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Summary

SUMMARY

Synthetic biology has shown highly promising results in tackling real-world problems in
medicine and bioprocessing. The ability to use biological tools from many different sources
enabled engineers to develop intricate cellular systems. First smart cell-based and gene
therapies are currently being applied in the clinic and the production of therapeutic
antibodies using metabolically engineered cells is well established. To advance the
development of engineered medical and biopharmaceutical systems, it is an essential task to
establish the heterologous gene expression in mammalian cells and to develop conceptually
novel tools for bioengineering. In this thesis we present the design of two new tools based on
the metabolic engineering of a heterologous small molecule biosynthesis- and a utilization-
pathway.

In chapter | we introduce a reporter system for mammalian cells, based on the expression
of a combination of two human genes together with one gene from Amanita muscaria.
Expressing all three genes resulted in the formation of a yellow, fluorescent dye derived from
the metabolic amino acid L-tyrosine. The dye belongs to the betaxanthin class, it can be
detected extra- and intracellularly and its production does not seem to impact cell viability.
This offers multiple approaches for quantification, in particular plate readers, flow cytometry
and microscopy. Additionally, we show how the system can be used as a reporter for gene
expression in mammalian cells with comparable performance as standardized reporter
systems.

In chapter Il we show the approach to endow CHO-K1 cells with the ability to metabolize
the disaccharide cellobiose using a cellobiose specific transporter and a B-glucosidase. This
metabolic engineering approach enables cells to survive in cellobiose medium without
glucose, whereas untransfected cells quickly died. This cellobiose utilization pathway was
used to create the additive stable cell line selection method called CelloSelect. A detailed
selection protocol was established to create long-term stable cells in a matter of days. We
show that these stable cells can be grown in cellobiose- or glucose-culture medium and that
the cells continue to express the cargo protein at the same expression level for the tested
period of 30 days independent of medium composition. In a proof-of-concept bioprocessing

experiment we conclude that the system can be used to produce a therapeutic protein.



Zusammenfassung

ZUSAMMENFASSUNG

Synthetische Biologie hat schon zu vielversprechenden Resultaten in der Medizin und
Bioproduktion gefiihrt. Die Fahigkeit biologische Werkzeuge von verschiedensten Quellen zu
verwenden, hat es Ingenieuren ermoglicht komplexe zelluldre Systeme zu entwickeln. Die
ersten intelligenten Zell- und Gen-therapeutischen Medikamente werden in der Klinik
verwendet und die Produktion von therapeutischen Antikérpern in metabolisch veranderten
Zellen ist weit verbreitet. Es ist essentielle die heterologe Expression von Genen in
Saugetierzellen weiter zu etablieren und konzeptionell neuartige Werkzeuge fir das
Bioengineering zu entwickeln. In dieser Doktorarbeit pradsentieren wir zwei neuartige
Werkzeuge, basierend auf der metabolischen Verdanderung von Saugetierzellen fir die
heterologe Produktion und Verwendung von niedermolekularen Verbindungen.

In Kapitel | stellen wir ein Reportersystem fiir Sdugetierzellen vor, das auf der Expression
von zwei menschlichen Genen und einem Gen von Amanita muscaria basiert. Die Expression
aller drei Gene resultiert in der Produktion eines gelben, fluoreszierenden Farbstoffes, der
ausgehend von der metabolischen Aminosaure L-Tyrosin gebildet wird. Die Resultate zeigen,
dass der Farbstoff zu der Klasse der Betaxanthine gehort, er intra- und extrazellular
nachgewiesen werden kann und die Produktion die Zellviabilitat nicht beeinflusst. Der
Farbstoff kann mittels mehrerer Methoden nachgewiesen werden, unter anderem mit
Plattenlesern, Mikroskopie oder Durchflusszytometrie. Ausserdem zeigen wir, wie die
Farbstoffproduktion als Reportersystem fir die Genexpression verwendet werden mit
vergleichbarer Performance wie bekannte Reportersysteme.

In Kapitel Il zeigen wir eine Moglichkeit um CHO-K1 Zellen mit der Fahigkeit auszustatten
das Disaccharid Cellobiose mittels eines spezifischen Transporters und einer B-Glucosidase zu
metabolisieren. Diese metabolische Veranderung fihrt dazu, dass die Zellen in Kulturmedium
Uberleben, welches Cellobiose anstatt Glucose enthélt, wahrend nicht-transfizierte Zellen
sterben. Dieser Cellobiose Stoffwechsel wurde dann verwendet um ein CelloSelect genanntes
Selektionssystem zu entwickeln um stabil-transfizierte Zelllinien zu selektionieren. Ein
detailliertes Selektionsprotokoll wurde entwickelt, das verwendet werden kann um in
wenigen Tagen langzeit-stabile Zelllinien zu generieren. Wir zeigen, dass die stabilen Zellen in

Cellobiose- oder Glucose-Kulturmedium kultiviert werden konnen und dass sich die



Zusammenfassung

Produktion des Cargo-Proteins wahrend eines 30 tagigen Tests nicht verdandert, unabhangig
von der Zusammensetzung des Mediums. In einem konzeptionellen bioprozesstechnischen
Experiment haben wir gezeigt, dass das System dazu verwendet werden kann ein

therapeutisches Protein zu produzieren.



Introduction

INTRODUCTION

Synthetic Biology

Synthetic biology is the application-driven modular engineering approach in biology, that
functions under the elegant premise that cellular systems can be viewed as comparably
complex machines. In mechanical or electrical engineering, components created by engineers
are highly modular and can be adjusted quickly to a new design. Similarly, synthetic biologists
are developing modules than can be used in a plug-and-play like manner to create novel
functions in cells. Of course, in biological systems the separation of components,
compartmentalization and productive interactions are not as trivial and well understood as
in mechanical and electrical engineering. Where in mechanical systems the components are
set in a fixed location and thus allows the interaction partners to be freely chosen, biological
systems work in a chaotic diffusion driven environment where many things are constantly
interacting. An additional difficulty arises when enzymes or whole enzyme cascades are
heterologously used in different organisms. Enzymes are sensitive to the biochemical
environment such as pH, temperature, salt concentration and required cofactors(1). One
malfunctioning enzyme can lead to the collapse of a whole cascade. In many cases
bioengineers have to modify enzymes that are to be used in a different organism, or screen
different enzymes that could catalyze the same reaction.

The field of synthetic biology is a relatively new one that first appeared with the discovery
of restriction enzymes in 1969(2) and gained some traction around the new millennium with
the engineering of first synthetic gene networks(3,4). Since then have synthetic biologists
designed and created an ever-growing number of building blocks that are akin to the basic
building blocks of electrotechnology, such as molecular switches(5,6), pulse generators(7),
time-delay circuits(8,9), logic gates(10,11), and oscillators(12,13). Using these modules, and
in some cases combining them to more complex gene circuits or networks(14,15), has huge
potential, primarily in medicine. Smart therapeutics in patients to precisely receive molecular
information about a disease state, decide autonomously about actions to take, and then
locally taking action by producing a therapeutic agent is an exciting development. Since the
development of new methods, such as the Generalized Extracellular Molecule Sensor

Platform(16) (GEMS) or especially the dawn of precise genome manipulation using the
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CRISPR/Cas9 system(17), the development and use of smart designer drugs seems to be

around the corner.
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Figure 1: Examples of smart designer cells. (a) Cells were engineered to detect caffeine(18). This

results in GLP1 production and secretion, which leads to decreased blood glucose levels. (b) Engineered

cellsin a cell implant capable of fighting multi drug resistant Staphylococcus aureus (MRSA) infections(19).

Human Toll-like receptors detect the bacterial infection and react by producing the bacteriolytic enzyme

lysostaphin. (c) Engineered cells in a cell implant capable of red light inducible insulin production(20). In

the study the light was activated using a smartphone, thus enabling smartphone-controlled glucose levels.

Figure based on the authors version of a manuscript that was published(21).
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Although the use of viruses for the direct integration of a gene circuit into a patient’s cells
through gene therapy has been discussed(22), different limitations exist to date. On the other
hand, the approach to engineer cells in a laboratory and subsequently injecting them into a
patient is advancing rapidly with tests being done in animal models(23-25) (Fig. 1). The most
famous system is likely the Chimeric Antigen Receptor T-Cell (CAR T) therapy developed and
sold by Novartis. In this approach, patient-derived T-cells are engineered in the lab to

recognize specific tumor antigens and reinjected, with highly promising results(26).
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Figure 2: Schematic design of an engineered designer cell. (a) Generalized overview of the
different abstract layers smart cells are built on. (b) Close-up of different simple levels on which the signal
processing can appear in the cells. Figure based on the authors version of a manuscript that was

published(21).

Therapeutic designer cells can be designed by combining an input detection module,

processing module and effector output (Fig. 2). On a practical level, engineering such systems



Introduction

generally requires three steps: 1. Creating genetic constructs that carry the desired genes, 2.
Testing these modules individually and later combined for desired functionality, 3. Stably
integrating the genetic modules into cells to create long-lasting cells with the desired

functions.

Reporter Systems

Testing the genetic components of simple or complex synthetic systems for proper
function generally requires a detectable output signal. Especially in complex interaction
networks all systems have to be tested individually before being tested as a whole. Different
conceptually diverse approaches exist to observe changes of gene expression inside cells,
through which an engineer can assay the functionality of either an input signal or a signal
processing partinside the cell. Depending on the molecular mechanism of the tested function,
changes can be analyzed either on the mRNA level or on the protein level. mRNA
guantification is usually done using reverse transcription quantitative PCR (RT-qPCR)(27) or
more recently RNA sequencing(28) which yields information about a large number of gene
expression levels. Highly powerful tools in basic research and synthetic biology alike, both
methods are rather time consuming and expensive and therefore rarely used for routine tests
if avoidable. Additionally, the mRNA levels do not necessarily correlate to the eventual
protein production rate. As such, quantifying gene expression on the protein production level
requires the production of a quantifiable protein. This is achieved either by using a protein
that itself has optical properties, such as fluorescent proteins, or by using a protein that can
be quantified through an external assay. The discovery of fluorescent proteins was seen as a
huge milestone(29), especially in basic research where it enabled researchers to study sub-
cellular interactions or the localization of other proteins(30). Is it also used in engineering for
single-cell quantification with a high spatial resolution, using a microscope, or using flow
cytometry to yield population distribution data.

Quantifying gene expression by producing a quantifiable protein is currently the go-to
method in bioengineering. Although the palette of quantifiable proteins is vast due to
universal technologies, such gel electrophoresis(31) or Enzyme-linked Immunosorbent Assays
(ELISA)(32), bioengineers generally utilize enzymatic assays(33) due to their ease of use and

them not being very time-consuming. Two well-known members of this assay class are the
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secreted alkaline phosphatase(34) and luciferases(35). In both assays the analyzed genetic
system produces the reporter enzyme that is harvested in the culture supernatant and
subsequently quantified upon the addition of a substrate. In the case of the phosphatases a
phosphate-containing dye is added that upon phosphate removal shows different spectral
properties, in the case of the luciferases the catalyzed reaction leads to light being emitted.
Using a laboratory plate reader, assays can be run on many samples in parallel and yield

guantitative information about the expression of the reporter gene.

Industrial Biotechnology

Where currently the therapeutic use of synthetic biology by creating cell-based
therapeutics or gene therapy is still in its infancy with only few clinically licensed examples(36)
(e.g. Zolgensma gene therapy for the treatment of spinal muscular atrophy(37), or Zalmoxis
for the restoration of the patient’s immune system after partially incompatible hematopoietic
stem cell transplantation(38)), its use in high throughput screening and biotechnological
production is well established(39).

One of the most straight-forward approaches to use synthetic biology in industry is the
bioproduction of drugs, or other valuable products in engineered microorganisms(40).
Implementing a production cassette in bacteria or yeast is an efficient way to produce a
product in a highly standardized large-scale reactor, that normally would be produced by in
an organism that is not easily scalable or that produces it in a low concentration. The key
advantage of producing small molecule drugs, or intermediates, in a bioreactor over chemical
synthesis is likely the better control over chirality of the product. Examples of pharmaceuticals
at the least partially produced by engineered microorganisms include the anti-malaria drug
artemisinin produced by Sanofi(41) or the anti-cancer chemotherapeutic Taxol produced by
BSM(42).

Another use for synthetic biology in an industrial setting can be found in drug-screenings
in mammalian cell-based platforms. Pharmaceutical companies often have libraries of small
molecules from many different sources (synthetic compounds, natural products or modified
derivatives). The putative drugs in these libraries are each added individually to a cell
population and different cellular changes observed in a format of up to 3456 tested cultures

per culture plate. The most straight-forward cellular change is population growth and
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viability. Assessing the effect of the tested substances on cell viability using a viability assay
was used for example in the discovery of new anti-cancer drugs(43). When a specific cellular
target is identified that leads to a certain disease type, specific model-cell lines can be used
(wild-type or genetically engineered cells) to find compounds that interact in the desired
fashion with the target protein. These cellular changes can be detected via different external
methods (receptor activation-mediated changes in cAMP levels(44) or changes in calcium
levels(45)) or through internal changes in gene expression. Synthetic biology comes into play
to make the cell lines themselves report the changes made by the putative drug. Many cellular
pathways lead to a direct or indirect change in gene expression which can be detected using
an engineered cell line expressing a reporter gene that is expressed if the desired pathway is
activated(46-48). An intriguing side-effect of this approach is the fact that, if a promoter can
be used that is normally not active in the cell, reporter activation simultaneously indicates
metabolic integrity of the tested cell. A toxic compound that damages the cell is likely to result
in gene expression to decrease and thus lower levels of reporter proteins. In fact, reporter
genes can be used to assess cell viability in general(49). More complex gene networks were
developed to report information about specific and unspecific intracellular changes induced
by the tested compounds(50).

Other opportunities for synthetic biology in industry can be found in mammalian
bioproduction. Evermore of the current blockbuster drugs are proteins produced in a
bioreactor instead of a chemical reactor(51). Therapeutic antibodies are quickly becoming the
gold standard for many different diseases, such as cancer, autoimmune diseases, or even
migraines(52). The general work-flow for the large-scale antibody production is as
follows(53): a genetic construct is created containing the DNA sequence encoding the desired
antibody. Suspension Chinese hamster ovary cells (CHO) are transfected and the genetic
constructs are integrated into the genome by means of random integration. A polyclonal cell
line is selected by having a gene encoding a selection marker on the genetic construct and
using a selection agent to kill of all cells not expressing these markers. Often, cells from the
polyclonal cell lines are then screened individually for highest production titer, resulting in a

monoclonal cell line.

10
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Metabolic Engineering

Increasing the production capacity of cell lines falls in the realm of metabolic engineering,
a discipline closely related synthetic biology(54). Metabolic engineering aims primarily at
three broad applications in bioprocessing: increasing the vyield, reducing byproducts or
extending the substrate range. In contrast to synthetic biology it uses rather simple
approaches to influence the complex endogenous metabolic network to change fluxes of
metabolites. It is frequently applied to microorganisms to create production cell lines for a
large variety of natural products (such as amino acids, antibiotics, vitamins or biofuels(55)).
Of course, there are many different approaches for each individual product and problem at
hand but they tend to be based on similar methods. Creating knockout cell lines can remove
a metabolic flux from a side branch which might then go into the desired production branch
(e.g. (56)). Overexpressing key enzymes, as well as enzyme engineering, could remove
bottlenecks and increase the flux to a desired product (e.g. (57)). And finally, heterologous
gene expression offers the possibility to create completely new products in cells(58) or use
different sources of nutrients(59). Today, many of these approaches are guided using
mathematical models to improve the successful metabolic engineering(60).

In mammalian cell-based bioprocessing, metabolic engineering is used for multiple
purposes. The main reason why mammalian cell lines are used as bioproduction system is the
glycosylation of proteins, which other production systems based on yeast or bacteria would
perform very differently(61). Antibody glycosylation is crucial regarding its binding affinity,
antigenicity or half-life(62). As such, an effort is currently made to improve the glycosylation
capabilities of CHO cells(63). Metabolic engineering helped to dramatically increase the
protein production capacity in CHO-based systems from a few tenths of g/L to average large-
scale production of more than 3 g/L (64). Important engineering approaches were developed
on decreasing the glucose consumption of cells, decreasing the lactate accumulation,
decreasing the growth rate and improving the protein secretion(65,66). An interesting
discovery, in the context of this thesis, was that CHO cells are capable of utilizing maltose.
Using this nutrient, instead of glucose, resulted in a remarkable decrease in lactate
accumulation, one of the key waste products in mammalian cell culture.

Important work on metabolic engineering was done on knockout cell lines for stable

integration selection systems. The two gold-standards for industrial cell line selection systems

11
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are the (glutamine synthetase) GS(67) and the dihydrofolate reductase (DHFR)(68) systems.

Using a chemical knockdown approach or a genetic knockout approach created cell lines that

are dependent on glutamine or hypoxanthine and thymidine in the growth medium. As a

selection marker the two genes are reintegrated into the genome allowing the cells to survive

in regular growth medium and thus enable survival of only the desired cells.
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CONTRIBUTIONS OF THIS WORK

Chapter I: Genetically encoded betaxanthin-based small-molecular fluorescent reporter

for mammalian cells

Reporter systems are an important tool in basic research and especially in bioengineering.
The ability to visualize changes in cellular processes in a quick, simple and reliable fashion
plays an essential part in shaping the modern field of bioengineering. Together with ever
faster high-throughput DNA sequencing, engineers have the tools to develop highly modular
approaches for engineering the biochemical functions in living cells. With the low cost of DNA
synthesis, we are in a synthetic biology era where an idea can be genetically designed, the
custom DNA sequence ordered, cells transfected and the setup tested with reporter systems
in a short amount of time. Current available reporter systems are highly useful and all offer
certain advantages, as well as disadvantages. It catches the eye that, with the exception of
few niche reporters, all reporter systems are based on either enzymatic assays or proteins
with optical properties, instead of the direct in cellula production of a small molecular dye.
Life knows a huge variety of dyes and pigments and for many the exact metabolic pathways
and genes are known. For example, plants and fungi offer a whole range of colors, but the
transfer to mammalian systems is rather challenging. In this chapter we present a small
molecule reporter system that uses a combination of human enzymes and enzymes from
Amanita muscaria to produce yellow dyes from the betaxanthin class. We demonstrate how
these enzymes can be used to create a novel reporter system that allows for direct

guantification of gene expression in the culture supernatant.

Chapter lI: CelloSelect — a synthetic cellobiose metabolic pathway for selection of stable

transgenic CHO-K1 cell lines

Creating mammalian production cell lines is essential in the modern manufacturing of
protein-based biopharmaceuticals. The process of creating these cell lines relies on the
genomic integration of genes producing the therapeutic protein and subsequently applying
and maintaining an artificial selection pressure to select only cells producing the cargo. Leaps
forward have been made with respect to the stable integration strategies (such as

transposon-based or CRISPR/Cas9-based), but the selection strategies used in industrial
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settings seem to remain rather unchanged. Current selection methods are based on knockout
cell lines or the use of toxic agents. In the knockout cell line approach, an essential metabolic
gene is removed from the cells’ genomes. Including this removed gene in the genetic
construct as a selection marker only allows the stably transfected cells to survive. Akin to that,
a detoxifying enzyme can be used to intracellularly neutralize a toxic agent. To date, the
knockout approach is mostly used in industry but is, although effective, destructive in nature.
Cell lines that are created for an industrial use are previously engineered with a focus not on
production, but that the cells can be used for selection later. In this chapter we present an
additive approach based on metabolic engineering that grants the cells the ability to consume
a foreign nutrient source. We created a cellobiose utilization pathway that awards cells with
the ability to metabolize cellobiose as sole source of glucose. In a proof-of-concept study, we
developed the CelloSelect stable selection system that, in the absence of glucose, can be used
to select CHO-K1 cell lines expressing the CelloSelect gene-cassette, containing a cargo gene.
All, without the use of knockout cell lines or the use of antibiotics and toxic agents. We
developed a step-by-step protocol for the use of the system and show how it can be used to
create engineered cell lines, that stably produces the therapeutic protein erythropoietin
(EPQ). The cells can be grown in culture medium containing either glucose or cellobiose as

major carbon and energy source.
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GENETICALLY ENCODED BETAXANTHIN-BASED SMALL-MOLECULAR
FLUORESCENT REPORTER FOR MAMMALIAN CELLS

This chapter is based on the authors version of a manuscript that has been submitted for

publication.

Pascal Stiicheli, Simon Sieber, David W. Fuchs, Leo Scheller, Tobias Strittmatter, Pratik
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ABSTRACT

We designed and engineered a dye production cassette encoding a heterologous pathway,
including human tyrosine hydroxylase and Amanita muscaria 4,5-DOPA dioxygenase, for the
biosynthesis of the betaxanthin family of plant and fungal pigments in mammalian cells. The
system does not impair cell viability, and can be used as a non-protein reporter system to
directly visualize the dynamics of gene expression by profiling absorbance or fluorescence in
the supernatant of cell cultures, as well as for fluorescence labeling of individual cells.
Pigment profiling can also be multiplexed with reporter proteins such as mCherry or the
human model glycoprotein SEAP (secreted alkaline phosphatase). Furthermore, absorbance
measurement with a smartphone camera using standard application software enables

inexpensive, low-tech reporter quantification.

Graphical abstract
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Synthetic mammalian reporter cells transfected with an engineered production cassette for
heterologous betaxanthin production can be used to monitor gene expression. Upon induction with the
designated inducer the cells produce a yellow fluorescent water-soluble dye that can be monitored with a

variety of different methods.
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INTRODUCTION

Colored or fluorescent proteins have been used extensively both as intracellular markers
for microscopy and as reporter systems for gene expression(1) since the first isolation of
green fluorescent protein from Aequorea victoria in 1998(2). In general, such reporters
enable quantification of gene expression inside a single cell or across cell populations by
producing a quantifiable protein(3). The most widely used reporter systems are based on
fluorescent proteins, alkaline phosphatases(4) or luciferases(5). Fluorescent proteins are
particularly well suited for single-cell analysis and for observing gene expression dynamics by
continuous measurements(6). Another approach for continuous tracking of cellular behavior
with enzymatic reporter systems is frequent sampling of the supernatant. However, this
approach suffers from limited sampling frequency and labor-intensive sample preparation.

To date, the toolbox of fluorescent proteins for analyzing gene expression consists of more
than a hundred members, with excitation and emission profiles ranging from near-UV to
infrared, and numerous modifications are available for use in various experimental setups(7).
Nevertheless, protein-based reporters can have disadvantages compared to small-molecular
reporters. Small molecules are often able to passively penetrate cell membranes and can
therefore diffuse into or out of cells, and enter most subcellular compartments. This
behaviour enables measurements at the single cell or whole population level in the same
setup, obviating the need for different reporter constructs. Additionally, secretion of protein
reporters is not always trivial, as proteins may undergo glycosylation, form disulfide bonds,
oligomerize while passing the endoplasmic reticulum, or require the addition of secretion
signals, all of which can compromise cellular production capacity(8). In addition, small
molecules tend to be resistant to denaturing conditions; this is particularly advantageous for
sample preparations that require cell fixation, which often causes protein reporters to lose
functionality. Lastly, small molecules with suitable optical properties can be directly
guantified by absorbance or fluorescence measurements of the culture medium, without the
need for laborious assays. Heterologous gene expression in mammalian cells is well
established, but so far, only a few non-native small-molecular dyes or pigments, which are
widespread in plants, have been successfully produced in mammalian cells(9,10). Differences
in biochemical and biophysical properties (optimal temperature, salt concentration(11,12), as

well as missing biochemical pathways(13), and even the absence of suitable reaction
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compartments (organelles)(14) in mammalian cells make the task challenging. In addition, the
actual biosynthetic pathways of dyes are often mediated by cascades of specialized enzymes
that are all required to work in synchrony(15). Few reporter systems based on small
molecules have been reported to date, and those that are available either employ an external
substrate that is enzymatically converted(16) or are not water-soluble, so that supernatant
sampling is not applicable(9,17).

Among the huge variety of plant dyes, the betalain class(18) appears to have suitable
characteristics for heterologous production in mammalian cells, and indeed the use of
betalains as reporters in plants has been proposed(19). The water-soluble betalains are
L-DOPA-derived, yellow-orange to red-purple dyes produced by various plants and fungi(20),
including the well-known Amanita muscaria (A. muscaria; fly agaric) Interestingly, the red dye
betanin, found in red beet, is widely used in the food industry as natural food colorant(21).
The biosynthesis of betalain family members follows the same core pathway from L-
tyrosine(18) in a diverse set of organisms (Fig. 1a). Briefly, L-tyrosine is oxidized by tyrosinase
(TYR) to L-DOPA, which is converted to betalamic acid by 4,5-DOPA dioxygenase
(DODA)(22,23). Betalamic acid spontaneously(24) reacts with a variety of amine sources in
the cytosol to yield the corresponding betaxanthins, which are a sub-group of the betalains.

Here, we describe the design and engineering of a betaxanthin production cassette
consisting of a heterologous biosynthetic pathway, including human tyrosine hydroxylase and
DODA from A. muscaria, for the biosynthesis of yellow-fluorescent indicaxanthin. We
demonstrate the suitability of this system for continuous measurements of gene expression
dynamics in mammalian cells at the population level, as well as for labeling individual cells.
We present a simple, low-tech assay, using a smartphone-based set-up for the quantification
of betaxanthins in cell-culture supernatants(25), that can easily be used by non-scientific

personnel.
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RESULTS AND DISCUSSION

Design and validation of betaxanthin production in mammalian cells

We initially examined whether DODA enzymatic activity could be achieved in mammalian
cells by transfecting HEK293T cells with a plasmid encoding DODA from A. muscaria(29,30)
(AmDODA, DODA, P87064). L-DOPA (1 mM) and ascorbic acid (0.05 mM) were added to the
cell culture, and after 16 h we observed a yellow coloration of the supernatant, indicating
successful biosynthesis of the dye, and confirming that it can cross the plasma membrane.
Freshly prepared ascorbic acid solution was used in exp eriments with medium containing
L-DOPA in order to prevent oxidation of L-DOPA. It was used at a concentration of up to 0.1
mM; this was confirmed to be non-toxic in HEK293T cells (Fig. S1). As betaxanthins were
previously reported to be fluorescent(31), we recorded a 2D fluorescence scan of the
supernatant (Fig. S2), in which we identified a hot spot at around 485 nm excitation and
507 nm emission wavelengths. Comparison of the supernatant fluorescence of cells
transfected with the AmDODA-encoding plasmid with that of cells transfected with mock
plasmid further supported the successful expression of functional DODA in mammalian cells
for the first time (Fig. 1b).

We then focused on achieving autonomous production of the dye by mammalian cells.
Intriguingly, the precursor L-DOPA is already produced by some mammalian cells via either
the dopamine pathway (by tyrosine hydroxylase (TH)(32)) or the melanin pathway (by
tyrosinase (TYR)(33)). However, human TYR targeted to the cytosol is unlikely to be functional,
as it lacks endoplasmic reticulum-based glycosylation(34) and thus the combination with
cytosolic DODA would probably be ineffective. In addition, human TYR is localized to
endosomes in non-melanogenic cells, and these organelles would be a difficult engineering
target for localization of DODA. Therefore, we decided to focus on the TH pathway for L-DOPA
production in mammalian cells. For this purpose, we established ectopic L-DOPA production
by transfecting HEK293T cells with plasmids coding for human TH(32) (hTH, TH, AAI04968)
and human GTP-cyclohydrolase (hGCH, GCH1, NP_000152). We were able to observe the
production of L-DOPA by UHPLC-MS (Fig. S3) and the concentration of the compound could
be quantified. hGCH is involved in the biosynthesis of tetrahydrobiopterin (THB(35)), a
cofactor of hTH, and its expression was necessary for high L-DOPA production in HEK293T

cells.
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Figure 1: Overview and characterization of the heterologous betaxanthin production system. (a)
Part of the biosynthetic pathway of the betaxanthin class of pigments. Tyrosine is oxidized by either
tyrosine hydroxylase (TH) or tyrosinase (TYR) to form L-DOPA. A specific 4,5-DOPA dioxygenase (4,5-DODA)
oxidizes L-DOPA to yield betalamic acid (BA), utilizing molecular oxygen. BA spontaneously reacts with
various amino acids to yield betaxanthins. (b) Functionality test of DODA from A. muscaria. HEK293T cells
were transfected with mock (pCOLADuet-1) or DODA (pPST320). After 48 h the medium was changed to a
clear medium containing 1 mM L-DOPA and 0.05 mM ascorbic acid, and color development was measured
16 h later. W, with L-DOPA; M, with ascorbic acid only. (c) Functionality test of the complete betaxanthin
production cascade. Cells were transfected according to the table, and color development was measured
48 h later. W, negative controls; M, complete production cascades. AMDODA (pPST320), hGCH (pPST321),
hTH (pPST319), AMDODA-hGCH (pPST322), AMDODA-p-hTH-p-hGCH (pPST324). (d) Functionality test of
the complete betaxanthin production cascade in different cell lines. The cells were transfected with
pPST324 and color development was measured 48 h later. In the shown dataset the signal-to-noise ratios
are between approximately 214 and 386 (calculated as average signal above background divided by the
standard deviation of the background). Raw data for the lowest- and highest-producing cell lines can be
found in Table S4. In experiments b and c, color development was measured in arbitrary fluorescence units,

while in experiment d it was measured in relative fluorescence units normalized to the mock-transfection
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samples (0) and HEK293T cells transfected with pPST324 (100). Graphsin b, ¢, and d show the mean + s.d.

of n = 3 independent samples and are representative of three independent experiments.

Next, having established both parts of the betaxanthin production pathway separately, we
transfected HEK293T cells with plasmids encoding hTH, AmMDODA and hGCH, and examined
the functionality of the cells for fully autonomous betaxanthin production by means of
fluorescence measurement (Fig. 1c). Indeed, the cells produced a fluorescent dye. This
confirms the functional adaptation of these mammalian cells for heterologous secondary
metabolite production through the introduction of a dye production cassette encoding a
combination of human and fungal enzymes. Importantly, the system is functional in standard
cell culture medium without the addition of ascorbic acid, L-DOPA or other special additives.

In order to increase the dye production and reduce the number of individual genetic
components, we evaluated fusion versions of the introduced genes. We found that
expression of an AmDODA-hGCH fusion protein in HEK293T cells resulted in increased dye
production (Fig. 1c). The greatest increase in fluorescence was found in cells transfected with
a plasmid encoding hTH, hGCH and AmDODA in a single mRNA fused together by means of a
P2A sequence (plasmid pPST324, plasmid map in Fig. S9) (Fig. 1c). This construct was used
for all further benchmarking experiments. P2A is a member of the Herpes simplex virus 2A
ribosomal-skipping peptide family. During translation, there is no peptide bond formed at the
P2A site, which results in two separate polypeptides.

To confirm the generality of this system, we next evaluated multiple cell types for DODA-
based dye production by transfecting them with pPST324. The system was indeed functional
in multiple cell lines. For the cell types shown, the measurements were significantly above
background, with good signal-to-noise ratios of at least 200 (Fig. 1d). Naturally, the
background in fluorescence measurements is highly dependent on experimental factors such
as the specific culture medium, analysis device and settings used. Differences in reporter
production levels in standard laboratory cell lines have been described before (e.g. (36)) and
are likely due to specific intrinsic metabolic differences that result in different protein
production capacities, or due to experimental differences (transfection efficiency or
transgene dependency)(37)). As HEK293T cells produced the highest levels of fluorescence,

we utilized this cell line for subsequent experiments.
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Additionally, we investigated a secreted version of the dye production cassette to broaden
the applicability of the system. For this purpose, we designed secreted variants of AmMDODA
(SAmDODA) and employed a secreted version of a tyrosinase(38) from Celosia cristata
(sCcTYR, CYP76AD4, AGI78466), which was shown to be highly active in transgenic yeast and
independent of specialized cofactors(39). Cotransfection of HEK293T cells with plasmids
encoding SAmMDODA and sCcTYR resulted in increased fluorescence (Fig. S4). However, the
overall fluorescence of this secreted system was lower than that of the hTH-based system.
Hence, we focused on the latter system to further characterize the dye and to explore

possible applications.
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Figure 2: Characterization of the reaction product. (a) Fluorescence and spectroscopic analyses
of the reaction product of AmDODA (pPST320) in mammalian cells. HEK293T cells were transfected with
pPST320, and after 48 h the medium was changed to clear medium containing 1 mM L-DOPA and 0.05 mM
ascorbic acid. Absorbance measurement and an excitation and emission scan were recorded 16 h later,
and the background (supernatant from mock-transfected cells) was subtracted. ®, absorbance; @,
excitation; ® , emission. The data was normalized to the minimum and maximum intensities of each scan.
The results of one measurement, which is representative of three independent experiments, are shown.
(b) Photograph of betaxanthin-containing supernatant. Cells were transfected with a constitutive
betaxanthin production plasmid (pPST324) or mock (pCOLADuet-1) and the image was recorded 72 h after

transfection (right: supernatant containing betaxanthin).
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Characterization of betaxanthins

To further characterize the reaction product in the present system we measured the
absorbance and fluorescence spectra of the culture supernatant of dye-producing HEK293T
cells (Fig. 2a; for a 2D fluorescence scan, see Fig. S2). An image of the supernatant of cells
transfected with pPST324 after 72 h is shown in Fig. 2b. However, the absorbance maximum
and the fluorescence excitation and emission maxima of 446 nm, 487 nm and 507 nm,
respectively, did not correspond to the spectroscopic data of any single compound reported
in the literature(24,31). We concluded that the sample contained a mixture of the precursor
betalamic acid (405 nm Amax) and betaxanthins (470 — 490 nm Amax). To confirm the production
of betaxanthins, we transfected HEK239T cells with pPST324 and analyzed the supernatant
by UHPLC coupled to a DAD and MS/MS detector (Fig. S5). As various betaxanthins can be
produced depending on the reaction partner of betalamic acid(40) (Fig. 1a), we added the
amino acid L-proline (5 g/L) to the medium (containing 0.1 mM ascorbic acid) in order to push
the reaction towards indicaxanthin (the reaction product of L-proline and betalamic acid) to
facilitate its detection. The chromatogram extracted at the typical betaxanthin window (400-
500 nm) exhibited a major peak at 1.24 min, which indeed showed the characteristic UV
spectrum of indicaxanthin (absorption maximum at 478 nm; Fig. S5d). The identity of the
compound was further confirmed by mass spectrometry in the selected reaction monitoring
mode, detecting daughter ions at 263 Da (17 eV) and 217 Da (23 eV) (Fig. S5b,c)(41).
Furthermore, we synthesized indicaxanthin according to a reported procedure(28), and
confirmed that it was identical to the product in the supernatant of the transfected human
cells. Different betaxanthins show very similar spectroscopic properties(24), so the exact
composition of the mixture of pigments formed is not expected to significantly influence the
absorbance characteristics.

To confirm the suitability of betaxanthin for use as a fluorescent reporter, we characterized
its photostability in cell culture supernatant. Specifically, we analyzed the decrease in
fluorescence of the supernatant of betaxanthin-producing cells in a plate reader with
continuous measurement in comparison with that of the well-known small-molecular
fluorophore fluorescein (Fig. S6). Fluorescein is less prone to photobleaching than

betaxanthins, with its half-life being approximately four-fold longer.
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Impact of betaxanthin production on cell viability and metabolism

An important consideration for a live-cell reporter system is its effect on cell viability and
growth rate and its potential for interference with native signal transduction pathways. In
particular, the toxicity of the system should be examined thoroughly, since the reaction
intermediate L-DOPA is a biologically active compound that triggers apoptosis in some cell
lines(42) and is converted to neurotoxic dopamine in some neuronal cell lines(43). Therefore
we analyzed its effect on cell viability in three different assays. We assessed viability by using
resazurin dye, which is converted to resorufin in viable cells only. Resorufin can then be
qguantified using spectroscopic methods(44). Clearly, the signal intensity is dependent on the
metabolic activity of the cells, as well as the total cell number. As a first step, we looked at
the viability of cells transfected with the betaxanthin production cassette compared to cells
transfected with a plasmid encoding the fluorescent protein tGFP (Fig. S7a). Then, we
analyzed the impact of medium containing betaxanthins on wild-type cells (Fig. S7b). Lastly,
we measured growth curves and compared cells producing either betaxanthins or tGFP (Fig.
S7c). Betaxanthin production did not impair the viability of HEK293T cells in any of these
assays.

Moreover, in order to identify any impact on cellular metabolism and signaling pathways
we quantified the changes in gene expression of 96 different endogenous genes belonging to
18 different signaling pathways and 13 housekeeping genes using an RT-qPCR array (Fig. S8).
Of these 96 genes, 26 were below the detection limit and only 15 were significantly different
in betaxanthin-producing cells compared to tGFP-producing control cells. Two of the 15 were
upregulated in betaxanthin-producing cells; they were FASN (fatty acid synthase) and 18s
rRNA (with AAct of 3.1 £0.8; 2.4 £ 0.4). The two lowest-expressed genes were EGR1 (early
growth response protein 1) and CDKN1B (cyclin-dependent kinase inhibitor 1B) (with AAct of
-2.2+0.3; -3.4 £ 0.8). The reasons for these differences in gene expression are unclear. One
possible factor would be that fluorescent proteins increase the production of reactive oxygen
species(45), and could thus lead to a relative increase of some markers in the GFP-producing
control cells. Taking these results together with the previous findings, we do not consider
these changes in gene expression particularly worrisome for the utility of the system,

although use of this system in neuronal cell lines would need to be evaluated individually, as
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they might react sensitively to L-DOPA production. Moreover, AmMDODA alone could serve as

an L-DOPA sensor in cells that already produce it.

Profiling mammalian gene expression with betaxanthin-based reporter systems

To further evaluate this reporter, we established a trigger-inducible system as illustrated
in Fig. 3a (plasmid maps in Fig. S9). A fusion protein of AmMDODA and hGCH was constitutively
expressed, while hTH was put under the control of an inducible promoter. As transcription of
all three genes is necessary for efficient dye production, only one gene needs to be inducible
to fully regulate betaxanthin production. We chose hTH for this role since it is the first enzyme
in the dye production cascade. Furthermore, it is likely that if hTH is expressed constitutively,
L.-DOPA would be produced in the cells and would slowly generate black melanin and
potentially become toxic to the cells. Additionally, as cell-to-cell heterogeneity of AmMDODA
or hGCH would lead to variation in reporter production, we wanted to ensure that the two
enzymes are highly overproduced and would not become a bottleneck. Heterogeneity in hTH
levels is expected to lead to unpreventable variation in reporter production, as is the case for
all transiently transfected reporter systems.

We created a model test setup by using a doxycycline-driven promoter for the inducible
production based on a P2A-fusion protein of hTH in tandem with the benchmarking reporter
phosphatase SEAP (human placental secreted alkaline phosphatase, ALPP, AAB64400.1)(4),
to correlate the two reporter systems (plasmid map in Fig. S9). HEK293T cells were
transfected with the constitutive AmMDODA-hGCH and the inducible hTH-SEAP construct, then
reseeded into medium containing different amounts of doxycycline, and the reporter
activities were quantified 48 h later (Fig. 3b). Notably, the reporter activities were quantified
from the same samples, thus demonstrating the multiplexing capabilities of the betaxanthin
system. The induction curves of the two reporters are highly similar.

For real-time profiling of reporter production we transfected HEK293T cells with different
amounts of pPST324 and followed the fluorescence generation at 30 min intervals for 72 h. A
dose-dependent increase in fluorescence was observed (Fig. 3c). To get more insight into the
temporal dynamics of reporter gene expression, we calculated the derivative of the curves in
Fig. 3c. The maximum increase in fluorescence was observed after approximately 35 h (Fig.

S10a). This curve presumably reflects the exponential growth of the cell population, the initial
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lag before enzyme production following transfection, enzyme kinetics, dye diffusion, and
nutrient or oxygen limitations. However, a comparison of the continuous color production
with the growth curve of transfected cells (Fig. S10b) suggests that the peaking increase in

fluorescence is not simply caused by the population growth dynamics.
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Figure 3: Application of the betaxanthin production system as a reporter. (a) Schematic
representation of the betaxanthin reporter system. A direct fusion of DODA (4,5-DOPA dioxygenase) and
GCH (GTP-cyclohydrolase) is constitutively expressed. Upon trigger-induced expression of TH (tyrosine
hydroxylase) L-DOPA is produced, and in turn is converted to betalamic acid (BA), leading to the final
reaction product (betaxanthins). Ping, inducible promoter; Pconst, constitutive promoter; pA, poly-A tail; @,
L-DOPA; ® , BA; ® | betaxanthin. (b) Comparison of betaxanthin as a reporter system with the widely used
SEAP reporter system. Systems are expressed in tandem via a P2A under control of a doxycycline (dox)-
inducible model promoter. pPST322 (AmDODA-hGCH1), pPST350 (SEAP-hTH) and pTS1105 (transactivator)
were transfected. Each reporter activity was measured in the same supernatant first as betaxanthin
fluorescence and second as SEAP activity, and a sigmoidal curve was fitted to the observations. The

induction concentrations of doxycycline are shown below the graph. (c) Continuous betaxanthin
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production assay. Cells were transfected with pPST324 and placed in a fluorescence reader. The
fluorescence was measured every 30 min over the course of 72 h. The colors represent the percentage of
active plasmid (pPST324), made up to 100% with mock plasmid (pCOLADuet-1). Fluorescence was
normalized to the first data point in each measurement series to adjust for well-to-well differences. (d)
Flow cytometry analysis of intracellular betaxanthin. Cells were transfected with pPST324 (® ) or with
empty vector pCOLADuet-1 (®) and analyzed 48 h later. Gating was done to exclude dead cells and
doublets. A total of 100,000 raw data points were collected per sample. The population data shown is
representative of three independent experiments. (e) Micrographs of cells producing betaxanthin. Left,
mock-transfected cells; right, betaxanthin-producing cells; top, bright field; bottom, deconvoluted green
fluorescence. Cells were transfected with either pColaDuet-1 or pPST324 and examined 72 h after
transfection. The images are representative of three independent experiments. For graphs b and c dye
development was measured in arbitrary fluorescence units (485 nm ex. | 507 nm em.). Graphs b and c
show the mean * s.d. of n = 3 biologically independent samples and are representative of three

independent experiments.

The fluorescence of cells transfected with the betaxanthin production cassette was
significantly above background within approximately 6 hours after transfection (Fig S10c).
Various unspecific and system-specific limitations exist that limit the temporal resolution of
this system. Unspecific delays, such as delays after transient transfection, initial transcription
or translation are reporter system-independent. Thus, the reporter system would simply
reflect target gene dynamics. Specific limitations are most likely due to the delay between
protein translation and signal detection (enzyme secretion in the case of SEAP, fluorophore
maturation in the case of fluorescent proteins(46), and enzyme and chemical reaction rates

in the case of the betaxanthin system), as well as differences in the reporter sensitivity.

Dye localization and comparative analyses of fluorescent proteins with small-molecular

betaxanthine-based reporter systems

As betalamic acid is produced in the cytosol, it is likely that intracellular betaxanthin can
be measured dose-dependently and thereby could be used as a single-cell reporter. To test
this, we transfected HEK293T cells with different amounts of pPST324. After 48 h, flow-
cytometric analysis showed a dose-dependent shift in population fluorescence (Fig. 3d). To
understand the distribution of the dye between cells and supernatant, we transfected cells

with the betaxanthin production cassette and collected the supernatant and harvested PBS-
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washed cells each day for 72 h (Fig. S11). Interestingly, the intra- and extracellular dye
concentrations seemed to remain in an approximately constant ratio. We calculated the ratio
of total fluorescence (the product of fluorescence and analysis volume) outside versus inside
the cells to be 88 *+ 8, meaning that at least 98% of the dye can be found extracellularly. To
definitively visualize the intracellular dye accumulation we obtained a time-lapse microscopy
recording (Supplementary Movie 1) of HEK293T cells transfected with pPST324. It can clearly
be seen that, as is to be expected with transient transfection, different cells produce different
amounts of dye, which subsequently appears in the background medium. Deconvoluted
images of cells producing betaxanthin in fresh clear culture medium can be seen in Fig. 3e.
Additionally, we used blue light to obtain bright-field micrographs (Fig. S12), which resulted
in the dye absorbing the light and appearing dark in the images; this approach could
potentially enable the detection of the dye in terms of absorbance instead of fluorescence.

To examine the multiplexing capabilities of this system at the single-cell level, we
cotransfected HEK293T cells with pPST324 and a plasmid coding for mCherry fluorescent
reporter protein. Flow cytometry revealed cells exhibiting both green and red fluorescence
(Fig. S13).

Chemical fixation of cells prior to analysis with a flow cytometer or a microscope is required
for many applications in cell biology. Therefore, we wanted to see whether betaxanthin-
stained cells would offer an advantage over fluorescent proteins, as fluorescent proteins tend
to lose their fluorescence during fixation. We fixed cells producing GFP or betaxanthin and
analyzed them using a flow cytometer (Fig. S14). Although the GFP fluorescence intensity was
stronger than the betaxanthin fluorescence prior to fixation, GFP fluorescence vanished
completely following fixation, whereas betaxanthin fluorescence remained stable or even

increased in intensity.

Simple, inexpensive betaxanthin assay using a smartphone

As the yellow dye is clearly visible to the naked eye, we next designed a smartphone-based
set-up suitable for inexpensive sample profiling by non-scientific operators in remote field
situations (see Fig. 4a for a schematic overview; Fig. S15 shows a photograph of the device
and screenshots of the actual measurements). RGB values (red green blue standard additive
color mode) were extracted from images of a sample-containing cuvette in front of a blue

background, and the betaxanthin content of the sample was determined from the blue
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portion of the RGB values and a calibration curve. We produced an indicaxanthin-specific
calibration curve (0 - 2.24 mg/mL) to quantify the dye in cell-culture samples (Fig. 4b). With
this methodology, we were able to measure the betaxanthin concentration of 1.04 mg/mL in
the supernatant of HEK293T cells transfected with pPST324. Negative-control cells
transfected with pColaDuetl showed an insignificant dye concentration (0.06 mg/mL),
confirming that the standard cell-culture medium does not interfere with assay performance

(Fig. 4c).
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Figure 4: Smartphone-based quantification of betaxanthins in cell culture supernatant. (a)
Schematic overview of the method. The color information is extracted in the form of RGB values from a
sample in a cuvette in front of a blue background shielded from light interference, and processed to yield
the absorbance or the betaxanthin concentration of the sample. RGB, red green blue standard additive
color mode. (b) Standard curve of indicaxanthin absorbance created using the above method. The dashed
line indicates the 95% Cl (c) Quantification of betaxanthins in supernatant of cells transfected with either
pPST324 or pColaDuet-1 after 72 h. Graphs b and c show the mean % s.d. of n = 3 technical replicates and

are representative of three independent experiments.

33



Chapter |

CONCLUDING REMARKS

We believe the toolbox presented here has considerable potential for further expansion in
the future. For example, it might be feasible to produce red betanin in mammalian cells, since
betanin has been produced as a mixture with betaxanthins in yeast(39); this could enhance
the versatility of the betalain reporters. To make the betaxanthin system faster and more
sensitive, the efficiency of the fungus-derived AmDODA in mammalian cells might be
increased by mutagenesis. Furthermore, application of this system as an intracellular L-DOPA
sensor, for example in dopaminergic neuronal cells, might provide a useful tool for basic
research.

In summary, we present the first engineered device for heterologous biosynthesis of a
plant- or fungus-derived dye in mammalian cells. We believe this genetically encoded
fluorescent small-molecular reporter system will be especially useful for examining gene
expression dynamics, but it should also complement or replace existing reporters in various
applications, such as large-scale drug screening, where current reporter assay-based methods
are time-consuming, often involving multiple pipetting and incubation steps, and the
necessary reagents are relatively expensive. The dye shows bright yellow fluorescence, visible
to the naked eye, which can be quantified using standard laboratory instruments and profiled
with a smartphone by non-scientific personnel in field situations at remote locations. The dye
can be directly quantified in regular cell culture medium, since there is no requirement for
any additional reagent or dedicated sample processing. It does not impact substantially on
cell viability, and it is equally functional in live and fixed cells. We believe this reporter system
will be suitable for a broad range of studies, including whole-population measurements,

single-cell quantification, continuous monitoring, and multiplexed reporter detection.
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MATERIALS AND METHODS

DNA constructs

Construction of the plasmids is described in detail in Table S1 and S2. DNA sequences for
AmDODA and CcTyr can be found in DNA sequences S1 and S2. Escherichia coli strain XL10-

Gold (Agilent Technologies) was used for cloning.

Cell culture and transfection

HEK293T cells (DSMZ: ACC-635), HEK293 cells (DSMZ: ACC 305), CHO-K1 cells (ATCC: CCL-
61) and human mesenchymal stem cells transgenic for the catalytic subunit of human
telomerase (hMSC-TERT)(26) were cultivated in DMEM (Thermo Fisher, cat. No. 31053028)
supplemented with 10% FCS (Sigma-Aldrich, cat. No. F7524) and 1x Glutamax (Thermo Fisher,
cat. No. 35050061) at 37 °C in a humidified atmosphere containing 7.5% CO,. For CHO-K1
cells, 0.15 uM L-proline (Fluka) was also added.

For serial passage of these cells, 0.05% trypsin—EDTA (Gibco) was used. The cells were
generally passaged on 10 cm dishes at 80-90% confluency after 48 h. For transfection, 1.5 x
106 cells (counted with a CASY TTC Cell Counter) in 14.4 ml of medium were seeded on a 96-
well cell culture plate (150 pl cell suspension per well) on the evening before transfection. For
different plate formats, the amount of suspension per well was varied accordingly. The
medium for seeding and transfecting the cells as well as for the cell-based assays was
FluoroBrite™ DMEM (Thermo Fisher, cat. No. A1896701) supplemented with 10% FCS (Sigma-
Aldrich), 1x Glutamax (Thermo Fisher) and 1% penicillin—streptomycin solution (Biowest) for
all cell types, plus 0.15 uM L-proline (Fluka) for CHO-K1 cells. .-DOPA (Sigma-Aldrich, cat. No.
D9628) as a 10 mM stock solution in DMEM and ascorbic acid (Sigma-Aldrich, cat. No. 11140)
as a 1 M stock solution in dH,0 were added where necessary. For transfection in a 96-well
plate format, a DNA-—polyethyleneimine (PEI) mixture in DMEM without supplements
(50 pL/well) was produced by incubating 0.75 uL PEI (40 kDa MW, Polysciences; stock solution
1 mg/mL in dH,0) with 150 ng total plasmid DNA. The mixture was vortexed for 3 s and
incubated at room temperature for 15 min. (When necessary for different plate formats, the
transfection mix was scaled up accordingly.) The cells were incubated with the transfection

mixture for 6.5-7.5 h, and then the medium was exchanged for 100 uL fresh, prewarmed
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medium. For the photograph (Fig. 2b) only half of the medium (6 mL instead of 12 mL) was
used in the medium change after the transfection in order to increase the color intensity. For
long-term continuous measurement (Fig. 3c), the cells were placed in an incubator for 30 min
to allow the medium and air in the plate to equilibrate to the desired pH, CO, concentration
and humidity, then sealed and placed in a plate reader heated to 37 °C for cultivation. For the
doxycycline-induction experiments, a 1.5 mg/ml stock solution of doxycycline hyclate (Sigma-
Aldrich, D9891) in dH,0 was used and the cells were transfected in a 6-well plate format and
reseeded after transfection into fresh clear medium containing doxycycline at a density of 3

x 10° cells per plate. Table S3 shows details of the transfection mixes.

L-DOPA quantification

The supernatant was filtered and analyzed by a UHPLC-MS/MS system composed of an
Ultimate 3000 (Thermo Fisher) and a mass detector (TSQ Quantum Ultra, Thermo Fischer)
equipped with a reverse-phase column (Kinetex® EVO C18; 50 x 2.1 mm, 1.7 um,
Phenomenex) in the SRM negative mode targeting the typical L-DOPA fragmentation of 196
Da to 135 Da with a collision energy of 19 eV. A calibration curve was built using standard
solutions in the concentration range from 50 pg/mL to 0.5 pg/mL. Intracellular L-DOPA was
extracted from the cells by suspending frozen cells in methanol, followed by centrifugation

and filtration of the supernatant.

Fluorescence and absorbance analysis

For end-point measurements, 80 uL of the 100 pL supernatant was transferred to a clear
96-well plate. The fluorescence was measured in a Tecan infinite® M1000 pro plate reader
unless otherwise noted, with 485 nm excitation and 507 nm emission (5 nm bandwidth) in a
top-reading mode. The absorbance and fluorescence scans for Fig. 2a were created as above
with a 2 nm step distance for absorbance and fluorescence. For the excitation scan, the
emission was measured at 507 nm and for the emission scan, the excitation was kept at
485 nm. Continuous measurement and cultivation were performed in a Tecan infinite® M200
with excitation and emission wavelengths set to 482/521 nm (bandwidths of 9/20 nm,

respectively) in a top-reading mode.
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Microscopy

Samples for Fig. 3e were analyzed using a Nikon Eclipse Ti2 microscope with a Hamamatsu
Orca Flash 4.0 camera set to 400 ms exposure, 40x objective, 100% LED strength. Betaxanthin
detection settings included Lumencor Spectra X cyan excitation and 525 + 25 nm emission.
Image analysis and deconvolution were performed using Huygens Professional image
processing software. Fig. S12 and Supplementary Movie 1 were recorded using a Nikon
Eclipse Ti2 microscope with an Andor Sona 4.2B-11 using a 20x objective, 100 ms exposure
and 440 £ 10 nm transmission bandpass filter for the bright-field recording. Betaxanthin
detection was done with a Lumencor Spectra using 35% LED strength with a 488 + 3 nm
excitation filter, 495 nm dichroic mirror, 520 + 17.5 nm emission filters and 800 ms exposure.
Image analysis was performed using NIS-Elements software. Time-lapse recording was done

as a green fluorescence/bright-field overlay with a frame rate of 1 frame every 2 h for 72 h.

Flow cytometry

Cell populations were analyzed with a Becton Dickinson LSRIl Fortessa flow cytometer,
equipped for EGFP detection (488 nm laser, 505 nm long-pass filter, 530 + 15 nm emission
filter) and mCherry detection (561 nm laser, 610 + 10 nm emission filter), and set to exclude
dead cells, debris and cell doublets. The live cell population was previously determined while
adjusting the device for HEK-293T cells and could be identified in the front versus side scatter
view (FSC-A/SSC-A). Cell doublets were identified by using the front scatter area versus height

view (FSC-A/FSC-H) and assuming a linear relationship.

SEAP assay

Production of human placental secreted alkaline phosphatase was quantified in cell culture

supernatant as described before(27).

Resazurin assay

The culture medium was replaced with fresh clear medium containing 8 mg/L resazurin

sodium salt (Sigma Aldrich, R7017). The cells were placed back in the incubator at 37 °C for
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one hour, and then the fluorescence (571 nm ex./ 585 nm em.) was measured (the

background was subtracted). A stock solution of 0.8 g/L was prepared in dH;0.

Cell viability assays

Initially, HEK293T cells were transfected with a betaxanthin production cassette, or empty
plasmid, or tGFP control. At 48 h after transfection the viability of the cells was determined
by means of resazurin assay. In a second approach, conditioned medium with or without
betaxanthins was produced by allowing cells transfected with the betaxanthin production
cassette or empty vector to grow for 72 h. Subsequently, wild-type HEK293T cells were grown
in these conditioned media for 24 h and cell viability was determined by means of resazurin
assay. In a third approach, a resazurin-independent method was chosen to determine the
growth rate of cells transfected with plasmids encoding either tGFP or the betaxanthin
production cassette. The cell number was measured every 24 h for 72 h using a flow

cytometer.

Chemical fixation of cells

Cells were trypsinized (0.05% trypsin—EDTA (Gibco)), washed with PBS, and resuspended
at the concentration of approximately 200,000 cells per mL in 2% formaldehyde solution. The
formaldehyde solution was prepared by dilution of 35% formaldehyde solution (Sigma) with
PBS. After one hour the cells were washed again with PBS and subsequently used for analysis.

All steps after trypsinization were performed on ice.

Cell lysis

Cells in a 24-well plate were harvested by lysing them in 150 pL RIPA buffer for 15 min at
37°C. RIPA buffer contained sodium chloride (140 mM), Tris-Cl (10 mM), EDTA (1 mM), EGTA
(0.5 mM), Triton X-100 (1%), sodium deoxycholate (0.1%), and SDS (0.1%) in ddH,0, and the

pH was adjusted to 7.4.
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Statistical analysis, curve fitting and determination of slope

All statistical analysis was performed with GraphPad Prism 7. The curve-fitting for Fig. 3b
was performed using GraphPad Prism 7’s [Agonist] vs. response -- Variable slope function. In
the case of Fig. S7a, Student’s T-test with Welch’s correction for non-equal SD was applied to
each independent experimental dataset, with n = 8 independent biological samples. The
exponential growth fit for Fig. S7b and Fig. S10b was calculated using GraphPad Prism 7’s
exponential growth equation function. For Fig. S10a, differentiation was performed using
Prism’s integrated differentiation function with a smoothing factor of 20 neighbors without

polynomial fit.

Synthesis of indicaxanthin

Indicaxanthin was synthesized following a reported procedure(28) with some
modifications. To a cold (0°C) solution of H,0 (20 mL), degassed with argon for 5 min, betanin
(500 mg, red beet extract diluted with dextrin, TCI) and an agueous ammonium solution (0.3
mL, 25%) were added sequentially. The color of the solution changed from red to violet and
the reaction was stirred at 0°C for 30 min. L-Proline (67 mg, 0.58 mmol) was added followed
by glacial acetic acid until the pH of the solution reached 5 (around 0.8 mL). The resulting red
solution was stirred for 1 h at 0°C, then directly loaded onto a reverse phase column
(ZEOprep® 90, C18) and eluted with H,0. The fractions containing the desired compound were
combined and lyophilized to obtain indicaxanthin (8.2 mg) as an orange solid. The identity of

the compound was confirmed by its characteristic MS/MS pattern.

Analysis of indicaxanthin

The sample, control and synthetic indicaxanthin were each dissolved in agueous MeCN
solution (60%). These solutions were filtered and injected (1 pL) into a UHPLC system
(Ultimate 3000, Thermo Fisher) equipped with a reverse-phase column (Kinetex® EVO C18;
50 x 2.1 mm, 1.7 um, Phenomenex), a DAD (Ultimate 3000) and a mass detector (TSQ
Quantum Ultra, Thermo Fischer). The eluent was composed of MeCN (0.1% formic acid) and
H,0 (0.1% formic acid), the flow rate was 0.4 pL/min, and the temperature of the column
oven was 40°C. The compound was detected in positive SRM mode targeting the typical

fragmentations of indicaxanthin of 309 Da to 217 Da (23 eV) and 309 Da to 263 Da (17 eV).
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Smartphone-based betaxanthin quantification

The field set-up for betaxanthin quantification consists of a cardboard box to shield the
sample from light and a blue paper (Artoz 10769614-427, Coop, Switzerland) as a defined
background. For betaxanthin quantification, we used an iPhone running the Color Name AR
Pro mobile application software. A calibration curve was obtained from ratios of the intensity
(/) of standard solutions of the model compound indicaxanthin (2.24, 1.12, 0.56, 0.28, 0.14,

0.07 mg/mL) to that of water as a blank (/o). The absorbance (A4) was obtained according to

Beer’s law A = —log (IL) with | equals the blue channel displayed on the smartphone
0

application software. The slope (0.36 + 0.01) and R? value (0.99) of the calibration curve were
calculated using Prism software. The culture supernatants of cells producing betaxanthin (500
uL) and negative-control cells (500 pL) were diluted with H,O (500 pL), the values of
betaxanthin absorbance were recorded, and corresponding concentrations were obtained

from the calibration curve.

RNA extraction and RT-qPCR

Cells were transfected in a 24-well plate format and harvested 48 h later using a Quick-
RNA miniprep kit (Zymo Research, cat. No. R1054), according to the manufacturer’s protocol.
400 ng of total RNA was used for cDNA synthesis with a High-Capacity cDNA Reverse
Transcription Kit (Invitrogen, cat. No. 4368814), according to the manufacturer’s instructions.
Thereafter, the 20 uL cDNA reaction was diluted with 1100 pL water. Subsequently, 1080 uL
of this cDNA mix was added to 1080 uL of KAPA 2x Tagman master mix (Sigma-Aldrich, cat.
No. KK4703). Finally, 20 pL of cDNA-Master mix was added to each well of a 96-well Tagman
array plate (Thermo Fisher, cat No. 4414130). The Eppendorf Realplex Mastercycler
(Eppendorf GmbH) was used according to the Tagman array plate protocol. The relative
threshold cycle (Ct) was normalized to GAPDH and ACTB genes and in a later step the
normalized dataset from the active samples was normalized to the mock-transfected control
(AAct method). tGFP-producing cells were used as a benchmarking cell line in this setup, as
wild-type cells would have resulted in a bias, due to the lower stress of being untransfected

and not overproducing a foreign protein.
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SUPPLEMENTARY INFORMATION

Table S1: Plasmids used in this work.

Plasmid Description and Cloning Strategy (oligo sequences are listed in Table SlI, | Source
sequences of AmDODA and CcTyr can be found below under DNA
sequences 1-2; Key plasmid maps can be found in Fig. S9.)
pBAD- Constitutive bacterial expression vector for mTagBFP2. Addgene
mTagBFP2 (34632) (47)
pCOLA Minimal vector lacking a mammalian promoter. Merck
Duet-1 (71406)
pDA171 Mammalian tGFP expression vector. Auslander et
al.(48)
pDA251 Constitutive mammalian expression vector for GCH1 (Psy40-GCH1-pA). Auslander et
al.(49)
pDA326 Doxycycline inducible mammalian expression vector for Citrin-P2A-SEAP | Auslander et
fusion (Pteto7-Citrin-P2A-SEAP-pA). al.(49)
pDA701 Constitutive mammalian expression vector for Citrine-P2A-SEAP (Psvao- | Auslander et
Citrine-2A-SEAP-pA). al.(49)
pDB114 Cloning template for Ppgk promoter. ODB166 and ODB167 were | This work
phosphorylated, annealed, digested (Psil/Sall) and ligated into pSUPER
retro puro (Psil/Sall).
pFS20 Constitutive mammalian expression vector for mCherry (Pncmy-mCherry- | Auslander et
pA). al.(50)
pFOX13 Constitutive mammalian expression vector for tGFP (Phcmy-tGFP-pA). tGFP | This work
was amplified from pDA171 with OFOX010 and OFOX011, digested
(Spel/BamHI) and ligated into pMM1 (Spel/BamHI)
pFOX41 Cloning vector for Phcmyvmin promoter (Phcmvmin-Citrin-pA). Phemvmin-Citrin | This work
was amplified from pMM545 with OFOX012 and OFOXO033, digested
(Xhol/BamHI) and ligated into pMM1 (Xhol/BamHI).
pFOX76 Constitutive mammalian expression vector for SEAP (Phcvy-SEAP-pA). SEAP | This work
was amplified from pDA701 with OFOX024 and OFOX028, digested
(Spel/BamHI) and ligated into (Spel/BamHI).
pMM1 Mammalian expression vector with a modified MCS (Phcmy-MCS-pA; MCS, | Miiller et
EcoRI-ATG-Spel-Nhel-BamHI-STOP-Xbal-HindllI-Fsel-pA). al.(51)
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pMM328 | Constitutive mammalian expression vector for SEAP (Ppck-SEAP-pA). Ppck | This work
was amplified from pDB114 with OMM?284 and OMMZ285, digested
(Xhol/EcoRl) and ligated into pFOX76 (Xhol/EcoRl). The whole plasmid was
then amplified with OMM?286 and OMM287 and religated.

pMM545 | Constitutive mammalian expression vector for Citrin (Phcmy-Citrin-pA). Miller et

al.(51)
pMM585 | Cloning template for SS (Phcmyv-SS-pA). Scheller et
al.(52)

pMM591 | Constitutive mammalian expression vector for rtTA (Phemv-rtTA-pA). rtTA | This work
was amplified from pTetON-3G with OMM?249 and OMM251, digested
(EcoRI/Xbal) and ligated into pMM1 (EcoRI/Xbal).

pPST319 Constitutive mammalian expression vector for human TH (Phcmy-TH-pA). | This work
TH was amplified from HsCD00630964 (dnasu.org) with OPST521 and
OPST522, digested (Spel/BamHI) and ligated into pMM1 (Spel/BamHI).

pPST320 Constitutive mammalian expression vector for DODA from A. muscaria | This work
(Phcmv-DODA-pA). Codon optimized DODA was amplified from a synthetic
construct (Genscript, DNA Sequence S1) with OPST519 and OPST520
digested (Spel/BamHI) and ligated into pMM1 (Spel/BamHI).

pPST321 Constitutive mammalian expression vector for human GCH1 (Pncmv-GCH1- | This work
pA). GCH1 was amplified from pDA251 with OPST527 and OPST528, again
amplified with OPST523 and OPST524, digested (Spel/BamHI) and ligated
into pMM1 (Spel/BamH]).

pPST322 Constitutive mammalian expression vector for DODA-GCH1 fusion protein | This work
(Phcmv-DODA-GCH1-pA). GCH1 was excised from pPST321 (Spel/BamHlI)
and ligated into pPST320 (Nhel/BamHl).

pPST323 Doxycycline inducible mammalian expression vector for human TH (Pteto7- | This work
TH-pA). TH was excised from pPST319 (Spel/BamHI) and ligated into
pTS1017 (Nhel/BamHl).

pPST324 Constitutive mammalian expression vector for P2A based DODA-TH-GCH1 | This work

fusion protein  (Phcwv-DODA-P2A-TH-P2A-GCH1-pA). A DODA-P2A
intermediate was created by excising P2A from pTS1018 (Spel/BamHI) and
ligating into pPST320 (Nhel/BamHI). A TH-P2A intermediate was created
by excising P2A from pTS1018 (Spel/BamHI) and ligating into pPST319
(Nhel/BamHI). ATH-P2A-GCH1 intermediate was created by excising GCH1
from pPST321 (Spel/BamHI) and ligating into the TH-P2A fusion
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(Nhel/BamHI). TH-P2A-GCH1 was excised (Spel/BamHI) and ligated into
the DODA-P2A intermedia (Nhel/BamH]I).

pMM591 was digested (Spel/BamHI) and ligated into pMM328
(Spel/BamHl).

pPST325 Constitutive mammalian expression vector for secretion engineered, | This work
codon optimized TYR from C. cristata (Phcmv-SS-TYR-pA). TYR was amplified
from a synthetic construct (Genscript, DNA sequence S2) with OPST531
and OPST532, digested (Spel/BamHI) and ligated into pMM585
(Nhel/BamHI).

pPST326 Constitutive mammalian expression vector for secretion engineered DODA | This work
from A. muscaria (Phcwv-SS-DODA-pA). DODA was excised from pPST320
(Spel/BamHI) and ligated into pMM585 (Nhel/BamHlI).

pPST350 Doxycycline inducible mammalian expression vector for P2A based SEAP | This work
and TH fusion proteins (Pito7-SEAP-P2A-TH-pA). P2A was excised from
pTS1018 (Spel/BamHI) and ligated into pTS1015 (Nhel/BamHI). The SEAP-
P2A was excised from this (EcoRI/Nhel) and ligated into pPST323
(EcoRlI/Spel).

pSEAP2- Constitutive mammalian SEAP expression vector (PSV40-SEAP-pA). Clontech

Control

pSUPER Cloning vector. Addgene

retro puro (30519)

pTetON- Constitutive mammalian expression vector for rtTA (Phcvy-rtTA-pA). Clontech

3G

pTS1015 Mammalian minimal expression vector for SEAP (Phcvvmin-SEAP-pA). | This work
pFOX76 was digested (Spel/BamHI) and ligated into pFOX41 (Spel/BamH]).

pTS1017 Doxycycline inducible mammalian expression vector for SEAP (P+eto7-SEAP- | This work
pA). pDA326 was amplified with 0TS733 and OTS734, digested (Mlul/Xhol)
and ligated into pTS1015 (Mull/Xhol).

pTS1018 Cloning template for P2A (Phcwmv-P2A-pA). OTS490 and OTS491 were | This work
phosphorylated, annealed and ligated into pMM1 (Spel/BamHI).

pTS1103 Constitutive mammalian expression vector for mTagBFP2 (Phcwv- | This work
mTagBFP2-pA). mTagBFP2 was amplified from pBAD-mTagBFP2 with
0OTS381 and 0OTS382, digested (Spel/BamHI) and ligated into pMM1
(Spel/BamHl).

pTS1105 Constitutive mammalian expression vector for rtTA (Ppek-rtTA-pA). | This work
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Abbreviations and additional information: DODA, 4,5-DOPA dioxygenase; GCH1, GTP
cyclohydrolase 1; MCS, multiple cloning site; P2A, porcine teschovirus-1 self-cleaving 2A sequence; pA, poly
A termination signal; Phcvy, human cytomegalovirus immediate-early promoter; Phevmvmin, Minimal human
cytomegalovirus immediate-early promoter requires transactivator binding for efficient transcription; Ppgk,
phosphoglycerate kinase promoter; Psyao, simian virus 40 promoter; Pteto2, doxycycline-inducible promoter
with two tetO operator sequences followed by a Phemvming SS, secretion signal peptide sequence; rtTA,
reverse tetracycline-dependent transactivator (rTetR-VP16); tetR, E. coli transposon Tnl0-derived
tetracycline-dependent repressor; TH, tyrosine hydroxylase; TYR, tyrosinase; VP16, Herpes simplex virus-

derived transactivation domain.

Table S2: Oligos used to construct plasmids used in this work.

ODB166 | TCGttataaGTTCTGTATGAGACCACAGATCCCCaggcctctctctcCGTGTTCACAGCGGACCTTGATt
taaatgtccatacaatTAAGGCAC

ODB167 | TACgtcgacGGTATCGATAAGCTTAAGCTTTTCCAAAAAcagccccattcttGGCATTCACCGCGTGCC
TTAattgtatggacatttaaATCAAG

OFOX012 | CAACAACTCGAGGGTAGGCGTGTACGGTGG

OFOX024 | GAAGCGGAATTCGCCACCATGACTAGTCTGCTGCTGCTGCTGCTG

OFOX028 | CGGTGGATCCGCTAGCGGTCTGCTCGAATCTGCC

OFOX033 | TTTTTTITTTTITITITTITTctggcaactagaaggcacag

OMM249 | AAGCTTTCTAGACACCGGTGGATCCGCTAGCcccggggagcatgtcaag

OMM251 | gcGGAATTCACCATGACTAGTGGATCAAGACTGGACAAGAG

OMM284 | ggagatctccACGCGTGGTACCCTCGAGctaccgggtaggggaggegc

OMM285 | cgcgaattcggtctcectataccgagetcgggetggaggtcgaaaggeccgg

OMM286 | ctcagtagtctcgtgcag

OMM287 | acgtgctacttccatttg

OPST519 | cctgtGAATTCACCATGACTAGTggtggttctggtGTACCTTCATTCGTCGTCTATAGTTC

OPST520 | cctgtGGATCcgctagcAGCGTCCCGGTGCG

OPST521 | cctgtGAATTCACCATGACTAGTggtggttctggtCCCACCCCCGACGC

OPST522 | cctgtGGATCcgctagcGCCAATGGCACTCAGC

OPST523 | tgtGAATTCACCATGACTAGTggtggttctggtGAGAAGGGCCCTGTGCGGGCACCGGCGGAGAAGC
CGCGGGGCGCCAGGTGCAGCAATGGGTTCCCCGAGCGCGATCCGLCLCGLGGLC

OPST524 | cctgtGGATCcgctagcCAAGCTCCTAATGAGAGTCAGGAACTCTTCCCGAGTCTTTGGGTCCTCCCG
GAACACACCCA

OPST527 | GGTGCAGCAATGGGTTCCCCGAGCGCGATCCGCCGCGGCLCC
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OPST528 | TCAGGAACTCTTCCCGAGTCTTTGGGTCCTCCCGGAACACACCCAAC

OPST531 | cctgtGGATCcgctagcGTATCTTGAGACGGGGATTATCCTG

OPST532 | cctgtGAATTCACCATGACTAGTggtggttctggtATGGATAACGCAACTCTGGCTATG

0TSs381 ctgaACTAGTggtggttctggtGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAG
CTGT

0TS382 ctgaggatccgctagcATTAAGETTGTGCCCCAGTTTGCTAGGGAG

0TS490 CTAGTggtggttctggtGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGG
AGGAGAACCCTGGACCTgctagcg

0Ts491 gatccgctagcAGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCAGGCTGAAGTTAGTA
GCTCCGCTTCCaccagaaccaccA

0TS733 CTGAACGCGTCCGTACACGCCTAAAGCATATACGTTC

OTS734 CCTCGACATACTCGAGTTTACTCCCTATC

Table S3: Amounts of plasmids transfected in this work.

All amounts are plasmid per well of a 96-well plate (or per well of the specified format).

Fig. 1b 150 ng pCOLADuet-1 or 150ng pPST320.

Fig. 1c From left to right: 150 ng pCOLADuet-1; 75 ng pCOLADuet-1, 25 ng pPST321, 50 ng pPST319;
25 ng pCOLADuet-1, 75 ng pPST320, 50 ng pPST319; 50 ng pCOLADuet-1, 75 ng pPST320, 25
ng pPST321; 75 ng pPST320, 25 ng pPST321, 50 ng pPST319; 100 ng pPST322, 50 ng
pPST319; 150 ng pPST324.

Fig. 1d 150 ng pPST324.

Fig. 2a 600 ng pPST320 in a 24-well plate.

Fig. 3b 80 ng pTS1105, 80 ng pPST350, 2240 ng pPST322 in a 6-well plate. Reseeded cells into a 96-
well plate with 3*¥106 cells per plate.

Fig. 3¢ From top down: 150 ng pPST324; 75 ng pPST324, 75 ng pCOLADuet-1; 25 ng pPST324, 125
ng pCOLADuet-1; 150 ng pCOLADuet-1.

Fig. 3d From left to right: 150 ng pCOLADuet-1; 50 ng pPST324, 100 ng pCOLADuet-1; 125 ng
pPST324, 25 ng pCOLADuet-1.

Fig. 3e For a: WT cells; For b: 150 ng pPST324.

Fig. 4c 14.4 pg pPST324; 14.4 pg pCOLADuet-1 for mock in a 10 cm dish.

Fig. S1 150 ng pSEAP2-Control

Fig. S2 600 ng pPST324; 600 ng pCOLADuet-1 for mock in a 24-well plate.
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Fig. S3 From left to right: 600 ng pColaDuet-1; 600 ng pPST319; 600 ng pPST321; 300 ng pPST319,
300 ng pPST321 in a 24-well plate.

Fig. S4 From left to right: 150 ng pCOLADuet-1; 75 ng pCOLADuet-1, 75 ng pPST326; 75 ng
pCOLADuet-1, 75 ng pPST325; 75 ng pPST325, 75 ng pPST326; 150 ng pPST324.

Fig. S5 14.4 pg pPST324; 14.4 pug pCOLADuet-1 for mock in a 10 cm dish.

Fig. S6 2400 ng pPST324; 2400 ng pCOLADuet-1 for mock in a 6-well plate.

Fig. S7a For mock and negative control: 600 ng pCOLADuet-1; for tGFP control: 600 ng pFOX13; for
pPST324: 600 ng pPST324 in a 24-well plate.

Fig. S7b W/o betaxanthin: 2400 ng pCOLADuet-1; with betaxanthin 240 ng pPST324 in a 6-well plate.
2 wells transfected and medium pooled each.

Fig. S7c For GFP producing: 600 ng pFOX13; for betaxanthin producing: 600 ng pPST324 in a 24-well
plate.

Fig. S8 2400 ng pPST324; 2400 ng pFOX13 for tGFP control in a 6-well plate.

Fig. S11 600 ng pPST324; 600 ng pCOLADuet-1 for mock in a 24-well plate.

Fig. S12 600 ng pPST324; 600 ng pCOLADuet-1 for mock in a 24-well plate.

Fig. S13 From left to right: 120 ng pFS20, 480 ng pCOLADuet-1; 480 ng pPST324, 120 ng pCOLADuet-
1; 480 ng pPST324, 120 ng pFS20 in a 24-well plate.

Fig. S14 From left to right: 2400 ng pCOLADuet-1; 2400 ng pPST324; 2400 ng pFOX13 in a 6-well
dish.

Fig. S15 14.4 pug pPST324; 14.4 ug pCOLADuet-1 for mock in a 10 cm dish.

Table S4: Raw data for Fig 1d.

Mock TF pPST324
hMSC-tert 7349 7438 7497 14386 15358 13296
HEK293T 7450 7612 7474 41287 41669 40861
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DNA sequence S1: Codon-optimized DODA from A. muscaria

ATGGTACCTTCATTCGTCGTCTATAGTTCCTGGGTTAACGGACGACAACGCTATATACGCCAGGCGTTTGC
AAGTATCCTTTTCTACATCATACGCGATACGACGTTGAGTTTTCCTTCTCACACTACAATGTCAACAAAACCTGAGAC
GGATCTGCAAACTGTTTTGGACTCAGAAATCAAGGAGTGGCATTTCCATATTTATTTCCACCAAAATAACGCCGCAG
AACACCAAGCGGCTCTCGAACTTCGGGACGCGGTTCTCAGGCTCAGGCAGGACGGAGCCTTTGTGGCAGTACCGCT
TTTCCGAGTAAATATGGACCCGATGGGTCCTCATCCAGTGGGGTCATACGAGATATGGGTGCCCTCCGAAACGTTT
GCGAGCGTGTTTTCATATCTTTGCATGAACCGCGGTCGGCTCTCCATACTCGTCCACCCATTGACGCGCGAGGAACT
GCGCGACCATGAAATACGAAACGCTTGGATTGGGCCCTCCTTTCCATTGAATCTCGCCAACTTGCCAATCAAGTCAG
ATGAAATCCCCCTGCAGTATCCCTCACTGAAGCTGGGTTACTCAAGTACCGCTCATAAGATGAGCTTGGAGGAAAG
AAGGAAGCTCGGAGACGACATAGAGGCCGTGCTTAGGGGTGAGAAAGAGGCAGCAAGGGCACCGCACCGGGAC
GCTTGA

DNA sequence S2: Codon-optimized TYR from C. cristata

ATGGATAACGCAACTCTGGCTATGCTCCTTGCGATTTGGTTCATATCCTTTCATTTTATTAAAATGCTTTTCA
CGAACCAGTCTACCAAGCTCCTTCCGCCTGGCCCGAAACCTCTCCCAATAATCGGGAACATTCTCGAAGTCGGTAAA
AAGCCGCACCGAAGCTTTGCAAACCTTGCTAAAATACACGGACCTCTGATATCCCTCAAATTGGGATCTGTGACTAC
AATAGTTGTATCCTCAGCGGAAGTGGCAAAGGAAATGTTCCTGAAGAAAGATCAGCCGCTGAGTAACCGCACAGTT
CCTAACAGCGTCACGGCTGGCGACCATCACAAACTGACAATGAGCTGGCTCCCAGTATCCCCGAAATGGCGCAATT
TTCGGAAGATTACAGCAGTACACCTTCTCTCACCATTGCGCCTGGATGCGTGTCAGTCCCTCAGACATGCGAAAGTT
CAACAACTTTTTCAGTATGTCCAGGAGTGTGCGCAAAAGGGACAGGCGGTTGACATCGGTAAAGCGGCGTTTACCA
CCTCCTTGAATCTTCTTTCTAAACTTTTTTTCTCTAAGGAACTGGCCTCCCATAAGTCTAGAGAGTCTCAGGAATTCAA
ACAACTTATATGGAACATCATGGAGGACATAGGTAAGCCGAACTATGCTGATTATTTCCCAATCCTGGGGTGCGTC
GATCCTAGTGGGATAAGGCGACGGCTCGCGAGCAATTTCGACAAGCTCATTGAAGTCTTCCAGTGCATCATCAGAC
AAAGGCTCGAACGGAACCCCTCAACACCACCGACGAATGATGTCCTTGATGTTTTGTTGGAGTTGTATAAACAGAA
CGAACTGAGTATGGGAGAGATAAATCATCTGTTGGTTGATATTTTTGACGCAGGAACAGATACGACCAGTTCTACA
TTTGAATGGGTTATGGCTGAGCTCATCCGCAATCCAGAAATGATGGCCAAGGCACAGGACGAGATAGAACAAGTG
CTTGGAAAGGATCGGCAGATCCAGGAGTCAGATATCATAAAGTTGCCCTACTTGCAAGCGATTATCAAGGAAACAC
TTCGGCTCCACCCTCCGACTGTATTCTTGCTTCCCCGGAAAGCTGATACAGACGTCGAGCTTTACGGCTATATCGTAC
CCAAGGATGCACAAATCTTGGTCAATCTGTGGGCCATCGGTAGAGACTCTCAAGCGTGGGAAAACCCAAAGGTCTT
TAGTCCAGACCGGTTCTTGGGCTGCGAAATTGACGTAAAAGGTAGGGACTTTGGCCTTCTGCCCTTTGGTGCAGGT
AAGAGAATCTGCCCGGGAATGAACCTTGCCATCAGAATGCTTACCCTGATGCTGGCAACACTCCTCCAATTTTTTAA
CTGGAAGCTCCAAGACGGGATGAGTCTTGAAGACCTCGATATGGAAGAAAAATTTGGCATCGCACTCCAAAAAACA
AAGCCTCTCAGGATAATCCCCGTCTCAAGATACTAA
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SUPPLEMENTARY FIGURES
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Figure S1: Ascorbic acid toxicity in HEK293T cells. Cells were transfected with pSEAP2 control and
7.5 h later the medium was exchanged for fresh medium containing the indicated amounts of ascorbic acid.
48 h later SEAP reporter activity was evaluated as a measure of cell survival, and thereby ascorbic acid

toxicity. Graph shows mean * s.d. of n = 3 independent samples.
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Figure S2: 2D fluorescence scan of cell supernatant containing betaxanthin. HEK293T cells were
transfected with pPST320 (Phcmv-AMDODA-pA). After 48 h the medium was changed to clear medium
containing 1 mM L-DOPA and 0.05 mM ascorbic acid. After 16 h a 2D fluorescence scan was recorded and
the background (supernatant from mock-transfected cells) was subtracted. The figure shows

representative results from three independent experiments.
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Figure S3: L-DOPA quantification of the human tyrosine hydroxylase system. HEK293T cells were
transfected with plasmids encoding the indicated constructs. L-DOPA production was quantified by HPLC-
MS with a standard curve between 0.1 and 50 pg/ml. Extracellular L-DOPA was quantified directly in the
supernatant, while intracellular L-DOPA was extracted in a total volume of 2/5ths of the supernatant
volume. From left to right: mock (pColaDuet-1); hTH (pPST319); hGCH (pPST321); hTH/hGCH
(pPST319+pPST321). Results are the mean % s.d. of n = 3 biologically independent samples and are

representative of three independent experiments.
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Figure S4: Functionality test of the secretion-engineered complete betaxanthin production
system. HEK293T cells were transfected with plasmids encoding a secretion-engineered version of
AmDODA and a secretion-engineered version of a tyrosinase from C. cristata (sCcTYR). Color production by
the secreted system can be seen, albeit less than with the regular intracellular system. B, negative controls;
B, complete production cascades. From left to right: mock (pCOLADuet-1); sSAmDODA (pPST326); sCcTYR
(pPST325); Full secreted (pPST325, pPST326); Full intracellular (pPST324). Color development was
measured 48 h after transfection. Results are the mean % s.d. of n = 3 biologically independent samples

and are representative of three independent experiments.
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Figure S5: HPLC-UV/Vis-MS/MS analysis of the dye produced by HEK293T cells. Cells were
transfected with either an empty mock plasmid (pColaDuet-1) or the full betaxanthin production cascade
(pPST324). (a) Comparison of HPLC chromatograms extracted at the wavelength range from 400 to 500
nm. From top to bottom: Mock transfection control supernatant; full betaxanthin production system
supernatant; synthetic indicaxanthin control. (b) HPLC and MS chromatograms of supernatant transfected
with the full betaxanthin production system. From top to bottom: UV trace extracted at the wavelength
range from 400 to 500 nm; MS chromatogram of the specific MS2 transition 309 Da = 217 Da; MS
chromatogram of the specific MS2 transition 309 Da = 263 Da. (c) HPLC and MS chromatograms of
synthetic indicaxanthin. From top to bottom, same as b (d) Top: HPLC chromatogram extracted at the
wavelength range from 400 to 500 nm. Bottom: UV/Vis analysis of the compound at 1.27 min. HEK293T
cells were transfected with pPST324 or pColaDuet-1, and the medium was changed 7 h later to medium
containing 0.1 mM ascorbic acid and 5 g/L L-proline. The supernatant was harvested 72 h later, flushed
with nitrogen, and stored below -20°C until analysis. The results are representative of three independent

experiments.
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Figure S6: Photobleaching of supernatant containing betaxanthins compared to fluorescein.
Cells were transfected with pColaDuet-1 or pPST324 and 7.5 h later, the medium exchanged for fresh clear
medium. After 72 h the supernatant was harvested and the photobleaching experiment in a Tecan reader
was started. Measurements were taken every 20 s for approximately 6 h, using a measuring cycle of 50
flashes each at 485 nm and 490 nm. The fluorescence was measured on a Tecan M1000 at 490/525 nm for
the fluorescein curve and 485/507 nm for the betaxanthin curve with an optimized gain for each
compound. The fluorescein sample was prepared by diluting a 4 g/L stock solution in the supernatant of
cells transfected with pColaDuet-1 (which also counted as background) with a factor of 1/1000. The created
data was background-subtracted, and normalized to the maximum fluorescence intensity, and a simple
exponential decay function was fitted to part of the data, assuming first-order kinetics(53). The data used
for fitting was marked with blue dots, and the data not used with red dots. The data used for the
betaxanthin fit excluded the initial increase in fluorescence. The half-life was calculated from these fitted
curves. Possible reasons for the unexpected initial increase in betaxanthin fluorescence are pH and oxygen
equilibrations in the plate reader, shifting the fluorescence properties of the betaxanthins, or continued

betaxanthin formation in the supernatant from precursors.
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Figure S7: Cell viability assays of cells constitutively expressing the betaxanthin production
cassette. (a) Resazurin cell viability assay of cells transfected with plasmids encoding either tGFP or no
functional protein as controls or the constitutive betaxanthin production pathway. Negative controls were
created by adding 10 pg/mL puromycin to mock-transfected cells after transfection. At 48 h after
transfection, resazurin cell viability assay was performed. (b) Resazurin cell viability assay of wild-type
HEK293T cells grown for 24 h in conditioned medium either containing betaxanthin or not. Conditioned
medium was prepared by growing for 72 h cells transfected with pPST324 or pColaDuet-1, and diluted 2-
fold with fresh culture medium. (c) Growth curve of cells transfected with plasmids encoding either tGFP
or betaxanthin production pathway. Cell number was determined using a flow cytometer at the indicated
times. The two curves show the exponential fit of the data with growth rates k = 0.038 + 0.005 * h-! for the
GFP curve and k = 0.035 + 0.002 * h'! for the betaxanthin curve. The 72 h data points were not used for
this calculation because growth was expected to have reached the stationary phase. Figure a shows the
mean + confidence interval of n = 8 independent samples, figures b and ¢ show the mean + confidence

interval of n = 3 independent samples.
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Figure S8: qPCR analysis of key metabolic and signaling pathways. (a) Heatmap showing log,

relative mRNA content of cells producing betaxanthin with respect to the tGFP-producing cells. Blue, higher

gene expression in betaxanthin cells; red, lower gene expression; crossed boxes, gene expression below

detection limit. (b) Graph showing genes that are significantly (p<0.05) over/under-expressed in

betaxanthin-producing cells compared to GFP-producing cells as a control. Positive values mean the gene
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is overexpressed in betaxanthin-producing cells. (c) Table showing the genes examined in this assay. Light
green, housekeeping genes; dark green, genes important for signal transduction pathways. Graphs a and
b show the mean (% s.d. for b) of n = 3 independent samples normalized to the two housekeeping genes

GAPDH and beta-actin.
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Figure S9: Plasmid maps of key constructs. For abbreviations see Table S1.
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Figure S10: Derivative of the continuous measurement (Fig. 3c), comparison with growth curve
and early-period changes in the continuous measurement (Fig. 3c). (a) Calculation of the increase in
fluorescence instead of total fluorescence can be useful to analyze the kinetic features of the system. In
the example at hand it can be easily seen that the maximum fluorescence production is reached at around
35 h, a feature that is hidden in Fig. 3c. The derivative values were calculated by GraphPad Prism 7 software.
(b) Comparison of betaxanthin fluorescence (Fig. 3c) with the growth curve (Fig. S7c). The axes were chosen
to allow visual comparison of the two curves. (c) Enlargement of Fig. 3c to show the initial increase in

fluorescence. Graphs b and c show the mean % s.d. of n = 3 independent samples.
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Figure S11: Analysis of the extra-/intracellular accumulation of fluorescent dye. (a) HEK293T cells
were transfected with pPST324 and sampled every 24 h for intra- and extracellular dye fluorescence.
Sampling was done by harvesting color-containing supernatant, washing the cells with PBS to remove
residual extracellular dye, and lysing the cells with RIPA cell lysis buffer for 15 min at 37°. Samples were
then frozen until analysis with a plate reader. (b) Ratio of the total amount of extra- and intracellular
fluorescence. The ratio was calculated by using the following equation: (fe*ve)/(fi*vi), where fe and f; are
the measured extra-/intracellular fluorescence values; ve and v; are the volumes used (culture medium for
the extracellular measurement, amount of lysis buffer for intracellular measurement). Graphs show the

mean % s.d. of n = 3 independent samples.

61



Chapter |

L)<

Figure S12: Micrographs of cells producing betaxanthin. Cells were transfected with pColaDuet-1
(top) or pPST324 (bottom), then 7.5 h later cells were reseeded to a density of 1.5*10° cells per plate and
measured 48 h later. Left shows bright-field images recorded with a blue light 440/20 nm transmission
bandpass filter to allow for absorbance-based color detection. Right shows green fluorescence images

recorded with a 488/6 nm excitation filter, 495 nm dichroic mirror and 520/35 nm emission filter.
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Figure S13: Dual reporter capabilities of the betaxanthin production system with mCherry
fluorescent protein reporter. Cells producing red fluorescent mCherry and betaxanthin in the same cell
can be analyzed using a flow cytometer. Left, cells transfected with mCherry (pFS20); middle, cells
transfected with betaxanthin production cassette (pPST324); right side, cells transfected with both. Cell
populations were analyzed with a Becton Dickinson LSRII Fortessa flow cytometer, equipped for EGFP
detection (488-nm laser, 505-nm long-pass filter, 530 + 15 nm emission filter) and mCherry detection
(561nm laser, 610 + 10 nm emission filter), and set to exclude dead cells, debris and cell doublets.
Approximately 30000 cells were measured 48 h after transfection. The figure shows data representative of

three independent experiments.
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Figure S14: Fluorescence loss in cells fixed with formaldehyde. In experiments that require the
fixation of cells, the fluorescence of fluorescent proteins is generally lost or drastically diminished. We
tested whether this also applies to the intracellular fluorescence of betaxanthin-producing cells. Cells
producing tGFP fixed with formaldehyde completely lost fluorescence (>100x reduction in fluorescence),
whereas cells producing betaxanthin actually exhibited an increase in fluorescence (x2.2). Cells were
transfected with mock (pCOLADuet-1), pPST324 and tGFP (pFOX13), fixed 48 h later with 2% formaldehyde
for 1 h, and then analyzed using a flow cytometer with the same settings as for Fig. S13. The figure shows
the average population fluorescence + s.d. normalized to the average population fluorescence prior to

fixation of n = 3 independent samples.
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Figure S15: Smartphone-based betaxanthin quantification set-up and screenshots of data
generation. Top left: Experimental set-up consisting of a cardboard box, a blue paper as background and a
smartphone using the Color Name AR Pro application software. Top right: highest concentration of
indicaxanthin used for the standard curve. Bottom left: Supernatant of cells transfected with pPST324,
harvested and stored frozen after 72 h, bottom right: supernatant of cells transfected with pCola-Duetl,

harvested and stored frozen after 72 h.
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CELLOSELECT-A SYNTHETIC CELLOBIOSE METABOLIC PATHWAY FOR
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ABSTRACT

Current protocols for generating stable transgenic cell lines mostly rely on antibiotic
selection or the use of specialized cell lines lacking an essential part of their metabolic
machinery, but these approaches require working with either toxic chemicals or knockout cell
lines, which can reduce productivity. Since most mammalian cells cannot utilize cellobiose, a
disaccharide consisting of two B-1,4-linked glucose molecules, we designed an antibiotic-free
selection system, CelloSelect, which consists of a selection cassette encoding Neurospora
crassa cellodextrin transporter CDT1 and B-glucosidase GH1-1. When cultivated in glucose-
free culture medium containing cellobiose, CelloSelect-transfected cells proliferate by
metabolizing cellobiose as a primary energy source, and are protected from glucose
starvation. We show that the combination of CelloSelect with a PiggyBac transposase-based
integration strategy provides a platform for the swift and efficient generation of stable
transgenic cell lines. Growth rate analysis of metabolically engineered cells in cellobiose
medium confirmed the expansion of cells stably expressing high levels of a cargo fluorescent
marker protein. We further validated this strategy by applying the CelloSelect system for
stable integration of a sequence encoding the biopharmaceutical protein erythropoietin, and
confirmed that the protein is efficiently produced in either cellobiose- or glucose-containing
medium in a model bioproduction system. We believe coupling heterologous metabolic
pathways additively to the endogenous metabolism of mammalian cells has the potential to

complement or to replace current cell-line selection systems.

INTRODUCTION

Genomic integration and stable propagation of custom transgenes within mammalian cells
is of great importance in basic research(1-3), biotechnology(4) and biomedicine(5,6). Chinese
hamster ovary (CHO) cell lines stably producing medically relevant proteins, e.g. monoclonal
antibodies (mAb), serve as the primary workhorse in biopharmaceutical production(7-9). The
creation of stable producer cell lines requires integration of an expression cassette into the
genome and subsequent selection of stably integrated cells (Fig. 1a). Genomic integration is
achieved by one of three methods: random unaided integration, semi-targeted
transposon(10) or virus-based integration(11), and targeted integration by CRISPR/Cas9-

mediated homologous recombination(12). These methods differ in terms of integration
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frequency, location specificity and available genomic payload complexity and can be selected
as appropriate for the task at hand. Random integration(13) is still the current industry
standard because of its relatively long history and ease of use. However, transposon-based
integration is likely to replace random integration in the near future, by virtue of affording a
vastly higher number of cells with genomic integration of the transgenic cargo and an
enhanced copy number of the transgenic cargo per cell (integration frequency)(10). In a
laboratory setting, the major strategies to select cells with genomic integration of expression
cassettes make use of culture systems containing antibiotics with toxic effects on mammalian
cells, coupled with the simultaneous genomic co-integration and expression of heterologous
proteins that detoxify these antibiotics only in transgenic cells. Examples include antibiotics
that function by ribosome inhibition (geneticin-G418) or DNA cleavage (zeocin), and
resistance based on enzymatic detoxification (with neoR for G418(14)) or toxin binding (with
ble for zeocin(15)). Cultivating the transgenic cells for multiple passages in medium containing
the antibiotic allows only stably transgenic cells to survive. However, the applied antibiotics
are toxic to humans, negatively affect our environment if not correctly disposed of, and are
often expensive. Therefore, the industrial gold standard(16) in selecting stable cell lines is not
antibiotics-based, but rather uses selection systems that involve eliminating endogenous
enzymes catalyzing the synthesis of essential metabolites, such as dihydrofolate reductase
(DHFR)(17) or glutamine synthetase (GS)(18) and including an expression cassette for these
enzymes as a selection marker of transgenic cells. However, endogenous enzyme elimination
relies on knockout cell lines and toxic (methotrexate/DHFR(19) and methionine
sulfoximine/GS(20)) small-molecule-mediated inhibition and transgene amplification
cycles(21). This approach has the disadvantage that knockout cell lines are difficult and time-
consuming to create, and small-molecule-mediated inhibition suffers from the same
limitations as antibiotics-based systems. Additionally, these cell lines (e.g. CHO-DG44(22),
CHO-DXB11(23)) can have inferior production capacity(24).

In this work we present a novel method, which we call CelloSelect, to metabolically
engineer cells for cultivation on cellobiose, making it possible to select stable cell lines by
culture in a medium containing cellobiose as the sole source of glucose. CelloSelect is
independent of antibiotics and does not require elimination of endogenous enzymes. In
contrast to cellulolytic microorganisms and fungi, most mammalian cells cannot easily

metabolize cellobiose(25). Degradation of ingested disaccharides already in the mammalian
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gut is generally mediated by specific brush border disaccharidases,(26) and these enzymes
are not expressed in non-specialized cells(25). Therefore, we explored the possibility of
expanding the metabolism of mammalian cells by introducing the heterologous Neurospora
crassa-derived(27) cellobiose utilization pathway, thereby endowing mammalian cells with
the capacity to survive and grow on cellobiose as the sole carbon source (Fig. 1b). Our results
show that this approach provides a new and effective strategy for stable cell line selection

based on expansion of the primary cellular metabolism.

RESULTS

Design of the cellobiose utilization pathway.

To enable CHO-K1 cells to utilize cellobiose as an energy source, we created three genetic
constructs (Fig. 1c) encoding for Pcag-driven expression of either the N. crassa-derived
cellodextrin transporter (CDT1), or B-glucosidase (GH1-1), or a combination of the two
separated by a T2A cleavage peptide,(28) flanked by PiggyBac transposase(10)-based inverted
terminal repeats (ITRs). To assess the functionality of the constructs, we transfected CHO-K1
cells separately with each of the above three plasmids or with both the CDT1 and GH1-1
plasmids together. After 48 h recovery, the transfected cells were cultured in glucose-rich
(positive control), cellobiose-rich and glucose-depleted (selection conditions), or glucose and
cellobiose-depleted (negative control) media. Cell viability was measured with a resazurin-
based assay after 48 hours. Cells transfected with the empty vector or only the cellodextrin
transporter died when cultivated in cellobiose-containing/glucose-depleted medium or
sugar-free medium, but showed high viability when cultivated in glucose-containing culture
medium (Fig. 1d). Expression of B-glucosidase alone or both PB-glucosidase and the
cellodextrin transporter rescued CHO-K1 cells from glucose starvation. To confirm the
functionality of the cellobiose utilization pathway in CHO-K1 cells, we cultivated transfected
cells in medium containing resorufin-B-p-cellobioside, and observed release of the
fluorescent product (resorufin) only in cells that expressed B-glucosidase alone or that
expressed both B-glucosidase and the cellodextrin transporter (whether in separate

constructs or combined) (Fig. 1e).
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Figure 1: Characterization of the cellobiose utilization pathway in mammalian cells. a) Schematic
overview of stable cell line selection in mammalian cells. b) Schematic overview of CelloSelect. Expression
of the cellodextrin transporter (CDT1) and B-glucosidase (GH1-1) enables cells to metabolize cellobiose. c)
Schematic illustration of PiggyBac-based transposon donor plasmids encoding for Pcac-driven gene
expression cassettes. Constructs from top to bottom correspond to the plasmids pSA845, pSA846, pSA847.
ITR, Inverted terminal repeat sequences; P2A/T2A, self-cleaving peptides; Citrine/mCherry, fluorescent
proteins. d) Resazurin-based cell viability assay of CHO-K1 cells transfected with plasmids encoding B-
glucosidase or cellodextrin transporter, or both, or the complete CelloSelect system and cultivated in
different sugar-containing cell culture media. e) Ability of CHO-K1 cells expressing components of the
CelloSelect system or the full system to degrade resorufin-B-pD-cellobioside. Panels d and e show mean #

s.d. of n = 3 independent samples and are representative of three independent experiments.

Characterization of CelloSelect medium

We further investigated the influence of the number of seeded cells, the FCS
concentration, and the cellobiose concentration on cell survival. CHO-K1 cells were co-
transfected with plasmids encoding for a hyperactive PiggyBac transposase (hyPBase) and the

full CelloSelect system with the fluorescent protein Citrine as a model payload. At 48 h after
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transfection, different numbers of cells were seeded in cell culture media with varying FCS
and cellobiose concentrations and analyzed three days later by flow cytometry to measure
the percentage of fluorescence-positive cells (Fig. 2a) and the cell number (Fig. 2b). We found
that lower concentrations of cellobiose and FCS increased the percentage of fluorescent cells
and higher numbers of seeded cells improved cell survival. The number of surviving cells was
inversely correlated with the percentage of fluorescence-positive cells. Therefore, for better
selection efficiency, we chose to prioritize fluorescent cell enrichment over cell survival. We
define the selection conditions as: 3 x 10° seeded cells/well or dish, 5% FCS, 0.125 g/L
cellobiose (DMEMselect); in the experiment shown in Fig. 2a these conditions yielded 73%

fluorescent cells.
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Figure 2: Development of CelloSelect, a cellobiose-based selection method. a) Screening of
medium composition for stable cell-line selection, evaluated in terms of fluorescent cell enrichment. CHO
K1 cells transfected with the CelloSelect system were cultured under the indicated conditions. Blue color
represents the proportion of fluorescent cells at seeding. In panels a and b the yellow square shows the
conditions chosen for further experiments. Fluorescent cell percentage and cell number (fold increase)

were recorded 72 h after seeding into selection medium. b) Screening of medium composition for stable
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cell-line selection, evaluated in terms of cell survival. c) Changes of fluorescent cell enrichment and cell
number in a selection cycle of cells transfected with the CelloSelect system. Sugar-free and mock-
transfected controls are shown in Fig. S1. d) Flow cytometry data of populations at various time points
during a selection cycle. This panel shows four populations from panel ¢ with >5000 cells per histogram.
The vertical line shows the fluorescent cell cut-off, and the green area indicates fluorescent cells. e)
Resazurin-based cell viability assay of CHO-K1 cells transfected with plasmids encoding the complete
CelloSelect system or only B-glucosidase, and cultivated in media containing a low level of glucose or
cellobiose, or no sugar. Panels a and b show the mean values of n = 3 independent populations. Panels ¢
and e show the mean # s.d. of n = 3 independent samples and are representative of three independent

experiments.

Establishing an optimized CelloSelect protocol

We repeated CelloSelect with the above selection conditions in a 24-well format and
analyzed the cell number and percentage of fluorescent cells daily for five days (Figs. 2c-d).
In transfected cultures in DMEMselect, fluorescent cells accounted for more than 85% of the
population after four days (Fig. 2c). The untransfected and sugar-free control populations
were almost completely depleted after three days (Fig. S1). The selected population was
drastically diminished, but the number of cells started to recover after two days. The viability
of cells transfected with either the full CelloSelect system or with GH1-1 only was measured
after 4 d selection with the optimized conditions, and the results confirmed that the

cellodextrin transporter CDT1 is required for cell survival under selection conditions (Fig. 2e).

Stable population selection and long-term expansion.

We transfected cells with the full CelloSelect selection cassette, seeded them 48 h later in
DMEMselect at 3x10° cells/plate, and analyzed them periodically with a flow cytometer. Every
3-4 days, cells were passaged and analyzed using flow cytometry. Up to 100% fluorescent cells
were observed during 4-11 days in three independent experimental runs (Fig. 3a, b). After
the initial selection cycle, cells multiplied rapidly, and seeding 1x10° cells/plate was sufficient
for cycles 3 and above. Since cellobiose simultaneously serves as a selection agent and an
energy source, modified DMEMselect With different sugar and FCS concentrations can likely be
used for continuous maintenance of selection pressure during cell cultivation. To identify an

appropriate medium composition for long-term culture, we seeded 1x10° stable cellobiose-
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selected Citrine-expressing cells per plate in DMEMzgelect With 10% FCS and different amounts
of cellobiose or glucose. After 48 h, the cell number was determined using flow cytometry.
The amount of glucose or cellobiose had a negligible impact on the 48 h growth rate, with
growth in cellobiose medium being only slightly (approx. 23%) slower than growth in glucose
medium (Fig. 3c). Monitoring the long-term stability of transgenic populations in 12 cultures
with 4 different media compositions for 3 weeks showed no loss of fluorescent cells,

independent of the amount of glucose or cellobiose in the medium (Fig. 3d, Fig. S2).
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Figure 3: Application of CelloSelect to generate stable CHO-K1 cell lines. a) Schematic illustration
of the procedure for generating stable cell lines with the CelloSelect system. b) Time-course of three
complete CelloSelect selection runs for generating stable Citrine-expressing cell lines. CHO-K1 cells were
transfected with the CelloSelect system and a constitutive transposase expression plasmid. The selection
was conducted as shown in panel a, and after each cycle samples of the cell populations were analyzed by

flow cytometry. The inset shows a representative flow-cytometry histogram in which the red area

76



Chapter Il

corresponds to the population at first seeding into DMEMselect and the blue area corresponds to the
population after selection. c) Influence of medium composition on the growth rate of CHO-K1 cells stably
expressing the CelloSelect selection cassette. d) Fluorescence of CHO-K1 cells stably expressing the
CelloSelect selection cassette 21 days after selection in different culture media. The green area indicates
fluorescent cells. Data for all populations can be found in Fig. S2. Panel b shows the mean % s.d. of 3
independent experiments with n = 3 populations in each experiment, panel c shows the mean £s.d. of n =
3 independent samples and is representative of three independent experiments, and panel d shows a

representative example of three independent populations for each condition.

Proof of concept: application for stable biopharmaceutical protein production.

To exemplify the use of the CelloSelect system for the stable integration of a sequence
encoding a biopharmaceutical protein we created a slight variation (pPST347, Fig. 4a,b) of the
construct used for benchmarking the selection system (pSA847, Fig. 1c). As a model
biopharmaceutical cargo we chose the therapeutic protein erythropoietin (EPO, epo,
GenBank: AAA52400). To create an exactly full-length protein without additional C-terminal
amino acids we used a furin-T2A fusion to connect the EPO gene to the selection cassette,
following a previously reported approach.(29) Briefly, T2A stuttering occurs during
translation, restarting translation for the rest of the fusion protein. As the EPO protein is a
secretory protein it is transported into the Golgi, where furin cleavage occurs, followed by

carboxypeptidase-mediated removal of C-terminal lysine and arginine residues.(30)
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Figure 4: Using the CelloSelect system to create cell lines stably producing a biopharmaceutical
protein. a) Schematic illustration of the genetic construct containing an erythropoietin-encoding cargo

gene. FUR, furin cleavage site; GS, small GS linker peptide; ITR, inverted terminal repeat sequences; T2A,
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self-cleaving peptides. b) Schematic illustration of the different cleavage- and processing-modules used to
separate the cargo from the selection cassette. c¢) Model EPO production run for six days in DMEM

containing either 4 g/L glucose or cellobiose. Panel c shows the mean t s.d. of n = 2 independent samples.

We transfected CHO-K1 cells in parallel with the CelloSelect selection cassette encoding
either Citrine or EPO as cargo and performed a full selection run according to the standardized
method. The progress of selection was observed by analyzing the Citrine expressing cells using
flow cytometry (Fig. S3). When the fluorescent cell count reached 100%, one more selection
cycle was added, and then both populations were expanded in DMEMselect. The complete
selection and expansion process required 13 days. To profile EPO production, EPO-producing
cells were seeded into culture medium containing either glucose or cellobiose. The
supernatant from individual samples was harvested and frozen daily for six days, and finally
the EPO concentration was determined by means of ELISA (Fig. 4c). The EPO concentration
increased at approximately the same rate in the glucose- and cellobiose-grown populations

throughout the course of the experiment.

DISCUSSION

Metabolic engineering in mammalian cells mainly focuses on improving and engineering
central metabolic pathways to improve productivity(31,32), to reduce the generation of by-
products(33) or to increase cell viability(34,35). In this work, we set out to transfer a
heterologous metabolic pathway from N. crassa to mammalian cells. We demonstrated that
the cellobiose utilization pathway enabled engineered cells to survive and proliferate on
cellobiose as the sole energy source. Since mammalian cells do normally not metabolize
cellobiose(25), this system can facilitate the specific and efficient selection of CHO-K1 cells
that stably express the cellobiose utilization pathway. The proof-of-concept bioprocessing
experiment establishes the ability of our system to create stable EPO-producing cells that can
be grown for an extended period of time in regular culture medium, as well as in cellobiose-
containing medium. Compared to existing selection methods, CelloSelect has the advantage
of employing a cheap and non-toxic selection agent, permitting continuous maintenance of
selection pressure and potentially reducing the necessary amount of downstream processing.
Using this added-function approach instead of a destructive(24) knockout approach should

enable cell-line engineers to focus more on production capacity than on selection-enabling
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mutations. Future studies directed at amplifying transgene integration could employ similar
strategies to those used in some current GS or DHFR systems; for example, adding a B-
glucosidase inhibitor(36) to only allow cells with higher cargo production activity to survive
or using a less active B-glucosidase to achieve more stringent selection.

This work also serves as a proof of concept regarding the introduction of heterologous
metabolic pathways into mammalian cells to feed into or augment endogenous metabolism.
For example, other heterologous carbohydrate degradation pathways, such as the cellulose
degradation pathway, could be implemented in mammalian cells to engineer cells capable of
metabolizing lignocellulose(37,38) or other cheap carbon sources. It may also be possible to
utilize carbon sources that afford lower levels of toxic metabolic by-products or that enable
higher cell densities, as exemplified by maltose(39). Building on the design principles of
CelloSelect, it should be possible to generate specialized selection systems based on
orthogonal sugars feeding into essential metabolism of a variety of mammalian or insect cell
lines, offering the potential for higher production titers, which are needed to match the ever-

growing demand for biotherapeutics.
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MATERIALS AND METHODS

DNA constructs

Comprehensive design and construction details for all expression vectors are provided in

Tables S1 and S2.

Mammalian cell culture and transfection.

Chinese hamster ovary (CHO-K1, ATCC:CCL-61) cells were cultured in full DMEM
(Dulbecco’s  modified Eagle’s medium  (DMEM, ThermoFisher, cat. no.:
31053028) supplemented with 10% (v/v) fetal calf serum (FCS, Sigma-Aldrich, cat. no.: F7524)
and 0.15 mM L-proline (Fluka, cat. no.: 81710)) at 37°C in a humidified atmosphere of 7.5%
CO; in air. For routine tasks, cell viability and cell number were quantified using an electric
field multichannel cell-counting device (Casy Cell Counter and Analyzer Model TT, Roche
Diagnostics GmBH). For experiments, 1.5 x 108 cells were seeded into each well of a multiwell
plate or into a 10 cm dish one day prior to transfection in full DMEM. Plasmid DNA was mixed
with polyethylene imine (PEI, MW 40 000, stock solution: 1 mg/mL in ddH»0, Polysciences,
cat. no. 24765-2) in a 1:5 ratio (w/w) and incubated in FCS-free DMEM for 15 min at room
temperature before being added to the cells. After 6 h, the transfection medium was replaced
with fresh full DMEM. For detailed information regarding transfections see Table S3. Cell
viability assays were done using the resazurin assay as described below, and analytical cell

number was determined using flow cytometry.

CelloSelect

At 48 h after transient transfection, the cells were trypsinized and centrifuged. 3 x 10°
cells/well were reseeded in a multiwell plate in CelloSelect selection medium DMEMselect
consisting of glucose- and pyruvate-free DMEM (ThermoFisher, cat. no.: A1443001)
supplemented with 1x Glutamax (ThermoFisher, cat. no.: A1443001, cat. no.: 35050061), 5%
dialyzed FCS (ThermoFisher, cat. no.: A3382001) and 0.125 g/L cellobiose (Roth, cat. no.:
5840.2). Part of the cells was used for flow cytometric analysis. Selection cycles consisted of
3-4 days cultivation in selection medium. After each selection cycle, cells were trypsinized,

and examined by flow cytometry. Then 3 x 10° cells/well were reseeded in a multiwell plate
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(if cultures were confluent in less than 3 days the seeded cell number was reduced to 1 x 10°
cells/well). If indicated, polyclonal cell populations were further cultivated in glucose-
containing full DMEM or in DMEMselect With 10% instead of 5% dialyzed FCS and varying

amounts of cellobiose.

Flow Cytometry

Cell populations were analyzed with a LSRIl Fortessa flow cytometer (Becton Dickinson)
equipped for Citrine (488 nm laser, 505 nm long-pass filter and 530/30 emission filter)
detection and set to exclude cell debris and cell doublets. At least 5,000 single cells were
recorded per sample and were analyzed with FlowJo software (version no. 10; Flowlo LLC,

Oregon, USA).

Resazurin assay

The culture medium was replaced with fresh, clear medium containing 25 mg/L resazurin
sodium salt (Sigma Aldrich, R7017). The cells were placed back in the incubator at 37 °C for 3
h, and then the fluorescence (571 nm ex./ 585 nm em.) was measured and the background
(culture medium with resazurin) was subtracted. A stock solution of 2.5 g/L was prepared in

dH;0.

Beta-glucosidase activity assay

Cells were incubated with 0.5 mM resorufin-B-b-cellobioside (5 mM stock solution in full
DMEM, Marker Gene Technologies Inc., cat. no.: M1238) for 6 h in cell culture multiwell plates

until fluorescence measurement (571 nm ex./ 585 nm em.).

EPO production assay

Stably transfected cells producing EPO were seeded at a density of 1x106 cells per plate
into a 24-well plate. Standard DMEM, containing either 4 g/L glucose or cellobiose was used.
Every day the supernatant was harvested and frozen until used for EPO concentration
measurement. The concentration was determined with a human EPO ELISA kit (Sigma Aldrich,

RAB0654) according to the manufacturer’s protocol. The dilution factor was determined in
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two steps to allow measurement in the linear range. In the first step the maximum dilution
factor was determined from the day six sample using serial dilutions. In the second step, one
sample from each day was analyzed using this maximum dilution factor to adjust the dilution

factor for less concentrated samples. Then, the actual measurements were performed.
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SUPPLEMENTARY INFORMATION

Table S1: Plasmids used in this work

Plasmid Name

Detailed Cloning Description

Source

pcDNA3.1(+)

Cloning vector for constitutive expression of target genes

(Phcmv-MCS-pA).

ThermoFisher

pCMV-hyPBase

Vector encoding for Pcuy-driven hyPBase expression cassette

Yusa et al. Proc Natl

(Pcmv-hyPBase-pA). Acad SciUS A
(2011).
PB.CAG- PiggyBac transposon vector encoding for Pcag-driven | Plasmid was a gift
Venusnucmem. | Venusnucmem expression cassette (Pcag-Venusnucmem-pA). | from Timm
rbpA Schroder.
pFS29 Vector encoding for a Psvao-driven mCherry expression | Auslander et al. Nat.
cassette (Psvao-mCherry-pA). Methods (2014).
pDF145 Plasmid without mammalian promoter as empty transfection | Scheller et al. Nat
vector. Chem Bio (2018).
pCK222 Vector encoding for a constitutive cellobiose transporter | This work
expression cassette (Pcwv-cdtl-pA). A human codon-
optimized version of cdtl was synthesized by gene synthesis,
digested with EcoRlI/Xbal and ligated into
pcDNA3.1(+)(EcoRI/Xbal).
pCK223 Vector encoding for a constitutive beta-glucosidase | This work
expression cassette (Pcmv-gh1-pA). A human codon-optimized
version of cdtl was synthesized by gene synthesis, digested
with EcoRI/Xbal and ligated into pcDNA3.1(+)(EcoRI/Xbal).
pSA835 Vector encoding for a mutated constitutive cellobiose | This work
transporter expression cassette (Pcwmv-cdt1(D433G)-pA). The
mutation D433G was introduced into cdtl by whole-plasmid
PCR-directed site-directed mutagenesis from pCK222 with
oligonucleotides 0SA832 and 0SA831 and the plasmid was
religated.
pSA836 Vector encoding for a mutated constitutive cellobiose | This work

transporter expression cassette (Pcwv-cdt1(C82S5-D433G)-pA).
The mutation C82S was encoded on a gBlock(cdt1(C82S),
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digested with EcoRI/BsrGl and ligated into pSA835
(EcoRI/BsrGl).

pSA837

Vector encoding for a mutated constitutive beta-glucosidase
expression cassette (Pcvy-gh1(H23L)-pA). The mutation H23L
was introduced into ghl by whole-plasmid PCR-directed site-
directed mutagenesis from pCK223 with oligonucleotides

0SA826 and 0SA825 and the plasmid was religated.

This work

pSA838

Vector encoding for a mutated constitutive beta-glucosidase
expression  cassette  (Pcwyv-ghl(H23L-L137H)-pA).  The
mutation L137H was introduced into gh1(H23L) by whole-
plasmid PCR-directed site-directed mutagenesis from pSA837
with oligonucleotides 0SA827 and 0SA828 and the plasmid

was religated.

This work

pSA839

Transposon-based vector encoding for a Pcag-driven empty
expression cassette (Pcac-P2A-T2A-rbpA). P2A-T2A fragment
was generated with oligonucleotide annealing using
oligonucleotides 0SA833 and 0SA834 (insert 1) and
oligonucleotides 0SA835 and 0SA836 (insert 2). Inserts 1 and
2 were digested with Hindlll, and ligated. The P2A-T2A
product was digested with EcoRI/Notl and ligated into
PB.CAG-Venusnucmem.rbpA (EcoRI/Notl).

This work

PSAS40

Transposon-based vector encoding for a Pcag-driven Citrine
expression cassette (Pcag-Citrine-P2A-T2A-pA). The Citrine
fragment was PCR-amplified from pDA701 with
oligonucleotides 0SA837 and 0SA838, digested with
EcoRI/Agel and ligated into pSA839 (EcoRI/Agel).

This work

pSA841

Transposon-based vector encoding for a Pcag-driven mCherry
expression cassette (Pcac-mCherry-P2A-T2A-pA). The mCherry
fragment was  PCR-amplified from  pFS29  with
oligonucleotides 0SA837 and 0SA838, digested with
EcoRI/Agel and ligated into pSA839 (EcoRI/Agel).

This work

pSA845

Transposon-based vector encoding for a Pcag-driven Citrine-
P2A-gh1(H23L-L137H)-T2A expression cassette (Pcac-Citrine-
P2A-gh1(H23L-L137H)-T2A-pA). The gh1(H23L-L137H)
fragment was  PCR-amplified from pSA838 with

This work
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oligonucleotides 0SA839 and 0SA840, digested with
Hindlll/Xhol and ligated into pSA840 (Hindlll/Xhol).

pSA846

Transposon-based vector encoding for a Pcag-driven mCherry-
P2A-T2A-cdt1(C825-D433G) expression cassette (Pcac-
mCherry-P2A-T2A-cdt1(C825-D433G)-pA). The cdt1(C82S-
D433G) fragment was PCR-amplified from pSA836 with
oligonucleotides 0SA841 and 0SA842, digested with
BamHI/Notl and ligated into pSA841 (BamHI/Notl).

This work

pSA847

Transposon-based vector encoding for a Pcag-driven Citrine-
P2A-gh1(H23L-L137H)-T2A-cdt1(C82S-D433G) expression
cassette (Pcac-Citrine-P2A-gh1(H23L-L137H)-T2A-cdt1(C82S-
D433G)-pA). The cdt1(C82S-D433G) fragment was PCR-
amplified from pSA836 with oligonucleotides 0SA841 and
0SA842, digested with BamHI/Notl and ligated into pSA845
(BamHI/Notl).

This work

pPST347

Transposon-based vector encoding for a Pcag-driven EPO-FUR-
GS-T2A-gh1(H23L-L137H)-T2A-cdt1(C82S-D433G) expression
cassette. The synthetic EPO gene fragment (Twist Bioscience)
was PCR-amplified with oligonucleotides oPST616 and
0SA617, digested with EcoRI/HindIll and ligated into pSA847
(EcoRI/HindIll).

This work

Abbreviations and additional information: Citrine, improved version of YFP derived

from Aequorea victoria; FUR, furin cleavage site; GS, GSG short peptide linker sequence; mCherry, red-

fluorescent protein; MCS, multiple cloning site; EPO, erythropoietin; P2A, P2A cleavage site; pA,

polyadenylation signal; Pcag strong synthetic mammalian promoter; Phcmv, human cytomegalovirus

immediate-early promoter; Psvao, simian virus 40 promoter; SEAP, human placental secreted alkaline

phosphatase; T2A, T2A cleavage site; Venusnucmem, Improved version of a yellow fluorescent protein

with a nuclear membrane anchor.

Table S2: Oligonucleotide sequences used in this work

Oligo Name | Oligonucleotide Sequence (5’-3')
0SA825 AATAGCTCCCTCAATCTGGTAAG

0SA826 CTGGCTGATGGAAGAGGACCAAGCATCTG
0SA827 GATACTAGAACACCAAGGCTCG
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0SA828 CAC GGATACAATAGCGGGTATTTCGCTCC

0SA831 CTGCTCATTCATGCCCTGATTC

0SA832 GGC GCAAAGGATAACGCCTACCTG

0SA835 CGAGCAAGCTTGAGCCGCTCGAGGGAAGCGGAGAGGGCAGAGGAAGTCTTCT
AACATGCGGTGACGTGGAGGAGAATCCCGGCCCTGGATCCGAGTAAGCGGCCGCGCTGA

0SA836 TCAGCGCGGCCGCTTACTCGGATCCAGGGCCGGGATTCTCCTCCACGTCACCGC
ATGTTAGAAGACTTCCTCTGCCCTCTCCGCTTCCCTCGAGCGGCTCAAGCTTGCTCG

0SA837 GCGACGAATTCCCACCATGGTGAGCAAGGGCGAGGAG

0SA838 GCAGGTACCGGTCTTGTACAGCTCGTCCATGCC

0SA839 CGAGCAAGCTTATGTCTCTGCCCAAGGACTTC

0SA840 GAGCCGCTCGAGATCTTTCTTGATCAGGGAGTCG

0SA841 CGGCCCTGGATCCATGTCCTCCCACGGCTCCCACGAC

0SA842 GAGTAAGCGGCCGCTTATGCCACGATTGCTTCTGAG

oPST616 GTGGCAAAGCTTAGGGCCGGGATTCTCCTCCACGTCACCGCATGTTAG
AAGACTTCCTCTGCCCTCTCCGCTTCCGCGTTTCCGGCGATCACCAGTTCTACATGCTTC

oPST617 TTTGGCAAAGAATTCCCACCATGGGCGTACATGAGTGTCC

Table S3: Transfection sheet

Fig. 1d | In 24-well format, per well: mock, 600 ng pDF145; gh1, 600 ng pSA845; cdtl, 600 ng pSA846;
ghl+cdtl, 300 ng pSA845, 300 ng 846; gh1l-T2A-cdtl, 600 ng pSA847.

Fig. 1e | In 24-well format, per well: vector, 600 ng pDF145; cdtl 600 ng pSA846: ghl+vector, 300 ng
pDF145, 300 ng pSA846; ghl+cdtl, 300 ng pSA845, 300 ng 846; gh1-T2A-cdtl, 600 ng pSA847.

Fig. 2a- | In 10 cm dish format: positive, 12000 ng pSA847, 3000 ng pCMV-HypBase; negative, 15000 ng

d pDF145.

Fig. 2e | In 24-well format, per well: gh1, 600 ng pSA846; gh1-T2A-cdt1, 600 ng pSA847.

Fig. 3b | In 10 cm dish format: positive, 12000 ng pSA847, 3000 ng pHypBase.

Fig. 4c | In a 6-well format per well, 2000 ng pPST347, 500 ng pHypBase.

Fig. S1 | See negative for Fig. 2a-d

Fig. S3 | In a 6-well format per well, 2000 ng pSA847, 500 ng pHypBase.
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SUPPLEMENTARY FIGURES

—e— Selection with cellobiose
Sugar free control with selection cassette

--#-+  Mock transfected control with cellobiose
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Figure S1: Decrease in cell number in sugar-free and mock-transfected controls (Fig. 2c). Sugar-
free control cells were transfected with the CelloSelect selection cassette; mock-transfected cells were
grown in cellobiose-containing medium. The figure shows the mean + s.d. of n = 3 independent samples

and is representative of three independent experiments.
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Figure S2: Loss of fluorescence of cells stably expressing Citrine-P2A-GH1-T2A-CDT1 in different
media. Cells were reseeded every 3 days and fluorescence was analyzed using flow cytometry. The figure

shows the mean % s.d. of n = 3 independent populations for each medium composition.
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Figure S3: Co-selection of fluorescent cells and cells producing the biopharmaceutical model
protein EPO. Cells were transfected with pHypBase and either pSA847 or pPST347, and stable cells were
selected using the standardized CelloSelect method. Fluorescent cells were analyzed using a flow
cytometer at the indicated time points. The end-point was measured after expanding the population in
DMEMselect. These results only illustrate the completion of the selection, and do not serve an analytical

purpose. The figure shows the percentage population fluorescence of approximately 10,000 cells.
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Conclusion

CONCLUSION

It is in the nature of engineering as a discipline, but also of engineers themselves to focus
on real life applications, rather than abstract theoretical constructs. Standing on the solid
foundation of basic research and mathematics and coupled with the intrinsic human urge to
tinker, create and overcome challenges, engineers of all generations managed to devise
inventions that seemed completely unthinkable in the past. The modern accomplishments in
mechanical-, electronic- or biological-engineering keep changing people’s lives to the better.
Bioengineering has come a long way from the first manipulations of DNA(1) to where it is
today. The possibility to use and change the genome of living cells shows a fascinating
opportunity to, for example, fight diseases. Especially synthetic biology is a discipline that is
promoting great progress to changing the pharmaceutical industry and medicine in
particular(2). With conceptually novel approaches, such as gene therapy or cell-based
therapy, we envision that synthetic biology in the near future can solve some of the medical
problems that to date remain unsolved(3). As synthetic biologists design evermore intricate
circuits in mammalian cells to be used as therapeutic designer cells, the potential is
unveiling(4). Creating such complex systems currently is still relying on a trial and error-based
approach, as many biochemical interactions are difficult to precisely predict(5). This difficulty
is made worse when non-native components are used, as they might function differently in
another organism or not at all. Nevertheless, heterologous gene expression can likely be seen
as one of the core pillars of synthetic biology. Enabling engineered cells to display a
functionality that was previously only known in different organisms shows a huge potential
for industrial and therapeutic applications. Although remarkable advances(6,7) have been
made in the adaptation of enzymes from one organism to another, often the fastest and most
successful approach is to test enzymes from different sources that catalyze the same reaction.
In this thesis we show that enzymes from two different fungi are functioning in mammalian
cells, as well as one enzyme from the plant Celosia cristata. Fungi, especially Amanaita
muscaria and Neurospora crassa, should be considered viable sources for heterologous
enzymes for the use in mammalian cells. It should be noted, that DOPA-dioxygenases from
Beta vulgaris(8) and E. coli(9) did not show any signs of functional activity in our tested cell

lines.
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Figure 1: Examples of industrial applications of synthetic biology and metabolic engineering.
Synthetic and metabolic engineering are widely used in the biopharmaceutical industry. With synthetic
biological methods cell-based screening platforms (10) and diagnostic tools(11) were developed, as well as
the recent approaches in creating smart cell- or gene therapy-based therapeutics. Additionally, synthetic
biology was applied to create smart mammalian protein production cell lines that, for example allow the
trigger-inducible cargo production(12). Metabolic engineering is used to enhance the production capacity

or decrease the waste-product formation in microbial- or mammalian systems.

It is crucial for most approaches in engineering biological systems to acquire information
about what exactly is happening inside the cell. One essential tool for this is, as discussed
before, the technology of reporter systems for gene expression. Currently, in a research
laboratory setting multiple different reporter systems are generally used, each offering a
certain analysis method for the task at hand. For example, if a quick cursory observation about
a tested system is required, an enzymatic reporter may be used in the supernatant or if more

precise population dynamic is relevant, a fluorescent protein combined with flow cytometry
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is a good candidate. A more universal reporter that offers simultaneously a quick whole-
population analysis and a more precise dynamic analysis would be advantageous.

In chapter | we introduced a novel type of reporter system based on the direct, in cellula
production of a dye. The detection and quantification of gene expression with this system is
intrinsically simple. No need for time-consuming assays to assess the level of gene expression
in a tested setup. Simply by sampling the supernatant, placing it in a standard fluorescent
reader and measuring the fluorescence, gene expression can be quantified. We additionally
displayed the ease of use by measuring reporter production using a cell phone camera. In
particular, this illustrates how well the dye can be detected, which allows first cursory
assessment of the functionality of a tested system by the naked eye. Another advantage of
our system is that it offers multiple measurement modes simultaneously. It can either be
directly measured in the culture supernatant, yielding whole-population data or with a flow
cytometer or microscope, resulting in single cell data. This might decrease the number of
genetic constructs that need to be created in bioengineering. Whether this system will be
used for actual development of synthetic biological circuits remains to be seen, but the ease
of measurement might also find its niche in industrial drug screenings. The high-throughput
screening of functional small molecules in cell culture often relies on simple methods to
assess changes in gene expression(13). In our system, gene expression can be assayed directly
in the culture plate continuously without any additional reagents, potentially making these
approaches faster and less expensive.

Of course, our betaxanthin production system still has room for optimization and, at the
very least, could inspire the development of other direct small molecule reporter systems.
The main point in improving the system likely has to do with the origin of the heterologous
enzyme DOPA-dioxygenase from Amanita muscaria. It might be possible that the enzyme only
functions sub-optimally in mammalian cells. Or that the enzyme in general has a low turn-
over rate for the formation of betalamic acid, as this does not need to be a very fast process
in the native fly agaric. Two different strategies come to mind to improve the reaction rate of
the enzyme in mammalian cells, rational design and random screening. With a rational
approach, the enzyme stability, solubility or localization could be adjusted. Using a random
screening strategy might yield point mutations that potentially increase the enzymatic
activity. The second optimization that comes to mind for the system as a whole is a possible

broadening of the range of colors the system is capable of producing. In nature, plants
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producing betalains can display a whole range of colors between red and yellow. The red dye
belongs to the closely related betacyanin class and might be produced by an additional
pathway starting from L-DOPA. The issue is, that the spontaneous color production is not
highly specific. Betalamic acid would react with amino acids in the cytosol and betacyanin
precursor cyclo-DOPA alike, thus making the color production process concentration-
dependent. This issue might be solved by compartmentalization of the reaction in specific

organelles.

Similarly to how synthetic biology is impacting current medicine, albeit in a less
revolutionizing fashion, are advances in metabolic engineering impacting the
biotechnological industry(14). Using proteins produced in cell culture, in particular
antibodies, is well established and cancer or autoimmune disease patients world-wide rely on
these products. Increasing the production capacity and decreasing the production cost should
hopefully make these products more affordable, which would foster their use in less
developed places. As previously mentioned, many therapeutic proteins are primarily
produced by mammalian cells stably producing the cargo of choice, due to the importance of
appropriate glycosylation patterns. With the development of CRISPR/Cas9- or transposase-
based integration methods a high genomic cargo integration frequency can be assured.
Selecting the highest-producing cells afterwards is still performed using a knockout approach
for essential metabolic pathways. The used knockout cell lines were shown to be sub-
optimally suited for high production titers(15) and a different approach would be required
that is not based on the knockout of a gene but on the additive gain of the ability to utilize a
different nutrient source. As no selection-permitting knockout cell lines have to be used, such
a system could be applied to cells that were optimized for protein production and, as the
selection agent is simultaneously an essential nutrient, would allow the selection pressure to
be applied for the complete duration of pharmaceutical production. In this case the selection
agent is not a toxic chemical, which might reduce downstream processing requirements. Also,
as modern bioreactors are up to 600 m3(16), every additional reduction in waste treatment
requirements is beneficial. From an environmental point of view in the age of wide spread
antibiotic resistance, the large-scale use of antibiotics seems rather irresponsible if other
options exist, which could be part of the reason why antibiotic selection systems are rarely

used in industry.
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In chapter Il we introduced a novel, additive approach for the generation of stably
transfected cell lines called CelloSelect. The cellobiose-utilization pathway uses two
heterologous proteins to endow cells with the ability to use cellobiose as glucose source and,
if glucose is not present in the culture medium, to survive while non-producing cells starve.
This selection system does not require toxic chemicals or knockout cell lines and we showed
that selected cells could simply be fed with cellobiose. In a model bioproduction experiment
we managed to produce the therapeutic protein erythropoietin (EPO) and we showed that
the produced amount is comparable regardless of whether the cells were fed with glucose or
cellobiose. This clearly indicates that the selection pressure could be applied during a
complete production run. In this proof-of-concept study, we clearly showed the potential for
industrial applications. Industrial cell lines and selection strategies have come a long way and
antibody production capacity keeps increasing. It is difficult to compare the industrially
optimized production systems to proof-of-concept model laboratory setups. Thus, we hope
that our project inspires similar work in the development of engineered metabolic pathways
into mammalian cells, in particular for stable cell line generation, and that the system can be
adapted to an industrial setting.

To potentially apply the presented system in an industrial setting, different strategies come
to mind. Large-scale bioprocessing in a bioreactor is normally performed using an adapted
suspension cell line (usually a CHO-derived cell line). Our system was developed for a standard
adherent CHO-K1 adherent cell line. Application of this system to a suspension cell line
requires the formulation of specialized suspension media without glucose. One advantage
that our system offers is, that it gives the engineer the option to use a suspension cell line
that is already optimized for production capacity. In comparison, industrial cell lines are
generally based on GS or DHFR knockout cell lines that might not be optimal for production
of a protein of choice. A second strategy to improve the production capacity would be to
further engineer the general features of the genetic constructs. Of course, our system is not
limited to the current setup using a tandem expression vector having all three genes
expressed at the same rate. Lowering the expression strength of one or both of the cellobiose
utilization genes (e.g. using a weak internal ribosomal entry site (IRES)(17) instead of the P2A
sequence) might yield an even higher integration frequency or lower the metabolic burden
the two proteins put on the cell. A third strategy that may increase production of cellobiose

selected cells is to apply a specific inhibitor for the cellobiose-splitting B-glucosidase(18) to
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potentially amplify the CelloSelect cassette copy number, including the cargo gene. The same
effect could likely be achieved by continually decreasing the cellobiose concentration during
the selection process or using enzymes with a lower turn-over rate. Lastly, it is a goal to lower
the production of toxic waste products (e.g. lactate) of production cell lines by limiting the
glucose uptake or by using a sugar different than glucose for feeding. Waste product-
formation in mammalian bioreactor production processes is a major obstacle. For example, a
high lactate concentration was shown to quickly damage cells and slow growth(19). It might
be worth analyzing the waste product formation in CelloSelect cells fed with cellobiose, which
might be superior to normal production cells fed with glucose(20). Establishing novel
selection systems based on different disaccharides could open up a completely new branch
of optimized biopharmaceutical production. An additional factor to consider might be the use
of agriculture waste products for bioreactors. Cellobiose can be enzymatically created from
cellulose, a polysaccharide that cannot be digested by mammalian cells. Using cellulose for
bioprocessing was extensively studied for biofuel production, where researchers managed to
create cellulose-consuming yeast(21). Combining such an approach with cellobiose-fed cells
might lead to mammalian bioreactors fed with only marginally processed cellulose, possibly

reducing cost or making culture medium manufacturing compete less with food production.

In summary, this PhD thesis contributes to the field of mammalian synthetic biology with
the development of two novel tools, based on the engineering of new metabolic pathways.
We successfully developed the systems, tested and characterized them under model
conditions and offer strategies for improvement, as well as for the application in advanced
systems. We hope to see the systems getting attention and leading to new discoveries,
biological tools, or platforms to advance synthetic biology, metabolic engineering and

bioprocessing.
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