinery, while at the same time diluting
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away reaction products [134]. These microchemostats enable long-term steady state reactions, and
also allow for the investigation of biologically-relevant dynamical behaviours such as oscillations
[132, 134] and pattern formation [155].

In this chapter, we describe the entire process of designing, fabricating, and operating a microflu-
idic chemostat device. The chip we chose as an example is a revised and simplified version of the
microchemostat presented in Niederholtmeyer et al. 2013 [134], and is shown in Figure 3.1. The
operation of the device first involves selecting an input solution using the multiplexer unit, which
is directed to one of eight separate reactor rings. Each reactor contains four output ports, located
at specific positions around the ring. Opening these ports exchanges a fixed fraction of the reactor
volume, with the exact fraction depending on the position of the port. The placement of these
ports allows the reactor to be loaded with a reaction of fixed composition, and importantly also
allows a dilution step to occur which preserves this composition. In between dilution steps, the
reaction is mixed using a peristaltic pump.

We describe the photolithographic steps required to print the chip design on a chrome mask, and
subsequently transfer it onto silicon wafers. Once fabricated, these silicon molds can be used
for multiple rounds of soft lithography where they are used to cast PDMS devices. Finally, the
hardware required for operating the chip is described, and a standard experiment outlined. Related
protocols are available in the literature.
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3.3 Materials

The photolithography steps were carried out in a Class 100 clean room at EPFL. Soft lithography
was done in a dedicated space in a standard wet lab. Specialised machines, consumables, and
chemicals are listed below.

* Photolithography machines

VPG200 photoresist laser writer (Heidelberg Instruments Mikrotechnik GmbH)
HMR900 mask processor (Hamatech APE GmbH)

Optispin SB20 spin coater and VB20 hotplate (ATMsse GmbH)

MJB4 mask aligner (Siiss MicroTec AG)

Tepla 300 plasma stripper (PVA Tepla AG)

LSM250 spin coater and HP200 hotplate (Sawatec AG)

AccuPlate thermal accumulator and hot plate system (Detlef Gestigkeit)

* Photolithography consumables

AZ 9260 positive photoresist (MicroChemicals GmbH)

- GM1070-SU8 negative photoresist (Gersteltec)

— l-methoxy-2-propyl-acetate (PGMEA) developer (Sigma)
— AZ 400K developer (Merck)

— AZ 351B developer (Merck)

— Cr01 chrome etchant (Technic)

— Hexa-methyl-disilazane (HMDS) primer (Technic)

- Silicon wafers, diameter 100+ 0.5 mm, thickness 525+ 25 um, P-type (boron-doped),
resistivity 0.1-100 {2/cm (Siegert)

— SLMS5 5" blank chrome mask (Nanofilm)
* Softlithography machines

— ARE-250 centrifugal mixer (Thinky)
— SCS G3P-8 spin coater (Specialty Coating Systems Inc.)

— Schmidt Press manual hole puncher and 21-gauge (OD 0.04" ) pins (Technical Innova-
tions, Inc.)

— Diener Femto 40 kHz low pressure plasma oven with O, supply (Diener electronic
GmbH + Co. KG)

— Universal Oven UF110, 108L (Memmert

- §ZX10 dissection microscope with DF PLANO 1.25x objective and KL 1500 LCD light
source (Olympus)
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* Soft lithography consumables

— Trimethylchlorosilane (Sigma)
— Sylgard 184 polydimethylsiloxane (PDMS) elastomer and curing agent (Dow Corning)
— Glass slides 76x26x1 mm 631-1550 (VWR)

¢ Microfluidic hardware

12-station aluminium pneumatic manifold with 24V 3-way normally-open solenoid
valves (SI0OMM-31-24-2/A Pneumadyne)

Polycarbonate manual luer manifold (Cole-Parmer)

Custom relay circuit board (see Note 1)

Type 10, 2-60 psi and 2-25 psi pressure regulators (Marsh Bellofram)

0.1-3 bar pressure gauge (Riegler & Co. KG)
* Microfluidic connectors

— Synflex 1201-M06 polyethylene (PE) tubing, OD 6 mm ID 4mm (Eaton)

— PE-LD tubing OD 1/8" ID 1/16" (Tuyau)

- Tygon tubing, OD 0.06" ID 0.02" (Cole-Parmer)

- FEP tubing, OD 1/16" ID 1/32" (Upchurch)

— PEEK tubing, OD 1/32" ID 0.18 mm (Vici)

— Luer stubs 12 mm, 23 and 20 ga

— Male-to-male and 1/16" barb to male luer adaptors

- Stainless steel connecting pins OD 0.65 mm ID 0.35 mm, 8 mm (Unimed)
- Brass Series G pneumatic fittings (Serto AG)

- Blue Series pneumatic fittings (Riegler & Co. KG)

* Microscope hardware

Ti2 Eclipse Inverted Microscope (Nikon)

Objectives: CFI Achro 4x NA 0.1 (Nikon); CFI S Plan Fluor 20x NA 0.45 ELWD DIC N1
(Nikon)

Filters: F36-504 mCherry HC filter set (Semrock); FITC (Nikon)

Microscope enclosure and heater (Okolab)

Sola SM II Light Engine (Lumencor)
Orca-Flash 4.0 V3 Digital CMOS Camera (Hamamatsu)

¢ Software

— AutoCAD2019 (Autodesk)
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- CleWin (WieWeb)
— LabView 2018 (National Instruments)

— Matlab 2019 (Mathworks)
¢ Experimental reagents

— TX-TL cell-free extract, ribosomes and energy solution, prepared as in (13)

- DNA template, prepared as in (14)

3.4 Methods

3.4.1 Design of microfluidic devices

A mmmmm FlOW, 14 um channel height (rounded) B

100 um width ~.
s CONtrol, 40 pm channel height ’/,i:ﬂ n

100 or 40 um width glass slide

u Unpressurized  Pressurized

C

*
_T dual-function valve and
j—_)le peristaltic pump

= 9-input multiplexer

=/

= i |
I

;

~ outlet

*

individual microreactor

Figure 3.1: (A) A two-layer microchemostat design consists of a thin control layer sandwiched
between a glass slide and a thicker flow layer. (B) Applying pressure to channels in the control
layer pushes up valves which close off channels in the flow layer. (C) The chip contains eight
individual chemostat reactors. Four control lines serve as dual-function valves and peristaltic
pump. Actuating these lines sequentially mixes the liquid inside the reactors.

1. Design the device (see Note 2) on AutoCAD 2019 or other software with similar functionality.
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A specific example is shown in Figure 3.1, and other designs are available on our webpage
(see Note 3). Export the final design as a .dxf file.

2. Using CleWin, convert the designs to a machine-compatible .cif file ready for photomask
fabrication.

3. During curing, the PDMS layers will differentially shrink, with the thicker flow layer shrinking
more than the thinner control layer, which remains attached to the rigid mold. Thus, it is
crucial to enlarge the entire flow layer design by 1.5% . This can be done in CleWin during
the conversion.

3.4.2 Photolithography for mask and wafer fabrication

¢ Mask fabrication

1. Expose chrome masks with the VPG200 laser writer, using a 20 mm write lens (see Note
4) and 48% intensity. Make sure the polarity and mirroring of the mask is correct (see
Note 5).

2. Next, process the exposed masks using the HMR900 mask processor. This involves the
following automated steps:

3. First purge the machine with DI water.

4. Then develop for 100 s with a diluted developer mixture (AZ 351B:DI water in the ratio
1:3.75), and rinse with DI water.

5. Etch through the chrome layer for 60 s using the Cr01 etchant, and rinse.

6. Finally strip the photoresist using the AZ 400K developer for 35 s, followed by a final
rinse and drying with CO,. The completed masks should be completely dry before use.

¢ Flow mold fabrication

1. Prime a clean Si wafer with HMDS (see Note 6) for 10 s in vacuum, using the VB20
hotplate.

2. Transfer the wafer onto the Optispin SB20 spin coater and dispense a few ml of positive
resist AZ9260 onto the centre of the wafer, taking care to avoid bubbles (see Notes 7, 8).

3. Spin coat at 920 rpm for 100 s, followed by 60 s relaxation at 0 rpm. This deposits a
14-um layer of photoresist on the surface of the wafer.

4. When the spin coating has finished, immediately transfer the wafer to a preheated
hotplate, and ‘softbake’ for 6 minutes exactly at 115 °C.

5. Transfer the wafer to an opaque storage box and allow it to rehydrate for a minimum of
1 hour (see Note 9).

6. Load the appropriate chrome mask onto the MJB4 mask aligner, and expose for 2 cycles
at 18 s per cycle, with a waiting time of 10-15 s between each cycle, using the Hg-i line
(365 nm) at 20 mW/cm? (see Notes 10, 11). Use the following parameters: expose type
= hard, alignment gap = 30, WEC type = cont, N2 purge = NO, WEC-offset = OFE
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7.

Develop immediately (maximal waiting time is 1 hour) by transferring the wafer to
a bath of diluted AZ 400K developer (1:3 developer:DI water). Develop face-up, and
gently agitate the wafer in the bath for 10 minutes (see Note 12).

Rinse with DI water, then carefully but rapidly dry the wafer with N», and inspect
features under a microscope. If photoresist residues remain, develop further until all
the residues are removed and repeat the cleaning and drying.

. Finally transfer the wafer to the AccuPlate hotplate, and carry out a ‘reflow’ bake using

the following program to round off features (see Note 13): 1 hr ramp up to 170 °C, 2 hrs
at 170 °C, 1 hr ramp down to room temperature

¢ Control mold fabrication

1.

10.

11.

Clean an Si wafer with 2.45 GHz O, plasma in the Tepla 300 Plasma Stripper, using 500
W for 7 min and 400 ml/min of O».

. Transfer the wafer onto the LSM250 spin coater, and dispense a few ml of negative

resist GM1070-SU8 onto the centre of the wafer, taking care to avoid bubbles.

. Spin coat a 40-um layer of photoresist onto the wafer using the following program:

5s/0-500 rpm, 5s/500rpm, 215/500-1933rpm, 40s/1933rpm, 1s/1933-2933rpm, 1s/2933-
1933rpm, 5s/1933rpm, 26s/1933-0rpm.

When the spin coating has finished, immediately transfer the wafer to the hotplate, and
carry out an initial relaxation followed by a softbake using the following program (see
Note 14): 30 minutes at 30 °C, then 3000 s ramp 30 °C to 130 ° C, 300 s at 130 °C, then
3000 s ramp 130 °C to 30 °C.

. Load the appropriate chrome mask onto the MJB4 mask aligner, and expose for 1 cycle

at 16 s, using the Hg-i line (365 nm) at 20 mW/cm?. Use the following parameters:
expose type = soft, alignment gap = 30, WEC type = cont, N2 purge = NO, WEC-offset =
OFE

Transfer the wafer to the HP200 hotplate for a post-exposure bake using the following
program: 2400 s ramp 30 °C to 90 °C, 2400 s at 90 °C, 2700 s at 60 °C, 2700 s at 30 °C.

Transfer the wafer to an opaque storage box and wait from 1 hour to overnight before
development.

Develop by transferring the wafer to a bath of PGMEA developer (see Note 15). Gently
agitate the wafer in the bath for 2 minutes before transferring to a bath of new developer
for a further 1 minute.

Rinse with isopropanol. If a reaction is visible (white residues appear) then return wafer
to PGMEA for 30 s to 60 s before rinsing with isopropanol again. Let dry naturally.

Inspect features under a microscope and carefully develop further if needed. Avoid
overdevelopment, which can lead to breaking of features.

Finally transfer to hotplate and carry out a ‘hardbake’ using the following program: 30
min ramp to 135 °C, 2 hrs at 135 °C, then 30 min ramp down to room temperature.
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3.4.3 Softlithography for device fabrication
e Silanization of wafers

1. Before first use, place wafers inside a sealed box with few drops (0.5 mL) of trimethyl-
chlorosilane and incubate for at least 12 hours. Repeat the silanization before each use
for 10 min.

 Casting and curing of PDMS devices

1. In two plastic cups, weigh out and add PDMS elastomer and curing agent in a ratio 5:1
(50 g: 10 g) for the flow layer, and 20:1 (20 g: 1 g) for the control layer.

2. Defoam the mixture using the ARE-250 centrifugal mixer, by mixing at 2000 rpm for 1
min followed by defoaming at 2200 rpm for 2 min.

3. Clean both flow and control wafers using pressurised N».

4. Put the flow layer wafer on aluminium foil inside a glass petri dish. Make sure the foil
covers the dish and contains the PDMS fully. Pour all of the 5:1 PDMS mixture on top
of the wafer, and place the dish inside a vacuum desiccator for 40 min to degas the
mixture.

5. Put the control layer wafer in the SCS G3P-8 spin coater, and carefully pour a few ml
of the 20:1 PDMS onto the centre of the wafer. To coat the wafer, run the following
program: Step 0, rpm = 0, disp = 2, ramp = 0.0, dwell = 0; Step 1, rpm = 1420, disp =
none, ramp = 20.0, dwell = 35; Step 2, rpm = 100, disp = none, ramp = 20.0, dwell = 1;
Step 3, rpm = 100, disp = none, ramp = 1.0, dwell = 0.

6. After coating, the PDMS layer will be uneven due to the high 40-um features. Place the
wafer on aluminium foil in a second petri dish, cover to protect from dust, and set aside
on the bench for 40 minutes.

7. Then bake both flow and control wafers in an oven at 80 °C. The flow layer is baked for
20 minutes, and the control layer for 25 minutes. Timings for this step must be exact
(see Note 16).

8. Remove the wafers from the oven. Using a sharp scalpel, cut out each design from the
flow layer, and immediately place on top of the corresponding control layer region,
roughly aligning the two layers.

9. Once all the devices have been roughly aligned in this way, transfer the control wafer
to a stereo dissection microscope, and align the two layers by manually lifting off and
carefully placing the top layer in its precise position (see Note 17).

10. Put the aligned devices back into the oven at 80 °C and bake for a minimum of 1 hour
30 minutes.

11. Cut the multilayer devices off the wafer using a scalpel.

12. Using the hole puncher, punch through all the channel inlets.
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13. Protect the PDMS surfaces from dust using Scotch tape. The completed PDMS devices
can now be stored in a clean petri dish until the next step.

* Bonding of PDMS devices to a glass slide

1. Clean glass slides using pressurised N».

2. Remove any residual dust from the slide and feature surface of the PDMS device using
Scotch tape (see Note 18).

3. Switch on the Femto plasma oven and place the slide and PDMS device bonding-side-
up.
4. Pump out the chamber for at least 15 minutes to ensure a clean vacuum environment.

5. Switch on the O, for 2 minutes at a flow rate of 25 sccm and 0.1 bar, then apply 30 s of
plasma at 100 % power (which corresponds to a plasma of 40 kHz and 100 W (see Note
19)).

6. Immediately ventilate the plasma by-products before opening the chamber. Put the
PDMS and glass together and manually apply even, moderate pressure for a few seconds
(see Note 20). Then, put the bonded device into an oven at 80 °C for 1 hour to overnight.

7. The completed devices can finally be stored at room temperature until use (see Note
21).

3.4.4 Hardware setup

Air pressure is supplied to the setup using polyethylene (PE) tubing connected directly to the
laboratory compressed air supply. A schematic of the setup’s pneumatic connections is shown in
Figure 3.2.

* Regulation of control layer pressure

1. Connect one branch of the input air supply to a regulator, and direct the regulated
output supply to the aluminium electric manifold.

2. The electric manifold directs air pressureto the chip’s control lines. Attach Tygon tubing
(ID 0.02") to the manifold using appropriate adaptors as shown in Figure 3.2. The
tubing contains a 23 ga luer stub on one end (used for filling and connecting to the
manifold) and a stainless steel connector pin on the other (used for connecting to the
chip).

3. Plug the electric manifold into the relay board, which links via USB to a PC running
control software written in LabVIEW. An example of the code and full documentation
can be found online (see Note 22).

e Regulation of flow layer pressure
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To relay board + PC
Control branch

Solenoid
PE tubing valve PEtubing 1/16”barbto  Luer stub Water-filled control line  Connector pin
OD 6 mm oD 1/8” male luer 23 ga Tygon tubing ID 0.02” ID 0.35 mm
== — =
Electric
Compressed .
airsupply — ¥ manifold To chip
Buffers Connector pin
Tygon tubing ID 0.02” ID 0.35 mm
J—— —
Regulator TX-TL
Manual Luer stub ~TL reagents .
manifold 23 ga _— e i —_—
Tygon tubing ID 0.02” Luer stub Male-to- Luer stub Reagent line PEEK tubing
23ga maleluer 20ga FEP tubing ID 1/32" ID 0.18 mm
adaptor
Flow branch

Figure 3.2: Pneumatic connections for the setup. The compressed air supply is split into two
independently regulated branches. Pressure in the control branch is switched using electric valves
while the flow branch is controlled manually. Buffers and other input solutions are stored in Tygon
tubing, while cell-free (TX-TL) reagents are stored in FEP-PEEK tubing.

1. Connect the other branch of the input air supply to a regulator, and connect the
regulated supply to the manual luer manifold.

2. Adjust the pressure as required (typically ~ 0. 3 bar).

3.4.5 Device operation
¢ Filling control lines

1. Lower the control manifold pressure to around ~ 10 psi.
2. Using the PC software, close all the control line valves.

3. Fill each Tygon line with deionised water (see Note 23) through the connecting pin,
using a syringe attached to a luer stub.

4. Connect each line to the appropriate control channel inlet.

5. Once all the lines are connected, open all valves. This pressurises the control channels,
pushing air into the PDMS and allowing them to fill with water. Wait until the channels
are completely filled with water, which can take up to 20 minutes. Slowly raise the
pressure up to ~ 20-30 psi.

6. Visually inspect all the valves to check that they actuate fully.

* Filling flow lines
1. Make sure the appropriate manual manifold valve is closed.
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Figure 3.3: Basic operations and characterisation of the chip: (A) Initial loading is achieved by
flowing an input solution (solution A, green) first through one side of the reactor, then the other.
(B) Dilution takes place by flushing an input solution (solution B, yellow) through different outlets.
The dilution fraction is controlled by the geometric positioning of the outlets and is fixed for a
given design. (C) After loading 20% of a reactor with YFP, actuating the peristaltic pump at 20 Hz
mixes the solution in ~ 100 s. (D) This shows the fluorescence from all eight reactor rings, initially
loaded with 20% YFP, and repeatedly diluted with buffer. (E) Experimentally determined dilution
fraction for each of the eight reactors. (F) Experimentally determined load fraction vs theoretical
load fraction for four different chips.

2. Basic reagents such as buffers and chemicals are held in ID 0.02" Tygon tubing. First
assemble the tubing which consists of a length of Tygon, a 23 ga luer stub on one end,
and a connector pin on the other.

3. Attach a syringe to the luer stub, and carefully draw up the required reagent into the
tubing. Make sure there are no bubbles.

4. Attach the connector pin to the appropriate flow inlet, before removing the syringe and
attaching the luer stub to the manual manifold.

5. Make sure valves are in the appropriate configuration on the chip before opening the
flow manifold valve, and allowing the reagent to fill into the device. Typically, a pressure
of ~ 0.3 bar is ideal for the flow lines.

6. For the cell-free extract, follow the previous steps, but instead draw up the solution into
the FEP coil through the PEEK tubing. Attach the PEEK tubing directly into the chip.

7. An important requirement for long-term steady-state reactions is that the cell-free
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extract is separated from energy and DNA solutions. If required, cooling elements can
be supplemented to further prevent degradation of the solutions [131, 134].

 Cell-free expression

1. The device can be characterised as shown in Figure 3.3.

\S)

. Atypical experimental program is shown in Figure 3.4. First switch on the environmen-
tal chamber to 29 °C.

3. Load each reactor with cell-free extract, energy solution, and DNA in the ratio 40% ,
40% , 20% .

4. The reactor contents are mixed by actuating the four multi-function valves sequentially
at a frequency of 20 Hz.

5. Dilution involves flowing cell-free extract, energy solution, and DNA into the reactors
in the ratio 8% , 8% , 4% . This corresponds to a 20% dilution of the reactor which
preserves the original reaction composition.

6. The dilution rate can be varied by adjusting the interval between dilution steps.

7. Image the resulting fluorescence using the microscope setup. Software for the analysis,
example images, and full documentation can be found online (see Note 24).

3.4.6 Notes

1. A custom relay board is used to control the electric manifold actuation; any appropriate
controller can be used in its place, for instance the 24-channel USB24PRMx (EasyDAQ).

2. Excellent guidance is available e.g. [156]

3. Designs for microfluidic devices are available online at http://lbnc.epfl.ch/microfluidic_
designs.html.

4. The 20 mm lens provides the highest write speed, taking ~ 4 minutes to write a 100x100 mm
mask with 2 um edge resolution, and 1 mm stripe width. Higher resolutions are possible but
not necessary for soft lithography.

5. This is the step most often done incorrectly. The flow layer uses positive-resist AZ, and
requires a DARK-mode mask. The control layer uses negative-resist SU8 and requires a
CLEAR-mode mask. Finally as the exposure is chrome-side-down, the masks must be
MIRRORED ATY.

6. HMDS priming enhances photoresist adhesion. Alternatively the wafer can also be treated
with Oy plasma or thermally dehydrated.

7. Pouring directly from the bottle introduces fewer bubbles than using a plastic pipettor.
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Figure 3.4: Typical experimental operation of the chip: Typical experimental operation of the
chip. (A) The chip is initially loaded with three solutions A-C (green, yellow, blue) in the ratio
40% , 40% , 20% , and (B) subsequently diluted with the same solutions in the ratio 8% , 8% ,
4% . (C) Carrying out this process using aqueous solutions of three different fluorescent tracers
demonstrates that steady-state concentrations are maintained over many hours. (D) Steady-state
cell-free expression can be achieved by adding as the three solutions cell-free lysate (solution
A), energy solution (solution B), and DNA template (solution C). The lysate is labelled with an
mCherry tracer to assess its concentration (left), while the reaction produces deGFP, which reaches
a steady-state concentration when production and dilution rates are equal (right). Here, a dilution
step was carried out every 15 minutes.

8. Opening the cap to the AZ9260 bottle to allow the release of air bubbles a few minutes before
use can also help minimise bubbles.

9. Homogenous rehydration is important for efficient exposure, and the minimum rehydration
time is a function of the photoresist thickness (5 ym, 8 min; 20 um, 2 hrs).

10. The mercury lamp contains spectral lines at 365, 405, and 436 nm. On the MJB4 machine
the i-line filter is installed which passes only the 365 nm line. Without the filter, the expo-
sure is broadband. The exposure mode must be taken into account during exposure time
calculations.

11. For 15 um AZ9260, the recommended dose is 580 m]/ cm? fori-line exposure and 660 m]J/ cm?
for broadband.

12. The recommended development time is around 45 s per um of AZ9260.
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Rounded features are crucial for the flow layer as it allows valves to close completely.
The variable here is the ramp time, which depends on the specific type of SU8 used
It is highly recommended to develop the wafer upside down. Prepare two baths of PGMEA.

The precise timing here is important. The PDMS should set sufficiently so that it is not too
sticky, but not so much that the resulting multilayer device does not bond together.

This step requires the most practice. Alignment should be completed as quickly and precisely
as possible to ensure optimal bonding. Air bubbles are typically caused by buckling of the
PDMS layers, and can be removed by first ensuring the top layer is completely flat, and then
with gentle application of pressure. Putting weights on top of the PDMS during subsequent
baking can also help.

This step is important as the presence of dust between the glass and PDMS can compromise
bonding or render the device non-functional.

Plasma treatment converts methylsiloxane to siloxyl groups on the PDMS surface, enabling
its covalent cross-linking to silica-containing glass. There is however an optimum amount of
treatment, as over-treating increases the surface roughness of the PDMS and decreases the
effective contact area [22].

The binding can be checked by putting the chip against a black piece of paper. Regions
which are not bound will show up as bubble-like features.

In our experience, devices can still be functional after 6 months’ storage.
https://github.com/nadanai263/lbnc-cellfree2

Ideally all Tygon control lines should have the same length and the same amount of water.
The larger the volume of water in the line, the faster the pressure transfer and valve actuation,
due to the incompressibility of water; in practice care must be taken so the water does not
get into the electric manifold, so do not fill the lines fully. Finally, make certain that there are
no air bubbles where the line connects to the chip.

https://github.com/nadanai263/lbnc-cellfreeview
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4.1 Abstract

Self-regeneration is a fundamental function of all living systems. Here we demonstrate par-
tial molecular self-regeneration in a synthetic cell. By implementing a minimal transcription-
translation system within microfluidic reactors, the system is able to regenerate essential protein
components from DNA templates and sustain synthesis activity for over a day. By quantitating
genotype-phenotype relationships combined with computational modeling we find that mini-
mizing resource competition and optimizing resource allocation are both critically important for
achieving robust system function. With this understanding, we achieve simultaneous regener-
ation of multiple proteins by determining the required DNA ratios necessary for sustained self-
regeneration. This work introduces a conceptual and experimental framework for the development
of a self-replicating synthetic cell.

4.2 Introduction

Bottom-up construction of a self-replicating synthetic cell that exhibits all the hallmarks of a
natural living system is an outstanding challenge in synthetic biology [1, 14, 24]. While this
goal is ambitious, progress is rapidly accelerating, and key structures and functions required for
constructing a synthetic cell, including compartmentalization [10, 11, 157], mobility and shape
[25, 158, 159], metabolism [160, 161], communication [12, 162], and DNA replication [51, 137, 163],
have recently been demonstrated, suggesting that integration of these subsystems into a functional
synthetic cell may be an attainable goal.

A biochemical system able to fully self-regenerate or self-replicate, is a crucial requirement for
construction of a synthetic cell. A self-replicating artificial system has been first proposed by von
Neumann in the 1940s [42]. Von Neumann developed the concept of a universal constructor, which
is an abstract machine capable of self-replication using a set of instructions, external building
blocks, and energy. So far, universal constructors have only been implemented in silico in the form
of cellular automata [43]. Similar concepts have been explored experimentally with auto-catalytic
chemical systems [164] and self-replicating ribozymes [165]. A self-replicating biochemical system
is strictly analogous to the universal constructor in that it would be capable of self-replication using
instructions encoded in DNA while being supplied with building blocks and energy (Figure 4.1A).
A physical implementation of a universal constructor could therefore be theoretically achieved
by a minimal recombinant transcription-translation system capable of regenerating all of its
components including proteins, ribosomes, tRNAs, and DNA [81]. DNA replication has recently
been demonstrated in vitro [51, 137, 163] and progress is being made in reconstituting ribosomes
[62-64] and tRNAs [69]. Here we demonstrate the principle steps towards constructing a universal
biochemical constructor by creating a system capable of sustained self-regeneration of proteins
essential for transcription and translation.

Development of a transcription-translation system capable of self-regeneration faces several
challenges. First, synthesis capacity of the system in terms of its protein synthesis rate must be
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sufficient to regenerate the necessary components. This problem is exacerbated by the fact that
protein synthesis capacity drastically decreases in a non-optimal system [93, 94, 141]. Second, the
components being regenerated must be functionally synthesized which may require chaperones,
and modifying enzymes. And third, the reaction must take place in an environment that allows
continuous and sustained regeneration.

The PURE (protein synthesis using recombinant elements) system [88] as a viable starting point
for achieving self-regeneration because of its minimal nature as well as its defined and adjustable
composition [23]. Batch expression experiments combined with polyacrylamide gel electrophore-
sis (PAGE) and mass-spectrometric (MS) analysis indicated that the PURE system should be
able to synthesize around 70% of all E. coli proteins [55]. Moreover, it was recently shown that
co-expression of multiple PURE components in a single batch reaction yielded the required con-
centrations for self-replication [51]. However, these experiments didn’t determine whether proteins
were functionally synthesized, which varies largely for proteins expressed in the PURE system [56,
58]. Other studies showed that the 30S ribosomal subunit [63, 64], and nineteen of twenty aaRSs,
can be functionally synthesized in the PURE system [59]. All of those experiments were performed
in batch or continuous-exchange formats and self-regeneration of any component has yet to be
demonstrated.

Here, we employ continuous transcription-translation reactions operating inside microfluidic
reactors [134] to demonstrate self-regeneration of essential protein components. Our approach
using the PURE system, microfluidic chemostats, and monitoring fluorescent protein production,
allows activity and performance of self-regeneration to be assessed in real-time. We implemented
a ‘kick-start’ method to ‘boot-up’ regeneration of essential PURE proteins from DNA templates.
We demonstrate the concept and feasibility of this approach by regenerating different aminoacyl-
tRNA synthetases (aaRSs). We also regenerated T7 RNA polymerase (RNAP) and mapped system
optimality by varying T7 RNAP DNA concentration and were able to explain the observed genotype-
phenotype relationships with a biophysical resource limitation model. We go on to show that
several proteins can be regenerated simultaneously by regenerating up to seven aaRSs. This proof-
of-principle work demonstrates the first steps towards constructing a self-replicating transcription-
translation system and provides a viable approach for developing and optimizing other critical
sub-systems including DNA replication, ribosome synthesis, and tRNA synthesis, with the goal
of achieving a self-replicating biochemical constructor in the near term and ultimately a viable
synthetic cell.
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4.3 Results

4.3.1 Experimental design

To maintain continuous cell-free reactions we improved a microfluidic chemostat previously used
for implementing and forward engineering genetic networks in vitro [134, 153]. The device consists
of 8 independent, 15 nL reactors, with fluidically hard-coded dilution fractions defined by reactor
geometry, as opposed to the original device which used peristaltic pumps for metering (Figure 4.1B,
Supplementary Figure 4.5, Supplementary Movie 1) [166]. During experiments 20% of the reactor
volume was replaced every 15 min with a ratio of 2:2:1 for energy, protein/ribosome, and DNA so-
lution, respectively, resulting in an effective dilution time of ~ 47 min (Figure 4.1A, Supplementary
Table 4.1, 4.2). Another key improvement was the supply of multiple solutions without the need
for cooling. This was achieved by storing the energy and protein components separately, which
when stored pre-mixed and without cooling resulted in non-productive resource consumption
[83]. Secondly, reaction temperature was set to 34°C, which decreased PURE degradation with only
aminor decrease in protein synthesis rate (Supplementary Figure 4.6). Lastly, as the redox reagent
used in the PURE system is known to degrade rapidly, we eliminated 1,4-dithiothreitol (DTT) in the
energy solution and instead added tris(2 carboxyethyl)phosphine (TCEP) to the energy and protein
solutions. To allow PURE system modification and omission of protein components we produced
our own PURE system based on the original formulation [89, 93]. For each protein regenerated, we
produced a APURE system lacking that particular protein or proteins. This allowed us to validate
that the omitted protein is essential for system function. We furthermore adjusted PURE protein
composition by reducing the concentration of several aaRSs (Supplementary Table 4.3, 4.4).

In all experiments we expressed a fluorescent protein (eGFP) as an indicator of functional self-
regeneration and to provide a quantitative readout of protein synthesis capacity. We developed a
‘kick-start’ method to enable the system to self-regenerate proteins from DNA templates (Figure
4.1C). The experimental design involves three distinct phases: kick-start, self-regeneration, and
wash-out. The kick-start phase is required to allow a productive switch from a complete to a APURE
system to occur. The self-regeneration phase tests whether the system functionally regenerated the
omitted protein component or components, and the washout phase serves as a control to prove
that the omitted component or components were indeed essential for system function. In the
kick-start phase, which lasts for the first 4h, linear DNA templates coding for eGFP and the protein
to be regenerated are added to a complete PURE system. This leads to the expression of eGFP and
the protein to be regenerated. In the self-regeneration phase, the full PURE is gradually replaced
with a APURE solution lacking the particular protein that is to be regenerated. Thus at steady state,
the system will remain functional only through self-regeneration of the omitted protein. Finally,
in the wash-out phase, DNA encoding the protein being regenerated is no longer added to the
system leading to dilution of the protein being regenerated. Once a critical concentration for the
regenerated protein is reached overall protein synthesis falls and ultimately ceases.
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Figure 4.1: Experimental design for a self-regenerating synthetic cell: (A) Diagram of the univer-
sal biochemical constructor concept. Systems, components, and functions colored in blue and
light-blue were fully or partially implemented in this work, respectively. (B) Design schematic
of the microfluidic device with eight individual chemostat reactors. Flow layer is shown in blue
and control layer in red. Design and functional details are provided in Supplementary Fig. 4.5.
A schematic representation of one dilution cycle were 20% reaction volume is replaced every 15
min. Dilution rate y = -In(C;/ Co)-t'!, residence time u'l and dilution time tgq = ln(2)~u'1. One
dilution cycle consists of three steps: energy solution (yellow) is loaded via the 20% segment,
protein and ribosome solution (red) is flushed through the 12% segment, and DNA solution (green)
through the 4% segment, resulting in the desired composition of 8%, 8%, and 4 %, respectively.
(C) Experimental design, including the three experiment phases: kickstart, self-regeneration, and
wash-out. Solutions are loaded in the rings at different time points: energy solution (yellow), full
PURE (red), APURE (orange), eGFP DNA (green), and eGFP + protein DNA (blue). A schematic
showing the expected results for the different experimental phases indicating early cessation of
synthesis activity for the negative control (yellow), continuous synthesis activity in the positive
control (green), and continuous synthesis for self-regeneration (blue) during the self-regeneration
phase followed by cessation of synthesis activity during the wash-out phase.

69



Chapter 4 A partially self-regenerating synthetic cell

We implemented two additional control reactions in most experiments. Positive controls use
full PURE and express only eGFP during all three phases and serve as a validation of steady-
state chemostat function and a reference point for maximal protein synthesis capacity of an
unloaded and optimal PURE reaction. Negative controls switch between complete and APURE,
but don’t contain DNA template for the omitted protein component. This confirms that without
self-regeneration, protein synthesis activity is indeed rapidly lost. We spiked the full PURE protein
fraction with an mScarlet tracer to confirm that all fluid exchanges take place and the device
functioned correctly.

4.3.2 Aminoacyl-tRNA synthetase regeneration

As a proof-of-concept and validation of the experimental design, we tested regeneration of two
aaRSs: Asparaginyl-tRNA synthetase (AsnRS) and Leucyl-tRNA synthetase (LeuRS) (Figure 4.2A).
We first carried out batch experiments to ascertain synthesis of the synthetases in our PURE system
(Supplementary Figure 4.7). We also validated that both synthetases are essential by omitting them
individually from a PURE reaction (Figure 4.2B). When we used the original PURE system’s aaRS
concentrations, decreases in protein synthesis activity were observed only after extended washout
periods because the critical aaRS concentrations were reached only after numerous dilution cycles
(data not shown). We therefore reduced the concentrations of the aaRSs being regenerated so
that fast activity declines during wash-out occurred, while preserving high protein synthesis rates
(Supplementary Figure 4.8, Table 4.3).

We achieved successful self-regeneration for both AsnRS and LeuRS and complete loss of protein
synthesis activity during wash-out (Figure 4.2C, D). We tested four DNA concentrations for each
aaRSs. AsnRS and LeuRS regeneration at DNA concentrations of 0.1 nM and 0.05 nM, respectively,
resulted in high system activity comparable to the positive control throughout the self-regeneration
phase. If an insufficient DNA template concentration of 0.05 nM was provided for AsnRS, a decrease
in eGFP fluorescence was observed identical to the negative control but with a slight delay. A two-
fold difference in DNA template concentration thus resulted in either optimal self-regeneration
or complete system failure. For LeuRS a similar two-fold change was less consequential with
either concentration resulting in self-regeneration, but with slightly lower expression obtained for
the higher concentration of 0.1 nM. Higher DNA concentrations resulted in robust but markedly
lower system activity for both aaRSs. These studies showed that our experimental design enables
self-regeneration and that self-regeneration can be achieved with two different aaRSs.

DNA input concentration is critically important for system function. When higher than optimal
DNA concentrations were used, we observed successful and robust self-regeneration, as indicated
by the maintenance of synthesis activity above negative control levels, but considerably lower eGFP
expression levels as compared to the positive control. Because no negative effects were observed
in batch reactions for high aaRS protein concentrations in the PURE system (Supplementary
Figure4.8) [96], we attribute this effect to a resource competition or loading effect between the
protein being regenerated and eGFP [71]. The onset of this loading effect can be estimated by
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Figure 4.2: Aminoacyl-tRNA synthetase regeneration: (A) overview of the different aaRSs regen-
eration experiments. (B) eGFP batch synthesis rates for the full PURE system and AsnRS or LeuRS
APURE systems (mean = s.d. for PURE system (green, n=16 technical replicates), and mean for
APURE systems (yellow, n=2 technical replicates)). Self-regeneration experiments for (C) AsnRS
(D) LeuRS at different DNA concentrations (positive control: green, negative control: yellow, self-
regeneration: blue). Results for all DNA concentrations tested and corresponding mScarlet traces
can be found in Supplementary Figure 4.10. The level of eGFP is normalised to the maximum
level attained in the positive control. The composition of PURE systems used are given in Sup-
plementary Table 4.3, 2 nM of eGFP template was used for all experiments, aaRS DNA template
concentrations are indicated.

measuring the DNA concentration for which system output saturates, which is ~ 1 nM for the
PURE system (Supplementary Figure 4.9). eGFP DNA template is present at a concentration of
2 nM in all experiments and is thus fully loading the system. Any additional DNA added to the
system will thus give rise to resource competition effects.

A simple resource competition model gives rise to a couple of specific predictions. First, the level of
eGFP synthesized during self-regeneration should never rise above the positive control, assuming
that the concentration of the self-regenerated protein is at an optimal level in the positive control.
This is because synthesis of an additional protein leads to resource competition and lower eGFP
levels. Low concentrations of aaRS DNA has a minimal loading effect since the ratio of aaRS to
eGFP DNA is small. As the concentration of aaRS DNA is increased the loading effect becomes
stronger, leading to a noticeable decrease in eGFP levels. The second prediction is that eGFP levels
can exhibit a transient peak during washout phase. This occurs because loading decreases before
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the regenerated protein is diluted below critical levels. This is evident in our experiments with
high load levels (high aaRS input DNA concentrations), where a transient spike in eGFP expression
occurred during wash-out before a decrease was observed (Figure 4.2C-D, Supplementary Figure
4.10).

To approximate the optimal DNA input concentrations for self-regeneration, we estimated aaRS
protein synthesis rates for different DNA concentrations by using the ratio of aaRS to eGFP DNA,
while assuming the same synthesis rate for all proteins, and comparing them to the estimated
synthesis rate required to reach the minimum concentration needed for each aaRS (Supplementary
Figure 4.11A, Supplementary Table 4.4). In agreement with the observed data, we estimated 0.1
and 0.05 nM of DNA for AsnRS and LeuRS, respectively. Moreover, we confirmed these estimates
based on the drop in eGFP synthesis rate for different DNA input concentrations (Supplementary
Figure 4.11B).

4.3.3 T7 RNAP regeneration

After testing two proteins essential for translation, we tested self-regeneration of an essential pro-
tein for transcription (Figure 4.3A). For transcription the PURE system utilises T7 RNA polymerase
(RNAP), a single 99 kDa protein. As before, we carried out batch experiments to validate T7 RNAP
synthesis in the PURE system (Supplementary Figure 4.7), and essentiality of T7 RNAP (Figure
4.3B). T7 RNAP could be successfully regenerated in the system and we carried out extensive
DNA template titrations with concentrations varying over three orders of magnitude (Figure 4.3C,
Supplementary Figure 4.12). By omitting the wash-out phase and extending the self-regeneration
phase to 26 hours, we showed that T7 RNAP can be regenerated at steady-state for over 25 hours
with a DNA input concentration of 0.5 nM (Figure 4.3D).

To summarize the DNA titration results, we plotted eGFP expression levels as a function of T7 RNAP
DNA template concentration at 11 hours of regeneration (corresponding to 15 hours after the start
of the experiment), normalised to the positive control expression levels (Figure 4.3E). For lower
DNA concentrations (<0.05 nM) we observe little or no eGFP expression, which we attribute to
insufficient synthesis of T7 RNAP, similar to the results obtained for aaRSs. For high T7 RNAP DNA
template concentrations (= 1 nM) resource competition similar to what was observed for AsnRS
and LeuRS was taking place. This is also supported by the observed peak during the wash-out
phase for high input DNA template concentrations. Near optimal system performance within 80%
of the control reaction occurred in a narrow DNA template concentration range of 0.65 nM to
0.125 nM. The curve is asymmetric, with higher sensitivity to low concentrations than to higher
concentrations, providing insights into how system robustness can be engineered. Surprisingly,
and unlike the aaRS experiments, we observed an expression maximum that rises to a level of 1.3
above the positive control reactions, indicating that a simple resource competition model cannot
account for the observed behaviour.
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Figure 4.3: T7 RNAP regeneration: (A) Overview of the T7 RNAP regeneration experiment. (B)
eGFP batch synthesis rates for the full PURE and T7 RNAP APURE systems (mean = s.d. for PURE
system (green, n=16 technical replicates), and mean for APURE systems (yellow, n=2 technical
replicates)). (C) T7 RNAP regeneration at different DNA template concentrations. (D) Long-term re-
generation experiment: the self-regeneration phase was extended by omitting the wash-out phase.
The results for all DNA concentrations tested and the appropriate mScarlet traces can be found in
Supplementary Fig. 4.12. The level of eGFP is normalised to the maximum level attained in the
positive control experiments (positive control: green, negative control: yellow, self-regeneration:
blue). The composition of the PURE system used for the self-regeneration experiments is given
in Supplementary Table 4.3, 2 nM of eGFP template was used for all experiments, T7 RNAP DNA
template concentrations are indicated. (E) Ratio of eGFP levels of the self-regeneration experi-
ments and the positive control at 15 hours as a function of T7 RNAP DNA template concentration.
Each data point represents a single measurement. (F) Our resource-dependent model consists
of seven ODEs and three parameters. DNA, mRNA, and protein concentrations are denoted by
d, m, and p, and the subscripts T and G refer to T7 RNAP and eGFP, respectively. Simulation of
a self-regeneration experiment: the switch between stages occurs at 4 and 16 hours. DNA for T7
RNAP was present at three qualitatively different concentrations, indicated as ‘low’, ‘medium’, and
‘high’. All concentrations are non-dimensional. The level of GFP is normalised by the maximum
level attained in the positive control experiment. The negative control corresponds to dr = 0.
(G) Schematic description of the concepts of resource loading and resource allocation. Resource
loading is the distribution of a limited resource between two genes. Resource allocation is the
distribution of a limited resource (red) between transcription (TX) and translation (TL). A detailed
description of the different concepts can be found in Supplementary Fig. 4.23.

To investigate whether our hypothesis of resource competition could be extended to explain the T7
RNAP observations, we created a minimal model of the transcription-translation system. While
transcription-translation systems can be described at varying levels of granularity e.g. [54, 100, 167,
168], we chose to model the processes at the most coarse-grained level using coupled ordinary
differential equations (ODEs) (Figure 4.3F, Supplementary Figure 4.13-4.22, Supplementary Table
4.5).

The model consists of transcription and translation of eGFP and T7 RNAP, which consumes a
single resource species R. This species is a lumped representation of CTP, UTP, ATP, GTB, and
aminoacyl-tRNAs, which are consumed during transcription and/or translation. We model the
transcription rate by a parameter a, linearly dependent on DNA and T7 RNAP concentration, and
modulated by the availability of resources using a Hill function R/(R + K). Likewise, translation
proceeds at a rate §, is linearly dependent on mRNA concentration, and is modulated by the same
Hill function. The rate of consumption of R is equal to the summed transcription and translation
rates. The complete model consists of seven ODEs and three parameters, and is solved between
discrete dilution steps to simulate chemostat operation.

This minimal model successfully captures the observed qualitative behaviour including: 1) eGFP
washout at low T7 RNAP DNA concentrations (dr) in the self-regeneration phase, 2) low eGFP
production followed by a peak in the washout stage at high dr, and importantly 3) eGFP production
in excess of the positive control at medium dr in the self-regeneration phase (Figure 4.3F). At low
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dr, mRNA concentration is low, while resources are abundant; translation rate is thus limited by
mRNA concentration. High d leads to increased resource consumption, so despite the presence
of large amounts of mRNA, translation is limited by resources. Further analysis reveals that at
intermediate dr concentrations, eGFP production can increase above the positive control during
the self-regeneration phase. The model predicts that this is due to a reallocation of resources
from transcription to translation, once self-regeneration of T7 RNAP begins. This effect requires a
resource-limited condition (Figure 4.3G, Supplementary Figure 4.23).

We developed an alternative resource-independent model which only takes into account trans-
lational loading through a shared translational enzyme, which can also capture the observed
optimum in the SR/PC ratio (Supplementary Figure 4.20). In this case, the optimum is due to a
trade-off between mRNA concentration and enzyme availability. However it fails to predict the
increase in eGFP production above the positive control during self-regeneration.

The modeling studies indicate that the requirement for an optimum in the SR/PC ratio is a coupling
between eGFP and T7 RNAP expression, whether through a shared resource or a shared enzyme.
However, the increase of eGFP above the positive control during the self-regeneration phase re-
quires a resource-limited condition, and resource reallocation from transcription to translation
(Figure 4.3G, Supplementary Figure 4.23). While both models can be combined, or extended to
incorporate more realistic effects, such as saturation of transcription rates with substrate concen-
tration, time delays in the various processes, and more intricate mechanisms of resource usage,
none of these are required to explain our observations, apart from the essential feature of gene
expression coupled through a shared resource.

4.3.4 Regeneration of multiple components

Having demonstrated that proteins essential for translation or transcription could be regenerated
individually, we explored whether multiple proteins could be regenerated simultaneously. We first
tested if T7 RNAP, AsnRS, and LeuRS could be regenerated together. Initial DNA concentrations
tested were 1x and 2x the minimal DNA concentrations which led to successful self-regeneration
of individual proteins, but these concentrations were not sufficient for sustained self-regeneration
of multiple proteins (Supplementary Figure 4.24). Increasing DNA concentrations and maintaining
1:1 DNA template concentration ratios ultimately led to successful regeneration lasting 20-25
hours (Figure 4.4A, Supplementary Figure 4.24). Despite successfully regenerating for many hours,
protein synthesis ultimately ceased under these conditions. Based on the T7 RNAP results and
our computational modeling we hypothesized that a more optimal DNA ratio between T7 RNAP
and the aaRSs needed to be established, as we previously observed strong resource loading effects
by T7 RNAP and an apparent insensitivity of optimal T7 RNAP DNA concentration in respect to
overall loading. Consequently, we decided to retain a relatively high DNA concentration of 0.5 nM
for both aaRSs, and titrated T7 RNAP DNA template (Figure 4.4A). This had the desired effect and
resulted in sustained regeneration at a T7 RNAP DNA concentration of 0.2 nM.
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Figure 4.4: Multi-component regeneration: (A) Combined T7 RNAP, AsnRS, and LeuRS regenera-
tion. Overview of the experiments on the left, with experimental results shown on the right. The
top graph shows results for all DNA templates at concentrations of 0.4 or 0.5 nM. The bottom graph
shows results for a titration of T7 RNAP DNA template with both aaRS DNA templates held con-
stant at 0.5 nM. (B) eGFP batch synthesis rates for the PURE system and APURE systems lacking
additional aaRSs (mean =+ s.d. for PURE system (green, n=16 technical replicates), and mean for
APURE systems (yellow, n=2 technical replicates)). (C) Simultaneously regeneration of 4, 5, and
7 aaRSs. Overview of self-regeneration experiments on the left, with experimental results shown
on the right. Results for all DNA concentrations tested and the corresponding mScarlet traces
can be found in Supplementary Figure 4.24. All eGFP traces were normalised to the maximum
eGFP fluorescence output in the positive control, with exception of the T7 RNAP titration in panel
(A) for which eGFP traces were normalised to the maximum eGFP fluorescence (positive control:
green, negative control: yellow, self-regeneration: blue). PURE system compositions are given in
Supplementary Table 4.3. 2 nM of eGFP DNA template was used in all experiments, other DNA
template concentrations are indicated. (D) Schematic description of the definition of yield and
robustness. Using these two terms we plotted theoretical curves for the relationship between DNA
input concentration, yield, and robustness and superposed experimental values obtained from T7
RNAB single aaRS, and multiple aaRS self-regeneration experiments. All three systems follow a
similar trajectory and can be described in terms of Pareto optimality.
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To explore the limits of the PURE transcription-translation system for self-regeneration, we tested
whether several aaRSs could be regenerated simultaneously. We first carried out batch experiments
to ensure efficient expression of the chosen aaRSs (Supplementary Figure 4.7), as well as lack of
expression if a given aaRS was omitted from the PURE system (Figure 4.4B). As for the single aaRS
experiments, we adjusted the concentrations of the various aaRS proteins (Supplementary Table
4.3) in the PURE system to ensure efficient wash-out. We gradually increased the number of aaRSs
being regenerated from four to seven (Figure 4.4C, Supplementary Figure 4.25).

Based on eGFP synthesis rate and DNA ratios for the different conditions, we estimated that
DNA inputs above 0.2 nM would be required for successful regeneration (Supplementary Figure
4.26A). This was in agreement with the observed data and decreases in eGFP synthesis rate due to
loading (Supplementary Figure 4.26B). We observed successful self-regeneration of up to 22h for
experiments with input DNA concentrations of 0.2 nM or above. DNA concentrations of 0.1 nM on
the other hand led to rapid cessation of protein synthesis activity 10 hours into the experiment.
Furthermore, when DNA input concentrations of 0.2 nM were used we saw variations in the length
of self-regeneration amongst experiments (Supplementary Figure 4.25). The estimated synthesis
levels are much higher than the concentrations of most aaRS diluted out of the reactor each cycle,
with exception of ArgRS, where 0.027 (ug/mL)/min is diluted out, suggesting that optimization of
DNA input for individual aaRSs could allow for better resource allocation and higher robustness.

eGFP levels are low when compared to the positive control. The positive control represents the
maximum achievable eGFP steady-state levels in an otherwise unloaded system. Expression
of 4-7 additional aaRS presents a considerable load on the system. When taking this load into
account, self-regeneration of 4-7 aaRSs in addition to expressing eGFP reaches roughly 50% of
the theoretically achievable yield (Figure 4.4C), indicating that the total synthesis capacity of the
system remained quite high.

These experimental results suggest that achieving successful self-regeneration depends on an
interplay of several factors. To more quantitatively describe the system we defined the terms yield
and robustness (Figure 4.4D). We define yield as the level of non-essential protein such as eGFP
that the system can synthesize during self-regeneration. In the case where an essential protein,
for instance an aaRS, is missing, yield is zero. Expressing the aaRS will increase the yield, up to a
point where the system’s resources are preferentially directed towards aaRS production. At that
point system yield begins to decrease again due to loading. A second important parameter is
system robustness. We consider a robust system to be able to sustain self-regeneration for at
least 24 hours. A non-robust system may temporarily reach steady-state self-regeneration, but
changes in synthesis rates, DNA concentrations, or environmental conditions, can cause it to cease
functioning. We therefore define robustness as the time the system self-regenerates beyond the
negative control, normalized by 24 hours. A system that self-regenerates for 24 hours or longer
receives a robustness score of 1 while systems that cease regeneration before 24 hours receive a
score between between 0 and 1.

Given these two parameters: yield and robustness, one can now describe the system in terms of
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Pareto optimality and determine whether there exists a trade-off between yield and robustness.
In Figure 4.4D we show the calculated values of yield against robustness for our experimental
observations, as well as the theoretically expected relationship of yield, robustness, and DNA
concentration. For an essential protein, increasing its expression constrains the yield of the system
onto a Pareto front [169]. This is because low expression of that protein leads to large increases in
yield as the protein begins to confer its advantage on the system. Above a critical concentration,
the system is able to continuously regenerate, corresponding to a robustness of 1. Expressing the
protein at higher levels than the critical value incurs a cost on the system, which is exhibited by
decreasing yield due to loading.

For single protein self-regeneration it is indeed possible to reach maximal yield and robustness.
However, whether that situation can be attained or not depends on the activity of the essential
protein. Proteins with low activity require higher concentrations, and hence more resources, to
produce. This thus limits the attainable yield of the system, and shifts the yield-robustness curve
downwards. In severe cases (which we do not observe), yield may never reach 1. Regeneration of
multiple proteins falls into this category: when several essential proteins are being regenerated, the
available capacity to express other proteins becomes less. Nonetheless, it is possible to attain high
robustness with a corresponding trade-off in yield. And finally, the range of DNA concentrations
that give rise to high yield and high robustness are often quite narrow indicating that feedback
regulation may become a necessary design requirement [170].

4.4 Discussion

We demonstrate how a biochemical constructor could be created by implementing a transcription-
translation system running at steady-state on a micro-chemostat that supplies the reaction with
resources and energy. We showed that the system is capable of self-regenerating components of its
core constructor by synthesizing proteins required for transcription and translation. We regen-
erated up to seven components simultaneously and show that system optimality is surprisingly
similar to fitness landscapes observed in living systems [171], requires both minimizing resource
loading and optimizing resource allocation, and can be described in terms of Pareto optimality.

Just like the universal constructor envisioned by von Neumann ~80 years ago, a biochemical
universal constructor will consist of 3 components: i) an instruction set (DNA), ii) a core constructor
(RNA and proteins), iii) and a copy machine (proteins). The core constructor consists of RNAs
and proteins that read and implement the information contained in the instruction set. The core
constructor is capable of constructing copies of itself and of the copy machine. The copy machine
consists of the protein components necessary for DNA replication which copy the instruction
set [137]. Similar to von Neumann’s universal constructor, the biochemical constructor requires
supply of resources and energy, which is also a necessary requirement for all living systems.

Although we show that creation of a biochemical constructor is feasible, a number of considerable
challenges remain. It will be critical to develop a transcription-translation system with a high
enough synthesis rate to self-regenerate all of its components. The PURE system is currently orders
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of magnitude away from this target. We estimate that around 50% of all PURE proteins could
be regenerated by the current PURE system, and that the total synthesis rate required is 25 fold
above the current rate (Supplementary Figure 4.27). These estimates do not yet include ribosome
or tRNA synthesis. Current approaches to optimizing transcription-translation systems mainly
focus on increasing component concentrations or adding components to the system which can
give rise to overall higher synthesis yields but consequently also require higher synthesis rates to
achieve self-regeneration [58, 94, 141]. Instead, optimizing protein synthesis rates and the ratio
of protein synthesis rate to total amount of protein contained in the system will be important for
development of a biochemical universal constructor. A second major challenge lies in achieving
functional in vitro ribosome biogenesis [62, 64, 172]. The most promising near-term goal will be
demonstration of steady-state self-replication of DNA. Several promising advances have recently
been demonstrated in this area [51, 137], although in vitro DNA replication efficiency likely needs
to be improved in order to reach sustained steady-state DNA replication.

Achieving high yield and robustness will be as well important for the development of a universal
biochemical constructor. These concepts are tightly connected to resource usage and loading
effects recently described in cell-free systems [71] and living cells [173]. We showed that several
components could be regenerated at the same time. However, finding optimal DNA concentrations
for several components is critical to achieving sustained regeneration without unnecessarily
loading the system. Moreover, our results and corresponding modeling suggest that specific
components might have to be tightly regulated, and could benefit from active feedback regulation
[170], especially once system complexity increases. Currently, self-regenerating systems can be
optimized by varying individual DNA input concentrations in order to adjust protein synthesis rates
for each component being regenerated. In the future, all genes will be encoded on a single ‘genome’
[47, 51], requiring expression strengths to be tuned by the use of synthetic transcription factors
[113], promoters [22], terminators [72], and ribosome binding sites [174]. Work on a biochemical
universal constructor thus provides ample challenges and opportunities for synthetic biology in
the areas of protein biochemistry, tRNA synthesis, ribosome biogenesis, metabolism, regulatory
systems, genome design, and system engineering.

The development of a universal biochemical constructor and the creation of synthetic life are
exciting prospects and recent progress in technology and biochemistry are making these seemingly
plausible goals. Many challenges remain, but pieces to the puzzle are being added at an increasing
rate. It is thus not far-fetched to consider that synthetic life, engineered by humans from basic
building blocks, may be a possibility.
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4.5 Methods

4.5.1 Materials

E. coli BL21(DE3) and M15 strains were used for protein expression. E. coli RB1 strain [91] originally
obtained from G. Church (Wyss Institute, Harvard University, USA) was used for His-tag ribosome
purification. All plasmids encoding PURE proteins used in this work were originally obtained from
Y. Shimizu (RIKEN Quantitative Biology Center, Japan). Plasmid encoding mScarlet was a gift from
P. Freemont (Imperial College London, UK).

Linear template DNA for in vitro eGFP synthesis (Supplementary Table 4.6) was initially prepared
by extension PCR from a pKT127 plasmid as described previously [134] and cloned into a pSBlue-1
plasmid. The DNA fragment used for PURE system characterization and self-replication experi-
ments was amplified from this plasmid by PCR. Linear DNA fragments encoding different proteins
used for self-regeneration experiments were prepared by extension PCR from their respective
plasmids. Primer sequences are listed in Supplementary Table 4.7. All DNA fragments were puri-
fied using DNA Clean and Concentrator-25 (Zymo Research). DNA was eluted in nuclease-free
water instead of elution buffer, and its concentration was quantified by absorbance (NanoDrop,
ThermoFisher). Double stranded Chi DNA [175] was prepared by annealing to primers listed in
Supplementary Table 4.6.

4.5.2 Ribosome purification

All buffers used in this work are listed in Supplementary Table 4.8. All buffers were filtered (Flow
Bottle Top Filters, 0.45 um aPES membrane) and stored at 4°C. 2-mercaptoethanol was added
immediately before use. Ribosomes were prepared from E. coli RB1 strain by His-tag purification
[91]. E. coli RB1 strain was grown overnight in 3 mL LB media at 37°C. 4 x 3 mL of the overnight
culture was used to inoculate 4 x 500 mL of LB in a 1 L baffled flask. Cells were grown at 37°C, 260
RPM to exponential phase (3-4 h), pooled together and harvested by centrifugation (3220 RCE 20
min, at 4°C), and stored at —80°C. The cells were then resuspended in 15 mL suspension buffer
and lysed by sonication on ice (Vibra cell 75186, probe tip diameter: 6 mm, 11 x 20s:20s pulse, 70%
amplitude). Cell debris was removed by centrifugation (21130 RCE 20 min, at 4°C). The recovered
fraction was filtered with a GD/X syringe filter membrane (0.45 mm, PVDE Whatman).

Ribosomes were purified using 5 mL IMAC Sepharose 6 FF (GE Healthcare) by Ni-NTA gravity-flow
chromatography. The corresponding buffers were prepared by mixing buffer C and buffer D at
the required ratios. After the column was equilibrated with 30 mL of lysis buffer (100% buffer C),
the prepared lysate solution was loaded onto the column. The column was washed with 30 mL
of lysis buffer (100% buffer C), followed by 30 mL of wash buffer 1 (56 mM imidazole), 60 mL of
wash buffer 2 (25 mM imidazole), 30 mL wash buffer 3 (40 mM imidazole), 30 mL wash buffer 4 (60
mM imidazole) and eluted with 7.5 mL elution buffer (150 mM imidazole). Ribosomes from two
purifications were pooled together (around 15 mL) and subjected to buffer exchange using a 15
mL Amicon Ultra filter unit with a 3 kDa molecular weight cutoff (Merck). All centrifugation steps
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were performed at 3220 RCF and 4°C. The elution fraction was concentrated to 1 mL (60 min). The
concentrated sample was then diluted with 15 mL of ribosome buffer and re-concentrated to 1
mL (60-70 min); this step was repeated three times. The recovered ribosomes (1 mL) were further
concentrated using a 0.5 mL Amicon Ultra filter unit with a 3 kDa molecular weight cutoff (Merck)
by centrifugation (14,000 RCE at 4°C). Ribosome concentration was determined by measuring
absorbance at 260 nm of a 1:100 dilution. An absorbance of 10 for the diluted solution corresponds
to a 23 uM concentration of undiluted ribosome solution. Final ribosome solution used for in vitro
protein synthesis was prepared by diluting to 3.45 uM. The usual yield is around 0.75 mL of 3.45
uM ribosome solution.

4.5.3 PURE system preparation

All buffers used in this work are listed in Supplementary Table 4.8. All buffers were filtered (Flow
Bottle Top Filters, 0.45 um aPES membrane) and stored at 4°C. 2-mercaptoethanol was added im-
mediately before use. Proteins were purified by Ni-NTA gravity-flow chromatography as described
previously [93]. All cultures were grown at 37 °C, 250 rpm. Overnight cultures were grown in 3 mL
of LB supplemented with 100 ug/mL of ampicillin and/or 50 pg/mL of kanamycin. Each strain
was inoculated in a flask with 2 L of LB. Cells were grown 2 h before induction with 0.1 mM of
IPTG for 3 h, then harvested by centrifugation and stored at -80°C. The cells were resuspended
in 30 mL of buffer A and lysed by sonication on ice (Vibra cell 75186; probe tip diameter: 6 mm;
8 x 20 s:20 s pulse; 70% amplitude). Cell debris was removed by centrifugation (25 000 RCE 20
min, 4°C). The supernatant was mixed with 2-3 mL of equilibrated resin (described below), and
incubated for up to 2 h, at 4°C. After the incubation, lysate was allowed to flow through the column.
The column was washed with 30 mL of a wash buffer (95% buffer A, 5% buffer B) and eluted
with 15 mL of an elution buffer (10% buffer A, 90% buffer B). The elution fraction was dialyzed
against HT buffer (2x) and stock buffer and stored at -80 °C. Protein concentrations were estimated
by absorbance at 280 nm and calculated protein extinction coefficients. When a higher protein
concentration was required, the protein solution was concentrated using a 0.5 mL Amicon Ultra
filter unit (Merck). Different PURE protein formulations are summarised in Supplementary Table
4.3. Different PURE or APURE systems were prepared by supplying the corresponding APURE
systems with the omitted protein or buffer solution, respectively.

4.5.4 Ni-NTAresin preparation and regeneration for ribosome purification

5 mL IMAC Sepharose 6 FF (GE Healthcare) was pipetted into Econo-Pac chromatography columns
(Bio-Rad), and charged with 15 mL of 100 mM nickel sulfate solution. The charged column was
washed with 50 mL of demineralized water. After protein purification, columns were regenerated
with 10 mL of buffer containing 0.2 M EDTA and 0.5 M NaCl, and washed with 30 mL of 0.5 M Na(l,
followed by 30 mL of demineralized water, and stored in 20% ethanol at 4°C.
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4.5.5 Energy solution preparation

Energy solution was prepared as described previously with slight modifications [93]. 2.5x energy
solution contained 0.75 mM of each amino acid, 29.5 mM magnesium acetate, 250 mM potas-
sium glutamate, 5 mM ATP and GTP, 2.5 mM CTPB, UTP and TCEP (tris(2-carboxyethyl)phosphine
hydrochloride), 130 U 4269/ mL tRNA, 50 mM creatine phospate, 0.05 mM folinic acid, 5 mM sper-
midine, and 125 mM HEPES.

4.5.6 Batch in vitro protein expression experiments

Batch PURE reactions (5 puL) were established by mixing 2 uL of 2.5x energy solution, 0.9 uL of
3.45 uM ribosomes (final concentration: 0.6 uM), 0.65 uL of PURE proteins (Supplementary Table
4.3), DNA template, and brought to a final volume of 5 uL with addition of water. All reactions
measuring eGFP expression were prepared as described above with eGFP linear template at a final
concentration of 4 nM and incubated at 37°C at constant shaking for 3 h, and measured (excitation:
488 nm, emission: 507 nm) on a SynergyMX platereader (BioTek). The eGFP production rate was
calculated between 20-50 min based on an eGFP calibration curve (Supplementary Figure 4.28A).
Reactions expressing other proteins were prepared as described above and supplemented with 0.2
uL FluoroTect GreenLys (Promega). DNA templates were used at a final concentration of 2 nM and
the reactions were incubated at 37°C for 3 h.

4.5.7 SDS-PAGE gels

PURE reactions (5 uL) labeled with FluoroTect GreenLys (Promega) were incubated with 0.8 ug or
0.2 uL of RNAse A solution (Promega) and incubated for 30 min at 37°C and subsequently analyzed
by SDS-PAGE using 10-well 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad). Gels were
scanned (AlexaFluor 488 settings, excitation: Spectra blue 470nm, emission: F-535 Y2 filter) with a
Fusion FX7 Imaging System (Vilber) and analyzed with Image]J. Protein sizes were calculated based
on a BenchMark™ Fluorescent Protein Standard (Invitrogen).

4.5.8 Fabrication and design of the microfluidic device

The microfluidic device was fabricated by standard multilayer soft lithography [176], detailed
device preparation, operation, and characterisation are described previously [166]. The device with
8 reactors and 9 fluid inputs (Figure 4.5) is based on a previous design [134]. Molds for the control
and the flow layer were fabricated on separate wafers by standard photolithography techniques
and patterned with photoresist to produce channels with the heights stated (Supplementary
Figure 4.5C). For the control layer, a silicon wafer was primed in an oxygen plasma processor
for 7 minutes (TePla 300), and SU-8 photoresist (GM 1070, Gersteltec Sarl) was spin-coated onto
the wafer yielding a height of 40 um. After relaxation and soft bake, the wafer was illuminated
using a chrome mask for 18.2 s (365 nm illumination, 20 mW/cmz2 light intensity) on a Siiss MJB4
mask aligner, followed by a post-exposure bake, the wafer development with PGMEA (propylene
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glycol monomethyl ether acetate) and a hard bake. For the flow layer, a silicon wafer treated with
HMDS (hexamethyldisilazane) vapor (YeslII primer oven) was spin-coated with AZ 9260 photoresist
(Microchemicals GmbH) to a height of 15 ym. After baking and relaxation time, the coated wafer
was exposed two times 18 s with a 10 s wait period between (20 mW/cm2 light intensity) on a Siiss
MJB4 mask aligner. The wafer was developed with AZ 400K developer and baked at 175 °C for two
hours. The microfluidic chips were fabricated from PDMS by standard multilayer soft lithography.
Each of the wafers was treated with TMCS (trimethylchlorosilane). For the flow layer PDMS with
an elastomer to crosslinker ratio of 5:1 was prepared and poured over the wafer and place to a
desiccator for 40 min. For the control layer, PDMS with a 20:1 elastomer to crosslinker ratio was
spin coated at 1400 rpm on to the wafer, and let sit for 40 min before baking. Both PDMS coated
wafers were baked in the oven at 80 °C for 20 minutes. After the layers were aligned by hand and
the aligned devices were placed in the oven for 90 minutes. The bonded chip was punched using a
900 mm pin and plasma bonded to a glass slide.

4.5.9 Device setup

To prime the chip, control lines were filled with phosphate buffered saline (PBS) and pressurized
at 1.38 bar. The flow layer was primed with a solution of 2% bovine serum albumin (BSA) in 0.5x
PBS. For washes between loading steps, 10 mM TRIS buffer (pH = 8) was used. For the experiments
energy, PURE, and DNA solutions were mixed in the microfluidic reactors on the microfluidic
chip in a 2:2:1 ratio. The peristaltic pump was actuated at 20 Hz to mix the solutions. Every 15
min, the reactor was imaged and a 20% fraction of the reactor volume was replaced with fresh
components with the same 2:2:1 ratio. Details on the operation of the microfluidic chip can
be found in Supplementary Tables 4.1 and 4.2. 2.5x energy solution was prepared as described
above. 2.5x PURE or APURE solutions were prepared by mixing the desired protein solutions
(Supplementary Table 4.3) with ribosomes (final concentration: 0.6 uM) and supplied with 10 uM
TCEP (final concentration: 4 uM). The PURE solution was supplemented with mScarlet protein
to allow visualization, and the solutions were brought to final volume with the addition of water.
The DNA solution at five times its final concentration was prepared by mixing the desired linear
templates and Chi DNA. The final concentration of eGFP reporter in the reaction was 2 nM, the
Chi DNA was used at a final concentration 1.25 yM. The Chi decoys were added to help mitigate
potential DNA absorption and degradation, while the DNA solution is stored in the FEP tubing
before it is added to the chip.

4.5.10 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.
Green and red fluorescence was monitored over time on an automated inverted fluorescence
microscope (Nikon), using 20x magnification and FITC / mCherry filters. The microscope hardware
details are described in [166].
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The fluorescence images were analyzed and corrected in Python, by subtracting the background
fluorescence of a position next to the fluidic channel. The fluorescence signal was normalized in
respect to maximal positive control signal intensity in a given experiment, or to the overall maximal
intensity if a positive control was not included. The eGFP synthesis rate was calculated based on
an eGFP calibration curve (Supplementary Figure 4.28B) and dilution rate.

4.6 Modeling

4.6.1 Minimal resource-dependent TX-TL model

While cell-free transcription and translation can be described at varying levels of granularity [54,
83,97, 100, 167, 168, 177, 178], here we chose to model the processes at the most coarse-grained
level using coupled ordinary differential equations (ODEs). This model can be easily extended
to incorporate more complex effects, but the aim here was to show a minimal mechanism which
qualitatively captures the observed experimental effects.

The model consists of simultaneous transcription and translation of GFP and T7 RNAP, which
consumes a single resource species R. This species is a lumped representation of NTPs which are
consumed during transcription, and ATP, GTP, and aminoacyl tRNAs which are consumed during
translation. We model the transcription rate by a parameter «, linearly dependent on DNA and T7
RNAP concentration, and modulated by the availability of resources using a Hill function R/ (R + K).
Likewise, translation proceeds at a rate 8, which is linearly dependent on mRNA concentration,
and is modulated by the same Hill function for resource dependence. The rate of consumption of
R is equal to the summed transcription and translation rates. The complete model consisting of
seven ODEs and three parameters, is shown below.

R=—nir—nig— pr - pg 4.1)

dr=0 (4.2)

dc=0 (4.3)

mr=a drpr (4.4)
R+K

s 4,

mg aR+KdeT (4.5)

pr =ﬁR+KmT (4.6)
R

= f— 4.7

PG ﬁR+KmG 4.7)

DNA, mRNA, and protein concentrations are denoted by d, m, and p, and the subscripts T and
G refer to T7 RNAP and eGFP respectively. The model was implemented in Julia 1.4.2 and solved
using the DifferentialEquations. j1 package. All code is available on github.
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4.6.2 Chemostat simulation

During chemostat operation, concentrations of species in the cell-free reaction are periodically
adjusted. All components are diluted at a specific dilution fraction, while certain components
(proteins, ribosomes, energy solution, and DNA) are replenished. This can be captured in the
model by explicitly including the dilution steps. In Julia this is achieved by implementing callbacks
which modify the concentrations at specified time points while solving the ODEs. More detail can
be found in the documentation for the code.

Simulating the chemostat leads to a sawtooth-like behaviour as eGFP is diluted, and subsequently
produced between dilution steps, as shown by the green curve in Supplementary Figure 4.13. In
the real experiment, images are taken immediately before each dilution step, and thus the data
appear smooth: this is shown by the dashed black curve in Supplementary Figure 4.13.

At each dilution step in the model, all species’ concentrations are reduced by a fixed dilution
fraction, while the concentrations of certain species are refreshed by addition of a fraction of those
species at their initial concentrations:

Ccir1=ci(l=y)+7yco (4.8)

The dilution fraction y was set to 20%, and the periodicity of dilution to 15 minutes, corresponding
to experimental values. Each in silico experiment contained three stages: 1.) kick-start, 2.) self-
regeneration, and 3.) washout. The species were replenished as indicated in Supplementary Table
4.5. The negative control corresponded to a self-regeneration experiment with dr = 0.

4.6.3 Model design and parameters

Since our overall goal was to capture qualitative rather than quantitative behaviour, we used effec-
tive parameters and arbitrary units to describe system dynamics, which were combined with physi-
cal time values and experimental chemostat operation parameters. Nevertheless, initial parameter
selection was guided by relative magnitudes of various parameters. In particular, the resource satu-
ration term K is typically several orders of magnitude less than the initial resource concentration
[179], and cell-free translation rates are typically an order of magnitude slower than transcription
[180]. The initial parameter set was manually chosen to reflect experimentally-observed behaviour;
parameter scans were then conducted to test the robustness of model behaviour on parameter
variations, as discussed below.

We have assumed equal resource consumption for transcription and translation, which is motivated
by the fact that translation consumes 2N GTP and N ATP to synthesise a polypeptide of length N
(accounting for aminoacylation), while transcription consumes on average 3N/4 ATP and 3N/4
GTP (as well as UTP and CTP), which is the same as translation to within an order of magnitude.
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4.6.4 Elucidation of model behaviour

In order to elucidate the origins of the observed behaviour, we can inspect protein, mRNA, and
resource levels, as shown in Supplementary Figure 4.14. Because translation rate is the product
of mRNA concentration and the resource dependence term R/(R + K), high levels of translation
require both to be present. Let us consider the self-regeneration phase (4-16h). At low concen-
trations of dr, resource levels are high; however mRNA concentrations are low, and thus overall
the translation rate of eGFP is low. In the converse situation at high dr, mRNA levels are high,
but resources are low, leading once again to low eGFP production. It is only at intermediate con-
centrations of dr where eGFP production is high when there is a small but nonzero amount of
resource availability, as well as an intermediate level of mRNA present. The model thus predicts
that the production of eGFP is determined by a trade-off between resource availability and mRNA
concentration.

In order to further interrogate the model, we can look at transcription and translation rates. These
can be determined from the model by evaluating the derivatives directly from the ODEs. As the
system is periodically diluted, the rates are also periodically modulated. An example is shown in
Supplementary Figure 4.15A (grey line), from which we can calculate the average rate (green line).
Here we observe that the translation rate of GFP in the positive control experiment varies from a
high value to zero in every cycle. This is due to resources being completely depleted in each cycle,
as shown in Supplementary Figure 4.15B. The average rates of transcription and translation of GFP
and T7 RNAP are shown in Supplementary Figure 4.16, where we again observe that increasing dr
increases average transcription rates (Supplementary Figure 4.16B), but decreases translation rates
(Supplementary Figure 4.16A).

In our model the consumption of resources is directly equal to the summed transcription and trans-
lation rates. Thus we can determine the allocation of resources between different model processes,
as shown in Supplementary Figure 4.17. We observe that at the onset of the self-regeneration phase,
transcriptional resource consumption decreases while translational consumption increases (Figure
4.17A and B), which forms one part of our hypothesis to explain the increase in eGFP production
over the positive control. Supplementary Figure 4.17E and F show that as T7 RNAP is washed out
at late times, resource allocation tends to 100% translation, and this accounts for the ‘bump’ in
eGFP production in the washout phase.

We can also carry out parameter variations, shown in Supplementary Figure 4.18 as a contour
map of the variation of the parameter of interest against a T7 DNA titration. Here we show the
model predictions for two quantities: the ratio of self-regeneration to positive control (SR/PC)
at 15h, as shown in the main text, and the overall eGFP production at 15h, which is a measure
of the productivity of the self-regeneration process. These results yield further insights into the
mechanisms of the model; of relevance is the observation that both eGFP production and the ratio
SR/PC exhibits an optimum with respect to T7 RNAP DNA, and the position of the optimum is
only significantly affected by transcription and translation rates: increasing these rates shifts the
optimum to lower values. The optimum is otherwise relatively robust; in particular, the position
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of the SR/PC optimum is insensitive to ds (shown in more detail in Supplementary Figure 4.19).
An important observation is that the the ratio SR/PC contains an optimum for high values of T7
DNA and small values of the initial resource concentration Ry. The interpretation of this is that the
model predicts that high SR/PC ratios are achieved when the resources become scarce.

In summary, analysis of the single resource-dependent model behaviour leads to two main conclu-
sions:

1. eGFP production depends on a trade-off between resource availability and mRNA concen-
tration. As dr is increased, eGFP production therefore exhibits a maximum.

2. For intermediate concentrations, eGFP production is higher than the positive control during
the self-regeneration phase. This is accounted for by a reallocation of resources from tran-
scription to translation during the transition between kick-start and self-regeneration, and
by an overall resource-limited condition.

4.6.5 Sufficiency of model mechanism

We would like to understand whether the resource-dependent model is necessary and sufficient
to explain our observations. Therefore we developed a second model, whose transcriptional and
translational activities do not depend on any resource. This ‘resource-independent’ model instead
contains TX and TL rates which decrease exponentially over time, with a fixed decay constant A,
which represents a resource-independent inactivation of cell-free protein synthesis. Such effects
are also observed experimentally [167]. This model can be written as follows:

dr=0 (4.9)
dg=0 (4.10)
mr=aexp(-At)drpr (4.11)
nig=aexp(-At)dgpr (4.12)
pr = ﬁexp(—/lt)ﬁ (4.13)
PG = fexp(-Af ——d (4.19)

mr+mg+Krp

Here, we model translation as saturating at high total mRNA concentrations, with a Hill function
and a saturation constant K. This is a typical way of taking into account translational loading
effects [71]. We observe that this model can also qualitatively capture some of the experimental
observations. Supplementary Figure 4.20A shows the time courses and SR/PC ratio plot of the
single-resource model. Supplementary Figure 4.20B shows the same for the resource-independent
model, which again captures the optimum in SR/PC ratio as a function of T7 RNAP DNA. The
model exhibits the three features of decaying eGFP production at low dr, high eGFP (potentially
above the positive control level) at intermediate dr, and low eGFP production followed by a peak
during washout at high dr.
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The explanation of a maximum in eGFP production as a function of T7 RNAP DNA, is different
from in the single-resource model. Here, at low dr, the concentration of mg is low, leading
to low translation rates. At high dr, the concentration of mr is high, loading the translational
machinery and again leading to low translation rates. At intermediate concentrations, where mRNA
concentrations are high but before translational loading effects set in, we observe a maximum
eGFP production.

Despite the different mechanism, there is a crucial similarity between this and the resource-
dependent model: both involve coupling of the expression of eGFP and T7 RNAP. In the resource-
dependent model, this is through a shared resource term, and in the resource-independent model,
this is through a shared translational term. To demonstrate this, the coupling term can be artificially
removed in the resource-independent model, allowing each protein to be translated independently.
This leads to Supplementary Figure 4.20C, where the ratio SR/PC monotonically increases with
increasing T7 RNAP template, and no maximum is observed.

A second feature of both models is the striking increase of GFP above positive control levels
(SR/PC> 1), for intermediate T7 RNAP template concentrations. These again result from two
different mechanisms. In the resource-dependent model, analysis from the previous section shows
that this is due to release of resources, under resource-limited conditions.

In the resource-independent model, T7 RNAP concentration is low in the kick-start phase. Thus
any increase in T7 RNAP DNA template will increase T7 RNAP concentration, leading to greater
transcription and translation, with no incurred costs. As long as translational capacity is not loaded,
this effect can increase GFP over the positive control level. The increase of GFP is thus due to the
activity of extra T7 RNAP in the system. However, the increase begins immediately in the kick-start
phase, and is maintained throughout self-regeneration.

The explanation for these mechanisms can be tested in silico: in the first case, increasing the
availability of resources should alleviate the resource constraint, and decrease the SR/PC ratio.
This is observed in the parameter study shown in Supplementary Figure 4.18. In the second case,
increasing the initial T7 RNAP concentration should decrease the effect of any additional T7 RNAP
produced. This is also observed in a similar parameter exploration, shown in Supplementary
Figure 4.21.

In reality, it is likely that both mechanisms are at play. While the PURE system is known to
be resource-limited under certain conditions [58], some lysate-based systems exhibit resource-
independent deactivation [134]. Since a model which simultaneously takes both effects into
account is likely to be more general, we tested a combined model, whose results are shown in
Supplementary Figure 4.20D and 4.22. While this model also successfully captures experimental
observations, it is less robust than the simpler models, requiring fine-tuning of parameters. Experi-
mentally, since we observe an increase in GFP after self-regeneration begins, and not immediately
from the beginning of the kick-start phase, it is likely that under our experimental conditions, the
resource limitation is a more dominant effect.
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4.7 Supplementary information

4.7.1 Supplementary figures
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Figure 4.5: Microfluidic device design:

(A) Design schematic of the microfluidic device. The control layer is shown in red and the flow
layer in blue. The device contains eight individually addressable chemostat reactors. (B) Close-up
of a microfluidic reactor. Each reactor has four outlets corresponding to four different dilution
fractions. Four control lines serve dual-functions as valves and peristaltic pump. The width of
a flow channel is 100um. (C) Table of channel heights and corresponding photoresists used in
mold fabrication. (D) Image of microfluidic chip connected to the control lines, reagent inputs
and outlet. (E) Image of microfluidic chip, flow channels are filled with blue dye for visualization.
(F) Microscope images of four microreactors. Control channels are filled with fluorescence dye for
visualization.
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Figure 4.6: Comparison of eGFP expression at different temperatures in batch reactions:
(A) eGFP expression over time, (B) eGFP expression rates. Each data point represents technical
replicate.

A B Expected size Measured size
[kDa] [kDa]
ArgRS CysRS lleRS SerRS
AsnRS GInRS LeuRS T7 RNAP ArgRS 64.7 62.5

et

AsnRS 52.6 55.4
CysRS 52.2 51.1
GInRS 63.5 66.2
lleRS 104.3 111.6
LeuRS 97.2 105.4
SerRS 48.4 51.3
T7 RNAP 98.9 109.2

Figure 4.7: In vitro expression of different self-regenerated proteins:
(A) SDS-PAGE gel of in vitro synthesized proteins labeled with FluoroTect GreenLys. Full protein
gels are provided in a Source data file. (B) Mass analysis of the expressed proteins. Proteins ArgRS,
AsnRS, CysRS, GInRS and LeuRS were expressed analyzed by PAGE gel twice, SerRS, IleRS and T7
RNAP were expressed analyzed by PAGE gel once with similar results.
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Figure 4.8: Comparison of eGFP expression rates in batch reactions at different components
concentrations:
(A) AsnRS, (B) LeuRS. Each data point represents a technical replicate.
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Figure 4.9: Comparison of eGFP expression rates in batch reactions at different DNA template
concentrations. Each data point represents a technical replicate.
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Figure 4.10: Aminoacyl-tRNA synthetase regeneration:

Summary of all (A) AsnRS and (B) LeuRS regeneration experiments and their corresponding
mScarlet traces. The level of eGFP intensity is normalised to the maximum intensity obtained
in the positive control (positive control: green, negative control: yellow, self-regeneration: blue).
PURE system compositions used for the different experiments are given in Supplementary Table
4.3. 2 nM eGFP DNA template was used, and aaRS DNA template concentrations are indicated in
the corresponding graphs.
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Figure 4.11: Synthesis rate for single component expression:

(A) Theoretical synthesis rate for single components expression, calculated based on eGFP syn-
thesis rate in a microfluidic chemostat (0.44 (ug/mL)/min) and DNA loading in DNA saturated
system. (B) Estimated synthesis for AsnRS and LeuRS at different DNA concentrations based on
the difference in eGFP synthesis rate for positive control and self-regeneration experiment at 15
hours. The eGFP synthesis rate was calculated based on an eGFP calibration curve (Supplementary
Fig. 4.28B) and dilution rate. Dashed line represents the dilution rate of the given components
based on the input component concentration (Supplementary Table 4.4).
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Figure 4.12: T7 RNAP regeneration:

Results of regeneration experiments for all T7 RNAP DNA concentrations shown in Figure 4.3E,
together with their corresponding mScarlet traces. The level of eGFP intensity is normalised to
the maximum intensity obtained in the positive control (positive control: green, negative control:
yellow, self-regeneration: blue). PURE system compositions used for different experiments are
given in Supplementary Table 4.3. 2 nM of eGFP DNA template was used, and T7 RNAP DNA
template concentrations are indicated in the corresponding graphs.
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Figure 4.13: Chemostat simulations: The chemostat is simulated by periodically diluting and
replenishing species, and solving ODEs between the dilution steps. This leads to a sawtooth curve
(green). Experimental measurements are taken immediately before each dilution step, which
results in a smooth observation (dashed black line).
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Figure 4.14: Simulation results for mRNA, protein and resource concentration:

(A,B) Simulation results showing eGFP and (C,D) T7 RNAP mRNA and protein concentrations, as
well as concentration of resource R (E). Parameter values were @ =0.7, =0.07, K = 1 and initial
conditions Ry =100, pr =1, dg =2, with all other species set to zero. The three concentrations of
dr are 0.001, 0.01, and 1, corresponding to the labels ‘low’, ‘medium’, and ‘high’, respectively.
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Figure 4.15: Derivatives can be directly calculated in the model, yielding rates of transcription
and translation:

(A) Periodic dilution of the chemostat leads to variations in rates, so we report the rates averaged
over every period. (B) Translation of GFP occurs in a resource-limited regime, as resources are fully
depleted over the course of each period.
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Figure 4.16: Parameter variations for the resource-dependent model:

(A,B) Averaged transcription and translation rates for GFP and (C,D) T7 RNAP , for the same param-
eters as in Figure 4.14. To make the T7 rates more clear we plotted them on a log scale, with all
values smaller than 1071° set to 10710,
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Figure 4.17: Varying resource allocation over the course of the simulation:

(A,B) We observe reallocation of resources from transcription to translation at the beginning of the
self-regeneration phase. (C,D) Resources consumed by T7 transcription and translation are shown
on linear and (E,F) log scales for clarity. (G,H) The division of resources between total transcription
and total translation. As T7 RNAP is washed out after 16 hours, resource allocation tends to 100%
translation.
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Figure 4.18: Parameter variations for the resource-dependent model:

The effects of parameter variations on SR/PC ratio (top) and total GFP yield (bottom) for the
resource-dependent model. We observe that SR/PC ratios are high for small values of Ry, or for very
high T7 DNA concentrations combined with low transcription rates; both these cases correspond
to a resource-constrained situation.
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Figure 4.19: The effect of varying eGFP DNA (for values of 1, 2, and 4 nondimensional units) on
the SR/PC ratio:

(A) The resource-dependent model predicts that increasing eGFP DNA concentration lowers the
positive control, as the reaction reaches steady state sooner due to faster consumption of resources.
(B) This results in an increased SR/PC ratio during the self-regeneration phase.
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Figure 4.20: Comparison of different models:

A resource-independent model (B) can also capture qualitatively similar results as the resource-
dependent model (A), showing a peak in eGFP production over a titration of T7 RNAP DNA. The
major difference between the predicted behaviours is the rise in eGFP production after the begin-
ning of the self-regeneration phase for the resource-dependent model (indicated by the red arrow),
compared with the immediate rise at the beginning of the kick-start for the resource-independent
model. Both models rely on coupling of eGFP and T7 RNAP production, through either a shared
resource or enzyme. Removing the coupling eliminates the experimentally-observed optimum
(C). In reality both effects are likely to be present, and a combined model (D) can also capture
experimental results, at the expense of increased complexity.
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Figure 4.21: Parameter variations for the resource-independent model:

The effects of parameter variations on SR/PC ratio (top) and total GFP yield (bottom) for the
resource-independent model. The variations are broadly similar to the resource-dependent model
for the shared parameters a, 8, dGy, and pTy. The behaviour of A, the activity decay constant,
is opposite to that of Ry for the single resource model, as both parameters qualitatively limit the
reaction lifetime. Finally, the model is sensitive to variations in the translation saturation constant
Krg.
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Figure 4.22: Parameter variations for the combined model:

The effects of parameter variations on SR/PC ratio (top) and total eGFP yield (bottom) for the
combined model. The more complex model is sensitive to parameter variations, requiring fine-
tuning to recapitulate experimental results.
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Figure 4.23: Schematic description of the concepts of resource loading and resource allocation
depicted in Figure 4.3G:

(A) With increasing DNA concentration, the fixed resource pool gets saturated. (B) Resource loading
is the distribution of a limited resource between two genes. Addition of different gene Z to GFP DNA
leads to a decrease in the production of GFP. Resource allocation is the distribution of a limited
resource between transcription (TX) and translation (TL). Increase in T7 RNAP concentration leads
to redistribution of the resources from translation to transcription, and therefore decrease in GFP
production. (C) Difference between resource distribution in the kickstart and self-regeneration
phase. In the kickstart phase, T7 RNAP is both synthesised and supplied in the PURE system
pushing the resources to transcription. In the self-regeneration phase, no T7 RNAP is provided in
the APURE leading to release of resources from transcription and an increase in GFP production.
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Figure 4.24: Multi-component regeneration:
Result summary of regeneration experiments with multiple components being regenerated. Re-
generation of AsnRS, LeuRS and T7 RNAP is shown in (A). Titration of T7 RNAP DNA template
is depicted in (B). The corresponding mScarlet traces for the given experiments are shown. The
level of eGFP intensity is normalised to the maximum intensity obtained in the positive control
or to the overall maximum intensity if no positive control was included (positive control: green,
negative control: yellow, self-regeneration: blue). PURE composition used for the regeneration
experiments are given in Supplementary Table 4.3. 2 nM of eGFP DNA template was used, and
other DNA template concentrations are indicated in the corresponding graphs.
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Figure 4.25: Multiple aaRSs protein regeneration:

Result summary of multiple aaRSs protein regeneration experiments. The corresponding mScarlet
traces for the given experiments are shown. The level of eGFP intensity is normalised to the
maximum intensity obtained in the positive control (positive control: green, negative control:
yellow, self-regeneration: blue). PURE composition used for the regeneration experiments are
given in Supplementary Table 4.3. 2 nM of eGFP DNA template was used, and other DNA template
concentrations are indicated in the corresponding graphs.
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Figure 4.26: Synthesis rate for single components in multi-component expression:

(A) Theoretical synthesis rate for single component in multiple components expression, calculated
based on eGFP synthesis rate in a microfluidic chemostat (0.44 (ug/mL)/min) and DNA loading
in DNA saturated system. (B) Estimated synthesis for each component at different DNA concen-
trations based on the difference in eGFP synthesis rate for positive control and self-regeneration
experiment at 15 hours. The eGFP synthesis rate was calculated based on an eGFP calibration
curve (Supplementary Fig. 4.28B) and dilution rate. Dashed line represents the dilution rate of
the highest concentrated component (ArgRS), based on the input component concentrations
(Supplementary Table 4.4).
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Figure 4.27: PURE system composition and synthesis rates:

(A) Schematic representation of the composition of the full PURE system (blue) and adjusted PURE
system (green) used for multiple components regeneration. Detailed compositions are given in
Supplementary Table 4.3. (B) Estimated minimal required synthesis rate of each PURE component
based on dilution rate of each component (Supplementary Table 4.4) in comparison to the PURE
synthesis rate (dashed line). (C) Estimated required cumulative synthesis rate for the regeneration
of different PURE protein percentage in comparison to the PURE synthesis rate (dashed line). The
PURE synthesis rate was calculated based on eGFP expression in a microfluidic chemostat.
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Figure 4.28: Calibration curve for different eGFP (TP790050, AMS Biotechnology) concentra-
tions in PBS:

(A) Plate-reader: the standard curve was produced by measuring fluorescence over 60 min with
the same settings as for in vitro expression. Excitation and emission wavelengths were 488 nm
and 507 nm, respectively. Experiments were performed in triplicates. Fluorescence measurements
in the first 20 min were not considered. Values are mean + s.d. (n = 3 technical replicates). (B)
Microfluidic device: the standard curve was produced by measuring fluorescence over 10 min with
the same settings as for in vitro expression. Each point represents individual reactor. The fit errors
were not propagated as they were negligible compared to experimental errors.
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4.7.2 Supplementary tables

Table 4.1: Microfluidic chip operations for self-regeneration experiments, including positive, and
negative controls

Initial fill
Step Operation Solution Ring number
Repeat the following steps every 15 min
0B Energy solution addition
Flush rings Buffer 18
Flush rings Energy solution 18
0C  PURE solution addition
Load 40% (Flush through outlet 60%) PURE 18
0D DNA solution addition
Load 20% (Flush through outlet 20%) GFP DNA 14
Load 20% (Flush through outlet 20%)  GFP DNA & protein DNA 1 56
Load 20% (Flush through outlet 20%) ~ GFPDNA&proteinDNA2  7-8
0E  Mix
Follow with dilution steps after 15 min
kickstart self-regeneration wash-out
Step Operation Solution Ring number step Operation Solution Ring number Step Operation Solution Ring number
Repeat the following steps every 15 min Repeat the following steps every 15 min Repeat the following steps every 15 min
1A Image each reactor 2A  Image each reactor 3A  Image each reactor
Replace 20% of the ring content Replace 20% of the ring content Replace 20% of the ring content
1B Energy solution addition 2B Energy solution addition 38 Energy solution addition
Flush through outlet 20% Buffer 18 Flush through outlet 20% Buffer 18 Flush through outlet 20% Buffer 18
Load 8% (Flush through outlet 20%) Energy solution 18 Load 8% (Flush through outlet 20%) Energy solution 18 Load 8% (Flush through outlet 20%) Energy solution 18
1C PURE solution addition 2C  PURE solution addition 3C  PURE solution addition
Flush through outiet 12% Buffer 18 Flush through outlet 12% Buffer 18 Flush through outlet 12% Buffer 18
Load 8% (Flush through outlet 12%) PURE 18 Load 8% (Flush through outlet 12%) PURE 12 Load 8% (Flush through outlet 12%) PURE 12
Load 8% (Flush through outlet 12%) APURE 38 Load 8% (Flush through outlet 12%) APURE 38
1D DNA solution addition 2D DNA solution addition 3D DNA solution addition
Flush through outiet 4% Buffer 18 Flush through outlet 4% Buffer 18 Flush through outlet 4% Buffer 18
Load 4% (Flush through outlet 4%) GFP DNA 14 Load 4% (Flush through outlet 4%) GFP DNA 14 Load 4% (Flush through outlet 4%) GFP DNA 18
Load 4% (Flush through outlet 4%) GFP DNA & protein DNA 1 56 Load 4% (Flush through outlet 4%) GFPDNA&protein DNA1 56
Load 4% (Flush through outlet 4%) GFPDNA&proteinDNA2  7-8 Load 4% (Flush through outlet 4%) GFPDNA&proteinDNA2 78
1E Mix 2 Mix 3E  Mix
Repeat from the step 1A-E Repeat from the step 2A-E Repeat from the step 3A-E

Table 4.2: Microfluidic chip operations with four self-regeneration experiments

Initial fill
Step Operation Solution Ring number
Repeat the following steps every 15 min
0B Energy solution addition
Flush rings Buffer 18
Flush rings Energy solution 18
0C  PURE solution addition
Load 40% (Flush through outlet 60%) PURE 18
0D DNA solution addition
Load 4% (Flush through outlet 4%) GFP DNA & protein DNA 1 12
Load 4% (Flush through outlet 4%) GFPDNA&protein DNA2 34
Load 4% (Flush through outlet 4%) GFPDNA&protein DNA3 56
Load 4% (Flush through outlet 4%) GFPDNA&protein DNA4  7-8
0 Mix
Follow with dilution steps after 15 min
kickstart self-regeneration
Step Operation Solution Ring number Step Operation Solution Ring number
Repeat the following steps every 15 min Repeat the following steps every 15 min
1A Image each reactor 2A  Image each reactor
Replace 20% of the ring content Replace 20% of the ring content
1B Energy solution addition 2B Energy solution addition
Flush through outlet 20% Buffer 18 Flush through outlet 20% Buffer 18
Load 8% (Flush through outlet 20%) Energy solution 18 Load 8% (Flush through outlet 20%) Energy solution 18
1C  PURE solution addition 2C  PURE solution addition
Flush through outlet 12% Buffer 8 Flush through outlet 12% Buffer 18
Load 8% (Flush through outlet 12%) PURE 8 Load 8% (Flush through outlet 12%) APURE 12
1D DNA solution addition 2D DNA solution addition
Flush through outlet 4% Buffer 18 Flush through outlet 4% Buffer 18
Load 4% (Flush through outlet 4%) GFP DNA & protein DNA 1 12 Load 4% (Flush through outlet 4%) GFP DNA & protein DNA 1 12
Load 4% (Flush through outlet 4%) GFPDNA&proteinDNA2 34 Load 4% (Flush through outlet 4%) GFPDNA&proteinDNA2 34
Load 4% (Flush through outlet 4%) GFPDNA&protein DNA3 56 Load 4% (Flush through outlet 4%) GFPDNA&protein DNA3 56
Load 4% (Flush through outlet 4%) GFPDNA&protein DNA4  7-8 Load 4% (Flush through outlet 4%) GFPDNA&protein DNA4 78
1E Mix 26 Mix
Repeat from the step 1A-E Repeat from the step 2A-E
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Table 4.3: PURE system formulations used

SR experiment sF;/LsJZi | T7 RNAP ‘ AsnRS ‘ LeuRS ‘ '?:i?\lSAIJ; ‘ aaRSs
Protein I Concentration [pg/ml]
AlaRS Alanyl-tRNA synthetase 70.0 70.0 70.0 70.0 70.0 70.0
ArgRS Arginyl-tRNA synthetase 2.0 2.0 2.0 2.0 2.0 2.0
AsnRS Asparaginyl-tRNA synthetase 22.0 22.0 1.1 22.0 1.1 1.1
AspRS Aspartate-tRNA synthetase 8.0 8.0 8.0 8.0 8.0 8.0
CysRS Cysteinyl-tRNA synthetase 1.2 1.2 1.2 1.2 1.2 0.1
GInRS Glutaminyl-tRNA synthetase 3.8 3.8 3.8 3.8 3.8 1.0
GIuRS Glutamyl-tRNA synthetase 12.6 12.6 12.6 12.6 12.6 12.6
GlyRS Glycyl-tRNA synthetase 9.6 9.6 9.6 9.6 9.6 9.6
HisRS Histidyl-tRNA synthetase 0.8 0.8 0.8 0.8 0.8 0.8
lleRS Isoleucyl-tRNA synthetase 40.0 40.0 40.0 40.0 40.0 1.0
LeuRS Leucyl-tRNA synthetase 4.0 4.0 4.0 0.8 0.8 0.8
LysRS Lysyl-tRNA synthetase 6.4 6.4 6.4 6.4 6.4 6.4
MetRS Methionine--tRNA ligase 23 23 2.3 2.3 23 0.4
PheRS Phenylalanyl-tRNA synthetase 17.0 17.0 17.0 17.0 17.0 17.0
ProRS Prolyl-tRNA synthetase 10.0 10.0 10.0 10.0 10.0 0.4
SerRS Seryl-tRNA synthetase 1.9 1.9 1.9 1.9 1.9 0.2
ThrRS Threonyl-tRNA synthetase 6.2 6.2 6.2 6.2 6.2 6.2
TrpRS Tryptophanyl-tRNA synthetase 6.3 6.3 6.3 6.3 6.3 6.3
TyrRS Tyrosyl-tRNA synthetase 0.6 0.6 0.6 0.6 0.6 0.1
ValRS Valyl-tRNA synthetase 1.8 1.8 1.8 1.8 1.8 1.8
IF1 Initiation factor 1 1.0 1.0 1.0 1.0 1.0 1.0
IF2 Initiation factor 2 4.0 4.0 4.0 4.0 4.0 4.0
IF3 Initiation factor 3 10.0 10.0 10.0 10.0 10.0 10.0
EF-G Elongation factor G 50.0 50.0 50.0 50.0 50.0 50.0
EF-Tu Elongation factor Tu 500.0 500.0 500.0 500.0 500.0 500.0
EF-Ts Elongation factor Ts 50.0 50.0 50.0 50.0 50.0 50.0
RF1 Release factor 1 10.0 10.0 10.0 10.0 10.0 10.0
RF2 Release factor 2 10.0 10.0 10.0 10.0 10.0 10.0
RF3 Release factor 3 10.0 10.0 10.0 10.0 10.0 10.0
RRF Ribosome recycling factor 10.0 10.0 10.0 10.0 10.0 10.0
MTF Methionyl-tRNA formyltransferase 20.0 20.0 20.0 20.0 20.0 20.0
CK Creatine kinase 4.0 4.0 4.0 4.0 4.0 4.0
MK Adenylate kinase (Myokinase) 3.0 3.0 3.0 3.0 3.0 3.0
NDK Nucleotide diphosphate kinase 1.1 1.1 1.1 1.1 1.1 1.1
PPiase Inorganic pyrophosphatase 1.0 1.0 1.0 1.0 1.0 1.0
T7 RNAP T7 RNA polymerase 10.0 10.0 10.0 10.0 10.0 10.0
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Table 4.4: Calculated dilution rates based on concentrations in Table 4.3

SR experiment :}:Zi | T7 RNAP ‘ AsnRS | LeuRsS ??RR?\‘SA; ‘ aaRSs
Protein I Dilution rate [(ug/mL)/min]

AlaRS Alanyl-tRNA synthetase 0.93 0.93 0.93 0.93 0.93 0.93
ArgRS Arginyl-tRNA synthetase 0.03 0.03 0.03 0.03 0.03 0.027
AsnRS Asparaginyl-tRNA synthetase 0.29 0.29 0.015 0.29 0.015 0.015
AspRS Aspartate-tRNA synthetase 0.11 0.11 0.11 0.11 0.1 0.11
CysRS Cysteinyl-tRNA synthetase 0.02 0.02 0.02 0.02 0.02 0.001
GInRS Glutaminyl-tRNA synthetase 0.05 0.05 0.05 0.05 0.05 0.013
GIuRS Glutamyl-tRNA synthetase 0.17 0.17 0.17 0.17 0.17 0.17
GIlyRS Glycyl-tRNA synthetase 0.13 0.13 0.13 0.13 0.13 0.13
HisRS Histidyl-tRNA synthetase 0.01 0.01 0.01 0.01 0.01 0.01
lleRS Isoleucyl-tRNA synthetase 0.53 0.53 0.53 0.53 0.53 0.013
LeuRS Leucyl-tRNA synthetase 0.05 0.05 0.05 0.011 0.011 0.011
LysRS Lysyl-tRNA synthetase 0.09 0.09 0.09 0.09 0.09 0.09
MetRS Methionine--tRNA ligase 0.03 0.03 0.03 0.03 0.03 0.005
PheRS Phenylalanyl-tRNA synthetase 0.23 0.23 0.23 0.23 0.23 0.23
ProRS Prolyl-tRNA synthetase 0.13 0.13 0.13 0.13 0.13 0.005
SerRS Seryl-tRNA synthetase 0.03 0.03 0.03 0.03 0.03 0.003
ThrRS Threonyl-tRNA synthetase 0.08 0.08 0.08 0.08 0.08 0.08
TrpRS Tryptophanyl-tRNA synthetase 0.08 0.08 0.08 0.08 0.08 0.08
TyrRS Tyrosyl-tRNA synthetase 0.01 0.01 0.01 0.01 0.01 0.001
ValRS Valyl-tRNA synthetase 0.02 0.02 0.02 0.02 0.02 0.02
IF1 Initiation factor 1 0.01 0.01 0.01 0.01 0.01 0.01
IF2 Initiation factor 2 0.05 0.05 0.05 0.05 0.05 0.05
IF3 Initiation factor 3 0.13 0.13 0.13 0.13 0.13 0.13
EF-G Elongation factor G 0.67 0.67 0.67 0.67 0.67 0.67
EF-Tu Elongation factor Tu 6.67 6.67 6.67 6.67 6.67 6.67
EF-Ts Elongation factor Ts 0.67 0.67 0.67 0.67 0.67 0.67
RF1 Release factor 1 0.13 0.13 0.13 0.13 0.13 0.13
RF2 Release factor 2 0.13 0.13 0.13 0.13 0.13 0.13
RF3 Release factor 3 0.13 0.13 0.13 0.13 0.13 0.13
RRF Ribosome recycling factor 0.13 0.13 0.13 0.13 0.13 0.13
MTF Methionyl-tRNA formyltransferase 0.27 0.27 0.27 0.27 0.27 0.27
CK Creatine kinase 0.05 0.05 0.05 0.05 0.05 0.05
MK Adenylate kinase (Myokinase) 0.04 0.04 0.04 0.04 0.04 0.04
NDK Nucleotide diphosphate kinase 0.01 0.01 0.01 0.01 0.01 0.01
PPiase Inorganic pyrophosphatase 0.01 0.01 0.01 0.01 0.01 0.01
eGFP T7 RNA polymerase 0.13 0.13 0.13 0.13 0.13 0.13
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Table 4.5: Replenishing schedule for modeling the three-stage experiment
Self-regeneration | Species replenished
Stage 1 R, dr, dg, pr
Stage 2 R, dr, dg
Stage 3 R, dg
Positive control Species replenished
Stage 1 R, dg, pr
Stage 2 R, dg, pr
Stage 3 R, dg, pr

Table 4.6: DNA sequences
T DN |

eGFP linear

\TGTCTAAAGGT

GAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAA
GGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTA
GTCACTACTTTAACTTATGGTGTTCAATGTTTTTCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGC

CAGAAGG

TGGTTCTGTTCAATTAGCTGACCATT/

TTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGT
\TACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGGAATACAACTA
DNA fragment TAACTCTCACAATGTTTACATCATGGCTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGA
ATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTT

ATCCACTCAATCTGCCTTATCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTA

TTACCCATGGTATGGATGAATTGTACAAAT/

Chi DNA TGGCCACCAGCAGTGGCCACCAGCAGTGGCCACCAGCAGTGGCCACCAGCAGTGAAGTGA
Blue T7 promoter
Red RBS
Green Gene coding for protein
Bold T7 terminator

Table 4.7: Primer sequences

5'CCTCTAGAAATAATTTTGTTTAACTTAA

5'GTAGCAGCCTGAGTCGTTATTACATAC

5'GATCTTAAGGCTAGAGTACTAATACGA

GATCTTAAGGCTAG 5-
AGTACTAATACGAC
TCACTATAGGGAG

CAAAAAACCCCTCAA
GACCCGTTTAGAG-3"
ACC-3'

5'CAAAAAACCCCTCAAGACCCGTTTA
GAGGCCCCAAGGGGTTATGCTAGTTTT

ArgRS e oTaTISA |~ GCTCTACAGTCTCAATACCCAGCG 3 cooroma A:Ai:/ﬁ‘:’?$¢g¢‘?$:\%-r; T TTTTTTTTIITTTITITTITITTIITIGTAG
CAGCCTGAGTCG 3
5'CAAAAAACCCCTCAAGACCCGTTTA
7 5'GATCTTAAGGCTAGAGTACTAATACGA
ASIRS | GAAGOAGOAMMANAMATCAGOGTTGT | S CTAGCAGCCTGAGTOGTTATIAGAAG |, 1171 CGAGACCACAACGGTTT | CAGGCCCCAMGGGTTATGCTAGTTTT
! CTGGCGTTACGCGGAGTAC 3 ! T T T T TGTAG
GCCTGTAGCCG 3 :
CCCTCTAGAAATAATTTTGTTTAAC 3' CAGCCTGAGTCG 3'
5CAAAAAACCCCTCAAGACCCGTTTA
X 5GATCTTAAGGCTAGAGTACTAATACGA
VSRS | A A O T AAANT, | 6 GTAGCAGCCTGAGTCGTTATTACTTAC 1 ' - GAGACCACAAGGGTTT | CAGGCCCCAAGGGGTTATGCTAGTTTT
¥ o o ThanA GACGCCAGGTGGTCCC 3 T OTA AR g | TTTTTTTTTTTTTTTITITTTTTTITGIAG
CAGCCTGAGTCG 3
5'CAAAAAACCCCTCAAGACCCGTTTA
7 5'GATCTTAAGGCTAGAGTACTAATACGA
GINRS o | 5GTAGCAGCCTGAGTCGTTATTACTCG | 1\ 11 . GAGACCAGAACGGTTT  CAGGCCCCAAGGGGTTATGCTAGTTTT
9 CCTACTTTCGCCCAGGTATC 3' . TTTTTTTTTTTTITTTITITTITTITTITITGTAG
CAGAAGCCCGC 3 :
CCCTCTAGAAATAATTTTGTTTAAC 3 ASARIAIAA
5CAAAAAACCCCTCAAGACCCGTTTA
X 5GATCTTAAGGCTAGAGTACTAATACGA
lleRS S e n | SGTAGCAGCCTGAGTCGTTATTAGGCA | ., 1\~ L concancaarrr  CAGBCCCCAAGGGGTTATGCTAGTTTT
TAAATCAACCCTGAATTTGCC 3' AAGTTACGTTTTTCACCGTCAG 3 CCCTCTAGAMATANTITTOTTTAAG 3 | TTTTTTTTTTTTTTTTTTTTTITTTIGTAG
CAGCCTGAGTCG 3
) 5CAAAAAACCCCTCAAGACCCGTTTA
2 5GATCTTAAGGCTAGAGTACTAATACGA
LOURS O A A OAASAGCR, | SGTAGCAGCCTGAGTCGTTATIAGCCA | 1 .1 GAGACCACAACGGTTT  CAGGCCCCAAGGGGTTATGCTAGTTTT
9 ACGACCAGATTGAGGAGTTTAC 3' § o T TTTTTTTTTTTTTITTTTITTITTIGTAG
ATACCGCCCG 3 .
CCCTCTAGAAATAATTTTGTTTAAC 3 ASSARIALARA
5CAAAAAACCCCTCAAGACCCGTTTA
2 5GATCTTAAGGCTAGAGTACTAATACGA
SEIRS e A Cn e To8 | 5GTAGCAGCCTGAGTCGTTATTAGCCAR 111 GAGACCACARCOGTTT  CAGGCCCCAAGGGGTTATGCTAGTTTT
AREASAASN, TATATTCCAGTCCGTTCATATACGG 3 (= [ e ey TTTTTTTTTTTTTITITITITITTTTGTAG
CAGCCTGAGTCG 3
5CAAAAAACCCCTCAAGACCCGTTTA
X 5GATCTTAAGGCTAGAGTACTAATACGA
7 RNAP A AT T | SGTAGCAGCCTGAGTCGTTATTACGCG | 1 1t GAGACCACAACGGTTT | CAGGCCCCAAGGGGTTATGCTAGTTTT
TAACATCGCTAAGAACGACTTC 3' AACGCGAAGTCCG 3 CCCTCTAGAAATAATTTTGTTTAAC 3' TTTTTTTTTTTTTTTITTITTTTTITIGTAG

CAGCCTGAGTCG 3'

_ DNA sequence

Linear DNA \TG—protei
fragment
Blue T7 promoter
Red RBS
Bold T7 terminator
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Table 4.8: Buffers and energy solution

PURE buffer

Compound Catalog number Company SufferA Sufier® i bufter bs‘t’?f(;t Note
mM mM mM mM

HEPES H0887-100ML Sigma-Aldrich 50 50 50 50 pH=7.6
Ammonium chloride 09718-250G Sigma-Aldrich 1000
Magnesium chloride 63020-1L Honeywell Fluka 10 10 10 10
Potassium chloride P5405-1KG Sigma-Aldrich 100 100 100

Imidasol 12399 Sigma-Aldrich 500 pH=7

Glycerol G7757-1L Sigma-Aldrich 30%
-mercaptoethanol M6250-100ML Sigma-Aldrich 7 7 7 7

Ribosome purification buffers

Compound Catalog number Company LElr Note

HEPES H0887-100ML Sigma-Aldrich 20

Tris-HCI BP152-500 Fisher 20 20 pH=7.6
Magnesium acetate M0631 Sigma-Aldrich 6
Magnesium chloride 63020-1L Honeywell Fluka 10 10
Potassium chloride P5405-1KG Sigma-Aldrich 150 150 30
Ammonium chloride 09718-250G Sigma-Aldrich 30 30

Imidasol 12399 Sigma-Aldrich 150 pH=7
B-mercaptoethanol M6250-100ML Sigma-Aldrich 7 7 7

Energy solution

ST Catalog ST Concentration | Concentration in Units
p number pany in reaction subset (2.5x)

Amino acids LAA21-1KT Sigma-Aldrich 0.75

Magnesium acetate MO0631 Sigma-Aldrich 11.8 29.5 mM
Potassium glutamate 49601 Sigma-Aldrich 100 250 mM
TCEP 646547 SantaCruz Biotech 1 25 mM
ATP R0481 ThermoFisher 2 5 mM
GTP R0481 ThermoFisher 2 5 mM
CTP R0481 ThermoFisher 1 25 mM
UTP R0481 ThermoFisher 1 25 mM

tRNA 10109541001 Roche 52 130 Uazeo/mL
Creatine phosphate 27920 Sigma-Aldrich 20 50 mM
Folinic acid PHR1541 Sigma-Aldrich 0.02 0.05 mM
Spermidine S2626 Sigma-Aldrich 2 5] mM
HEPES H0887-100ML Sigma-Aldrich 50 125 mM
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5.1 Introduction

A reconstituted cell-free transcription-translation (TX-TL) system is a viable chassis for construct-
ing a synthetic cell. However, one of the critical requirements of a synthetic cell in terms of its
protein synthesis rate is sufficient synthesis rate to regenerate all of its components. We recently
demonstrated that components of the PURE system could be regenerated in a microfluidic-based
synthetic cell (Chapter 4) [181]. However, the synthesis rate and yield in the recombinant cell-free
system are currently orders of magnitude away from being able to regenerate all of its components.

A standard cell-free protein synthesis system in batch configuration ceases mainly due to the
rapid depletion of the key components, i.e., NTPs. This rapid approach to chemical equilibrium
can be overcome by providing replenishment of substrates and the enzymatic machinery while
at the same time diluting away reaction products [132, 134, 166]. This approach allows for an
efficient protein turnover but does not lead to a sufficient increase in production rate. A protein
synthesis yield can successfully be increased in a continuous-exchange reaction format [23]. These
passive diffusion exchange systems based on dialysis allow for the exchange of small molecules
with the environment while retaining the TX-TL machinery within a defined reaction compartment
[182]. The continuous-exchange reaction formats mostly rely on separating a large volume of
feeding solution from in comparison small TX-TL reaction, either by carrying out standard tube-
based dialysis [95] or by implementing dialysis membrane to a micro-well plate [124, 127] or
a passive PDMS microreactor [128]. By enabling the protein synthesis to last for up to several
days, synthesis yields in the range of mg/mL of protein can be achieved [95]. Although the time
of the synthesis is extended, the reaction reaches chemical equilibrium eventually. Therefore,
integration of replenishment of the small molecules, together with the replenishment of the
enzymatic machinery, is crucial to achieving adequate synthesis rates in dynamical systems such
as oscillators or self-replicating systems.

Integration of a dialysis membrane into a microfluidic reactor requires a complex assembly, limiting
the complexity of the system. Recently, poly(ethylene glycol) diacrylate (PEG-DA) membranes were
implemented in a simple PDMS microfluidic chip via direct UV writing and utilized for protein
crystallization [183]. The membrane fabrication by photo-patterning directly inside a microfluidic
channel offers many advantages, as simple membrane integration and the ability to form hydrogels
at varying levels of permeability [184]. However, it holds challenges, such as anchoring of hydrogel
to the PDMS walls and complex hydrogel patterning.

In this work, we designed a microfluidic chemostat with integrated PEG-DA membranes, which
should allow for simultaneous implementation of continuous-exchange and steady-state reac-
tions. Moreover, we report a simple way to avoid water evaporation from PDMS at low humidity
and elevated temperature. Furthermore, we describe a simple silanization protocol, which does
not require the use of plasma and solvents, and a technique allowing simple PEG-DA hydrogel
membranes patterning in an oxygen-free environment with pneumatic valves. Additionally, we
report on how to vary the permeability of the membranes to achieve an ideal membrane cut-off for
continuous-exchange TX-TL reaction and show that the protein synthesis in the chemostat reactor
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can be extended when the continuous-exchange reaction is implemented.

5.2 Results

To overcome the limits in the protein synthesis yield while preserving the advantage of protein
turnover, we designed a microfluidic chip (Figure 5.1a, b) enabling continuous protein synthesis
and continuous-exchange reaction format simultaneously. A previous microfluidic reactor design
with fluidically hard-coded dilution fractions defined by the reactor geometry [166] was utilized to
maintain the protein turnover, and a feeding channel to allow for a continuous supply of small
molecules was included on the bottom of the reactor. PEG-DA hydrogel membranes were patterned
between the reactor and the feeding channel to enable small molecule exchange with the feeding
channel without dilution of the TX-TL machinery.

5.2.1 Prevention of evaporation in microfluidic chip

A common challenge with PDMS-based microfluidic chips is evaporation through PDMS due
to its porosity. This challenge is heightened at elevated temperatures required for cell culturing,
thermocycling, and cell-free protein synthesis. Salts concentrations have a crucial role in cell-
free systems, and are essential to achieving good synthesis yields. Therefore, any changes in the
concentrations of the components due to evaporation limit the ability to extend the reaction. There
are many different approaches to prevent evaporation from PDMS: submerging the whole chip in
water [185], placement of water-filled reservoirs on-chip [186, 187], polyethylene [188], or parylene
C film water-proof layer [189, 190]. However, most of these methods are not compatible with cell-
free expression or pneumatic valve-based microfluidic chips. An anti-evaporation water chamber
is an appalling choice for implementation in a microfluidic chip with pneumatic valves. However,
so far, an anti-evaporation water chamber was not successfully implemented in a microfluidic
chip while pneumatic valves were in use. In addition, water chambers often require challenging
assembly and fluid filling [191-193].

As seen in Figure 5.1c, without any evaporation prevention, severe evaporation can be seen after
only 2 hours. Although, the evaporation was lower when the chamber humidity was increased, a
significant evaporation (data not shown) was still observed. Therefore, we implemented a third
(anti-evaporation) PDMS layer to the classical double-layer microfluidic setup to prevent the
evaporation (Figure 5.1d). The flow layer PDMS thickness was decreased to around 0.3 cm; this
thickness ensures sufficient space for connector pin attachment while keeping the anti-evaporation
layer in close adjacency to the flow layer. The anti-evaporation layer, composed of a dead-end
serpentine channel, was aligned above the reactors and attached by oxygen plasma on top of
the flow layer (Figure 5.1e, f). During the experiment, the channel was connected to water-filled
tubing, which was pressurized to maintain a constant water supply to the water-chamber channel
(Figure 5.1g). This design is easy to fabricate, assemble, and can be applied to most standard
double layer microfluidic designs without additional hardware. As shown in Figure 5.1c, with the
anti-evaporation layer, no discernable evaporation was observed even after 16 hours.
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Figure 5.1: Design of microfluidic device with hydrogel membranes:

(a) Design schematic of the microfluidic device. The control layer is shown in grey, the flow layer in
blue, and anti-evaporation layer in red. The device contains eight chemostat reactors. (b) Close-up
of a microfluidic reactor and table of channel heights and corresponding photoresists used in mold
fabrication. Each reactor has four outlets corresponding to four different dilution fractions. Four
control lines serve dual-functions as valves and peristaltic pump. The width of a flow channel is
100pm. (c) 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.
(d) Schematic depiction (not to scale) of microfluidic chip cross-section. Image of microfluidic
chip from top (e) and from side (f), for visualization the flow channels and the anti-evaporation
channel are filled with blue and red dye, respectively. (g) Image of microfluidic chip connected to
the control lines, reagent inputs and outlet.
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5.2.2 Formation of PEG-DA hydrogel

Though PEG-DA hydrogel membrane can be formed inside a PDMS chip with direct UV writing
[183], its requirements limits the design complexity. Hence, we decided to pattern the membranes
using pneumatic valves. Moreover, thinner (25 ym) and longer membranes (9.1 mm) showed to be
able to withstand much less trans-membrane pressure drops than shorter (500 ym) membranes.
In the chemostat, the pressure on the membranes is not only imposed during the pressure-driven
loading phase but also due to a volume displacement from pneumatic valve actuation. As the
mixing inside of the microfluidic reactor is driven by peristaltic pumps, the membranes are under
constant pressure over extended periods. Moreover, the difference in the composition of the buffers
generated osmotic pressures. Therefore, to ensure long-term hydrogels adherence to the PDMS,
we decided to form four shorter (100 ym) and thicker (100 pm) membranes, rather than one longer
membrane.

a PDMS oxidation: HCI/H,O, silanization: TMSPMA mm Pneumatic valves FC40 / N,

I Pneumatic valves water / air

reactor

Il N == H,0

B H,0O/HCI/H,0,
TMSPMA mixture
= PEG-DA mixture

feeding channel
B PEG-DA membrane

b PEG-DAill PEG-DA wash polymerisation: UV
C W I i 00! i - i PEG-DA
B BN BN BN \alves : membrane
- [ ]
PEG-DAfill polymerisation: U
c e ’ 1 i . ; 400 ym
: v - B -, e | I
= & W iy WG g : =
—— = s =

Figure 5.2: Hydrogel membranes formation:

(a) Schematic depiction of protocol for making hydrogel membranes. The feeding channel is first
oxidized with hydrochloric acid and hydrogen peroxide mixture, followed by silanization with
TMSPMA. (b) In the second step, PEG-DA polymer solution is injected into the feeding channel
after the hydrogel-forming valves are closed, and the PEG-DA solution from the feeding channel is
flushed out with water before the remaining PEG-DA is polymerized. The hydrogel-forming valves
are filled with Fluorinert FC-40 and pressurized by nitrogen instead of water and air used for the
remaining valves. (c) Microscope images of the different steps involved in hydrogel membranes
formation corresponding to the steps in panel (b), scale bar 400 pm.

The formation of PEG-DA membranes was initially tested in a non-silanized chip. Though the
polymerization of the membranes was successful, the adherence of membranes varied with water
content in the PEG-DA mixture and with the types of buffers used in subsequent reactions. There-
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fore, the PDMS walls were silanized to strongly anchor the hydrogels to withstand the imposed
trans-membrane pressure drops. The control over the fluid in different parts of the chip is the
main advantage of pneumatic valves. Therefore, silanization (Figure 5.2a) was performed only
in the feeding channel and not in the reactor. The plasma treatment is often utilized to oxidize
the PDMS walls before silanization [183]. However, due to the design of the flow layer above the
control layer, a plasma treatment could not be implemented. Accordingly, the channels walls
were oxidized by hydrochloric acid / hydrogen peroxide treatment [194, 195]. After oxidization,
TMSPMA hydrolyzed in acidic conditions was injected into the channels and followed by thorough
rinsed with water [196].

In the presence of oxygen, the hydrogel does not adhere to the PDMS due to the formation of a thin
uncrosslinked layer [183]. Therefore, the polymerization of membranes has to be performed in
an oxygen-free environment. Accordingly, the hydrogel-forming valves and the anti-evaporation
layer were pressurized with nitrogen instead of air. Moreover, the PEG-DA polymerization solution,
composed of the PEG-DA polymer, photo-initiator, and water, was purged with nitrogen. The
oxygen-free solution was then injected into the feeding channel, before the hydrogel-forming valves
were closed, the excess solution was washed away, and the remaining solution was polymerized
(Figure 5.2b,c). The hydrogel membranes were highly stable against rupture and could withstand
the imposed trans-membrane pressure over several days.
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Figure 5.3: Solute diffusion through the membrane:

Diffusion of (a, b) methylene blue, (c, d) 10 kDa FITC-dextran, (e, f) 40 kDa TMR-dextran, from
the enclosed feeding channel to the reactor chamber through the membrane over time. The
methylene blue fluorescence was normalized to the maximum level attained in each experiment,
for 10 kDa FITC-dextran and 40 kDa TMR-dextran fluorescence was normalized to the maximum
level attained in reactors with no membrane.

To form hydrogel membranes of varying permeability, water at various ratios was added into the
polymer mixture. Water acts as a porogen during polymerization. The higher the content of water,
the larger the size of the pores in the formed membrane. In order to determine the permeability of
the hydrogel membranes, diffusion of different molecular weight solutes from feeding channels
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to the chemostat reactor was tested (Figure 5.3). While small molecular weight methylene blue
diffused rapidly to the ring for both PEG-DA formulations, 10 kDa and 40 kDa dextran diffused
into the rings at a much slower rate and only for the 33% PEG-DA formulation, showing that the
membranes permeability can be adjusted with the amount of water added to the polymer mixture.
The membrenes are particularly suitable for any dialysis application with a molecular cut-off in
the 10-40 kDa range, which is in agreement with previously reported values [183]. This makes the
formed membrane ideal candidates for continuous-exchange protein synthesis format.

5.2.3 Cell-free expression

The PURE system batch reaction terminates on chip after only one hour (Figure 5.4a), due to the
lack of an energy source, such as ATP, and accumulation of by-products, which hinders long-term
protein synthesis in cell-free system. Continuous-exchange or dialysis mode showed to improve
the protein yield in this system.
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Figure 5.4: Cell-free expression in microfluidic device with hydrogel membranes:

Batch eGFP expression over time in non-silanized microfluidic chip (a) and the silanized chip with
and without membrane hydrogel (b). The TX-TL machinery and DNA was loaded to the reactor,
and 2.5x energy solution was loaded to the feeding channels. (¢) Continuous-exchange cell-free
expression in the silanized chip with and without membrane hydrogel. The TX-TL machinery and
DNA was loaded to the reactor. Energy solutions at two different concentrations were supplied to
the feeding channel every 10 minutes.

To ensure that small molecules can diffuse to the ring from the feeding channel, the chemostat ring
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was filled with PURE system and DNA, while energy solution was loaded into the feeding channel
(Figure 5.4b). As the small molecules first have to diffuse into the reactor before the expression
initiates, a slightly delayed expression was observed in rings with membranes. However, a higher
yield was observed for those rings compare to rings without membranes, probably due to higher
proteins and ribosome concentration in the reactors as the machinery is not diluted when mixed
with the energy solution from the feeding channel. Nevertheless, a lower synthesis was observed in
silanized chip compare to non-silanized.

To prolong the reaction and, therefore, the protein synthesis, a continuous-exchange mode was
tested (Figure 5.4c). Two different energy solution concentrations were supplied to the feeding
channel every 10 minutes. For both concentrations, the reaction lifespan was significantly extended
to a minimum of 3 hours. Moreover, the 2.5x energy solution concentration resulted in a higher
expression yield compare to 1.5x energy solution concentration and the batch reaction in a non
silanized chip.

5.3 Conclusion

We demonstrated that it is possible to produce PEG-DA hydrogel membranes with an adjustable
permeability, able to withstand trans-membrane pressures in microfluidic PDMS chip with in-
tegrated pneumatic valves. Our microfluidic design allows for simple membrane pattering with
valves pressurized with nitrogen, ensuring an oxygen-free environment for polymerization, further
improving the anchoring of the membranes to PDMS. This enables the creation of complex designs
without the need for direct UV writing or masks. Moreover, we showed that the peristaltic valves
can be integrated into the chip design to mix the components inside of the reactor without the hy-
drogel membrane rupturing. The diffusion of solutes of different weights through the membranes
shows that the PEG-DA membranes are suitable for dialysis application with a molecular cut-off in
the 10-40 kDa range, required for continuous-exchange protein synthesis format. Lastly, to avoid
evaporation through the PDMS during the reaction, we implemented a third anti-evaporation layer
to the chip, which prevented evaporation for up to 16 hours. This allowed us to extend the protein
synthesis to several hours through the continuous-exchange reaction format.
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5.4 Methods

5.4.1 Microfluidic chip fabrication

The device with 8 reactors and 9 fluid inputs (Figure 5.1) is based on a previous design [166, 181].
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) at
the height of 14 um was used to generate the flow channels features. For the control layer and
the anti-evaporation layer, a negative photoresist SU-8 photoresist (Microchem 3025, Kayaku
Advanced Materials) was used to generate the channels features at the height of 40 um. Afterward,
each of the wafers was treated with trimethylchlorosilane. For the flow and the anti-evaporation
layers PDMS with an elastomer to crosslinker at 5:1 ratio was prepared and poured over the wafers
to a height ~ 0.3 cm or 0.6 cm, respectively. The wafers with PDMS were placed in a desiccator for
40 min before baking. For the control layer, PDMS with a 20:1 elastomer to crosslinker ratio was
spin-coated at 1400 rpm onto the wafer and let sit for 40 min before baking. The anti-evaporation
layer was cured at 80 °C for 90 minutes, after which each layer was cut out. The flow and control
layers were partially cured at 80 °C for 20 minutes. The flow layer was then cut out and aligned
onto the control layer by hand using a Nikon stereo microscope. The aligned devices were placed
back in the oven at 80 °C for 90 minutes before there were cut and removed from the wafer. The
aligned devices and the anti-evaporation layer were punched using a 900 mm pin. Afterward, the
devices were plasma bonded to a glass slide before the anti-evaporation layer was plasma bonded
on top.

5.4.2 Chip silanisation and formation of PEG-DA hydro-gel membrane

To prime the chip, control lines were filled with water, except for hydrogel-forming valves, which
were filled Fluorinert™ FC-40 (Sigma) and pressurized with air or nitrogen, respectively, at 1.38
bar. The inner walls of the flow channels, except for the reactors, were oxidized by flowing fresh
H»0:H»0, (30% (w/w)):HCI (36% (w/w)) solution in ratio 5:1:1 for 10 minutes, followed by rinsing
MiliQ with water for 2-4 min. The silanization solution was prepared by mixing deionized water
with 0.4% (v/v) 3-(Trimethoxysilyl)propylmethacrylat (TMSPMA, Sigma) and 0.4% (v/v) glacial
acetic acid. The freshly prepared silanization solution was flowed for 20 min to the oxidized
channels. Finally, the channels were washed with MiliQ water for 15 min.

Meanwhile, an aqueous solution for polymerization of the hydrogel membrane was prepared. First,
the PEG-DA (Mj, 700 g/mol, Sigma) was mixed with photo-initiator 2-hydroxy-2-methylpropio-
phenone (Sigma) (90/10% v/v). Subsequently, different volumes of UltraPure water (Invitrogen)
were added to the mixture. The oxygen was removed from the mixture by perfusion of nitrogen gas
through the solution for 10-20 minutes. The PEG-DA formulation was injected into the feeding
chamber for 10 min, after which the hydrogel-forming valves were closed, and the remaining
PEG-DA was flushed away with water. The remaining PEG-DA was polymerized for 2 x 30s with
an Omnicure S1500 200W UV curing lamp with a standard filter (320nm-500nm). The formed
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membranes were first washed with UltraPure water for 20 hours and then with a wash buffer
(50 mM HEPES, 100 mM potassium chloride, 11.8 mM magnesium acetate) for 2 hours. The
anti-evaporation layer was primed with water 1-2 hours before the experiment start.

5.4.3 Solute diffusion through the membrane

After the formation of the hydrogel membrane, the flow layer was primed with a solution of 2%
bovine serum albumin (BSA) in 0.5x PBS and washes with a wash buffer (50 mM HEPES, 100 mM
potassium chloride, 11.8 mM magnesium acetate). The reactors were thoroughly washes and filled
with the wash buffer, while the feeding channel was loaded with either 10 pg/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 of the reactor. The reactor was imaged every 10 min.

5.4.4 PURE system and energy solution preparation

The PURE system and energy solution were prepared as described previously [181]. Proteins and
ribosomes were purified by Ni-NTA gravity-flow chromatography. Energy solution was prepared
as described previously [181]. 2.5x energy solution contained 0.75 mM of each amino acid, 29.5
mM magnesium acetate, 250 mM potassium glutamate, 5 mM ATP and GTP, 2.5 mM CTP UTP
and TCEP (tris(2-carboxyethyl)phosphine hydrochloride), 130 U 4269/mL tRNA, 50 mM creatine
phospate, 0.05 mM folinic acid, 5 mM spermidine, and 125 mM HEPES.

5.4.5 Device setup for cell-free expression

After the formation of the hydrogel membrane. The flow layer was primed with a solution of
2% bovine serum albumin (BSA) in 0.5x PBS. For washes between loading steps a wash buffer
(50 mM HEPES, 100 mM potassium chloride, 11.8 mM magnesium acetate) was used. For the
experiments PURE, and DNA solutions were mixed in the microfluidic reactors on the microfluidic
chip in a 4:1 ratio. The energy solution was loaded into the feeding channel. The peristaltic
pump was actuated at 20 Hz to mix the solutions. Every 10 minutes, the reactor was imaged and
for continuous-exchange the feeding channel solution was replenish. 2.5x energy solution was
prepared as described above. The PURE solutions were prepared by mixing the desired protein
solutions (Table 5.1) with ribosomes and supplied with tRNA and 10 uM TCEP. The PURE solution
was supplemented with mScarlet protein to allow for visualization. The DNA solution at five times
its final concentration was prepared by mixing 10 nM of eGFP linear templates and 6.25 uM Chi
DNA. The Chi decoys were added to help mitigate potential DNA absorption and degradation,
while the DNA solution is stored in the FEP tubing before it is added to the chip.
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5.4.6 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 37°C.
The fluorescence was monitored over time on an automated inverted fluorescence microscope
(Nikon), using 20x magnification and FITC / Cy5 / mCherry filters. The microscope hardware
details are described in [166]. The fluorescence images were analyzed and corrected in Python, by
subtracting the background fluorescence of a position next to the fluidic channel.

Table 5.1: PURE system formulations used

| PURE system

Protein | Concentration Protein Concentration
AlaRS 204.4 pg/mL IF1 2.9 pug/mL
ArgRS 5.9 pg/mL IF2 11.7 pg/mL
AsnRS 64.2 pg/mL IF3 29.2 pug/mL
AspRS 23.4 pg/mL EF-G 146.0 pg/mL
CysRS 3.5 pg/mL EF-Tu 1460.0 pg/mL
GInRS 111 pg/mL EF-Ts 146.0 pug/mL
GIuRS 36.8 pg/mL RF1 29.2 ug/mL
GlyRS 28.0 pg/mL RF2 29.2 pg/mL
HisRS 23 pg/mL RF3 29.2 pug/mL
lleRS 116.8 pg/mL RRF 29.2 pg/mL
LeuRS 11.6 pg/mL MTF 58.4 pg/mL
LysRS 18.7 pg/mL CK 1.7 pug/mL
MetRS 6.7 pg/mL MK 8.8 pg/mL
PheRS 49.6 pg/mL NDK 3.2 pg/mL
ProRS 29.2 pg/mL PPiase 2.9 pg/mL
SerRS 515 pg/mL T7 RNAP 29.2 pg/mL
ThrRS 18.2 pg/mL tRNA 11.7 mg/mL
TrpRS 18.4 pg/mL Ribosome 1.8 uM
TyrRS 1.8 pg/mL

ValRS 5.4 pg/mL
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The construction of a synthetic cell is the holy grail of synthetic biology with many potential
applications. However, one of the crucial elements of a synthetic cell, i.e., self-reproduction,
remains to be established. The work presented in this thesis shows that cell-free environments and
microfluidic compartments are powerful technologies to engineer and prototype self-regeneration
systems. This section will briefly summarize the results and discuss limitations and future steps.

In chapter 2 we describe a novel "OnePot" method to produce the PURE system based on cocultur-
ing and co-purification, without extensive cloning steps. We showed that the inoculation ratios
of the coculture can control the protein composition of the OnePot PURE system. Moreover, we
demonstrated that the concentration of EF-Tu is of fundamental importance for the expression
yields. In contrast, changes in the concentrations of the other protein components have a relatively
low impact on the robustness of the PURE system. By adjusting the inoculation ratio of EF-Tu
with regard to all the other components, we achieved a comparable composition to the standard
PURE composition and generated similar yields. However, this preparation streamlining limits the
flexibility of the PURE system, as the proteins cannot be adjusted individually after the preparation.
Moreover, as the concentration of the components is determined based on the inoculation ratio of
the coculture, the exact composition of the system is unknown and somewhat varies for different
preparations. Additional analyses such as mass-spectrometry measurements bring details on the
system composition. The full protocol for the method presented here was also recently published
[197].

For the successful implementation of self-regeneration, it is critical to maintain non-equilibrium
conditions. Chapter 3 summarised in detail the protocol to fabricate a microfluidic chemostat
device with hard-coded dilution fractions defined by reactor geometry. This improved microfluidic
nano-reactor device allows us to run continuous TX-TL reactions at constant steady-state levels.
Furthermore, the dilution by reactor geometry allows loading different viscosity solutions as well
as high chip-to-chip reproducibility and therefore does not require calibrations. However, the
hard-coded dilution somewhat limits the device flexibility as the fixed dilution fractions determine
the dilution rates.

In chapter 4 we demonstrate that the microfluidic device in combination with cell-free systems
can be used for prototyping protein-based self-regenerating systems. We show that essential
PURE system components can be regenerated for several generations and that fine-tuning the
amounts of added DNA template is a critical factor to achieve robust protein regeneration of
multiple proteins. Moreover, our results and corresponding modeling suggest that due to resource
loading and allocation, specific components might have to be tightly regulated, for example, by
feedback regulation. The current setup only allows interrogation of the translation activity of the
system and regenerated components by fluorescent readouts. One of our experimental design
limitations is that we could not directly observe the expression of the regenerated components
and their concentrations. Therefore, it would be exciting to couple the system with electrophoresis,
western blot, or mass spectrometry. Moreover, it would be valuable to implement a quantitative
model of mRNA dynamics to help determine mRNA concentrations during TX-TL reactions via
integration of binary probes [130], molecular beacons [198], spinach aptamers [199], or malachite
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green aptamers [71]. Since the PURE system is free of DNAase, linear DNA templates can be utilized
without extensive cloning steps. By varying individual DNA input concentrations, we were able to
adjust protein synthesis rates for each component. However, in the future, expression strengths
will need to be tuned using synthetic transcription factors [113], promoters [22], terminators [72],
and ribosome binding sites [174].

In chapter 5 we demonstrate that PEG-DA gels implemented in PDMS can be used in place of
dialysis membranes. We then engineered the membrane’s permeability for different molecular
weight solutes to match the requirements for a continuous-exchange cell-free format, where
small molecules can freely diffuse to the reactor and byproducts can diffuse out, while the TX-TL
machinery remains in the reactor. Using this microfluidic device, we were able to show that cell-
free batch reactions can be extended when a continuous-exchange cell-free format is implemented.
However, it remains to be seen for how long the reaction can be extended and if the continuous-
exchange can be combined with steady-state reactions.

Many challenges remain to be overcome to achieve a fully sustainable self-replication system and
eventually autonomous synthetic cell. As stated in the chapters above, it remains to be determined
if the PURE system can regenerate all of its components. In its current composition, it is unlikely
that the system will be able to regenerate all of its components. There are two main reasons for this.
The first concern is related to protein folding and post-translational modifications. Albeit specific
protein modifications and chaperones are presumed to be essential to the system, it will be of
utmost importance to determine their actual essentiality or benefit to the regeneration process
because any additional system component will need to be regenerated, increasing the system
complexity and requiring a higher synthesis rate. The synthesis rate is the second difficulty for the
regeneration, as the PURE synthesis rate is significantly lower than the total synthesis rate needed.
Current approaches mainly focus on increasing component concentrations or adding components
to the system instead of optimizing protein synthesis rates and the ratio of protein synthesis rate
to the total amount of protein contained in the system. Fundamental non-genetic properties
such as molecular self-organization, molecular crowding, non-equilibrium conditions will be of
fundamental importance for self-replicating cells [13] and are expected to increase the production
rates of the system. For example, as mentioned in chapter 5, a continuous-exchange based system
might be beneficial to improve the system synthesis yields and achieve self-regeneration. As we
have shown in chapter 4, the implementation of the computation model helps to understand the
underlying self-regeneration processes. Furthermore, it would be exciting to implement artificial
intelligence with data from the experiments to optimize the self-reconstitution.

To conclude, we showed that continuous TX-TL reactions are potent for synthetic cell research
because they allow the prototyping of separate fundamental sub-processes.
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