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Combining Metabolic Engineering and Synthetic Biology Approaches for the Production of
Abscisic Acid in Yeast

Maximilian Otto, Department of Life Sciences, Chalmers University of Technology
Abstract

Nature presents us with a myriad of complex and diverse molecules. Many of these molecules prove
to be useful to humans and find applications as pharmaceuticals, biofuels, agrochemicals, cosmetic
ingredients or food additives. One highly promising natural product with a broad range of potential
applications is the terpenoid abscisic acid (ABA). ABA fulfils a pivotal role in higher plants by regulating
various developmental processes as well as abiotic stress responses. However, ABA is also produced
in many other organisms, including humans. It appears to be a ubiquitous and evolutionary conserved

signalling molecule throughout nature.

Genetically engineered microorganisms, referred to as microbial cell factories, can be a sustainable
source of natural products. In this thesis, a cell factory for the heterologous production of ABA was

established and optimized employing the yeast Saccharomyces cerevisiae.

Cell factory development is an inherently time-consuming process. As an enabling technology for
subsequent work on the ABA cell factory, we expanded the modular cloning toolkit for yeast and made
it more applicable for common genetic engineering tasks (Paper I). The ABA biosynthetic pathway of
Botrytis cinerea was used to construct an ABA-producing S. cerevisiae strain (Paper Il). The activity of
two B. cinerea proteins, BCABA1 and BcABA2, was found to limit ABA titers. Two optimization
approaches were devised for the following studies. Firstly, various rational engineering targets were
explored, of which the native yeast gene PAH1 was identified as the most promising candidate (Paper
). Knockdown of PAH1 benefited ABA production without affecting growth. Secondly, platform
strains for screening BcABA1 and BcABA2 enzyme libraries were developed, which utilize an ABA

biosensor and enable a high throughput screening approach (Paper IV).

In this work, we combined metabolic engineering and synthetic biology approaches for the
heterologous production of ABA, and furthermore provided tools and insights that will be useful

beyond the scope of this project.
Keywords

Saccharomyces cerevisiae, Botrytis cinerea, abscisic acid, sesquiterpenoid, cell factory,

standardization, biosensor, metabolic engineering, synthetic biology
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About this thesis

Hello there! This is a short note on how this thesis is structured. During my PhD studies |
dipped my toes in a variety of topics, ranging from classical metabolic engineering over
standardized toolkits to biosensors and microfluidics. In this thesis, | hope to present the
different topics in an accessible way, focusing on a broader perspective instead of the details.
In-depth analysis can be found in the appended research articles; however, the thesis should

be comprehensible without reading them.

Part | of this booklet contains a general introduction, including some historical perspectives.
The research papers are presented in Part |l, starting with a brief primer on the topic, followed
by a summary of the main results as well as a broad discussion of the findings. Part lll puts

the papers in context and provides future perspectives.
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Engineering life

Engineering life
Biology — An ancient science

Biology is the study of life. The term “Biology”, in the sense that we use it today, was coined
in 1800 by the physiologist Karl Friedrich Burdach (Burdach, 1800). Humans have studied life
long before Burdach of course. Greek natural philosophers, especially Aristotle (384 - 322 BC),
are often credited as the first to have investigated living organisms using a systematic
approach resembling modern science (Lennox, 2021). However, written records focused on
anatomy, physiology and medicine from Egypt, Mesopotamia, India and China predate
ancient Greece by centuries and Greek philosophers likely built on a substantial foundation
of knowledge (Magner, 2002). In fact, we have studied biology in one way or another since
the very beginning of humanity, and our evolutionary predecessors presumably did too.
Knowledge about plants as food sources or understanding their healing properties was
essential for hunter and gatherers, and so was studying for example the migration patterns
of animals (Magner, 2002). Over time, biological insights led to major advances in agriculture,

animal husbandry and medicine.

In the last century, we started to investigate biological processes on a molecular level. This
has led to ground-breaking discoveries and paradigm shifts, like the identification of DNA as
the carrier of genetic information (Hershey and Chase, 1952), the elucidation of the molecular
structure of DNA (Watson and Crick, 1953; Maddox, 2003) and the postulation of the central
dogma of molecular biology (Crick, 1970). These insights allowed us to not just observe and
understand biology, but to eventually predict and even engineer it. They are the bedrock for
numerous new scientific disciplines, including synthetic biology and metabolic engineering,

two disciplines central to my research.

Even taking its lengthy history into account, biology appears to have never been more
relevant than today. The 21% century has been heralded as “the century of biology” (Venter
and Cohen, 2004). Its opportunities have been identified by governments and international
organisations alike and there is a global pivot towards a more sustainable “bio-based”
economy. Current and future research is predicted to have large implications for human

health, nutrition, animal welfare, ecosystems and the global climate.
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Genetic engineering — Copy and paste DNA

Scientists tinkering with biology have long fascinated authors and readers. Early science
fiction novels go back to the 19t century, with Mary Shelly’s Frankenstein (1818) and H. G.
Wells” The Island of Doctor Moreau (1896) telling the regretful stories of (too) curious
scientists. More recent examples include Brave New World by Aldous Huxley (1932), Jurassic
Park by Michael Crichton (1990) and Never Let Me Go by Kazuo Ishiguro (2005), which were
clearly influenced by concurrent developments in modern genetics and genetic engineering *.
Genetic engineering has been the basis of all the research included in this thesis. This

subchapter will provide a short overview about its concepts and applications.

Genetic engineering can be defined as:

“[...] the intentional manipulation of an organism’s genetic material using
tools that cut, move, and reattach (recombine) DNA segments within and
across different organisms”

— Presidential Commission for the Study of Bioethical Issues (2010)

Fundamental discoveries about evolutionary highly conserved biological principles paved the
way for genetic engineering to be a feasible and worthwhile endeavour. Nowadays some of
these discoveries seem so self-evident that it is difficult to imagine a view on biology without
them. Two such discoveries are that the genetic code is close-to universal in living organisms
(Crick, 1968; Osawa et al., 1992) and that there is generally a unidirectional flow of
information from DNA over RNA to protein, described in the central dogma of molecular
biology (Figure 1) " (Crick, 1970). The fact that these principles are universal in living organism
implies that we can transfer DNA from one organism to another without major alterations,

and that basic design principles and technologies are broadly applicable in different species.

Various ways to “cut, move and reattach” DNA have been developed and used since the

1960s, for example in the form of restriction enzymes, transformation/transfection protocols

YN}

and ligase reactions. Essential verbs for genetic engineering also include “reading”, “writing”

* The term genetic engineering was coined by scientists in the late 1940s and was popularized in fictional
literature by Jack Williamson in his 1951 Sci-Fi novel Dragon’s Island (Stableford, 2004).

" The genetic code is remarkably conserved even between the different kingdoms of life. However, there are
slightly variations between organisms and even within organelles (Barrell et al., 1979).
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and “copying”, as in sequencing (Maxam and Gilbert, 1977; Sanger et al., 1977), synthesizing
DNA (Beaucage and Caruthers, 1981; McBride and Caruthers, 1983) and performing PCRs
(Saiki et al., 1985). The most recent technology that has taken the genetic engineering
community by storm are CRISPR/Cas systems (Jinek et al., 2012). They have also been
essential for my research and are further detailed in Paper I. A timeline of breakthrough

discoveries and enabling technologies in the field are illustrated in Figure 2.

Replication Transcription Translation

DNA RNA Protein

)

Figure 1: The central dogma of molecular biology (Crick, 1970). Large grey arrows
indicate the universal transfer of information in biological systems. Small white arrows
indicate exceptions to the universal information flow, e.g. via reverse transcription
(RNA to DNA) or RNA replication (RNA to RNA).

A cell’s phenotype is dependent on its genotype and environmental stimuli. Consequently,
genetic engineering can be used to change a cell’s behaviour and traits. Historically speaking,
manipulation of DNA has been an indispensable tool to deepen our understanding of
biological processes, for example in gene knockout studies. Nonetheless, it rapidly became
apparent that cells can be reprogrammed with specific goals in mind, for instance for gene
therapies (Wirth et al., 2013), resilient crop varieties (Zaidi et al., 2020) or even bioart
(Dumitriu et al., 2021). Another major application of genetic engineering is the production of
complex biomolecules in modern biotechnology. The next section will specifically address the

use of microbial cell factories.

However, before we move forward there is one additional remark about genetic engineering.
The reader likely noticed that most of the works of literature mentioned in the introductory
sentences of this section are horror or dystopian novels, that deal with the consequences of
new technologies. When it comes to genetic engineering of animals, including humans, the
ethical implications cannot be overstated (Normile, 2018). This being said, my research
concerned single-cell, non-pathogenic organisms in controlled laboratory environments. A

more extensive and comprehensive discussion is outside the scope of this thesis, but | can
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Hershey-Chase experiment 1952
provides evidence that DNA is the

carrier of genetic information

Previously many scientists believed

proteins fulfill this role

(Hershey and Chase,1952).

Discovery of DNA ligase

Joining two DNA strands becomes
feasible (Zimmerman et al., 1967).

1967

The first recombinant DNA
molecule 1972

Restriction enzymes and DNA ligase
are used to fuse DNA strands of the
SV40 virus and lambda virus
(Jackson et al., 1972).

1981

Development of the
phosphoramidite method for DNA
synthesis

Derivatives of the method are still
the gold standard today (Beaucage
and Caruthers, 1981).

In vivo expansion of the genetic
code by reassigning the amber
stop codon

The synthetic amino acid O-methyl-
tyrosine can be incorporated in
proteins in E. coli (Wang et al., 2001) 2001

Demonstration that the CRISPR/

Cas9 system is programmable

A site-specific DNA cleavage can be

induced by designing

complementary gRNA

(Jinek et al., 2012). 2012

1953

1970

1977

1985

2010

2014

Discovery of the DNA double helix
structure

Watson, Crick and Franklin use X-
ray crystallography to investigate its
molecular structure (Watson and
Crick,1953; Maddox, 2003).

First purification and in vitro
characterization of a restriction
enzyme

Together with DNA ligases they
rapidly became essential tools for
genetic engineering

(Smith and Welcox, 1970).

Development of the Sanger DNA
sequencing method

The method is still being used today
for short DNA sequences
(Sanger et al., 1977).

Development of the PCR method
PCR enables the rapid amplification
of DNA strands in vitro

(Saiki et al., 1985).

Mycoplasma laboratorium, the
first life form with a synthetic
genome

The genome was chemically
synthesized and transplanted into a
living bacterial cell. Its original
genome had been removed
(Gibson et al., 2010).

In vivo expansion of the genetic
code with an unnatural base pair
The plasmid containing the unnatural
base pair is stably propagated in E.
coli (Malyshev et al., 2014).

Figure 2: Historical perspective on genetic engineering. The timeline provides an overview of important
events and breakthroughs in the field over the last 70 years. “Gold medals” indicate research associated
with a Noble prize. The timeline is not comprehensive and represents the subjective opinion of the author.
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refer the reader to de Graeff and co-workers (2019) or Niemiec and Howard (2020) for further

reading.

Microbial cell factories — Ferment everything, from beer to explosives

Fermentation of food and drink has been a part of human culture for millennia with evidences
going back to 7000 B.C. (McGovern et al., 2004). By providing bacteria, yeasts and moulds
with nutrients and favourable growth conditions, they in turn provided and keep providing us
with longer-lasting foods containing additional nutrients and flavour, as well as intoxicating
beverages. Initially humans utilized fermentations while being oblivious about what was
happening on the microscopic scale. Until the mid-1800s it was generally assumed that
fermentation is a spontaneous and purely chemical process (Schlenk, 1985). In 1837, three
scientist, Theodor Schwann, Friedrich Traugott Kiitzing and Charles Cagniard de la Tour,
independently provided evidence that living yeast cells are essential for alcoholic
fermentation (Kltzing, 1837; Schwann, 1837; Schlenk, 1985). This research was highly
influential for Louis Pasteur’s research regarding germ theory and the famous swan neck flask
experiment, proving that air-born particles (microbes) caused fermentation and not the air

itself (Berche, 2012).

In the first half of the 20" century, the stage for modern biotechnology was set when
fermentation was used for the industrial production of chemicals and medicines. The
bacterium Clostridium acetobutylicum was used during the First World War for the production
of acetone, which was required for manufacturing ammunition (Sauer, 2016). During the
same time period, the yeast Saccharomyces cerevisiae was used for the production of
glycerol, an essential ingredient for nitroglycerine explosives (Semkiv et al., 2020). Mass
production of penicillin, extracted from moulds of the genus Penicillium, started in the early
1940s (Quinn, 2013). Later in the century, it became apparent that microbes could be
genetically engineered and thereby optimized as production facilities, so called microbial cell
factories. Microbes can be engineered to produce higher amounts of native molecules, to
produce molecules that they would not naturally produce, to be able to use different carbon
sources or to improve their robustness to industrial environments. This opened seemingly

unlimited opportunities for the efficient and sustainable production of complex molecules in
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industrial settings. Pharmaceuticals, agrochemicals, cosmetic ingredients, nutritional
supplements, biofuels, and commodity chemicals can be produced in cell factories (Pereira et
al., 2021). Different host organisms, also called chassis, are being used as microbial cell
factories and the choice between different hosts is often product-specific and dependent on
the cultivation process (Xu et al., 2020). The yeast S. cerevisiae has proven to be an incredibly

versatile and competent host organism for cell factories.

Saccharomyces cerevisiae — The case for yeast

A world without Saccharomyces cerevisiae, also known as baker’s yeast, is hard to imagine. It
ferments sugars and in turn produces CO2 and ethanol, making it an essential ingredient in
culinary staples such as bread, beer, wine and even chocolate (Parapouli et al., 2020). Its
centrality in human life has made S. cerevisiae one of the most well studied organisms on the
planet and a favourite plaything for scientists. Yeast (in this thesis referring to S. cerevisiae
unless indicated otherwise) is a eukaryotic model organism in fundamental research (Botstein
and Fink, 2011), but is also used in applied science, for example for drug discovery (Hughes,
2002). Furthermore, it is presumably the most commonly used eukaryotic host for cell

factories in academic research ™.

Many cellular processes and structures are highly conserved between different eukaryotes. A
surprising amount of insights gathered from studying yeast is transferable to humans, e.g.
regarding the function of specific genes or regulatory pathways (Smith and Snyder, 2006;
Nielsen, 2019). In addition, yeast is simpler to work with than human or mammalian cell lines
and the experimental throughput is higher. Multiple Nobel prizes have been awarded to
researchers investigating physiological processes in yeast that are relevant for human

physiology (Starr, 2016).

* Where does S. cerevisiae come from? Research of the organism’s pangenome suggests that China was S.
cerevisiae’s cradle (Peter et al., 2018). It appears to have been domesticated afterwards at multiple locals and
timepoints independently of each other.



S. cerevisiae becomes the first
completely sequenced eukaryote
Approximately 600 scientists are
involved in this endeavor

(Goffeau et al., 1996).

Construction of the first genome- 1996
scale metabolic model for yeast

GEMSs have been continuously

updated and now also include

enzyme constrains

(Forster et al., 2003).

Establishing the CRISPR/Cas9 2003
system in yeast

The system is now ubiquitously used

in academic research

(DiCarlo et al., 2013).

High-yield production

pB-farnesene in yeast

Farnesene can be chemically

converted into the biofuel farnesane
(Meadows et al., 2016). 2013

Engineering a Crabtree-negative 2016
S. cerevisiae strain

A combination of rational 2018
engineering and adapted laboratory

evolution was used to rewire the

yeast metabolism (Dai et al., 2018).

Construction of a single-
chromosome yeast

All 16 chromosomes were fused
together to construct a viable
synthetic S. cerevisiae strain
(Shao et al., 2018).

20XX

Yeast, the first fully described/
modeled eukaryote?

2002

2006

2015

2017

2022

Engineering life

Construction of a close-to-
complete gene knockout library
96.5% of attempted knockouts could
be performed, 18.7% of genes
proved to be essential

(Giaever et al., 2002).

Yeast-based production of the
anti-malaria drug precursor
artemisinic acid

The cell factory paved the way for
semisynthetic artemisinin production
(Ro et al., 2006).

Construction of a humanized
yeast

Over 400 essential yeast genes
were replaced with human orthologs,
200 of which were able to
functionally replace the yeast genes
(Kachroo et al., 2015).

Yeast-based production of opiods
Heterologous expression of 21
genes was required for hydrocodone
production (Galanie et al., 2015).

Design for Sc2.0, the first
synthetic eukaryotic genome, is
being published

The synthetic genome is based on
the S. cerevisiae strain S288C
(Richardson et al., 2017).

Semisynthetic production of the
anti-cancer drug vinblastine using
yeast

The cell factory expresses 34
heterologous genes

(Zhang et al., 2022).

Figure 3: Historical perspective on Saccharomyces cerevisiae research. The timeline highlights important
studies in basic science as well as applied research focusing on synthetic biology and metabolic engineering
applications. The timeline is not comprehensive and represents the subjective opinion of the author.
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Besides the mentioned production of glycerol during World War I, yeast has been and is being
used for the industrial production of bioethanol *. With the advances in genetic engineering
technologies, S. cerevisiae has been modified to produce non-native products as well.
Prominent examples for products sourced from yeast cell factories on an industrial scale
include insulin, hepatitis B vaccine ingredients, human serum albumin and the antimalaria
drug precursor artemisinic acid " (Nielsen, 2013; Kung et al., 2018). The fact that yeast is a
eukaryote is also advantageous for its use in biotechnology. Eukaryotes are
compartmentalized and enzymes are often bound to the ER membrane or are localized in
other organelles. Generally speaking, heterologous genes from other eukaryotes can be
functionally expressed in yeast when expression in prokaryotes is challenging (Paddon and
Keasling, 2014). Yeast has several other key advantages that make it particular suitable as a
cell factory. For once, it is easy to genetically engineer due to its highly efficient homologous
recombination machinery. Compared to other eukaryotes it grows fast, requires only simple
media composition and is resilient to the harsh physical conditions in industrial bioreactors.
S. cerevisiae can thrive in acidic conditions, which is especially relevant for the production of
organic acids since cultivation at low pH significantly reduces the downstream costs for
obtaining the free acid form (Chen and Nielsen, 2016). Furthermore, yeast is non-pathogenic
and many products sourced from the organism have the generally-recognized-as-safe (GRAS)
designation. Highly sophisticated genome-scale metabolic models (GEMs) have been
developed for yeast (Lu et al., 2022). The models illustrate the vast amount of knowledge
about the organism that has been gathered over the last century. GEMs have been

successfully applied for the computational design of cell factories (Ishchuk et al., 2022). Figure

* Bioethanol production became especially relevant during the 1970s energy crisis (Bajpai, 2021). In the recent
two decades the bioethanol industry has again seen substantial growth due to increasing concerns about the
environmental impacts of fossil fuels. Calling first generation bioethanol a “sustainable” fuel alternative is
however largely misleading since it requires intensive agriculture on a large scale, often going hand-in-hand with
the destruction of ecosystems (Elshout et al., 2019).

¥ Semi-synthetic artemisinin production (in which artemisinic acid is produced in yeast and then chemically
converted to the active drug artemisinin) (Ro et al., 2006; Paddon et al., 2013) has generally been celebrated as
a groundbreaking accomplishment and is a poster child for the industrial adoption of cell factories. However,
the project has arguably not lived up to the expectations and excessive publicity around it. Previously,
artemisinin had been sourced from the plant natural producer Artemisia annua and yeast-based production was
meant to reduce costs and lead to more consistent yields. Sanofi started the commercial semi-synthetic
production of artemisinin in 2014, however it was stopped shortly after due to multiple reasons, including the
high costs of the chemical conversion step at scale, reduced costs of agricultural sourced artemisinin and a
stagnant demand for the drug (Peplow, 2016; Kung et al., 2018; Czechowski et al., 2020). Nonetheless, the cell
factory engineering efforts are an exceptional accomplishment on their own.
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3 showcases various milestones in fundamental and applied yeast research. Over recent
years, numerous proof-of-concept yeast cell factories have been developed in academic
research, many of which have great potential for future adoption in industrial processes. Still,
comparatively few yeast cell factories are used commercially. This is largely due to difficulties
reaching commercially viable productivities. The next section addresses this inherent

challenge in the field of metabolic engineering.

Metabolic engineering and synthetic biology — same same, but different

The research in this thesis combines metabolic engineering and synthetic biology approaches.
The two disciplines are closely related and here | aim to highlight their commonalities and

differences in terms of approaches, challenges and goals.

Metabolic engineering can be defined as:

“[...] the science of rewiring the metabolism of cells to enhance production of
native metabolites or to endow cells with the ability to produce new products”

— Nielsen and Keasling (2016)

A major goal is to redirect the metabolic flux (the turnover rate of metabolites) towards the
cell factory’s product and achieve high enough titers, rates and yields (referred to as TRY
metrics) for the cell factory to be economically viable and sustainable. Cellular metabolism is
organised in a bow-tie structure (Figure 4). Cells can use a wide range of energy and carbon
sources. These substrates are subsequently transformed into a very limited number
molecules, including energy carriers, redox equivalents and 12 universal precursor
metabolites (Nielsen, 2003; Nielsen and Keasling, 2016). The precursor molecules
subsequently serve as building blocks to synthesize all primary metabolites, secondary
metabolites and macromolecules. Production and consumption of energy and precursor
supplies need to be balanced and regulated on multiple levels to ensure cell growth and
homeostasis even under changing extrinsic conditions (Nielsen and Keasling, 2016). The
highly conserved nature of cellular processes is beneficial for genetic engineering. However,
the fact that the central carbon metabolism is conserved to a similar degree and tightly
regulated is an immense challenge for metabolic engineering. Rewiring metabolism to

produce high quantities of the molecule of interest and to limit the production of biomass or
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unwanted by-products is inherently difficult. This is however not the only engineering target.
Enabling the utilization of alternative carbon sources or increasing robustness of the cell

factory are also essential for industrial application (Gong et al., 2017; Suchov4 et al., 2022).
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Figure 4: The bow-tie structure of metabolism. Structurally diverse energy and carbon sources
are transformed into a very limited number of energy carriers, redox equivalents and 12
precursor metabolites, which are subsequently transformed into various forms of biomass,
primary metabolites and secondary metabolites. The 12 precursor metabolites are: glucose-
6-phosphate, fructose-6-phosphate, ribose-5-phosphate, erythrose-4-phosphate,
glyceraldehyde-3-phosphate, = 3-phosphoglycerate, = phosphoenolpyruvate,  pyruvate,
oxaloacetate, 2-oxoglutarate, acetyl-CoA and succinyl-CoA.

Even with the sophisticated GEMs available for S. cerevisiae, we are still not able to sufficiently
predict the outcomes of specific genetic modifications due to the mentioned complex
regulation and interconnectivity. As a result of this, metabolic engineering is a time-
consuming, iterative process following the so-called Design-Build-Test-Learn (DBTL) cycle
(Nielsen and Keasling, 2016). The Design phase initially encompasses the choice of host
chassis and afterwards the choice of genes to introduce, knockout or overexpress. In the Build
phase genetic engineering methods are used to modify the organisms accordingly. The cell
factories are then tested using low- or high-throughput technologies, like chromatography or
fluorescence-activated cell sorting (FACS). After the analysis the newly learned insights inspire
the next design choices. The first DBTL cycle could for example include literature research on
a heterologous pathway (Design), transfer of the suggested pathway enzymes to the host

chassis (Build), determining if the molecule-of-interest is being produced (Test) and
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elucidating which enzymes are essential or beneficial for production (Learn). The goals of the

next cycles could be to find the production bottleneck and to alleviate it.

Synthetic biology is closely related to metabolic engineering with many overlapping aspects
(Nielsen and Keasling, 2011). Both are based on genetic engineering and (for now) have to
rely on the DBTL cycle due to the complexity of biological systems. In both disciplines,
biological machines are designed and constructed to fulfil specific purposes. A consensus
definition of synthetic biology is arguably missing, likely because the research field is younger
and its boundaries are less well defined than metabolic engineering. Common motives when

synthetic biology is described in the literature include:

- applying traditional engineering principles, such as standardisation, to biology
- characterising genetic parts and assembly of the parts into genetic circuits

- producing and utilizing molecules that do not occur in nature

- developing biological machines on a molecular or cellular level

- designing and constructing synthetic genomes and synthetic minimal cells

(Benner and Sismour, 2005; Keasling, 2008; Purnick and Weiss, 2009; Schwille, 2011; Nielsen
and Keasling, 2011; Meng and Ellis, 2020). Overall, the aim of synthetic biology is to construct
useful and programmable biological machines in similar ways that electrical engineers are
building electronic devices. These biological machines arguably include cell factories *, but
their applications reach beyond the sole production of molecules. They can be used as
biological sensing devices (Hicks et al., 2020), drug delivery systems (Anderson et al., 2006),
organoids (Hofer and Lutolf, 2021), biological computers (Pandi et al., 2019) or for

bioremediation purposes ' (Cases and de Lorenzo, 2005).

Naturally, there are synergies between metabolic engineering and synthetic biology (Nielsen
and Keasling, 2011; Stephanopoulos, 2012). The research in this thesis illustrates some of

these synergies, using a cell factory for the production of abscisic acid (ABA) as an example.

* Guo and co-workers provided an interesting perspective of how synthetic biology and metabolic engineering
can be combined in future cell factories (Guo et al., 2018). They constructed a hybrid system in which inorganic
chemistry is used to harvest light. The resulting photoexcited electrons are used by a genetically engineered
S. cerevisiae strain to produce NADPH.

" Bioremediation is sometimes also included as a metabolic engineering discipline (Sharma and Shukla, 2022),
further illustrating the blurry line of the disciplines
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The border between the disciplines is blurry at best. Both have been utilized to different
degrees in the research papers of this thesis. Figure 5 aims to categorize the four papers on a

subjective scale from metabolic engineering to synthetic biology.

Paper i -
Transferring the ABA X7 . ——
pathway to yeast
Paper |
Toolkit for
standardized genetic
Paper IV parts
ABA biosensor
characterization and
Paper llI genetic circuit design

Rational engineering
of the ABA cell factory

Synthetic Biology

Metabolic Engineering

Figure 5: Is this Synbio yet? In this thesis, approaches of two closely related disciplines, metabolic
engineering and synthetic biology, were combined for the heterologous production of ABA. This schematic
illustrates to what degree the research papers utilized one or the other discipline. The toolkit developed in
Paper | is an example for a synthetic biology project, whereas Paper Il was a “classical” metabolic
engineering project. Similarly, Paper Il followed a metabolic engineering approach; nonetheless,
standardized genetic parts were used in this project. Synthetic biology tools like biosensors and a genetic
circuit were used in Paper IV; however, the main objective was to improve productivity of a cell factory.
This figure was inspired by Figure 1 from Nielsen and Keasling (2011).
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Abscisic acid

When | started my PhD studies, | was excited to have a project at the intersection of metabolic
engineering and synthetic biology. | did not know much about abscisic acid (ABA) but it
sounded like an interesting molecule to work on. The more | read about ABA the more
intrigued | became by its ubiquity and its applications. The following chapter aims to

summarize ABA’s unique features without being overly exhaustive.

Abscisic acid (ABA)

Figure 6: Chemical structure of (S)-(+)-2-cis,4-trans ABA

ABA the phytohormone — Plants get stressed too

In 1963, a growth-inhibiting compound was isolated from birch tree buds, which was
subsequently called dormin (Eagles and Wareing, 1963). In the same year, a molecule with
the formula CisH2004, extracted from cotton fruit, was shown to cause the abscission of
leaves, and consequently was named abscisin Il (Ohkuma et al., 1963). Later it was shown that
dormin and abscisin Il were actually the same molecule and its name was changed to abscisic
acid (ABA) to better represent its chemical structure * (Figure 6) (Addicott et al., 1968). Since
ABA is derived from isoprene it is part of the terpene family of natural products, specifically
sesquiterpenoids since it has 15 carbon atoms (the -oid suffix indicates that it contains
functional groups such as hydroxyl groups). The naturally occurring enantiomer is (S)-(+)-ABA,

predominantly found in the 2-cis, 4-trans configuration.

* ABA does likely not directly induce the abscission of leaves, but rather controls senescence and stress responses
that subsequently lead to abscission (Finkelstein, 2013). The name dormic acid had been used for ABA before
and, in retrospect, might have been a better choice.
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In the decades following its discovery, ABA was shown to fulfil crucial roles in plant growth
and developmental processes (reviewed in Cutler et al., 2010) and it is now presumed that
ABA is present in all vascular plants *. The molecule joined the ranks of other phytohormones
such as auxins, cytokinins, ethylene, gibberellins, salicylic acid and jasmonic acid. Besides seed
dormancy it is involved in germination, flowering, fruit ripening, closure of stomata and
senescence to name a few (Finkelstein, 2013; Leng et al., 2014; Martignago et al., 2020). ABA
is also a central regulator of abiotic stress responses in plants, such as drought, cold, UV, salt
and heavy metal-induced stress (reviewed in Finkelstein, 2013 and Hu et al., 2020). More
recent studies demonstrate that ABA also increases resilience to certain biotic stresses (Lee
and Luan, 2012; Olds et al., 2018); however, its impact appears to be more nuanced and
potentially dependant on the pathogen (Stevens et al., 2022). Olds and co-workers (2018)
hypothesized that in some cases ABA itself could act as a plant defence molecule, since
herbivore attacks trigger ABA production in affected leaves (Schafer et al., 2011) and ABA in

turn affects the reproductive ability of some insects (Visscher, 1980).

The mentioned processes are a testimony of how central ABA is in plant biology. ABA is also
produced in cyanobacteria and most of the investigated species of algae, however much less
is known about the physiological role of the molecule in these organisms (Hartung, 2010). It
has been hypothesized that ABA biosynthesis originally occurred in algae and cyanobacteria,
but ABA signalling only became crucial after plants colonized land (Hartung, 2010). This would
be in line with ABA’s essential role in the response to water scarcity. Nonetheless, it is
noteworthy that the ABA signalling network is highly complex with effects depending on plant
tissue and varying between species. ABA works agonistically with or antagonistically against
other plant hormones and the cross-talk between them further complicates investigations
(Verma et al., 2016; Berens et al., 2017; Lievens et al., 2017; Emenecker and Strader, 2020).

Even after roughly 60 years of research open questions remain about ABA signalling in plants.

* Refresher on botany: vascular plants, historically referred to as “higher plants”, are plants that have xylem and
phloem as dedicated transport tissues for water and nutrients, respectively. It includes seed-bearing plants but
also plants that reproduce via spores, such as ferns for example. Over 300.000 species of vascular plants have
been identified so far (Christenhusz and Byng, 2016).
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ABA in other organisms — Not a phytohormone after all?

A remarkable number of organisms were found to produce ABA and the list seems to grow
longer every year. ABA-producing organisms have so far been found in six of the seven
kingdoms of life *, with the exception of Archaea (Hauser et al., 2011). Compared to plants,
the role of ABA is less central in other kingdoms, but it still fulfils important functions and

shows remarkable physiological effects.

Plant-associated microorganisms produce ABA, likely either to communicate in symbiotic
relationships or to hijack the ABA-mediated response in pathogenic infections. Examples of
such microorganisms include nitrogen-fixing rhizobacteria (Cohen et al., 2009) and plant
pathogenic fungi such as Magnaporthe oryzae (Spence et al., 2015). ABA is also produced in
multicellular animals such as marine sponges, which are evolutionary speaking among the
oldest animal lineages (Olds et al., 2018; Gross, 2021). Further examples for ABA-producing
organisms include the unicellular parasite Toxoplasma gondii (Nagamune et al., 2008), the
European honey bee Apis mellifera (Negri et al., 2015), and mammals, including Homo sapiens

(Bruzzone et al., 2007).

From what we know so far, ABA seems have maintained a stress-related role in many
microbes and animals, to the point where it has been referred to as an “alarmone” (Scarfi et
al., 2009; Sakthivel et al., 2016). For instance, supplementation of ABA made honey bee larvae
more resilient to cold temperatures (Ramirez et al.,, 2017). Heat-stress increased ABA
biosynthesis in marine sponges (Zocchi et al., 2001). Accordingly, increased ABA production
was observed in human granulocytes after heat-stress (Bruzzone et al., 2007). Furthermore,
it has been suggested that there is a conserved ABA-mediated response to UV-B radiation in

plants and animals (Tossi et al., 2012).

In mammals, ABA is produced in various cell types, including but not limited to granulocytes
(Bruzzone et al., 2007), macrophages (Magnone et al., 2012), pancreatic B-cells (Bruzzone et
al., 2008) and mesenchymal stem cells (Scarfi et al., 2008). ABA appears to be ubiquitously
present in mammalian organs and has been detected in the heart, lungs, liver, kidney and

blood plasma, with the highest ABA concentration found in the brain (Le Page-Degivry et al.,

* Since Carl Linnaeus the kingdoms of life have been redefined ever so often. The seven kingdoms of life
according to Ruggiero et al. (2015) are Bacteria, Archaea, Protozoa, Chromista, Plantae, Fungi and Animalia.
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1986; Bruzzone et al., 2012). Research in murine animals and humans has shown that ABA is
tightly interlinked with inflammation and glucose metabolism but is also involved in cell

proliferation.

Interestingly enough, ABA can act as both, a pro- and anti-inflammatory agent. In vitro studies
report activation of immune cells while anti-inflammatory effects are generally observed in
animal models (reviewed in Sakthivel et al. (2016) and Lievens et al. (2017)). Regarding
glucose metabolism, Bruzonne and co-workers (2008) describe a signalling cascade in
pancreatic B-cells in which glucose stimulated ABA secretion, and ABA subsequently
stimulated insulin secretion. In vitro assays furthermore showed that ABA induces GLUT4-
mediated glucose uptake in myoblasts and adipocytes (Bruzzone et al., 2012). The blood
glucose stabilizing effect of ABA has been confirmed in human subjects (Magnone et al.,
2015). Reports also show that ABA can positively affect cell proliferation of mesenchymal

stem cells and hematopoietic progenitors (Scarfi et al., 2008, 2009; Malara et al., 2017).

0

Mammals Vascular Plants
* inflammation * developmental processes
*  blood glucose homeostasis * abiotic stresses response
» cell differentiation and proliferation *  Dbiotic stress response?
Gut microbiome  Apicomplexan Insects Plant Rhizobacteria
parasites pathogenic fungi
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Figure 7: Processes regulated by ABA and its use in inter-species interactions. ABA-regulated processes in
mammals and vascular plants are summarized. ABA-mediated interactions between organisms are shown
as blue or orange lines. Orange lines indicate proven interactions, blue lines indicate hypothesized
interactions. All listed groups of organisms have species that produce ABA, with the exception of the gut
microbiome for which ABA production has not been proven yet. To our current knowledge all mammals
and vascular plants produce ABA.
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Its biological ubiquity and conserved nature make ABA a particularly suitable candidate for
inter-species communication. Besides endogenously produced ABA and ABA absorbed from
fruit and vegetables, the gut microbiome could be a potential third source of the molecule
(Kim et al., 2020). ABA was shown to block bitter-taste receptors in the human gut (Pydi et
al., 2015) and it has been suggested that ABA might mediate host-microbiome interactions
(Kim et al., 2020). However, so far it is not known if gut microbes produce significant amounts

of ABA.

With the on-going research in this field, it is arguably misleading to call abscisic acid a
phytohormone. The molecule might not be as essential in animals as it is in plants; however,
many important processes on a cellular and systems level are facilitated by it. Figure 7
summarizes the effects of ABA in mammals and vascular plants, and shows examples of

(potential) ABA-mediated interactions between species.

ABA applications — A molecule to save the world

As outlined above, ABA shows a large repertoire of physiological effects in many different
organisms. Its potential applications are hence similarly broad and include medicine, nutrition
and agriculture (Figure 8). ABA could play a role in solving current societal challenges such as

food security, changes in diets and the surge of lifestyle-related diseases.

In the coming century climate change will severely affect agricultural yields (Devereux and
Edwards, 2004). More severe and longer-lasting periods of abiotic stress, such as drought and
heat stress, can acutely endanger food supplies. Exogenous application of ABA was shown to
improve abiotic stress resistance in various crop plants (reviewed in Dar et al., 2017). The
molecule could be a valuable natural agrochemical that can be deployed according to weather
predictions. ABA could also be used to inhibit early seed germination potentially resulting in
crop loss or reduced vyields. Applications of ABA that are more plant-specific include the
regulation of fruit colouration, potentially also affecting the nutritional value by increasing
anthocyanin production in the fruit (Ban et al., 2003; Karppinen et al., 2018; Oh et al., 2018).
Two products validate the commercial interest in ABA as a plant growth modulator (BioNik™

and ProTone®, both from Valent BioSciences).
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Figure 8: Applications of ABA with respect to current societal challenges. Global warming will lead to
changes in weather patterns with detrimental effects on agriculture. ABA could be applied to crops
according to weather predictions to prevent extensive crop loss, e.g. due to droughts or early seed
germination. Diets are changing due to increased concerns about livestock-based carbon emissions and
animal welfare. ABA could be used as a bitter taste receptor blocker in meat alternatives. Life style-related
diseases, like type-2-diabetes (T2D) and metabolic syndrome (MetS), have surged in recent decades. ABA
could become a drug for such diseases or their comorbidities.

As a bitter-taste receptor blocker, ABA could potentially be used as a food additive, e.g. in
meat alternatives (Pydi et al., 2015; Singh et al., 2022). ABA might be a particularly appealing
choice compared to other bitter blockers since it can provide additional nutraceutical benefits

to the product as outlined below.

Phytohormones have a long history in medicinal applications. The most prominent example
being salicylic acid and its synthetic ester acetylsalicylic acid, commonly known as Aspirin .
ABA’s anti-inflammatory properties were confirmed in animal models for chronic
inflammatory diseases or inflammation-associated diseases. Noteworthy examples include
obesity-related inflammation (Guri et al., 2007), arteriosclerosis (Guri et al., 2010) and
inflammatory bowel disease (IBD) (Guri et al., 2011). In a murine influenza model, ABA
supplementation reduced lung tissue damage, apparently not by affecting the virus directly
but by inhibiting the host immune response and preventing a “cytokine storm” (Hontecillas

et al., 2013). Plasmodium infections, such as malaria, can cause serious damage to the liver

* Plants rich in salicylic acid seemingly have been used for medical purposes already 30.000 years ago (Hardy et
al., 2012; Weyrich et al., 2017; Kim et al., 2020).
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and spleen, which are also largely caused by an exacerbated host immune response. In
Plasmodium yoelii infected mice, ABA reduced liver and spleen pathologies, likely in a similar
manner as in the influenza model (Hicks et al., 2016). ABA is a highly promising pharmakon
for type-2-diabetes (T2D) since it improves blood glucose homeostasis at comparatively low
concentrations (= 1 ug ABA per kg body weight) (Magnone et al., 2015). In fact, a supplement
for T2D patients made from ABA-containing fig extract “ has recently come to market
(Atkinson et al., 2019) and a phase-2 human trial is currently being conducted (AdventHealth
Translational Research Institute, 2022). Animal studies suggest that ABA might reduce
pathology-related memory loss as well as depression (Qi et al., 2015, 2016; Ribes-Navarro et
al., 2019; Espinosa-Fernandez et al., 2019). The brain contains high concentration of ABA and
there is a recuring theme since neuroinflammation can lead to memory loss or depression.
However, further research is required to validate the findings in humans. A recent review by
Kim and co-workers (2020) comprehensively examines the multi-layered effects of ABA (and
other plant hormones) on metabolic syndrome (MetS), a complex disorder related to a
combination of obesity, cardiovascular issues, type-2-diabetes and chronic inflammations.
ABA is a highly promising drug candidate for metabolic syndrome since it affects various

aspects of the disease.

ABA’s role in cell proliferation and differentiation could be employed in regenerative
medicine or cancer therapy. For example, in vitro application of ABA induced apoptosis and
cell differentiation in glioma tissue (Zhou et al., 2016). Furthermore, ABA appears to
downregulate angiogenesis (Chaqour et al., 2018), a phenotype of various tumours.
Fundamental research also indicates that ABA has anti-mutagenic effects in vitro (Saxena et

al., 2017).

Many of the cited reports have only been published recently and describe initial findings that
need to be confirmed and evaluated further. Historically speaking, insights gathered from in

vitro experiments or animal models are not directly transferable to human physiology.

* Eat your figs! The bioavailability of ABA from fresh fruit appears to be high and figs naturally contain high
amounts, about = 75 pg ABA per 100 g wet weight (Magnone et al.,, 2015). Compared to other fruit and
vegetables apricots also contain high amounts, = 32 ug ABA per 100 g wet weight (Magnone et al., 2015). This is
obviously not medical advice!
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Nonetheless, the sheer number of studies with promising results in various pathologies

demonstrate the potential of ABA for therapeutic or prophylactic applications.

ABA biosynthesis and signalling — So conserved and yet so not

ABA is a highly conserved signalling molecule throughout living beings. What makes ABA truly
intriguing from a scientific point of view is the fact that its biosynthesis and its receptors are
not conserved in the same manner. The terpene and terpenoid precursors isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) can be produced via two distinct
pathways. Animals and fungi exclusively use the mevalonate pathway (MVA) located in the
cytoplasm. Plants can produce IPP and DMAPP either via the MVA pathway or via the 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway located in plastids. Interestingly enough,
plants produce ABA via an “indirect” biosynthetic pathway in which IPP and DMAPP
(produced via the MEP pathway) are used to synthesize a C40 carotenoid, which is
subsequently broken down to from the C15 molecule ABA (Figure 9) (Nambara and Marion-
Poll, 2005). Plant-pathogenic fungi such as Botrytis cinerea in contrast use a “direct” pathway
in which ABA is synthesized from the C15 precursor farnesyl pyrophosphate (FPP) (Figure 9) *.
Nonetheless, this pathway is not strictly conserved and different intermediates are being used
in fungi (Tudzynski and Sharon, 2002; Takino et al., 2018, 2019). ABA production in B. cinerea
will be described in more detail in the chapter about Paper Il. ABA biosynthesis in humans has
not been elucidated yet. Humans neither have the MEP pathway, nor do they produce
carotenoids. Homologues for three of the four B. cinerea ABA pathway genes have been found
in mammalian genomes (Lievens et al., 2017). It seems likely that mammals produce ABA via
a similar, but not necessarily the same, “direct” pathway as fungi. ABA biosynthesis in
prokaryotes is equally elusive at the moment. Some ABA-producing species also produce
carotenoids, indicating biosynthesis via an “indirect” pathway (Lievens et al., 2017), however

biosynthesis might vary depending on the microbe.

* Due to the different biosynthetic pathways ABA is referred to as an apocarotenoid (compounds derived from
carotenoids) or a sesquiterpenoid (a C15 terpenoid) in the literature.
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Figure 9: Comparison of the ABA biosynthetic pathways in fungi and vascular plants (Finkelstein, 2013).
Fungi produce ABA via “direct” pathways localized in the cytosol using the C15 precursor FPP. Vascular
plants produce ABA via an “indirect” pathway. In plants, a C40 carotenoid is synthesized in plastids, which
is broken down to form ABA. The last steps of this pathway are localized in the cytosol. The terpene
precursors IPP and DMAPP are produced via the MVA pathway or the MEP pathway, respectively in fungi
and plants. Abbreviations: MVA = mevalonate, MEP = 2-C-methyl-D-erythritol 4-phosphate, IPP =
isopentenyl diphosphate, DMAPP = dimethylallyl diphosphate, FPP = farnesyl pyrophosphate.

ABA signalling in plants is highly complex (reviewed in Cutler et al., 2010). It includes various
independent receptors localized in different cellular compartments. A family of proteins
called pyrabactin-resistance (PYR) or pyrabactin-resistance-like (PYL) receptors, localized in
the cytosol, appear to be the most impactful ABA signalling components. In Arabidopsis
thaliana, 14 such receptors have been found (Fujii et al., 2009). Upon ABA binding, they inhibit
class-2C protein phosphatases (PP2Cs), resulting in a signalling cascade and transcriptional

response. PYR/PYL receptors are further discussed in Paper IV. Besides the previously
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mentioned bitter taste receptor (Pydi et al., 2015), a membrane-bound protein called LANCL2
seems to be the main ABA receptor in animals. A plant homologue of LANCL2 exists, but its
involvement in ABA signalling in plants remains questionable (Cutler et al., 2010). In animals,
binding of ABA to LANCL2 results in the activation of the transcription factor PPARy (Lievens
et al., 2017), which has been associated with energy metabolism, inflammation and cell

differentiation (Houseknecht et al., 2002).

ABA from an evolutionary perspective — Simple chemistry?

How can ABA be present in that many organisms and yet be produced and sensed in different
ways? Out of all the possible chemical structures, why did evolution “pick” this molecule as a
virtually universal signalling molecule? At this point in time, definitive answers for these
guestions are lacking and we can only speculate. One theory postulates that ABA biosynthesis
was not present in the last universal common ancestor but was first established in
prokaryotes, some of which eventually became chloroplasts in photosynthetic eukaryotes
(Hartung, 2010). The “direct” ABA biosynthetic pathways likely occurred via convergent
evolution since it allowed inter-species communication (Lievens et al., 2017), initially mostly
with photosynthetic organisms (for example the plant-rhizobacteria interaction mentioned
above), but after “re-invention” of the ABA pathway in other organisms potentially also more
broadly. Continuous exposure to ABA via plant-based foods might also have played a role in

this evolutionary development.

From a chemical perspective, ABA appears to be sufficiently water soluble while retaining the
ability to permeate membranes. ABA conforms with Lipinski’s Rule of Five, a rule of thumb to
predict the suitability of a given molecule as an orally administered drug in terms of solubility
and permeability * (Lipinski et al., 1997). ABA also conforms with other drug-likeness rules,
e.g. regarding the number of rotatable bonds and polar surface area of the molecule

(PubChem accessed 16.12.2022; Veber et al., 2002). ABA’s acid group (pKs = 4.75) changes its

* Lipinski’s Rule of Five actually has four criteria, but each criterion is a multiple of five hence the name. Generally,
three out of the four criteria should be true. The criteria are: no more than five hydrogen-bond donors, no more
than ten hydrogen-bond acceptors, a molecular weight of less than 500 Da, and a partition coefficient (logP) of
less than five. ABA fulfils all four criteria. The rule does not apply to substrates for of biological transporters
(Lipinski et al., 1997).
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ability to diffuse through membranes in a pH dependent manner, with the anion not being
able to penetrate membranes (Slovik et al., 1992). Taken together, ABA’s molecular structure
appears to be highly favourable for a signalling molecule and might be one of the reasons why
the ability to synthesize and sense ABA is so conserved throughout life. This is not to say that
ABA is a superior signalling molecule compared to other possible molecules. Presumably
ABA’s chemical structure was sufficient to fulfil its evolutionary role and appeared early

enough in our evolutionary history to eventually become as conserved as it is.
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Connecting the dots

Part Il of this thesis accommodates my original research. The four following chapters review
the individual papers, presenting a general introduction, a short summary of the main findings
and a broader discussion. The goal of this part was to, whenever possible, not repeat the
contents of the papers, but to provide an entry and wider perspective on the topics covered.
Detailed method descriptions, data and discussion of specific results are included in the

papers.

Paper Il

Proof-of-concept

Paper | Paper |

Paper Il Paper IV

Rational Biosensor and
engineering library

Future high TRY ABA cell factory

By combining rational engineering
targets and improved enzymes

Figure 10: Overview of the research papers. In Paper Il a proof-of-concept ABA cell factory was developed.
Two different optimisation strategies were adopted for Paper Ill and Paper IV. The toolkit developed in
Paper | was used to construct the strains of Paper lll and Paper IV. In the future, the findings of Paper Il and
Paper IV can be combined to construct an ABA cell factory with high titer, rate and yield (TRY).

This thesis is about the construction and optimization of an ABA yeast cell factory. Figure 10
illustrates how the papers relate to each other. Paper | describes a toolkit that has been used
as a general enabling technology for the subsequent research. In Paper Il a proof-of-concept
yeast strain for heterologous ABA production was established. Paper Il and Paper IV use

different approaches to optimize ABA production. The findings of these two papers can be

combined in the future to construct ABA cell factories with high titers, rates and yields.
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Paper |: Expanding the yeast MoClo toolkit

Standardization of DNA parts — Putting the “engineering” in genetics

Standards are indispensable in all engineering disciplines, from mechanical to software
engineering. Standardization has been a major facilitator of the industrial revolution and
standards are ubiquitous in our everyday life. Standardized parts, like screws and nuts or
diodes and transistors, enable the construction of complex systems out of simple parts (Figure
11). Standardized parts bring numerous advantages, including any or all of the following:
compatibility, interoperability, reproducibility, predictability and reusability. Overall,

standards reduce time investments and costs, and substantially increase scalability.

As was highlighted in Part |, biology is highly standardized on a fundamental level. This allows
us to transfer basic engineering strategies from other disciplines to biological systems
Standardization has been proposed from the early days as one of synthetic biology’s central
pillars (the others being decoupling and abstraction) (Endy, 2005). Early on, it was recognized
that the assembly of recombinant DNA constructs is time-consuming, tedious and potentially
limiting advances in the field. Gene expression cassettes can be thought of as modular,
fundamentally consisting of separate genetic parts assigned to specific functions, such as the
promoter, coding sequence and terminator. Standardization of these genetic parts would
simplify and accelerate the construction of recombinant DNA fragments, reduce costs and
ensure reproducibility. Pioneering work by Rebatchouk et al. (1996) and Knight (2003) proved
that genetic parts can be standardized and assembled in a modular fashion. Today the
benefits of genetic assembly standards are arguably universally acknowledged and various
standards have been developed and refined over the years, most notably the BioBrick (Knight,
2003), Goldenbraid (Sarrion-Perdigones et al., 2011) and Modular Cloning (MoClo) standard
(Weber et al., 2011).

* Biological engineering is in a unique position since we are largely restricted to a top-down engineering approach
in which we are taking an existing system, in this case a cell, and add and/or remove parts. Relying on systems
that are a product of evolution is however problematic. In contrast to an engineer who follows a systematic,
goal-oriented approach, evolution has been compared to a tinkerer who adapts whatever parts and tools are
available at a given moment (Jacob, 1977). This results in a large amount of complexity, redundancy, pleiotropy
and low regulatory hierarchy, all of which are generally not desirable in engineering projects. Research in
bottom-up engineering approaches is on its way (Mutschler et al., 2019), but arguably still in its infancy.
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Figure 11: From parts to systems. Engineering disciplines use standardized parts to construct modules, e.g.
logic gates in electrical engineering. Subsequently the modules can be combined to construct systems, e.g.
electronic devices. Synthetic biology aspires to a similar modularity and abstraction. Characterized and
standardized genetic parts can be used to construct logic modules inspired by electrical engineering, which
can then be used to develop biological devices.

Modular Cloning — One-pot assembly magic

In Paper |, we expanded the capabilities of the existing yeast MoClo standard developed by
Lee and co-workers (2015). The MoClo workflow is briefly described in the following text and
is illustrated in Figure 12. In MoClo, genetic parts are categorized by “type”, e.g. type 2 parts
are promoters, type 3 parts are coding sequences, type 4 parts are terminators et cetera. The
assembly procedure is based on Golden Gate cloning (Engler et al., 2008, 2009). Type IS
restriction enzymes, Bsal and BsmBlI, are used to generate type-specific DNA overhangs, e.g
all parts that are of the promoter type have the same overhang. The overhangs align with the
subsequent part and therefore can be ligated in a directional manner, e.g. overhangs of type-
2 parts containing promoters align with type 3 parts containing coding sequences. This
enables the assembly of expression cassettes or whole plasmids in an efficient one-pot
restriction-ligation reaction. MoClo uses a hierarchical assembly architecture with dedicated
“levels”. Individual genetic parts are stored in level-0 part plasmids, e.g. containing a single
type 2 promoter part or a single type 3 coding sequence (in a bacterial backbone for
amplification purposes). Multiple level-0 part plasmids are combined to construct level-1

plasmids that contain a complete expression cassette (and a yeast-compatible backbone).
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Lastly, multiple level-1 plasmids can be combined to form level-2 plasmids with up to six
expression cassettes. For the assembly of level-2 plasmids, specific connector elements (type

1 and type 5 parts) were designed (Lee et al., 2015).
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part plasmids

Bsal restriction + ligation
(combining one level-0 plasmid per type)

level-1
plasmids (single cassette)

BsmBl restriction + ligation
(combining multiple level-1 plasmids)

level-2
plasmids (multi cassette)

Figure 12: Modular Cloning (MoClo) workflow. The illustration shows how single cassette and multi cassette
plasmids are constructed from standardized parts. Symbols filled in grey represent bacterial parts. For the
construction of level-2 plasmids the restriction sites in the type 1 and type 5 connector parts are used and

destroyed (indicated by “X”).

Any type 0 part plasmids in the MoClo library can be combined directly and interchangeably
in restriction-ligation reactions without the need for specific “one-time-use” PCR primers that
are for example required in Gibson or uracil excision assemblies. The yeast MoClo toolkit
developed by Lee and co-workers (2015) provided the basic assembly framework as well as a
library of 96 MoClo plasmids that include commonly used promoters, coding sequences,

terminators, yeast origins-of-replications, yeast selection cassettes, bacterial backbones and
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connector elements. We expanded the existing toolkit to make it more applicable for
common metabolic engineering and synthetic biology applications. Paper | is summarized in

Box 1.

Box 1: Summary of the main goals and findings of Paper I.

Aims and results of Paper I:

- Aim 1 - Expand the yeast MoClo toolkit for common genetic engineering tasks
o Ten plasmid backbones for chromosomal integrations were added to the
MoClo library
o A workflow for Csy4-mediated gRNA multiplexing was developed
o A dual counter-selection marker for yeast and bacteria useful for the
construction of combinatorial libraries was added to the MoClo library
- Aim 2 - Further characterize existing parts:
o Inclusion of a Bglll site in promoter parts was shown to negatively affect
protein production
- Aim 3 - Simplify the adoption of the standard and improve its usability:
o Anonline tool to streamline the design of new MoClo parts was developed

o Anonline tool for the design of gRNA arrays was developed

Adoption of standards — Of toothbrushes and scientist

The MoClo standard and its expansion has been an enabling technology for the research in
this thesis, specifically for Paper Ill and Paper IV (Paper Il had been published before).
Nonetheless, standards are especially useful at scale. One of the main motivations for this
project was to establish a standard at our research group that is applicable for everyday
engineering tasks. Parts shared with co-workers can be used immediately and new plasmids
can be purified the next day. This nicely illustrates how a standard can accelerate the Build
phase of the DBTL cycle. In contrast, ordering primers for Gibson assemblies would take two
to five days, not to speak of the additional costs. Other institutions that utilize the same

standard benefit similarly and can rapidly utilize shared DNA constructs and reliably
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reproduce results. Beyond academia, standardization in biological engineering (including but
not limited to standardized genetic parts) is seen as crucial for a bio-based economy (de

Lorenzo and Schmidt, 2018).

Standardization attempts have been around for nearly two decades and their benefits are
widely accepted in the synthetic biology community. Why are genetic part standards not
adopted more widely in academia yet? In this context the Physics Nobel Laureate Murray Gell-

Mann has been quoted before saying:

“A scientist would rather use someone else’s toothbrush than another
scientist’s nomenclature”

— Gell-Mann (1995) and Beal et al. (2020)

There might be some truth to the particular stubbornness of scientists. Nevertheless, for the
adoption of genetic standards, there might be two other impactful factors, namely the
restrictive nature of standardization and the initial investments of resources required for their
adoption (Beal et al., 2020). Standards are by definition restrictive which is particularly an
issue for innovative research performed in academia. However, depending on the research,
the impact of these restrictions might often be overestimated and the additional throughput
achieved by standardization is likely worth the trade-off, especially since innovation often
requires rapid prototyping (Beal et al., 2020). From my own experience, the initial adoption
of a standard is time-consuming, requires establishing an administrative system (e.g. how is
the MoClo library stored, distributed and expanded) as well as financial resources (e.g. for
acquiring a basic part library and providing sufficient freezer storage space). Further
investment is required from the researchers who need to learn a new assembly procedure.
This specific issue was partly addressed in Paper | by developing tools that streamline the
design of new genetic parts, a process that is tedious and error-prone when done manually.
Standards will only be widely adopted if they provide substantial value to engineers and their
advantages outweigh the disadvantages. On a small scale this was illustrated by the adoption
of the MoClo standard at our research division. While many group members were initially
hesitant to switch to another assembly standard, over the course of a year, more and more
colleagues tested the MoClo approach and now use it regularly or exclusively. Different
reasons lead to individuals adopting the assembly standard, including reoccurring difficulties

with PCRs for Gibson assemblies due to the long primer sequences, wanting to adapt
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promoter or coding sequences from co-workers that were using MoClo already, getting DNA
constructs from other institutions that were using MoClo parts, and the overall faster
prototyping e.g. when fine-tuning expression levels using various promoters. From a practical
perspective, important features of the MoClo standard are the efficient and reliable Golden
Gate assembly protocol, as well as the user-friendly screening method for correctly assembled

plasmids that makes verification less tedious and time-consuming ~.

This being said, the MoClo standard comes with some disadvantages. Firstly, it is not possible
to directly assemble level-2 plasmids with multiple expression cassettes from level-0 part
plasmids. Instead, level-1 plasmids with a single expression cassette need to be constructed
first and then combined to form level-2 plasmids. In addition, the choice of connector
elements predefines the assembly of level-2 plasmid, therefore level-1 plasmids cannot be

combined universally in any number or order.

MoClo promoter parts include a Bglll restriction site at the 5" end of the coding sequence,
enabling compatibility with the BglBrick standard for genetic parts (Anderson et al., 2010).
Generally, cross-compatibility is highly desirable for standardized parts. Nonetheless, in Paper
I, we demonstrated that including the restriction site can reduce protein production levels.
Decreased protein production either was deemed to be less important than cross-
compatibility or might not have been anticipated when the standard was designed. This
highlights an issue with biological standards that is not present in other engineering
disciplines to the same degree. At the moment, a holistic understanding of cells and their
regulation is still missing. How genetic parts or modules behave when perturbed, e.g. by
extrinsic stimuli or other genetic modifications, is often unpredictable. This could potentially
require fundamental design changes in a given standard and require re-characterisation of
genetic parts. However, standards have been iterated on in other disciplines as well, adapting

to new insights or new applications.

* The screening method is based on different antibiotic markers, as well as GFP or RFP dropout cassettes which
are replaced if the plasmid is assembled correctly. Colonies that carry correctly assembled plasmids appear white
on the plate. More details can be found in the supplementary material of Lee et al. (2015).
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The future of standards — Beyond parts

The standardization of genetic parts is one piece of the puzzle towards biology as a genuine
engineering discipline. Various other standardization efforts have been established already
and are adopted by the community to different degrees. For example, by using the Synthetic

Biology Open Language (SBOL, https://sbolstandard.org) biological designs can be

represented in a circuit-like manner. OpenWetWare (https://openwetware.org/) provides

standardized operating procedures for laboratory techniques. Furthermore, Standards for

Reporting Enzymology Data (STRENDA, https://www.beilstein-

institut.de/en/projects/strenda/) have also been established.

Standards will impact biological engineering beyond just accelerating the Build phase of the
DBTL cycle. Instead, it is likely that standardization will substantially reduce the required
number of DBTL iterations for a given engineering project. Reported results are often not
reproducible (Baker, 2016). More standardization could play a significant role in alleviating
this reproducibility crisis. Furthermore, standardized testing and reporting procedures, as
well as comprehensive data repositories can facilitate the Learn phase, leading to more
promising designs in the following DBTL cycle. Having data repositories that are suitable for
training and evaluating machine learning algorithms will be key for many metabolic

engineering and synthetic biology applications.

To utilize standards to their full potential wide-spread adoption by the community is required.
This is as much a cultural issue as it is a scientific one. Establishment of a single genetic part
standard for biological engineering agreed upon by experts appears unlikely. This is arguably
also undesirable due to different needs and expectations in the research community.
Nonetheless, scientific journals and grant agencies could encourage the use of standards
regarding the reporting of data and the use of standardized genetic parts. Importantly, this
needs to be done in a non-restrictive way, not forcing the use of a single standard but

promoting the general use of any.
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Paper II: A yeast cell factory for heterologous ABA production

Botrytis cinerea — A noble pathogen

Most of us have likely encountered Botrytis cinerea in the supermarket or at home (Figure
13A). The plant pathogenic fungus infects an extensive range of host plants, 586 genera of
plants have been reported so far (Elad et al.,, 2016). It can often be found on grapes,
strawberries and tomatoes, and is typical referred to as “grey mould” *. Botrytis cinerea
causes major financial damage in agriculture and in particular viticulture. Damages due to
rotten products are difficult to estimate, but global expenses to prevent or mitigate B. cinerea
infections likely surpass $1 billion/year (Dean et al., 2012). Due to its negative impacts in
agriculture, B. cinerea is the most widely studied necrotrophic fungus (Dean et al., 2012).
Sometimes however, B. cinerea infection of grapes, known as noble rot, can be desirable and
is actively pursued at some vineyards with suitable climatic conditions (Magyar, 2011).

Botrytized wines are said to be naturally sweet and complex.

A B
| y il BCABA3

FPP ———

BcABA1
e

a-IE a-IAA

l BcABA2

ABA DH-a-IAA

Figure 13: Botrytis cinerea and its ABA biosynthetic pathway. A: Picture of a strawberry infected with
B. cinerea (picture by Rasbak, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=192867).
B: ABA biosynthetic pathway of B. cinerea (Takino et al., 2019). Enzyme names are shown in grey above the
arrows. Abbreviations: FPP = farnesyl pyrophosphate, a-IE = a-ionylideneethane, a-1AA = a-ionylideneacetic
acid, DH-a-IE = 1',4'-trans-dihydroxy-a-ionylideneacetic acid, ABA = abscisic acid.

ABA is generally regarded as a virulence factor for B. cinerea, interfering with plant defence

signalling (Kettner and Dorffling, 1995; Audenaert et al., 2002; Curvers et al., 2010).

* The name Botrytis cinerea stems from the Latin words for “grape” and “ash”, describing the structure of the
fungal spores and their greyish color respectively.
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Specifically, it appears to interfere with the salicylic acid signalling network that is associated
with biotic stress resistances, increasing the plant’s susceptibility to the fungus. However,
there is also evidence that ABA can reduce the susceptibility to B. cinerea (Korolev et al.,
2008). Additionally, B. cinerea strains that, in axenic culture, do not produce ABA are still
highly pathogenic (Siewers et al., 2006). More research will be required to understand ABA’s

role in this pathogen-host interaction fully.

ABA biosynthesis in B. cinerea — Unveiled after 15 years

In Paper Il we developed a proof-of-concept strain for the heterologous production of ABA in
S. cerevisiae, in which the biosynthetic pathway of B. cinerea was used (Figure 13B). Using this
ABA pathway instead of the pathway from plants seemed promising for multiple reasons. In
plants, most steps of the ABA pathway are localized in plastids, an organelle that is not
present in yeast. S. cerevisiae and B. cinerea are evolutionary more closely related (both
belong to the phylum Ascomycota), increasing the likelihood that heterologous enzymes can
be functionally expressed. Furthermore, and arguably the most relevant reason for metabolic
engineering applications, the B. cinerea ABA biosynthesis requires fewer enzymatic reactions
and is more efficient in its carbon and energy usage. Of the ABA-producing fungi, ABA
biosynthesis in B. cinerea is best described. Nonetheless, at the start of this project in 2018,
its ABA biosynthetic pathway had not been elucidated completely and there was still

uncertainty about the number of enzymes involved and their specific roles.

A cluster of four genes, bcabal to bcaba4, had been described before (Siewers et al., 2006).
Three of the genes, bcabal, bcaba2 and bcaba3, had been shown to be essential for ABA
production (Siewers et al., 2004, 2006). While not essential, bcaba4 still positively affected
ABA titers in B. cinerea. ABA was thought to be produced in at least four steps, starting with
the cyclisation of the sesquiterpene precursor FPP to form the ABA carbon backbone, which
consecutively would be decorated with oxygen-containing functional groups. None of the
clustered genes however showed typical motives of a sesquiterpene cyclase (STC) that could
catalyse the first reaction. In addition, it was not certain which of the oxidation reactions were

catalysed by which enzyme and in what order they were performed.
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One study found that a gene named bcaba5 encoding an STC was essential for ABA production
in the native host, supposedly catalysing the initial cyclisation of FPP (lzquierdo-Bueno et al.,
2018). This was however rebutted by a study that closely investigated BcABA3, a protein with
no homology to previously characterized enzymes (Takino et al., 2018). Takino and co-
workers (2018) found that BcABA3 is a hitherto undescribed type of STC. Shortly after, the
same group investigated the other genes of the bcaba cluster, elucidating the ABA pathway
and its intermediates in more detail (Takino et al., 2019). Interestingly, Takino and co-workers
reported that BcABA2 also exhibits an unusual functionality. BcCABA2, a cytochrome P450
monooxygenase (CYP), appears to catalyse two oxidation steps at different positions and on

different faces of the molecule (Takino et al., 2019).

Box 2: Summary of the main goals and findings of Paper II.

Aims and results of Paper Il:

- Aim 1 - Establish ABA production in S. cerevisiae and confirm conflicting studies
about ABA pathway genes
o Expression of bcabal to bcaba4 were sufficient for heterologous
production
o Expression of bcaba5 did not benefit ABA production
o ABA is predominantly present in the culture supernatant and is mostly
produced during growth in glucose
- Aim 2 - Pinpoint production bottlenecks in the ABA cell factory

o Neither FPP supply nor NADPH supply is limiting ABA production

O

(Over)expression of a cytochrome P450 reductase gene, either the native
yeast NCP1 or the B. cinerea BcCPR1, increased ABA titers

An as yet undescribed pathway intermediate or side-product with the mass-

O

to-charge ratio 233 accumulated in ABA producing strains

O

Activity of the ABA pathway enzymes, specifically the CYPs BcABA1 and
BcABAZ2, are limiting ABA titers in the current strain
o The ABA titer was increased 4-fold by expressing additional copies of

bcabal and bcaba2, reaching > 10 mg/L ABA
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In Paper Il, we confirmed that the 4 genes of the bcaba cluster are sufficient to produce ABA
in S. cerevisiae. The proof-of-concept strain produces ABA in a mg/L range. Besides, we were
able to pinpoint production bottlenecks in the strain which became the basis for further

investigations in Paper Il and Paper IV. Box 2 briefly summarizes the findings of Paper II.

Heterologous ABA production — Worth the trouble?

Besides its use in speciality wines, B. cinerea can fulfil another useful role for humans, namely
the biotechnological production of ABA (Kimura et al., 1994). In Paper I, the BcABA amino
acid sequences of the ABA-overproducing B. cinerea strain ATCC 58025 were used. This strain
produces close to 100 mg/L ABA in complex media after 17 days of cultivation in shake flasks
(Izquierdo-Bueno et al., 2018). On the one hand, this is substantially higher than in the ABA
titer reported in Paper Il. On the other hand, mineral media was used in our study and the
production rate was higher. Other studies report ABA titers of > 1 g/L in fed-batch cultivations

for a B. cinerea strain that has been mutagenized using UV radiation (Gong et al., 2014).

This leads to the question if it is worthwhile to construct and optimize an S. cerevisiae cell
factory for the production of ABA. Calculating and comparing the ABA yields is difficult since
not enough data is provided (the media feed rate for the fed-batch cultivations is not stated).
However, obvious advantages of S. cerevisiae are its faster growth rate and no hyphal growth.
Moreover, the following two studies of this thesis, Paper Ill and Paper IV, illustrate the
potential of S. cerevisiae in terms of genetic engineering possibilities and experimental
throughput. Performing the same genetic modifications in B. cinerea would have been
substantially more time-consuming and difficult. Compared to yeast (admittedly a lofty
standard), B. cinerea lacks genetic tools. To my knowledge, no dedicated framework for
standardized genetic parts exists for B. cinerea. Only recently has a CRISPR-Cas system been
developed for use in the fungus (Leisen et al., 2020). The use of genetic circuits in B. cinerea
is still in its early stages (Olivares-Yafiez et al., 2021). No small-molecule biosensors,
comparable to ones described in Paper IV, has been developed in B. cinerea to the best of my

knowledge *. Another advantage of S. cerevisige is the existing expertise and infrastructure

* Details about how the previously mentioned, UV-mutagenized B. cinerea strain was constructed and screened
for are not accessible. Presumably individual mutants have been screened “by hand” using low throughput
methods.
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for yeast cell factories in the industry, e.g. regarding large-scale fermenters and down-stream
processing. Biotechnological ABA production and potential cell factory chassis are further

discussed in Part Il of this thesis.
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Paper lll: Improving ABA production by rational engineering

Cytochrome P450 monooxygenases — Needy enzymes

Depending on how much is known about the pathway-of-interest, establishing a proof-of-
concept cell factory is often not trivial. However, as outlined in Part | already, improving titer,
rate and yield of a cell factory has proven to be all the more challenging and is one of the
major reason why few cell factories are currently used in industrial settings (Nielsen and
Keasling, 2016; Nielsen et al., 2022). The goal of Paper Ill and Paper IV was to improve ABA
production in the proof-of-concept strain. The activity of the CYPs BcCABA1 and BcABA2 were
shown to be production bottlenecks. In Paper Il we improved CYP performance without

engineering the enzymes themselves.

CYPs are complex enzymes that catalyse oxidation reactions using heme as a co-factor. They
rely on co-enzymes called cytochrome P450 reductases (CPRs) to supply electrons using
NADPH. Cytochrome b5 (CYB5) and its cognate cytochrome b5 reductase (CBR) can provide
an alternative source of electrons. CYPs and their various co-enzymes are often anchored in
the ER membrane . Any of these factors could limit the activity of BCABA1 and BCABA2 in the
ABA cell factory.

To investigate this further, rational engineering targets were chosen from the published
literature (Michener et al., 2012; Paddon et al., 2013; Arendt et al., 2017; Kim et al., 2019),
which included B. cinerea as well as the native yeast genes. We analysed the effects of
expressing the B. cinerea CYB5 and CBR, overexpressing the native HEM13 gene to increase
heme supply and investigated effects of genetic modifications affecting ER morphology,
namely overexpression of INO2 or deletion of OPI1 and PAH1. We furthermore investigated
if ABA production can be improved by preventing the export of pathway intermediates via
native yeast transporters. After probing the cell factory using these diverse engineering
targets, we homed in on PAH1 for further experiments since it appeared to be a highly

promising target. A more detailed summary of the results can be found in Box 3.

* CYPs are a large superfamily of very diverse enzymes. Their sequence identity can be less than 20% (Werck-
Reichhart and Feyereisen, 2000) and general statements can be misleading. For example, prokaryotic CYPs are
not membrane-bound. For some CYPs their CPR is fused to the enzyme, while other CYPs do not require a CPR
at all, instead they use NAD(P)H directly as an electron donor. Most CYPs, but not all, use molecular oxygen. The
text above refers to class Il CYPs, the most common class in eukaryotes.
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Box 3: Summary of the main goals and findings of Paper IIl.

Aims and results of Paper lll:

- Aim 1 - Investigate if the CYB5 of B. cinerea improves the activity of BcCABA1 and
BcABA2
o Expression of BcCYB5 and its cognate reductase did not improve ABA titers
- Aim 2 - Investigate if modifications in the native yeast metabolism can improve ABA
production
o Overexpression or knockdown of the transcription factors PDR1 and YRR1,
involved in transporter gene expression, did not increase ABA titers
o HEM13 overexpression, with the goal of increasing heme supply, did not
increase ABA titers
o Three genes involved in ER homeostasis were modified. INO2
overexpression and Aopil did not affect ABA production, whereas Apahl
caused a growth defect but improved ABA titers when normalized to ODsoo
- Aim 3 - Avoid the growth defect caused by Apah1
o A PAH1 knockdown (exchanging the native promoter with a minimal
synthetic promoter) mediated the growth defect while still improving ABA

production

ER proliferation — A detour into lipid metabolism

PAH1, INO2 and OPI1 are genes involved in yeast lipid metabolism. The former encodes an
enzyme whereas the latter two encode transcriptional regulators. Generally, cells use lipids
in three ways: as energy and carbon source, as energy and carbon storage and as building
blocks for cellular compartments, such as the ER. PAH1 encodes a phosphatidate
phosphatase, catalysing the conversion of phosphatidic acids (PAs) to diacylglycerols (DAGs)
(Figure 14). The reverse reaction from DAGs to PAs is catalysed by the enzyme Dgkl
(diacylglycerol kinase). PAs are precursors for membrane phospholipids (PLs) via the cytidine
diphosphate diacylglycerol (CDP-DAG) pathway (Fakas, 2017). DAGs on the other hand are

precursors for triacylglyceride (TAG) storage lipids. The reactions catalysed by Pah1 and Dgk1l
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are decisive in terms of how lipids are being used in yeast cells, either for membrane

homeostasis and expansion or for energy and carbon storage.

Not surprisingly, PL and TAG biosynthesis are tightly regulated in yeast cells (Henry et al.,
2012). A key regulator is the Ino2/Ino4 complex, activating various genes involved in the CDP-
DAG pathway (Figure 14). Opil acts in opposition to Ino2/Ino4 by binding Ino2 and preventing
gene activation. Knockout of PAH1, overexpressing INO2 or knockout of OPI1 all lead to the
PA/DAG balance being shifted towards PAs (Carman and Han, 2009). They result in similar
phenotypes in which an expansion of the ER has been observed, referred to as ER proliferation

(Arendt et al., 2017; Kim et al., 2019).

PA DAG
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Figure 14: Regulation of membrane phospholipid (PL) and triacylglycerid (TAG) production in yeast. The
enzyme Pahl catalyses the conversion of phosphatidic acid (PA) to diacylglycerol (DAG). The reverse
reaction is catalysed by Dgkl. DAG is used for the production of TAG storage lipids, whereas PA is a
precursor for PLs. The Ino2/Ino4 transcription factor complex activates various genes involved in PL
metabolism. Opil inhibits the formation of the Ino2/Ino4 complex, thereby acting as a negative regulator
of PL metabolism genes. Overproduction of PLs can result in phenotypes with an expanded ER. In the
chemical structures, “R” represents the aliphatic moiety of a fatty acid.

ER proliferation is a tried-and-tested engineering strategy for improving the activity of
heterologous CYPs (Hu et al., 2022; Jiang et al., 2022). An enlarged ER possibly enhances
folding of membrane-anchored enzymes and/or increases the physical space available for said
enzymes to function. All three described modifications have been applied in yeast metabolic
engineering studies before, however beneficial effects seem to vary depending on the
product (Arendt et al., 2017; Kim et al., 2019; Liu et al., 2021). Growth defects caused by
Apahl are not always observed (Liu et al., 2021). Paper lll illustrates that a PAH1 knockdown
is another valid engineering option to improve heterologous CYP activity besides the ones

previously described in other studies.
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Further experiments — Less applied, more basic

The ubiquity of CYPs in biosynthetic pathways of secondary metabolites makes them
exceedingly important for metabolic engineering projects. In comparison to engineering the
enzymes themselves, manipulating the native yeast metabolism is advantageous since
insights are potentially transferable to other cell factories expressing different CYPs.
Additionally, in biosynthetic pathways with multiple CYPs, as is the case with ABA production,

the enzymes do not need to be engineered individually but likely benefit similarly.

Nonetheless, in the case of ER proliferation more basic research is necessary to make insights
useful and transferable. Specifically comparing the phenotypes of PAH1, INO2 and OPI1
modifications in detail would be useful and describing how they affect different membrane-
anchored proteins. Paper Il would for example benefit from confocal or transmission electron
microscopy images that would confirm ER proliferation and make the study more
comprehensive. Quantitative and qualitative parameters (e.g. clustered or disorganized ER
expansion) could be measured (Papagiannidis et al., 2021). Basic research regarding ER
proliferation is of particular interest for metabolic engineering applications since current

GEMs do not capture ER membrane space.

There are likely many more engineering targets in the native yeast metabolism that would
benefit ABA production, be it other genes involved in phospholipid metabolism or genes
fulfilling completely different cellular functions, such as chaperones (Kim et al., 2019). Knock-
out or overexpression libraries could be analysed to find promising engineering targets
(Giaever et al., 2002; Jones et al., 2008). Alternatively, GEMs could be used to predict relevant
engineering targets, while keeping the number of samples to a minimum compared to the
previously mentioned libraries (Ishchuk et al., 2022). Nevertheless, a high-throughput

screening approach would be required for comprehensive analysis.
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Paper IV: Platform strains for high-throughput screenings

Biosensors — A very short introduction

Cells continuously measure their intracellular and extracellular environment, adjusting their
metabolism accordingly to ensure homeostasis and growth. In our daily lives, electronic
sensors are used to control our environment, for example to turn on lights upon sensing
motion, or to understand and predict our environment, as in the case of meteorological
sensors for weather forecasting. Could cells be engineered to fulfil similar functions, in

particular functions that are difficult to perform using electronic parts?

Biosensors are devices that can translate an input signal, e.g. the concentration of a molecule,
into an easily detectable output signal, such as a fluorescent signal. For this purpose, naturally
occurring sensor molecules and their regulatory networks can be adapted and engineered.
Biosensors can consist of individual biomolecules, such as receptor proteins, or of whole cells
resulting in self-replicating devices. Various whole-cell biosensor designs have been
developed over the years, including biosensors based on riboswitches, Forster resonance
energy transfer (FRET), transcription factors (TFs) or multi-component systems. Biosensors
have been constructed for a multitude of applications ranging from the detection of toxins
and explosives in the environment (Shemer et al., 2015; Saltepe et al., 2022), to biological
computing (Rondon et al., 2019) and medical diagnostics (Chang et al., 2017). In metabolic
engineering, biosensors can be used for the selection or screening of large mutant libraries,

e.g. enzyme libraries, with the goal of finding improved variants .

Biosensors need to fulfil various criteria to be of use. They need to (selectively) respond to
the molecule of interest, referred to as a biosensor’s ligand specificity. They need to respond
at a relevant concentration range, called the operational range. The signal intensity of an
activated biosensor needs to be clearly distinguishable from a biosensor that has not been
activated. The maximum difference in signal intensity between a biosensor’s “ON” state and
its “OFF” state is referred to as the dynamic range. The operational and dynamic range of a
biosensor are visible in its dose-response curve (Figure 15A). A biosensor’s sensitivity is the

slope of the dose-response curve. Lastly, a biosensor’s orthogonality describes the cross-talk

* A maybe obvious but important point is that biosensors do not directly measure the enzyme’s activity but
report the product (or substrate) concentration, which is used as a proxy for activity.
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between the biosensor components and the native metabolism (Rantasalo et al., 2018). High
orthogonality is generally desired, meaning that the biosensor has little to no effects on the
native metabolism *. All the mentioned criteria are highly application-dependent and

biosensor characteristics usually need to be optimized for the specific application at hand.

A B
PYR/
X PP2C AC
. |
: operational range : . Gal4AD
- - Gal4BD
>
3 @ m PGALT GFP M
> c
(@] ]
o —
2 Q +ABA @
5 5
Q. cC
2, =
PYR/
1 PP2C @ Jpyi GFP
> . -
[ligand] Gal4Bp GalMAD T

N 0GAL1 GFP M

Figure 15: Biosensor schematics. A: Illustration of a biosensor dose-response curve highlighting important
biosensor characteristics. B: Design schematic of the yeast-2 hybrid ABA biosensors characterised in
Paper IV. The biosensor consists of two fusion proteins, one containing the Gal4 DNA binding domain
(Gal4BD), the other containing the Gal4 activation domain (Gal4AD). Upon ABA binding the plant PYR/PYL
receptor interacts with the plant protein phosphatase 2C (PP2C), the fusion proteins co-localize at the GAL1
promoter and the GFP reporter is expressed.

In Paper IV, multiple candidates for whole-cell ABA biosensors were characterized. The
biosensor candidates are based on engineered transcriptional activators, specifically utilizing
the yeast 2-hybrid (Y2H) system (Fields and Song, 1989). The Y2H system was originally
developed to identify protein-protein interactions and is still widely used across biological

disciplines. The ABA biosensors use the split Gal4 activation domain (Gal4AD) and Gal4 DNA

* Orthogonality is sometimes defined slightly different in this context. It can also describe how transferable the
biosensor design is to other organisms (Mahr and Frunzke, 2016). Interactions with the native metabolism are
relevant for both definitions.
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binding domain (Gal4BD) fused to a plant PYR/PYL receptor and a plant PP2C respectively
(Figure 15B). The plant proteins interact if ABA is present, which leads to co-localisation of
the activation and DNA binding domain resulting in GFP expression. The most promising
biosensor candidate was used to construct platform strains that are specifically engineered
to screen BcABA1 and BcABA2 enzyme libraries. The ABA production in the platform strains

is tuneable, allowing optimization of the biosensor output. Paper IV is summarized in Box 4.

Box 4: Summary of the main goals and findings of Paper IV.

Aims and results of Paper IV:

- Aim 1 - Characterize different ABA biosensor candidates
o Genomic integration of the biosensor proteins reduced population
heterogeneity
o The time of measurement is a critical parameter and changes the biosensor
response curve
o The PYLcs-ABIcsP43t candidate showed the most suitable operational range
and was used for constructing the screening platform strains
- Aim 2 - Develop platform strains optimized for BcABA1l or BcABA2 mutant
screening
o ABA production, and in extension the biosensor output, can be tuned by
using the thiamine-repressible promoter pTHI4 for bcabal or bcaba2
expression
o The time of measurement is again a critical parameter
- Aim 3 - Construct error-prone PCR libraries for bcabal and bcaba2
o Using a high-efficiency transformation protocol, large enzyme libraries were
created, estimated to have 107 and 10° distinct variants of BcABA1 and

BcABA2 respectively

* The interaction of PYR/PYL receptors and PP2Cs has historically been a “hot topic” in the research community.
In 2009, two studies simultaneously described the interaction in plants (Ma et al., 2009; Park et al., 2009). In
2014, two reports independently described FRET-based ABA biosensors in plants that make use of the PYR/PYL-
PP2C interaction (Jones et al., 2014; Waadt et al., 2014). In 2022, two groups changed the ligand specificity of
PYR/PYL receptors to construct novel biosensors (Beltran et al., 2022; Zimran et al., 2022).
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Enzyme libraries — Let’s be irrational

In Paper Il and Paper Ill, we demonstrated that additional gene copies of BcCABA1 and BcCABA2
lead to multi-fold increased ABA titers. However, expression of additional copies also resulted
in a growth defect. Cellular resources are constraint, meaning that reallocation of precursor
molecules and energy, e.g. amino acids and GTP for expressing a heterologous protein,
ultimately comes at the expense of other processes (Bjorkeroth et al., 2020). Brute-force
overexpression of enzymes is obviously not a sustainable engineering strategy to reach
relevant titers, rates and yields. Engineering the native metabolism to improve enzyme
activity, as was done in Paper lll, is a more promising approach. However, eventually enzyme
kinetics, for example its turnover number, impose a “hard” boundary for such optimization
approaches. This is especially relevant for enzymes of the secondary metabolism, such as the

BcABA enzymes, since they generally exhibit low catalytic efficiencies (Bar-Even et al., 2011).

Rational engineering of enzymes remains exceptionally difficult. Random mutagenesis, e.g.
via error-prone PCR (epPCR), is a validated and more accessible approach to optimize
proteins. In Paper IV, epPCR was used to construct mutant libraries for bcabal and bcaba?2,
which were subsequently transformed into yeast. The resulting yeast libraries are estimated
to contain 107 and 108 distinct enzyme variants, for BcABA1 and BcABA2 respectively. Libraries
of this size are not screenable with conventional HPLC-MS (high performance liquid
chromatography-mass spectrometry), which was used for ABA quantification in the previous
papers. Instead, biosensors coupled with fluorescence activated cell sorting (FACS) are
commonly used to rapidly screen millions of cells and isolate promising mutants within a few

hours ™.

ABA can exit and enter the cell, which provides an additional challenge for high-throughput
screening approaches. Even in non-producing cells (e.g. cells that do not express a functional
bcabal/2 gene) the biosensor will be triggered since ABA produced by other cells can enter

the non-producer. Therefore, mutants need to be cultivated separate from each other.

* The used HPLC-MS setup requires = 10 min per ABA sample. However, a significant amount of time is spent on
sample extraction, about 100 samples can be reasonably extracted per day and per person. FACS on the other
hand requires minimal sample preparation and, depending on the instrument and desired sorting accuracy, the
sample throughput is 10° to 10’ per hour. However, FACS requires a functional biosensor and comes with its
own challenges, such as high rates of false positives due to cellular noise (Raser and O’Shea, 2004; Liang et al.,
2012).
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Droplet microfluidics provide a high throughput approach for encapsulating and cultivating

cells in picolitre-scale compartments.

Droplet microfluidics — Another very short introduction

Integrated circuits, and microelectronics in general, emerged in the 1960s (Kilby, 1964) as a
promising technology that became the foundation of the digital revolution. The premise that
miniaturization would not just reduce costs but also result in more efficient devices held true.
Early work on microfluidic systems was interlinked with the developments in
microelectronics, trying to achieve the same main goals (Convery and Gadegaard, 2019).
Microfluidic devices use channels in the um-scale or smaller and equally small volumes. An
early application of microfluidics was the inkjet printer head (Sweet, 1965). A more mature
version of the technology later permeated other disciplines such as analytical chemistry (Terry
et al.,, 1979) and biochemistry (Woolley and Mathies, 1994). An obvious advantage of
microfluidic devices is that they require less volume of precious samples or expensive
reagents. Additionally, on micro-scale devices, physical phenomena such as laminar flow,
shorter diffusion times, and dominance of capillary forces can be harnessed to increase
efficiencies and automate processes (Manz et al., 1990; Convery and Gadegaard, 2019). So
called “lab-on-a-chip” devices aim to miniaturize and parallelize virtually every liquid handling
workflow, from PCR or -omics analysis to DNA assembly and transformations * (Mark et al.,

2010; Szita et al., 2010; Linshiz et al., 2016).

Droplet microfluidics refers to the encapsulation of reactions or cells in droplets. Usually this
involves combining two immiscible liquids, an aqueous phase and an oil phase, in a
microfluidic chip. Different chip designs have been developed for droplet generation. In the
so-called flow focusing chip design, the oil phase enters a perpendicular intersection from
opposing sides “pinching” the aqueous stream to generate water-in-oil droplets. Pumps are
being used to ensure consistent flow of the two phases. The aqueous phase can be water,

buffer or media, while the oil phase often consists of hydrofluoroethers (HFEs). Compared to

* Unfortunately, we have not quite arrived in the miniaturized future yet. In a recent review, Convery and
Gadegaard (2019) argue that lab-on-a-chip devices at this point remain an academic endeavor more accurately
described as “chip-in-a-lab”. Echoing the discussion about standardized genetic parts earlier in this thesis,
Convery and Gadegaard state that a lack of standardization is hindering lab-on-a-chip technologies.
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conventional oils, HFEs allow for better gas transfer and exhibit lipophobic as well as
hydrophobic properties, thereby preventing the exchange of organic molecules between
droplets (C. Zhang et al., 2022). To stabilize the droplets, surfactants are used to reduce the
droplet surface tension. Droplets can subsequently be captured, incubated and analysed.
Isolating individual cells in droplets allows detailed analysis of nutrient consumption or of the
production of extracellular metabolites. Furthermore, different organisms can be co-

encapsulated to study or exploit their interactions (Siedler et al., 2017; Bowman et al., 2021).

Encapsulate Cultivate Screen

A

Figure 16: Droplet screening workflow. Cells of the enzyme library are encapsulated in droplets using a
microfluidic device. The cells are cultivated separate from each other in the generated droplets. During the
cultivation ABA is produced and the biosensor is activated. The biosensor output is used to screen the cell-
containing droplets for high ABA producers.

The in Paper IV constructed BcABA1 and BcABAZ2 libraries could be screened using droplet
microfluidics. Individual clones would be encapsulated in droplets, cultivated until sufficient
ABA is produced to activate the biosensor and subsequently screened (Figure 16).
Fluorescence-activated droplet sorting (FADS) could be used to screen droplets. This however
would require specialised droplet sorting equipment. As an alternative, Brower and co-
workers (2020a, 2020b) developed a method in which conventional FACS machines can be
used to analyse and sort double-emulsion (DE) droplets. The method is called single droplet
double emulsion FACS (sdDE-FACS). DE droplets consists of an inner aqueous core (media and
cells) surrounded by an oil shell (HFE) that are suspended in an aqueous outer sheath (media
or buffer). The outer aqueous solution is required for FACS analysis. DE droplets can be
generated using a single-chip design in which two flow focusing intersections are set in series
(Figure 17). At the first intersection, single-emulsion droplets (SE) are generated as described
in the previous paragraph; at the second intersection, DE droplets are generated. The DE

droplets generated by this method can be screened in a FACS machine, they are highly
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uniform in volume and droplets without cells are stable for months according to the authors

(Brower et al., 2020a; Brower et al., 2020b).

A
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B

Figure 17: Double-emulsion droplet generation. A: Picture of the microfluidic chip. A dual flow focusing
design (Brower et al., 2020b) is used to generate double-emulsion droplets. At the first intersection cells
are encapsulated in water-in-oil (w/0) droplets, at the second intersection water-in-oil-in-water (w/o/w)
droplets are generated. B: Close-up picture of the second intersection. C: Picture of the generated double
emulsion droplets (without cells).

Screening the BcABA libraries — It’s all about the throughput

During my PhD studies, co-workers and | established the DE droplet workflow developed by
Brower and co-workers at our division. Nonetheless, experiment-specific parameters, such as
the time of measurement and oxygen availability, still require optimization before the

libraries can be screened.

In Paper IV, we demonstrated how the biosensor output differs if ABA is added extrinsically

or if ABA is produced in the cell. We furthermore showed that the biosensor response differs
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at different measurement times. Nonetheless, the data gathered are not transferable to
cultivation in DE droplets. Cultivation in DE droplets reduces growth rates and in extension
affects ABA production rates and the biosensor output. Determining a suitable time point for

the library sorting will be essential.

Oxygen transfer is limited in droplet cultivations even when fluorinated oils are being used
(Mahler et al., 2015). Besides affecting growth, hypoxic conditions might also hamper ABA
biosynthesis since BCABA1 and BcABA2 use molecular oxygen as substrate (Inomata et al.,
2004). Additionally, GFP, which is being used as the biosensor’s reporter, is only fluorescent
after autooxidation (Heim et al., 1994). Oxygen limitations have been shown to affect
fluorescence in SE droplets (Siedler et al., 2017). Initial experiments with control strains that
constitutively express GFP showed that fluorescence is reduced in DE droplets (data not
shown). Oxygen availability could be improved via agitation; however, it is unclear how
resilient the droplets are to shear forces. Droplet incubator setups could also be explored

(Mahler et al., 2015).

Can 107 cells be encapsulated and screened in a reasonable timeframe using the sdDE-FACS
workflow? Droplets can be generated at a rate of 1 to 10 kHz (Brower et al., 2020a), for this
back-of-the-envelope calculation a 5 kHz generation rate is assumed. However, not all the
droplets will contain cells. Droplet occupancy, the percentage of generated droplets that
contain cells, follows a Poisson distribution (Collins et al., 2015). The higher the cell
concentration is, the higher is the droplet occupancy, but the more droplets will contain
multiple cells. Assuming a single-cell droplet occupancy of 5% (resulting in = 0.1% droplets
that contain more than one cell), it would take > 10 h of continuous droplet generation to
encapsulate 107 cells. This calculation disregards the need to oversample to increase the

likelihood that all library variants are included in the screening.

Besides droplet generation, the FACS analysis speed also limits throughput. Brower and co-
workers (2020a) suggest restricting the event rate to 1000 events per second to avoid droplet
breakage and ensure sort purity (regular FACS analysis can be performed at 12,000 events per
second). In an average droplet FACS run = 50% of the detected events are droplets, the
remaining half being debris (Brower et al., 2020b). Taking this and the previous calculation

regarding droplet occupancy into account, 25 cells can be screened per second, meaning that
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> 100 h of continuous FACS analysis is required to screen 10’ cells (again neglecting

oversampling).

Overall, the throughput limitations regarding droplet generation and analysis will likely not
be detrimental for discovering improved BcABA1 and BcABA2 variants. While, screening the
libraries in their entirety would yield the highest chance for success, improved enzymes were
isolated from 100-fold smaller libraries before (Schendzielorz et al., 2014; Xiong et al., 2017)

and screening a fraction of the BcABA libraries could suffice.
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Engineering future ABA cell factories

There is a multitude of possible approaches to improve titer, rate and yield of the ABA cell
factory. Screening of the bcabal and bcaba2 epPCR libraries will hopefully lead to the
discovery of improved enzyme variants. At this stage, various aspects could impede BcABA
enzyme activity in yeast. Enzymatic parameters like ket and Ky could limit ABA production,
but translation efficiency, folding or degradation of the heterologous proteins could also play
a role. It was demonstrated that even synonymous mutations can affect mRNA levels,
translation rate and folding (Zalucki et al., 2009; Zhou et al., 2015; Chaney et al., 2017; Shen
et al., 2022). Random mutagenesis libraries are naive and likely contain variants that are
altered in any of the mentioned traits. Discovered variants might not necessarily exhibit
improved catalytic efficiency but instead be optimized for functional expression in yeast
specifically. Promising mutations from different mutants can be combined to determine
potential synergies. As shown in Figure 10, the discovered enzymes could subsequently be
transferred to the PAH1 knockdown strain constructed in Paper Ill for further performance

analysis.

Incorrect processing of heterologous CYPs can result in them being oriented towards the ER
lumen instead of towards the cytosol (Galanie et al., 2015). This can severely affect their
activity (Galanie et al., 2015). So far, the localization of BcABA1 and BcABA2 has not been
investigated but would be worthwhile. In addition, the CYPs could be improved by modifying
their N-terminus, to render them water-soluble (Schoch et al., 2003; Chen et al., 2017).
Another validated strategy to increase catalytic efficiency is the construction of artificial CYP-
CPR fusions (Yabusaki, 1995; Zhao et al., 2016). These strategies could be investigated in
small-scale rational engineering approaches. For the analysis, the newly characterized ABA
biosensor could be utilized in a microtiter plate format, instead of relying on HPLC-MS

measurements.

Nonetheless, the ABA biosensor combined with microfluidic droplet sorting opens up a range
of possibilities for large-scale library screenings. As an alternative to constructing CYP-CPR
fusions, a combinatorial library with promoters of different strength can be used to fine-tune
the expression levels of the CYPs and the CPR. In Paper Il and Paper IV, a growth defect was
observed in strains with additional copies of bcabal and bcabaZ2. Fine-tuning the expression

levels could improve the electron transfer efficiencies between CYP and CPR, and prevent
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formation of reactive oxygen species (Paddon et al., 2013; Zangar, 2004). With a similar
approach the expression levels of the four ABA pathway genes could be fine-tuned and
optimized. In this context, pathway scaffolding could also be explored. In this approach the
enzymes of a biosynthetic pathway are co-localized to increase local concentrations of
intermediates and prevent the formation of side-products (Siu et al., 2015). Furthermore,
various libraries focusing on the native yeast metabolism could be screened, such as
overexpression, knockout, CRISPR activation or CRISPR interference libraries. GEMs could be
used to design “smart” libraries including only the most promising engineering targets. For
some of these libraries it might be preferable to separate the ABA sensing and ABA production
tasks. This could reduce the metabolic burden and metabolic imbalances present in
extensively engineered cells. Droplet microfluidics can be used to co-encapsulate sensing and
producing strains, and studies confirm the feasibility of this approach (Siedler et al., 2017;

Bowman et al., 2021).

Besides screening applications, the biosensor can be used to build genetic circuits, such as
feed-back or feed-forward loops. Genetic circuits can be employed to dynamically regulate
metabolic fluxes in cell factories (David et al., 2016; Tan and Prather, 2017). Once the
productivity of the current ABA cell factory has been improved, dynamic regulation could be
a promising approach for bioreactor cultivations, e.g. to separate growth and production

phases.

ABA cell factory hosts

In a recent study, Yarrowia lipolytica was engineered for the heterologous production of ABA
(Arnesen et al., 2022). The oleaginous yeast Y. lipolytica is seen as a promising host for
terpenoid cell factories due to a presumed high acetyl-CoA flux (Arnesen and Borodina, 2022).
This poses the question which microbial host is the most promising for the production of ABA:
the natural producer B. cinerea, the non-conventional yeast Y. lipolytica or the model

organism S. cerevisiae ".

* Escherichia coli has also been used for terpene production before (Wang et al., 2018). However, E. coli is an
unsuitable host for expressing eukaryotic CYPs, as was demonstrated for heterologous artemisinic acid
production (Paddon and Keasling, 2014). Takino and co-workers (2019) used Aspergillus oryzae as a
heterologous chassis to elucidate the ABA pathway, making the organism another potential ABA cell factory
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So far, B. cinerea has been used for the biotechnological production of ABA and high titers of
over 1 g/L in 10 day fed-batch cultivations have been reported (Gong et al., 2014), but
important details for calculating carbon yields are missing. In small-scale cultivations with
mineral media, S. cerevisiae and Y. lipolytica appear to produce very similar ABA/glucose
yields of = 0.6 mg/g (Paper Il and Arnesen et al., 2022). In terms of production rate, it seems
likely that S. cerevisiae and Y. lipolytica will outperform B. cinerea in industrial fermentations

since the yeast species grow faster.

As in S. cerevisiae, BCABA enzyme activity is currently limiting ABA production in Y. lipolytica
(to my knowledge no bottlenecks are described for B. cinerea). Consequently, it is essential
to improve these enzymes, before considering the metabolic flux of the precursor pathway.
For this purpose, S. cerevisiae is the most promising candidate due to its ease of engineering
and its vast knowledge base. S. cerevisiae excels at rapid prototyping, and numerous examples
of successful high-throughput screenings using biosensors are published. Performing similar
approaches in Y. lipolytica is of course possible but would likely require more time and
resources. A recent review identifies various challenges for Y. lipolytica terpenoid cell
factories, including fewer engineering tools, limited understanding of its physiology and a lack
of characterized regulatory elements like metabolite-responsive transcription factors (Zhang
et al., 2022). Improved BcABA enzymes discovered in S. cerevisiae could subsequently be
transferred and tested in Y. lipolytica or B. cinerea ABA-overproducers used in industrial
setups. In this case, S. cerevisiae would serve more as a screening platform to improve other
cell factories, since high throughput screening capabilities are lacking for B. cinerea. Similarly,
rational engineering targets tested in S. cerevisiae, like the ones described in Paper lll, could

be investigated in B. cinerea to improve existing processes.

Redirecting carbon flux towards cytosolic acetyl-CoA and the MVA pathway is challenging in
both yeast species. By nature, S. cerevisiae exhibits a high metabolic flux towards ethanol
production * (Gambacorta et al., 2020), whereas in Y. lipolytica, flux is directed towards lipid

biosynthesis (Zhang et al., 2022). A similar engineering challenge might be posed by the

candidate. Compared to S. cerevisiae, an extensive knowledge base about A. oryzae is missing and the organism
is more difficult to engineer.

* Eliminating ethanol production in S. cerevisiae with the goal of redirecting metabolic flux has been achieved
(Dai et al., 2018), but it remains to be seen if this is a suitable approach for industrial cell factories.
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regulation of ABA biosynthesis in B. cinerea. Since ABA appears to fulfil important
physiological functions, metabolic flux through its biosynthetic pathway is likely highly
regulated. However, this regulation might have already been altered in the UV-mutagenized

ABA-overproducer.

Another important factor to consider in the choice of chassis is the feedstock that can be used
in biotechnological processes. Glucose is expensive and its production requires the use of
arable land that could otherwise be used for food production. Ideally, biorefineries utilize
abundant waste products, such as xylose from lignocellulosic biomass, to produce chemicals.
S. cerevisiae is not able to utilize xylose natively; however, heterologous xylose utilization has
been a major engineering focus in recent years (Kwak and Jin, 2017; Li et al., 2019). Y.
lipolytica can metabolize xylose but the activities of involved enzymes are suboptimal at best
and more research is required to utilize the carbon source efficiently (Lee et al., 2021). B.
cinerea can also utilize xylose natively (Gentile, 1954). Nevertheless, for the fed-batch
cultivations media optimized for ABA production was used (containing glucose, sucrose, yeast
extract and soybean meal) (Gong et al., 2014). It is questionable how readily the fungal cell

factory could switch to other carbon sources and still produce similar ABA titers ~.

All the hosts have potential, and, at this stage, it would be ill-advised to dismiss one of them
over another. Research in any of them is likely beneficial for the other ABA cell factories. The
required TRY metrics to make a process economically viable are highly dependent on the use
of the product. Lower titer, rate and yield can be acceptable for high-value products such as
pharmaceuticals, whereas agrochemicals that are deployed on large scales need to be
produced at low cost in high amounts. ABA could embody both, a high- and a low-value

product.

A critical perspective on ABA applications

ABA could find applications in agriculture, medicine or nutrition. Food security is a major
concern today and its relevance will increase in the future (Anderson et al., 2020). ABA could

be used to prevent crop loss (e.g. due to droughts) or as a growth modulator (resulting in

*In the context of carbon and energy sources it is worth noting that ABA-producing microalgae could provide an
autotrophic cell factory chassis. Microalgae biotechnology comes with its own challenges however (Khan et al.,
2018).
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improved yields). For its wide-spread use in agriculture, ABA would need to be produced
cheaply and in large quantities, posing a major engineering challenge in terms of TRY metrics.
Since ABA is a conserved signalling molecule in various organisms, its wide-spread use could
affect ecosystems in unexpected ways. More research is required on this topic, but extensive
use of ABA could make crop plants more susceptible to certain pathogens (Edwards, 1983;
Gietler et al., 2020; Li and Heath, 1990). Another issue with agricultural applications is the
light sensitivity of the molecule. The half-life of ABA under mild UV exposure is under 30 min
(Cao et al., 2013), impeding its utility in agriculture. One way to address this issue is adding

photo protectants to ABA-containing products (Gao et al., 2016).

Instead of the naturally occurring molecule, synthetic ABA agonists could be used in
agriculture. ABA agonists can exhibit better half-life and can trigger ABA-mediated effects
more selectively by binding only a subset of PYR/PYL receptors (Dejonghe and Cutler, 2019).
To the best of my knowledge no ABA agonists have been commercialized yet. Their industrial
production would however depend on fossil carbon-derived chemicals. Many ABA agonists
differ substantially from ABA with regard to their structure. Nonetheless, there are structural
ABA analogues that are more stable towards UV radiation while retaining biological activity
(Wenjian et al., 2013). In theory, synthetic ABA analogues could be produced in yeast by
engineering enzymes and/or following a retrobiosynthesis approach (Coelho et al., 2013; Heel

et al., 2014; Hadadi and Hatzimanikatis, 2015).

It remains to be seen which medical applications of ABA hold up in human trials, but the
variety and number of potential uses encourage optimism. Pharmaceuticals are generally
low-volume high-value products allowing lower titers, rates and yields to still be profitable.
The fact that ABA shows pharmaceutical effects at low doses possibly decreases these
requirements (Magnone et al., 2015). In contrast to B. cinerea, which can cause allergies
(Jurgensen and Madsen, 2009), S. cerevisiae is an established and save host for drug
production (Nielsen, 2013). Similar to the use of analogues in agriculture, (yet-to-be-found)
ABA analogues with increased potency or other desirable medicinal characteristics could be
produced in yeast. In fact, yeast could potentially be used to screen for biologically active ABA
analogues (Pausch, 1997; Hughes, 2002). Furthermore, ABA could find applications as a

dietary supplement if prophylactic properties are confirmed, and no unwanted side-effects

61



Part lll: Perspectives

are observed . Further analysis is required to assess the performance of ABA as a bitter taste
receptor blocker in comparison to other products that are already on the market (Singh et al.,
2022). Its potential nutritional value could make ABA a preferable choice if produced in a cost-

competitive manner.

Metabolic engineering and the bioeconomy

To prevent the most severe effects of climate change, we need to drastically reduce our
carbon emissions as soon as possible. In part, this could be achieved by replacing petroleum-
based production processes with more sustainable biotechnological processes. High
expectations have been put on metabolic engineering in this regard. However, the
discrepancy between the numerous cell factories that are developed in academic laboratories
and the limited number of cell factories that are currently used in industrial settings is striking.
Metabolic engineering, and to some extend synthetic biology, have been criticized to mainly
focus on individual proof-of-concept studies (Yadav et al., 2012), which arguably generate
little transferable knowledge. My research started as a very application-oriented project
(chronologically Paper Il was the first project | worked on), but | nevertheless hope that some

of the gathered insights and tools are of use beyond the ABA cell factory.

The toolkit developed in Paper | will hopefully be useful to the yeast genetic engineering
community in general and simplify common engineering tasks. Combinatorial libraries, if
coupled with a high-throughput screening strategy, could be particularly useful to generate
new insights since a high degree of diversity can be created rapidly. The selection cassette
provided in the toolkit will facilitate their construction. Paper Il is a proof-of-concept study.
Nonetheless, the fact that the S. cerevisiae CPR appears to be compatible with B. cinerea CYPs
could be of interest to other studies. At this stage, Paper lll is lacking evidence about how the
ER proliferation targets affect membrane structure and benefit ABA production. Detailed

analysis of electron microscopy pictures and/or analysis of lipid profiles could help elucidate

* ABA-producing S. cerevisiae strains might be used to fortify fermentation products like nutritional yeast, or
even bread or beer. Even the low titers produced in the current strains could suffice for this purpose. Open
questions regarding the thermostability of ABA would need to be considered in some cases. Aspergillus oryzae
is used for the production of soy sauce and miso paste. An ABA-producing strain, like the one constructed by
Takino and co-workers (2019), could be utilized in these fermentations. This would, however, require a shift in
attitude towards GMOs in food products, specifically in the European Union.
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the phenotypes. Ideally, the targets would be investigated in a side-by-side comparison in
various cell factories expressing membrane-bound proteins to facilitate our understanding of
ER proliferation for metabolic engineering purposes. The main goal of Paper IV was to explore
the concept of screening platform strains with tuneable production. While the results look
promising, the constructed libraries will need to be screened to validate the usefulness of this
approach. Gathered insights could be transferable to other Y2H-based biosensors (Beltran et

al., 2022; Scott et al., 2022; Zimran et al., 2022).

Metabolic engineering would benefit from a more systematic approach and, in my opinion,
key elements of such an approach are the use of standards (including but not limited to
genetic parts) and more emphasis on understanding the phenotypes. In other words, putting
a greater focus on the Learn phase as well as basic research. A central issue in metabolic
engineering studies is that underperforming strains are usually discarded without further
analysis and even improved strains are often not analysed in terms of why they perform
better. Investigating the causalities of phenotypes would facilitate the rational design of cell
factories, result in valuable information for developing GEMs and other models and, in the
long term, enable a bottom-up engineering approach. However, this shift away from proof-
of-concept and optimization studies would require a change of incentives. To publish in high-
impact journals, metabolic engineers are incentivised to chase TRY metrics, whereas the time
and resources invested in understanding phenotypes or investigating transferability is not
rewarded to a similar degree *. A shift back to more primary research has also been advocated
for in other disciplines (Thorp and Yaffe, 2023). Thorp and Yaffe (2023) argue that neglecting
basic science will come at the expense of future applications and should be seen as a long-

term investment instead.

Nevertheless, there are other hurdles to the bioeconomy that cannot be solved by either
applied or basic academic research. One of which is the, often subsidised, low price of fossil
carbon, masking its true costs in terms of environmental damage (Parry et al., 2021) and
resulting in a lack of monetary incentives for companies to switch to more sustainable

production processes. In addition, companies would be required to make large initial

* Another argument for reconsidering the objectives of academic research is the fact that robots appear to be
much better suited for chasing TRY metrics than humans (Singh et al., 2023).
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Part lll: Perspectives

investments in R&D (e.g. for scaling up fermentations) and infrastructure (e.g. manufacturing

plants). These challenges require a political solution instead of a scientific one.

Science fiction

Cell factories have immense potential for the sustainable production of virtually any
molecule, from structurally simple commodity chemicals to highly complex speciality
chemicals. The choice of product is not restricted to naturally occurring molecules (Agostini
et al., 2017; Jung et al., 2010; Zhang et al., 2010). Indeed, engineered enzymes can catalyse
reactions in vivo that were never observed in nature before and that hitherto were only
accessible through synthetic chemistry (such as the formation of carbon-silicon bonds for
example) (Kan et al., 2016; Yang and Arnold, 2021). Recent advances in metabolic engineering
and synthetic biology have enabled novel ways to design, engineer and understand biological
systems. In the (hopefully not-too-distant) future, synthetic minimal cells could provide the
foundation of a bottom-up engineering approach. De novo designed pathways could then be
used to adapt these chassis for specific purposes. Early research indicates that even highly
complex traits, like the ability to perform photosynthesis, could become a transferable
“engineering module” (Cournoyer et al., 2022). Furthermore, inorganic-biological hybrid
systems (Guo et al., 2018) might require us to recontextualize the basic building blocks of cell

factories.
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