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Abstract
Directed evolution describes the repeated process of selection of bioproducts – here proteins
or enzymes – with improved or even new biological traits that have not been seen in Nature
before from a pool of variants. The foundation of directed evolution is the genotype-phenotype
linkage: Because the phenotype, implemented at the level of the amino acid sequence of a
protein, cannot be amplified (and, as a matter of experimental practicality, read out) after
successful selection, its continuous physical association with the genotype, the encoding DNA,
is necessary to recover the information about evolutionary modifications. Nature keeps the
genotype and phenotype together by compartmentalization in a cell. Thus, directed evolution
campaigns in the last decades were mainly performed in vivo. However, this approach can fail
when selecting for properties that are distant to the physiological parameters of a cell, including
toxicity of protein, substrate, or product, and mass transfer issues.
An alternative are in vitro techniques that present the property under selection (such as an
enzyme) outside the cellular context, but need extra effort to maintain genotype-phenotype
linkage. Artificially prepared compartments combined with the cell-free ability to translate the
genetic information into proteins represent a unique opportunity to explore demanding enzyme
engineering projects that require the evaluation of at least hundreds of thousands of enzyme
variants over multiple generations. The translation machinery to generate bioproducts from
genes can be recruited from cell-free extracts in membrane-free settings based on simple
linear DNA fragments, setting an extremely convenient stage for directed evolution
experiments even of proteins, which would be toxic in in vivo settings. As a case in point, the
cell-toxic protein streptavidin, a promising protein scaffold for artificial metalloenzymes (ArMs),
can be produced in vitro with yields beyond cell-based production (Chapter 2).
The success of selection using such artificial compartments relies on their precise generation
and accurate handling at high rates, which in turn requires sophisticated microfluidic tools.
Using such platforms in the context of ArM evolution is particularly challenging as in the current
early stages of evolution operation needs repeated changes in reaction conditions, which are
traditionally challenging to implement in microfluidic settings. Here, we present microfluidic
solutions to various challenging steps of the evolution process, in particular multiple reconditioning and fluorescence-assisted droplet sorting (Chapter 3).
We further illustrate the potential and limitations of these solutions by applying them in a proof
of concept experiment using an ArM for a deallylase reaction based on a ruthenium cofactor
in a streptavidin protein scaffold. We show that improved catalysts can be enriched, and point
out fundamental problems that remain for now associated with early stage in vitro ArM
evolution (Chapter 4).
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Zusammenfassung
Die gerichtete Evolution beschreibt den wiederholten Prozess der Selektion von Bioprodukten
- hier Proteine oder Enzyme - aus einem Pool von Varianten, mit verbesserten oder sogar
neuen biologischen Eigenschaften, die in der Natur noch nie zuvor gesehen wurden. Die
Grundlage der gerichteten Evolution ist die Genotyp-Phänotyp-Verknüpfung: Da der Phänotyp,
der auf der Ebene der Aminosäuresequenz eines Proteins implementiert ist, nach erfolgreicher
Selektion nicht amplifiziert (und aus experimenteller Sicht auch nicht ausgelesen) werden
kann, ist seine kontinuierliche physikalische Assoziation mit dem Genotyp, der kodierenden
DNA, notwendig, um die Information über evolutionäre Veränderungen zu gewinnen. Die Natur
hält den Genotyp und den Phänotyp durch Kompartimentierung in einer Zelle zusammen.
Daher wurden in den letzten Jahrzehnten gezielte Evolutionskampagnen hauptsächlich in vivo
durchgeführt. Dieser Ansatz kann jedoch scheitern, wenn nach Eigenschaften selektiert wird,
die von den physiologischen Parametern einer Zelle entfernt sind, einschließlich der Toxizität
eines Proteins, eines Substrats oder eines Produkts sowie inhibierter Massetransfer.
Eine Alternative sind in vitro Techniken, die die zu selektierende Eigenschaft (z.B. ein Enzym)
außerhalb des zellulären Kontextes präsentieren, aber zusätzliche Anstrengungen erfordern,
um die Genotyp-Phänotyp-Bindung aufrechtzuerhalten. Künstlich hergestellte Kompartimente
in Kombination mit der zellfreien Fähigkeit die genetische Information in Proteine zu
übersetzen, stellen eine einzigartige Gelegenheit dar, anspruchsvolle Enzym-EngineeringProjekte durchzuführen, die die Durchmusterung von mindestens Hunderttausenden von
Enzymvarianten über mehrere Generationen hinweg erfordern. Die Übersetzungsmaschinerie
zur Erzeugung von Bioprodukten aus Genen kann aus zellfreien Extrakten in membranfreier
Umgebung auf der Grundlage einfacher linearer DNA-Fragmente rekrutiert werden, was eine
äußerst günstige Voraussetzung für gezielte Evolutionsexperimente selbst von Proteinen
schafft, die in vivo toxisch wären. So kann zum Beispiel das zelltoxische Protein Streptavidin,
ein vielversprechendes Proteingerüst für künstliche Metalloenzyme (ArMs), in vitro mit
Ausbeuten hergestellt werden, die über die zellbasierte Produktion hinausgehen (Kapitel 2).
Der Erfolg der Selektion mit solchen künstlichen Kompartimenten hängt von ihrer präzisen
Erzeugung und genauen Handhabung bei hohen Raten ab, was wiederum ausgeklügelte
mikrofluidische Werkzeuge erfordert. Die Verwendung solcher Plattformen im Kontext der ArM
Evolution ist besonders anspruchsvoll, da in den derzeitigen frühen Phasen der Evolution der
Betrieb wiederholte Änderungen der Reaktionsbedingungen erfordert, die in mikrofluidischen
Umgebungen traditionell schwierig zu implementieren sind. Hier stellen wir mikrofluidische
Lösungen für verschiedene herausfordernde Schritte des Evolutionsprozesses vor,
insbesondere

die

mehrfache

Re-konditionierung

Tröpfchensortierung (Kapitel 3).
II

und

die

fluoreszenzgestützte

Wir veranschaulichen ferner das Potenzial und die Grenzen dieser Lösungen, indem wir sie in
einem Proof-of-Concept-Experiment anwenden, bei dem ein ArM für eine Deallylase-Reaktion
auf der Grundlage eines Ruthenium-Cofaktors in einem Streptavidin-Protein-Gerüst
verwendet wird. Wir zeigen, dass verbesserte Katalysatoren angereichert werden können, und
weisen auf grundlegende Probleme hin, die im Zusammenhang mit dem frühen Stadium der
in-vitro-ArM-Evolution vorerst noch bestehen (Kapitel 4).
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1.1 Abstract
The chemical manipulation of DNA is much more convenient than the manipulation of the
bioproducts, such as enzymes, that are encoded by it. The optimization of bioproducts requires
cycles of diversification of DNA followed by translation of the information into the bioproduct.
Maintaining the link between the information – the genotype – and the properties of the
bioproduct – the phenotype – through some form of compartmentalization is therefore an
essential aspect in directed evolution. While the ideal compartment is a biological cell, many
projects involving more radical changes in the bioproduct, such as the introduction of novel
cofactors, may not be suitable for expression of the information in cells, and alternative in vitro
methods have to be applied. Consequently, the possibility to produce simple and advanced
micro compartments at high rates and to combine them with the ability to translate the
information into proteins represents a unique opportunity to explore demanding enzyme
engineering projects that require the evaluation of at least hundreds of thousands of enzyme
variants over multiple generations.
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1.2 Introduction
The biological cell is a perfect example of advanced compartmentalization strategies. It
represents itself a compartment, surrounded by a semipermeable membrane that ensures a
space of limited variability with respect to crucial parameters such as composition, pH, and
access. At the same time, the membrane ensures the linkage between the information carrier
that stores the instructions for cell operation and maintenance (genotype) and the space in
which these instructions are executed. The more complex the cell gets, the more organized
the interior of the cell becomes: (Sub-)Compartmentalization helps to organize complex
processes, in the course of which information is converted into biomaterials (in the nucleus,
cytoplasm, endoplasmic reticulum, and Golgi apparatus of eukaryotic cells), energy is
converted (in mitochondria), reactions are catalyzed (membrane synthesis), proteins are
degraded (lysosomes), or the spreading of toxic intermediates is prevented (bacterial micro
compartments) to name only a few examples1.
In most cases, it is not only the physical separation between two environments, i.e. the
membrane, but also the embedded membrane proteins that are responsible for specific
transport between compartments, catalysis of compounds and signaling processes.
Consequently, artificially produced vesicles having at least one lipid bilayer, so called
liposomes, have been used for a long time as an important method to study lipid properties
and behaviors, and membrane protein functionality in vitro, and several examples for this
approach can be found in literature 2. Low stability of these artificially produced liposomes
triggered, among other things, the development of polymer molecules mimicking a lipid
membrane. Such polymersomes have been used to encapsulate active enzymes and integrate
membrane proteins in the polymer shell and they exhibit, in general, higher stability compared
to liposomes and are therefore of particular interest for drug delivery 3. Another important
application for artificially produced compartments is the creation of miniaturized reaction
chambers for a directed evolution process to endow whole organisms 4 or single enzymes5 with
new properties such as novel substrate specificity or improved yield on starting material. In
particular in the latter field, artificial compartments allow exploring new avenues for endowing
enzymes with novel properties, as they allow the analysis of large numbers of enzyme variants
in conditions that can be quite distinct from the natural environment of enzymes with respect
to aspects such as pH, temperature, and liquid phase composition, so they cannot be analyzed
in cells.
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1.3 Production techniques for different compartments
Different in vitro compartmentalization techniques are available today but most of them
combine the same principle of dispersing an aqueous solution into a water-immiscible phase
to produce a water-in-oil (w/o) emulsion. The water-immiscible phase can consist of a mixture
of different lipids to form liposomes which are more likely to behave like an original biological
membrane than other materials6. Alternatively, chemically synthesized block-copolymers can
be used which do not only form reaction compartments as well but also can exhibit membranelike functionality such as the capability to integrate functional membrane proteins for selective
transport7. Such polymersomes are also obtained by mixing the polymers with an aqueous
phase. Finally, different oil types can be used to generate containers as w/o emulsions. Such
emulsions need to be stabilized by surfactant molecules to prevent coalescence and usually
do not include sophisticated membrane functions and can thus only be seen as highly
individualized separated reaction chambers. Different protocols are available for the production
of liposomes8, polymersomes7 or water-in-oil emulsions, depending on the application.
Because of their important role in enzyme engineering, we will in the following focus on the
production of w/o emulsions and their specific applications.

Figure 1.1: Poly- and monodisperse water-in-oil (w/o) emulsion.
A) An aqueous solution was mixed with an excess of oil (1:10) and vortexed for 10 seconds. The oil
phase contained fluorinated oil with fluorinated surfactant (Pico-Surf1 in HFE-7500, 5% (w w-1)) for
droplet stabilization. The formed droplets vary in diameter from 2 to 50 µm. B) Monodisperse droplets
with a diameter of 23 μm produced with a microfluidic chip.

Two simple categories of emulsions can be distinguished depending on the breadth of the
distribution of compartment diameters. The traditional way of dispersing water into an oil phase
by stirring or vigorous shaking leads to emulsions with a polydisperse droplet population, i.e.
a population with a broad distribution of diameters (Figure 1.1 Α). By contrast, the more
controlled production condition in microfluidic chips lead to monodisperse droplets populations
4

characterized by a rather small distribution (Figure 1.1 Β). In the following, these two
characteristics and their production procedures are described in more detail.
Many insights into the fundamentals of the field of emulsion production and stabilization were
obtained in the chemical and food industry for the production of margarine (w/o emulsion) and
the cosmetic industry for the production of creams (oil-in-water or o/w emulsion). The great
potential of w/o emulsions as reaction compartments for biological methods such as a directed
evolution screens was firstly explored by Tawfik and Griffiths 9. The emulsions were produced
by simply mixing an aqueous solution in mineral oil and surfactant with a stirring bar, and the
aqueous phase contained a DNA molecule with the information encoding the enzyme variant
and a cell-free extract, which in turn contained the entire machinery for protein production,
including ribosomes, tRNA, etc. The produced w/o droplets were highly polydisperse and
contained droplets with diameters between 1 and 8 µm (volumes between 0.5 and 270 fL) and
allowed compartmentalized expression of the unique information in those droplets that
contained DNA. In this case, the gene of an active methyltransferase variant was enriched
from an excess of 107 variants without methyltransferase activity. This enrichment was
facilitated by the fact that a methyltransferase methylates a specific DNA sequence and thus
renders it insensitive to DNA restriction. Integrating this sequence into the DNA for the
methyltransferase allows DNA from “active droplets” to be protected. When the emulsion is
broken and DNA from different droplets comes together, then active methyltransferase digests
specifically DNA from “non-active” droplets, and protected DNA from active droplets is
enriched. A similar approach was used to evolve a DNA polymerase that showed higher
tolerance against inhibitor substances10 or the incorporation of hydrophobic base analogues 11.
Here, successful enzyme operation under specific environmental conditions led to enrichment.
Clearly, applications to other problems than evolving DNA modifying enzymes or DNA
polymerases require different read-out methods. If for example directed evolution of an
enzyme is desired that converts a non-DNA substrate, a different assay needs to be
established. Detection can be achieved by using a non-fluorescent substrate that upon
catalysis turns into a fluorescent product, so that enzyme activity in small droplets can in
principle be analyzed via flow cytometry. However, standard fluorescent activated cell sorters
(FACS) cannot deal with w/o droplets, because sorting depends on charging an aqueous
droplet surface. This becomes possible when applying water-in-oil-in-water (w/o/w) double
emulsions, which can be produced by mixing a first w/o emulsion into a second aqueous phase
with a stirring bar or by vigorously shaking using a vortex mixer12. Such double emulsions can
be subsequently analyzed with a FACS device and containers with active enzymes that
generate a fluorescent signal can be sorted with rates of up to 25,000 events s-1. With this
setup, enzymes such as β-galactosidase13, phosphotriesterase14 and thiolactonase15 could be
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improved in their catalytic activity. The typical diameter of droplets in the double emulsions
mentioned above ranged from 10-30 μm with volumes between 0.5 – 15 pL.
This broad volume distribution leads to drastic product concentration differences for enzymes
even if they display similar specific activity and thus limits the usefulness. However,
circumventing polydispersity and increasing control over the production of the emulsions
requires a new technology. Microfluidic techniques allow to precisely control the generation of
droplets, but they come with the disadvantage of reduced droplet formation rate. The
production of droplets via stirring or vortexing can lead to the formation of 1011 droplets within
a few seconds. With microfluidic devices, only approximately 108 droplets can be realistically
prepared in two hours, depending on the chip geometry. Of course, also at such reduced, but
still very high rates, compartmentalization is still an excellent tool for enzyme evolution.
W/o emulsions with monodisperse droplet population can be produced either in
poly(dimethylsiloxane) PDMS chips or a glass capillary set up. With the two dimensional PDMS
chip the oil stream emulsifies an aqueous stream at a Y-junction16. In a three dimensional glass
capillary set up an oil sheath fluid emulsifies a water stream17. To guarantee a constant flow
and reliable production of droplets the surfaces of the glass capillary or the PDMS chip needs
to be treated in a specific way to prevent wetting. Wetting is the ability of liquids to hold contact
to a solid surface and depends on the properties of the surface. Production of w/o droplets
thus requires a hydrophobic treatment of the PDMS channels or glass capillaries. The
production rate of the droplets is usually in the kHz range but it was already reported to
advance to the low MHz range, coming close to the number of droplets that can be produced
with the traditional techniques mentioned above 18.
The commonly used oil phase for the production of these reaction vessels is composed of
fluorinated oil and fluorinated surfactants for stability. If an optical read out is needed, FACS
cannot be used for the aforementioned reasons. Instead, on-chip fluorescent read-out and
sorting was developed and sorting frequencies of up to 2,000 s-1 can be reached. This is still
below the frequencies that can be reached with a standard FACS device. Nevertheless, with
this technology promiscuous enzymes for the catalysis of phosphotriesterases and
sulfotriesterases were found in a metagenomic library after the screening of 3x107 clones19.
If higher sorting rates than 2,000 s-1 are required, then a second aqueous phase is needed.
This can be achieved again with either PDMS chips or a glass capillary set up. Here, two
emulsion need to be combined, which requires a more complex chip geometry. First, the
aqueous stream is emulsified by the oil stream, and correspondingly the following channels
need to have a hydrophobic surface. At a second junction the w/o stream is re-emulsified into
an aqueous stream, the subsequent channels need to have a hydrophilic surface. Treatment
of one microfluidic chip with two different surface coatings for the production of double
emulsions is difficult to achieve due to possible crosstalk between the channels. Separating
6

the microfluidic chips into two stages, one for the generation of the w/o emulsion and one for
the generation of the w/o/w emulsion averts such difficult channel surface treatments. This
approach also allows collecting the first emulsion after formation in the first chip, incubation of
droplets off chip, and later re-injecting into the second, the hydrophilic chip 20.

1.4 Applications of artificially produced compartments
The applications for small compartments in life sciences are manifold and range from enzyme 21
and ribozyme engineering 22 via analysis of DNA populations23 to genome sequencing based
on next generation sequencing technology 24. The applications can be divided into two parts,
in vitro and in vivo screenings.
A typical in vivo screening approach consists of four major steps starting with gene
diversification to generate a DNA library 25, using the library to transform a suitable host
organism such as the Gram-negative model bacterium Escherichia coli for subsequent
expression of the information, screening and sorting of the positive clones harboring a
promising variant, recovery of the genotype and either further diversification for a next round
or analysis via sequencing.
In the in vitro approach the DNA library is directly emulsified with the suitable components
required for reading out the information (e.g. cell-free extract, see above), and thus the
sometimes limiting host transformation step can be omitted. This approach allows direct
screening for a suitable phenotype on the DNA level. Of course, most relevant functional
properties require either transcription of the DNA (into RNA, for example to screen for ribozyme
function), or, in addition to transcription, also translation (from RNA into protein, to screen for
protein functions such as biding or catalysis). Depending on the purpose, it is therefore often
necessary to provide additional functions in the aqueous phase. In the next paragraphs, we
look in more details into the two different types of applications.

1.5 Applications in vivo
Yield engineering: As soon as droplet production can be controlled, it is possible to control
the amount of carbon source that is provided as part of the aqueous phase inside the droplet.
By distributing variants of a strain that, for example, ferments glucose to lactic acid and then
screening for increases in lactic acid production, droplet technology can be used to select
strain variants with increased fermentation yield for a variety of biotechnological products,
provided the product can be retained in the droplet, which is mostly the case for organic acids26.
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Improvements of intracellular products: Despite the possibly misleading terminology, many
in vivo applications in micro compartments aim at the improvement of an enzyme that remains
intracellular and needs to be released before its function can be assayed (Figure 1.2A). During
selection, the gene for the enzyme under study undergoes the usual treatment for in vivo
applications, but the overall protocol is expanded by a cell lysis steps followed by an in vitro
assay. After that, positive candidates can be selected and retrieved in the form of DNA from
the droplet, amplified and can then be analyzed via sequencing. If required, the gene is rediversified and the in vivo cycle begins anew with transformation 27.

Reactions outside of a cell: If there is a possibility to export the protein of interest from the
cytoplasm, the cell lysis step can be omitted and the assay can be directly performed on the
secreted product, hence facilitating the selection for improved protein properties. Here, one of
the advantages of compartments is that for reactions taking place outside of cells but are
encoded inside of them, the linkage between genotype and phenotype is still maintained, as it
is the case for secreted enzymes – at least as long as the assay product is sufficiently retained
in the reaction compartment. Co-encapsulation of the substrate leads to the formation of the
product that is physically retained in the vicinity of the gene-carrying cell and positive clones.
The droplets can be sorted (Figure 1.2B) and either the DNA is retrieved via colony PCR, or,
if the cell (or the cells) in the compartment is still alive, the cells can be re-grown, for example
on solid media28. Alternatively, the enzyme might not be secreted into the medium but can be
retained on the outer surface of the cell, a technique called protein or enzyme display. The
phenotype-determining reaction still takes place on the outside of the cell (Figure 1.2C). This
was successfully demonstrated with the improvement of horseradish peroxidase (HRP) which
was displayed on the surface of a yeast cell 29.
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Figure 1.2: Scheme of compartmentalized expression systems
A) Expression of a specific gene product in a cell and subsequent lysis after encapsulation. B) Secretion
of the gene product after encapsulation of the host organism. C) Cell-surface display of the gene product
after encapsulation of the organism. D) Cell-free protein synthesis of the encapsulated gene. Adapted
from Colin et al.30.

1.6 Applications in vitro
Cell-free protein synthesis: The first compartments used for enzyme engineering by Tawfik
and Griffiths contained only one copy of a diversified gene. To produce the protein, the HaeIII
methyltransferase, they used cell-free protein synthesis (see above)9. This technique abolishes
the step of ligating the gene into a plasmid and using the resulting library for the transformation
of an organism by exposing the gene directly to a cell-free extract with all the components
required for reading out the genetic information (Figure 1.2D). In this way, library generation is
much facilitated. Furthermore, proteins that are toxic or harm the growth of the organism can
be expressed and improved variants can be sorted out. With this technique, the substrate
9

already needs to be present during the synthesis of the gene. A drawback is the low amount
of DNA that is present per droplet after compartmentalization. As each droplet is to have only
one information variant, at the beginning each compartment necessarily contains only one
DNA molecule. This in turn typically leads to low amounts of protein produced and potential
variants easily get lost during the sorting process. A suitable strategy is to include a DNA
amplification step at some point after compartment formation, e.g. by emPCR. The involved
temperature increase would lead to an inactivation of the capacity to read out the information
into protein, therefore the amplification step needs to be kept separate from the information
read-out. This can be achieved in microfluidic settings by fusing a cell-free protein synthesis
mixture with droplets after DNA amplification. Positive variants can be sorted based on a robust
signal and the DNA retrieved31. Additionally, substrate or cofactor can be injected into the
droplets individually to allow for a time-controlled reaction start of the screening process.
RNA screening: Not only enzymes can be the target of directed evolution but also RNA
molecules, which find applications for their capacity to selectively bind small molecules (e.g.
as riboswitches) or to catalyze reactions (ribozymes)22. A sophisticated variation of the protocol
includes the use of droplets in a transcriptomics application: mRNA molecules containing the
poly adenosine tail can be captured via poly thymidine functionalized micro beads from single
cells encapsulated into droplets, reverse transcribed and amplified for further single cell
transcriptome analysis32.
Magnetic beads: Magnetic beads can serve as an anchor point for DNA molecules much as
a cell gives a first compartment to a bacterial chromosome or plasmids. The beads have the
advantage that they can be easily separated from an emulsion with an externally placed
magnet. Target genes can be amplified33 on the beads and expressed via cell-free protein
synthesis34. Several techniques exist to afterwards bind the protein to its specific DNA on the
magnetic bead to generate a covalent genotype-phenotype linkage35. Placing the populated
magnetic bead then in a compartment in a w/o or a w/o/w emulsion allows for the use of this
technique for enzyme evolution. The reaction product remains in the same compartment as
the information on the bead – although also alternative linkage schemes are possible if a
fluorescent reaction product can be bound to the magnetic bead directly 36.
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Establishing the design principles of life: Even though compartments were presented here
in the context of biocatalyst evolution, they are in fact rather sophisticated reaction systems
with a hint of the basics for minimal live 37,38,39,40,41,42. Especially, the cell-free protein synthesis
approach captures already quite a large number of functions of a minimal cell43. While neither
compartments produced with fluorinated oil nor with polymersomes have an equivalent in
known biological systems, they illustrate directions into which the field is developing:
compartments become on the one hand, more sophisticated and, on the other hand, address
specific deficiencies of biological or biology-derived systems (such as limited stability) with
molecules derived from chemical synthesis (e.g. block-copolymers). It will be interesting to see
whether proteins can be adapted to operate in such artificial systems, in particular in the
corresponding membranes – or whether they need to be evolved to do so. Ultimately, the
reaction compartments will become increasingly more functionally sophisticated, e.g. by the
integration of membrane proteins to improve communication with the exterior of the
compartment – and thus become more and more like a re-engineered version of a cell44,45,46.
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1.7 Scope of the thesis
In this doctoral thesis, we aim to combine in vitro protein synthesis and compartmentalization
via microfluidic tools in order to develop a droplet-based screening platform for artificial
metalloenzymes (ArMs) based on the streptavidin (Sav)-biotin technology. ArM engineering
using the Sav-biotin approach brings with it a number of specific properties that make an in
vivo approach cumbersome: [i] intracellular production of Sav leads to sequestration of biotin,
which is an essential vitamin in most cells, including the model bacterium E. coli. Hence, the
in vivo generation of variants is challenging. [ii] Full ArM assembly requires an artificial cofactor
of considerable size to encounter the Sav protein scaffold. This cofactor cannot enter the
bacterial cytoplasm, and its access to the periplasm remains, while apparently possible 47,
difficult to rationalize. [iii] While ArMs of the Sav-biotin type enable exciting novel
“bio”chemistry, they very often do so – for the time being – under conditions that are distant to
physiological conditions (aqueous reaction medium, pH 7, ambient temperatures). While the
objective remains to include such reactions into the (genetically encoded) repertoire of a
bacterial cell, the evolutionary path there remains often long and the starting conditions are
often not (yet) compatible with in vivo selection. [iv] Specific activities of ArMs are currently low
(~ 50 turn over numbers), potentially too low to enable straightforward in vivo selections.
Therefore, we will explore an in vitro directed evolution approach. This requires first the
establishment of two sets of technologies in the Bioprocess Laboratory:
Firstly, we aim to establish and improve a cell-free platform for the in vitro production of
proteins. While this is a technology that is already in use for a long time in fundamental
biological research48, and more recently has gained much traction as a prototyping and even
production setting49,50,51, practical implication remains far from trivial. For example,
reproducible production of cell-free extracts of high protein synthesis capacity relies on a
variety of experimental details that carefully need to be implemented to guarantee robustness.
Our efforts around establishing this core technology in our laboratory are described in
chapter 2.
Secondly, we aim to establish microfluidic tools to adopt existing cell-free methodology to the
requirements of ArM (or more specifically, Sav-biotin) engineering. Given the specific features
of ArMs (see above), the in vitro strategy inevitably will rely on our ability to manipulate large
sets of variants with high precision and flexibility. In turn, this will require the implementation
of a number of processing steps that are foreign to our laboratory and beyond the complexity
of available standard setups. Our efforts around establishing this second core technology in
our laboratory are described in chapter 3.
Finally, we will aim to combine the two new methods and illustrate their potential in the field of
ArM engineering in chapter 4 for a model reaction, a deallylase reaction, a reaction that is
absent in nature but leads to the formation of a fluorescent product.
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2.1 Abstract
Cell-free protein synthesis (CFPS) is an attractive tool for protein engineering when the
functional assay is not compatible with cell-based processes. The protein is produced in a cellfree extract (CFX) that still provides the complex functions of the cellular interior (including
protein synthesis) but no longer restricts access to the produced protein or the use of toxic
assay materials. Here, E. coli is used as a model organism for the production of highly active
CFX for CFPS. In additional experiment, we improved the CFPS activity of the high activity
CFX based on transcription from linearized DNA fragments or PCR products, which is
advantageous for high-throughput protein engineering experiments because the transcription
template can be obtained in vitro as well. We show usage of the CFPS for the production of
non-toxic proteins such as super-folder green fluorescent protein, and for cell-toxic proteins,
such as streptavidin. We also use a release factor 1 (PrfA)-depleted CFX, prepared according
to the principles developed here, to incorporate up to five non-canonical amino acids into a
protein.
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2.2 Introduction
Nature has evolved a unique apparatus in which information is stored in one, chemically stable
but also relatively inert biopolymer (DNA, representing the genotype) and then, in order to
express the stored functionality, transformed into a second, chemically more versatile
biopolymer (proteins, the tools for implementing the phenotype). The informational polymer
replicates accurately in vivo and is easy to modify in vitro. Proteins are neither easy to modify
nor do they replicate, but they (or some downstream functions for which they are required)
cause a property that is of interest and can be scored. Naturally, DNA and protein production
are intrinsically linked by residing in one compartment, the cell, and therefore functional
variation can be easily implemented as a variation in the DNA that becomes selectable as
consequence of its phenotypic expression.
The improvement of proteins for applied purposes, for example of enzymes as biocatalysts,
takes advantage of this principle: Variations of the catalyst are easily introduced at the DNA
level, expressed at the protein level, and identified again on DNA level by reading out the DNA
sequence. If the effect of the variation can be unequivocally linked to the compartment in which
DNA resides, improvements can be selected and preferred modifications continued in further
circles of variation and selection, leading to man-made directed evolution. The latter has led
to the development of exquisite enzymes in many fields of the chemical and pharmaceutical
industry52.
One fundamental problem in the domain of directed evolution is the generation of diversity and
the linkage between genotype and phenotype. Once a DNA molecule has been diversified, it
needs first to be amplified, and then the information needs to be read out in a complex process
of transcription and (often) translation. The standard method to do this is in vivo, by expression
of a plasmid-based gene in a bacterial cell. However, many of the functions that are of interest
are difficult to score in a cell – for example, the evolution to improve the rate of an enzyme for
a reaction that involves a starting material and a product that have no biological function,
because the cell cannot directly benefit from depletion of substrate or production of product.
As a result, a series of complex, laborious and time-consuming steps; cloning of gene variants,
efficient transformation, growth of host strain, gene expression, and often release of the target
enzyme from the cell is typically required before the assay for function can even be undertaken.
An alternative to this set-up is provided by a cell-free system. Here, the central part of the in
vivo procedure is done in advance by preparing a cell-free extract (CFX) that allows protein
synthesis (cell-free protein synthesis or CFPS) and gene expression 53. Access to these
capacities no longer requires cloning or transformation, and scoring is no longer inhibited by
access. DNA amplification can be performed externally using PCR, and therefore parallel
experimenting, if desired in distinctly non-conventional environments becomes possible 54.
Specifically, CFPS can be used to produce a large number of different enzyme mutants ready
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for assaying in a couple of hours compared to a cell-based system, for which the same result
would take days, if the protein variants need to be purified.
Along these lines, another great advantage of CFPS is the ability to eliminate laborious cloning
steps by using linear DNA as a template for protein synthesis 55, which is directly accessible
from mutagenesis-inducing procedures such as DNA shuffling or error-prone PCR followed by
individualization of the DNA molecules and PCR for amplification. Cells degrade linear DNA,
but in CFXs this degradation can be inhibited by the addition of a nuclease inhibitor56. Finally,
proteins that would harm a host cell during protein synthesis (such as proteases) can best be
produced by CFPS57.
If the extract is prepared from an organism that is easy to access with tools for genetic
engineering such as E. coli, it is an interesting possibility to manipulate the source strain to
obtain specific properties58. This might be simply related to an increased efficiency, for example
when protein production in the CFX is improved via the deletion of genes for DNA or RNA
endo- or exonucleases or via the overexpression of entire pathways in amino acid
metabolism59. Alternatively, novel properties can be engineered: recent developments in
genome engineering led to the development of a recoded E. coli cell that lacks release factor 1
(PrfA)60. PrfA is responsible for the translational stop at the amber stop codon usually at the
end of the coding sequence of the mRNA of a gene 61. This translational stop signal can be
suppressed when the cell is provided with an orthogonal tRNA (o-tRNA) with the amber stop
codon recognition site and its cognate amino acyl tRNA synthetase (aaRS) that loads the
respective o-tRNA with, for instance, a non-canonical amino acid62. As a consequence, internal
amber stop codons are no longer recognized as a translational stop but rather as an additional
codon for the incorporation of a non-canonical amino acid. Using a CFX prepared from PrfAnegative strain, it was possible to incorporate multiple non-canonical amino acids into several
target proteins such as sfGFP or elastin-like proteins to name a few60.
Finally, an important element of using CFPS for protein evolution is that in this way genetically
difficult-to-access hosts become much more easily accessible. Many proteins need (often
unknown) host-specific conditions for function (chaperones, membrane functions, cofactors,
etc.), but the generation of large libraries for in vivo procedures in these hosts is impossible,
as neither the tools nor the protocols might exist. However, CFXs can often be produced from
such organisms, including several types of prokaryotes, yeast, and insect, mammalian and
plant cells63,49,64,65.
Here, we implement the production of highly active CFX obtained by a fed-batch fermentation
that shows decreased batch-to-batch variability with increased CFPS activity in comparison to
flask cultivation of the host strain and apply it to address some typical experimental problems
to probe the advantages of CFPS.
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2.3 Results
2.3.1 Preparation of active CFXs – an overview
The preparation of CFPS-compatible CFX followed, in general, the following 12 major steps
(Pratt et al. in 198466) (Figure 2.1): [i] Cultivation: cells whose cytoplasm will form the CFX are
cultivated with conditions that provide a high concentration of ribosomes. For microbial
systems, this is typically achieved by harvesting at a high specific growth rate (step 1 in Figure
2.1)67,68,69. [ii] Cell Harvest and Conditioning: cells are concentrated (e.g. by centrifugation) and
then washed in a buffer that mimics the lysis conditions (S30A). Specifically, the environment
is rich in Mg2+ ions (mRNA and rRNA stabilization), K + ions (critical for overall high synthesis
activity), and in reducing agents, such as dithiotreitol, to ensure that the reduced milieu of the
cytoplasm of bacteria is maintained 69,70. This part concludes by shock-freezing the cell pellet
at -80ºC, which helps to break up the cells in the next step, but is also convenient for storing
material for longer time (steps 2 to 4); [iii] cell lysis and removal of debris: the pellet is resuspended in already described favorable buffer and the cells are opened by bead-beating71,
sonication72, or via high pressure homogenization 73, and removal of the remaining small debris
requires a high-speed centrifugation at 30’000* g (steps 5 and 6); [iv] run-off reaction and
conditioning: as the cells were ideally harvested during a period of rapid growth, the protein
translation machinery was captured in a state of high occupation 72. Consequently, at one point
during the preparation of the CFX, the available ribosomes need to be returned to an
unoccupied state. This happens during the run-off reaction: after centrifugation, the preparation
is simply incubated for a sufficient time at 37°C (step 7) 72. During this step, several proteins
aggregate and precipitate, probably due to the action of proteases or because the environment
has become sufficiently alien in terms of general parameters such as osmolarity. Removal of
this material requires again a high-intensity centrifugation step (step 8), and the resulting liquid
is conditioned by dialysis to obtain later optimal results with the CFPS. Specifically, the extract
is dialyzed against S30B buffer, which is rich in glutamate to take advantage of central
metabolism and oxidative phosphorylation74, contains DTT as a reducing agent to adjust the
redox milieu, and the water has been treated with diethylpyrocarbonate (DEPC) in order to
inactivate potential RNase contamination. Also, the pH is adjusted to 8.2, which is optimal for
protein synthesis (step 9)75. This dialysis step might lead to precipitation, which can be
removed by another centrifugation step. After dialysis, the resulting extract can be frozen at 80°C and stored for extended periods (step 10). In the following, we will also refer to this extract
as CFX. [v] A small aliquot of the preparation is retained and used for optimization of CFPS in
the extract that has been prepared so far. For this, the extract is used for a series of standard
CFPS reactions, which all differ in the concentration of Mg 2+ ions in the extract (steps 11 and
12). More specifically, the extract is supplemented with compounds determined as limiting for
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CFPS, including proteinogenic amino acids 76, energy sources such as ATP and
3-phosphoglycerate for energy regeneration using the glycolytic enzymes, a full set of
ribonucleotides for mRNA formation, a tRNA solution to supplement the endogenous tRNA
pool of the E. coli CFX for efficient translation, and cofactors to allow metabolic cycles to
continue operating for energy generation (CoA, NAD, cAMP) 71. It also includes compounds
whose presence has been found beneficial for other reasons, such as spermidine for DNA
stabilization, and folinic acid as a precursor for N-formylmethione synthesis, which is required
for prokaryotic translation initiation 77 and PEG8000 to emulate the conditions of molecular
crowding that are typical for the cytoplasm. This mix is provided with different concentrations
of Mg2+ ions, the gene encoding the gene product to be synthesized, and, if necessary (see
below), a powerful RNA polymerase to initiate gene transcription, for example the enzyme from
phage T778. An easy way to conduct this quality control is to use the gene for superfolder green
fluorescent protein (sfGFP) as a template for synthesis, as the amount of gene product
produced can be easily quantified by fluorescence. The optimum amount of Mg2+ to be added
is determined by the sample with highest sfGFP production.
At this point, the preparation is complete. Whenever a new CFPS reaction is to be run, a fresh
extract is retrieved from the frozen stage after step [iv], and the CFPS reaction is started as
described in [v] for the optimization, with the optimum Mg2+ concentration. While the details of
the protocol can differ for different sources of cell material (the protocol of Figure 2.1 is the
protocol for the gram-negative model organism E. coli), the core elements of the protocol are
very similar. Typically, in the present time CFX based on E. coli is obtained from E. coli BL21,
different from the standard K12 laboratory strains, but well established as an efficient host for
in vivo protein production79 as well as a source for extract73. This strain has, over the last few
years, replaced better known sources of extract for CFPS, such as the genetically engineered
E. coli A19 (KC6) strain80.
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Figure 2.1: Representative scheme of CFX production and characterization
Process for the preparation of CFX based on the prokaryotic organism E. coli.

19

2.3.2 Production of highly active CFX
The standard protocol as discussed in the previous section is robust, but still offers room for
improvement. One important point is the manner in which the cell material is provided in step
[i]. Batch cultivation in shake flasks is the common procedure but oxygen limitation, pH shifts
due to metabolic overflow, and, in general, a limited control over the process can lead to distinct
batch-to-batch variations and limited CPFS activity 81. Also, the specific medium composition
influences growth rate, and the batch-protocol employed in standard shake flasks leads to
metabolic overflow caused by an oversupply of glucose at the beginning 81.
A second point of optimization is the strain that serves as the source of the CFX for CFPS. A
common source for the CFX preparation is RNase I defective A19 strain as it was reasoned,
that inactive RNase I in the CFX improved mRNA stability in the following CFPS reaction 82.
This strain was also the source for the genetically engineered strain, KC6, which has additional
genetic deletions of enzymes involved in amino acid degradation to improve amino acid
stability in the CFX80. In recent years, commercially available E. coli B strains such as the
protease-deficient strain, BL21, became more prominent for CFX preparation and CFPS
reactions71. Specifically, BL21(DE3) contains a lysogenic lambda phage (denoted as DE3) that
carries the gene encoding T7 RNA polymerase (T7 RNAP) under the control of a Plac
promoter79. Inducing enzyme synthesis during cell production in the first stage might obviate
the addition of T7 RNAP during conditioning of the extract. Furthermore, BL21 Rosetta 2
contains a plasmid that encodes tRNAs of codons that are rare in E. coli but more frequent in
genes from other, specifically eukaryotic, sources, hence extracts from this strain might be
advantageous for CFPS of proteins from such foreign sources 83.
Using these four bacterial strains, we set out to implement an efficient protocol for CFPS. First,
we verified the ability of the four different E. coli strains (A19, KC6, BL21 Rosetta 2 and
BL21(DE3) Rosetta 2, Supplementary Table 2.1) to produce active CFX for in vitro protein
synthesis. The bacterial strains were cultivated in shake flasks with 2xYTPG medium.
BL21(DE3) Rosetta 2 was induced (at OD 0.6) with IPTG for the expression of T7 RNAP. After
CFX preparation, CFPS assays were performed by adding separately T7 RNAP to the obtained
CFXs (Figure 2.2A). BL21 Rosetta 2 and BL21(DE3) Rosetta 2 showed increased CFPS
activity compared to the bacterial strains A19 and KC6. Therefore, we chose to work with the
BL21 strains for CFX preparation. Next, we compared the CFPS activity extracts obtained from
BL21 Rosetta 2 and BL21(DE3) Rosetta 2, where we optimized the induction (at OD 1.6) of
expression of T7 RNAP. It became clear that CFX obtained from the latter strain contained
sufficient T7 RNAP for efficient CFPS: Even with CFX obtained from shake flask experiments,
sfGFP production increased by 69 % relative to CFPS based on BL21 Rosetta 2 with addition
of 250 U commercially available T7 RNAP in a standard 100 µL CFPS mix. Remarkably, the
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addition of separate T7 RNAP to extract obtained from BL21(DE3) Rosetta 2 had no positive
impact on protein synthesis activity (Figure 2.2B).
Next, we turned to a more controlled production environment in order to guarantee a large
amount of CFX of a more reproducible quality; specifically we switched to a lab-scale stirred
glass reactor with pH control and complemented this with a fed-batch protocol for BL21(DE3)
Rosetta 2 (Figure 2.2C). We first reduced the glucose concentration to 2 g L -1 in comparison
to standard 2xYTPG medium (which contains 18 g L -1). We reasoned that as a consequence,
the overflow metabolism and hence the production of acetic acid would be reduced and the
disadvantageous effects of accumulating acetic acid would be easier to avoid 81. In exchange,
the missing glucose could be provided from the feed. A standard fed-batch protocol requires a
limiting nutrient that is fed into the main culture and thus controls the specific growth rate of
the strain. With the complex media that were employed here, this concept is not applicable as
a) it is unclear what the limiting nutrient would be and b) we had no intention to apply limiting
growth conditions, as these would have led to a reduction in specific growth rate and, as a
consequence, ribosome concentration. In the case discussed here, “feeding” refers only to the
replenishment of glucose, while the components of the complex medium are provided only
once, at the beginning. Strictly speaking, it remains unclear which components of the complex
medium part were fully consumed.
After the initial batch phase in 2xYTPG medium with reduced glucose concentration (2 g L-1),
which ended with the depletion of glucose as indicated by a constant increase of dissolved
oxygen, the feeding phase was started. Indeed, offline analysis via an enzymatic kit during the
process showed a decrease of glucose concentration up to the time when the feed was started.
The feed was initiated with an exponential feeding profile with a dilution rate set to 1 h -1 and
the culture was induced for the expression of T7 RNAP. The end of the cultivation was reached
when the dissolved oxygen concentration had decreased to 30%, which happened
approximately 1 h after the beginning of the fed-batch. After that point, the danger that the
culture might experience oxygen-limitation increases significantly.
This protocol resulted in consistently higher cell densities compared to cultures grown in
standard 2xYTPG: OD 4 in shake flasks compared to OD 14 in a fermenter. Interestingly, even
if that increase was taken into account and the corresponding actions in step [ii] of the previous
section (cell harvest and conditioning) scaled to the increased amount of cell material, the
protein concentration that we obtained in the final CFX was also higher in the CFX obtained
from the fed-batch protocol. The fed-batch protocol was reproducible over multiple
fermentations and led to high CFPS activity when tested with the in vitro production of sfGFP
(Figure 2.2D). Due to the higher cell density per culture volume and better control of the
process, the amount of CFX obtained from the same cultivation volume increased 4-fold and
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the in vitro produced concentration of sfGFP from extract more than 2-fold compared to shake
flask cultivation in 2*YPTG (compare Figure 2.2B and D)

Figure 2.2: Optimization of the production of highly active CFX for CFPS.
A) In vitro production of sfGFP with CFX derived from four different bacterial strains. T7 RNAP was
added to the CFPS mix with the exception of BL21(DE2) Rosetta 2, in which T7 RNAP production was
induced with IPTG during growth. B) Optimization of T7 RNAP provision. CFXs were obtained by shake
flask cultivation with BL21 Rosetta 2 (blue) or BL21(DE3) Rosetta 2 (green, +IPTG). Both CFXs had
been independently optimized for Mg-glutamate concentration. 0 (- T7 RNAP) or 250 units (+ T7 RNAP)
of T7 RNAP was added per 100 µL standard CFPS reaction and sfGFP production was followed for 2 h.
C) Representative fed-batch cultivation with E. coli BL21(DE3) Rosetta 2. Time points for start of fedbatch phase and induction of T7 RNAP synthesis are indicated with an arrow. D) Reproducibility of fedbatch protocol. Comparison of total protein concentration in the CFX (blue) and of the CFPS-capacity
(green) using CFX from three different fed-batch fermentations. E) Summary table of bacterial strain
cultivation and the DNA concentration of the used plasmid in the experiments A-D
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2.3.3 Linear DNA as a template for CFPS
The standard source of a DNA template for CFPS is a plasmid construct containing the
regulatory elements for transcription such as promoters, operator regions and terminators 84.
Plasmids, in particular in their covalently closed circular form, exhibit good stability in CFX
despite the presence of endo- and exonucleases and can be produced at sufficiently high
concentrations to ensure efficient transcription in CFX, but are laborious to construct. Using
linear fragments, as they can be obtained in high concentrations from PCR would be more
convenient and less laborious55,85,86. However, linear DNA is a good substrate for the RecBCD
nuclease complex, resulting in to its degradation87. Interestingly, the effect of RecBCD can be
reduced by the presence of GamS, a phage protein that inhibits the interaction between the
RecBCD complex and linear DNA 88. To investigate whether this inhibition would be sufficient
in our CFX to enable efficient CFPS, we produced the phage GamS-His6 protein in BL21(DE3)
(Supplementary Table 2.1), and purified it after lysis of the cells via high pressure
homogenization, and affinity chromatography (Supplementary Figure 2.3)55. Then we
conducted CFPS either in the presence or absence of purified GamS in buffer S (50 mM TrisCl pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 2% DMSO). The optimal GamS
concentration of 6 µM was determined, when tested with either plasmid sfGFP DNA
(pUC18_T7_sfGFP_T7term, Supplementary Table 2.1) or purified linear sfGFP DNA
(Supplementary Figure 2.2A). Interestingly, when an equimolar amount of 9 nM purified linear
sfGFP DNA compared to plasmid sfGFP DNA is added to CFPS mix, no protein production
can be observed. Not even the addition of 6 µM GamS could restore the in vitro production of
sfGFP. Only a 2-fold increase of purified linear sfGFP DNA concentration in combination with
6 µM GamS could restore the in vitro production of sfGFP (Figure 2.3A), which is in accordance
with already described experiments with linear DNA in CFPS mix 55.
We then wondered whether purification of the linear template was important, as direct usage
of templates from PCR mix might would shorten the protocol even further. However, replacing
pure linear DNA in the presence of 6 µM GamS with linear DNA from a PCR mix reduced the
CFPS yield 7-fold (Figure 2.3B), suggesting that a component of the PCR mix inhibits CFPS.
As such, this experiment was repeated with purified linear DNA and the addition of single
components of a PCR mix (Figure 2.3C), only the samples that contained the DNA polymerase
showed decreased CFPS activity. The same effect was observed when different
concentrations of DNA polymerase stored in glycerol-containing buffer were added to the
CFPS mix containing purified linear sfGFP DNA (Figure 2.3D). We therefore hypothesized that
the glycerol in the buffer of the DNA polymerase used for PCR was inhibiting CFPS (Figure
2.3E). In fact, addition of as little as 0.1% glycerol (equivalent under our conditions to adding
1 µL of DNA polymerase in the 100 µL PCR reaction and then using 10 µL of the PCR reaction
in the 100 µL CFPS reaction) was sufficient to reduce the sfGFP yield of the CFPS reaction by
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a factor of 2-fold. Consistent with this, adding DNA polymerase in a buffer without glycerol to
the PCR reaction, resulted in an sfGFP yield comparable to CFPS reactions without any
additional glycerol (Figure 2.3F). Clearly, glycerol is not the only compound in the storage
buffer of the DNA polymerase, other factors might interfere with the CFPS activity. The specific
composition of the DNA polymerase storage buffer was not known and as the dialysis can be
expected to eliminate these other compounds as well, no further investigation was undertaken.
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Figure 2.3: Optimization of the use of linear DNA as a template for CFPS
A) Addition of GamS (6 µM) increases CFPS yield with purified linear DNA as template. For satisfying
in vitro sfGFP production, the purified linear DNA template needs to be provided with a 2-fold excess
compared to plasmid DNA as template. B) The components of PCR mix reduce the yield of CFPS
reactions. Comparison of CFPX activity using either plasmid DNA, purified linear DNA and un-purified
linear DNA mixed which was mixed with a standard PCR mixture. The DNA templates were given to the
CFPS mix as an equivalent of 10 µL PCR mix into a 100 µL CFPS mix. The CFPS mix contained 6 µM
GamS. C) CFPS yield is strongly influenced by addition of single PCR components to the reaction mix.
Addition of PCR fragment: addition of 10 µL of PCR reaction mix into a 100 µL CFPS reaction and 6 µM
GamS. D) CFPS yield is strongly influenced by addition of DNA polymerase to the reaction mix. Addition
of polymerase: addition of 0 - 1 µL of polymerase in storage buffer into a 100 µL CFPS reaction and 6
µM GamS. E) Glycerol has an inhibitory influence on CFPS. Addition of glycerol: addition of 0 – 0.25 %
glycerol to the CFPS reaction and 6 µM GamS. F) Removing the glycerol from DNA polymerase storage
buffer improves yield in CFPS reactions. DNA polymerase added in its standard storage buffer or after
diafiltration and buffer exchange. A concentration of DNA polymerase of 50 mU µL-1 is equivalent to a
glycerol concentration of 0.1 % (v/v). G) Summary table of bacterial strain cultivation and DNA
concentration of the used plasmids or linear DNA used in the experiments A-F.

2.3.4 Expression of the cell-toxic protein streptavidin (Sav)
One distinctive advantage of cell-free protein synthesis systems is the possibility to produce
proteins that would have been toxic to a living organism in a cell-based production system89.
One such example is the cell-toxic protein Sav, which is a homo-tetrameric protein produced
by the bacterium Streptomyces avidinii with an exceptionally high affinity for the essential
vitamin biotin (Kd of 10-14 mol L-1)90. The affinity is a key reason why Sav is used for many
biotechnological applications ranging from protein purification protocols via biotinylated
proteins or Strep-tag II-fusions to sensor protocols91. In vivo production of Sav is typically
inefficient: the natural host strain circumvents biotin sequestration by Sav secretion, but the
corresponding cultivation protocols take a very long time 92. Alternatively, its production benefits
from genetically engineered host strains that no longer need biotin 93. Alternatively, Sav can be
produced cell-free, as fatty-acid synthesis, for which biotin is in vivo required, is no longer
relevant in a cell-free system. Furthermore, the ability to bind biotin and its derivatives is widely
used to quantify the concentration of Sav in solution. One example is the fluorescencequenching assay that makes use of a constant concentration of a biotinylated fluorescent dye
and a standard dilution curve of Sav 94. Increasing concentrations of Sav lead to a decreasing
fluorescent readout of the biotinylated dye (Figure 2.4B). We obtained a suitable DNA template
for Sav synthesis by PCR amplification from plasmid pET_30b_Savcyto, in which expression of
the Sav gene is under control of the T7 promoter 47. We sub-cloned the SAV coding sequence
into pUC18 vector (pUC18_T7_Sav_T7term, Supplementary Table 2.1) and used the plasmid
DNA as a template for CFPS. Additionally, biotinylated Atto565 dye was added to a final
concentration of 20 µM to the CFPS mix and the increasing quenching of the dye-derived
fluorescence due to Sav accumulation was measured over time for Sav quantification (Figure
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2.4A, pink dots). In fact, we found that CFPS was a very effective way to produce Sav, yielding
close to 0.5 g L-1 of Sav after 3 h under optimized conditions (Figure 2.4A, blue squares).

Figure 2.4: In vitro production of Sav and online monitoring over time
A) Final concentration of biotinylated dye Atto565 in the CFPS mix is 20 µM. Correlation between
quenched fluorescence (pink dots) and in vitro produced Sav protein (blue squares) can be calculated
with a formula received from a quenching assay with a standard curve of different Sav concentrations
(0 – 1000 mg L-1) (inset). B) Summary table of bacterial strain cultivation and DNA concentration of the
used plasmids used in the experiment A.

2.3.5 Production of novel polymers via amber suppression in CFPS
Cell-free synthetic biology seeks to expand the genetic code, which usually assigns canonical
proteinogenic amino acids to specific codons during translation 95. Expanding the genetic code
in vivo suffers to one degree or another from the fact that non-canonical amino acids have to
be brought into the cell. Given the semipermeable nature of the bacterial cytoplasmic
membrane and the specificity of the protein-based importers, this can be a major challenge 96.
A cell-free system offers a solution as it is an open environment where such compounds can
easily be added to the CFPS mix59. As a consequence, CFPS has been used as an attractive
alternative60,97.
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In terms of the methodology of code expansion, several efforts have been made to engineer
the relations between a specific tRNA, its cognate synthetase, and its cognate amino acid 98.
Along these lines, the most common system for code expansion is amber suppression. Here,
an orthogonal tRNA (o-tRNA, a tRNA typically obtained from an Archaebacterium that is not
recognized by canonical synthetases in an E. coli cell) and its cognate amino acyl tRNA
synthetase (aaRS) are provided in the cytoplasm of an E. coli cell. The anticodon of the otRNA is changed to recognize the amber stop codon UAG. The aaRS is still able to recognize
the o-tRNA and loads it with a specific amino acid, canonical or non-canonical99, depending
on the enzyme. Amber stop codons within the natural coding sequence of the gene of the
target protein can then be site-specifically suppressed with a charged o-tRNA, and if this is a
non-canonical amino acid, novel chemical protein properties can be introduced. In the standard
setting of amber suppression, the charged o-tRNA competes for the UAG codon with release
factor 1 (PrfA) and hence translation termination, and, as a consequence, suppression is often
not very efficient resulting in truncated forms of the natural protein. Genetically engineered
E. coli strains lacking PrfA have been used to facilitate the incorporation of non-canonical
amino acids into proteins, but these strains are usually growth-impaired and false suppression
with canonical amino acids often occurs100. PrfA is also a part of CFX and inhibits the efficiency
of amber suppression. However, in contrast to in vivo scenarios, in which PrfA is required to
negotiate the translation stop for approximately 300 genes, its function during CFPS is no
longer required, provided the gene that is to be translated terminates with a stop codon (ochre
or opal) that can be recognized by protein-release factor 2, instead of PrfA. Hence, we
investigated whether we could selectively deplete PrfA from CFX and then conduct amber
suppression in CFPS more efficiently.
For this, a derivative of BL21(DE3) was constructed, specifically BL21(DE3)PrfA-P72-TEVStrep, which produced a tagged version of PrfA. PrfA was endowed with an internal recognition
and cleavage site for the TEV protease (TEVp) next to a Strep-tag II in an accessible loop of
the protein101. The engineered strain contained additionally the information for an o-tRNA and
its cognate wild-type RS from Methanocaldococcus janashii, which is used to load the o-tRNA
with the canonical amino acid tyrosine 99. The strain can be used to produce highly active CFX
for CFPS (as PrfA still present and functional during growth). During the process of production
of the CFX, TEV protease can be added, which depletes functional PrfA in the extract – after
growth. The final CFX lacks functional release factor 1 but contains the whole machinery for
protein synthesis as well as the amber suppression system.
Along these lines, CFX obtained from BL21(DE3)PrfA-TEV-Strep was treated with TEVp and
then used to produce full-length sfGFP starting from a gene template that contained either
none, one, three or five amber stop codons, inserting tyrosine into the sites directed by the
amber stop codon (Figure 2.5A). Remarkably, such a CFX produced sfGFP with nearly no loss
28

of protein yield. In contrast, a CFX that had been prepared in the same manner but without the
addition of TEVp produced decreasing amounts of full-length sfGFP when the number of
amber codons increased. Similarly, the amount of sfGFP obtained with CFX produced with a
BL21(DE3) strain lacking the insertion of a TEVp recognition site in PrfA and prepared without
the addition of TEVp decreased as the number of amber codons increased. Clearly, postgrowth inactivation of PrfA has, as anticipated, a beneficial effect on amber suppression in
CFPS while generally maintaining the CFPS capacity of the CFX.
As tyrosine is a canonical proteinogenic amino acid and hence easily imported into E. coli, a
more convincing example for the advantages of a cell-free system is the insertion of an amino
acid for which cellular import can be much less expected. Therefore, we also attempted to
insert a photo-cleavable derivative of the amino acid dopamine (Dopa), m-ortho-nitrobenzylDopa (m-ONB-Dopa). Upon irradiation with UV light, the ONB group dissociates and the Doparesidue remains in the protein. First, this required a different aaRS to charge the same o-tRNA
that had been used in the experiment before. Therefore, we expressed the specifically
engineered
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BL21(DE3)PrfA-P72-TEV-Strep CFX containing the engineered tRNA synthetase and the otRNA was used to produce sfGFP with either none (pSEVA_T7_sfGFP_T7term) or 5 amber
stop codons (Supplementary Table 2.3). Remarkably, only with the addition of m-ONB-Dopa
to the CFPS mixture and the depletion of the CFX of PrfA a full-length sfGFP could be produced
(Figure 2.5B). Although the CFPS capacity is reduced in comparison to charging tyrosine,
CFPS of a full-length gene product from on a gene with 5 amber stop codons clearly depends
on prior depletion of PrfA.
As a confirmation of our interpretation of the results, we investigated the masses of the different
sfGFPs. Specifically, the sfGFP produced from a template with 5 amber codons in the
presence of Dopa should differ by 246 Da (calculated: 28’230.7 Da) from the mass of the
sfGFP obtained from the wild-type template (calculated: 27’984.5 Da). Both sfGFPs were
purified by using Streptactin spin columns and analyzed by electrospray ionization-mass
spectrometry. While the obtained amounts for the two proteins differed, we could clearly detect
a mass difference of 262 Da (Figure 2.5C, middle, grey rectangle), which seems to be an
additional incorporation of Dopa in the mutated sfGFP protein, which is in good alignment with
the expected difference.
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Figure 2.5: CFPS with amber suppression system
A) Incorporation of tyrosine into sfGFP using a gene template with an increasing number of amber-stop
codons. Two different E. coli strains (BL21(DE3) and BL21(DE3)PrfA-TEV-P72-Strep) were equipped
with an o-tRNA and cognate RS from M. janashii for incorporation of tyrosine at UAG amber codons
encoded on pBU16_Mj_TyrRS_Mj_tRNA. CFX derived from theses strains were used for in vitro
production of sfGFP with either none, one, three or five amber stop codons with. Extracts obtained from
BL21-PrfA-P72-TEV-Strep were additionally treated with either TEVp or BSA in the process leading to
the preparation of extract. The level of sfGFP-derived fluorescence was measured after 2 h of incubation
at 37°C and then converted into protein concentration using a standard curve of purified sfGFP. B)
Incorporation of m-ONB-Dopa into sfGFP using the template gene with either none or 5 amber stop
codons using CFX obtained from BL21(DE3)-PrfA-P72-TEV-Strep treated with either TEVp or BSA. C)
ESI-MS analysis of CFPS-produced sfGFP from a wild-type gene template (sample 1), a template with
5 amber codons in the presence of the non-canonical amino acid m-ONB-Dopa (sample 2), or a template
with 5 amber codons in the absence of the non-canonical amino acid. D) Summary table of bacterial
strain cultivation and DNA concentration of the used plasmids used in the experiments A-B.
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2.4 Discussion
Here, we developed a cell-free platform for the efficient production of a variety of proteins
ranging from fluorescent and cell-toxic proteins to proteins containing non-canonical amino
acids. We showed that expression of the T7 RNA polymerase gene during growth of the cells
from which the CFX is produced simplifies the production of the CFPS mix while not leading
to a reduction in CFPS capacity. A step towards a more volume-efficient production of CFX
with a high CFPS activity was achieved by developing a fed-batch fermentation protocol based
on the controlled addition of glucose 102. The obtained CFX shows similar or even better in vitro
CFPS activity than commercially available kits while strongly reducing the direct costs
(Supplementary Figure 2.2B).
Even though perfectly suitable for our needs, CFX prepared as summarized in section 2.3.1
and detailed in section 2.6.2 remains behind the CFPS activity of recently published systems
that are based on other CFX preparation methods or genetically recoded E. coli strains60. One
possible explanation might be the different ways of cell-lysis that were applied (beat-beating,
sonication or high-pressure homogenization) across different CFX preparation methods. Cell
lysis via sonication can be easily quantified by the energy that is applied to the cell suspension
and put in correlation with CFPS activity, but is only suitable for small amounts (up to 1 mL) of
CFX72. Similarly, cell lysis via beat-beating can only be applied to small samples of cellsuspension and was not suitable for use, as we optimized a fermentation protocol with a cell
suspension of up to 60 mL before lysis 71. Therefore, we chose to use high-pressure
homogenization as a trade-off between volumetric throughput and lysis control. Additionally,
over recent years the centrifugal force applied after lysis has been reduced from 30,000*g to
12,000*g (and hence producing S12 extracts instead of S30 extracts), which might be
correlated with a different composition of the CFX, and such S12 extracts showed increased
CFPS activity103. Furthermore, in other published protocols the steps of CFX preparation were
reduced, e.g. the dialysis was often completely omitted 72. It was shown that CFXs of BL21
strains do not need to be dialyzed when the phage T7 promoter was used for gene expression
in the CFPS mix. On the contrary, dialysis was indispensable when endogenous sigma 70
promoters were used for gene expression 72. Furthermore, a different composition of the energy
solution and especially its energy source such as 3-PGA, acetyl phosphate (ACP),
phosphoenolpyruvate (PEP), or maltose can have a crucial effect on the activity of the CFX.
However, different energy solutions depend on different CFX preparation methods and as we
choose to follow the methods of Pratt et al. the aforementioned energy sources were not
applicable anymore. We tried ACP as a different energy source compared to 3-PGA and found
comparable but slightly decreased CFPS activity with the latter in a CFX derived from
BL21(DE3) Rosetta 2 cultivated in a fermenter (Supplementary Figure 2.2B). We did not want
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to repeat the fermentation protocol for all different sorts of energy source and decided to stay
with the described CFX preparation and the respective energy source.
For a protein engineering campaign, the modified gene of interest can be tested quickly with
the CFPS system, but building the DNA template can take some time. Using linear DNA
accelerates that process but typically reduces the amount of protein that can be obtained. The
reason for this is that long linear DNA can be recognized as the product of a double strand
break in a bacterial genome, and DNA repair proteins are present in the CFX. Specifically, the
RecBCD complex initiates the recombinatorial repair system and the nuclease RecB degrades
the 3’ end(s) of a broken double-stranded chromosome. As no recombination can take place
in the CFX, linear DNA will be degraded from each of the two 3’-ends and the CFPS activity
will be coordinately decreased. During the establishment of lysogeny, phage Lambda of E. coli
produces the protein GamS that inhibits the RecBCD complex and improves the stability and
thus the integration of the linear phage genome into the host 56. In fact, the addition of purified
GamS had the expected effect55 on a linear DNA template in the CFX resulting in increased
production of sfGFP produced by the methods detailed above. Besides RecBCD, other exoand endonucleases are present in E. coli that may also lead to the degradation of linear DNA,
but no similar ways of inhibiting these are known. Alternatively, extensive genome engineering
efforts could be undertaken to create a bacterial strain that lacks at least some of them, if that
could be achieved without compromising CFPS activity of the resulting CFX 59.
If linear DNA produced via PCR and used without purification is used for CFPS, compounds
from the PCR reaction reduce the protein yield of the in vitro reaction. Amongst the standard
compounds of a PCR mix, the glycerol of the storage buffer of the DNA polymerase seemed
to have the biggest negative impact on CFPS activity. We speculate that glycerol acts as a
substrate for phosphorylation by GlpK, a glycerol kinase 104,105. Hence, externally added ATP
is consumed and therefore remains unavailable for in vitro protein synthesis. Without time
consuming investigations a quick solution was the exchange of the DNA polymerase buffer
before addition to the PCR reaction, which avoids the addition of glycerol and therefore no
longer reduce CFPS activity. As other explanations are also possible, including for example
other additives in the storage buffer of the DNA polymerase, which were not specified by the
manufacturer in our case, the dialysis step of the DNA polymerase seems to eliminate these
factors as well, hence further elucidation would require more experiments with presumably
limited benefits.
As the components that are part of the CFX no longer need to sustain a living cell, cell-toxic
proteins can be produced in a CFPS system89. One such cell-toxic protein is Sav that tightly
binds biotin and therefore depletes the essential vitamin biotin which is required for the fatty
acid synthesis in E. coli and other organisms. It was possible via genetic engineering and
extensive optimization of the fermentation protocol to produce 8 g L -1 Sav with an E. coli strain
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over 12 hours93. The major drawback of this protocol is the time-consuming protein purification
step, as the Sav was produced in the cytoplasm of the E. coli cell. An alternative for an
extensive downstream process is the secretion of the Sav protein into the exterior, as it is done
by the natural Sav produced Streptomyces avidinii. The yeast Hansenula polymorpha was
used to secrete Sav into the culture medium. A fermentation protocol was established which
led to the production of 751 mg L -1 over the course of 216 hours106. We produced 465 mg L -1
Sav via CFPS and additionally, the Sav protein is immediately available for possible following
applications. More strikingly, the Sav productivity is approximately 3-fold higher in a CFPS
system (11 mg L-1 h-1) compared to secretion via Hansenula polymorpha (3.47 mg L-1 h-1),
when the total time of CFX preparation and in vitro protein production equals to 12 hours.
More recent CFPS engineering efforts have focused on eliminating the usually essential
release factor PrfA from the CFX by eliminating the requirement for it from the host60. The used
E. coli cell underwent extensive genome engineering and genome recoding to make it suitable
for this task. Here, we introduce a much simpler way to condition CFX by depleting selective
CFX components post-growth. This reduces the impact on the growth phase of the cells
required for CFX production and yet allows targeted engineering of the CFX composition during
application, as well as depleting (other) components which are essential for growth but reduce
CFPS activity, such as phosphatases and kinases that might act as sinks of the energy source
in the CFX101. We illustrate the approach for the insertion of tyrosine as well as non-canonical
m-ONB-Dopa. In particular, we showed that only after the addition of TEVp the CFX is able to
incorporate the non-canonical amino acids at multiple positions.

2.5 Conclusion
We demonstrate that a finely tuned fermentation protocol of the E. coli strain
BL21(DE3)Rosetta2 leads to a higher volumetric yield of active CFX and furthermore an
increased CFPS activity. Additionally, optimization of in vitro protein production based on PCR
amplified DNA templates reaches similar protein levels compared to CFPS reactions based on
plasmid DNA. Moreover, we show a productivity of the cell-toxic protein Sav in our CFPS
system that can be barely achieved with conventional protein production techniques. Genetic
engineering of the underlying bacterial strain for the production of CFX offers great advantage
for CFPS. More specifically, we demonstrate that insertion of the TEV protease recognition
site into the release factor 1 (PrfA) offers a great opportunity to deplete the release factor 1
from the CFX and allow for unhindered incorporation of one or more amino acids or even noncanonical amino acids into proteins at amber stop codons by using the amber suppression
system.
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2.6 Materials and Methods
2.6.1 Materials
Reagents: All chemical components were purchased from Sigma-Aldrich (now Merck,
Darmstadt, Germany). Restriction enzymes, Taq polymerase, Phusion high-fidelity DNA
polymerase, and T4 DNA ligase were obtained from New England Biolabs (BioConcept AG,
Allschwil, Switzerland). Oligonucleotides for DNA amplification were either purchased from
Sigma Aldrich or Integrated DNA Technologies (Skokie, Illinois, USA). Tryptone, yeast extract
and agar were from Becton, Dickinson and Company (Franklin Lakes, New Jersey, USA). Kits
for plasmid isolation (ZR Plasmid Miniprep-Classic) and DNA desalting (ZR DNA Clean &
Concentrator kit) were from Zymo Research Corporation (Irvine, California, USA). For
purification of larger quantities of plasmids the PureLink HiPure Plasmid Midiprep Kit (Thermo
Fischer Scientific, Allschwil, Switzerland) was used. DNA gel and PCR product purification was
done with the Promega Wizard Cleanup Kit (Fitchberg, California, USA).
LB medium: For standard cultivation of bacterial cells, LB medium was used. The standard
LB medium contained the following components: 10 g L-1 tryptone, 5 g L-1 yeast extract, 10 g L-1
NaCl. For LB agar plates, 15 g L-1 agar was added.
2xYT medium and derivatives: 2xYT medium was used for the overnight cultivation of
bacteria for the CFX production in shake flasks or in the fermenter. It contains 16 g L-1 tryptone,
10 g L-1 yeast extract, and 5 g L-1 NaCl. 2xYTP contains in addition 3.43 g L-1 KH2PO4 and 5.68
g L-1 K2HPO4. For 2xYTPG, the 2xYTP medium was supplemented with 1.8 g L -1 glucose.
S30A buffer: S30A buffer was used in CFX production for the steps cell resuspension after
harvesting from growth and cell lysis by homogenizer. It contained 14 mM Mg-glutamate,
60 mM K-glutamate, 50 mM TRIS base and 2 mM DTT in DEPC-treated H2O. The pH was
adjusted to 8.2 with 98 % (v/v) acetic acid and stored at 4˚C.

S30B buffer: S30B buffer was used for dialysis of the lysed and centrifuged cell extract after
the run-off reaction at 37°C. It contained 14 mM Mg-glutamate and 60 mM K-glutamate and 1
mM DTT in DEPC-treated H2O. The pH was adjusted to 8.2 with 2 M TRIS and the buffer was
stored at 4˚C.
Amino acid solution : The amino acid solution was used for the CFPS reaction. The 20 solid
amino acids were dissolved in 5 M KOH to produce concentrations of 1.6 – 4 M. From these
stock solutions, amino acids were mixed at the desired concentrations, and the mixture was
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diluted in water. The pH of the resulting mixture was adjusted with glacial acetic acid to a pH
of 6.5 and stored in 200 µL aliquots at - 80˚C. The final concentration of each amino acid was
between 12 and 14 mM.
Energy solution: The energy solution provided NTPs for mRNA production, 3-PGA for energy
regeneration during CFPS, and other supplements necessary for CFPS. The components of
the energy solution are listed in Table 2.1. The energy solution was flash frozen in liquid
nitrogen in 100 µL aliquots and stored at - 80 C.
Table 2.1: Composition of the energy solution for CFPS
substance

stock conc.

volume

final conc.

HEPES (pH 8)

2M

4 mL

500 mM

ATP (in H2O)

200 mM

1.2 mL

15 mM

GTP (in H2O)

200 mM

1.2 mL

15 mM

CTP (in H2O)

200 mM

720 µL

9 mM

UTP (in H2O)

200 mM

720 µL

9 mM

tRNAmix (in H2O)

50 mg mL-1

640 µL

2 mg mL-1

CoA (H2O)

65 mM

640 µL

2.6 mM

NAD (in 2M TRIS)

165 mM

320 µL

3.3 mM

cAMP (in 2M TRIS)

375 mM

320 µL

7.5 mM

folinic acid (in H2O)

35 mM

320 µL

0.7 mM

spermidine

1M

160 µL

10 mM

3-PGA (in 2M TRIS)

1.5 M

3.2 mL

300 mM

1

DEPC H2O

2.56 mL

Total

16 mL

Antibiotics: Stock solutions of ampicillin (100 mg mL-1) and kanamycin (50 mg mL-1) were
prepared in water, sterile filtered and stored in 1 mL aliquots at – 20ºC. The stock solution of
chloramphenicol (25 mg mL-1) was prepared with ethanol and stored in 1 mL aliquots at – 20ºC.
The antibiotic stock solution is 1000-fold diluted into the growth medium.

2.6.2 Methods
PCR: For cloning purposes, DNA was amplified with Phusion High Fidelity polymerase
together with the reaction buffer provided by the manufacturer. A typical PCR temperature
profile is shown in Table 2.2. For the production of linear DNA as a template for CFPS, the
primers pr86 and pr87 (Supplementary Table 2.2) with phosphorothioate oligo nucleotides
(PTO) modification were used together with plasmid pUC18_T7_sfGFP_T7term as template.

1

total tRNA form E. coli MRE600 purchased from Sigma-Aldrich
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The PCR products were either purified using the Promega Wizard SV Gel and PCR Clean-Up
System according to the manufacturer’s protocol or via agarose gel extraction.

Table 2.2: Standard PCR program for Phusion DNA Polymerase
Temperature

Time

step

cycles

98°C

30 s

initial denaturation

1

98°C

5 – 10 s

denaturation

45°C - 72°C

10 – 30 s

annealing

72°C

10 – 30 s per kb

elongation

72°C

5 – 10 min

Final elongation

4°C

continuous

30

1

Site directed mutagenesis (SDM): For the introduction of specific mutations at defined
positions of a DNA template we used SDM. The primers for the amplification were designed
such that they were complementary to each other and contained the desired mutation of in the
middle of the oligonucleotide. The whole plasmid was amplified and the PCR product was
digested with DpnI to remove remaining methylated template DNA. The PCR product was
purified via agarose gel extraction and directly used for transformation. Circularization to a fully
functioning plasmid occurred in vivo.

Agarose gel electrophoresis: For the separation of DNA fragments, agarose gel
electrophoresis was performed. For this purpose agarose was mixed with TAE buffer (40 mM
TRIS, 20 mM acetic acid, 1mM EDTA) to a final concentration of 1 % (w/v) and boiled until the
agarose was dissolved. For the visualization of DNA under UV light, PeqGreen (VWR,
Dietikon, Schweiz) was added to the dissolved agarose (ratio 1:20’000 (v/v)) and cast into a
mold for polymerization. The polymerized gel was transferred to an electrophoresis chamber
and covered with additional TAE buffer. DNA was loaded and an electrical field of 13 V cm-1
was applied for 30 min. Pictures were taken with a digital camera containing a UV filter.
Preparative gels for agarose gel extraction were analyzed on a blue light table and bands with
correct length cut out with a scalpel.
DNA quantification: Concentration of DNA was determined via absorption at 260 nm using
the Nanopore device from Thermo Scientific (Allschwil, Switzerland)
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Restriction digest: For cloning via restriction and ligation, amplified insert DNA and backbone
DNA were digested with restriction enzymes according to the manufacture’s protocol. The
reaction was incubated for 1 h or for higher DNA concentrations overnight at 37°C. Restriction
digested DNA was purified via agarose gel before further use.
Ligation: Purified DNA fragments (insert and plasmid backbone) were mixed in a molar ratio
between 10:1 and 5:1 before adding T4 ligation mix according to the manufacturer’s protocol
The ligation was incubated for 1 hour at room temperature 107.
Cloning with annealed oligonucleotides: Short synthetic double stranded DNA fragments
for cloning into plasmid vectors were prepared by annealing single stranded DNA
oligonucleotides. Complementary oligonucleotides were mixed in water in an equimolar ratio
of 10 µM each and heated to 60ºC for 5 minutes until the mixture was cooled down to room
temperature for additional 20 minutes. Afterwards this mixture was used for a standard T4
ligation reaction with restricted digested plasmid.
Heat shock transformation: All cloning purposes and the production and purification of
plasmids (by Mini or Midi prep Kits) were performed with the E. coli strain Top10
(Supplementary Table 1). The preparation of chemically competent cells for heat shock
transformation is described elsewhere 108. Heat shock transformation was conducted as
follows: To 50 µL of chemically competent cells 5 µL of ligation mix was added and the mix
was incubated on ice for 10 min, followed by a heat-shook of 1 min at 42ºC and 1 min of
incubation on ice. An aliquot of 950 µL of LB medium was added and the culture was incubated
at 37ºC for 1 h with constant shaking at 200 rpm, before plating on LB agar plates containing
the appropriate antibiotic. The plates were incubated at 37ºC overnight.
Bacterial cultivation for plasmid production: For the production and purification of
plasmids, bacteria were grown overnight at 37ºC in either a culture tube containing 5 mL of LB
medium or for larger plasmid quantities in a 1 L shake flask containing 100 mL of LB and the
appropriate antibiotic.
Shake flask cultivations for CFX production: Single colonies on an LB agar plate of strain
BL21(DE3) or its derivatives were picked and used to inoculate 50 mL of 2xYT medium and
incubated overnight at 37ºC and constant shaking at 200 rpm. The following day the optical
density at 600 nm (OD600) of the culture was measured using a photometer (Eppendorf). The
overnight culture was used to inoculate 500 mL 2xYTPG in a 5 L baffled shake flask to a final
OD of 0.05. This culture was incubated at 37°C with constant shaking at 200 rpm. Growth was
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monitored by measuring the OD600. The expression of T7RNA polymerase was induced by
addition of 250 µL isopropyl β-D-1-thiogalactopyranose (IPTG, stock conc. 1M in H 2O) to a
final concentration of 0.5 mM at an OD600 of 1.6. The culture was further incubated at 37ºC and
200 rpm for an additional hour until the culture reached late-exponential growth at an OD600 of
around 4.

Fed-batch fermentation for CFX production: A Labfors 5 bench-top bioreactor (total inner
volume of 5 L) was used for controlled cultivation. The pH was maintained by adding either 30
% (v/v) H2SO4 or 30% ammonium hydroxide solution. For feeding in fed-batch experiments, a
solution containing 500 g L-1 glucose was prepared. Polypropylene glycol (PPG) was used as
an antifoam agent (20 %, v/v) and administered manually. The bioreactor was equipped with
detachable pump heads for acid, base, anti-foam, and feed with independent inlets, a pH
electrode, a pO2 optode, an air L-sparger, and a sampling-tube. A PT100-element was used
to monitor and regulate the internal temperature of the vessel. The outer mantle of the reactor
was filled with warm water to keep the inner vessel and the medium at 37ºC. Changes in
temperature of the interior caused influx of warm or cold water into the jacket to maintain the
set temperature on the inside. Additionally, an exhaust gas cooler connected to an external
water-cooling unit. The reactor was filled with 2xYT medium and autoclaved. In general,
phosphate salts, antibiotics and glucose were made sterile separately and then added to the
content of the reactor after autoclaving. The bioreactor was inoculated through a septum from
a liquid overnight culture in 2xYT medium to an OD600 of 0.05. All relevant parameters such as
pH at 7, temperature at 37ºC, feed (exponential feeding program) and stirring rate were
monitored and regulated online using the Iris 6.0 Parallel Bioprocess Control Software. The
stirring rate at the beginning of the cultivation was 500 rpm. When pO2 dropped below the set
threshold of 30 % saturation, the stirring rate was automatically increased by 50 rpm, ensuring
sufficient oxygen-supply for the culture, up to a maximum of 1200 rpm. After inoculation, the
culture went through a standard batch cultivation. The end of the batch phase was indicated
by a sudden increase in pO2. At this point, the fed-batch phase was started by initiating an
exponential feeding profile for the glucose feed. The expression of the T7 RNA polymerase
was induced by adding IPTG through the septum at the beginning of the fed-batch phase to a
final concentration of 0.5 mM. The cells were harvested approximately 1 h after the start of the
fed-batch phase when the pO2 reached a plateau of 30%. Bacterial growth was monitored
offline by measuring the OD600. Furthermore, samples were taken and analyzed on their
glucose and acetate content with a commercially available enzymatic kit according to the
manufacturer’s protocol (R-Biopharm AG, Darmstadt, Germany).
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Preparation of CFX: Cultures obtained from the shake flask or the bioreactor experiments
were centrifuged for 20 min at 5.000*g and 4°C. The cell pellets were washed with ice cold
200 mL of S30A Buffer and centrifuged for 15 min at 4°C and 5.000*g. The remaining pellet is
washed again with 200 mL ice cold S30A buffer and centrifuged for 15 min at 4°C and 5.000*g.
The resulting pellet was re-suspended in 40 mL of S30A buffer. The cell suspension was
transferred into a 50 mL falcon tube and centrifuged at 5.000*g for 15 min. The cell wet-weight
(CWW) was determined, the cell pellet was flash frozen in liquid nitrogen, and then stored at
- 80°C until further processing. For processing, 1 mL of ice cold S30A buffer was added per
gram of CWW to the pellet and it was thawed by shaking at 4°C to prepare for cell lysis. A
high-pressure homogenizer Avestin Emulsiflex C3 (Avestin, Canada) was washed with 1 M
NaOH and H2O and flushed with S30A buffer for preparation. The cells were disrupted by
passing them through the device twice at a pressure drop across the orifice of 1.200 -1.500
bar. Afterwards, the disruption chamber was flushed with 1 mL of S30A buffer to recover
sample retained in the device. The cell lysate was centrifuged for 30 min at 30.000*g at 4°C to
remove the cell debris. After centrifugation, the supernatant was incubated for 90 min at 37°C
and 200 rpm in the dark. Whenever an extract had to undergo TEVp treatment, then either
TEVp (2 mg mL-1, Luzius Pestalozzi101) or BSA (2 mg mL-1) as a negative control was added
to the extract to a final concentration of 200 µg mL-1. Cleavage of PrfA-P72-TEV-Strep was
confirmed by Western Blot analysis (Supplementary Figure 2.1). After incubation an additional
centrifugation for 30 min at 30.000*g and 4°C was performed to remove precipitated proteins.
The supernatant from this centrifugation was recovered and dialyzed for 3 h against a 200-fold
excess of S30B buffer using a regenerated cellulose membrane (Spectrum Chemical MFG
Corporation, New Brunswick, USA, nominal molecular weight cut-off of 6-8 kDa) at 4 °C and
constant stirring. The recovered sample was centrifuged a final time for 10 min at 4.000*g and
4°C to remove precipitated proteins and served as CFX. It was flash-frozen in 200 µL aliquots
in liquid nitrogen and stored at - 80 °C until further use. Total protein concentration of the cellfree extract was measured via the colorimetric Bradford assay (BioRad).The cell-free extracts
were flash frozen in liquid nitrogen in aliquots of 200 μL and stored at -80°C. The optimal
concentration of magnesium ions for each individually produced CFX was determined with a
standard CFPS reaction producing sfGFP by testing different Mg-glutamate concentrations.
The specific Mg-glutamate concentration showing to the highest sfGFP yield is considered the
optimal concentration for the whole batch and is therefore used for all other reaction of this
batch.
Standard CFPS: The CFPS mix was prepared according to Sun et al. with minor modifications
(Table 2.3). CFPS was started by the addition of the DNA template and conducted in a volume
of 30 µL in one of the wells of a 384 well plate (clear bottom) at 37°C for 2 h. The 384 well
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plate (clear bottom) was sealed with aluminum foil and the fluorescence intensity was
measured through the bottom. When the produced protein was sfGFP (Supplementary Table
2.4), its concentration was obtained by measuring the fluorescence intensity (excitation at 488
nm and emission at 509 nm) with a microtiter plate reader (M1000, TECAN) and comparing it
to the values obtained from a calibration curve with purified sfGFP in the same 384 well-plate.

Table 2.3: Standard CFPS mix based on plasmid or linear DNA
Substance

stock concentration

volume [µL]

final concentration

E. coli CFX

~ 27 mg L-1

36

~ 9 mg mL-1

Mg-glutamate

0 – 120 mM

10

0 – 12 mM

3000 mM

2

60 mM

12-14 mM (each)

20

2.4 – 2.8 mM (each)

10x

10

1x

40% (w/v)

5

2% (w/v)

500 nM / 800 nM

4

9 nM / 20 nM

K-glutamate
Amino acid solution
Energy solution
PEG-8000
DNA (plasmid / linear)
DEPC water

12

Total

100

CFPS with linear DNA: For CFPS with purified linear DNA the effect of GamS as a RecBCD
inhibitor was tested. In addition to a standard composition of a CFPS mix (see above), different
concentrations of purified GamS (Supplementary Figure 2.3) were given to the mix. The
optimal GamS concentration was determined to be 6 µM, which was then used in every CFPS
reaction when linear DNA was used as template.
CFPS with single PCR components: The composition of the PCR mix that was tested with
20 nM of purified linear sfGFP DNA (Figure 2.3C) is listed in Table 2.4. The PCR mix was
prepared and either directly mixed with the CFPS mix in a ratio of 1:10 or the single component
was added to the CFPS mix in the final concentration listed in the fourth column of Table 2.4.
The full PCR mix was once given without temperature cycling of a standard PCR program and
once after the temperature cycling to generate secondary compounds such as inorganic
phosphate.
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Table 2.4: Composition of a PCR mix with Kapa2G Robust Hotstart DNA Polymerase
Substance

Volume [µL]

conc. in PCR mix

conc. in CFPS mix

Kapa2G Buffer A (5x)

20

1x

0.1x

dNTPs (10 mM)

2

200 µM

20 µM

fwd primer (10 µM)

5

0.5 µM

0.05 µM

rev primer (10 µM)

5

0.5 µM

0.05 µM

PF-68 (10% (w/v))

20

2%

0.2 %

10

0.1 %

0.01 %

Kapa2G polymerase (5 U µL )

2

0.1 U µL-1

0.01 U µL-1

DNA template

1

H2O

14

Total

100

BSA (1 % (w/v))
-1

CFPS with amber suppression: For CFPS with the amber suppression system and tyrosine
as the suppressing amino acid up to four different plasmids (Supplementary Table 2.3), each
a different sfGFP template, were used. Each encoded a sfGFP with N-terminal SUMO-tag and
His6-tag

and

a

C-terminal

Strep-tag

II.

The

genes

contained

either

no

(pET28a_SUMO_sfGFP_strep), one (pET28a_SUMO_sfGFP_1xUAG_strep, at amino acid
position R2 of the original gene product), three (pET28a_SUMO_sfGFP3xUAG_strep, at
amino acid position R2, N39, K101), or five (pET28a_SUMO_sfGFP_5xUAG_strep, at amino
acid position R2, N39, K101, E132, D190) amber stop codons. Details on the plasmid
constructions are available elsewhere99.
For amber suppression with the non-canonical amino acid m-ONB-Dopa the protocol was
somewhat changed. m-ONB-Dopa was dissolved to a final concentration of 15 mM in water
and then added into the CFPS reaction to a final concentration of 1.5 mM. Only genes without
(pSEVA281_T7_sfGFP_T7term) or with 5 amber codons (pSEVA281_T7_sfGFP_T7term, at
amino acid position N39, K101, E132, Y151, D190) were used.
Bradford assay: For the determination of total protein concentration, for example in prepared
CFX preparation, the Bradford Protein Assay Kit (manufacturer) was used. For calibration, a
dilution series of BSA was prepared from 2 to 0,125 mg mL-1. Three times, an aliquot of 5 µL
of each dilution was pipetted into a well of a 96-well micro titer plate. To each sample 195 µL
of the reaction buffer were added and the mix was incubated for 30 min at 37°C. Finally, the
absorbance at 595 nm was measured.
SDS-PAGE and western blots: Proteins of cell lysates were separated on SDS
polyacrylamide gels. For this, ExpressPlus PAGE 4-12 % gels with 12 wells (Genscript,
Piscataway, US) were used together with the MOPS-SDS-running buffer provided by the
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manufacturer at a field strength of 40 V cm-1 for 1 h. The SDS-PAGE was developed with
Coomassie brilliant blue R-250, when no Western Blot was performed. For western blotting a
prestained protein marker was used and the gel content was blotted onto a nitrocellulose
membrane (pore size 0.4 µm, GE Healthcare). After blotting, the membrane was blocked with
5% BSA in PBST (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1 % (w/v)
TWEEN 20) overnight. To visualize Strep-tagged proteins, the blocked membrane was
incubated with 1:1000 mouse anti-strep antibody (GenScript, Piscataway, US) in PBST,
followed by three washing steps with PBST. Afterwards, the mouse-antibody was detected by
adding a 1:20.000 dilution of IRDye® 800CW goat anti-mouse (LI-COR, Bad Homburg,
Germany) secondary antibody. The mix was incubated for 1 h in PBST, followed by three
washing steps with PBST. The retained label of the secondary antibody was recorded using a
LI-COR Odyssey Clx device (LI-COR, Bad Homburg, Germany).
Purification of PrfA for western blotting: To obtain (cleaved or intact) PrfA-TEV-Strep for
western blotting, 250 µL of CFX (see section above “Preparation of CFX”), was run over a
column containing Streptactin resin and PrfA was purified according to the manufacturer’s
instructions (iba, Göttingen, Germany). The cell lysate was passed over the column once,
eluted in 50 µL of elution buffer containing biotin, and passed over the column once more to
increase the yield of eluted protein.
Fluorescence quenching assay: For the quantification of Sav in solution a quenching assay
was performed94. For calibration, an 8 point dilution series of Sav was prepared
(900/540/450/380/225/180/90/45 mg L-1) and to each sample, the biotinylated fluorescent dye
Atto565 (ATTO-TEC, Siegen, Germany) was added to a final concentration of 20 µM. An
aliquot of 30 µL of each sample with biotinylated dye was transferred into wells of a 384 wellplate (clear bottom) and sealed with an aluminum foil. The fluorescence intensity was
measured (ex. 565 nm / em. 620 nm) and plotted against the Sav concentration. The slope
and y-intercept was calculated and used for the quantification of the Sav concentration.
Production and purification of GamS: For the production and purification of the RecBCD
inhibitor GamS a gamS expression plasmid (pBAD_gamS, Supplementary Table 2.3) was
obtained from Addgene (#45833) and used to transform BL21(DE3) cells. Gene expression
and purification was performed according to a protocol described elsewhere 55.
Mass spectrometry analysis: Samples of in vitro produced proteins (sfGFP with
pSEVA_T7_sfGFP_T7term and sfGFP_5xUAG with pSEVA_T7_sfGFP_5xUAG_T7term)
containing a Strep-tag II were purified with a Streptactin mini spin column according to the
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manufacture’s protocol (Iba, Goettingen, Germany). The samples were analyzed at the MSfacility of the Functional Genomics Center in Zurich. Prior to ESI-MS analysis, samples were
desalted using C4 Zip Tips (Millipore, USA) and analyzed in MeOH:2-PrOH:0.2% FA
(30:20:50). The solution was infused through a fused silica capillary (ID75um) at a flow rate of
1 µL min-1 and sprayed through a Pico Tips (ID30um, obtained from New Objective (Woburn,
Massachusetts, USA)). ESI-MS analysis of the samples was performed on a Synapt G2_Si
mass spectrometer and the data were recorded with the MassLynx 4.2 Software (both Waters,
UK). Mass spectra were acquired in the positive-ion mode by scanning an m/z range from 100
to 5000 Da with a scan duration of 1 s and an interscan delay of 0.1s. The spray voltage was
set to 3 kV, the cone voltage to 40V, and source temperature 80 °C. The recorded m z-1 data
were deconvoluted into mass spectra by applying the maximum entropy algorithm MaxEnt1
(MaxLynx) with a resolution of the output mass 0.5 Da/channel and Uniform Gaussian Damage
Model at the half height of 0.7 Da.
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2.7 Supplementary
Supplementary Table 2.1: Bacterial strains used for this study
Name

Description

Reference

A19

E. coli K12 rna-19, gdhA2, his-95, relA1, spoT1,

Gesteland

metB1: kindly provided by Prof. Siemann-

al.82

et

Herzberg
Calhoun et al.80

BL21(DE3)

A19 ΔendAmet+ ΔtonA ΔtnaA ΔspeA ΔendA
ΔsdaA ΔsdaB ΔgshA : kindly provided by Prof.
Swartz
E. coli B F-ompT hsdSB(rB- mB-) gal dcm (DE3)

BL21(DE3)PrfA-P72-TEV-

BL21(DE3) PrfA ::P72-TEV-StrepTagII

Sabine

KC6

Invitrogen79
Oesterle109

Strep
BL21 Rosetta 2

BL21[pRARE], CamR

Novagen83

BL21(DE3) Rosetta 2

BL21(DE3)[pRARE], CamR

Novagen83

Top10

E. coli K12 F'[lacIq Tn10(tetR)] mcrA Δ(mrr-

Invitrogen110

hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR
nupG recA1 araD139 Δ(ara-leu)7697 galU galK
rpsL(StrR) endA1 λ-

Supplementary Table 2.2: Oligonucleotides used in this study
Restriction sites are underlined and phosphorothioate nucleotides are indicated with asterisks
Name

Sequence 5’  3’

pr30

CGCGAATTCATGCGGATCCTTATTA

pr31

GCGAAGCTTGCGAAATTAATACGACTC

pr42

GATCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

pr43

AATTCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAG

pr86

T*C*A*T*T*AGGCACCCCAGGCTTTACAC

pr87

C*A*A*C*T*GTTGGGAAGGGCGATCGGTG

pr178

ATTTGATGCCTTTAATTAACCAAGCTTGCGAAATTAATACG

pr179

AACAGGAGTCCAAGACTAGTGAATTCAAAAAACCCCTCAAG

pr200

GAAGGAGATATACATATGCGTAAAGGCGAAGAG

pr201

ATGCTAGGATCCTTATTATTTTTCGAACTGCGGGTG

pr203

ACAATGTTTAGATCACCGCCG

pr204

GGTGATCTAAACATTGTGGCTGTTAA
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Supplementary Table 2.3: Plasmids used for this study
Name

ori / resistance

Description

Reference

pSEVA281

pUC / KanR

high copy plasmid for cloning

pUC18

pUC / AmpR

high copy plasmid for cloning

MartinezGarcia
et
al.111
Novagen112

pET-30b-SAVcyto

pBR322 / KanR

pBAD_gamS

ColE1 / AmpR

pBU16_Mj_TyrRS_Mj_tRNA

p15A / KanR

pBU16_Mj_DopaRS_Mj_tRNA

p15A / AmpR

pET28a_SUMO_sfGFP_strep

pBR322 / KanR

pET28a_SUMO_sfGFP_1xUAG_
strep

pBR322 / KanR

pET28a_SUMO_sfGFP_3xUAG_
strep

pBR322 / KanR

For the in vitro expression of Sav, Markus Jeschek kindly provided the plasmid pET-30b-SAVcyto. The
plasmid is based on a pET30b backbone. Production of the core Sav protein is under control of the T7
promoter. Furthermore, the core Sav protein contains the T7 peptide sequence (MASMTGGQQMG) at
the N-terminus for improved in vivo protein production.
For the production and purification of the lambda phage protein GamS, a pBAD plasmid with the
respective gamS gene fused with an 6xHis-tag at the C-terminus under the control of an arabinose
promoter was purchased from Addgene 55.
Kindly provided by Prof. Budisa, TU Berlin. A pBU16 based plasmid containing a tyrosine tRNAsynthetase gene of M. janaschii under control of the E. coli promoter of the glutamine tRNA ligase GlnS
and a mutated M. janaschii tyrosine tRNA with anticodon decoding amber UAG under the control of
E. coli promoter of proline tRNA ProK.
Kindly provided by Prof. Budisa, TU Berlin. A pBU16 based plasmid containing a mutated tyrosine tRNAsynthetase gene of M. janaschii under control of the E. coli promoter of the glutamine tRNA ligase GlnS,
that accepts m-ONB-Dopa instead of the natural tyrosine and a mutated M. janaschii tyrosine tRNA with
anticodon decoding amber UAG under the control of E. coli promoter of proline tRNA ProK.
Kindly provided by Prof. Budisa, TU Berlin. A pET28a based plasmid with the sfGFP gene under control
of the T7 promoter. Furthermore, one after the other a 6xHis-tag and a SUMO-tag for improved
expression and solubility are fused to the N-terminus of the sfGFP gene. The C-terminus of the sfGFP
gene contains a Strep-tag II.
Kindly provided by Prof. Budisa, TU Berlin. A pET28a based plasmid with the sfGFP gene under control
of the T7 promoter. Furthermore, one after the other a 6xHis-tag and a SUMO-tag for improved
expression and solubility are fused to the N-terminus of the sfGFP gene. The C-terminus of the sfGFP
gene contains a Strep-tag II. Additionally, the sfGFP gene contains an amber stop codon at position
R2.
Kindly provided by Prof. Budisa, TU Berlin. A pET28a based plasmid with the sfGFP gene under control
of the T7 promoter. Furthermore, one after the other a 6xHis-tag and a SUMO-tag for improved
expression and solubility are fused to the N-terminus of the sfGFP gene. The C-terminus of the sfGFP
gene contains a Strep-tag II. Additionally, the sfGFP gene contains three amber stop codons at position
R2, N39 and K101.

Jeschek
al.93

et

Addgene
#4583355
Hauf et al.99

Hauf et al.99

Hauf et al.99

Hauf et al.99

Hauf et al.99

pET28a_SUMO_sfGFP_5xUAG_
strep

pBR322 / KanR

pUC18_T7_sfGFP_T7term

pUC / AmpR

pUC18_T7_Sav_T7term

pUC / AmpR

pSEVA281_T7_sfGFP_T7term

pUC / KanR

pSEVA281_
T7_sfGFP_strep_T7term

pUC / KanR

pSEVA281_T7_sfGFP_5xUAG_s
trep_T7term

pUC / KanR

Kindly provided by Prof. Budisa, TU Berlin. A pET28a based plasmid with the sfGFP gene under control
of the T7 promoter. Furthermore, one after the other a 6xHis-tag and a SUMO-tag for improved
expression and solubility are fused to the N-terminus of the sfGFP gene. The C-terminus of the sfGFP
gene contains a Strep-tag II. Additionally, the sfGFP gene contains three amber stop codons at position
R2, N39, K101, E132 and D190.
For the in vitro expression of sfGFP, the gene was chemically synthesized together with the T7 promoter
(Integrated DNA Technologies). The linear fragment was used as a DNA template for PCR amplification
with the primer pair [pr30, pr31]. The PCR product and pUC18 were digested with EcoRI and HindIII,
and purified via agarose gel extraction and ligated with T4 ligase. The resulting intermediate product
(pUC18_T7_sfGFP) was digested with EcoRI and BamHI and agarose gel purified and ligated with selfannealing oligo nucleotides [pr42, pr43]. DNA sequence confirmation was done via Sanger sequencing
with Microsynth.
For the in vitro expression of core Sav protein under the control of a T7 promoter, the pET_30B_SAVcyto
plasmid was restriction digested with XbaI and BamHI and the Sav DNA purified via agarose gel
extraction. Similarly, the plasmid pUC_T7prom_sfGFP_T7term was restriction digested with XbaI and
BamHI and the backbone was purified via agarose gel extraction. The digested pUC18 backbone and
the Sav insert were ligated with a T4 ligation mix. DNA sequence confirmation was done via Sanger
sequencing with Microsynth.
For the in vitro expression of sfGFP the plasmid pUC18_T7_sfGFP_T7term was PCR amplified using
and the primer pair [pr178, pr179]. The PCR product and pSEVA281 were digested with PacI and SpeI,
purified via agarose gel extraction and ligated via T4 ligase. DNA sequence confirmation was done via
Sanger sequencing with Microsynth.
For the in vitro expression of sfGFP, using non-canonical amino acids, the plasmid
pET28a_SUMO_sfGFP_strep was PCR amplified with the primer pair [pr200, pr202]. The PCR product
and the plasmid pSEVA281_T7_sfGFP_T7term were digested with NdeI and BamHI, the products
purified via agarose gel extraction and ligated with T4 ligase. DNA sequence confirmation was done via
Sanger sequencing with Microsynth.
For the in vitro expression of sfGFP containing 5 amber stop codons, using non-canonical amino acids,
the plasmid pET28a_SUMO_sfGFP_strep was PCR amplified with the primer pair [pr200, pr202]. The
PCR product and the plasmid pSEVA281_T7_sfGFP_T7term were digested with NdeI and BamHI, the
products purified via agarose gel extraction and ligated with T4 ligase. The constructed plasmid
pSEVA281_T7_sfGFP_4xUAG_T7term was an intermediate construct and needed to be further
changed. As the primer pr200 reverts the amber stop codon at position R2 of the sfGFP gene, another
amber stop codon position had to be introduced to have again in total 5 amber stop codons within the
coding region. The position Y151 was chosen as it was shown multiple times97, that incorporation of
non-canonical amino acids at this position did not show interfere with folding or fluorescence intensity
of the sfGFP. A SDM reaction was performed on the intermediate plasmid with the primer pair pr203
and pr204. DNA sequence confirmation was done via Sanger sequencing with Microsynth.
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Hauf et al.99

This study

This study

This study

This study

This study

Supplementary Table 2.4: Coding sequence of commercially synthesized T7_sfGFP DNA used in this study
Sequence 5’  3’

Name
sfGFP

113

ATGAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATT
TTCTGTCCGTGGAGAGGGTGAAGGTGATGCTACAAACGGAAAACTCACCCTTAAATTTATTTGCACTACTGGAAAACTA
CCTGTTCCGTGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAAAC
GGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGACCTA
CAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAGGGTATTGATTTTAAAGAAG
ATGGAAACATTCTTGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAAT
GGAATCAAAGCTAACTTCAAAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCAGACCATTATCAACAAAATAC
TCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGTCCTTTCGAAAGATCCCAAC
GAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTCTACAAAT
AATAA

Supplementary Figure 2.1: Western Blot of TEVp treated CFX
Western blot analysis of PrfA variants in cell-free extracts derived either from BL21(DE3) (producing
wt PrfA) or BL21(DE3)-PrfA-TEV-Strep (producing an engineered PrfA variant, PrfA-TEV-Strep, with
an internal recognition site for TEVp protease and a Strep-tag II inserted after position P72 of the wt
PrfA). The latter extract was treated with either TEVp (+TEV) or BSA (+BSA) as a control. The extracts
were purified via Streptactin spin columns and the eluate blotted on a nitrocellulose membrane. AntiStrep-antibody was used to visualize the engineered PrfA protein (containing the TEVp recognition
site) or its degradation products. Purifying PrfA from untreated CFX from BL21(DE3)PrfA-P72-TEVStrep (lane 1) or after with BSA (lane 2) shows a full length PrfA protein (55 kDa). Purifying PrfA from
TEV-treated CFX from BL21(DE3)-PrfA-TEV-Strep shows the C-terminal part of cleaved PrfA-TEVStrep at 35 kDA (lane 3). Lane 4 serves as a control: Wild-type PrfA lacks the Strep-tag II and cannot
be visualized on this western blot.

Supplementary Figure 2.2: CFPS with linear DNA, Comparison of CFPS of sfGFP using
commercial CFPS mixes, different energy solutions
A) Optimal GamS concentration when in vitro protein production is based on purified linear DNA. B)
Different commercially available CFPS kits were tested and compared to the self-made CFX based on
BL21(DE3)Rosetta 2 cultivated in a fermenter. The prizes mentioned directly above the blue bars are
calculated for one 50 µL CFPS reaction. C) Two different energy solutions were tested for the resulting
yield of sfGFP form CFPS. D) Summary table of bacterial strain cultivation and DNA concentration of
the used plasmids or linear DNA used in the experiments A-C.

Supplementary Figure 2.3: SDS-PAGE of the purification of GamS
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BL21(DE3) cells were transformed with pBAD_gamS and used to synthesize the GamS protein. After
protein production, a Ni-NTA column was used to purify the His6-tagged GamS protein. Different
fractions of the purification were separated by SDS-PAGE. The loaded samples were normalized to total
protein concentration M: pertained protein marker, FT: flow through after loading the CFX onto the
column, Wash: flow though after applying once the wash buffer, 1-4: consecutive flow through of
fractions after applying the elution buffer55. Increased protein bands (fraction 1 - 4) can be detected
between 10 kDa and 15 kDa which corresponds to the molecular mass of GamS (12’766 Da)

2.8 Author’s contribution
P.R. and S.P. conceived the project. P.R. performed fermentation, CFX preparation and
optimization of the CFPS activity based on linear DNA as well as the incorporation of noncanonical amino acids into proteins. D.K. and V.C. performed the optimization of fermentation
protocols and production of Sav in vitro. T.M.R. performed the Western Blot analysis. J.F and
M.S-H. introduced P.R. into the process of CFX preparation and CFPS.
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3.1 Abstract
The engineering of artificial metalloenzymes (ArMs) allows the implementation of reaction
principles that are alien to canonical biochemistry and is thus of high relevance for constructing
next-generation synthetic biology chassis. One way to construct such ArMs is via the
streptavidin (Sav)-biotin technology, in which a synthetic metal-bearing catalyst coupled to
biotin is associated with the protein scaffold of Sav, exploiting the high affinity of the biotin-Sav
association. However, the initial ArM is typically not efficient, and it would be advantageous to
apply directed evolution to the protein scaffold to obtain improved ArM variants. Given the huge
size of the space of Sav variants, efficient assays to identify improved variants are essential,
but Sav is toxic to standard host cells and it needs to receive the synthetic catalyst to function
as an ArM, making standard cell-based assays challenging. Instead, producing Sav-variants
by cell-free protein synthesis would eliminate many of the problems in screening for improved
ArMs, but is limited by the typically low throughput of the related work processes.
In this work, we describe the implementation of four key microfluidic technologies for a high
throughput in vitro screening system based on droplet microfluidics. We show [i] the distribution
and amplification of genetic information in single droplets; [ii] precise and repeated droplet
fusion with a cell-free extract for in vitro protein synthesis protein; [iii] picoinjection of individual
droplets with cofactor and [iv] construct a Fluorescence Activated Droplet Sorting (FADS)
device that is able to analyze fluorescent signals generated in the droplet and select the
respective droplet based on given sorting criteria.
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3.2 Introduction
Protein engineering deals with the process of making tailor-made enzymes or binding proteins
for their applications in many industrial fields, including chemical, pharmaceutical or food
industries. In vitro technologies such as error-prone PCR or DNA shuffling are efficient at
modifying the genetic information for and therefore the composition of the protein of interest
on a massive scale, but it remains challenging to identify enzyme variants with the desired
property when applying traditional screening and selection technologies to the vast pool of
variants. If the functional assay can be conducted with living cells, there are strategies to deal
with the large number, in particular selection (linking function to cell survival) and fluorescenceactivated cell sorting. However, such assays are often simply impractical to implement for a
given evolution task. In addition, many assay problems are intrinsically unsuited for cell-based
assays due to incompatibility with substrate, enzymatic reaction or physiological conditions of
the cell, and assays have to be conducted in cell-free extract or even with purified protein.
Time and labor-intensive protein purification can be applied to allow for enzyme screening
assays. The throughput of enzyme screening therefore decreases and limits the chance of
finding an enzyme with the desired catalytic activity. One approach to increase sample
throughput in such scenarios is the use of liquid handling devices, but the throughput remains
low when compared to fluorescence-based cell-sorting assays.
The involved problems can be illustrated by the engineering of artificial metalloenzymes
(ArMs). These are enzymes that receive a novel metal in an existing cofactor in an existing
enzyme, or protein scaffolds that are equipped with an altogether synthetic cofactor. A
prominent example of the latter strategy is the production of ArMs by attaching transition metalcontaining catalysts to biotin and then using the high affinity of the streptavidin (Sav)-biotin
interaction to insert the cofactor into the protein environment provided by the Sav-cavity next
to the biotin-binding site.
As biotin is required for the synthesis of fatty acids, it is an essential vitamin, and consequently
production of Sav in standard microbial hosts is challenging. In addition, the synthetic cofactor
needs to reach the Sav, so intracellular strategies are impractical to start with. Finally, the
standard reaction conditions of Sav-biotin-based ArMs are still rather non-physiological, thus
cell-based assays are not impossible but remain challenging 47.
With the advent of droplet-based microfluidics, it became possible to produce water-in-oil
compartments in the range of pico- to nanoliter volume on a large scale and in a fast and
controlled manner. In comparison to standard liquid handling, the combination of small volume
of the reaction compartment and its rapid yet controlled formation suggests that it might be an
excellent opportunity to increase sample throughput by several orders of magnitude. Here we
describe the implementation of crucial microfluidics technologies for cell-free enzyme
evolution.
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3.3 Results
3.3.1 General concept of a droplet based in vitro screening assay
We separated the entire screening process in four major steps and each step included a
custom-made microfluidic chip that allowed for precise high-throughput and parallelized
experimenting (Figure 3.1).
The first step consists of the compartmentalization (or encapsulation) of the genetic information
after a diversification process such as epPCR. It is important to note that the objective of this
step is to obtain droplets that contain one variant DNA molecule and therefore can give rise to
a monoclonal droplet. The process to approximate this ideal is dispersing the aqueous phase
containing the DNA molecules into an oil phase, therefore the compartmentalization process
is subject to a Poisson distribution.
This encapsulation step is followed by a DNA amplification step. Practically speaking, the
aqueous phase in which the DNA molecule was dissolved in step 1 contains all components
required to conduct a PCR. The generated droplets are subjected to a classical PCR (during
which the compartments remain intact, hence it is an emulsion PCR), generating a monoclonal
population of the variant DNA molecule. This amplification increases the template
concentration for the subsequent cell-free protein synthesis (CFPS) step.
Step 2 in Figure 3.1 shows the preparation of the CFPS process on a second microfluidic chip.
Specifically, the content of the droplet with the monoclonal DNA population needs to be reconditioned after the PCR by adding cell-free extract (CFX). This extract cannot be added
before step 1, as the PCR relies on repeated increases in temperature, which would inactivate
the CFX. For this, we have implemented a voltage-induced droplet fusion process, during
which each DNA-containing droplet (from the emulsion PCR) is fused with CFX that has been
encapsulated, so that each monoclonal droplet receives the same amount of CFX. Note that it
is also possible to add other components to the CFX, which might be needed after the CFPS
but must not interfere with it. In our case, this was the substrate of the assay reaction that we
would perform after CFPS. After the fusion, the droplets are incubated and CFPS can take
place, translating the DNA variant into an enzyme variant, or in our case into a Sav-variant.
Note that DNA template and gene product are still in the same compartment.
Step 3 in Figure 3.1 shows a second step to re-condition the droplet composition. This became
necessary because for full function as the ArM still needs to receive the synthetic cofactor. It
was impossible to add it with the CFX, because the compounds of the CFPS mix inactivate the
synthetic cofactor. However, in general terms, such a second step of re-conditioning can be
very useful, for example if the assay substrate interferes with CFPS. Please note that in step
3 we use picoinjection for re-conditioning (instead of droplet fusion in step 2), because smaller
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volumes can be picoinjected in individual droplets. As a side effect, note that the pico-injected
liquid contains a fluorescent dye that allows estimation of the amount of added liquid.
For the last step, we developed a microfluidic device that allows for precise selection of
droplets with the desired phenotype. More precisely, this microfluidic device allows for the
analysis and selection of fluorescent droplets for various reasons. The first reason was
mentioned before, estimation of amount of added components. The second reason is related
to the fundamental type of questions that we want to ask in the first series of applications of
the platform. More specifically, engineering of ArMs based on the Sav scaffold still requires a
number of fundamental questions to be answered, which in directed evolution often translates
into screening a large number of protein variants. To enable this, we want to rely on a method
that is fast, non-invasive and quantifiable to allow for precise selection of the right phenotype,
and a common readout method that guarantees this is a spectrophotometric readout based on
either visible light (luminescence, fluorescence or absorbance etc.) or near-ultra violet and
near-infrared light114. Here, we use a non-fluorescent substrate that becomes fluorescent upon
conversion and can be quantified.
The process is completed by pooling the selected droplets, breaking them open, and
recovering the genes by PCR or cloning into an expression plasmid. Of course, the recovered
DNA can serve again as starting material for another round of genetic diversification, gene
expression and selection of the desired phenotype until the enzyme fulfills the requirements.
In the following, we will go in more detail through the experimental implementation and
characterization of the different steps.
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Figure 3.1: Central technical steps in the in vitro enzyme evolution platform.
Step 1: Encapsulation of a DNA library into w/o droplets. This step is followed by a PCR step for DNA amplification (emulsion PCR, emPCR). Step 2: Droplets with
DNA obtained after emPCR are actively fused with droplets containing CFX via an electric field created by the electrodes. This step is followed by incubation and
CFPS. Step 3: Picoinjection of required compounds (such as a synthetic cofactor) for the assay reaction following CFX. Step 4: Selection of droplets with desired
phenotypes via dielectrophoretic force exerted by the electric field induced by electrodes. This step is followed by recovery of the genetic information form the
sorted droplets.

3.3.2 Microfluidic based droplet production and DNA amplification
The design of the droplet production chip was based on the design of Zinchenko et al. (Figure
3.2A)20. In this design droplets are produced via the flow focusing technique: the oil serves as
a continuous phase (sheath fluid) flanking the dispersed (aqueous) phase at an intersection
which leads to droplet break-off near the orifice (Figure 3.2B). In general, the droplet size
depends on the orifice diameter, flow rate of sheath fluid and aqueous phase, and the
viscosities of the two liquids115,116,117. The chip design has an orifice diameter of 20 μm and the
produced wafer had a height of 19 μm. Thus, we produced 20 μm droplets with approximately
12’000 Hz when applying a flowrate of 180 μL h-1 to the aqueous phase and 600 uL h -1 to the
fluorinated oil phase. We achieved stable droplet production with diameters between 17 μm
and 25 μm by changing the ratio of the flow rate of the aqueous and oil phase. In general, a
3:1 ratio of oil to aqueous phase produced stable monodisperse droplets, the so-called
“dripping” regime. Even a 2:1 ratio of oil to aqueous phase destabilized droplet production and
the jetting regime is entered in which the aqueous phase forms a long jet immersed in the oil
until eventually droplets break off and form. The break-off point is not as stable as in the
“dripping” regime, thus monodisperse droplet production is no longer guaranteed118.
We choose to work with fluorinated oils and their compatible fluorinated surfactants as our
continuous phase. The fluorinated oils such as HFE-7500 or FC-40 are inert, biocompatible
and well characterized for microfluidic applications thus being the most prominent oil in the
field. Additionally, fluorinated oils are characterized by high solubility of gases such as oxygen,
which is of importance for biological experiments including growth of cell cultures 119. High
molecular weight fluorinated surfactants (PFPE block) sufficiently maintain a 10 nm oil layer
surrounding the aqueous phase thus stabilizing the w/o droplet even when high shear forces,
extreme temperature fluctuations or long-term incubations are applied 120.
We characterized the chip with an aqueous solution that reflected an actual screening problem
to which the platform will be applied, i.e. including DNA amplification. In fact, amplification of
DNA from a single molecule even in a pL-volume compartment is far from trivial121, so we
simplified the procedure. Specifically, we distributed plasmid-bearing cells instead of isolated
DNA molecules, as cells accurately replicate plasmids and distributing a single cell carrying up
to hundred copies of the target plasmid into a droplet correspondingly increases the starting
number of plasmids in the droplet. As with isolated molecules, bacteria can be distributed into
droplets according to a Poisson distribution 122, and the equation in Figure 3.2C describes the
probability to find k bacterial cells per droplet dependent on λ, which is the mean number of
bacterial cells per droplet volume. Therefore, the droplet occupation can be regulated by
adjusting the cell density in the aqueous phase.

To illustrate this, we encapsulated 1x10 6 E. coli Top10 cells suspended in 100 µL of PCR mix
in droplets with a volume of 5 pL (total of 2x10 7 droplets) which corresponds to a λ of 0.5.
According to the Poisson distribution, this means that 60.6% of the droplets do not contain any
E. coli cell, 30.3% contain one cell, 7.5% contain two cells, and so on. We PCR-amplified the
aforementioned gene within the individual droplets. Despite harsh temperature conditions
between 60°C– 95°C during the PCR steps (Table 3.3), the droplets did not coalesce nor shrink
most likely due to the stability of the fluorinated oil and surfactant. We confirmed correct PCR
amplification of the genes by breaking open a fraction of the droplet population, recovering the
DNA and analyzing the length of the amplified DNA via agarose gel electrophoresis. The
emPCR product based on E. coli containing the genetic information for Sav-TEVsite-sfGFP
(Supplementary Table 3.4) showed the amplification of the correct product of 1’500 bp (Figure
3.2: Droplet production chip and emulsion PCRF). We quantified the DNA concentration in the
recovered emPCR solution via a fragment analyzer. We determined the PCR amplified DNA
concentration to be 260 ng, taking in account the length of the DNA fragment, the molar mass
of a base pare and Avogadro’s number we calculated to have 1.6 10
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DNA molecules. We

recovered 5 µL of the droplet emulsion which corresponds to 1 10 6 droplets. With a λ of 0.5,
only 39.4 % of the droplet population is occupied with one or more bacterial cells. Thus,
occupied droplets contained approximately 400’000 linear PCR amplified DNA molecules. We
determined to have an amplification factor of 4000 based on one bacterial cell containing a
pUC-plasmid (~100 copy numbers per cell). The molar DNA concentration after PCR
amplification in the droplet was 128 nM. After fusion with CFX droplets thus 7-fold dilution of
the DNA concentration results in a final concentration of 18 nM for the in vitro protein
production.
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Figure 3.2: Droplet production chip and emulsion PCR
A) Scheme of a droplet production chip with two inlets, one for the oil phase and one for the aqueous
phase, and an outlet to collect the produced droplets. B) Droplet production with 2’700 Hz over the
course of ~3 ms. The time line shows the production of one droplet (blue) and another droplet (yellow)
that leaves the orifice (colors were added during post image processing) C) Poisson distribution with
four different λ values. D) Encapsulated bacteria in a PCR mix with a λ of 0.5 (left). Zoomed image of
the droplet with a single bacterial cell (right). E) 4000-fold amplification of plasmid DNA (pSEVA281plasmid) to linear DNA via PCR. Droplets are broken open and the aqueous supernatant containing the
DNA is analyzed on an agarose gel. F) Agarose gel electrophoresis for analysis of amplification of
correct gene after emulsion break-up. Expected DNA fragment length of the emPCR product T7_SavTEVsite_sfGFP_T7term at 1500 bp and DNA Ladder (L)
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3.3.3 Droplet fusion via electro-coalescence
The next step of our screening platform contains a re-conditioning process in which the content
of a droplet is changed. This can be achieved by adding supplementary substances to the
already formed droplet. One example of droplet manipulation in order to change the inner
droplet environment is via droplet fusion 123. There are two major ways to fuse droplets: active
and passive fusion124. The latter technology depends on either geometry-mediated fusion or
chemical fusion. The geometry-mediated fusion relies on the channel design, in which the
droplets pass through. Expansion of the channel diameter or channel height results in draining
of the continuous oil phase that fills the additional channel volume. Droplets are slowed down,
remain in the middle of the channel and their spacing to each other is reduced until they collide
and fuse due to disturbance of surface tension 125. A difference in surfactant concentration of
two droplet populations can be used to obtain chemical fusion. It was described that droplets
without surfactant can be produced on chip and paired with re-injected surfactant containing
droplets. Upon droplet contact and a geometry-constraint of the channel structure, droplets
fuse, the surfactants are distributed and stabilize the merged droplet 126. On the contrary, active
droplet fusion relies on electrocoalescence or electrophoresis induced by an electric filed
through electrodes on the microfluidic chip 127. Droplets are paired on the microfluidic chip and
pass through opposing electrodes that by applying an AC voltage (200 V) with up to 20’000 Hz
creates an electric filed strong enough to fuse the droplets. Compared to passive droplet
manipulation, the active fusion offers increased throughput and fusion efficiency.
Thus, we implemented a microfluidic based droplet fusion chip that allows for pairwise active
coalescence of emPCR droplets with amplified DNA and cell-free extract (CFX) droplets
containing a CFPS mix for the synthesis of the gene product. The design of the droplet fusion
chip was based on the design of Fallah-Araghi et al. (Figure 3.3A)31. The chip contained two
parts, which on the one hand produced CFX droplets via the flow focusing method and an
orifice with a width of 30 µm, and on the other hand, re-injected emPCR droplets are spaced
through a channel with a width of 20 µm. The whole chip had a height of 27 µm.
We produced CFX droplets (36 µm, 24 pL) with a rate of up to 1’700 Hz. The formed CFX
droplets pass by the re-injection channel, which merges into one channel, pairing the droplet
populations (Figure 3.3B, droplet pairing). Simultaneously, we re-injected the emPCR droplets
(20 µm, 4 pL) with a rate of up to 1’000 Hz.
The course of one emPCR droplet paired with a CFX droplet is shown in Figure 3.3C. In the
ideal case, the flowrates of extract droplets and emPCR droplets are manually optimized to
achieve a one-to-one pairing via observation using a high-speed camera. Nevertheless,
approximately 1.7-times more extract droplets were produced on-chip to guarantee true
monoclonality and avoid the fusion of multiple emPCR droplets with one extract droplet.
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In general, the combined flowrate of the extract and oil was 4-times higher than the combined
flowrate of emPCR droplets and spacing oil. When emPCR droplets enter the extract droplet
channel, they were accelerated and thus pushed towards extract droplets ahead of them in the
channel. The channel narrows by half (20 µm) approximately 2 mm after the junction point
which in turn leads to plug flow of a large extract droplet and a small adjacent emPCR droplet
(first picture of Figure 3.3D). The channel with the paired droplets passes through opposing
electrodes, which create an electric field when applying an alternating potential difference. The
water-oil interface of the extract droplets and emPCR droplets are weakened by the electric
field, thus leading to coalescence 127. After leaving the electric field, the water-oil interface
stabilizes and the fused droplets are collected at the outlet. The described microfluidic chip
was used to fuse emPCR droplets with extract droplets with a frequency between 1 and 2 kHz.
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Figure 3.3: Functionality of a droplet fusion chip
A) Scheme of a droplet fusion chip with four inlets for CFX, emPCR and oil for spacing the droplets and
an outlet for merged droplets. B) Scheme of the pairing of emPCR droplets with CFX droplets and later
the passage through the electrodes for droplet fusion. C) Images of droplet paring over the course of
~1.2 ms. First and second emPCR droplet within the emPCR droplet channel are colored post image
processing (yellow and blue respectively) for better visualization. D) Images of droplet fusion of emPCR
droplet (small droplet) and CFX droplet (big droplet) over the course of ~0.6 ms. Fusion takes place
between the electrodes when an electric field is applied.
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To test the functionality of the droplet fusion chip, we conducted a CFPS experiment. For this,
we first separately encapsulated E. coli Top10 cells (Supplementary Table 3.2) in a PCR
mixture. The bacterial cells contained either a plasmid with the genetic information for sfGFP
(pCU18_T7_sfGFP_T7term) or mCherry (pUC18_T7_Strep_mCherry, Supplementary Table
3.5). The used bacteria actually do not have the ability to translate the genetic information into
proteins, as these cells do not produce T7RNA polymerase (T7RNAP), a prerequisite for
transcription from pUC18_T7_ -type plasmids. We adjusted the cell density in the aqueous
phase to encapsulate on average one cell per droplet (λ = 1). We amplified the genes within
the emulsions and broke open a fraction of each of the droplet populations to analyze the
amplified DNA via agarose gel electrophoresis (Supplementary Figure 3.1A). After confirming
that the length of the amplified genes was correct, we separately fused the two batches of
emPCR droplets using the droplet fusion chip. We incubated the droplets overnight at 37°C
and analyzed the fluorescence intensity with a microscope after ~16 h. Both, the sfGFP and
the mCherry droplet population showed distinct droplets with increased green (Figure 3.4A) or
red fluorescence respectively (Figure 3.4B). After image analysis, the overall amount of
droplets and the amount of fluorescent droplets was determined. The amount of segmented
droplets in the Figure 3.4A was determined to be 515 of which 29 droplets (5.6%) showed
increased green fluorescence over a manually set threshold. The amount of segmented
droplets in the Figure 3.4B was determined to be 626 of which 123 droplets (18%) showed
increased red fluorescent over a manually set threshold. As we encapsulated the bacterial
cells with a λ of 1, we expected to have 64% of the emPCR droplet to be filled with amplified
DNA. As we produced 1.7 times more CFX droplets compared to emPCR, the expected
amount of fluorescent droplets decreased to 37.6%. In the case of the droplets containing PCR
amplified mCherry DNA, only 18% of the analyzed droplets show red fluorescence, which is
approximately half of the expected fluorescent droplets. This difference is even more
prominent in the case of the PCR amplified sfGFP droplets. Only 5% of the analyzed droplets
show green fluorescence, which is 7-times less than expected. This discrepancy could be due
to a non-ideal Poisson distribution of bacterial cells in the first step or an increased CFX droplet
production rate.
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Figure 3.4: CFPS of fluorescent proteins after fusion with emPCR amplified DNA
A) Overlay of bright-field and epifluorescence image of the droplets containing the sfGFP gene using
the GFP filter (total: 515 droplets). B) Overlay of bright field and epifluorescence image of the droplets
containing the mCherry gene using the RFP filter (right) (total: 626 droplets).

3.3.4 Droplet manipulation via picoinjection
As a second re-conditioning step for droplets, after droplet fusion, we implemented a
microfluidic chip that allows for precise injection of an aqueous solution into previously
produced droplets. We choose to actively inject the aqueous phase into the previously fused
droplets, in order to guarantee high throughput manipulation of the droplets. Thus, this method
does not rely on two different droplet populations that need to be produced, paired and
precisely fused but only picoinjection of individual droplets.
We designed a picoinjection chip based on the design of Abate et al.128 (Figure 3.5A).
Previously fused droplets are re-injected with a rate of 1’000 Hz. Additional spacing oil is used
in order to allow for sufficient distance between the droplets and prevent fusion of adjacent
droplets when reaching the injection channel. In general, the overall channel height of the chip
was 30 µm, except for the outlet right after the injection channel, which was increased to 80
µm in a second SU-8 process (Supplementary Figure 3.2). The increased channel height of
the outlet reduced the backpressure of the overall system and allowed for a better control for
the injection channel without leaving the operational space of the pressure pump system (max.
34.5 kPa overpressure). Re-injected droplets pass by an injection channel with an orifice of 10
µm filled with an aqueous solution. Extrusion from this channel is controlled by a pressure
pump system: an overpressure of 3 kPa is applied to the injection channel that is sufficient to
withstand the hydrodynamic pressure exerted by the oil and the re-injected droplets (Figure
3.5B left). This creates an aqueous meniscus with a curvature into the oil channel at the orifice
of the injection channel, as the aqueous phase and fluorinated oil are not miscible.
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Two electrodes are located on the opposite side of the injection channel (Figure 3.5A). Similar
to the fusion chip, an electric field is created by applying an alternating potential difference of
200 V with a frequency of 20’000 Hz. The field weakens the water-oil interface of the droplets,
in order to inject the liquid from the injection channel into the droplet 129. One can manually alter
the amount of injected liquid into the droplets by changing the overpressure applied to the
injection channel. Increasing the pressure at the injection channel increases the meniscus
curvature at the channel orifice and a bigger volume is injected during the passage of the
aqueous droplet. In order to keep a constant meniscus for precise picoinjection of liquid, we
controlled the pressure such that the meniscus neither collapsed due to low backpressure
(Figure 3.5B middle) nor created droplets on its own due to extensive overpressure (Figure
3.5B right). The course of the picoinjection of a droplet is shown in Figure 3.5C. We could
achieve picoinjection rates between 1 – 2 kHz.

67

Figure 3.5: Functionality of a picoinjection chip
A) Scheme of a picoinjection chip with three inlets for droplets, spacing oil, the liquid that need to be
injected and an outlet for the injected droplets. B) Left: In order to create a stable meniscus, the
hydrodynamic pressure of the droplet channel (ΔP1) is counter balanced by the pressure of the injection
channel (ΔP2). Middle: The injection channel is under-pressurized compared to the hydrodynamic
pressure of the droplet channel. Right: The injection channel is over-pressurized compared to the
hydrodynamic pressure of the droplet channel. C) Picoinjection of droplets with liquid at the interface of
injection channel over the course of ~1.2 ms. Injection channel and droplets were colored (pink) post
image processing for better illustration.

To demonstrate the functionality of the picoinjection device, we injected a fluorescent dye into
CFPS droplets. For this, we first produced two distinct droplet populations containing a CFPS
mix and the plasmid template (pUC18_T7_sfGFP_T7term) for the synthesis of sfGFP, or the
plasmid template (pUC18_T7_Sav_T7term) for the synthesis of the non-fluorescent protein
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Sav. We incubated the droplets overnight at 37°C for CFPS (Figure 3.6A). After protein
production, we picoinjected an aqueous solution containing 20 µM of the red fluorescent dye
sulforhodamine B (SRB) and 20 μM of a ruthenium catalyst into individual droplets using the
implemented chip and described protocol. After picoinjection of the two droplet populations
separately, we mixed them in a 1:10 ratio (Sav droplets: sfGFP droplets (v v-1)) and took
fluorescence images with a microscope. After image analysis, the total amount of segmented
droplets was determined to be 461 of which 368 droplets (79%) show increased green
fluorescence (Figure 3.6A and D). This is in good agreement with the ratio of Sav and sfGFP
droplets that were mixed before (10% Sav and 90% sfGFP). Furthermore, the analysis
revealed that 441 droplets (95%) of the analyzed droplets indeed contained red fluorescent
dye (Figure 3.6B and E). Via an overlay of the first and second image (Figure 3.6C and F), we
are able to determine the amount of droplets that were picoinjected but did not contain a green
fluorescent signal. The image analysis revealed that 80 droplets (17%) contained the red
fluorescent dye, but no green fluorescence (Figure 3.6D – F, droplet 1 and 2). This again shows
that approximately a tenth of the total droplet population contained the non-fluorescent Sav
protein.

Figure 3.6: Picoinjection of fluorescent dye into droplets containing CFX
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A) Overlay of bright-field and epifluorescence image using the GFP filter. B) Overlay of bright field and
epifluorescence image using the RFP filter C) Overlay of bright field and epifluorescence image using
the GFP and RFP filter. The overlay of green fluorescence and red fluorescence of the individual droplets
leads to a yellow appearance of the merged channels. D) – E) Zoomed images of the white rectangle in
the individual pictures A) – C). Droplets 1 and 2 do not appear green fluorescent in D) but red fluorescent
in E). The overlay in F) reveals that these droplets contain the genetic information for Sav.

3.3.5 Fluorescence Activated Droplet Sorting
3.3.5.1 Operating principle of custom-built FADS device
We developed a FADS device for a droplet-based high-throughput screening assay based on
a fluorescence readout. A general scheme of the FADS device setup is given in Figure 3.7.
The presented FADS device is able to sort droplets based on three fluorescence signals and
the excitation of the fluorescent species is elicited via a LASER box with three laser beams
(405 nm, 488 nm, 561 nm, [5]). The laser beams are coupled into an optical fiber, which is
attached to the inverted microscope, and the beam is deflected towards the objective via a
triple beam splitter (Figure 3.7b).
The microfluidic chip [2] is placed on the microscope object table and fluorescent droplets pass
through the channel. The laser beam is focused in the middle of the channel and upon
excitation of fluorescent molecules within the droplet, a fluorescent emission signal is
produced. The fluorescence signal is directed back through the objective [4] and is reflected
by a partially permissive mirror within the microscope towards the photomultiplier tube (PMT)
module [6].
Two sequential dichroic filters separate the emitted signals and reflect them towards the PMTs
with specific emission filters (460 nm, 509 nm, 580 nm, Figure 3.7e, g and h). The PMTs
convert the incoming photons via several amplification steps into a voltage signal, which is
further directed to a data acquisition card [9].
The data acquisition card (Red Pitaya) is connected to a PC and programmed via the Vivado
Design Suite (Version 2018.1, Xilinx, San Jose, California, USA). In order to communicate with
the data acquisition card, a custom-made user interface executed on the PC (DropSort [8])
was developed in order to visualize the incoming information of the data acquisition. With the
DropSort program, thresholds and sorting criteria are set by the experimenter and send to the
data acquisition card. Depending on the incoming signal, that is, when a droplet fulfils the
desired sorting criteria, the data acquisition card triggers the function generator [10], which in
turn creates a sorting pulse, which is 100-fold amplified by a voltage amplifier [11] before it
reaches the metal electrodes on the sorting chip via a BNC cable [3]. The amplified signal
creates a dielectrophoretic force that attracts the droplet to the ‘sorting’ channel. In case of
absence of fluorescence, the data acquisition card does not trigger any signal and the droplet
goes into the ‘waste’ channel, thus dividing the droplet population.
70

Next to the recording of the fluorescence data through the data acquisition card, we observe
the sorting process via a high-speed camera [7], attached to an additional side port of the
ocular of the inverted microscope. The light source of the inverted microscope is on top [1] and
provides the experimenter with white light, containing a broad spectrum of all wavelengths. To
ensure that this does not interfere with the fluorescence signals, the bright field light of the
microscope is equipped with a filter (Figure 3.7 a) that blocks the light with a wavelength shorter
than 633 nm and therefore allows observation of the sorting in the red-light spectrum. The
high-speed camera receives 20% of the fluorescent light from the sorting chip and the
remaining 80% are directed towards the PMT module. The automated inverted microscope,
the LASER box, high-speed camera and data acquisition card are connected to the PC and
controlled by the manufactures software or the DropSort user interface.

Figure 3.7: General scheme of the Fluoresce Activated Droplet Sorter
A scheme of the general setup of the FADS device. The core of the platform is composed of the
microscope and the microfluidic chip. Laser box and client PC on the right. Photomultiplier tube on the
left. Data acquisition card, function generator and high-voltage amplifier on the bottom (indicated with
the numbers). Important optical elements such as filters and beam splitters are indicated with letters.
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3.3.5.2 Functionality of the droplet sorting chip
There are several ways to actively sort droplets at a bifurcation point and allow only one
population to enter a specific channel. Valves can be used in order to close channels and force
the droplets towards another trajectory 130. Besides closing a channel and completely
preventing a droplet from entering, changing the resistance of one of the channels downstream
of the bifurcation is sufficient to actively guide droplets towards the other channel131.
Other sorting methods include thermocapillary 132, electrorheological133 or acoustic waves134
but the most prominent way of droplet sorting is by externally applying an electric field. In
general, droplets that do not exhibit the desired signal exit the sorting chip through the waste
channel after the bifurcation. On the contrary, droplets that show the desired signal trigger the
activation of the electrodes that create an electric field strong enough to pull the droplet towards
the electrodes via dielectrophoresis and into the sorting channel at the bifurcation 15,135,136,137.
To integrate the sorting device described above, we designed a microfluidic sorting chip based
on the design of Sciambi et al.138. The droplets are re-injected with a flow rate of 30 μL h-1rate
additional spacing oil is used with a flow rate of 200 μL h-1 in order to create sufficient distance
between the droplets. Additionally to droplet spacing, an oil bias is integrated which enters the
channel right before the sorting bifurcation. Its flowrate is set to 200 μL h-1 and guarantees that
even droplets with increased size enter the waste channel when no sorting signal was triggered
(Figure 3.8A).
The laser beam (Figure 3.8B and C red circle) is focused in the middle of the channel upstream
of the sorting bifurcation and right under the electrodes. If non- or low-fluorescent droplet
passes through the laser beam, the emitted fluorescent light will net trigger a sorting signal and
the droplet is pushed with the oil bias towards waste channel and exists the sorter (Figure 3.8B
and D). On the contrary, if a highly fluorescent droplet passes through the beam and emits a
fluorescence signal, it triggers the sorting signal and the electrodes are activated. As a result,
a strong electric field leads to the generation of a dielectrophoretic force that overcomes the
bias and attracts the droplets towards the sorting channel (Figure 3.8C and E).
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Figure 3.8: Functionality of a droplet sorting chip
A) Scheme of a droplet sorting chip with inlets for droplets, spacing oil, bias oil and two outlets for “waste”
channel and “sorting” channel. B) Low-fluorescent droplet (white) passes through the laser spot (red
circle) and does not emit fluorescent light. The on-chip electrodes remain inactivated and the oil bias
pushes the droplet towards the waste channel. C) Fluorescent droplet (green) passes through the laser
spot (red circle) and emits fluorescent light. The on-chip electrodes are activated, generate an electric
field, attract the droplet towards the sorting channel and overcome the force of the oil bias towards the
waste channel. The sorted droplet enters the “sorting” channel. D) Non-fluorescent droplet is pushed
via the oil bias towards the “waste” channel (~ 1.3 ms). E) Sorting of a fluorescent droplet over the
course of ~1.3 ms.
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3.3.5.3 Signal processing and sorting decision by data acquisition card
The Red Pitaya data acquisition card consists of a field programmable gate array (FPGA) card
and a processor to facilitate [i] signal processing in the ns range and [ii] communication with
the user interface. In general, FPGA cards contain programmable logic blocks (FPGA blocks)
that can be interconnected with each other and compute complex combinatorial functions in
parallel based on incoming signals. As the FPGA card performs digital computation, the
incoming continuous voltage signal (analog) needs to be converted with an analog-to-digital
converter (ADC). This process is described in Figure 3.9 using experimentally measured data
of fluorescent droplets with a diameter of 40 µm and a sorting rate of 200 Hz.
Via image analysis, it was determined that the droplets have a velocity of 0.16 m s-1 in the
channel immediately before analysis and they are separated from each other with a sufficient
amount of oil phase (distance between droplets 760 µm, 19 times the droplet diameter) (Figure
3.9A). The generated analog voltage signal is represented in Figure 3.9A. A high voltage
amplitude peak corresponds to the passage of a droplet that emits fluorescent light, while the
baseline corresponds to the oil phase. The Red Pitaya card is equipped with an ADC with a
sampling rate of 100’000 Hz and a resolution of 12 bit, which converts the continuous voltage
signal into one of 12 discrete values (samples). On average each droplet corresponds to a
signal width of ~25 samples (it takes a droplet of 40 µm diameter 2.5*10 -4 s to pass the point
of interrogation), whilst ~475 samples obtained during passage of the oil phase are acquired
between droplets (Figure 3.9B).
The basic analysis principle of the input droplet data of the Red Pitaya device and its
communication with the PC is illustrated in Figure 3.10A. The voltage signals of three different
fluorescent channels (Ch1 to Ch3) are converted with an analog-to-digital converter (ADC)
FPGA logic block into digital signals, as described above. The discrete values of the signals
are sent to the droplet detection FPGA block, instantaneously converted into a histogram,
transmitted to the PC, and displayed in the user interface. The histograms that appear in the
user interface are used to determine the voltage threshold that separates oil and droplets. At
first, the discrete values of the digital signal are binned in 2 14 bins (values from 0 – 16’383) and
the amount of samples in each bin are counted and summed up (Figure 3.10B left panel).
Subsequently, a histogram plots bins on the x-axis and the corresponding counts per bin on
the y-axis (Figure 3.10B right panel). As described above, approximately 95 % of the incoming
signal originates from the oil phase and can be considered background as the oil does not emit
a significant fluorescence signal. The background signal is represented in the first bins (here
1 and 2), because of its low amplitude. The remaining fluorescent signals are distributed over
the bins corresponding to higher amplitudes. Based on the histogram, the user can select
thresholds in the user interface for all three fluorescent signals and send them back to the Red
Pitaya card as threshold parameters.
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Figure 3.9: Conversion of continuous voltage data into sampling data
A) Theoretical continuous voltage signal of 200 fluorescent droplets over the course of one second. B)
Analog-to-digital conversion of the voltage signal. Note that each flank of the digital signal peak consists
of maximally 12 points and the entire peak of 25 points (25 samples).

These thresholds are set at the beginning of each experiment, as the intensity of the
fluorescence signal depends on the fluorescent molecule.
With the threshold parameters, the FPGA detection block is sufficiently instructed to distinguish
droplets from spacing oil, calculate their length (in terms of samples per time) and write droplet
data packages that contain the maximal measured fluorescence in each channel and droplet
length. These data packages are sent to the gating block and simultaneously to storage buffer
and from there to the user interface. In the user interface, the droplet data can be represented
in 2D scatter plots and up to four gates with four points can be drawn to sort out a specific
droplet population. The gating parameters are sent to the gating block of the FPGA card. Within
the gating block, the fluorescence signals and droplet length are compared to the gating criteria
and a sorting signal is sent out, if all criteria are matched.
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Figure 3.10: Scheme of the interaction between data acquisition card and user interface
A) Scheme of the communication between the Red Pitaya data acquisition card and the PC and its user
interface. Colored arrows represent droplet data packages that are analyzed on the Red Pitaya FPGA
card. B) Signal processing of incoming voltage signals and their conversion into digital values and their
amount in each bin (left). Histogram to set a threshold for distinguishing oil from droplet.

3.3.5.4 Sorting efficiency of the FADS device
To assess the sorting efficiency of the sorting chip, we produced, via the droplet production
chip (described in 3.3.2), two 30 μm droplet populations that each contained equimolar
concentrations of a well distinguishable fluorescent dyes, Alexa Fluor 488 (excitation 488 nm,
emission 509 nm) and a coumarin derivative (excitation 405 nm, emission 460 nm). The
positive droplet population contained 200 µM coumarin and 200 µM Alexa Fluor 488 whereas
the negative population contained only 20 µM coumarin and 20 µM Alexa Fluor 488. We mixed
these two populations in a 1:1 ratio (v v-1) and re-injected the mixture into the sorting chip
(Figure 3.11A). We sorted 2.3 million droplets in three hours and set, via the DropSort program,
a sorting gate for the droplets with the highest fluorescence, which corresponded to 48% of
the total population (Figure 3.11C, red rectangle). We took fluorescence images of the different
droplet populations before and after sorting (Figure 3.11B and D). We could successfully
separate the droplets with the high concentration of fluorescent dyes from those with the low
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concentration of fluorescent dyes. The “positive” population obtained from the sorting
consisted of 94 % true positive (highly fluorescent, as determined by Image analysis) droplets,
up from 43 % of the mixed population before sorting. With the current setup, monodisperse
and well distinguishable droplets can be sorted with 200 Hz and up to 8 hours.

Figure 3.11: Sorting efficiency of the FADS for two droplet populations with different
concentrations of two fluorescent dyes
A) Two different droplet populations with 200 µM of a coumarin derivative and 200 µM Alexa Fluor 488
or 20 µM coumarin and 20 µM Alexa Fluor were analyzed and sorted with the FADS device. B) Left:
Overlay of bright field and epifluorescence image using the GFP filter of the highly fluorescent droplets
(total: 1214 droplets). Middle: Overlay of bright field and epifluorescence image using the GFP filter of
the low-fluorescent droplets (total: 1143 droplets). Due to pipetting mistake, highly fluorescent droplets
appear in this image as well. Right: Overlay of bright-field and epifluorescence image using the GFP
filter of a mix (1:1 (v v-1)) of highly fluorescent and low-fluorescent droplets (total: 2039 droplets). C) 2D
scatter plot of the mixed droplet population with the specified sorting gate for the highly fluorescent
droplets. D) Left: Overlay of bright-field and epifluorescence image using the GFP filter of sorted droplet
(total: 983 droplets). Right: Overlay of bright-field and epifluorescence image using the GFP filter of the
waste droplets (total: 1611 droplets).
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3.4 Discussion
A conventional screening assay to select an improved enzyme variant can be formulated in
the following steps: (I) transformation of cells with a DNA library, (II) growth of the cells and in
vivo protein production, (III) addition of the substrate or cofactor and (IV) variant selection with
desired phenotype. Here, we developed microfluidic tools that allow us to perform these steps
in droplets under in vitro conditions. Droplet microfluidics is commonly used for barcoding and
amplification of single DNA molecules and sequence analysis 128. Nevertheless, we had to
optimize the emPCR based on single bacterial cells to guarantee enough genetic material for
the later in vitro protein production step. Furthermore, the DNA polymerase and its buffer
composition were carefully optimized to prevent inhibition of the CFPS mix after fusion
(Chapter 2). In every experiment, we analyzed a fraction of the droplet population for
successful DNA amplification via agarose gel electrophoresis and used the remaining droplets
for the droplet fusion step.
We successfully adapted a fusion chip allowing for pairwise coalescence of emPCR droplets
with CFX droplets containing a CFPS mix. The volume ratio of DNA-containing emPCR
droplets and CFX droplets is important for efficient in vitro protein production. Therefore, the
channel design and CFX droplet production was optimized to obtain CFX droplets with
approximately 6 times the volume of emPCR beads.
We constructed a FADS device to allow for precise selection of droplets with a desired
fluorescent signal profile. This device is comprised of electrical, optical and computational
elements in combination with a microfluidic chip. The device can analyze and select a
fluorescent droplet and simultaneously represent the fluorescence information of the droplet
population in a custom-made user interface. The Red Pitaya data acquisition card played a
pivotal role, as it provided all the features of a traditional data acquisition card but at a much
lower cost. The fast sampling rate of the data acquisition card and the high resolution analogto-digital conversion allowed for precise measurement of fluorescent droplets. Using the user
interface, the information of the droplet population was displayed to draw multiple gates for
selection of specific droplet populations. The sorting efficiency and sorting rate (200 Hz) of the
developed FADS device is comparable with already published devices 139.
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3.5 Conclusion
We demonstrate the design, production and application of multiple microfluidic chips that allow
for high-throughput production and manipulation of individual water-in-oil droplets. More
specifically we show the encapsulation of genetic material in form of single bacterial cells into
monodisperse droplets and the in vitro amplification of the respective genes inside the droplets
via emPCR. We make use of a droplet fusion chip in order to fuse emPCR droplets providing
the amplified DNA with droplets containing CFX, the machinery for the in vitro protein
production. We introduce a reconditioning step with a third droplet-based microfluidic chip that
allows for precise injection of an aqueous phase into individual droplets. Furthermore, we
demonstrate the development of a FADS device that allows for fast and precise selection of
microfluidic droplets based on up to three different fluorescence signals. For that, we use a
data acquisition card (Red Pitaya) and a user interface (DropSort) in order to analyze the
fluorescence signals of droplets in the range of nanoseconds and show the fluorescence signal
data of individual droplets almost simultaneously in the user interface. The FADS device allows
us to select for individual droplets that fulfill fluorescence criteria set in the DropSort interface.
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3.6 Materials and Methods
3.6.1 Materials
Chemicals: If not stated otherwise, chemicals were purchased from Sigma Aldrich (Merck,
Darmstadt, Germany). For the production of the master mold wafers, chemicals were obtained
from MicroChem (Tokyo, Japan). The fluorinated oil HFE-74500 was purchased from
FluoroChem (Hadfield, UK). The fluorinated oil with surfactant for droplet production was
purchased from BioRad (Automated Droplet Generation Oil for EvaGreen, Hercules,
California, USA).
Microscope: Microfluidic droplet sorting experiments were performed on the Eclipse Ti2-E
Inverted Microscope System (Nikon, Japan). The microscope was equipped with a fully
motorized stage and a perfect focus system (PFS) that allows for long-term image acquisition
without loss of optical focus of the observed sample. The microscope was operated with the
NIS software of Nikon from the PC (Figure 3.7 [8])
The light path (Figure 3.7 [1]) towards the object was equipped with a long pass filter (Figure
3.7a), which blocks every wavelength below 633 nm (Supplementary Table 3.1 F76-631). The
bright field image or the fluorescence image can be guided either towards a standard camera
(right port), the PMT module (left port, Figure 3.7 [6]) or to the eyepiece.
Furthermore, a mirror can split the image in such a way that 80% of the light intensity would
go towards the PMT module and 20% to the eyepiece where a high-speed camera (VEO E340 L, Vision Research, Wayne, New Jersey, USA) is attached (Figure 3.7 [7]).
An additional turret that contains the dichroic mirror (Figure 3.7b) for the incoming laser light
(wavelengths 405 nm, 488 nm and 561 nm) originating from the laser box was added
(Supplementary Table 3.1 F68-406).
Droplet production, droplet fusion and droplet picoinjection were performed under a Zeiss Axio
D1 inverted microscope. Bright field images of the process were observed via a high-speed
camera (Miroex4, Vision Research, Wayne, New Jersey, USA). In addition, fluorescence
images were taken with the Axio D1 inverted microscope. For analysis of green fluorescent
images the GFP filter was used (excitation: BP 470/20 nm, emission: BP 525/50 nm), for red
fluorescent images the RFP filter (excitation: BP 565/30 nm, emission: BP 620/60 nm) and
blue fluorescent images the DAPI filter (excitation: 395 nm, emission: BP 445/50 nm).
LASER Box: Laser light was provided by a laser box (6-Channel laser merge module. VisiTech
international, United Kingdom). It provides laser lines with wavelengths of 405 nm, 488 nm
(100 mW) and 561 nm (100 mW) through one optical fiber (Figure 3.7 [5]). The power of the
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lasers could only be controlled for the 405 nm laser via the VisiTech software (between 0 and
70 mW) on the PC (Figure 3.7 [8]), whereas the other lasers were operated at nominal power.
The power of the lasers was measured after passing through the optical fiber and the 40x
objective, using a power measurement device based on a photodiode (Thorlabs, Munich,
Germany). The remaining power for the 488 nm and 561 nm lasers was 5 mW. The 405 nm
laser had a remaining power of 7 mW when the maximal power of 70 mW was chosen in the
VisiTech software.
PMTs: PMTs were purchased from Thorlabs (Munich, Germany), as parts of the PMTSS2
package combined with a PMTSS2-SCM adapter comprised of three multi-alkali standard
sensitivity PMTs and two dichroic filter cube holder (Figure 3.7 [6]). These tubes are
characterized by a broad spectral range (185 – 900 nm) and a short rise and fall time (1.4 ns)
for precise detection of signals with high frequency. The PMTs were supplied with a input
voltage of 15 V via a continuous voltage generator (GPD-4303S, GW Instek, Taiwan, Figure
3.14 [13]) and via three distinct control voltages controlling each PMT gain in the recommended
range of 0.25 – 1.2 V, to get a suitable signal from the PMTs. The control voltage for the
individual PMTs was chosen, such that the signals from the inverting OpAmp did not exceed
1.8 V (Figure 3.14 [12]).
At the entrance of the PMTSS2 system, a short pass filter (Figure 3.7c) blocks the incoming
light with wavelength above 650 nm (Supplementary Table 3.1 F37-650). The filter reduces
the noise caused by the ambient light interacting with the microscope. The first dichroic filter
cube holder contains a beam splitter that reflects light wavelengths below 495 nm towards the
first PMT (Figure 3.7d) and allows the passage of all wavelengths above (Supplementary Table
3.1 F48-495). The first PMT was equipped with a band pass filter (Figure 3.7e) that passes
light with a wavelength between 425 nm and 475 nm (Supplementary Table 3.1 F34-450A).
The second dichroic filter cube holder contains a beam splitter (Figure 3.7f) that reflects light
wavelengths below 562 nm towards the second PMT and passes all wavelengths above
(Supplementary Table 3.1 F48-562). The second PMT was equipped with a band pass filter
(Figure 3.7g) that passes light with a wavelength between 505 nm and 545 nm (Supplementary
Table 3.1 F37-527). The third PMT was equipped with a band pass filter (Figure 3.7h) that
passes light with a wavelength between 581 nm and 653 nm (Supplementary Table 3.1 F39617).
High-speed camera: The high-speed camera ((VEO E-340 L, Vision Research, Wayne, New
Jersey, USA) was attached to the front part of the microscope (Figure 3.7 [7]). Using a
microscope internal mirror, 20% of the light path was directed toward the high-speed camera
and 80% towards the left port of the microscope, where the PMTs were attached (Figure 3.7
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[6]). The camera was operated with the PCC 3.0 program, provided by the supplier of the
camera. The resolution of the camera image was set to 860x640 pixel and a rate of 5.300
frames per second (fps).To observe the droplet production, a high-speed camera from
phantom electronics (Miro eX4, Vision Research, Wayne, New Jersey, USA) was used and
attached to the side port of the Zeiss inverted microscope. The camera was operated with the
PCC 1.33 program (provided by the supplier of the camera), a resolution of 240x240 pixel, and
a rate of 8.000 fps.
Operational amplifier: Signals transmitted by the used photomultiplier system have a
negative voltage amplitude, which need to be inverted into a positive voltage signal, as the
analog extension (Figure 3.13A) of the Red Pitaya can only work with positive voltages.
A custom-made (Peter Buchmann, workshop, BSSE) inverting operational amplifier (OpAmp,
Figure 3.12) was used to convert the signals of the PMTs. Furthermore, continuously variable
potentiometers were integrated to manually vary the output signal of the OpAmp to adjust the
range of the input signal of the Red Pitaya.
In this inverting amplifier circuit, the operational amplifier was integrated in a closed loop
feedback. The input current does not flow towards the input terminal of the OpAmp due to the
virtual ground at the amplifier input (Figure 3.12A, blue spot). Through this virtual grounding
node, the input resistance of the amplifier is equal to the value of the input resistance R in and
the loop gain of the inverting amplifier can be adjusted by the ratio of the two external
resistances or, in this case, potentiometers with variable resistance. The Formula for the
closed-looped gain is given in Equation 1.

Equation 1: Calculation of the closed-loop-gain (AV) of the inverting OpAmp
𝐺𝑎𝑖𝑛 (𝐴𝑉 ) =
𝑽𝒐𝒖𝒕 = −

𝑅𝑓
𝑉𝑜𝑢𝑡
=−
𝑉𝑖𝑛
𝑅𝑖𝑛
𝑹𝒇
∗ 𝑽𝒊𝒏
𝑹𝒊𝒏

The custom-made inverting OpAmp contains three inputs for the PMTs and three outputs with
additional potentiometers to manipulate the output signals (Figure 3.12B).
The functionality of the OpAmp is demonstrated in Figure 14, where input and output signals
are displayed simultaneously. The input signal from the PMTs (Figure 3.12C, top of
oscilloscope display) is inverted by the OpAmp (Fig. 14 C, bottom of oscilloscope display) and
transmitted to the Red Pitaya. With the potentiometers, the output signal of the inverting
OpAmp can be mechanically manipulated by turning the control knob on the top of the device.
In null position, the inversion of the signal has a ratio of 1:1 (Figure 3.12C, left). Furthermore,
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the inverted signal can be increased 4.1-fold (Figure 3.12C, middle) or decreased 0.2-fold
(Figure 3.12C, right) in relation to its input signal.

Figure 3.12: Custom-made inverting operational amplifier
A) Circuit diagram of the inverting OpAmp. Vs is the working voltage of the OpAmp. The potentiometers
Rin and Rf are mechanically interlocked with each other, as indicated by the dotted line. B) Case of the
inverting OpAmp with three BNC inputs (right) connecting to the PMTs and three outputs (left)
connecting to the Data acquisition card. Three control knobs on the top mechanically vary the
potentiometers Rin and Rf simultaneously for the individual channels. C) Effect of different knob position
on the output signal. Three pictures of the original signal (input PMT, on top) and simultaneously inverted
signal (output OpAmp, bottom) on an oscilloscope of one channel.

Data acquisition card: The core of the droplet sorting device is the data acquisition card
(Figure 3.7 [9]) STEMlab 125-14 (Red Pitaya, Slovenia) with its Zynq 7010 field programmable
gate array (FPGA) (Xilinx, California, United States) and a dual core Cortex-A9 MPCore
processor (ARM, Cambridge, United Kingdom). The Red Pitaya card is powered by a micro
USB connection. On a micro SD card, it is possible to store FPGA designs that are
programmed via the Vivado Software (Xilinx, California, United States). Despite the card’s
possibility to analyze four fluorescent signals simultaneously (Figure 3.13B), we used only the
capacity for three fluorescent signals, as this was sufficient for our experiments.
A custom-made adapter was developed to allow for the connection between inverting OpAmp,
the Red Pitaya card, and the function generator using BNC cables (Figure 3.13C).
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Figure 3.13: Design of the Red Pitaya
A) Pictogram of the inner components of the data acquisition card from Red Pitaya. The analog
extension receives the incoming signal that is processed in the FPGA part. A sorting signal leaves the
extension towards the function generator. B) Red Pitaya card in its case with open sections to access
the analog and digital extension. C) Custom-made adapter for BNC connectors that allows for
connection of four input signals (form PMTs) and one output signal for the function generator.

Function generator and high-voltage amplifier: The sorting decision and the signal
generated by the Red Pitaya are sent to a function generator (UTG2025A) (Uni-Trend,
Shenzen, China) to trigger a sorting pulse. The externally triggered function generator (Figure
3.7 [10]) releases a sine wave with 25’000 Hz and an amplitude between 2 and 3 V p-p (peakto-peak). The length of the sorting signal was between 50 and 100 cycles, which corresponds
to 2 ms - 4 ms of signal duration.
The sorting signal was 100-fold amplified via a high-voltage amplifier (Model 2010, TREK, New
York, USA) in order to create an electric field that was strong enough to address droplets
towards the sorting channel (Figure 3.7 [11]). Connection between the electrodes on the chip
(Figure 3.7 [2]) and the high-voltage amplified was made with a BNC cable (Figure 3.7 [3]).
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3.6.2 Methods
Wafer production: The chip designs were prepared with AutoCAD 2018 (Autodesk, Mil
Avelley, California, USA). The design layout was then printed on a transparency mask by
SELBA S.A (Versoix, Switzerland) at a resolution of 50’800 dpi. Semiconductor-grade wafers
(4 inch) spin-coated with the negative resist SU-8 3025 (MicroChem, Westborough,
Massachusetts, USA) were heated to 120 °C for five minutes on a hotplate, to achieve the
required layer thickness of the particular chip design. After 10 min of leveling at room
temperature, the wafers were soft baked at 65 ºC for 2 min and at 95 ºC for 8 min.
Subsequently, wafers were exposed for 8 seconds to a mercury arc-lamp light source filtered
for the i-line emission (365 nm) with an energy dose of 120 to 250 mJ cm-2, using the maskaligner MA-BA8 (SUESS MicroTech, Garching, Germany). A post exposure bake was
performed at 65 ºC for 1 min and 95 ºC for 5 min. In case of a multilayer chip, the
aforementioned steps (spin-coating, soft-bake, exposure, post-exposure bake) were repeated.
We removed the non-cross-linked SU-8 3025 by submerging the wafers into Mr. Dev 600
developer (micro resist technology, Berlin, Germany) solution for 3 minutes. Afterwards, wafers
were rinsed with isopropanol, followed by dry-spinning. Wafers were hard-baked at 160 ºC for
2 hours before their thickness was measured with a profilometer (Supplementary Figure 3.2,
left).
PDMS chip fabrication: Wafers were covered with 60 g of polydimethylsiloxane (PDMS,
Sylgard 184) and a curing agent (10:1 w w-1) in an aluminum foil container. The assembly was
degassed in a vacuum chamber for 45 min and left in an incubator overnight at 80 °C. The
wafer and aluminum container were removed and the polymerized PDMS was cut. Inlets and
outlets were punched (1 mm) according to design. The chips were then thoroughly cleaned
with acetone, isopropanol and deionized water before plasma-activating the surface. The
plasma-activated chips were bonded to a microscopy glass slide.
For the chips featuring electrodes, low temperature melting solder (Indalloy #19, Indium
Corporation, Utica, Illinois, USA) was inserted into the electrode inlets, which were then
plugged with a metal pin (performed on a hotplate at 100 ºC). The channels of the chip were
flushed either with Sigmacote or 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane (FluoroChem,
Hadfield, UK) in fluorinated oil HFE-7500 (1% v v-1, 3M) to produce hydrophobic channel walls
(Supplementary Figure 3.2, right).
Microfluidic chip assembly: Hamilton syringes were equipped with a 23-gauge needle and
ca. 30 cm of PTFE tubing (Sigma-Aldrich). Syringes with tubing were then preloaded up to a
volume of 50 μL with HFE-7500 or QX200 automated droplet generation oil (BioRad, Hercules,
California). The prefilled syringes were loaded with either an emulsion or an aqueous phase
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and hung up vertically for 10 minutes to allow for the stabilization of the interphase. Syringes
were then mounted onto vertically placed neMESYS pumps (Cetoni, Korbussen, Germany)
and tubings connected to the PDMS chip inlets. For chips with electrodes, the metal pins were
connected to a voltage source and an amplifier using clamp cables. The outlet of the chip was
connected via a PTFE tubing with a screw cap tube through a hole in the lid.
For the picoinjection chip, the injection channel was connected to a controllable pressurized
microfluidic reservoir system (Fluigent, Paris, France). The chip assembly was operated with
the neMESYS software (neMESYS User Interface Version 2015.9.10.2) to change flowrates.
The MAESFLO (v3.3.1) software was used to change the pressure in the injection channel.
Droplet production and emPCR: emPCR was carried out with E. coli cells carrying plasmids
with the template gene for PCR. A suitable number of cells (Table 3.1) was resuspended in an
emPCR mix (Table 3.2).
Table 3.1: Example calculation for required cell culture volume
Target: emPCR mix with λ=0.5

100 µL

droplet volume (Ø 23 µm)

5 pL

required number of droplets for 100 µL

2*107

droplet occupation (λ)

0.5

number of cells needed

1*107

number of cells in 1 mL culture with OD 1140

5*108

volume of cell culture of OD1 that is needed for

20 µL

emPCR

The emPCR mix (Table 3.2) with bacteria was prepared and loaded into a 500 μL Hamilton
syringe (Sigma-Aldrich) and connected to the inlet of a droplet production chip. QX200 droplet
generation oil enclosed in a 2.5 mL Hamilton syringe was connected to the oil inlet. Droplets
were generated with a flow rate of 100 μL h-1 of the PCR mix channel and 400 μL h-1 of the oil
channel to produce droplets of approximately 21 μm diameter (5 pL). Excess of oil was
removed with a syringe from the bottom of the droplet emulsion and the remaining emulsion
distributed in PCR tubes (50 μL aliquots).
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Table 3.2: Composition of emPCR mix
Substance

Volume [µL]

conc. in emPCR mix

Kapa2G Buffer B (5x)

20

1x

Kapa2G Enhancer (5x)

20

1x

dNTPs (10 mM)

10

1 mM

fwd primer pr86 (10 µM)

7.5

0.75 µM

rev primer pr87a (10 µM)

7.5

0.75 µM

a

-1

PF-68 (10% (w v ))

20

2%

-1

BSA (1 % (w v ))

10

0.1 %

Kapa2G polymerase (5 U µL-1)

5

0.25 U µL-1

Total

100

a: see Supplementary Table 3.3 for details. Primers were synthesized in phosphorothioate form.

The DNA was amplified with a suitable PCR program (Table 2.2) with a PeqLab amplification
device (VWR, Radnor, Pennsylvania, USA). For analysis, droplets were pooled together as
follows: an aliquot of 10 μL was diluted into 10 μL water and 30 μL 1H,1H,2H,2HPerfluorooctan-1-ol, shortly vortexed, and spun down in a table-top centrifuge. The upper
aqueous phase was carefully removed and an aliquot was loaded onto an agarose gel for
analysis (Chapter 2).
Table 3.3: PCR program for emPCR
Temperature

Time

step

cycles

95°C

5 min

initial denaturation

1

95°C

15 s

denaturation

59°C

45 s

annealing

72°C

90 s

elongation

72°C

5 min

final elongation

22°C

continuous

30

1

Droplet fusion: The CFPS mix was prepared on ice according to Table 3.4 and loaded into a
1 mL Hamilton syringe. The syringe was connected to a fusion chip and CFPS mix was injected
with flow rates of 150 μL h-1. Concomitantly, QX200 droplet generation oil was injected at
600 μL h-1, leading to droplets with a diameter of approximately 36 μm (24 pL). The emPCR
droplets were injected at 50 μL h-1 and spaced with 150 μL h-1 automated droplet generation
oil. At optimum, one emPCR droplet would align with one CFPS mix droplet. To fuse the two
droplets, a voltage of 200 V with a frequency of 20’000 Hz was applied to the electrodes via a
function generator with subsequent amplification, merging the droplets to a size of
approximately 38 μm (28 pL)in diameter. Droplets were incubated overnight at 37 ºC.
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Table 3.4: CFPS mix for droplet fusion with droplets containing amplified DNA (emPCR)
Substance
E. coli CFXa

stock concentration

volume [µL]

final concentration

~ 27 mg L-1

258

~ 11 mg mL-1

Mg-glutamate

100 mM

60

10 mM

K-glutamate

3000 mM

12

60 mM

12-14 mM (each)

120

2.4 – 2.8 mM (each)

10x

60

1x

40% (w v -1)

30

2% (w v-1)

166 µM

30

8 µM

Amino acid solution
Energy solution
PEG-8000
GamS
DEPC water

30

Total

600

a CFX was obtained from fermentation of BL21(DE3) Rosetta 2 induced with IPTG for T7 RNAP production. For
details, see chapter 2.

Droplet picoinjection: The reference dye sulforhodamine B (SRB, 20 µm) and the ruthenium
cofactor (20 µm) which is needed to assemble the artificial metalloenzyme was loaded into a
microfluidic reservoir holder, connected to the pressure control device and to a picoinjection
chip at 3 kPa overpressure. The fused droplets (emPCR + CFX droplets) were re-injected at
50 μL h-1 and spaced with 500 μL h-1 HFE-7500. A potential difference of 200 Vp-p was applied
to the on-chip electrodes with a frequency of 20’000 Hz. Flow rates and parameters were
chosen such that reference dye was injected with a tenth of the droplet volume. The droplet
diameter before and after picoinjection was compared via microscopy.
Fluorescence Activated Droplet Sorting: The sorting setup used in this study is illustrated
in Figure 3.14. A sorting chip was mounted onto a modified microscope with the 40x objective
in place [2] and connected via PTFE tubing to a neMESYS pump system equipped with
Hamilton glass syringes [14]. Outlets of the waste and sorting channel of the microfluidic chip
were equipped with PTFE tubing of the same length filled with HFE-7500 and placed into two
separated Eppendorf tubes (waste and sorted). To observe the process on the sorting chip, a
high-speed camera was attached to the microscope [7]. For the excitation of the droplets, a
laser was connected with an optical fiber to the backport of the microscope (cannot be seen in
Figure 3.14). Emitting light from fluorescent droplets pass through the left port of the
microscope towards the PMTs [6]. The control voltages for the PMTs were provided by a power
supply [13]. The PMT signals were input to the inverting OpAmp (cannot be seen in Figure
3.14). The inverted signals were simultaneously observed on an oscilloscope [12] before
entering the analog input pins of the Red Pitaya [9] via the custom-made adapter (Figure
3.13C). The custom-made software analyzed the signals and depending on the sorting
parameters set in the user interface, sent out a sorting pulse towards the function generator
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[10]. The sorting signal length was optimized by observing the sorting efficiency: it was
increased when droplets were dragged towards the sorting channel but did not enter; or
decreased when droplets were successfully dragged into the sorting channel but were stuck
to the PDMS wall close to the electrodes. The sorting signal was 100-fold amplified via the
high-voltage amplifier [11] before reaching the microfluidic chip [2] via the electrodes [3].

Figure 3.14: Picture of the developed FADS device
Assembly of the whole FADS device on an optical table.
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3.7 Supplementary
Supplementary Table 3.1: Optical elements purchased from AHF (Tubingen, Germany)
used in this study
Catalog No.

Description

F76-633

633 LP edge basic long pass filter – this filter blocks the incoming light from the
microscope from 300 nm – 633 nm, wavelength above pass through and illuminate
the microfluidic chip (Figure 3.7a)

F68-406

Triple line beam splitter zt 405/488/561 – this filter blocks the three excitation
wavelengths (405nm/488nm/561nm) of the laser after they reached the microfluidic
chip, other wavelengths pass through (Figure 3.7b)

F37-650

650 SP bright line HC short pass filter – this filter blocks the incoming light from 633
nm – 1200 nm and its position is right before the PMT setup, wavelengths below 633
nm pass through. This filter blocks the light from the microscope that is used to
observe the chip via the high-speed camera (Figure 3.7c)

F48-495

Beam splitter T 495 LPXR – this filter splits the light beam and everything that is above
495 nm passes through and wavelengths below will be reflected toward the first PMT
(Figure 3.7d)

F34-450A

450/50 AT band pass – this filter is used to pass through light with a wavelength
between 425 nm and 475 nm, other wavelengths are blocked. The filter position is
right in front of the first PMT. (Figure 3.7e)

F48-562

Beam splitter T560 LPXR – this filter splits the light beam and everything that is above
560 nm passes through and wavelengths below will be reflected toward the second
PMT (Figure 3.7f)

F37-527

525/39 bright line HC - this filter is used to pass through light with a wavelength
between 505 nm and 545 nm, other wavelengths are blocked. The filter position is
right in front of the second PMT (Figure 3.7g)

F39-617

617/73 bright line HC - this filter is used to pass through light with a wavelength
between 581 nm and 653 nm, other wavelengths are blocked. The filter position is
right in front of the third PMT (Figure 3.7h)

Supplementary Table 3.2: Bacterial strains used for this study
Name

Description

Reference

Top10

E. coli K12 F'[lacIq Tn10(tetR)] mcrA Δ(mrr-

Invitrogen110

hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR
nupG recA1 araD139 Δ(ara-leu)7697 galU galK
rpsL(StrR) endA1 λ-
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Supplementary Table 3.3: Oligonucleotides used in this study
Restrictions sites are underlined and phosphorothioate nucleotides are indicated with asterisks
Name

Sequence 5’  3’

pr30

CGCGAATTCATGCGGATCCTTATTA

pr31

GCGAAGCTTGCGAAATTAATACGACTC

pr42

GATCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

pr43

AATTCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAG

pr86

T*C*A*T*T*AGGCACCCCAGGCTTTACAC

pr87

C*A*A*C*T*GTTGGGAAGGGCGATCGGTG

91

Supplementary Table 3.4: Plasmids used for this study
Name

ori / resistance

Description

Reference

pUC18

pUC / AmpR

high copy plasmid for cloning

Novagen112

pET-30b-SAVcyto

pBR322 / KanR

Jeschek
al.93

pUC18_T7_sfGFP_T7term

pUC / AmpR

pUC18_T7_Sav_T7term

pUC / AmpR

pSEVA281_T7_Strep_mCherry

pUC / AmpR

For the in vitro expression of Sav, Markus Jeschek kindly provided the plasmid pET-30b-SAVcyto. The
plasmid is based on a pET30b backbone. Production of the core Sav protein is under control of the T7
promoter. Furthermore, the core Sav protein contains the T7 peptide sequence (MASMTGGQQMG) at
the N-terminus for improved in vivo protein production.
For the in vitro expression of sfGFP, the gene was chemically synthesized together with the T7 promoter
(Integrated DNA Technologies). The linear fragment was used as a DNA template for PCR amplification
with the primer pair [pr30, pr31]. The PCR product and pUC18 were digested with EcoRI and HindIII,
and purified via agarose gel extraction and ligated with T4 ligase. The resulting intermediate product
(pUC18_T7_sfGFP) was digested with EcoRI and BamHI and agarose gel purified and ligated with selfannealing oligo nucleotides [pr42, pr43]. DNA sequence confirmation was done via Sanger sequencing
with Microsynth.
For the in vitro expression of core Sav protein under the control of a T7 promoter, the pET_30B_SAVcyto
plasmid was restriction digested with XbaI and BamHI and the Sav DNA purified via agarose gel
extraction. Similarly, the plasmid pUC_T7prom_sfGFP_T7term was restriction digested with XbaI and
BamHI and the backbone was purified via agarose gel extraction. The digested pUC18 backbone and
the Sav insert were ligated with a T4 ligation mix. DNA sequence confirmation was done via Sanger
sequencing with Microsynth.
For the in vitro expression of mCherry the gene was chemically synthesized together with the T7
promoter (Integrated DNA Technologies). The linear fragment was used as a DNA template for PCR
amplification with the primer pair [pr30, pr31]. The PCR product and pUC18 were digested with EcoRI
and HindIII, and purified via agarose gel extraction and ligated with T4 ligase. DNA sequence
confirmation was done via Sanger sequencing with Microsynth.

This study

This study

This study

et

Supplementary Table 3.5: Coding sequence of commercially synthesized T7_sfGFP DNA and T7_Strep_mCherry used in this study
Name

Sequence 5’  3’

T7_sfGFP113

ATGAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAAT
TTTCTGTCCGTGGAGAGGGTGAAGGTGATGCTACAAACGGAAAACTCACCCTTAAATTTATTTGCACTACTGGAAAAC
TACCTGTTCCGTGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAA
ACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGAC
CTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAGGGTATTGATTTTAAA
GAAGATGGAAACATTCTTGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACATCACGGCAGACAAACAAA
AGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCAGACCATTATCAACA
AAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGTCCTTTCGAAAGAT
CCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTC
TACAAATAATAA

T7_Strep_mCherry141

AAGCTTCCATCTCATCCCTGCGTGTCTCCGACTCAGGCATATGGCGAAATTAATACGACTCACTATAGGGAGACCCTC
TAGAAACTGCAGTAATTTTGTTTAACTTTAAGAAGGAGATATACATATGTGGAGCCATCCGCAGTTTGAAAAAGTGAGC
AAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACG
GCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGA
CCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAA
GCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTC
GAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTG
CGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGG
ATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGAC
GCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGG
ACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGG
CATGGACGAGCTGTACAAGTAATAACCAAGGCACACAGGGGATAGGGGATCCGCATGAATTC
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Supplementary Figure 3.1: emPCR amplification of sfGFP and mCherry
Agarose gel electrophoresis of emPCR amplified sfGFP (2nd lane) and mCherry (3rd lane) genes with
DNA ladder (L) from the fusion experiment in section 3.3.3 Figure 3.4. Correct amplification of sfGFP
at 1000 bp and mCherry at 1000 bp
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Supplementary Figure 3.2: Procedure of wafer and PDMS chip production Wafer
production
Left: SU-8 process for the production of a wafer master mold with sub-millimeter structures adapted
from Milionis et al.142. Right: Production of a PDMS based microfluidic chip based on the master mold
wafer.

3.8 Author’s contribution
P.R. and S.P. conceived the project. P.R. designed and produced the microfluidic chips, the
FADS device and conducted the experiments. T.K. programmed the data acquisition card Red
Pitaya and the sorting interface DropSort. V.S. programmed the data acquisition card Red
Pitaya and helped to build the FADS device.
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4.1 Abstract
In vitro screening systems based on transcription and translation of genes using cell-free
systems have a number of attractive features for protein engineering and directed evolution.
We present an in vitro high-throughput screening platform using droplet-based microfluidics to
screen for artificial metalloenzymes based on the biotin-streptavidin technology. Single
bacterial cells containing a (variant of a) streptavidin gene are compartmentalized in aqueous
droplets and the gene is amplified via polymerase chain reaction. After amplification, the
platform enables two reconditioning steps. In a first step, the droplets are fused one-to-one
with droplets containing a cell-free protein synthesis mix and the substrate for producing a
fluorescent compound upon catalysis later. In the second step, after cell-free production of
streptavidin (or a variant of it), a biotinylated transition metal catalyst is picoinjected in each
droplet to assemble the fully functional artificial metalloenzyme able to catalyze new-to-nature
reactions. The now completely assembled artificial metalloenzyme is incubated with the
previously inserted substrate for an appropriate time, and finally fluorescence-activated droplet
sorting is used to selectively recover genes from droplets containing the desired activity. We
demonstrate that it is possible to enrich for highly active artificial metalloenzymes able to
perform a deallylase reaction with increased turn over number.
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4.2 Introduction
Nature has managed to synthesize complex biological molecules despite making use of only
a limited number of reaction principles, which are currently represented by seven enzyme
classes. These reaction principles, although always similar, are used in a variety of biological
implementation. In contrast to this, chemistry contains many examples of chemical reaction
mechanisms without any biochemical equivalent. Some of this is because synthetic chemists
are not restricted to water as the reaction environment, and neither are they limited to RNA,
proteins or a limited set of metals to construct biocatalysts. Instead, they can use organic
solvents and if needed the majority of elements of the periodic table. Recruiting such reactions
into biochemistry opens exciting novel possibilities in biocatalysis, metabolic engineering, and
evolution47,143,144. Transition metal complexes are widely used for a versatile set of chemical
transformations, including reactions for the enantioselective production of fine and bulk
chemicals on an industrial scale. Although some transition metals such as iron or zinc are
indeed part of biological complexes 145, others with a particularly high catalytic versatility in
small-molecule catalysts are excluded from the biosphere e.g. iridium or rhodium. Recruiting
transition metal catalysis into proteins to form hybrid enzymes is therefore an attractive
engineering target146. It might on the one hand endow broadly used transition metal catalysts
with the often exceptional selectivity of enzymes, and on the other hand might allow recruiting
novel metals – and with them novel biochemistry – into cells and thus enable totally novel
biochemical pathways.
Insertion of novel transition metals into protein scaffolds has been shown to lead to functional
hybrid catalysts with promising properties in terms of activity, regio- and stereoselectivity, for
example with streptavidin (Sav) as the protein scaffold and a transition metal catalyst complex
tethered to biotin147. Sav is an excellent protein scaffold, as it is stable even under harsh
environmental conditions such as high temperature, high salt concentrations or low pH while
retaining a high affinity towards biotin148. This is of utmost interest when chemical reactions,
initially performed under non-physiological or even non-aqueous conditions, are transferred
into a biological environment. Additionally, the chemical structure of biotin provides the
possibility via its carboxyl group to be tethered to transition metal catalysts.
However, relying on Say as the scaffold protein has its limitations, as in vivo production of Sav
is toxic to most bacterial cells. To overcome this limitation, several ways have been pursued
to perform new-to-nature reactions in vivo with Sav-based artificial metalloenzymes ranging
from secretion of Sav into the periplasm to Sav display on the cell surface 47,149. Even though
feasible, catalytic activity of secreted Sav into the periplasm is limited due to the restricted
uptake of cofactor through the outer membrane. On the contrary, transition metal catalysts can
freely access Sav on the cell surface, but the number of displayed Sav molecules per cell is
drastically decreased compared to periplasmic expression 47,149. A synthetic enzyme cofactor
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of particular interest is a ruthenium complex able to perform a deallylase reaction, a reaction
that is – as far as we know – absent from biology. Such novel artificial metalloenzymes cannot
be expected to function immediately in a biological environment. Optimization processes need
to be done in order to combine parts of these two worlds (biology and chemistry) to function
as one entity.
Chemical optimization of the ruthenium complex to tailor the outcome of the catalysis can be
time consuming and disappointing. However, optimizing the highly ordered scaffold protein
streptavidin by using directed evolution can lead to improved selectivity, rate of the reaction
and increased turnover numbers of the latter assembled artificial metalloenzyme 47,150,151.
Unfortunately, evolution in cells is often difficult if the starting point of the evolution is outside
the narrow specifications of biochemistry with respect to reaction medium, temperature, pH, or
redox potential. In addition, membranes often restrict mass transfer. Hence, improving artificial
metalloenzymes was based on single protein variant production, manual assembly of the
artificial metalloenzyme and performing reactions that lacks a natural counterpart 152. With this
procedure, the reaction scope of a heme protein was expanded by replacing the natural iron
atom with other metals such as iridium or manganese 153. Even though feasible, directed
evolution by screening thousands of variants is barely possible with single variant purification.
Therefore, Sav-based artificial metalloenzymes secreted into the periplasm of an E. coli cell
represented a method that allows for self-assembly of the artificial metalloenzyme upon
addition of the synthetic cofactor and simultaneously the genotype phenotype linkage after
successful catalysis47. Because substrate and product diffuse into and out of the periplasm of
the E. coli cell, the usage of microtiter plates remains indispensable which in turn reduces the
throughput that might be necessary in order to find highly active artificial metalloenzymes.
Here, we propose to apply a strategy that relies on cell-free protein synthesis (CFPS) and
allows eliminating many of the drawbacks while still maintaining the core of the directed
evolution paradigm of genotype diversification and subsequent selection while maintaining the
phenotype and genotype in one compartment. We developed a microfluidic in vitro dropletbased high throughput screening system of artificial metalloenzymes based on the biotinstreptavidin technology and using the ruthenium cofactor complex.
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4.3 Results
4.3.1 General concept of a droplet based ArM screening
One example for a new-to-nature reaction is the artificial deallylase reaction (Figure 4.1)
catalyzed by an artificial metalloenzyme based on Sav equipped with a biotinylated quinolone
ligand, which upon in situ complexation with cyclopentadienyl ruthenium (CpRu) forms the
active catalyst154. As a model reaction, the substrate 7-allylcarbamate-4-sulfonyl coumarin
(allyl-coumarin) is converted via uncaging of the allyl-carbamate protection group into the
fluorescent product 4-sulfonyl coumarin (coumarin) via the artificial metalloenzyme. The
mechanism of the uncaging of the allyl-carbamate protection group is thoroughly described
elsewhere154. This reaction is truly bioorthogonal, as none of the commonly described
enzymatic reaction mechanisms that are able to cleave various chemical bonds such as
hydrolases or lyases can be applied to the process that the ruthenium based ArM and the allylcoumarin substrate undergo during catalysis. Consequently, this reaction cannot be
subcategorized into one of the seven enzyme classes defined by the International Union of
Biochemistry and Molecular Biology (IUBMB).

Figure 4.1: Deallylase reaction catalyzed by an artificial metalloenzyme (ArM)
Reaction scheme of the artificial deallylase reaction catalyzed by an artificial metalloenzyme (ArM)
based on the biotin-streptavidin technology.

In order to improve the moderate initial activity of the starting ArM based on the wild-type Sav
protein, we developed an in vitro droplet based microfluidic screening system. The screening
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is divided in four major steps illustrated in Figure 4.2. Bacterial cells carrying (variants of) the
Sav genes are suspended in a PCR-mix and encapsulated, followed by a PCR step that leads
to a further amplification of the initially few hundred Sav genes per droplet (Step1). Next,
droplets with amplified Sav genes are fused with droplets containing supplemented cell-free
extract (CFX) with the machinery and the ingredients for CFPS and the allyl-coumarin
substrate (grey hexagon) (Step2). The substrate is already added at this step in order to
prevent interactions with the cofactor in the second addition step. The droplets are incubated
to allow protein formation, after which the second addition step takes place: the ruthenium
cofactor is picoinjected into the droplets to allow full assembly of the ArM and catalysis (Step3).
Concomitantly with the cofactor, a red fluorescent reference dye (sulforhodamine B (SRB)) is
picoinjected in order to quantify the amount of cofactor that has been injected into each droplet.
During catalysis, the non-fluorescent allyl-coumarin substrate is converted to the blue
fluorescent coumarin product. Finally, droplets containing highly active ArMs are sorted out
using a Fluorescence Activated Droplet Sorting (FADS) device (Step4). The DNA of the sorted
droplets can be recovered and further analyzed.
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Figure 4.2: Droplet based Screening system for ArM
Step 1: Encapsulation of bacteria containing a SAV DNA library into w/o droplets. This step is followed by a PCR step for DNA amplification (emulsion PCR,
emPCR). Step 2: Droplets with DNA obtained after emPCR are actively fused with droplets containing CFX and the allyl-coumarin substrate (grey hexagon). This
step is followed by incubation and CFPS. Step 3: Picoinjection of ruthenium-cofactor (orange circles) and reference dye SRB (pink hexagon) for the assay reaction.
Step 4: Selection of droplets with increased coumarin production upon catalysis (blue hexagon). This step is followed by recovery of the genetic information form
the sorted droplets.
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4.3.2 Deallylase reaction catalyzed by an artificial metalloenzyme
At first, we characterized the cofactor-catalyzed deallylase reaction in an aqueous solution and
different purified Sav variants. The parental Sav (wild-type (WT) hereafter) and its mutated
variants that are employed in this work are based on the plasmid constructs published by
Gallizia et al.155. It is important to note that the ruthenium cofactor without the presence of any
protein scaffold already allows the formation of fluorescent coumarin although at a low total
turnover number (TTN, defined as the molar concentration of formed product per molar
concentration of ArM) of 19 (Figure 4.3A). This has implications for the design of the screening
assay – for example, this prevents the addition of substrate and cofactor in one addition step
(see section 3.1). Next, assembling an ArM from wild-type Sav and cofactor leads to some
improvement in catalysis, notably to an increase in TTN to 48. A single amino acid exchange
at position K121 to alanine increases the TTN 1.4-fold to 68. On the contrary, exchanging this
position K121 with a cysteine residue decreases the TTN to 7, which is even below the TTN
of the free ruthenium cofactor. A double mutation of S112Y and K121R (SavYR hereafter) leads
to the highest TTN of at least 105 amongst the tested Sav variant (full conversion of the used
substrate). As expected, incubation of the substrate with WT Sav but without the ruthenium
cofactor does not lead to the formation of any product. The results of the catalytic activity of
purified Sav variants agrees with respect to previously published results 149.
Next, we tested the effect of different components of the CFPS mix on the deallylase activity
obtained with purified protein variants to study the effect of the reaction environment into which
the cofactor would be picoinjected (step3 Figure 4.2), and tested the deallylase activity of the
purified SavYR variant (SavYR hereafter) (Figure 4.3B). The final concentration of the single
CFPS mix components correspond to what we expect in the CFPS reaction. In general, the
effect of components on ArM activity varied a lot. While the addition of DNA and sodium,
potassium, and glutamate ions to the reaction mix hardly decreased the catalytic activity, the
addition of PEG and, even more pronounced, CFX did to a larger extent, and addition of the
amino acid and energy solution as well as the reducing agent DTT essentially inhibited catalytic
activity (TTN smaller than 5).
The drastic effect of the amino acid and energy solution as well as the DTT is most probably
due to the free thiol groups of cysteine in the amino acid solution, coenzyme A in the energy
solution, and the two thiol groups of DTT. It has been shown that compounds with thiol groups
such as the cellular reducing agents glutathione poisons the transition metal thus leading to
an inhibition of catalysis151,156,157. Because the amino acid solution and the energy solution are
indispensable for in vitro protein synthesis, only the reducing agent DTT can be considered for
omission. In fact, the absence of DTT did not show any effect on the CFPS efficiency
(Supplementary Figure 4.2A). Therefore, we reasoned that omission of DTT as one of the
biggest negative influence on the deallylase reaction would lead again to an increase in
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reactivity after protein production in the CFX. Thus, all CFPS reactions were performed without
the addition of DTT.
When switching from purified protein to real mixtures obtained from CFPS, the picture changed
somewhat. In vitro produced SavYR (pUC18_T7_Sav_S112Y_K121R_T7term, Supplementary
Table 4.3) equipped with the ruthenium cofactor after termination of CFPS still allowed to
produce 245 µM fluorescent coumarin, equivalent to a TTN of 49. This might result from the
fact that in the in vitro production scenario, the different solutions have been “spent” already,
so that the concentrations of the critical components might be much reduced.
As the free cofactor is already active with the substrate, we optimized the cofactor
concentration in view of the signal to noise ratio (SNR). For that, we in vitro produced SavYR
(signal) and sfGFP (noise) as a negative control (using pUC18_T7_sfGFP_T7term,
Supplementary Table 4.3) in CFPS mix containing the substrate and added afterwards
different concentrations of the ruthenium cofactor. By following product formation in the sfGFP
(and cofactor)-containing CFPS mix, we obtain a clear indication of the amount of product that
would be formed with free cofactor only. In fact, we observed with increasing ruthenium
cofactor concentration also increasing formation of coumarin in the control (“noise”).
Concomitantly, we did the corresponding experiment in the presence of Sav YR (“signal”).
Dividing signal by noise produced a ratio (SNR) that overestimated the noise in a real
experiment, but still allowed us to generate a parameter that we could optimize as a function
of cofactor concentration. The best SNR could be achieved with a final concentration of 2 µM
ruthenium cofactor (Figure 4.3C).
We also tested the effect of different template DNA formats in the CFPS mix on deallylase
activity, as the future screening assay is based on PCR-amplified – and therefore linear - Sav
DNA. The DNA of the SavYR variant was added to a CFPS mix either as a plasmid (8 nM), as
purified linear DNA (21 nM) or unpurified linear DNA, which still contains the PCR mix in which
it was formed (21 nM). As a negative control (with respect to catalytic activity), sfGFP DNA
was added to the CFPS mix with the same DNA formats and concentrations. After in vitro
protein production, we added the ruthenium cofactor (final conc. 2 µM) to the CFPS mix to
assemble the ArM and start the deallylase reaction. The different sfGFP negative controls
allowed a constantly low formation of coumarin of up to 30 µM, irrespective of the source of
the DNA encoding the sfGFP. In contrast, coumarin formation varied when Sav YR was
produced from different templates: Sav YR produced from a plasmid allowed for the formation
of 200 µM coumarin. SavYR produced from purified or not purified linear DNA still allowed for
181 µM and 143 µM coumarin, respectively (Figure 4.3D). Together, these experiments show
that Sav variant production from a linear template DNA is a viable option despite a reduction
of overall activity relative to a plasmid –based template. The reason for the reduction in activity
is most likely a reduced Sav-production level.
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Figure 4.3: Deallylase reaction with purified or in vitro produced Sav
A) Deallylase reaction with purified Sav variants combined with the ruthenium cofactor and allylcoumarin substrate. Coumarin product formation in blue bars and turn-over-numbers in orange circles.
B) Effect of single CFPS components on the deallylase activity, when mixed with purified Sav YR variant
combined with the ruthenium complex. Control: Sav YR with cofactor in reaction buffer. C) Optimization
of ruthenium cofactor concentration in a CFPS mix by comparing deallylase product formation in a mix
with either SavYR (blue bars) or sfGFP (green bars). Coumarin product ratio of Sav : sfGFP is represented
by
orange
circles.
D)
Deallylase
reaction
of
in
vitro
produced
Sav YR
(pUC18_T7_Sav_S112Y_K121R_T7term) or sfGFP (pUC18_T7_sfGFP_T7term) based on plasmid,
purified linear and un-purified linear DNA.
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4.3.3 Deallylase reaction in droplets
After performing the deallylase reaction under controlled conditions in a microtiter plate, we
investigated Sav production in droplets and picoinjection of the cofactor for ArM assembly. For
this, we produced two droplet populations that either contained a CFPS mix with the sfGFP
plasmid

(pUC18_T7_sfGFP_T7term)

or

the

plasmid

with

the

SavYR

variant

(pUC18_T7_Sav_S112Y_K121R_T7term). Furthermore, we co-encapsulated the substrate
allyl-coumarin with the CFPS mix (Figure 4.4A). After in vitro protein production, we
picoinjected into the two droplet populations ruthenium cofactor (injection solution: 20 µM) and
the reference dye SRB (injection solution: 20 µM). Upon picoinjection, the final concentration
inside the droplet should be around 2 µM with respect to both compounds. After incubation
overnight, we mixed the sfGFP droplet with the SavYR droplets in a 9:1 ratio (v v-1) and analyzed
their fluorescence with the microscope. We could detect 461 droplets via image analysis
(Figure 4.4B) of which 79% showed a green fluorescent signal indicative of the formation of
sfGFP (Figure 4.4C). Furthermore, 95% of the droplets showed red fluorescence, indicative of
successful injection with the cofactor and SRB (Figure 4.4D). Only 9 % of the overall droplet
population show increased blue fluorescence, indicative of a successful deallylase reaction
(Figure 4.4E). We opened the same volumetric amounts of each of the droplet populations
before and after picoinjection and measured the coumarin concentrations (Figure 4.4F).
Without cofactor, neither droplets containing sfGFP nor Sav YR show significant coumarin
production. On the contrary, fully assembled ArM based on Sav YR produced 9 times more
coumarin compared to free cofactor in droplets containing in vitro produced sfGFP.
In summary, we could successfully transfer the deallylase reaction into the w/o droplets based
on in vitro produced Sav protein. Furthermore, the increased catalytic activity in droplets of the
fully assembled artificial metalloenzyme compared to free cofactor remained unchanged. This
is a good indication that is possible to distinguish droplets with increased coumarin formation
hence improved artificial metalloenzymes from those with mediocre activity or free, unbound
ruthenium cofactor.
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Figure 4.4:Deallylase reaction in droplets
A) Bright field image of a mixture of droplets containing in vitro produced sfGFP and in vitro produced
Sav YR after picoinjection with ruthenium cofactor and reference dye SRB (total: 461 droplets). B)
Fluorescence channel (GFP filter) of the same image. Droplets appear green fluorescent due to in vitro
sfGFP production. C) Fluorescence channel (RFP filter) of the same image. Droplets appear red
fluorescent due to picoinjection of SRB. D) Fluorescence channel (DAPI filter) of the same image.
Droplets appear blue fluorescent due to deallylase reaction generating blue fluorescent coumarin. E)
Magnified view on droplets in the white rectangle in the individual images (A-D). Two non-green
fluorescent droplets appear to be highly blue fluorescent due to increased deallylase activity (1 and 2).
F) Analysis of coumarin concentration after breaking open 20 µL of droplets containing either sfGFP or
Sav YR before (- cofactor) and after picoinjection (+ cofactor).
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4.3.4 Quantification of the artificial metalloenzyme
In preliminary droplet screening experiments, the distribution of fluorescent signals of the
droplets deallylase activity in droplets based on the in vitro produced SavYR variant
(pUC18_T7_Sav_S112Y_K121R_T7term) was broad and spanned from 25 to 250 AU
(Supplementary Figure 4.2B). We reasoned that variations in the in vitro produced protein
concentration of Sav could play a pivotal role in this broad activity distribution. Therefore, we
created a fusion construct of Sav variants with the fluorescent protein sfGFP. As Sav is a
homotetrameric protein, we inserted a TEV recognition site between Sav and sfGFP, in order
to separate the proteins immediately after in vitro production upon TEV protease cleavage and
thus allow unhindered formation of the tetrameric structure of Sav and the assembly of the
ArM, while at the same time retaining a protein level marker, the sfGFP. In addition to the
picoinjection we would be finally able to correlate Sav protein concentration (via sfGFP
fluorescence), cofactor concentration (via SRB red fluorescence) and product concentration
(via coumarin blue fluorescence) (Figure 4.5A).
First, we tested the in vitro production of a fusion construct of Sav YR fused to a C-terminal
sfGFP

(pSEVA281_T7_SavYR–TEVsite-sfGFP_T7term,

Supplementary Table

4.3) and

compared it to the in vitro produced sfGFP (pSEVA281_T7_sfGFP_T7term, Supplementary
Table 4.3). The CFPS mix also contained the allyl-coumarin substrate. Additionally, we tested
if addition of the TEV protease to the CFPS mix would have an effect on the protein production.
Judged by the generated green fluorescence, in vitro produced protein concentration of the
fusion protein SavYR-TEVsite-sfGFP was comparable to a CFPS mix in which sfGFP was
produced on its own. Furthermore, addition of TEV protease had no significant effect on the
CFPS activity (Figure 4.5B).
After in vitro protein production, we added the ruthenium cofactor to assemble the ArM and
start the deallylase reaction. As an additional control, we in vitro produced the SavYR variant
(from pSEVA281_T7_Sav_S112Y_K121R_T7term, Supplementary Table 4.3) without the
fusion to sfGFP. The negative control, in vitro produced sfGFP, produced low amounts of
coumarin regardless of the addition or absence of the TEV protease. The fusion construct
showed a 20% decrease in deallylase activity compared to the free Sav YR variant when coincubated with TEV protease. When the TEV protease was not added to CFPS mix the
deallylase activity of the fusion construct was 44% decreased compared to the free Sav YR
variant (Figure 4.5C). Despite this decreased deallylase activity, the fusion construct showed
a 4-fold higher activity with respect to coumarin formation compared to the negative sfGFP
control with the free ruthenium cofactor.
Protein tagging of Sav with sfGFP allows for an approximation of the in vitro produced protein
content via a fluorescence readout. We assumed additional load of the Sav protein with sfGFP
might hinder the assembly of the artificial metalloenzyme or its catalytic activity. Hence,
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proteolytic digest at the TEV recognition site between Sav and sfGFP by the TEV protease
separates the proteins but remains the fluorescence readout and full-length Sav protein. Even
without separation of sfGFP from Sav via TEV digest, catalytic activity remains better than the
free cofactor. Even with a decreased catalytic activity of the fusion construct compared to a
un-tagged Sav protein, the possibility of protein quantification allows for the selection of highly
active artificial metalloenzyme variants over Sav variants that show higher expression levels.

Figure 4.5: Correlation of in vitro produced Sav protein with green fluorescence
A) Concept of the correlation of sfGFP with ArM concentration. Translational fusion of Sav variant via
TEV protease recognition site (TEVsite) to sfGFP. In vitro production of fusion construct in CFPS mix
containing substrate (grey hexagon). Cleavage of fusion construct into equimolar ratio of Sav and sfGFP
via TEV protease (TEVP already in CFPS mix). We speculate that the TEV protease cleaves the Savfusion construct right after protein biosynthesis before the tetramer is formed. External addition of
cofactor (orange circles) with reference dye SRB (pink hexagon) to assemble the ArM. Deallylase
reaction produces blue fluorescent product (coumarin), the amount of cofactor is correlated with red
fluorescence (SRB) and amount of Sav protein is correlated with green fluorescence (sfGFP). B) Effect
on CFPS efficiency when producing sfGFP (green bars) or the fusion construct Sav YR-TEVsite-sfGFP
(blue bars) with TEVP (left) and without the addition of TEVP (right). C) Deallylase activity of in vitro
produced fusion construct Sav YR-TEVsite-sfGFP (blue bars) and Sav S112Y K121R (grey bars) as well
as cofactor only conversion in the negative control sfGFP (green bars) with TEVP (left) or without the
addition of TEVP.

110

4.3.5 Droplet analysis of different Sav variants
With the Sav-TEVsite-sfGFP fusion constructs, the addition of reference dye and the fluorescent
coumarin, it is possible to approximate the amount of protein, cofactor and product in the
droplets. We encapsulated in three separated batches two different Sav variant fusion
constructs and sfGFP as a negative control (pSEVA281_T7_Sav-TEVsite-sfGFP_T7term,
pSEVA281_T7_SavYR-TEVsite-sfGFP_T7term and pSEVA281_T7_sfGFP_T7term) in a CFPS
mix containing allyl-coumarin substrate and TEV protease (TEV p). After in vitro protein
production we picoinjected the three separated batches with cofactor and SRB. After overnight
incubation, we analyzed the different fluorescence intensities (green: amount of produced
protein, red: amount of injected cofactor, blue: amount of formed coumarin) of the three droplet
populations by FADS and microscopy (Figure 4.6 and Figure 4.7).
First, we analyzed the protein content of the individual droplets based on the fluorescence
signal of sfGFP. The green fluorescence signal of the droplets that contain the plasmid for the
production of sfGFP shows the highest intensity with a median of 3214 AU in the FADS
analysis. Lower fluorescence intensity is measured for the droplets containing the wild-type
Sav fusion construct with 2290 AU and 1922 AU for the SavYR construct (Figure 4.7A). The
population of droplets that contain the Sav construct has bimodal distribution. The general
trend is confirmed by the image analysis of the green fluorescence of the three different
batches (Figure 4.7B). The droplets that contain the DNA for in vitro production of sfGFP (only)
show increased green fluorescence compared to the droplets containing the Sav fusion
constructs. The bimodal population of the wild-type Sav fusion construct cannot be observed
in this analysis mode.
We did the same with the picoinjected cofactor, which had been injected concomitantly with
SRB. The FADS analysis revealed that the droplets with sfGFP (only) had a 1.2 fold higher red
fluorescence compared to the droplets with SavYR fusion construct, 4699 AU and 3900 AU
respectively. On the contrary, the fusion construct with the wild-type Sav variant appears to
have a median fluorescence intensity of only 2428 AU (Figure 4.7C). We confirmed this
difference with the images in the third column in Figure 4.6. Also based on the image analysis,
the difference in red fluorescence between the Sav YR (median 22 AU) and the sfGFP (only)
(median 25 AU) population was small, while the Sav population showed substantially less
fluorescence (Figure 4.7D).
Lastly, we analyzed the fluorescence of the produced coumarin of the individual droplets. The
droplets with the wild-type Sav and SAVYR fusion constructs showed increased median
coumarin fluorescence of 1330 AU and 3329 AU respectively compared to the droplets that
only contained sfGFP with a median fluorescence intensity of 1022 AU (Figure 4.7E). Again,
we could confirm this trend in fluorescence intensity with image analysis of the droplets before
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FADS analysis. The SavYR variant showed increased product formation (93 AU) compared to
the wild-type Sav (54 AU) or the sfGFP (37 AU) negative control (Figure 4.7F).
We could successfully combine the deallylase reaction and the Sav protein quantification via
the sfGFP fluorescence. We are able to quantify simultaneously the protein, cofactor and
coumarin content via the self-made FADS device. Despite varying amounts of picoinjected
cofactor, a clear difference in the formed coumarin between the free cofactor (sfGFP control
droplets) and the fully assembled artificial metalloenzymes (wild-type Sav or Sav S112Y
K121R variant) can be observed. Nevertheless, the difference of produced coumarin in a
microtiter plate (Figure 4.5C) and in droplets is not as pronounced anymore and is reduced
form a 4-fold change to a 3-fold change when comparing free cofactor (sfGFP control) with
artificial metalloenzyme based on the Sav YR variant. In conclusion, the differences of produced
coumarin based on free ruthenium cofactor and fully assembled artificial metalloenzyme
remains high enough to allow for a sufficient separation of the droplets, if applied to the FADS
device.
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Figure 4.6: Images of droplet populations containing different assembled ArMs or controls
Top panel: Droplets with in vitro produced sfGFP (total 220 droplets). Middle panel: Droplets with in vitro produced Sav-TEVsite-sfGFP (total: 299 droplets). Bottom
panel: Droplets with in vitro produced SavYR-TEVsite-sfGFP (total: 290 droplets). 1st column: bright field image. 2nd column: fluorescence channel (GFP filter) of the
same image. Droplets appear green fluorescent due to produced sfGFP (protein scaffold production level). 3rd column: fluorescence channel (RFP filter) of the
same image. Droplets appear red fluorescent due to SRB (cofactor concentration). 4th column: fluorescence channel (DAPI filter) of the same image. Droplets
appear blue fluorescent due to coumarin (product concentration).
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Figure 4.7: Comparison of FADS and Image analysis of deallylase reaction in droplets
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A) FADS analysis of green fluorescence origination of in vitro produced sfGFP of three different droplet
populations (sfGFP (total: 45’056 droplets), Sav-TEVsite-sfGFP (total: 57’344 droplets), SavYR-TEVsitesfGFP (total: 94’208 droplets). B) Image analysis via kernel density estimation (KDE) of the green
fluorescence origination of in vitro produced sfGFP of three different droplet populations (sfGFP (total:
220 droplets), Sav-TEVsite-sfGFP (total: 299 droplets), SavYR-TEVsite-sfGFP (total: 290 droplets)). C)
FADS analysis of red fluorescence origination from picoinjected SRB into the three different droplet
populations of the same droplets described in panel A. D) Image analysis via KDE of the red
fluorescence origination from picoinjected SRB into the three different droplet populations of the same
droplets described in panel B. E) FADS analysis of blue fluorescence originating from formed coumarin
within the three different droplet populations of the same droplets described in panel A. F) Image
analysis via KDE of the blue fluorescence origination from the deallylase reaction within the three
different droplet populations of the same droplets described in panel B.

4.3.6 Influence of cofactor and protein amount on coumarin formation
We analyzed the protein and cofactor amount of the three different droplet populations
containing either sfGFP (only), Sav-TEVsite-sfGFP or SavYR-TEVsite-sfGFP and their influence
on coumarin formation. We plotted the coumarin fluorescence intensity versus the SRB
fluorescence intensity of single droplets in order to infer the dependency of the amount of
formed coumarin on available cofactor Figure 4.8A). Furthermore, we plotted the coumarin
fluorescence intensity versus the sfGFP fluorescence intensity of single droplets in order to
deduce the relation between product formation and the amount of formed protein scaffold
(Figure 4.8B).
We observed three distinct populations in both plots between droplets containing sfGFP (only),
the wild type Sav fusion construct, and the double mutant Sav YR fusion construct. Even though
the droplets containing the Sav YR fusion construct have a narrow distribution of red
fluorescence (median: 3900 AU) the amount of produced coumarin ranges from 2’0006’000 AU. On the contrary, the wild type Sav fusion construct has a broader red fluorescence
distribution (median: 2428) but the amount of produced coumarin ranges from 500 – 2’500 AU.
The production of coumarin within the droplets containing sfGFP (only) is compared to the
fusion construct lower and reaches a maximum of 1300 AU.
We compared the amount of protein produced in the droplets with the amount of produced
coumarin. It appears that there is a trend of increased protein production with increased
coumarin formation of the droplets containing the Sav YR fusion construct (Figure 4.8B, blue).
We could not observe this trend with the wild type Sav fusion construct because even a 2-fold
higher protein amount did not show an increased coumarin production (Figure 4.8B, orange).
As there is no significant coumarin production of the droplets containing sfGFP (only), there is
no trend to be observed.
In order to determine the most significant influence of cofactor or protein content on the
formation of coumarin, we compared the SRB and sfGFP distribution of the top 10% of highly
blue fluorescent droplets (top 10% coumarin producer) with the whole droplet population
containing the fusion construct Sav-TEVsite-sfGFP (Figure 4.8C and D). One would expect that
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droplets with increased coumarin formation would contain either an increased amount of
cofactor or an increased amount of in vitro produced protein. The SRB distribution of the
droplet population with increased amount of coumarin (top 10%) is distributed over of the whole
droplet population (Figure 4.8C). The same trend can be observed when comparing the sfGFP
distribution of the droplet population with increased amount of coumarin (top 10%) with the
whole droplet population (Figure 4.8D). Even the combination of the droplets with increased
amount of SRB (top 10%) and protein (top 10%) only represent 45% of the highly blue
fluorescent droplets.
We can confirm a similar trend for the droplets containing the fusion construct Sav YR-TEVsitesfGFP. The SRB distribution of the droplet population with increased amount of coumarin (top
10%) is broadly distributed over of the whole droplet population (Figure 4.8E) as well as the
sfGFP distribution of the droplet population with increased amount of coumarin (top 10%) is
broadly distributed over the whole droplet population (Figure 4.8F). Compared to the wild-type
Sav fusion construct, the combination of the droplets with increased amount of SRB (top 10%)
and protein (top 10%) only represent 23% of the highly blue fluorescent droplets.
Besides the amount of picoinjected cofactor and the in vitro produced protein, another factor
seems to influence the formation of coumarin. The formation of the coumarin product upon
catalysis is dependent on the substrate, cofactor and protein concentration as well as
temperature. We added the substrate to the CFPS mix before encapsulation with the fusion
chip, thus its concentration is well defined. The incubation of the deallylase reaction takes
place at room temperature and in bulk for all droplets. The amount of cofactor and protein can
be approximated with the fluorescent dye or fluorescent protein within the droplet.
One remaining factor for the broad distribution of coumarin formation is the time of incubation.
So far, we cannot trace back the time point of picoinjection of the cofactor and the time point
of droplet analysis in the FADS device. Depending on the amount of droplets that are
processed it takes approximately three hours to perform picoinjection and additional five hours
to analyze the droplets with the FADS device. Even though an overnight incubation (12 hours)
between picoinjection and analysis was applied, some droplets might have been incubated at
the point of analysis for approximately 13 hours or even up to 20 hours. In order to address
this time difference, a new microfluidic chip needs to be designed allowing for a short-term
storage and later sorting for highly fluorescent droplets. Microfluidic chips with delay lines for
short-term storage and later sorting event have been applied already for screening of improved
enzymatic reactions, but they are limited to a storage time of one hour 158. The presented
deallylase reaction only achieves full conversion of the substrate after 10 hours under
controlled conditions when 10 μM of purified Sav protein combined with 5 μM ruthenium
cofactor in phosphate buffer is used. This long-term incubation cannot be translated into delay
lines, as the length of the channel would be several meters and the backpressure would be
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out of the operating range of the syringe or pressure pumps 159. Despite the fact, that we have
the ability to approximate the protein and cofactor content, the uncertainty of incubation time
is presumably the cause for the broad distribution of produced coumarin. Nevertheless,
droplets that contained either wild type Sav or the double mutant SavYR were subjected to
different incubation times, and the double mutant showed increased coumarin production albeit
widely distributed. In conclusion, screening for improved artificial metalloenzymes amongst a
huge Sav library is still possible by the way of enrichment, bearing in mind that potentially
improved variants are not selected due to currently uncontrollable factors such as incubation
time.
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Figure 4.8: Analysis of factors influencing coumarin production
A) Amount of picoinjected cofactor (quantified via amount of SRB) versus coumarin produced from
deallylase reaction in three different droplet populations containing either in vitro-produced sfGFP, SavTEVsite-sfGFP, or SavYR-TEVsite-sfGFP. B) Amount of in vitro-produced control protein (sfGFP) or
scaffold protein (quantified via amount of coproduced sfGFP) versus coumarin produced by deallylase
reaction in either of the three droplet populations. C) Comparison of SRB distribution of the whole droplet
population (grey) producing Sav-TEVsite-sfGFP with the SRB distribution of the of the top 10% coumarin
producer (blue). D) Comparison of sfGFP distribution of the whole droplet population (grey) producing

118

Sav-TEVsite-sfGFP with the SRB distribution of the of the top 10% coumarin producer (blue). E)
Comparison of SRB distribution of the whole droplet population (grey) producing Sav YR-TEVsite-sfGFP
with the SRB distribution of the of the top 10% coumarin producer (blue). F) Comparison of sfGFP
distribution of the whole droplet population (grey) producing Sav YR-TEVsite-sfGFP with the sfGFP
distribution of the of the top 10% coumarin producer (blue).

4.3.7 Enrichment of an improved artificial deallylase via FADS
In order to test the complete screening platform we encapsulated in separated batches bacteria
containing either Sav-TEVsite-sfGFP or the double mutant fusion construct Sav YR-TEVsite-sfGFP
in a PCR mixture. We diluted the cells in order to encapsulate on average 0.5 cells per droplet,
which is a λ = 0.5 according to the Poisson distribution. We fused the two batches of emPCR
droplets after DNA amplification with CFX droplets containing the allyl-coumarin substrate and
TEV protease. We picoinjected the fused droplets with the Sav fusion construct with cofactor
(20 μM) and a reduced SRB concentration (2 μM) after overnight incubation at 37°C for in vitro
protein production. After assembly of the ArM and deallylase reaction overnight, we conducted
FADS and Image analysis of the two different batches (Supplementary Figure 4.1). The double
mutant showed increased protein production and increased coumarin formation but at the
same time similar cofactor concentration compared to the wild-type Sav fusion construct
(Supplementary Figure 4.1C). This confirms that the double mutant S112Y K121R still shows
a higher activity compared to the wild-type Sav variant after applying the full droplet-based in
vitro cycle.
Next, we mixed the droplets with the wild-type Sav fusion construct with droplets containing
the SavYR fusion construct in a 9:1 ratio (v v-1). We re-injected the mixed droplet population and
chose a sorting gate for highly blue fluorescent droplets that correspond to 6.48% of the whole
droplet population (Figure 4.9A). The scatter plot of coumarin versus SRB of the mixed droplet
population reassembles the overlay of the FADS analysis of the single batches with droplets
containing the wild-type Sav fusion construct (Figure 4.9B, orange) or the double mutants
SavYR fusion construct (Figure 4.9B, blue). After analyzing 850’000 droplets and selecting
approximately 55’000 droplets, we compared the fluorescence of droplets of the mixture with
the droplets in the sorted and waste fraction (Figure 4.9C).
The mixed droplet population contains droplets with irregularly high and low green
fluorescence due to the in vitro produced sfGFP, it holds true for the waste population. Via
image analysis, it becomes clear that the mix and the waste population have a similar median
fluorescence of 8 AU and 7 AU respectively with a small peak appearing at approximately
60 AU for both populations (Figure 4.9D, left). On the contrary, the sorted droplet population
shows an equally distributed green fluorescence (Figure 4.9C, bottom) without outliers with
highly green fluorescent droplets but an increased median fluorescence of 12 AU (Figure 4.9D,
left). The blue fluorescents of the sorted fraction highly increased compared to the blue
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fluorescence of the mix or the waste fraction (Figure 4.9C, 4th column). The image analysis
suggests that the fluorescence intensity of the droplets in the sorted fraction (17 AU) is 2.5fold higher compared to the mix (7 AU) and the waste fraction (7 AU).
For further analysis the “sorted” droplet fraction and the “waste” fraction were broken open and
the aqueous supernatant was used to PCR amplify the recovered genetic material from the
droplets. After re-cloning and DNA sequence analysis of the colonies, we confirmed that 50%
percent of the sorted droplets indeed contained the double mutant version of Sav YR whereas
all analyzed colonies of the “waste” fraction contained the wild type Sav variant.
Despite differences in incubation time of the individual droplets in order to produce blue
fluorescent coumarin upon deallylase reaction, the Sav double mutant S112Y K121R could be
enriched amongst 90% of the wild type Sav variant. FADS analysis of the droplets containing
the wild-type Sav variant indicated that about 3% produced similar coumarin levels compared
to droplets containing the Sav double mutant S112Y K121R. Nevertheless, the FADS device
was able to sort out the droplets with the highest coumarin intensity, as can be seen in the
image of the Figure 4.9C bottom right.
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Figure 4.9: Enrichment of improved Sav ArM
A) FADS plot of coumarin versus SRB of the mixed droplet population of Sav-TEVsite-sfGFP and SavYRTEVsite-sfGFP (9:1 ratio) and gate used for selection of the top 6% of highly blue fluorescent droplets.
B) Overlay of coumarin versus SRB of the single droplet population containing Sav-TEVsite-sfGFP
(orange) and Sav YR-TEVsite-sfGFP (blue). C) Top: Images of a 9:1 mixture of droplets containing in vitro
produced Sav-TEVsite-sfGFP and Sav YR-TEVsite-sfGFP (total: 1545 droplets). Middle: Images of the
“waste” droplets after sorting (total: 1688 droplets). Bottom: Images of the “sorted” droplets after sorting
(total: 1048 droplets). 1st column: bright field image. 2nd column: fluorescence channel (GFP filter) of the
same image. Droplets appear green fluorescent due to in vitro sfGFP production. 3rd column:
fluorescence channel (RFP filter) of the same image. Droplets appear red fluorescent due to
picoinjection with SRB. 4th column: fluorescence channel (DAPI filter) of the same image. Droplets
appear blue fluorescent due to deallylase reaction generating blue fluorescent coumarin. C) Image
analysis of the droplet population before (9:1 mix) and after sorting (sorted and waste).
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4.4 Discussion
We developed a droplet based in vitro high throughput screening and enrichment system for
artificial metalloenzymes based on the biotin-streptavidin technology. At first, we implemented
a cell-free protein synthesis system for the in vitro protein production of the scaffold protein
Sav. After addition of the ruthenium cofactor to the CFPS mix the artificial metalloenzyme
assemble and catalyzes the deallylase reaction of the non-fluorescent allyl-coumarin substrate
to the fluorescent coumarin product. Several factors of the CFPS mix inhibited the catalytic
reaction of which the amino acid and energy solution as well as DTT showed the biggest
inhibiting influence. This is most probably due to the free thiol groups of cysteine in the amino
acid solution, Coenzyme A in the energy solution and the two thiol groups of DTT. It has been
shown that compounds with thiol groups such as the cellular reducing agents glutathione
poisons the transition metal thus leading to an inhibition of catalysis 151,156,157. Because the
amino acid solution and the energy solution are indispensable for in vitro protein synthesis,
only the reducing agent was omitted. The absence of DTT did not show any effect on the CFPS
efficiency thus the deallylase reaction could be perfumed after protein production in the CFX.
We discovered that is not sufficient to approximate protein and cofactor content within the
droplets in order to select for highly active ArM but also the incubation time. Increased amount
of cofactor and protein go along with increased amount of produced coumarin but the droplet
analysis suggests that longer incubation time has a bigger effect on produced coumarin. In
general, the deallylase reaction is incubated for 16 hours. It is unlikely that a microfluidic chip
can be built that allows for incubation times longer than one hour due to the available space of
the channel structure and the produced back pressure of the whole system. Nevertheless,
screening for artificial metalloenzymes with increased catalytic activity can be performed
regardless of the incubation time but the pool of potential variants to choose from can be
narrowed due to the non-influential factors.
Therefore, we still tested the droplet based in vitro high-through screening system with a model
experiment in which we encapsulated in two batches bacteria containing the wild-type Sav
fusion construct and the double mutants SavYR with improved deallylase activity. After emPCR
amplification, droplet fusion and picoinjection, the two batches were mixed in a ratio of 9:1
(wild-type Sav : SavYR (v v-1)). We recovered 6.48% of the highly blue fluorescent droplets,
recovered the genetic information, and analyzed the DNA sequence. Indeed, we were able to
enrich the improved ArM based on the double mutant SavYR.
The described screening method has several advantages compared to standard cell based
screening assays. The cell-free protein synthesis of the cell-toxic protein Sav allows for
immediate access to the given ruthenium cofactor without time-consuming protein purification.
Additionally, the encapsulated cell-free protein system produces approximately 10-fold more
Sav proteins (~1*107) compared to single cells secreting Sav into the periplasm (~ 1*10 6) or
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even 300-fold more compared to cell-surface expression (~3*104)47,149. Furthermore, the
implemented Sav fusion construct allows for quantification the scaffold protein.
Compartmentalization and miniaturization of the deallylase reaction with the help of
sophisticated microfluidic tools allow for screening of up to 6*10 6 droplets in one working day
(8 h) which is about 60’000-fold more compared to standard cell-based 96 well plate assays.
Furthermore, the amount of reagents used in the assay is reduced by the factor of 1*10 6
compared to a standard 96 well plate assay.

4.5 Conclusion
We demonstrate the deallylase reaction in CFX after in vitro production of Sav and the
assembly of the ArM by addition of the biotinylated ruthenium cofactor. Additionally we
successfully transferred the in vitro Sav protein production, assembly of the ArM and finally the
deallylase reaction into water-in-oil droplets. Furthermore, a translational fusion construct of
Sav and sfGFP allows for the quantification of the in vitro produced protein, a prerequisite in
order to quantify the specific activity of the ArM. Finally, the combination of CFPS and multiple
microfluidic tools allows for the screening for improved ArM amongst variants with mediocre
activity. Here, we apply the full microfluidic-based screening platform from encapsulation of
single bacterial cells with the genetic information of two Sav variants (wild-type vs YR) with
different deallylase activity towards the selection of droplets with increased formation of the
blue fluorescent product coumarin caused by the individually assembled ArM inside the
droplets. From an initial 10% occupation of the improved variant in the whole droplet
population, we can successfully show its recovery and a 5-fold enrichment. This platform offers
great possibilities to screen millions of different ArM variants and ability to perform new-tonature reactions.

124

4.6 Materials and methods
4.6.1 Materials
Chemicals: If not otherwise stated, most of the chemicals were purchased from Sigma Aldrich
(Merck, Darmstadt, Germany). The enzymes T5 exonuclease, Phusion DNA polymerase and
Taq DNA ligase for the Gibson assembly mix were purchased from NEB (Ipswich,
Massachusetts, USA).
Allyl-Coumarin derivative: The Group of Thomas R. Ward, University of Basel, kindly
provided the allyl-coumarin substrate for the deallylase reaction. The chemical synthesis of the
compound is described elsewhere 154.

Transition metal catalyst: The Group of Thomas R. Ward, University of Basel, kindly provided
the biotinylated ruthenium cofactor for the deallylase reaction. The chemical synthesis of the
catalyst containing is described elsewhere 149.
Streptavidin variants: The Group of Thomas R. Ward, University of Basel, kindly provided
purified and lyophilized N-terminally T7-tagged Sav variants (core Sav, K121A, K121C, S112Y
K121R) for the assembly of artificial metalloenzymes. The in vivo production and purification
of T7-tagged Sav is described elsewhere160.
Cell-free extract: The cell-free extract (CFX) used for the in vitro production of the proteins in
this study was based on a fed-batch fermentation of the bacterial strain BL21(DE3) Rosetta 2
induced with IPTG (0.5 mM final concentration) for the production of T7RNA polymerase.
CFPS mix: The cell-free protein synthesis (CFPS) mix was prepared according to Sun et al.
with minor modifications. Notably, the compound DTT was omitted in order to guarantee
deallylase reaction with in vitro produced Sav variants in the CFPS mix. The CFPS mix was
optimized in terms of Mg concentration to allow for optimally protein production. For detailed
overview see Chapter 2.
TEV protease: Luzius Pestalozzi, former PhD Student in the BPL group, provided the purified
TEV protease161.
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4.6.2 Methods
Gibson assembly: For the assembly of the fusion protein between Sav and sfGFP with
internal TEV recognition site, three fragments were ligated according to the One-step
isothermal DNA assembly (ITA) protocol. The composition of the 5x isothermal reaction buffer
solution is listed in Table 4.1.
Table 4.1: Composition of the 5x ITA buffer
compounds

amount

1M TRIS-HCl pH 7.5

3 mL

2 M MgCl2

150 µL

100 mM dGTP

60 µL

100 mM dATP

60 µL

100 mM dTTP

60 µL

100 mM dCTP

60 µL

PEG-8000

1.5 g

100 mM NAD

300 µL

H2O

ad. 6 mL

The plasmid backbone (pSEVA281) was digested with restriction enzymes (PacI, SpeI) and
purified via agarose gel extraction. The inserts (genes for wild-type Sav, Sav S112Y K121R,
sfGFP) were PCR amplified (for detailed plasmid constructions, see Supplementary Table 4.3
and for a complete list of oligonucleotides, see Supplementary Table 4.2) containing an
overhang of at least 20 nt, and then purified via agarose gel extraction. The plasmid backbone
and the inserts were mixed in a molar ratio of 1:1 and a maximal volume of 5 µL and then
added to 15 uL of ITA master mix (Table 4.2). The ITA mix was incubated for 1 hour at 50°C.
For transformation of competent Top10 bacterial cells (see Supplementary Table 4.1 for a
complete list of bacterial strains used), 5 µL of the ITA reaction was used.
Table 4.2: Composition of the ITA master mix
compounds

volume [µL]

5x isothermal reaction buffer
-1

320

T5 exonuclease (10 U µL )

0.64

Phusion DNA polymerase (2 U µL-1)

20

-1

Taq DNA ligase (40 U µL )

160

H2O

ad. 1.2 mL
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Deallylase reaction with purified Sav: To perform the deallylase reaction, different T7tagged Sav variants were produced in vivo and purified on an iminobiotin sepharose column
as described elsewhere160. The biotin binding capacity was determined using a fluorescent
quenching assay94. Prior to use, the biotinylated quinolone ligand (QA-biot, 2 M QA-Biot in
DMF, Figure 4.10) was mixed in an equimolar ratio with the catalytically active ruthenium
cofactor [CpRu(CH3CN)3]PF6 (2 M in DMF) to generate the catalytically active and biotinylated
cofactor [CpRu(QA-Biot)(H2O)] (1 M in DMF) and incubated at room temperature for 15
minutes (Figure 4.10). The deallylase reaction was performed in a phosphate buffer (50 mM
sodium phosphate and 0.9 % NaCl, pH 7.4). The purified Sav variant is added to the buffer to
a final concentration of 20 µM, and so is the biotinylated ruthenium cofactor to a concentration
of 10 µM before the allyl-coumarin derivative is added to a final concentration of 500 µM (Table
4.3).

Figure 4.10: Formation of the biotinylated ruthenium cofactor
The reaction was transferred into a 384 well-plate (clear bottom) with 60 µL distributed over
three wells and sealed with an aluminum foil. The reaction was incubated for 16 hours at room
temperature. The fluorescence intensity was measured every five minutes (excitation at 395
nm and emission at 460 nm) with a microtiter plate reader (M1000, TECAN) and compared to
the values obtained from a calibration curve with coumarin (without allyl group) in the same
384 well-plate.
Table 4.3: Deallylase reaction with purified Sav variants
compounds

volume [μL]

phosphate buffer pH 7.4

final conc.

188

purified Sav variant (2 mM in H2O)

1

10 µM

cofactor mix (1 mM in DMF)

1

5 µM

Allyl-coumarin substrate (10 mM in H2O)

10

500 µM

Total

200
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Deallylase reaction with in vitro produced Sav: To perform the deallylase reaction, T7tagged Sav variants were produced in vitro. The CFPS mix was prepared according to Sun et
al. with minor modifications but with the addition of 1 mM allyl-coumarin as a substrate for the
deallylase reaction (Table 2.3). CFPS was started by the addition of the DNA template and
conducted in a volume of 30 µL in one of the wells of a 384 well plate (clear bottom) at 37°C
for 2 h. The 384 well plate was sealed with aluminum foil and the fluorescence intensity was
measured through the bottom. In order to observe successful in vitro protein production, sfGFP
was produced in vitro in the same 384 well plate. The concentration of sfGFP was obtained by
measuring the fluorescence intensity (excitation at 488 nm and emission at 509 nm) with a
microtiter plate reader (M1000, TECAN) and comparing it to the values obtained from a
calibration curve with purified sfGFP in the same 384 well-plate. TEV protease (8 µM) was
given to the CFPS mix in order to cut the in vitro produced fusion protein Sav_sfGFP
(Supplementary Table 4.3).
Table 4.4: CFPS mix based on plasmid DNA with allyl-coumarin substrate
Substance

stock conc.

E. coli CFX

~ 27 mg L-1

36

~ 9 mg mL-1

Mg-glutamate

0 – 120 mM

10

0 – 12 mM

3000 mM

2

60 mM

12-14 mM (each)

20

2.4 – 2.8 mM (each)

10x

10

1x

40% (w/v)

5

2% (w/v)

DNA (plasmid)

500 nM

4

9 nM

allyl-coumarin

20 mM

5

1 mM

K-glutamate
Amino acid solution
Energy solution
PEG-8000

volume [µL]

DEPC water

12

Total

100

final conc.

Prior to use, the biotinylated quinolone ligand (QA-biot, 2 M QA-Biot in DMF) was mixed in an
equimolar ration of 1:1 with the catalytically active ruthenium cofactor [CpRu(CH3CN)3]PF6 (2
M in DMF) to generate the catalytically active and biotinylated cofactor [CpRu(QA-Biot)(H2O)]
(1 M in DMF) and incubated at room temperature for 15 minutes (Figure 4.10). A master mix
of 10 μM cofactor in phosphate buffer (50 mM sodium phosphate and 0.9 % NaCl, pH 7.4) was
prepared. After in vitro protein production, the aluminum seal of the 384 well plate was removed
and to each CFPS mix 30 µL of master mix (cofactor in phosphate buffer) were given (total of
60 µL) (Table 4.5). The plate was sealed again with an aluminum foil. The reaction was
incubated for 16 hours at room temperature. The fluorescence intensity was measured every
five minutes (excitation at 395 nm and emission at 460 nm) with a microtiter plate reader
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(M1000, TECAN) and compared to the values obtained from a calibration curve with coumarin
(without allyl group) in the same 384 well-plate.
Table 4.5: Deallylase reaction with in vitro produced Sav per well
compounds

volume [µL]

final conc.

phosphate buffer pH 7.4

29.7

cofactor mix (1 mM in DMF)

0.3

5 µM

CFPS mix (1 mM substrate)

30

500 µM

Total

60

Deallylase reaction in droplets: In order to analyze the influence of the amount of in vitro
produced Sav protein and the amount of picoinjected cofactor, we encapsulated in three
different batches plasmid DNA with a CFPS mix containing 500 μM allyl-coumarin substrate
and 0.2 mg mL-1 TEV protease into w/o droplets (21 μm, 5 pL). For more information regarding
droplet production, see section 3.6.2. The three different batches contained the plasmid DNA
for the in vitro production of sfGFP (pSEVA281_T7_sfGFP_T7term), the fusion construct with
wild-type Sav (pSEVA281-T7_Sav-TEVsite-sfGFP_T7term) and the fusion construct with the
double mutant Sav S112Y K121R (pSEVA281_T7_Sav YR-TEVsite-sfGFP_T7term). In vitro
protein production was performed overnight (14 h) at 37°C.
We picoinjected the three different batches with a mixture of cofactor (20 μM) and SRB (20
μM) in phosphate buffer with the picoinjection chip with a rate of approximately 1’000 Hz. For
more information about the picoinjection procedure, see section 3.6.2.
We incubated the droplets overnight (14 h) at room temperature. Afterwards we analyzed the
three batches of droplets individually with the self-made FADS device and with a fluorescence
microscope. We re-injected the droplets into the sorting chip and recorded simultaneously the
fluorescence of sfGFP, SRB and coumarin of the three different droplet populations. We
compared additionally the droplets before and after picoinjection with the FADS device. For
more information regarding the handling of the FADS device, see section 3.6.2. The recorded
fluorescence data of the FADS device was compared with fluorescence images (all channels:
sfGFP, SRB and coumarin) taken of the three different droplet populations after picoinjection
and overnight incubation. We used a custom-made program to (i) segment the droplets, (ii)
measure the fluorescence intensity and (iii) apply a Gaussian kernel density estimate (KDE) in
order to plot the fluorescence distribution 162, 163.
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Enrichment of an improved deallylase variant: We encapsulated in two separated batches
E. coli cells containing either the plasmid pSEVA281_Sav_TEVsite-sfGFP_T7term or
pSEVA281_SavYR-TEVsite-sfGFP_T7term into w/o droplets (21 µm, 5 pL) containing a PCR
mixture using the droplet production chip. The cell suspension was spun down and resuspended in the PCR mixture (Table 3.2, primer pair pr136 and pr137) to adjust for a
subsequent droplet occupation of λ = 0.5 (1 bacterium for every two droplets). The individual
Sav genes were emPCR amplified and then the correct length of the amplification product was
determined via agarose gel electrophoresis. For that, 20 μL of the whole droplet population
was broken open and the aqueous supernatant was loaded on the agarose gel (Section 3.6.2).
After verification of successful DNA amplification in droplets, the emPCR droplets were fused
with CFPS mix containing 1 mM allyl-coumarin substrate using the droplet fusion chip with a
rate of 1’000 Hz. The fused droplets were incubated over night at 37°C (Section 3.6.2). After
fusion, the droplets were picoinjected with the biotinylated cofactor using the picoinjection chip
and an injection rate of approximately 1’000 Hz. The injection solution contained 20 µM
biotinylated cofactor and 2 µM of the reference dye SRB. The pressure of the injection channel
was controlled such that a tenth of the previous droplet volume is injected leading to a final
concentration of approximately 2 µM for the cofactor and 200 nM reference dye. The droplets
were incubated overnight at room temperature (Section 3.6.2).
The droplets were analyzed with the custom-made FADS device after overnight incubation.
The sorting criteria for the improved deallylase reaction was set based on the maximal
coumarin fluorescence and depended on the picoinjected cofactor, analyzed via the
fluorescent reference dye. The set sorting criteria allowed for sorting of the top 6.48 % of the
whole droplet population (Chapter 3, Section 3.5)
The “sorted” and “waste” droplets were broken open via treatment with 50 μL perfluorooctan1-ol and the oil phase was discarded. The aqueous phase was used for PCR amplification of
the recovered genetic material. The amplified DNA was digested with PacI and SpeI and
ligated into a pre-digested pSEVA281 (PacI and SpeI) vector via T4 ligation. The ligation
reaction was used to transform chemically competent NEB turbo bacterial cells via heat shock
transformation. The sequences of the recovered DNA of the sorted fraction and the waste
fraction were analyzed via Sanger-Sequencing (Microsynth, Switzerland).
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4.7 Supplementary
Supplementary Table 4.1: Bacterial strains used for this study
Name

Description

Reference

Top10

E. coli K12 F'[lacI Tn10(tet )] mcrA Δ(mrrq

R

Invitrogen110

hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR
nupG recA1 araD139 Δ(ara-leu)7697 galU galK
rpsL(StrR) endA1 λNEB Turbo

E. coli K12 F' proA+B+ lacIq ∆lacZM15 / fhuA2
∆(lac-proAB)

glnV

galK16

galE15

NEB164

R(zgb-

210::Tn10)TetS endA1 thi-1 ∆(hsdS-mcrB)5

Supplementary Table 4.2: Oligonucleotides used in this study
Restriction sites are underlined and phosphorothioate nucleotides are indicated with asterisks
Name

Sequence 5’  3’

pr30

CGCGAATTCATGCGGATCCTTATTA

pr31

GCGAAGCTTGCGAAATTAATACGACTC

pr42

GATCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

pr43

AATTCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAG

pr82

ATGGCTAGCATGACTGGTGG

pr83

CTAGGATCCTTATTACTGCTGAACGGCGTC

pr86

T*C*A*T*T*AGGCACCCCAGGCTTTACAC

pr87

C*A*A*C*T*GTTGGGAAGGGCGATCGGTG

pr136

T*G*G*A*G*TTCTGAGGTCATTACTGG

pr137

T*A*C*T*C*AGGAGAGCGTTCACC

pr168

ATATATTTAATTAACCAAGCTTGCGAAATTAATAC

pr169

ATATATACTAGTGGTACCCTATGACATGATTACGAATTC

pr176

TACAGGTTCTCTTGCATGCCCTGCTGAACGGCGTCGAG

pr177

AGAACCTGTATTTTCAGAGCAAAGGAGAAGAACTTTTCAC

pr178

ATTTGATGCCTTTAATTAACCAAGCTTGCGAAATTAATACG

pr179

AACAGGAGTCCAAGACTAGTGAATTCAAAAAACCCCTCAAG
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Supplementary Table 4.3: Plasmids used for this study
Name

ori / resistance

Description

Reference

pSEVA281

pUC / KanR

high copy plasmid for cloning

MartinezGarcia et al.111

pUC18

pUC / AmpR

high copy plasmid for cloning

Novagen112

pET11b-Sav-S112Y-K121R

pBR322 / AmpR

Fabian Schwizer kindly provided the plasmid pET-11b-SAV-S112Y-K121R. The plasmid

Szponarski et

is based on a pET11b backbone. Production of the core Sav protein with a double mutation

al.165

at position S112 and K121 is under control of the T7 promoter. Furthermore, the core Sav
protein contains the T7 peptide sequence (MASMTGGQQMG) at the N-terminus for
improved in vivo protein production.
pET-30b-SAVcyto

pBR322 / KanR

Markus Jeschek kindly provided the plasmid pET-30b-SAVcyto. The plasmid is based on a

Jeschek et al.93

pET30b backbone. Production of the core Sav protein is under control of the T7 promoter.
Furthermore, the core Sav protein contains the T7 peptide sequence (MASMTGGQQMG)
at the N-terminus for improved in vivo protein production.
pUC18_T7_sfGFP_T7term

pUC / AmpR

For the in vitro expression of sfGFP, the gene was chemically synthesized together with

This study

the T7 promoter (Integrated DNA Technologies). The linear fragment was used as a DNA
template for PCR amplification with the primer pair [pr30, pr31]. The PCR product and
pUC18 were digested with EcoRI and HindIII, and purified via agarose gel extraction and
ligated with T4 ligase. The resulting intermediate product (pUC18_T7_sfGFP) was
digested with EcoRI and BamHI and agarose gel purified and ligated with self-annealing
oligo nucleotides [pr42, pr43]. DNA sequence confirmation was done via Sanger
sequencing with Microsynth.
pUC18_T7_Sav_T7term

pUC / AmpR

For the in vitro expression of core Sav protein under the control of a T7 promoter, the
pET_30b_SAVcyto plasmid was restriction digested with XbaI and BamHI and the Sav DNA
purified via agarose gel extraction. Similarly, the plasmid pUC_T7_sfGFP_T7term was
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restriction digested with XbaI and BamHI and the backbone was purified via agarose gel
extraction. The digested pUC18 backbone and the Sav insert were ligated with a T4
ligation mix. DNA sequence confirmation was done via Sanger sequencing with
Microsynth.
pUC18_T7_Sav_S112Y_K12

R

pUC / Amp

1R_T7term

For the in vitro expression of core Sav protein under the control of a T7 promoter, the pET-

This study

11b-SAV-S112Y-K121R plasmid was used as a template to amplify the Sav S112Y K121R
gene with the primer pair [pr82, pr83]. The product was restriction digested with NheI and
BamHI and the Sav DNA purified via agarose gel extraction. Similarly, the plasmid
pUC_T7_Sav_T7term was restriction digested with NheI and BamHI and the backbone
was purified via agarose gel extraction. The digested pUC18 backbone and the Sav
S112Y K121R insert were ligated with a T4 ligation mix. DNA sequence confirmation was
done via Sanger sequencing with Microsynth.

pSEVA281_T7_sfGFP_T7ter

pUC / KanR

m

For the in vitro expression of sfGFP the plasmid pUC18_T7_sfGFP_T7term was PCR

This study

amplified using the primer pair [pr178, pr179]. The PCR product and pSEVA281 were
digested with PacI and SpeI, purified via agarose gel extraction and ligated via T4 ligase.
DNA sequence confirmation was done via Sanger sequencing with Microsynth.

pSEVA281_Sav_S112Y_K12

R

pUC / Kan

1R_T7term

For the in vitro expression of Sav S112Y K121R protein under the control of a T7 promoter,

This study

the pUC18_Sav_S112Y_K121R_T7term plasmid was used as a template to amplify the
Sav S112Y K121R gene with the primer pair [pr168, pr169]. The product was restriction
digested with PacI and SpeI and the Sav S112Y K121R DNA purified via agarose gel
extraction. Similarly, the plasmid pSEVA281 was restriction digested with PacI and SpeI
and the backbone was purified via agarose gel extraction. The digested pSEVA281
backbone and the Sav S112Y K121R insert were ligated with a T4 ligation mix. DNA
sequence confirmation was done via Sanger sequencing with Microsynth.

pSEVA281_Sav-TEVsitesfGFP_T7term

pUC / KanR

For the in vitro expression of core Sav fused to sfGFP under control of the T7 promoter,
the plasmid pUC18_T7_Sav_T7term was used as a template to amplify the Sav gene with
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the primer pair [pr176, pr178]. Likewise, the plasmid pUC18_T7_sfGFP_T7term was used
as a template for the amplification of the sfGFP gene with the primer pair [pr177, pr179].
Both PCR products were purified via agarose gel extraction. The plasmid pSEVA281 was
restriction digested with PacI and SpeI and purified via agarose gel extraction. The
digested pSEVA281 backbone, the amplified core Sav gene and the sfGFP gene were
ligated via Gibson assembly. DNA sequence confirmation was done via Sanger
sequencing with Microsynth.
pSEVA281_SavYR-TEVsitesfGFP_T7term

R

pUC / Kan

For the in vitro expression of Sav S112Y K121R fused to sfGFP under control of the T7
promoter, the plasmid pUC18_T7_Sav_S112Y_K121R_T7term was used as a template
to amplify the Sav gene with the primer pair [pr176, pr178]. Likewise, the plasmid
pUC18_T7_sfGFP_T7term was used as a template for the amplification of the sfGFP gene
with the primer pair [pr177, pr179]. Both PCR products were purified via agarose gel
extraction. The plasmid pSEVA281 was restriction digested with PacI and SpeI and
purified via agarose gel extraction. The digested pSEVA281 backbone, the amplified core
Sav gene and the sfGFP gene were ligated via Gibson assembly. DNA sequence
confirmation was done via Sanger sequencing with Microsynth.
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Supplementary Figure 4.1: FADS and Image analysis of Sav-TEVsite-sfGFP and SavYRTEVsite-sfGFP
A) Left: FADS plot of SRB versus coumarin of Sav-TEVsite-sfGFP. Right: FADS plot of SRB versus
coumarin of Sav YR-TEVsite-sfGFP B) Top: Images of droplets containing in vitro produced Sav-TEVsitesfGFP (total: 1’444 droplets). Bottom: Images of droplets containing in vitro produced SavYR-TEVsitesfGFP (total: 1’394 droplets). 1st column: bright field image. 2nd column: fluorescence channel (GFP
filter) of the same image. Droplets appear green fluorescent due to in vitro sfGFP production. 3rd column:
fluorescence channel (RFP filter) of the same image. Droplets appear red fluorescent due to
picoinjection with SRB. 4th column: fluorescence channel (DAPI filter) of the same image. Droplets
appear blue fluorescent due to deallylase reaction generating blue fluorescent coumarin. C) Top: FADS
analysis based on green fluorescence (sfGFP), red fluorescence (SRB) and blue fluorescence
(coumarin) of droplets containing of Sav-TEVsite-sfGFP (orange) and of Sav YR-TEVsite-sfGFP (blue).
Bottom: Image analysis of the droplet population containing Sav-TEVsite-sfGFP (orange) or Sav YRTEVsite-sfGFP (blue) depicted in B).

Supplementary Figure 4.2: Effect of DTT on CFPS efficiency and deallylase in droplets
A) In vitro production of sfGFP based on the plasmid pUC18_T7_sfGFP_T7term with and
without the addition of DTT to the CFPS mix. B) Produced coumarin versus SRB of droplets
containing in vitro produced Sav S112Y K121R (pUC18_T7_Sav_S112Y_K121R_T7term)
after picoinjection with cofactor (final concentration: 2 μM) and SRB (final concentration: 2 μM).

4.8 Author’s contribution
P.R., S.P. and T.R.W. conceived the project. P.R. conduced the experiments. T.K.
programmed the data acquisition card Red Pitaya and the sorting interface DropSort as well
the image analysis tool. V.S. programmed the data acquisition card and helped to build the
FADS device. J.V. synthetized substrate, product and cofactor.
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5 Conclusion and outlook
This thesis describes the development of a droplet-based high-throughput screening system
for artificial metalloenzymes based on the biotin-streptavidin technology. The screening
system consists of two major components: (I) A cell-free protein synthesis mix that is able to
produce a sufficient amount of the cell-toxic protein streptavidin and (II) a microfluidic tool set
that allows for compartmentalized in vitro production and assembly of the artificial
metalloenzymes and the individual selection of highly active variants amongst background
activity.
It was demonstrated that a fed-batch fermentation protocol could be implemented in order to
produce a cell-free extract with reduced batch-to-batch variability but increased cell-free
protein synthesis activity compared to shake flask cultivation. Even though the described
protein production levels were acceptable, they could not reach protein production levels in
recent publications73. Still, the developed CFPS system has to be seen in the context of an in
vitro production system for an enzyme screening application. The protein or enzyme level has
to be sufficient in order to generate reasonable catalytic activity to screen for improved
variants36. This was shown in this work as well. As protein levels frequently reach mg mL-1 in
cell-free expression systems, the research focus shifts from maximizing the protein yield
towards applying the system to understand, optimize or even expand standard biological
processes. Thus, the cell-free system can be seen as a first entry point to test new biological
processes before implementing them into an in vivo scenario. Therefore, fast and reliable
production of highly active CFX is of importance, especially when dealing with genetically
engineered bacterial strains that define new traits of the underlying extract49,

166

. In our

experience, this robustness can also be achieved with extracts obtained from shake flask
cultures. Therefore, multiple cycles of designing, building and testing of different cell-free
extracts can be easier achieved with shake flask cultivation rather than complex and timeconsuming fermentation protocols. In the context of xenobiology and the integration of unusual
biological processes into the living organism96, the presented cell-fee free production system
is optimal to optimize or even make them work before integration into a complex system.
In order to find proteins or enzymes that are able to fulfill the unnatural biological process,
thousands of variants need to be tested especially when the desired catalytic activity of the
new enzyme is low or even nonexistent. Standard screening platforms often fail because the
required throughput cannot be reached or starting materials cannot be supplied in sufficient
quantity. The developed droplet-based microfluidic tools ensure high-throughput screening
capacity but at the same time reduced consumption of starting materials. Even though, the
single microfluidic technologies are perfectly suited for specific applications, their sequential
combination and by that, manipulation of the droplets, risks de-stabilizing the integrity of the
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individual droplet. Besides droplet manipulation on-chip, unsupervised droplet storage off-chip
bears an unpredictable risk for a successful screening campaign. Therefore, combination of
multiple droplet manipulation steps on one chip and advanced droplet incubation technology
would advance the screening of improved protein or enzyme variants 167, 168, 169, 170.
The artificial metalloenzyme is a perfect example for unnatural biological process as it
catalyzes a new-to-nature reaction. Here, the scaffold protein Sav needs to be engineered
around a synthetic cofactor, in order reach catalytic activity comparable to biologically
optimized enzymes that were exposed to Darwinian evolution for millions of years. We
demonstrate that enrichment of a highly active ArM amongst a variant with low activity is
possible by applying a combination of an in vitro protein production system with a dropletbased microfluidic setup. The described deallylase reaction plays a special role among the
artificial metalloenzymes, as it is well established and full conversion of the substrate can be
achieved with minor modification of the scaffold protein. The chances to find further improved
variants is difficult because the basal catalytic activity of the parental ArM variants (either wild
type or SavYR) form high product concentration. A microfluidic chip that combines a time
resolved assembly of the ArM and later sorting of improved variants would allow for screening
of variants with increases initial activity. However, the described platform would be suited best
for reactions that have low or no catalytic activity in the beginning at all. The throughput allows
for analysis of millions of variants in a day, thus increases the chance to find ArM variants with
catalytic activities that are far outside the scope of biological processes.
Finally, the developed technologies are not limited to synthetic reaction schemes or other
xenobiological applications. The droplets represent a reaction vessel, which can be
manipulated with the developed microfluidic tools. As the CFPS mix is able to synthetize for
instance cell toxic proteins, this can be used to screen for novel DNA encoded peptides able
to kill bacterial cells171. More specifically, more bacterial strains and other cell types become
available as a platform for cell-free protein synthesis. In combination with the droplet fusion
tool, relevant pathogenic bacterial strains can be fused with in vitro synthetized peptide libraries
in order to screen for antimicrobial compounds.
Furthermore, the developed tools can be used in the field of synthetic biology and more
specifically the assembly of synthetic cells 37,

172

. The artificial compartmentalization in

combination with CFPS can be seen as an intermediate path of two different streams of
synthetic biology: The top-down and the bottom-up principle173,

174

.

Additionally,

compartmentalization with biologically relevant polymers such as lipids and combining new-tonature reaction schemes would bring us a step forward towards tailor-made life.
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