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PREFACE

This thesis 1s written as partial fulfillment of the requirements to obtain a
PhD degree at the Technical University of Denmark. The work presented in
this thesis was carried out between September 2017 and August 2020 at the
Novo Nordisk Foundation Center for Biosustainability at the Technical
University of Denmark, Kongens Lyngby, Denmark, and during a research
stay from May 2019 to October 2019 in the laboratory of Jay Keasling at the
Joint BioEnergy Institute at Lawrence Berkeley National Laboratory in
Emeryville, California, USA. The work was supervised by Professor Alex
Toftgaard Nielsen and funding was provided by the Novo Nordisk
Foundation through the Copenhagen Bioscience PhD Programme, grant no.
NNF16CC0020908. The external stay was partially funded by Kaj and
Hermilla Ostenfelds Foundation, Reinholdt W. Jorck and Hustrus
Foundation, Otto Monsteds Foundation and Markussens Student
Foundation.

Jenny Landberg
Kgs. Lyngby, August 2020
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ABSTRACT

Climate change is a growing concern worldwide. With the amount of
energy and resources we use today, we would need 1.7 Earths to cover our
consumption in a sustainable way. The main contributing factor to the
changing climate is the extraction and use of fossil resources for production
of fuels and chemicals. This releases high amounts of carbon dioxide to the
atmosphere, which drives global warming. To minimize the environmental
impact, it is critical that we find new, sustainable options to oil-based

manufacturing.

For centuries, humans have used microorganisms to make everything from
beer and wine to bread, yogurt, cheese, and kimchi. In the recent decades,
scientific breakthroughs within gene technology and DNA sequencing have
enabled the use of microbes in novel applications. By rewiring microbial
metabolism, we can establish cell factories that utilize renewable resources to
sustainably produce many of the chemicals, fuels and materials that are
currently made from fossil resources. However, most of these bioproducts are
more expensive to produce than oil-derived products. In order to make cell
factories economically feasible, it is important to find new ways to optimize
the yield, titer and productivity of bioproduction processes.

This thesis presents new tools and methods that can be used to increase
product yields and control growth and production in the microbial cell
factory Escherichia coli. A screening of the E. coli genome was carried out to
identify genes and intergenic regions that, when inhibited, decouples growth
and production. Identified targets that were shown to stop cell growth and
increase production capacity were further used to improve production of a
single-domain antibody. Using proteomics, it was found that the growth
decoupling strains were metabolically active and did not exhibit a typical
stationary phase response. Finally, an autoinducible gene expression system
based on the tryptophan operon and the T'7 RNA polymerase was developed
and applied for production of a protein and a biochemical. The system relies

on tryptophan depletion and does not require addition of expensive inducers.
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DANSK SAMMENFATNING

Klimaandringer er en voksende bekymring verden over. Vi bruger 1
dag sa megen energi og resurser, at vi har behov for 1.7 jordkloder for at
daekke vores forbrug pa en beredygtig made. Den primere bidragende faktor
til klimazendringerne er vores anvendelse af fossile resurser til produktion af
brendstoffer og kemikalier. Dette frigiver store mangder kuldioxid til
atmosferen, hvilket er med til at skabe den globale opvarmning. For at
minimere den fremtidige miljepavirkning er det kritisk, at vi finde nye,

baredygtige alternativer til de oliebaserede produktionsmetoder.

Mikroorganismer har 1 mange arhundreder hjulpet mennesket at fremstille
alt fra ol og vin til bred, yoghurt, ost og kimchi. I de seneste artier har
videnskabelige gennembrud inden for genteknologi og DNA-sekvensering
gjort det muligt at bruge mikrober til nye formal. Ved at modificere deres
metabolisme, kan vi skabe cellefabrikker, der bruger fornybare ressourcer til
baredygtig produktion af de kemikalier, breendstoffer og materialer, der 1 dag
produceres fra fossile ressourcer. De fleste af disse bioprodukter er dog dyrere
end tlsvarande produkter fra olie. For at etablere okonomisk
konkurrencedygtige cellefabrikker, er det vigtigt at udvikle nye metoder, der
kan bruges til at forbedre og optimere bioproduktionsprocesser.

Denne athandling prasenterer nye vaerktejer og metoder, der kan bruges til
at ege produktudbyttet og kontrollere vaekst og produktion 1 den mikrobielle
cellefabrik Escherichia coli. En screening af E. coli-genomet blev udfert for at
identificere gener og intergeniske regioner, der atkobler vakst og produktion
nar de inhiberes. Identificerede gener, der stoppede cellevakst og ogede
produktionskapaciteten, blev derefter brugt til at forbedre produktionen af et
antistof. En proteomics analyse viste, at celler med syntetisk inhiberet veaekst,
fortsat var metaboliskt aktive, og ikke gik 1 stationer fase, nar tilvaeksten blev
inhiberedet. Til sidst udvikledes et autoinducerbart genekspressionssystem
baseret pa tryptofan-operonet og T'7 RINA polymerase. Systemet kan bruges
til produktion af proteiner of biokemikalier, og er ikke athengig af dyre

inducermolekyler.
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PHD THESIS OUTLINE

Already in 1892, Svante Arrhenius predicted that the extraction of
fossil resources would lead to global warming. Today, we know that the
exploitation of our planet’s resources has had an enormous impact on the
environment, with effects that will last through the century and beyond.
Global warming, rise of sea level, ocean acidification, extreme weather,
shrinking ice sheets and mass extinction of plants and animals are just some
of the issues caused by our extensive use of fossil fuels. Besides the
considerable climate impact that fossil fuel usage has had, shrinking oil
reserves makes it critical to find new and sustainable solutions for the
production of fuels, chemicals and materials.

Bio-based manufacturing of chemicals and fuels using microbial cell factories
could constitute a key step to reduce our dependence of petroleum. Although
a number of bioprocesses have been commercialized, development 13
hampered due to limitations in existing conversion technology, lack of
political incentives, and high costs compared to oil-based production.
Addressing these limitations and improving the economic feasibility of cell
factories will allow for eco-efficient, bio-based production methods to replace
oil refineries. It will also enable the production of new types of compounds
with novel and improved properties.

Traditional cell factory engineering efforts have usually been limited to
pathway balancing and static rewiring of metabolic flux. The emergence of
synthetic biology and novel gene regulation methods has led to the
development of new approaches that can be used to further increase yields,
titers and production rates. This includes dynamic regulation of growth and
production, where growth and competing pathway fluxes are
downregulated, and product pathways are upregulated, at a certain time-
point of the production process.

The aim with this PhD thesis was to develop synthetic biology tools that can
be used to improve product yields by regulating growth and production in



the cell factory Escherichia coli. Controlling growth and production enables
efficient use of the provided substrates and nutrients, and allows for the
fermentation process to be divided into two phases, where biomass is
accumulated in the first phase and product 1s formed in the second phase.
This can significantly improve cell factory performance, as well as the overall
economic feasibility of bio-based production.

Chapter 1 gives a general introduction to industrial biotechnology and
microbial cell factories. The chapter describes how metabolic engineering
and synthetic biology can be used to improve cell factories, and gives an
overview of the pathways and regulatory mechanisms that are relevant for
the thess.

Chapter 2 describes the genome-wide CRISPRI1 screening and identification
of targets for decoupling growth from production. In this study, 12,000
seRNAs were constructed and used to find targets that inhibited growth

while protein production was maintained or increased.

Chapter 3 describes the application of the growth decoupling targets
identified in chapter 2. CRISPR1 was used to inhibit genes in the nucleotide
biosynthesis pathway, which significantly improved the yield and titer of a
single domain antibody. The metabolic state of the growth decoupled cells

was investigated using proteomics.

Chapter 4 describes the design and development of an autoinducible
expression system based on the tryptophan promoter and the 17 RNA
polymerase. The system was applied for the production of a toxic protein
and the amino acid L-serine.

Chapter 5 gives a summary and perspective on the work conducted in this

thesis, and an outlook on the challenges and opportunities in the field.



Chapter 1
INTRODUCTION

For thousands of years, humankind has used microbial fermentation
to conserve and produce food and beverages. One of the earliest findings
date back to the Natufian people, who brewed beer-like alcoholic beverages
in boulder mortars in Israel almost 13,000 years ago.! In the Neolithic village
of Jiahu in Northern China, scientists have discovered pottery jars with 9,000
year old traces of fermented beverages containing rice, fruit and honey,?
while the earliest grape wine is believed to have been made near what is now
Thilisi, Georgia, around 8,000 years ago.®> Throughout history, the use of
fermentation for preparation and preservation of food and drinks has given
rise to a variety of products including bread, cheese, yoghurt and kombucha.
However, it was not until the middle of the 19% century that Louis Pasteur
demonstrated how fermentation works. Through a set of experiments, he
showed that yeast grown under anaerobic conditions consumes sugars and
nutrients and converts them into alcohol, carbon dioxide and other
metabolites.* Soon after, he discovered the role of lactic acid bacteria in lactic
acid fermentation after investigating contaminations creating sour-tasting

alcohol at a sugar beet distillery.”

Pasteur’s work has been followed by numerous scientific breakthroughs
within recombinant DNA technology, DNA sequencing and synthesis, and
genome engineering, which has moved the biotechnology field forward.
Together, these findings have laid ground for our understanding of microbial
metabolism and growth, and how we can harness and optimize inherent
enzymatic reactions and pathways as well as complement them with novel
metabolic functions in order to create designer cell factories where the
metabolic flux 1s redirected toward a specific product. These cell factories
can be used in industrial biotechnology to help us produce not only food and
beverages, but a range of other compounds useful for our society. Hopetully,
future research efforts will enable sustainable cell factories to replace oil
refineries for the production of materials, chemicals and fuels.



Industrial biotechnology

Industrial biotechnology can be defined as “the application of
biotechnology for the industrial processing and production of chemicals,
materials and fuels. It includes the practice of using microorganisms or
enzymes to generate industrially useful products in a more efficient way, or
generate substances and chemical building blocks with specific capabilities
that conventional petrochemical processes cannot provide”.® Generally,
bacteria, yeast or fungi are used to convert renewable feedstock into value-
added products, such as biochemicals and proteins. Compared to traditional
petroleum-based manufacturing methods, biotechnological production
generates less waste and toxic by-products, emits lower amounts of
greenhouse gases, and reduces the overall need of fossil resources for
manufacturing of fuels, chemicals and materials.” Eco-efficient production
methods combined with increased product diversity means industrial
biotechnology can help companies reduce production costs and reach new
markets. Through its sustainable and innovative solutions to complex
environmental challenges, the sector is and will continue to be a key driver

toward green growth and a circular bio-economy.’-

The first large scale industrial biotechnology process was invented by Chaim
Weismann in the early 20 century, almost 150 years after Pasteur’s work on
fermentation. Weismann discovered the acetone-butanol-ethanol fermen-
tation process in Clostridium acetobutylicum, and used the organism for large
scale production of acetone that was needed for the British smoke propellants
during World War 1.9 In the middle of World War II, a decade after
Alexander Fleming’s discovery of this bacteria-killing compound secreted by
mold, penicillin was the next industrial biotechnology product produced in
large scale.!” This was followed by other notable examples moving the field
forward, including the development of enzymes to replace harmful
phosphates in detergents in the 1960s, and the emergence of the bioethanol
industry in the US and Brazil due to escalating oil prices in the 1970s. The
first was an excellent example of how biotechnological products can be used
to solve environmental issues in an efficient and sustainable way, by both
reducing phosphate pollution of lakes and streams, and saving energy by

maintaining wash efficiency at lower wash temperatures.!!



Entering into the 21t century, the biotechnology sector has witnessed an
immense growth. From 2000 to 2019, the annual revenue from the US
industrial biotechnology sector increased from less than $20 billion to over
$147 billion, with an annual growth rate exceeding 10% throughout the last
decade.!?!3 Biochemicals are already 0.5% of the total US GDP, meaning
that 17-25% of the overall revenue from fine chemicals produced in the US
comes from industrial biotechnology.!* In Europe, the sector was valued at
€31.5 billion in 2013, and expected to reach €57.5-€99 by 2030 provided
new political incentives focusing on sustainable and green solutions are
implemented.® The most prevalent product groups currently on the market
are industrial enzymes, biofuels, fine chemicals and platform intermediate
chemicals.” Besides growth in the existing product segments, new compounds
such as bulk chemicals, bioplastics, biochemicals and biomaterials with novel
functionalities are expected to enter the market in the coming decade.’-!
However, there are still hurdles to overcome to enable the transition from
oil- to bio-based production’® (Fig. 1.1).

Oil refinery Biorefinery

Distillation /\
column

Renewable ‘
—\v feedstock

C0p

L
O

Petroleum

Fermenter

—

Fuels L Biofuels
Chemicals Biochemicals
Materials Biomaterials

Figure 1.1. Transitioning from oil-based to bio-based manufacturing. The
current use of petroleum for production of fuels, chemicals and materials
generates toxic byproducts, releases CO2 and has multiple detrimental
effects on the environment. It 1s possible to replace a substantial part of oil-
based products with sustainable bio-based products. These are
manufactured from renewable feedstock that 1s converted into

biochemicals, biofuels and biomaterials by microorganisms or enzymes.



Feedstock diversification. A large portion of the currently used renewable
feedstock 1s derived from corn, sugar beets and sugar cane grown on arable
land.!® The use of alternative feedstock such as agricultural residues,
lignocellulosic biomass, waste vegetable oils or gas should be put into practice
in order to avoid competition with food supply and improve sustainability
and economic feasibility of bioproducts.!6:17

Novel organisms and chemical transformations. Domesticating and
developing engineering tools for non-conventional microorganisms, and
streamlining the identification of new enzymes and pathways, is required to
enable utilization of all types and parts of the feedstock and facilitate
manufacturing of new types of functionalized biologics.!®1? This will further
advance production of compounds currently on the market, promote
feedstock diversification, and enable chemical and biological co-processing
where platform biochemicals are functionalized through chemical

manufacturing, and vice versa.’”

Bioprocess feasibility. Fermentation* and processing constitute a major
expense in bioproduction, where cost of substrate (feedstock) 1s often more
than 60% of the total cost.!”-29 Developing new fermentation methods and
engineering efficient cell factories capable of high substrate-to-product
conversion rates and production yields will improve the overall economic

feasibility of production and bring more bioproducts to the market.!®

Policy making and funding. Political incentives are required to support
research, innovation and commercialization activities, develop new
infrastructure, standardize and harmonize bioproduct labelling and simplify
regulatory procedures.?!»?? In order for the EU to reach its goal of reduced
CO2 emissions, substantial funding is needed to establish new biorefineries.
Furthermore, the public needs to be educated about the advantages of
industrial biotechnology in order to create a market-pull for bioproducts.”-??

fAlthough fermentation in its strict scientific meaning refers to anaerobic extraction of energy from an
organic molecule using an organic molecule as the final electron acceptor, the term will be used throughout
this thesis to refer to any small or large scale microbial production process taking place in the presence or
absence of oxygen.



The bioproduction process

The general industrial bioproduction process (Fig. 1.2) can be divided into
two main stages; upstream processing, consisting of media preparation, strain
inoculation and fermentation, and downstream processing, consisting of
separation, purification and final processing. During media preparation, the
culture media is mixed, hydrated and, if needed, sterilized. This 1s followed
by inoculation and propagation of the selected microbial production strain
in increasing culture volumes. When the desired cell density and culture
volume has been reached, the cells are transferred to a large fermenter where
the microbes convert the carbon and nutrients in the media to the desired
product. Temperature, pH, aeration and agitation rate is usually controlled
throughout the fermentation, which can be operated in batch, fed-batch or
continuous mode. After fermentation, the cells are separated from the media
and the product is extracted, purified and processed in several steps
dependent on the product characteristics and purity requirements.

Bioproduction process steps

Upstream processing Downstream processing

Media preparation Strain inoculation ~ Fermentation Sepratation Purification Final
processing

s B B0

Figure 1.2. Processing steps of an industrial biotechnology production

process. Upstream processing consists of media hydration, mixing and
sterilization followed by strain propagation and fermentation. Downstream
processing consists of separation of cell mass and media and recovery of the
product from the cell mass or broth. This 1s followed by one or more
purification and processing steps, which are dependent on the type of

product and the required product purity.



Microbial cell factories

Microbial cell factories are the catalysts of industrial biotechnology,
responsible of taking low-value feedstock and turning it into value-added
bioproducts. The bioproduct can be expressed in an organism which
naturally produce the compound, or in a heterologous host.?? As new genetic
tools are emerging, non-model organisms such as Yarrowia lpolytica,?*
Kluyveromyces lactis'® and Moorella thermoacetica, to name a few, are gaining
more attention for their novel metabolic functions, ability to metabolize
diverse substrates and tolerance to high temperatures.?® However, model
organisms [scherichia coli and Saccharomyces cerevisiae are still the two most
commonly used cell factories due to their well understood metabolism and
physiology, availability of metabolic models and ease of genetic engineering.

Escherichia coli. Named after physician and bacteriologist Theodor
Escherich who discovered the bacteria in 1885, E. coli 1s the most well studied
organisms in the field of microbiology.?’ It is a Gram-negative, facultative
anaerobic chemoheterotroph that 1s naturally present in our gut
microbiota.?® The ease of culturing and propagating F£. coli has made it the
preferred host for a wide range of microbiological applications. The most
common laboratory strains are MG1655 and W3110 (both derivatives of
laboratory strain K-12), and DH5a, BL21, C, W and Crooks. Out of 6,626
unique proteins found in these strains, 50% are shared between all strains,
23% are shared between 2-6 strains and as many as 27% are unique to a
single strain.?® Therefore, it is not unexpected that every strain has its own
specific characteristics in terms of growth rate, metabolic flux distribution,
byproduct profile and gene expression and regulation. The most suitable
strain for production of a certain compound can be selected by reviewing
genomic sequences, predicting metabolic fluxes and evaluating gene
expression values. For example, MG 16355 has a high predicted flux through
a range of heterologous pathways, making it a suitable host for the
production of many types of biochemicals,? while BL21 is commonly used
for recombinant protein production as it lacks two main proteases.’’ The
widespread use of F. coli as a cell factory is easily understood as advantages
include fast growth rate, substrate and metabolic versatility, and an extensive



genetic toolbox. However, the function of one third of the (on average) 4,400
genes is still not known,?! and the organism has some disadvantages including
toxin expression, overgrowth competing with production, need for expensive

chemical inducers and genetic instability at high production levels.3?

Saccharomyces cerevisiae. Just as E. coli in prokaryotic biology, S cerevisiae
1s one of the most well-studied organisms in eukaryotic cell biology. It has
been used to study yeast mating, physiology and genetics, as well as
eukaryotic signal transduction, regulation and the cell cycle. In 1996, S.
cerevisiae strain S288C was the first eukaryotic organism to have its full
genome sequenced.?® The natural habitat of the yeast includes oak trees,
cactuses and grape peels; strain EM93, from which S288c is derived, was
isolated in 1938 from a rotting fig tree in California.3* S. cerevisiae has
traditionally has been used for various food applications such as winemaking,
beer brewing and baking.3%6 Today, it is widely used in industrial
biotechnology for production of proteins, industrial enzymes and bio-
ethanol.3” Some of the most common laboratory strains beside S288C
include CEN.PK, W303, Sigmal278b and FL100, which all have small
variations in their genetic and metabolic properties.?:39 Laboratory strains
are usually haploid with mating type a or a, and auxotrophic for various
amino acids to facilitate gene integration and plasmid transformation.
Industrial strains are mostly diploid, aneuploid or even polyploid, which
renders large genetic diversity and unique characteristics, but complicates
strain engineering efforts.3” Overall, S. cerevisiae is robust, stress tolerant,
capable of expressing heterologous proteins and pathways, easy to engineer
and resistant to phage contamination.* However, the yeast has a lower
growth rate compared to many bacteria, and there 1s a need for better
synthetic biology tools to advance the production of novel chemicals and
address issues with co-factor imbalance.*!

Production of proteins

Microbial cell factories are used for the production of proteins in different
parts of the biotechnology industry. Products range from industrial enzymes
such as proteases, lipases and amylases used in laundry detergents and food
and beer processing, to antibodies, cytokines and other recombinant proteins
produced in the pharmaceutical industry. The protein production host

10



organism 1s commonly selected based on the characteristics of the product.
Prokaryotic hosts are often preferred due to their fast growth, short
bioprocess times and low-cost media, and FE. cols 1s the go-to host for
expression of many of the new and established products.*> However, E. coli
limitations in secretion capacity and folding stability makes alternative
production hosts with better traits, such as high secretion capability, an
attractive alternative.?> Many proteins are also produced in eukaryotic hosts,
especially those requiring post-translation modifications. Depending on the
nature of the modification, yeast, filamentous fungi, insect cells or
mammalian cells can be used. For example, insulin 1s produced in yeast while

monoclonal antibodies are expressed in mammalian cells.*?

Single-domain antibodies. Immunoglobulin antibodies are a part of the
adaptive immune system in all jawed vertebrates.*> They have been
extensively researched and are today used in diagnostics, treatment of
disease, and in various research applications. In humans, the most common
variant is immunoglobulin G (IgG).#* It consists of light and heavy chains
that are linked to each other in a tetrameric quaternary structure, where the
antigen-binding fragment (Fab) is responsible for sensing and binding the
epitope of the antigen (Fig. 1.3). To improve and facilitate research
applications and pharmacokinetic properties of antibodies, scientists have
used the Fab part, or made small fusion proteins consisting of the variable
heavy and light chains connected with a linker peptide (single-chain variable
fragment, sckv) (Fig. 1.3).

In 1989, scientists at the Free University of Brussels made a fascinating
discovery; dromedaries have, in addition to the conventional immune-
globulins, a different type of antibody that is devoid of light chains (Fig. 1.3).4
A few years later, scientists at the University of Miami discovered that sharks
also express their own version of heavy chain antibodies (Fig. 1.3).#6 This led
to the development of single-domain antibodies (sdAbs), which are
engineered from the variable region of heavy-domain antibodies of camelids
(VHH) and cartilaginous fishes (VNAR). The small size compared to Fabs
and scFvs brings many advantages; they are easier to produce, better at
penetrating tissue, more stable at high temperatures and low pH, and still
maintain high antigen specificity.*’ sdAbs are being developed for diverse di-
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Figure 1.3. An IgG antibody, a Camelidae heavy chain antibody and a shark
heavy chain antibody. IgG; immunoglobulin G, Fab; antigen-binding
fragment, sclFv; single-chain variable fragment, sdAb; single domain
antibody, CH; heavy chain constant domain, VH; heavy chain variable
domain, CL; light chain constant domain, VL; light chain variable domain,
VHH; heavy chain variable domain of the camelid heavy chain antibody,
VNAR; heavy chain variable domain of the shark heavy chain antibody.

agnostics and therapeutics applications, and the first sdAb-based drug for
treatment of a rare blood clotting disorder was just launched on the market.*3

Heavy chain antibodies are expressed not only in dromedaries and sharks,
but also in llamas, camels, skates, rays and other animals belonging to the
Camelidae family or the Chondrichthyes class of animals.*?° New sdAbs are
commonly generated in llamas by injecting the animal with an antigen and
harvesting the produced immunoglobulins. After ensuring antigen
specificity, scale-up and production can take place. sdAbs typically lack
glycosylation sites and can thus be expressed in bacteria, which means they
are easier and cheaper to produce at large scale compared to conventional
antibodies that are expressed in mammalian cells.”! Therefore, they are of
interest not only as diagnostics and therapeutics, but also for industrial
biotechnology applications such as replacement of antibiotics in animal
feed.”>>3 In Chapter 3 of this thesis, bacterial production of an sdAb was

improved using growth decoupling.
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Production of biochemicals

Biochemicals are more complex to produce than proteins, as they often
require coordinated rewiring of metabolic flux through complex pathways.
Compared to proteins, which are difficult to manufacture through chemical
synthesis, many biochemicals are in tough competition with cheaper,
chemically synthesized petrochemicals. However, there are still several
compounds on the market, including biofuels, biopolymers, organic acids
and amino acids.’* Beside decreasing the carbon footprint compared to oil-
derived chemicals, utilizing microbial metabolism for biochemical
manufacturing paves the way for new products that are particularly difficult
to synthesize chemically, and have novel properties and areas of application.
Interestingly, all compounds that can be produced in nature are derived from
only 12 precursor metabolites.” Therefore, establishing platform strains
where metabolic flux has been optimized toward these different precursor
compounds 1s a promising approach for speeding up cell factory

construction.

Biochemicals can be produced by a single host or by a microbial consortia,
where two or more organisms are used to convert the substrate into the final
product.”® Semi-synthetic manufacturing, where a platform chemical is
synthesized in a host organism followed by further functionalization through
chemical synthesis, is also a very promising approach.’’~% The range of
compounds that can be produced microbially is wide, and includes
everything from simple primary metabolites to unnatural amino acids and
more complex products such as terpenoids, flavonoids, alkaloids and
polyketides.>%69 With further research yielding new bioinformatics methods,
metabolic engineering strategies and synthetic biology tools, the possibilities

will continue to expand.

L-serine. The amino acid L-serine i1s currently used in the food, feed,
cosmetics and pharmaceutical industry, but has great potential for extended
use since it can be applied as a building block for numerous chemicals.5!
Today, it 1s produced by extraction from hydrolysates, through chemical
synthesis, or by enzyme or whole cell catalysis from glycine. Production of L-
serine in microbial cell factories will enable the expansion to novel

application areas by reducing the production cost and environmental impact,
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Figure 1.4. The L-serine synthesis, degradation and conversion pathways
of E. cols. Glycolysis (no background), L-serine synthesis (green) and L-serine
degradation and conversion pathways (yellow). G6P; glucose 6-phosphate,
FBP; fructose 1,6-bisphosphate, DHAP; dihydroxyacetone phosphate,
G3P; glyceraldehyde 3-phosphate, BPG; 1,3-bisphosphoglycerate, 3PG; 3-
phosphoglycerate, PP; phosphohydroxy-pyruvate, PS; phosphoserine,
TCA; tricarboxylic acid cycle. serd encodes for D-3-phosphoglycerate
dehydrogenase; ser(C encodes for phosphoserine aminotransferase; serB3
encodes for phosphoserine phosphatase; glyd encodes for serine
hydroxymethyltransferase; #pB encodes for tryptophan synthase (3-chain);
sdaA, sdaB, tdeG encodes for L-serine dehydratase.

and ensure feasible scale-up of production so that an increased market
demand can be met.%? As L-serine is a medium-value compound with low
profit margin, it is however important to ensure that economically feasible
production can be achieved by optimizing product titer and yield, and

lowering process costs.

In E. coli, L-serine 1s synthesized from 3-phosphoglycerate (3PG) via a three-
enzyme-pathway consisting of D-3-phosphoglycerate dehydrogenase
encoded by serd, phosphoserine aminotransferase encoded by serC’ and
phosphoserine phosphatase encoded by serB (Fig. 1.4). L-serine can be
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degraded to pyruvate by L-serine dehydratase, or converted to glycine by
serine hydroxymethyltransferase. Together with indole, L-serine is also used
for the synthesis of tryptophan. The yield and titer of L-serine has been
improved significantly through systematic metabolic engineering of . coli.
The degradation pathways have been deleted; L-serine feedback inhibition
has been removed by random mutagenesis of serd; L-serine secretion has
been improved by exporter overexpression; and adaptive laboratory
evolution (ALE) has been used to improve L-serine tolerance.®3:5 In this
highly optimized strain, a randomized ribosome binding site (RBS) library of
the L-serine pathway was integrated into the genome, and screened to find
high-producing variants.%> This resulted in L-serine titers of 50 g/L with a
yield of 0.36 g/g glucose in lab-scale fed batch fermentation, which is the
highest reported titer for £. coli so far.%> In Chapter 4 of this thesis, we
engineered an autoinducible expression system to replace IPTG-based
induction of the L-serine pathway in this strain, in order to reduce
production costs. Beside F. coli, the main production organism to be
metabolically engineered for L-serine production is Corynebacterium glutamicum,
with a highest reported titer of 43.9 g/L and yield of 0.44 g/g sucrose.5

Regardless of the selected product, the cell factory must be efficient at
producing large amounts of it. The efliciency is assessed by measuring the
product titer, rate and yield (TRY).>* TRY can be improved through
different metabolic engineering and synthetic biology strategies that increase
product expression, decrease byproduct formation, and dynamically balance
microbial growth and production.>*

Metabolic engineering of cell factories

Microorganisms have the innate ability to build hundreds of different
compounds; however, they are generally not evolved to overproduce a
certain protein or metabolite. In order to establish the advanced microbial
cell factories used in bioproduction, the metabolic flux of the organism needs
to be rewired.%7:58 There are different approaches to redirect metabolism and
improve production. Biochemical productivity can be enhanced by over-
expressing biochemical pathway enzymes, increasing precursor and co-
factor supply, decreasing byproduct formation, deleting product-degrading
enzymes, removing product feedback inhibition and co-localizing pathway
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enzymes using synthetic scaffolds.?3%9 Compartmentalization of certain
enzymatic reactions has been useful for engineering eukaryotic organisms.”?
For heterologous protein production, promoter selection, codon optimi-
zation and improvement of secretion pathways has proven sucessful.?? Other
metabolic engineering effort include increasing the substrate range and
improving tolerance toward different metabolites.

Metabolic engineering has enabled the commercialization of a range of
products besides industrial enzymes, amino acids and bioethanol. By
introducing a twelve-step-pathway consisting of heterologous and native
enzymes to S. cerevisiae, scientists at the University of California, Berkeley,
managed to produce’! and scale-up’? production of the malarial medicine
precursor artemisinic acid. Although the success of semi-synthetic
artemisinin did not happen due to market saturation and market resistance,’?
American biotechnology company Amyris has further developed the
terpenoid platform strain for commercialization of other products. Through
a collaborative effort between Genencor and DuPont, large scale manu-
facturing of polymer building block 1,3-propanediol was commercialized in
2006, and 1n 2013, Genomatica and BASF launched their commercial scale
production of solvent 1,4-butanediol.’*

Developing commercial-scale cell factories 1s expensive and time-consuming.
On average, it takes 6-8 years and costs >$50 mio.>* Besides academic efforts
at universities and research centers over the world, metabolic engineering
and synthetic biology companies such as Ginkgo Bioworks and Zymergen
are working on bringing down costs and speeding up the most common
approach to cell factory engineering; the Design-Build-Test-Learn (DBTL)
cycle (Fig. 1.5). DBTL is applied not only for cell factory construction, but
also for tool development and other types of biological engineering.

Design. In this phase, the cell factory design for the chosen product is laid
out. The host organism is chosen based on capability of feedstock utilization
and inherent ability of expressing the product, tolerance to the product and
the bioprocess conditions, strain physiology, and availability of genetic tools
for strain engineering. The enzymatic pathway required for product
expression can be identified in literature or in databases such as BRENDA7
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and KEGG.7% If a pathway is unknown, there are computational tools that
can be used to find biosynthetic gene clusters or identify product pathways
through a retrosynthetic approach.”” Expression of the pathway genes needs
to be balanced, and large efforts have been made toward standardizing
biological parts for predictable design of synthetic constructs.”® The Registry
of Standard Biological Parts was founded at Massachusetts Institute of
Technology in 2003 in combination with the start of the 1GEM
(Internationally Genetically Engineered Machine) competition and contains,
among other items, characterized promoters, terminators, ribosome binding
sites and plasmid backbones that can be used for cell factory design and
diverse synthetic biology applications.”” Last but not least, there is an
increasing amount of useful computational metabolic models that can be
applied to identify mutations that improve production.8-8!

Build. In the build phase, the biological parts are synthesized and assembled
according to the intended design. The decreasing cost of DNA synthesis and
sequencing, and the continuous advances in genetic engineering technology
1s constantly speeding up this phase; today, it is even possible to synthesize
whole synthetic genomes.?? The build process includes cloning and
introduction of heterologous enzymes or pathways, knock-out of native genes
or pathways, and precision-based genome engineering with removal or
insertion of nucleotides into the genome of the host strain. Further protein
engineering may be required if the pathway enzymes are unstable at the
intended bioprocess temperature or pH.?3 Even though standards are
improving and the number of characterized parts are growing, the behavior
of standardized biological parts is not always predictable when introduced to
control novel enzymes and pathways. Therefore, it 1s oftentimes necessary to
generate large libraries of constructs from where the best variant can be
selected.?* Today, it possible to assemble expression and strain libraries with
millions of variants. Plate-based oligonucleotide synthesis is an affordable
option where hundreds of thousands of oligos can be generated and cloned
onto plasmids or introduced into the genome. This approach was used to
generate a genome-wide sgRNA library for £. coli in the study in Chapter 2
of this thesis. Multiplex Automated Genomic Engineering (MAGE) can
introduce genetic diversity at multiple sites in the chromosome, using
degenerate nucleotides targeting different loci.#> Clustered Regularly Inter-
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Figure 1.5. The Design-Build-Test-Learn (DBTL) cycle for biological
engineering. Adapted from Petzold et al.””

spaced Short Palindromic Repeats (CRISPR)-based engineering®® has
revolutionized the field, with applications in the build phase ranging from
basepair switching®” and multigene editing®® to knock-out?® and genome
integration of large DNA parts.?? Besides these targeted methodologies, cell
factories can be evolved to tolerate toxic compounds or grow (better) on new
substrates using ALE, where selection pressure sorts out tolerant or fast-

growing mutants.”!

Test. In the test phase, the output from the constructed system 1s measured.
Depending on the product, the test phase may pose a significant bottleneck
in the DBTL cycle. Metabolite analysis using High Performance Liquid
Chromatography (HPLC), Mass Spectrometry (MS) and Gas- or Liquid
Chromatography-Mass Spectrometry (GC- or LC-MS) 1s highly accurate
and enables monitoring of the target molecule, pathway intermediates,
byproducts and substrates. However, the run-time is long, which makes it
unsuitable when investigating thousands of wvariants.”” Microfluidics
platforms where metabolites are detected using surface-enhanced Raman
scattering (SERS) are a promising option for high-throughput screenings,
and has been developed for the detection of several different metabolites,
including p-coumaric acid and cinnamic acid.?>% Transcriptomics,

proteomics and metabolomics analysis can give a detailed and holistic picture
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of the state of the cell and lay ground rules for the next cycle iteration.
Although high-throughput and automated ‘omics workflows are developing,
the technology does not allow for screening of thousands of variants. High-
throughput screens can instead be carried out by coupling product level to
survival (e.g. antibiotic resistance) or to a fluorescent output (creating a
biosensor).?%% The latter is commonly done by engineering a riboswitch or
a (synthetic) transcriptional regulator to be activated by product binding.%6-97
In this way, high-producing variants can be selected using microtiter plate
screens or fluorescence-activated cell sorting (FACS). However, not all
metabolites can be coupled to a fluorescent output. Developing a biosensor
for a new metabolite 1s cumbersome, and the final construct has to be
optimized in terms of dynamic range, sensitivity and specificity. In some
cases, fluorophore expression can instead be used as a direct measure of
productivity, as in Chapter 2 and Chapter 3 of this thesis, where green
fluorescent protein (GFP) was used to screen a genome-wide and a small
sgRINA library for promising growth decoupling targets.

Learn. The learn phase 1s the last, and, unfortunately, the most weakly
supported step in the DBTL cycle.’* Here, data from the test phase is
thoroughly analyzed to identify gaps and shortcomings that needs to be
addressed for a successful next cycle iteration. The information can be used
to improve metabolic models, generate new design rules and identify any
modifications that should be done to the host organism or production
pathway. Further development in high-throughput analytics, metabolic
modelling and synthetic biology design standards will make it easier to
identify the flaws and shortcomings in strain and construct design, enabling

a better supported learn step.”’

Synthetic biology for cell factories

In synthetic biology, scientist use existing or synthetic biological parts to
redesign or build new-to-nature biological systems. It is applied not only in
microbial manufacturing, but also in food, agricultural, environmental and
health biotechnology. Major events in the history of synthetic biology have
been beautifully summarized in a review by Cameron et al;% they range from
Jacob and Monod’s discovery of cellular network regulation to the
establishment of the first synthetic circuits, the engineering of synthetic
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chromosomes, the construction of a bacteria with a synthetic genome and
the use of synthetic biology to commercialize bioproducts and establish cell
factories under synthetic dynamic regulation. The last few years, the
synthetic biology field has been growing rapidly, with an exponentially
increasing number of scientific papers being published each year.”? Start-ups
in the field raised almost $4 billion in 2018, summing up to §12.4 billion the
last 10 years.100

In order to build predictable synthetic biological systems, promoters,
terminators, ribosome binding sites, protein coding sequences, plasmid
backbones and other biological parts that are used to make the synthetic
constructs need to be well characterized. Therefore, standardization 1s and
has been central to advance synthetic biology. Besides The Registry of
Standard Biological Parts and 1GEM, standardization efforts include the
Synthetic Biology Open Language (SBOL),!! containing standards for
stheo and graphic representation of biological designs, BIOFAB
(International Open Facility Advancing Biotechnology),!> a research
collaboration that has resulted in the characterization of thousands of genetic
elements, and new data models to facilitate the registration of biological part
performance.!%® Biofoundries, located all over the world, generate large
amounts of data that can be used to implement new design rules and improve
standardization measures. They are often operating with the aim of speeding
up the DBTL cycle through the use of high-throughput methods,
automatization, artificial intelligence and machine learning approaches.!%*
Knowledge sharing 1s further supported by open source biology resources
such as OpenWetWare and EcoliWiki.

In the light of industrial biotechnology, synthetic biology has allowed
biological engineers to approach cell factory optimization in new ways. On
a DNA level, codon optimization has been used to improve protein
production, and the development of unnatural base pairs has expanded the
genetic code and enabled synthesis of proteins and peptides with novel
properties.5%105.106 Advances in DNA synthesis, reading and editing has sped
up the cell factory build process, and enabled the generation of large strain
libraries. For regulation of genes and pathways, hybrid and synthetic
promoters have been established for predictable control of gene expression,
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both in a constitutive and inducible manner.!?”.1% Numerous synthetic
circuits have been engineered to do everything from counting events!'? and
generate synchronized oscilliations!'? to dynamically control metabolic
flux!!! and decouple cell growth from metabolite production.!'? On an RNA
level, synthetic small RNAs (sSRNA)!3 and riboswitches!'* have been used to
regulate gene expression and improve biochemical production, and several
other promising applications are being investigated.!!> On the protein level,
protein domains with novel catalytic functions have been engineered to
construct non-natural synthetic pathways,!'® and unnatural amino acids are
being used to develop new types of therapeutics.5%-!!7 Forward engineering
metabolic pathways has both enabled and improved the production of

various compounds.”®

Unsurprisingly, inserting all these types of synthetic devices into microbes
can result in significant metabolic burden, genetic instability, and disruption
of endogenous metabolic functions.!!'® Measures to circumvent this can be
taken by model-based prediction of host interaction with synthetic constructs
and introduction of burden-regulated feedback mechanisms.!19:120

An ultimate goal of synthetic biology would be to forward engineer whole
microbes for a desired purpose. In the future, it might be possible to design
minimal cell factories optimized for the production of a specific biochemical
or protein. Although still far from reach, significant progress has been made.
This includes the synthesis of whole synthetic chromosomes in yeast!?! and
the creation of a bacteria with a synthetic,®? minimal'?? and recoded!??
genome. Naturally, the advancement of synthetic biology has raised
discussions on ethics and scientific code of conduct, as the construction of
synthetic organisms may have implications for the environment and for
human and animal health. Spread of genetically modified organisms (GMO)
in nature could negatively affect biodiversity, and microbes or viruses could
be designed to be used as bioweapons.'?* With all opportunities offered by
synthetic biology, especially from the growing number of applications made
possible by CRISPR-based engineering, it is important to take ethics into
consideration and set up regulatory systems and policies that are adapted to
the field.!?
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CRISPR-Cas. The emergence of CRISPR-based technologies has
revolutionized the synthetic biology and metabolic engineering field.
CRISPR-Cas 1s a bacterial adaptive immune system, of which the function
and structure was discovered and thoroughly investigated in the 90’s and
00’s.126-130 Since then, it has been repurposed as a precise engineering tool
for bacteria, yeast, mammalian cells and plants.!31 134

CRISPR-Cas9 CRISPRi

SgRNA ngNA dCas9
Mﬂmﬁﬁ l;mmm “I-IIIIIIIII

PAM Target gene
DSB l l
TITTITITITIIIITIT. T No transcription

Figure 1.6. CRISPR-Cas9 and CRISPRIi. Left panel: Cas9 and sgRNA
pairs up, and the sgRNA guides the dCas9 to the DNA sequence
complementary to the initial 20 nucleotide sequence of the sgRNA. Cas9
cleaves the DNA, causing a double-stranded break. The break can be
repaired vid non-homologous end joining, or homologous recombination
using a donor DNA. Cas9 can only cleave DNA 1n the presence of a PAM
site. The PAM site sequence of Cas9 1s 5-NGG-3’, where N can be any
nucleotide. Right panel: guiding dCas9 to a target gene blocks transcription
of the gene via steric hindrance. Binding within the target gene blocks
RNAP elongation, while binding to the promoter region prevents initiation
of elongation. Abbreviations: sgRNA; single guide RNA, DSB; double
strand break, PAM; protospacer adjacent motif, Cas9; CRISPR-associated
protein 9, dCas9; catalytically dead Cas9, RNAP; RNA polymerase.
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CRISPR-Cas systems are found in around half of the sequenced bacterial
genomes.!'3 They are divided into two main classes based on the CRISPR
associated protein (Cas); class 1 uses multiple Cas proteins and class 2 uses a
single Cas protein. The Cas proteins are nucleases that are guided by small
RNAs to cut DNA target sequences. The RNAs are expressed from CRIPSR
loci that contain residue DNA from phages and other foreign genetic
elements that have previously infected the cell. CRISPR-Cas confers
resistant to invasion of phages with similar DNA structure, as the RNAs will
recognize and guide Cas-mediated double strand break of the foreign DNA.
In order to cut the DNA, most Cas proteins require a protospacer adjacent
motif (PAM) to be present next to the RNA binding site. The PAM sequence
is usually 2-6 bp, and is dependent on the specific Cas protein.!36

The Streptococcus pyogenes CGas9 1s the most commonly used Cas enzyme for
engineering purposes. It 1s guided by an engineered single guide RNA
(sgRNA), which can be designed to bind and induce Cas9-mediated strand
break at a designated locus (Fig. 1.6). CRISPR-Cas9 has been used for a
range of applications, including genome engineering, construction of
genome-wide libraries, and directed basepair exchange.?-87.137 By mutating
active site residues histidine 10 and aspartic acid 840 of the Cas9 enzyme
into alanine, CRISPR has further been repurposed into an efficient regulator
of gene expression; CRISPR interference (CRISPRi) (Fig. 1.6) can be used
to inhibit transcription,!?® and CRISPR activation (CRISPRa),!39 where
dCas9 1s fused with a transcriptional activator, can be used to enhance
transcription. Inducible control of sgRNA and dCas9 expression allows
silencing of a gene or cellular function to take place at a desired timepoint,
which can be highly useful for dynamic metabolic engineering purposes.!38
In Chapter 2 and Chapter 3 of this thesis, CRISPR1 was used to screen for
gene targets that could function as growth decoupling switches, and to
increase sdAb production through inhibition of nucleotide biosynthesis,

respectively.
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Regulation of growth and metabolism

The growth and metabolism of microbes 1s regulated through
networks of complex interactions. External cues, such as pH, temperature
and nutrient availability, are sensed and transformed to cellular responses
through transcriptional, translational and proteolytic changes that affect
metabolism, morphology, growth and other processes.!* A brief overview of
the regulation of growth and metabolic pathways that are relevant for this
thesis 1s given below.

Inducible promoters — the tryptophan operon

Microbes can use inducible promoters to respond to nutrient availability and
environmental changes by coupling presence or absence of a metabolite or
physical input to the expression or repression of a certain gene, operon or
pathway. The response can for example be mediated by binding of the
metabolite to a regulator protein, resulting in binding or dissociation of the
protein from its DNA binding sequence, and subsequent repression or
derepression of the promoter. One of the most well studied examples is the
tryptophan operon.

In 1953, Monod and Cohen-Bazire concluded that biosynthesis of L-
tryptophan in £. coli 1s repressed in presence of tryptophan, and induced
when tryptophan is depleted.!*! The regulatory mechanisms of the operon
have been extensively studied since then. There are five structural genes that
encode the enzymes responsible for converting chorismate to L-tryptophan;
trpE, trpD, trpC, trpB and trpA (Fig. 1.7).142 The expression of these genes is
regulated by the trp repressor (TtpR). When cells are grown in media with
tryptophan, TrpR binds the amino acid as well as the tryptophan operator
(trpO), which hinders expression of the #pE-A genes. In absence of
tryptophan, the conformation of TrpR changes and it disassociates from
trpO, enabling transcription of the #pE-A genes.!*3 Regulation is further
enhanced by a mechanism called attenuation; in front of #pf-A, there is a
leader sequence (&7pL) with an attenuator.'** The leader sequence also
contains two tryptophan-encoding codons in a row. This is unusual, as only
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Figure 1.7. Regulation of the tryptophan operon in E. coli. Upper panel:
the structural genes tpk, trpD, tpC, trpB and trpA are regulated by the
tryptophan repressor (IrpR), which binds operator #pO in presence of
tryptophan. Lower panel: expression of the structural genes is further
regulated by attenuation; at high tryptophan levels, the ribosome translates
the leader peptide at full speed, leading to the formation of stem loop 1 at
the attenuation site of the leader sequence #pL. This causes early
transcription termination. At low tryptophan concentrations, the ribosome
stalls at the dual tryptophan codons, leading to the formation of stem loop
2. The transcription of the structural genes can proceed without
interruption. Abbreviations: RNAP; RNA polymerase, trp; tryptophan.
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one out of one hundred amino acids are L-tryptophan in an average L. coli
protein.!*> Depending on the tryptophan availability, the trp leader sequence
can form different stem loops that affect the transcription of the #7p mRNA.
In low tryptophan concentrations, the ribosome is stalled at the double
tryptophan codon site; this will lead to the formation of a stem loop that
allows continued transcription of the #p mRINA by the RNAP. At high
tryptophan concentrations, the ribosome will not stall while translating the
mRNA. This leads to the formation of another #pL stem loop that works as
a RNAP termination signal, which stops transcription (Fig. 1.7).146 Together
with TrpR repression, attenuation of #pL enables tight regulation of
tryptophan biosynthesis. The intrinsic regulatory properties of the
tryptophan operon, as well as of other native inducible systems, has been
widely exploited and engineered when creating inducible expression systems
to optimize for microbial production of proteins and biochemicals. Chapter
4 in this thesis describes the development of a tryptophan-regulated gene

expression system.

Nucleotide biosynthesis

Nucleotides are the building blocks for DNA and RINA, and are essential for
many other metabolic processes and signaling pathways. They can be
synthesized de novo from various precursor molecules, or through salvage
pathways using extracellular metabolites or intracellular degradation
products of DNA and RNA as start material.!*” Degradation of nucleotides

is primarily induced when cells are grown under nitrogen starvation.!*?

De novo synthesis of purines (adenine and guanine) starts with the formation 5-
phosphoribosyl-1-amine (PRA) by PRPP amidotransferase (Purk) (Fig. 1.8).
The activity of Purk 1s allosterically regulated by nucleotide monophosphates
(NMPs) adenosine monophosphate (AMP) and guanosine monophosphate
(GMP).1#7 Expression of purl'is negatively regulated by the purine repressor
(PurR), which, upon binding corepressors guanine and hypoxanthine,
regulates the expression of most genes in the purine de novo biosynthesis
pathway.!*9 The end products of the purine pathway, AMP and GMP, can
be further converted into nucleotide- and deoxyribonucleotide triphosphates

(NTPs and dNTPs) and used as RNA and DNA building blocks. Synthesis
of NMPs via the purine salvage pathway is carried out through phosphorol-
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Figure 1.8. Nucleotide biosynthesis. An overview the de novo pyrimidine
(pink) and purine (yellow) biosynthesis pathways together with a selection of
the nucleotide salvage and interconversion pathways of E. coli. Constructed
based on information from KEGG, Martinussen et al.!*” and Jensen et al. 148
Please note that the scheme only depicts selected reactions in the salvage
and interconversion pathways. Dashed arrows indicate several intermediate
reactions. Abbreviations: PRPP; Phosphoribosyl diphosphate, PRA; 5-
Phosphoribosyl-1-amine, = GAR;  5-Phosphoribosyl-1-N-glycinamide,
FGAR; 5-Phosphoribosyl-1-N-formylglycinamide, FGAM; 5-
Phosphoribosyl-1-N-formylglycinamidine, AIR; 5’-Phosphoribosyl-1"-N-(5-
amino)imidazole, N5-CAIR; 5’-Phosphoribosyl-1"-N-(5-amino)imidazole-

5-N-carboxylate; CAIR; 5’-Phosphoribosyl-1"-N-(5-amino)imidazole-4-
carboxylate, SAICAR; 5’-Phosphoribosyl-1"-N-(5-amino)imidazole-4-N-
succinocarboxamide, FAICAR; 5’-Phosphoribosyl-1"-N-(5-

amino)imidazole-4-N-carboxamide, IMP; Inosine 5"-monophosphate,
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Figure 1.8 continued. ASC; Adenylosuccinate, AMP; Adenosine 5'-
monophos-phate, ADP; Adenosine 5 -diphosphate, ATP; Adenosine 5-
triphosphate, dATP; 2’-deoxyadenosine  5’-triphosphate; XMP;
Xanthosine 5’-monophosphate; GMP; Guanosine 5’-monophosphate,
GDP; Guanosine 5’-diphosphate, GTP; Guanosine 5’-triphosphate,
dGTP;  2-deoxyguanosine  5’-triphosphate. OMP;  Orotidine  5’-
monophosphate, UMP; Uridine 5’-monophosphate, UDP; Uridine 5°-
diphosphate, UTP; Uridine 5 -triphosphate, CMP; Cytidine 5'-
monophosphate, CDP; Cytidine 5’-diphosphate, CTP; Cytidine 5°-
triphosphate, dCTP;  2’-deoxycytidine  5’-triphosphate; ~ dTMP;
deoxythymidine monophosphate, dTDP; deoxythymidine diphosphate,
dT'TP; 2"-deoxythymidine 5 -triphosphate.

ytic cleavage and phosphoribosylation of ribonucleosides and deoxy-
ribonucleosides (Fig. 1.8).147

De novo synthesis of pyrimidines (cytosine, thymine and uracil) starts with the
formation of carbamoyl phosphate from bicarbonate and L-glutamine (or
ammonia) (Fig. 1.8). This step is carried out by carbamoyl phosphate
synthase (CarAB). Expression of carAB is repressed by PurR and negatively
regulated by high intracellular levels of uridine triphosphate (UTP) and L-
arginine.%151 The subsequent steps of the pyrimidine pathway are subject
to regulation by several other fascinating mechanisms; expression of
aspartate carbamoyltransferase (pyrBI) and orotate phosphoribosyl-
transferase (pyrE) 1s downregulated by attenuation in response to high
concentrations of UTP;5? translation of dihydroorotase (pyr() and
dihydroorotate dehydrogenase (pyrD) is inhibited at high C'TP concentrations
through start-site switching;!”® and cytidine triphosphate (CTP) synthase
(PyrG) 1s allosterically regulated by guanosine triphosphate (GTP) and
C'TP.18 The de novo pathway products G'TP and UTP can be incorporated
into RNA, while DNA deoxyribonucleotides dI'TP and dCTP are
synthesized from uridine diphosphate (UDP) and cytidine diphosphate
(CDP), respectively. Salvage of pyrimidines 1s carried out through
phosphorylation of uridine and cytidine into their respective NMPs (I'ig.
1.8).147
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Stationary phase and stress response

The stationary phase and stress response of E. colz 1s activated in the post-
exponential and stationary growth phase, as well as upon exposure to a
number of different stresses including starvation, heat shock, low pH, DNA
damage and high osmolarity.!>*15 It is essential for the survival in prolonged
stationary phase and stress conditions, and 1s mediated by RNA polymerase
sigma S (RpoS, 6% or 638), which regulates around 10% of the genes in E.
coli.’55 RpoS is one of seven sigma factors that binds the RNA polymerase
(RNAP) core enzyme and enables transcription from promoters with sigma
factor specific sequence motifs.

The cellular levels of RpoS are tightly controlled. Transcriptionally, gene
expression 1s regulated by (at least) two transcription factors; cAMP-CRP
(cyclic adenosine monophosphate-cAMP receptor protein), which can
induce or repress 7p0S depending on the growth conditions; and ArcA
(anaerobic respiratory control protein), which represses 7poS, possibly in
response to high ratios of NADH/NAD®.19 The intracellular signaling
molecule guanosine tetraphosphate (ppGpp) involved in the stringent
response also plays an important role in 7p0S expression, as RpoS levels and
activity are significantly reduced in mutants not able to produce this
molecule.’>” On a translational level, 7p0S mRNA is regulated by RINA-
binding proteins!®® and small regulatory RNAs that, for example, prevent the
formation of secondary structures in order to enable efficient translation.!>
On the protein level, RpoS is subject to proteolytic degradation. During
stress-free conditions and exponential growth, RssB (regulator of RpoS)
binds to the sigma factor, enabling ATP-dependent degradation by the
ClpXP protease.'® In response to stress or starvation, RssB is inhibited by
anti-adapter (Ira) proteins and RpoS rapidly accumulates in the cell.!61 As
levels of RpoS increase, it outcompetes the £. cols housekeeping sigma factor
RNA polymerase sigma D (RpoD or ¢7%) for binding the RNAP core

enzyme.

The expression of RpoS-dependent genes reshapes the protein landscape in
a way that enables survival in stress and starvation conditions. Although
different genes are induced depending on the specific stress that the cells are
exposed to,!%? the bacteria generally enter an energy-saving mode. The cell
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volume is decreased and there 1s a downregulation of genes involved in
aerobic metabolism and respiration.'®? Synthesis of flagellar proteins is
reduced and the cells become less motile.153 The ribosomal content, which is
linearly correlated to growth rate,!6* is reduced as ribosomal RNA synthesis
1s downregulated. This leads to a reduction of the protein synthesis rate to
less than 20% of the rate of exponentially growing cells.!6> At the same time,
genes involved in anaerobic respiration and fermentative metabolism are
upregulated.!” The cellular membrane composition is altered, and

expression of transporters and other membrane proteins is increased. 62

Stringent response

The stringent response is induced by various stress conditions, such as
starvation of amino acids, carbon, phosphate and nitrogen.!% It is closely
intertwined with the stationary phase and stress response; the stringent
response 1s mediated by the stress alarmone ppGpp, which also induces
expression of 7p0S and stabilizes RpoS binding to the RNAP core enzyme.!>’
The levels of ppGpp and RpoS are linearly correlated in most E. cols
strains.!57 Besides RpoS, ppGpp accumulation also induce or enhance the
activity of some genes under control of RpoD, RNA polymerase sigma E
(RpoE or o ?*), RNA polymerase sigma N (RpoN or ¢°%) and RNA
polymerase sigma H (RpoH or ¢32).168.169 Transcriptional profiling has shown
that 500 genes in £ coli K-12 MG1655 are affected by the stringent
response. 70

When cells are starved for amino acids, binding of uncharged transfer-RNA
(tRNA) to the ribosomes induces synthesis of guanosine pentaphosphate
(pppGpp) by GTP pyrophosphokinase (RelA). pppGpp is then hydrolyzed to
ppGpp. SpoTl, the other main E. coli ppGpp synthase, is responsible for
ppGpp synthesis in response to starvation of other nutrients.!'”! As ppGpp
accumulates 1n the cell, it binds to RNAP together with RINAP-binding
transcription factor DksA. This destabilizes RNAP binding to rRNA
promoters, and results in significant downregulation of rRINA transcription
and subsequent reduction of protein synthesis.!”! Growth-related processes
are inhibited, while the expression of genes involved in stress survival,
proteolysis and amino acid transport and biosynthesis is upregulated.!”!
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Balancing growth and production

In nature, microbes rarely encounter the ideal growth conditions that
are provided in the laboratory. Nutrients are scarce, and if available, most
bacteria or yeast are evolved to quickly utilize them to make more cells and
secrete byproducts that will give them a competitive advantage toward other
microorganisms later on.!> Unless cell mass or byproducts are the desired
end-products, this intrinsic capability can be disadvantageous when using
microbes for bioproduction. Excessive growth drains cellular resources from
product formation, leading to reduced product TRY.!'”? High cellular
densities also increase the need for energy-intensive stirring, cooling and (for
production under aerobic conditions) oxygenation. The fact that the supplied
carbon source is a major expense associated with bioproduction further
highlights the importance of channeling the metabolic flux toward
production.!” However, strong constitutive expression of a protein or product
pathway already from the start of the fermentation may interfere with or
even inhibit cellular growth, which also reduces productivity. Thus, it is
important to cleverly balance the distribution of carbon and nutrients

between cell mass and product.!”3

Ideally, a microbial bioproduction process should consist of two phases (Fig.
1.9).174 In the first phase, the growth phase, there is little or no production of
the desired protein or metabolite. Instead, cells are allowed to rapidly
accumulate until the optimal amount of catalytic biomass is reached. In the
second phase, the production phase, growth is stalled and the carbon flux 1s
rewired toward expression of the protein or the biochemical that should be
produced. Decoupling growth and production in this way can increase
product yield and titer, and further improve the bioprocess economy by
decreasing the cost for stirring, cooling and downstream processing. It can
be achieved by different means of engineering the microorganism and/or
modifying the bioprocess conditions phases (Fig. 1.9). The shift from the
growth to the production phase should preferably not require addition of
expensive chemical inducers, or induce a stress response which lowers the

metabolic activity or capacity for protein synthesis.
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Figure 1.9. Decoupling growth and production. Upper panel: schemes
showing regular and decoupled growth and production, and different
methods to achieve it. Lower panel: desired carbon and nutrient flux in the
growth and production phase.

Inducible expression systems

Ever since Monod and Jacob’s discovery of the regulatory mechanisms of
operons,!” scientists have worked on engineering inducible promoters and
expression systems that can be used for the production of proteins and
biochemicals. New systems are continuously being discovered and
developed.!’® Inducible promoters are especially useful for production of
toxic proteins, and for biochemicals produced via complex pathways. The
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expression and activities of long and complex product pathways oftentimes
competes with native metabolic processes, and can lead to depletion of
energy, decreased co-factor availability or inhibition of growth by toxic
byproducts or pathway intermediates.!”’ In order to minimize these effects,
inducible promoters can be used to start expression of the pathway or protein
when the desired cell density has been reached. There are many inducible
expression systems available for £. colz, and some of the most commonly used
ones are listed in Table 1.1.

Several aspects should be taken into consideration when engineering
inducible promoters for microbial cell factories. The ideal promoter should
have a low basal level expression (i.e. low “leakiness”) when in the uninduced
state, be capable of high expression when in the maximum induced state,
and be tunable (over a wide dynamic range) so that expression strength can
be adapted and optimized for the specific product or pathway enzyme. Low
basal level expression and increased maximum expression levels can for
example be engineered by random mutagenesis of the promoter and/or
operator site,!’%179 or through the construction of hybrid promoters.!'8"
Modulation of the -10 and -35 RNAP binding sites using saturation
mutagenesis or thermodynamical models predicting RNAP-DNA
interaction has been used to establish synthetic promoters with improved
dynamic range.!8!18 Modifying the host strain for constitutive inducer
uptake, for example by knock-out of specialized transporters, has proven
useful for enabling or improving system tunability.!#-186 Finally, engineering
the inducer-binding transcription factors by hybridization of different
repressors and/or mutagenesis of selected regions can enhance repression
and enable induction by novel inducers.!87.188

Another appealing trait for inducible systems is autoinducibility, 1.e.
induction of the promoter without the addition of chemical inducers, and
without manual changes of fermentation conditions. Autoinducible systems
can decrease fermentation complexity and the risk of contamination, and
decrease the overall process costs as inducers are usually expensive to add to
large scale fermentations. In this thesis, an autoinducible trp-17 expression
system that responds to tryptophan depletion was engineered and tested for
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Table 1.1. An overview of some of the commonly used inducible expression

systems in . cols.

Promoter/
regulator

Plac/
Lacl

Pup/
TrpR

Prac, Ptrc/
Lacl

Pr7/
T7 RNAP

Mode of
induction

Expression
strength

Addition of
IPTG or
growth on

Low

lactose

Tryptophan Intermediate

starvation or
addition of 3-
indoleacrylic
acid

Addition of
IPTG or
growth on

Intermediate

lactose

Various$ Very high

34

Comments

Relatively expensive inducer
(IPTG), auto-inducible in
glucose/lactose media.
Repressed by glucose. The
mutated version PlacUV5
enables higher expression
levels.

Low basal level expression,
autoinducible in low
tryptophan media.
Engineered leaderless
versions (without #rpL)
enable higher expression
levels.

Two hybrid promoters of
Ptrp/ Plac with lower basal-
and higher expression level
than Plac. Relatively
expensive inducer (IPTG),
autoinducible in glucose/
lactose media. Titratable in

lacY- strains.

Phage-derived T7 RNAP is
usually integrated in
prophage ADES3 in the
genome of the production
host; commonly under
control of PlacUV5/Lacl.
Extensively used for indu-
strial protein production.

Ref.

189,190

191

180,183,

185

192



araPpap/

AraC

rhaPpap/
RhaS

PprpB/

PrpR

Pm/
XylS

pr/

cI857

PLietO-1/
TetR

Addition of

arabinose

Addition of

rhamnose

Addition of
propionate

Addition of m-
toluate

Increase in

temperature

to 42 °C

Addition of
tetracycline or

derivative

Intermediate
to high

Intermediate
to high

Intermediate

Low to high

High

Intermediate
to high

Titratable and tight control
of expression, inexpensive
inducer. The arabinose
pathway should be deleted
to avoid inducer
degradation.

Tight control of expression,
expensive inducer. The
rhamnose pathway should
be deleted to avoid inducer
degradation.

Titratable control of
expression, inexpensive

inducer.

Titratable and tight control
of expression, inexpensive
inducer. The mutated
promoter derivative Pm
MLI-17 enables higher

expression levels.

Promoter and repressor
derived from the A phage.
Low basal level expression.
Repressor cI harbors a heat-
sensitive mutation and 1is
subject to thermal

inactivation.

Titratable promoter with
low basal level expression.
Relatively inexpensive

inducer.

186,193

194

195

196,197

198

199

§ Expression of T7 RNAP is usually controlled by the Plac-derived lacUV5 promoter and induced by addition

of IPTG. Several other T7-based expression systems have been engineered, including temperature-,

tryptophan-, rhamnose- and arabinose-inducible constructs.200-203

35



production of a toxic protein and the biochemical L-serine (Chapter 4). The
time of induction could be modified by varying the start concentration of
tryptohan (or tryptophan-containing yeast extract) in the media.?%
Promoters responsive to stress,?** oxygen limitation?’ or starvation of other
nutrients, such as phosphate?’® and glucose,?’’” have also been used to
engineer autoinducible expression systems. The Lacl-based promoters
(T'able 1.1) can be induced by growth on lactose, and autoinducible
production using these promoters can be carried out in batch fermentation
by modifying the ratio of glucose/lactose in the start media.?’® However, due
to the low solubility of lactose in water, this is unfeasible for large-scale fed-

batch fermentations.

The application of quorum sensing (QS) circuits is another interesting
approach for engineering autoinducible pathway induction. QS is used by
bacteria to communicate and regulate various functions, such as biofilm
formation and virulence, via the expression and sensing of autoinducers.??
The luciferase (lux) operon from Vibrio fischer: 1s a well-studied example. The
lux acyl-homoserine lactone (AHL) autoinducer N-(3-oxohexanoyl)-
homoserine lactone (30C6-HSL) 1s synthesized by AHL synthase (LuxI). As
the V. fischert population density increases, so does the concentration of the
autoinducer. When the autoinducer has reached a certain threshold
concentration, 30C6-HSL 1s bound by transcriptional regulator LuxR. This
leads to expression of the luciferase-encoding genes and production of
light.?? LuxR/I expression systems have been engineered to control
autoinducible production of bisabolene,?® and applied for dynamic
regulation of metabolic flux.!!!

Dynamic regulation

Dynamic regulation of metabolic flux is a promising approach for optimizing
production of a range of different compounds, and can be used to further
improve ‘“statically” engineered microbial cell factories. Strategies can be
independent of, or specific to, the production pathway. They generally aim
to dynamically redirect flux from growth or byproduct formation toward
production, to improve precursor availability, or to balance product pathway
expression (Fig. 1.10). Unlike static metabolic engineering that includes

knock-out of competing pathways, integration of heterologous enzymes and
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gene expression from constitutive promoters, dynamic engineering allows
microbes to dynamically adapt their metabolism to the changing conditions
in the cell or the fermenter, which minimizes metabolic burden, enables
better allocation of cellular resources and balances growth and production.!”3
Although dynamic regulatory systems are often complex to engineer, they
can be highly advantageous when expressing complex heterologous
pathways, and for production in larger scale where there is a heterologous
distribution of nutrients and oxygen.?!! They further allow for the
downregulation of enzymes, fluxes or competing pathways that are essential
to the cell.?1?

Substrate Product
Q»Q*O»?»Q*QTC
|
1

il
Q External or

¢ internal que

Byproducts,
growth

1 1 10y Y Y
O-0-0—-0-0-0-0
Substrate Intermediate, Product

precursor

Figure 1.10. Examples of dynamic regulation. Upper panel: Dynamic
regulation of growth, product and byproduct expression based on sensing
of an external or internal que, such as temperature shift, quorum sensing
molecules or inducers. Lower panel: Dynamic regulation of product
pathway expression based on sensing of an intermediate or precursor that

activate and/or repress pathway enzymes to balance metabolic flux.
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There are several examples where promoters or transcription factors
responsive to metabolic activity, precursors, pathway intermediates, or
signaling molecules have been identified, engineered and applied for
dynamic regulation of biochemical production.?*2!3 Transcription factor-
based dynamic regulation of malonyl-CoA, an important precursor molecule
for fatty acid and polyketide synthesis, was achieved by constructing a
feedback loop that adjusted the upstream synthesis and downstream
consumption of this key metabolite.?!* This improved fatty acid production
more than 2-fold.?!* In another study, two enzymes in the lycopene
biosynthesis pathway were placed under control of a regulator activated by
acetyl phosphate (AP).21> AP serves as an indicator of glucose availability and
glycolytic flux. As cells were engineered to only produce lycopene in response
to high AP concentrations (i.e. in excess glucose conditions), the metabolic
burden was minimized and lycopene production increased significantly.?!
In yeast, a cell density responsive synthetic QS system based on the yeast
mating pathway was repurposed to simultaneously induce pathway gene
expression and silence byproduct formation, significantly increasing the yield
and titer of para-hydroxybenzoic acid.?16:217

Dynamic redirection of flux can be done by regulating key enzymes that are
involved in growth-related or byproduct-forming processes, or are part of or
acting upstream of the production pathway.?!8219 Key enzymes can be
engineered to respond to environmental or synthetic input such as
degradation tags or temperature, or be regulated by inducible
promoters.?18:220 Heterologous QS systems have for example been used to
control the expression of phosphofructokinase-I (Pfk-I), which enabled cell
density dependent, autonomous and dynamic regulation of metabolic flux
into product pathways, and increased the titer of myo-inositol more than 5-
fold.!!! Isopropanol titers were increased 4-fold in an E. coli strain where
carbon flux was redirected to product formation through inducible inhibition
of a TCA cycle key enzyme,??! and targeted proteolysis of Pfk-I increased the
myo-inositol yield two-fold.?!8

There are numerous tools available for engineering dynamic regulation.

Inducible promoters, discussed in the previous section, are useful for
regulating key enzymes and re-directing pathway fluxes. CRIPSR1 is efficient
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at downregulating expression of competing reactions, and can be
multiplexed to inhibit several targets simultaneously.??? The development of
CRIPSRi!% and CRISPRal’39223 has enabled the use of CRISPR for
simultaneous repression and activation of different gene targets.?* Inhibition
of key enzymes can also be carried out using various degradation tags that
enable inducible protein degradation.?!%-22> Most of these tools are also useful
for engineering growth inhibition-based decoupling.

Growth inhibition

Inhibition of cell growth can be used to decouple growth and production, as
growth-inhibited cells are forced to utilize available carbon and nutrients for
product formation instead of growth. This strategy often overlaps and makes
use of dynamic regulation efforts that involves inhibiting essential key
enzymes or steering flux away from pathways essential for growth.?!?
Generally, growth inhibition can be carried out by starving the cells for
nutrients or engineering synthetic circuits that, at a certain timepoint, stop

the cells from growing in response to internal or external input.

Nutrient starvation. Although nutrient depletion generally leads to a
stationary phase and stress response that decrease cell productivity,
starvation of nutrients, metals and trace elements has successfully been
applied to increase production of various biochemicals. The cell behavior
and metabolic adjustments in response to starvation is dependent on the
specific nutrient that is depleted; for example, the glucose consumption rate
of E. coli 1s less affected by starvation of magnesium or sulfate compared to
starvation of nitrogen.!”? It has been shown that the availability of acetyl-
CoA, an important precursor molecule for numerous biochemicals, is
improved in sulfur-starved cells,??6 and that the production of many acetyl-
CoA-derived metabolites including limonene, naringenin and mevalonate
can be improved by magnesium starvation.??” 2% Limiting thiamine in an .
coli thiamine auxotroph increased the D-lactate titer almost 20%,230 and
double limitation of magnesium and nitrogen has been shown to significantly
improve the production of fatty acids in yeast.?3!

It 1s also possible to utilize changes in oxygen availability or pH to switch
from a growth to a production phase. Although this strategy is not generally
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applicable, it has been shown to work very well for selected products.
“Starving” cells for oxygen in two-stage fermentations with an aerobic
growth phase and an anaerobic production phase has been used to improve
the production of both lactic acid and succinate in Lactobacillus and
Corynebacterium, respectively.?3%233 Production of 2-ketogluconic acid in
Klebsiella pneumoniae reached a remarkable titer of 186 g/L in a similar two-
stage fermentation where the growth-to-production shift was induced by a
drop in pH.?3*

It can be a challenge to maintain an active metabolic state when using
nutrient starvation to inhibit growth. Metabolic rates decrease, and the
general protein synthesis and degradation rate in stationary phase cells drops
to 0.5-20% of that in exponentially growing cells.!”* Different approaches
have been taken to increase or maintain the glycolytic flux in stationary phase
cells. Overexpressing phosphoenolpyruvate protein phosphotransferase
(PtsI), involved in glucose uptake and normally inhibited during nitrogen
starvation, improved metabolic rates up to 4-fold in nitrogen-limited
stationary phase cells.?% Altering ppGpp levels by mutation of stringent
response enzymes, and increasing ATP consumption by overexpression of
the F1 part of ATP synthase, has also been shown to boost glycolytic flux in
slow-growing or growth arrested cells.?36:237

Most of the promoters used for protein and biochemical production are
based on RpoD-recognition.?38 Since RpoS is the dominating sigma factor
in stationary phase, expression of product pathways and proteins under
RpoD promoters can decrease when cells encounter starvation. Synthetic
inhibition of growth, where cells stop growing without experiencing a typical
stationary phase response, can be a promising approach to overcome this.

Synthetic growth inhibition. Decoupling growth from production by
synthetic growth inhibition often involves degradation of essential enzymes,
or the inhibition of essential genes or cellular functions. Dynamic regulatory
strategies are often used to inhibit essential enzymes or downregulate
metabolic pathways needed for growth. Decoupling can be carried out
through transcriptional, translational or posttranslational regulatory
strategies (Fig. 1.11).
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On a transcriptional level, growth can be modulated by direct control of the
transcription machinery. By putting RNAP under control of an inducible
promoter, the growth rate could be tuned from zero to maximum depending
on the inducer concentration.?® The non-growing cells were still
metabolically active and produced near maximum theoretical yield of
glycerol from glucose. Using inducible inhibition of the native £. coli RNAP,
and T7 RNAP-based expression of target protein, the vyield of
glycotransferases could be increased 12-fold.?*® Further scale-up and testing
of the system 1n large scale fed-batch fermentation showed that target protein
content reached >55% of the total cell dry weight.?*! There are also many
interesting examples of genetic circuits that inhibit growth and induce
production, for example in response to glucose starvation,?*? sensing of
nutrients,!'? addition of inducers?*3 and inducer depletion.?** The latter was
used to increase wax ester yield >3-fold by enabling a gradual, dynamic
transition from biomass to production state in response to degradation of
arabinose.?** Placing the essential gene isocitrate dehydrogenase (icd) under
control of pr/clI®7 enabled a temperature-dependent switch from growth to
production; this two-stage approach increased productivity of itaconic acid
almost 50%.2%

Transcriptional inhibition using CRIPSRi can be applied to modulate
growth and production. (Fig. 1.11) CRISPRi-based repression of essential
genes has for example been used to arrest growth and improve production
of biofuels in cyanobacteria and naringenin in E. coli.>*%?* In E. col,
CRISPRi-based repression of four genes (dnad, oriC, pyrF and thyA) involved
in DNA replication and nucleotide synthesis has been shown to inhibit
biomass formation and increase the yield of GFP and mevalonate.?*® Using
single-cell microfluidics, it was further shown that pyrF~inhibited cells stopped
dividing, but continued to produce GFP for up to 40 h.?#8:249 As the rational
design of functional growth decoupling targets can be challenging, a follow-
up study presented in Chapter 2 of this thesis used a library-based approach
to screen for additional promising targets.?>" Interestingly, the genome-wide
approach confirmed that inhibition of nucleotide synthesis is a suitable
growth decoupling strategy. Thus, in Chapter 3 of this thesis, twenty-one
targets in the purine and pyrimidine biosynthesis pathways were
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subsequently screened and the top targets were used to improve production
of a single-domain antibody. Using proteomics, it was further shown that the
repression of these targets does not result in a typical RpoS-mediated

stationary phase response, even though growth 1s stalled.

Transcriptional regulation Translational regulation

Physical or chemical inducer
Signalling molecule
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mRNA degradation
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Figure 1.11. Inhibiting growth to decouple growth and production. Left
upper panel: transcriptional regulation of target gene expression mediated
by a regulator that is induced by an inducer or signaling molecule. Right
upper panel: translational regulation of a target gene through srRNA-
mediated degradation of target mRNA. Lower panel: posttranslational
regulation through the use of a temperature-sensitive target enzyme. At
lower temperatures, enzyme activity is normal. When the temperature 1s
increase, the enzyme misfolds and is inactivated. Abbreviations: CRIPSRi;
CRISPR interference, srRNA; small regulatory RNA, mRNA; messenger
RNA.
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On a translational level, growth inhibition can be engineered by targeting
mRNAs or modifying ribosomal activity (Fig. 1.11). Synthetic small
regulatory RNA and antisense RNNA has for example been applied to
improve production of cadaverine and pyruvate, respectively.!13251 It is also
possible to uncouple growth and production using synthetic, orthogonal
ribosomes, from where production genes are translated.?>?

Growth inhibition based on posttranslational regulation can be carried out
using inducible degradation or inactivation of key enzymes.?!? An interesting
approach 1s the use of heat-sensitive enzymes (Fig. 1.11). These can be
established by random mutation approaches, such as error-prone PCR, and
selected 1in high-throughput screens based on their ability to slow down
growth at higher temperatures.?+2>3 At lower temperatures, the enzyme is
fully functional, and cells can utilize the substrate and nutrients for biomass
accumulation. When 1t i1s time to enter the production phase, the
temperature 18 increased and the enzyme will be deactivated. Depending on
what enzyme is targeted, this will inhibit biomass and/or metabolic flux
through the enzyme pathway.?>3 This strategy has for example been used to
improve production of citrulline wusing a temperature sensitive
argininosuccinate synthetase,?>® and increase 3-hydroxypropinoate titers
using a temperature sensitive enoyl-[acyl carrier protein]-reductase.?*

Overall, growth decoupling and dynamic balancing of growth and
production has clearly contributed to the advancement of cell factory
development. Although many challenges still need to be addressed, this
approach has helped us overcome some of the obstacles and limitations with
microbial production. Future research efforts in this area may help us take
another step forward on the way toward creating economically feasible cell
factories that can work as a sustainable replacement of fossil fuels and

chemicals.
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Abstract

Growth decoupling can be used to optimize microbial production of
biobased compounds by inhibiting excess biomass formation and redirect
carbon flux from growth to product formation. However, identifying suitable
genetic targets through rational design is challenging. Here, we conduct a
genome-wide CRISPR1 screen to discover growth switches suitable for
decoupling growth and production. Using an sgRNA library covering 12,238
loci in the Escherichia coli genome, we screen for targets that inhibit growth
while allowing for continued protein production. In total, we identify 1332
sgRNAs that simultaneously decrease growth and maintain or increase
accumulation of GFP. The top target s:bB/1bsB shows more than 5-fold
increase in GFP accumulation and 45% decrease in biomass formation.
Overall, our genome-wide CRISPRi screen provides key targets for growth
decoupling, and the approach can be applied to improve biobased

production in other microorganisms.



Introduction

Methods for inhibiting bacterial growth are of interest for the
biotechnology industry as well as for the identification of novel antibiotic
targets. Bacteria, such as Escherichia coli, are widely used as cell factories to
produce biochemicals or proteins.! One of the main challenges during
production of such compounds is to achieve a high product yield, i.e.
conversion of substrate to product, since substrate is one of the main cost
contributors of a fermentation process. However, as bacteria have evolved to
grow exponentially when environmental conditions allow, cell factories
typically exhibit overgrowth during fermentation. During production of
biofuels and biochemicals, a high cell density results in increased cost of
aeration and a decreased product yield as the supplied carbon source is used
to accumulate biomass instead of the desired product. A low concentration
of product compared to biomass furthermore results in increased cost of
downstream processing. An ideal production scenario during a fed-batch
fermentation would consist of two phases; one where biomass 1s quickly
accumulated, followed by one where the production organism primarily
accumulates product. A general strategy for improving the performance of
cell factories 1s to apply a growth switch that controls cell growth while high
production of proteins or biochemicals is maintained.? ©

Nutrient limitation is an option to achieve a biphasic growth-production
scenario, where growth will be limited when a selected nutrient is exhausted.
This, however, may elicit unfavorable cellular responses, such as stringent
response, that may result in decreased production. Alternatively, addition of
an inhibitor of a cellular process may be employed,” and similarly, a complete
deletion of a gene involved in de novo synthesis of cell building blocks may be
employed in a similar run-out strategy. Different approaches can be
employed to identify suitable targets for growth inhibition. A common
approach is based on gene knock-out, where genes essential for cell growth
can be identified by the failure of constructing knock-out mutants or by
conditional lethality with or without a certain compound. Genome-wide
single gene deletion study performed in E. coli K12 identified 303 genes as

essential even in rich media®, while non-essential genes also may have
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reduced fitness.” Temporary silencing of genes may be an attractive
alternative to gene deletions, and small RNAs, including cis-encoded
antisense RNA (asRNA) and trans-encoded Hfg-dependent small RNA, have
for example been engineered and applied for gene inhibition studies.!0-!1
Genome-wide screening focused on identifying targets involved in drug
sensitivity has previously been performed using asRNAs.!? Using CRISPR
interference (CRISPRi),!3 which employs a catalytically inactive Cas9
(dCas9), transcription of a coding sequence targeted by the single guide RNA
(sgRNA) can be prevented.!® As opposed to inhibition based on small RNAs,
the CRISPR1 system inhibits transcription instead of translation, which is
expected to provide a more robust inhibition of genes with varying mRNA
concentrations, without the cost of producing excess mRNA. Expression of
the system can be tightly controlled and has been shown to be highly efficient
and specific when applied in bacteria,!'* and it is therefore an excellent tool
for investigating gene targets relevant to cell growth. Targeting CRISPR1
toward different regions only requires modification of the 20 nt sgRINA target
sequence. This enables a simple approach for genome-wide studies,
especially as the emergence of on-chip DNA synthesis and next generation
sequencing has reduced the cost of library synthesis and analysis.!>16 Several
studies have already been carried out using CRISPR or CRISPR-derived
approaches for genome-scale screening to identify essential genes or genes
associated with drug sensitivity.!” 2 The first studies were conducted in
mammalian cells, however, recent studies have employed the system to
identify essential genes in Bacillus subtillis?!, Streptococcus pneumoniae®* and F.
col1,>** and to investigate genome-scale functional genomics in E. coli* and
Vibrio natrigenens®. Recently, a modular suite of CRISPRIi systems applicable
for studying gene essentiality and functional genomics in non-model bacteria
was developed.?” Additionally, genome-wide CRISPRi has been applied in
combination with single-cell time-lapse imaging in order to determine how
CRISPRIi gene knock-down impact cell cycle coordination in E. coli.?®

Here we take advantage of CRISPRi for temporal control and ability to
multiplex 1dentification of growth-determining genes. As growth inhibition
may be detrimental to production of a protein of interest, we additionally

identified specific targets that increase the production of a protein,
exemplified by GFP. A library of 12,238 sgRINAs designed to target open
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reading frames and non-coding regions was designed and used for the
screening experiment, which resulted in the identification of a range of
sgeRNAs that can be applied as efficient growth switches. Two of the selected
seRNAs, sibB/1bsB and yheV, displayed more than 5-fold increase in GFP
production. The genome-wide CRISPRi-approach will be of interest for the
biotech industry, as it can be used to find genomic loci that, when repressed,
increase the product yield of a desired compound. Further evaluation of
targets that display a strong growth-inhibiting phenotype may additionally
be of interest for development of novel antimicrobial agents.

Materials and methods

Strains, plasmids and media

Lysogeny broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl)
medium and LB agar plates with appropriate antibiotics were used for
cultivation and screening during cloning. The CRISPR1 library screening
experiments were performed in M9 minimal medium with glucose and yeast
extract as Indicated in the text, and with appropriate antibiotics.
Carbenicillin, ampicillin, and chloramphenicol were used with working
concentrations of 100 pg/mL, 100 pg/mL, and 25 pg/mL, respectively. .
coli NEB 5-alpha from New England Biolabs was used as a cloning strain. F.
coli S1j17 was used as the parental fluorescent strain for the CRISPRi library
screening. The strain was obtained by integration of a GIP expression
cassette and a kanamycin marker, 9 basepairs downstream of glmS in E. colr
MG1655, as previously described.?” The CRISPRi system was expressed
from plasmids pdCas9-bacteria and pSLQ1236.* Upon induction with
anhydrotetracycline (alc), the dCas9 was expressed from pdCas9-bacteria
and the sgRNA was expressed from pSLQ 1236, activating the CRISPRi
system. Strains and plasmids are listed in Supplementary Table S2.10.

Design and preparation of the CRISPRIi library

A total of 12,238 sgRNAs were designed to target locations across the
genome, with two sgRINAs for each gene coding sequence and 3497 sgRNAs
distributed evenly in the non-coding regions. All designed target sequences
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are listed in Supplementary Tables S2.1 (genes) and S2.2 (intergenic
sequences). sgRINAs targeting gene coding sequences were designed to bind
the non-template strand near the start codon region. CRISPy++ was used
to estimate off-target efficiency of each sgRINA, and sgRNAs with low off-
target efficiency (scores < 5000) were preferred.3®

Designed oligonucleotides (CTCCCTATCAGTGATAGAGAAAAGAC
TAGT-Noo-GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAG) were ordered as pooled libraries
(GustomArray Inc), where Nop indicated the target sequence. The library was
amplified using primers SON172 and SON173 (Supplementary Table S2.9),
and was inserted into plasmid pSLQ 1236 (obtained as a gift from Professor
Stanley Qi1, Stanford University), which was amplified using primers
SON178 and SON179 (Supplementary Table S2.9). The two products were
assembled using NEBuilder® HilFi DNA Assembly Cloning Kit (New
England Biolabs) before transformation into and NEB 5-alpha
Electrocompetent £. coli cells (New England Biolabs). In order to ensure the
representation of the entire library, colonies corresponding to 150-fold
library coverage were obtained after transformation of the library into the
cloning strain. The pooled library was grown overnight and plasmids were
prepared using GeneJET Plasmid Miniprep Kit (Thermo Scientific).
Fluorescent strain Sij17/pdCas9-bacteria was transformed with the pooled
plasmid sgRNA library. Colonies corresponding to a 60-fold coverage of the
library size were obtained to ensure library representation. These
transformants were pooled, grown up overnight, and aliquoted for glycerol
stocks as the original CRISPR1 cell library. Plasmids of the original library
were extracted from a 5 mL overnight culture and submitted for next

generation sequencing.

Growth and fluorescence sorting experiments

Targets affecting cell growth were 1dentified by comparing the presence of
sgRINAs in induced and uninduced cultures. An aliquot of the original
CRISPRI1 cell library was inoculated in M9 media supplemented with 0.5%
(w/v) glucose and 0.02% (w/v) yeast extract (M9G0.5YE), and cultivated
overnight at 37 °C and 250 rpm. The pre-cultures were diluted 100 times
into fresh M9 medium with 0.5% (w/v) glucose (M9GO0.5). Six 20 mL parallel
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cultures were prepared in baffled shake flasks, and cultivated at 37 °C and
250 rpm. Half of the cultures were induced with 200 ng/mL a'lc after 1 h.
Twenty four hours after inoculation, a 5 mL sample was taken from each
culture and used to extract plasmids that were subsequently submitted for
next generation sequencing. Targets that improved protein production were
identified by analyzing the enrichment of sgRNAs in libraries of cells with
high fluorescence. Three induced cultures were analyzed and sorted using a
FACS Aria (Becton Dickinson, San Jose, USA). Forward-scatter and side-
scatter were detected as small- and large-angle scatters of the 488 nm laser,
respectively. GFP fluorescence was detected with a 488 nm long-pass and a
530/30 nm band-pass filter set. The top 1% of cells with the highest
fluorescence (FITC) were sorted and collected. The threshold for
fluorescence intensity used in this sorting was applied for the following
rounds of sorting. In total, 33,000 cells were collected from each of the three
cultures. The three sorted populations were recovered in 1 mL SOC media
for 2 h, and subsequently grown in M9GO.5YE overnight. These overnight
cultures were used as pre-cultures for the next sorting round. Three rounds
of sorting were performed using the same settings, with the exception that
50,000 cells were collected in the last sorting. For each round of sorting,
plasmids were extracted from 5 mL of medium from each culture and

submitted for next generation sequencing.

Next generation sequencing

The target regions of prepared plasmid extracts were amplified by two
rounds of PCR and used for next generation sequencing. For the first round,
40 ng of DNA was added to a 20 pL standard Phusion Hot Start II DNA
Polymerase (Thermo Fisher Scientific) reaction mix. The DNA was
amplified with primers SON233 and SON234. The PCR program used was
98 °C for 5 min followed by 25 cycles of 98 °C for 30 s, 65 °C for 30 s, and
72 °C for 30 s, with a final elongation step at 72 °C for 7 min. Fach PCR
product was purified using AMPure XP beads (Beckman Coulter, CA), and
diluted in 50 pL. Tris-buffer (pH 8.5). For the second PCR round, 5 pL
purified product was added to a 20 pL standard Phusion High-Fidelity PCR
Master Mix (Thermo Fisher Scientific) reaction mix and amplified with
Nextera X'T' Index primers (Illumina no. FC-131-1001). The PCR program
used was 98 °C for 5 min followed by 25 cycles of 98 °C for 30 s, 65 °C for
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30 s, and 72 °C for 30 s, with a final elongation step at 72 °C for 7 min. Each
PCR product was again purified using AMPure XP beads (Beckman Coulter,
CA). Each prepared sample was verified and quantified using a 2100
Bioanalyzer (Agilent) and a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific), diluted to an appropriate concentration, and analyzed by next
generation sequencing. Sequencing was performed on a NextSeq 500
desktop sequencer (Illumina, San Diego, CA) using 75 bp single read.

Data analysis

Counts of sgRNAs for each sample were extracted from sequencing files
using python codes. The Tag Count Comparison (I'CC) method was used
to normalize and analyze sgRNA frequency for the growth screening and
determination of significantly enriched genes.3! A growth score was
calculated for each sgRNAs as logomean frequency of sgRNASinduced
cutures/ Mean frequency of sSgRNASuninduced cultures). Counts obtained from the
GFP enrichment experiment were normalized by the total counts of all
sgRINAs. The GFP score for each sgRNA was calculated as the mean value
of normalized counts in three parallel samples.

Gene set enrichment analysis and data visualization

For each gene, the sgRNA with the lowest growth score was selected for
GSEA and biological pathway data visualization. Intergenic targets were
discarded. GSEA was performed using GSEAPY, a python wrapper for
GSEA and Enrichr developed by Subramanian et al.3>33 It is used to
calculate an enrichment score (ES) of the experimental gene set for each term
in the given reference pathway gene set. ES 1is calculated on the basis of the
ranking in the experimental gene set, and represents the degree of
overrepresentation of a specific term at the top or bottom of the data set (thus,
ES can be positive or negative). To adjust for multiple hypothesis testing, a
normalized ES (NES) and a corresponding false discovery rate (FDR) 1s
calculated for each term. In this study, significantly enriched metabolic
pathways (p-value < 0.05) were 1dentified with the GSEAPY prerank module
by submitting the list with growth inhibiting (growth score < 1) gene targets
and their corresponding growth scores together with either a BIGG, EcoCyc
or KEGG reference pathway gene sets (Supplementary data).
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To visualize the growth and fluorescence data from the library screen, the
data sets were applied in Escher, a tool for building and visualizing metabolic
pathways.3* For mapping of growth score data, reactions catalyzed by more
than one functional homologue and reactions catalyzed by a protein
consisting of several subunits were represented by the homologue or subunit
with the lowest growth score for any sgRINA. For mapping of enrichment in
the fluorescence sorting, the fluorescence score of the same sgRNA target
with the lowest growth score was selected to represent the reaction on the
metabolic map.

Confirmation of targets

Top targets were selected according to the analysis of the deep sequencing
results. Candidate sgRNAs were assembled into plasmid pSLQ 1236 using
primers SON203-SON232 (Supplementary Table S2.9). A control plasmid
without sgRINA expression was assembled using pSLQ 1236 as the template
with primers SON176 and SON177 (Supplementary Table S2.9) followed
by USER assembly of the overlapping ends. Standard reagents and methods
described above were used for this assembly. Obtained plasmids were
transformed into strain Sijl7 with pdCas9-bacteria separately. For each
tested strain, an end-point experiment and a growth profiling were
experiment was performed to characterize the effect of selected targets on
cell growth and GFP production. Cell cultures were prepared as follows.
Biological triplicates were inoculated in M9GO0.5YE and grown overnight at
37 °C and 250 rpm in an orbital shaker. The pre-cultures were diluted 100
times in fresh M9G0.5 medium; for each strain, six cultures were prepared,
and half of them were induced 1 h after inoculation. For the growth profiling
experiment, cell cultures were prepared and 150 pL. was transferred into 96-
well microtiter plates. Plates were cultivated in an ELx808 plate reader
(BioTek, USA) at 37 °C with medium shaking. The optical density (OD) of
each culture was measured at 630 nm every 10 min for 37 h. For fluorescence
and end-point OD measurements, cell cultures were prepared, and 800 pL
was transferred into 96-well deep-well plates and cultivated at 37°C and 300
rpm. After 24 h, the cultures were sampled and diluted appropriately, and
the OD and fluorescence were measured using a Synergy Mx plate reader
(BioTek, USA). The OD was measured at 630 nm and the GFP fluorescence

was measured using an excitation at 485 nm and emission at 535 nm with a
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gain set to 80. Samples were also taken for flow cytometry analysis, which
was carried out using the same settings as described above.

Results

Design and construction of the CRISPRIi library

Bacteria have evolved complicated regulatory networks for coordinating
growth with other cellular activities. Our understanding of these networks is
currently not sufficient for rationally constructing an ideal growth switch,
which can be used to block growth while allowing for continued production
of biochemicals and proteins. Therefore, we designed a genome wide library
of sgRNAs to search the entire F. coli genome for suitable targets (Fig. 2.1).
A total of 12,238 computationally optimized sgRINAs were designed to target
locations across the genome, with two sgRNA targets for each gene coding
sequence (Supplementary Table S2.1) and 3497 sgRNAs distributed evenly
in non-coding regions (Supplementary Table S2.2). A total of 8974 sgRNAs
were designed to target 4441 coding sequences, as some genes are present in
multiple loci in the genome and, for a few short coding sequences, only one
appropriate sgRINA target sequence could be found (Supplementary Table
S2.1). Notably, 255 sgRNAs were mistakenly duplicated, resulting in a
library with a total of 12,217 unique sgRNA sequences. sgRNAs targeting
gene coding sequences were designed to bind the non-template strand near
the start codon region, as this has previously been shown to be the most
efficient location for inhibition of the expression of genes using
CRISPRIi.13:3536 Crispy++ was used to score sgRNA off-target tendency and
in cases with multiple sgRNAs in the desired region of the gene, the sgRINA
with the lowest off-target score was picked.?® A pool of oligonucleotides
embodying all targets were synthesized and cloned into pSLQ1236, a
plasmid used for sgRINA expression.!* In order to prepare the cell library,
the cloned library of sgRNAs and the dCas9-expressing plasmid pdCas9-
bacteria was transformed into an E. coli strain constitutively expressing a
single-copy integrated GIFP under control of constitutive promoter J23100
(strain Sij17). The GFP was integrated 9 bp downstream of g/lmS. Expression
of dCas9 and sgRNA was tightly controlled using a tetracycline inducible
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Figure 2.1. Overview of design and construction of the sgRNA library for
the genome-wide functional screening. (a) The aim 1s to identify mutants
that sacrifice growth for increased production of a target of interest, here
green fluorescent protein (GFP). (b) A library of sgRNAs were designed to
target genes or intergenic regions across the genome of an E. coli cell that
expresses GIFP under a constitutive promoter. The CRISPR1 system 1s
encoded on two plasmids: dCas9 and the library of sgRNAs on another.
The system was activated by addition of aTc, inducing the expression of
both dCas9 and sgRINA that repress the gene or intergenic target by
blockage. (b) Overview of the construction of the sgRNA library and two
screening experiments that combined enable the i1dentification of genetic
switches that repress growth while allowing for continued production of

protein.

promoter. The growth switch was induced by addition of 200 ng/ulL
anhydrotetracycline (aT'c) (Fig. 2.1b). As determined by deep sequencing
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analysis, at least 99.91% of the designed sgRNAs were present in the
constructed library and there was only an approximately 3-fold difference in
frequency between the 90 percentile and the 10 percentile (Fig. 2.2a).

Genome-wide functional screening for growth repression
and protein enrichment

The frequencies of sgRNAs that effectively repressed growth were assumed
to decrease in the cell library during growth when the CRISPR1 system had
been activated. A growth screen, in which we compared the frequencies of
sgRNAs in the induced cell library with those in the uninduced library, was
therefore performed in order to identify promising targets for repressing
growth (Fig. 2.1c).

The distribution of frequencies of sgRNAs in the library was dramatically
changed in induced compared with uninduced cultures (Fig. 2.2b). The
distribution histogram flattened out for the induced culture, with more
seRNAs with frequencies above and below average (Fig. 2.2b). Of the
designed sgRNAs covered in the growth analysis, 71.5% (8736) were
changed (false discovery rate < 0.01), of which 44.4% were diluted and
27.1% were enriched (Fig. 2.2b, Supplementary Table S2.3). The
enrichment may be due to faster growth among the 27.1% sgRNAs, slower
growth of other targets, or, most likely, a combination of both. Confidence
for the enrichment scores can be seen in Supplementary Table S2.4, and the
reads mapped per sample and per sgRNA per sample can be seen in
Supplementary Fig. S2.2a and S52.2b, respectively.

To test the validity of the growth score, we examined genes previously shown
to be essential in M9 media3’ and found that for 87.6% of the genes at least
one corresponding sgRINA gave a significant repression of growth (Fig. 2.2c,
means and standard deviations in Supplementary Table S2.5). Also
including genes found to be essential in rich media®, 89.4% had a sgRNAs
resulting in significant repression of growth (Supplementary Table S2.6).
Analysis of all sgRNA pairs targeting the same gene showed that, of the
sgRNAs being enriched or depleted, 64% of sgRNA pairs had the same effect
on growth, while 36% were oppositely affecting growth. The opposite effect
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may be due to differences in sgRINA efficiency,?® or due to mutations in the

sgRINA or dCas9.
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Figure 2.2. Genome-wide functional screening for growth and protein
enrichment. (a) Analysis of the constructed sgRNA library. sgRNAs were
ranked by the number of reads from minimum to maximum across the x-
axis, and the fraction of reads of each sgRNA (per mille) in the library is
shown as the blue solid line. The red solid line shows the cumulative number
of reads. The dashed lines show the ideal situation if each sgRINA occupy
an even amount of reads in the library. The histogram shows the
distribution of sgRNA reads (bin-width 0.0067 per mille). (b) Distribution of
reads of sgRNAs in the library. Violet represents the distribution of the
original library. The distribution of the cell library with and without
induction is shown in red and blue, respectively (bin-width 0.0093 per
mille). (c) Distribution of read frequencies of sgRNAs with essential gene
targets 1s shown with and without induction in red and blue, respectively
(bin-width 0.0101 per mille). (d) Change in distribution of read frequencies
of sgRINAs during the genome-wide functional sorting for increased GFP
accumulation. (e) Numbers of sgRNA targets identified in the genome-wide
functional screening as growth repressing, enriched in GFP-accumulation,
and both, shown 1n gray, green and yellow, respectively. The first, second
and third sorting populations are shown from left to right. Both the growth
screen and the fluorescence sorting were conducted in three biological
replicates. The presented numbers represent the average of the biological

replicates.

Next, we carried out a screen in order to identify targets that increase protein
production, exemplified by GFP, in which cells with high fluorescence were
1solated through three rounds of FACS sorting (Fig. 2.1c). A total of at least
3.3 million cells were analyzed, and of these the 1% with the highest
fluorescence were collected, resulting in a library coverage of at least 270
fold. The consecutive enrichment sorting resulted in a reduction in the pool
of sgRNAs from 10,102 after the first sorting to 3,745 after the third sorting.
65% of the final reads belonged to only two sgRNAs (2.46 million reads on
average of a total of 3.71 million reads on average), targeting uup and ygaQ,
and the 40 most dominant sgRNA sequences accounted for 93% of the reads
(Fig. 2.2d, sgRNA sequences and number of reads listed in Supplementary
Table S2.7). Meanwhile, the overlap between the pool of sgRNAs that down-
regulated growth and the pool that were identified during the production
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sorting was reduced, leaving 1,332 sgRNAs after the last round of sorting
(Fig. 2.2e, Supplementary Table S2.8).

GSEA and metabolic pathway visualization

In order to investigate and visualize the effect of gene repression on metabolic
pathways, gene set enrichment analysis (GSEA)32%33 was performed using the
prerank module of GSEAPY. Reference pathway gene sets from KEGG,
BIGG and EcoCyc were used for the analysis. Expectedly, the analysis
showed significant enrichment of sgRNNAs designed to target genes in
metabolic pathways known to be essential for growth, such as ribosome
function, peptidoglycan biosynthesis and DNA replication (Table 2.1,
KEGG reference set). Since cells were grown in minimal medium, different
parts of the amino acid metabolism including aminoacyl-tRINA biosynthesis,
glycine, serine and threonine metabolism (Table 2.1) and L-lysine, L-
threonine and L-methionine biosynthesis (Supplementary Table S2.12,
EcoCyc reference set) also showed significant enrichment. Comparison of
the results from KEGG, BIGG and EcoCyc databases identified purine and
pyrimidine biosynthesis and the TCA cycle as the common enriched
metabolic pathways in all three reference data sets (Table 2.1, BiGG
reference set in Supplementary Table S2.11, Ecocyc reference set in
Supplementary Table S2.12). The screening data was sorted and visualized
in two separate biological pathway maps using the visualization tool
Escher;3* one displaying the growth score (Supplementary Fig. S2.1a) and
one displaying the abundance after fluorescence sorting (Supplementary Fig.
S2.1b). The metabolic pathways significantly enriched in all three reference
pathway data sets (purine and pyrimidine biosynthesis and TCA cycle) are
shown on maps of the nucleotide (Fig. 2.3a) and core metabolism (Iig. 2.3b).
Targets of interest for growth decoupling can be identified as reactions that
are both marked blue in the fluorescence maps and red in the growth maps.
Although the sgRNA read abundance of the fluorescence sorting is not a
direct measure of the protein abundance, the results are in line with our
previous results, where inhibition of the nucleotide biosynthesis by targeting
prk, encoding orotidine 5'-phosphate decarboxylase, leads to a decrease in
cell growth and increase in expression of GFP, a property that was also
applied to increase production of a biochemical compound of interest.3
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Table 2.1. GSEA of KEGG metabolic pathways for growth inhibiting
sgRNA targets (growth score < 1).

Metabolic pathway NES* p-value FDR
Ribosome 2.258 0.0 0.0

Peptidoglycan biosynthesis 1.734 0.001 0.020
Aminoacyl-tRNA biosynthesis 1.685 0.0 0.026
Propanoate metabolism 1.674 0.002 0.023
Fatty acid metabolism 1.657 0.003 0.023
Protein export 1.638 0.009 0.025
Pyruvate metabolism 1.620 0.001 0.027
Homologous recombination 1.618 0.002 0.024
Fatty acid biosynthesis 1.614 0.006 0.022
Bacterial secretion system 1.526 0.013 0.057
Glycine, serine and threonine metabolism 1.501 0.008 0.066
Carbon metabolism 1.457 0.002 0.098
Citrate cycle (TCA cycle) 1.448 0.021 0.099
Pentose and glucuronate interconversions -1.433 0.0 0.125
Pyrimidine metabolism 1.414 0.010 0.129
DNA replication 1.396 0.043 0.142
Purine metabolism 1.331 0.011 0.213
Biosynthesis of amino acids 1.318 0.005 0.224
Biosynthesis of antibiotics 1.288 0.005 0.262
Biosynthesis of secondary metabolites 1.273 0.001 0.282
Metabolic pathways 1.251 0.0 0.292

ANES represents the normalized enrichment score for each gene set; FDR shows the estimated probability

of a false positive finding within a gene set with a given NES.
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Figure 2.3. Visualization of the effect of repression of genes on either
growth or increased protein production. The growth score was calculated
for each sgRINA as loga(mean frequency of sgRINAs_induced cultures/mean
frequency of sgRNAs_uninduced cultures). The data is mapped in a red to
yellow scale, where a darker shade represents lower (red) or higher (yellow)
growth score. No growth effect (growth score = 1) is shown in gray. The
fluorescence data from the third fluorescence sorting is mapped in blue,
where a darker shade represents higher mean of the normalized count in
the sorted population. For all maps, reactions with no data are shown as
black thin lines. The approximate limits for the different metabolic
processes in the maps are highlighted in different colors. (a) Growth score
and fluorescence data mapped to E. coli core metabolism. Background
shading indicates glycolysis (red), pentose phosphate pathway (PPP, yellow),
and TCA cycle (blue). (b) Growth score and fluorescence data mapped to
E. coli nucleotide metabolism. Background shading indicates reactions
belonging to de novo nucleotide biosynthesis (purple), adenosine (red), uridine
(blue), cytosine (yellow) thymine (green) and guanine (orange) metabolism.

78



Validation of growth and GFP production of selected
targets

In order to verify the effect of the identified targets, we selected and
resynthesized 15 sgRINAs from the overlapping pool of sgRNAs found to
inhibit growth while also being isolated during the sorting for increased GFP
fluorescence (Table 2.2). None of the selected sgRNAs were designed to
target a loci near the integrated GFP (Fig. S2.4). Of the 15 targets, 10 were
selected because they had the lowest estimated growth score (< -3) (Fig. 2.4a,
circled in green, Supplementary Table S2.13), while 5 were selected due to
their high GFP score (>10.000) combined with a medium-low growth score
(-1 to -2) (Fig. 2.4a, circled in red, Supplementary Table S2.13). The 15
seRNAs were tested by reconstructing the sgRNA-expressing plasmids,
which were then introduced into the same genetic background as the library,
compared with a control strain harboring the empty sgRNA plasmids
pSLQ1236-blank. The cell growth, cell size and the GFP production was
quantified with or without induction of the CRISPRi system for each selected
sgRINA. Cell size and specific GFP production was measured with FACS and

cell growth was measured as ODgoo.

The majority of selected targets were found to exhibit the expected
phenotype, with a reduction of cell growth and an increase in GFP
production (Fig. 2.4b). Growth profiling showed that significant growth
inhibition was observed for strains with sgRNA targeting s:bB/1bsB, ygaQ,
mall, yjeN yar X (p), ydiB, lpxC, glcA and casC. For the majority of these strains,
the growth rate was slowly reduced until the cells finally entered stationary

phase ( Supplementary Fig. S2.3).

End-point measurements of OD and fluorescence showed that 12 strains
exhibited more than 20% increase in specific fluorescence and 9 strains
showed more than 20% reduction in cell density when comparing the
induced and the uninduced cultures (Fig. 2.4a). Strains expressing sgRINAs
targeting s:0B/1bsB, ygaQ, mall, yjeN, yaiX(p), ydiB, lpxC and glcA exhibited
both phenotypes. Seven strains (stbB/1bsB, ygaQ, mall, yjeN, yarY(p), ydiB and
[pxC) showed more than 2-fold increase of specific fluorescence upon
induction, and four of these (stbB/1bsB, ygaQ, ydiB and glcA) showed a signifi-
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Table 2.2. Target genes or locations of the 15 sgRNAs selected for

validation.
Target Essentiality
ruvA Not essential

resB-resC,  Not essential
intergenic

oA Essential
W Not essential
IpxC Essential
casC Not essential
yal(p), Not essential
intergenic

ddpD Not essential
ydiB Not essential

stbB/1bsB No

information

yheV Not essential
gaQ. Not essential
gleA Not essential
yjeN Not essential

Not essential

mall

Function Operon

Branch migration of ruvA,ruv B
Holliday structures;

repair

Repetitive Extragenic

Palindrome (REP)

element

DNA gyrase, subunit A

CP4-57 prophage;
predicted inner
membrane protein
UDP-3-O-acyl-N-
acetylglucosamine
deacetylase
Cascade subunit C

W

IpxC

casA, casB, casC

Inner membrane protein

D,D-dipeptide ABC ddpX, A, B, C, D,
transporter ATPase F

Shikimate dehydrogenase ydiN, ydiB, aroD
/ quinate dehydrogenase

Toxin-antitoxin locus

Predicted protein kefG, kefB, yheV

Conserved protein

Glycolate / lactate:H+
symporter

Predicted protein e, y7eO

Maltodextrin glucosidase

cantly higher homogeneous shift of cellular fluorescence. With the exception
of the strain targeting /pxC, all strains had less than 1.5-fold increase in cell
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size, indicating that the increase in specific fluorescence was mainly due to
elevated GIP density. Among the selected sgRNAs, yhelV and sibB/1bsB
displayed the highest specific fluorescence with a 5.5- and 5.1-fold increase,
respectively. The sgRINA targeting yheV did not display growth arrest, while
the sgRNA targeting s:6B/1bsB showed a 45% decrease in cell density (Fig.
2.4h).
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Figure 2.4. Selection and validation of genetic growth switches that
enables continued protein production. (a) The pool of sgRNAs that were
present in the last round of sorting, with their effect on cell growth and GFP
enrichment. The growth score was calculated as log2(mean frequency of
sgRNAsinduced cultures/mean frequency of sgRNAsuninduced cultures),
and the GFP score was calculated as the mean normalized reads in the last
round of sorting. sgRNAs circled with green and red were selected for
further validation. (b) Characterization of the growth inhibition and GFP
production for the selected targets. The upper diagram shows the ratio of
specific fluorescence, cell size, and cell density of induced/uninduced
cultures for each tested target. The average value represents means of three
independent experiments. The diagrams below show the corresponding
fluorescence distribution for induced (red) and uninduced (blue) cultures.
Average cell fluorescence (FITC-A) and average cell size (FSC-A) was

analyzed by flow cytometry after 24 h of cultivation.

Discussion

In this study, we performed a genome-wide CRISPRi-based
repression screen in order to identify sgRINA targets that, when activated,
cause a decrease in cell growth and/or an increase in protein production. An
inducible system for gene repression such as this expands the applicability of
this method to all essential genes that cannot be investigated through knock-
out. The reported high efficiency as well as specificity of the CRISPRi system
gives this method substantial advantages over other functional screening
methods.!-12 We have previously used rational targeting of biomass
inhibition in order to increase product yield; either by using inhibitors,

nutrient limitation,” or by targeting known essential genes by mutation or

CRISPRi.39

However, scanning the entire bacterial genome can for example identity
genes or locations suitable as novel antibiotic drug targets for inhibiting
pathogen growth, or provide methods for improving the performance of
microbial cell factories.
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Previous studies have for example applied genome-wide CRISPRIi screens in
E. coli for functional genomics?® and to identify essential genes.? These
studies applied a several-fold larger library with either 60,000 sgRINAs
designed to target the start of ORFs?> or a start pool of 92,000 sgRNAs
designed to target positions randomly along the chromosome.?? Similar to
this study, they reported that 93%2°> and 79%23 of genes previously identified
as essential® were found to be essential or significantly impaired cell growth
when targeted with CRISPRi. It is difficult to directly compare the essential
genes identified in the different studies given that different media
composition was used. However, both studies observed a significant
depletion of growth inhibiting targets among essential cellular processes
including ribosome assembly, peptidoglycan biosynthesis, cell wall synthesis
and tRNA metabolism, which is consistent with our findings.

In our analysis, 5,425 sgRNAs were significantly depleted during growth
following induction, and sgRNAs targeting acpP, dnak, fumA, gyrA, gyrB, holA,
wmfA, rho, mplf, nfl, and yeaP had growth scores below -3 for both sgRINAs.
While there is a chance of unexpected sgRINA-directed inhibitory effects,6
essential genes were strongly enriched among the sgRNA with lowest growth
scores. Furthermore, the library was enriched for production of GFP in three
consecutive rounds of fluorescence-based cell sorting, resulting in 1solation of
fewer and fewer sgRNAs, with only 40 sgRNAs making up 93% of sequences
ultimately.

We furthermore performed GSEA to identify metabolic pathways enriched
in growth inhibiting sgRNAs. As expected, processes involved in cellular
proliferation were identified as significantly enriched in the growth inhibited-
part of the library. Next, the growth score and fluorescence screening data
was visualized on metabolic pathway maps to allow for easy identification of
possible growth decoupling targets within specific categories of metabolic

PTrOCESSES.

We validated the initial screening data by characterization of 15 high-
performing sgRNAs in order to identify growth switches that would repress
cell growth while maintaining or increasing protein production. The
majority of the selected sgRNAs showed phenotypes consistent with the
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initial screening, and most of these genes or genomic locations the sgRNAs
were designed to target have not been previously characterized or linked to
this specific phenotype (Table 2.2). Among the effective sgRINAs was one
targeting s:0B/1bsB, a known toxin-antitoxin system that induces cell stasis
when disrupted,* and here it was found to significantly inhibit growth and
increase the expression of GFP more than 5-fold. Several other sgRNAs,
including ygaQ, mall, yeN yaX(p), ydiB, lpxC and glcA, showed decreased
growth and increased GFP production, making them promising candidates
for functional growth switches.

Because of unexpected inhibitory or off-target effects, expressing an sgRINA
targeting a specific gene will not always correspond to the effect seen from
silencing or knocking out that gene. This screen does not consider any
unexpected inhibitory effects caused by sgRNA expression, but it simply
identifies sgRNAs that work as growth switches. Thus, for a portion of
sgeRNAs i1dentified in the library, the corresponding gene may not work as a
growth decoupling target.

Possible unexpected sgRINA inhibitory effects could include for example
sgeRNAs reducing proteolytic degradation of GFP, stabilizing mRNA or
improving protein maturation. As in the example of IpxC, where cell size was
increased almost 3-fold (Fig. 2.4b), inhibition of certain genes may result in
an increased cell size, which in itself leads to a higher content of protein. Cells
may also accumulate higher amounts of protein by simply not dividing and
diluting the protein pool. However, an increase in protein content could also
be seen for targets that did not inhibit growth, such as yhelV. Downstream
polar effects for unknown genes and genes located in operons were not
considered in this work and are likely present in the library. Silencing a gene
in an operon may affect and inhibit downstream operon genes, unless there

is an internal promoter present controlling the downstream gene.?

Depending on the specific target or target group, there are probably various
growth decoupling mechanisms of action in play. Inhibition of certain
essential proteins or metabolic functions may lead to the upregulation of
ribosome production to compensate for the missing protein, which could
generally upregulate the protein synthesis rate. Previously, we have seen that
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CRISPR1 of 0nC and pyrk leads to 46-86% of the excess carbon being
redistributed from biomass to product formation,?’ indicating that inhibition
of growth leads to a shift in carbon flux from growth to production. Reducing
biomass accumulation while maintaining carbon flux and metabolic activity
seems to result in a redistribution of carbon toward other active metabolic
processes.

Conclusions

The sgRNAs found in our CRISPRI1 screen can be applied to enhance
protein production, but they may also have the potential to be used to
increase production of biochemicals. Biochemical production, similar to
protein synthesis, requires continuous synthesis of different metabolic
precursors as well as energy generation. The results validate the use of
CRISPRi-based genome-wide screening for identifying novel functions of
characterized or uncharacterized genes for the purpose of fundamental or
application based studies.
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2.8 Supplementary materials

Supplementary Figure S2.1 can be found at
https://dx.doi.org/10.1021/acssynbio.9b00143.

Supplementary Figure S2.1. Visualization of the fluorescence and
growth score data from the CRISPRIi library screen. (a) The growth score
was calculated for each sgRINA as logo(mean frequency of sgRINASinduced
cultures/ Mean frequency of sSgRNAsuninduced cuttures). The data was mapped in a
red to blue scale, where a darker shade represents lower or higher growth
score for red and blue, respectively. No growth effect (growth score = 1) is
shown in grey. Reactions with no data are shown in black. (b) The
fluorescence data from the 34 sorting is mapped in green, where a darker
shade represents higher mean of normalized count in the sorting. Reactions
with no data are shown in black.
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Supplementary Figure S2.2. Sequencing depth. (a) Total reads per

samples. (b) Reads per sgRNA per sample. sl 1s the initial sgRNA library;

s2-4 1s the sgRINA library harvested from cells before the growth experiment

(in triplicates); s5-7 is the sgRNA library harvested from cells after the

growth experiment (in triplicates); s8-10 is the sgRINA library harvested
after the first FACS sorting (in triplicates); s11-13 1s the sgRNA library
harvested after the second FACS sorting (in triplicates); s14-16 is the sgRNA

library harvested after the first FACS sorting (in triplicates).
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Supplementary Figure S2.3. Growth profiling of strains with sgRNA

targeting selected genes or genomic locations. Cell growth was monitored

for 36 h after induction with anhydrotetracycline.

Supplementary Tables S2.1 to S2.8 are presented as Excel files, and can be
found at https://dx.doi.org/10.1021/acssynbio.9b00143.
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Supplementary Table S2.1. The designed sgRNA target sequences targeting
genes. The table lists the starting position of the coding sequence, the strand (1 or
-1), the gene length and for each target sequence the starting position and strand
(1 or -1) relative the coding sequence, as well as the CRISPY++ score.30

Supplementary Table S2.2. The designed sgRNA target sequences targeting
intergenic regions. The table list the position of the target sequence, the strand (1
or -1), as well as the CRISPY ++ score.3°

Supplementary Table S2.3. Calculated growth score for all sgRNA targets.

Supplementary Table S2.4. Confidence scores (q- and p-values) for the

enrichment analysis.

Supplementary Table S2.5. Mean values and standard deviation for the
histograms in Figure 2.2c.

Supplementary Table S2.6. Essential gene list with the corresponding effect of
CRISPRI1 repression.

Supplementary Table S2.7. Mean of normalized counts of each sgRNA present

in the first, second and third round of sorting for GFP enrichment.
Supplementary Table S2.8. List of the 1332 targets that were present in the

third round of fluorescence sorting, while also resulting in significant growth
inhibition upon induction of the library.

Supplementary Table S2.9. Primers used in the study.

Primers Sequence (5' 2 3') Purpose and reference
SON119  GCAGCGAGTCAGTGAGCGAG Sequencing primer for
(Sg-Seq-R) sgRINA®

SON143  TGTTGAATACTCATACTCTTCC Sequencing primer for
(sg_tet_PC sgRINA®

R_F)

SON172  CTCCCTATCAGTGATAGAGAAAAGACT Amplification of library
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SON173

SON176
(1236empt

y_F)
SON177

(1236empt
y-R)
SON178

SON179

SON203

SON204

SON205

SON206

SON207

SON208

SON209

SON210

SON211

CGGGCCCAAGCTTCAAAAAAAGCACCGA
CTCGGTGCCACTTTTTCAAGTTGATAAC
GGAC

AGTCGGU GCTTTTTTTGAAG

ACCGACU
ACTAGTCTTTTCTCTATCACTG

AGTCGGTGCTTTTTTTGAAG

ACTAGTCTTTTCTCTATCACTGATAGGG
AG

ACTTCAATTAACACCAGCGG
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
CCGCTGGTGTTAATTGAAGT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

AGACGCGTTAGTGTCTTATC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

GATAAGACACTAACGCGTCT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

AGCTCTTCCTCAATGTTGAC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
GTCAACATTGAGGAAGAGCT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

ATTACCTTTTGTGAAGGCAG
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

CTGCCTTCACAAAAGGTAAT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

CGTCAGGGTGACTTTCTTGC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
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Amplification of library

Amplification of empty
pSLQO1236 for USER
cloning®

Amplification of empty
pSLQO1236 for USER
cloning®

Amplification of
pSLQ1236
Amplification of
pSLQ1236
Amplification of ruvA
target

Amplification of ruvA
target

Amplification of rcsB-
rcsC, intergenic target

Amplification of rcsB-
rcsC, intergenic target

Amplification of gyr4d
target

Amplification of gyr4d
target

Amplification of yfIW
target

Amplification of yfIW
target

Amplification of jpxC
target



SON212

SON213

SON214

SON215

SON216

SON217

SON218

SON219

SON220

SON221

SON222

SON223

SON224

SON225

GCAAGAAAGTCACCCTGACG
ACTAGTCTTTTCTCTATCACTGATAGGG
A

CGTCGCGGTTCAGACATGAA
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
TTCATGTCTGAACCGCGACG
ACTAGTCTTTTCTCTATCACTGATAGGG
A

GAGAAGCAGATGACTTCCGG
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
CCGGAAGTCATCTGCTTCTC
ACTAGTCTTTTCTCTATCACTGATAGGG
A

GTTGAATGTCCAGAACGGGT
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

ACCCGTTCTGGACATTCAAC
ACTAGTCTTTTCTCTATCACTGATAGGG
A

TAAACTGTGGCGGATAGGAT
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

ATCCTATCCGCCACAGTTTA
ACTAGTCTTTTCTCTATCACTGATAGGG
A

TACTAAGACTACCAGGGCGG
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
CCGCCCTGGTAGTCTTAGTA
ACTAGTCTTTTCTCTATCACTGATAGGG
A

AATCCTGCGCCTGACAGGCC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
GGCCTGTCAGGCGCAGGATT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

ATAGGTAAATTTCTGGGTCC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
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Amplification of jpxC
target

Amplification of casC
target

Amplification of casC
target

Amplification of yai1(p)
intergenic target

Amplification of yail(p)
intergenic target

Amplification of ddpD
target

Amplification of ddpD
target

Amplification of ydiB
target

Amplification of ydiB
target

Amplification of
stbB/1bsB target

Amplification of
stbB/1bsB target

Amplification of yhel’
target

Amplification of yhel’
target

Amplification of ygaQ.
target



SON226

SON227

SON228

SON229

SON230

SON231

SON232

SON233

SON234

GGACCCAGAAATTTACCTAT
ACTAGTCTTTTCTCTATCACTGATAGGG
A

CGGCATATACATTTGGGTCC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

GGACCCAAATGTATATGCCG
ACTAGTCTTTTCTCTATCACTGATAGGG
A

CTTCGGTTATTGCCGGGTCC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC
GGACCCGGCAATAACCGAAG
ACTAGTCTTTTCTCTATCACTGATAGGG
A

TGTTTAACAAATGGGGGCAC
GTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGC

GTGCCCCCATTTGTTAAACA
ACTAGTCTTTTCTCTATCACTGATAGGG
A
TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAG
CACTCCCTATCAGTGATAGAGAAAAG
GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGATTCAGATCCTCTTCTGAGATG
AG

Supplementary Table S2.10. Strains and plasmids.

Strain

E.coi NEB  fhud2 A(wgl-lacQ)U169 phod ginV44 @80 A(lacQ)M15 gyrA96 recAl

5-alpha

E.coli
MG1655

E.coli S1j17

Sij17[dCas
9-6blank]

Description

relA1 endA1 thi-1 hsdR17 (cloning strain)
F- lambda- tloG- 1fb-50 rph-1

E.coli MG1655 BBJ23100-gfp::KmR

E.coli S1j17 with pdCas9-bacteria and pSLQ 1236-blank
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Amplification of ygaQ.
target

Amplification of gled
target

Amplification of gled
target

Amplification of yeN
target

Amplification of yeN
target

Amplification of mall
target

Amplification of mall
target

Amplification of library

for sequencing

Amplification of library

for sequencing

Source

NEB

This study

29

This study



Plasmids Description
pdCas9- dCas9 expression plasmid, dCas9 was expressed under a
bacteria tetracycline inducible promoter; CamR

pSLO1236  sgRNA expression plasmid, sgRNA was expressed under

tetracycline inducible promoter; AmpR

pl236- pSLQ 1236 without sgRNA sequence; AmpR

blank

Reference/

source
13

This study

Supplementary Table S2.11. GSEA of BIGG biological process terms for
growth inhibiting sgRNA targets (growth score < 1). NES represents the

normalized enrichment score for each gene set; FDR shows the estimated

probability of a false positive finding within a gene set with a given NES.

Biological process term NES
Lipopolysaccharide 1,335
Biosynthesis / Recycling '
Citric Acid Cycle 1.413
Transport, Outer

Membrane 1465
Cell Envelope

Biosynthesis 1501
Pl.lrlne anq Pyrimidine 1557
Biosynthesis

p-value
0.031
0.048
0.013

0.007

0.005

FDR
0.263
0.167
0.126

0.131

0.120

Supplementary Table S2.12. GSEA of EcoCyc biological process terms for

growth inhibiting sgRNA targets (growth score < 1). NES represents the

normalized enrichment score for each gene set; FDR shows the estimated

probability of a false positive finding within a gene set with a given NES.

Biological process term NES
Superpathway of

glyoxylate bypass and 1.365
TCA

Aspartate superpathway 1.379
tRNA charging 1.452

95

p-value
0.046

0.041
0.022

FDR

0.220

0.246
0.150



Superpathway of

histidine, purine, and 1.472 0.004 0.145
pyrimidine biosynthesis
Superpathway of L-
lysine, L-threonine and
L-methionine
biosynthesis I
Superpathway of purine
nucleotides de novo 1.541 0.006 0.110
biosynthesis 11

N-10-formyl-

tetrahydrofolate 1.591 0.007 0.080
biosynthesis
Superpathway of
pyrimidine
deoxyribonucleotides de
novo biosynthesis
Peptidoglycan
biosynthesis I (meso-
diaminopimelate
containing)

1.491 0.025 0.145

1.725 0.003 0.021

1.977 0.0 0.0

Supplementary Table S2.13. Data analysis of the sgRINAs selected for further

validation.
Fluor.
Rel. Rel.
T RNA T Rel. fi
ar sg Group Count | gRNA | gRNA arget e after | Growth
get sequence pos. count 3xd change
pos. strand
sort.
231 AGACGC Induced 73 0 True 231686 1 0.0000 5.7517
686 GTTAGL 0 12 55 3.00337
6_1 GTCTTA 231686 | 0.0000 = .
- TC Uninduced 533 0 True '
6 89
399 GAGAAG Induced 49 0 False 399338 00000 4.6512
338 CAGATG 08 15 3.38918
|| acrrec 50000 —
- GG Uninduced 470 0 False 399338 ' 78
corTaca Induced 48 41 False 288105 | 0.0000 5.0527
cas GGTTCA 0 08 85 3.84057
¢ GACATG 288105 | 0.0001 = '
AA Uninduced 635 41 False 0 ' 06

96



GTTGAA 155803 | 0.0000
I Fals 4.79
ddp TGTCCA nduced 76 5 alse 0 13 7“85 s 13551
b GAACGG 155803 | 0.0001 ' '
GT Uninduced 618 5 False ’
0 02
CGGOAT Induced 184 7 False 311959 0.0000 1.9166
1A ATACATT 6 31 04 149174
o TGGGTC 311959 | 0.0000 \ — '
C Uninduced 473 7 False o '
6 79
AGCTCT Induced 41 27 False 233679 | 0.0000 5.1839
gyr TCCTCA 2 07 51 313999
A ATGTTG 233679 | 0.0000 —
AC Uninduced 333 27 False X '
2 56
CGTCAG Induced 64 58 False 106556 0-0000 4.9889
Ipx GGTGAC 11 25 314681
C TTTCTT 50000 — :
GC Uninduced 520 58 False 106556 ' 87
TGTTTA Induced 96 21 False 422517 0-0000 2.2855
mal ACAAAT 16 99 193609
z GGGGGC 50000 =
AC Uninduced 337 21 False 422517 ' 56
ACTTCAA Induced 24 39 False ! 944536 0'?)200 5.5818
2“‘ TTAACAC 91 | -3.38208.
GAGCGG Uninduced 227 39 False 194536 10.0000
4 38
TACTAA Induced 38 20 False 215364 10.0000 3.8284
) GACTAC 3 06
sibB CAGGGC 78 -3.01953.
GG Uninduced 281 20 False 215364 ) 0.0000
3 47
T cr Induced 22 40 False 177578 10.0000 4.4997
diB GTGGCG 8 04 05 4.78875
- GATAGG 177378 | 0.0000 ' .
AT Uninduced 562 40 False '
8 93
ATTACC 277331 | 0.0000 i
I 1 Fals .
of TTTTGT nduced 63 33 alse 7 1 6 27188 s 500
w GAAGGC 277331 | 0.0001 —
AG Uninduced 669 133 False . ' 1
ATAGGT Induced 133 15 False 278639 | 0.0000 0.2862
yga | AAATTTC 6 22 71 1.96165
Q TGGGTC 278639 | 0.0000 - '
C Uninduced 478 15 False \ '
6 79
AATCCT Induced 308 38 False 347859 | 0.0000 1.9857
yhe GCGCCT 1 52
v GACAGG 45 -1.43647.
47859 . 1
cC Uninduced 766 38 False 3 7185 0 (;(;0
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Abstract

Growth decoupling can be used to optimize production of
biochemicals and proteins in cell factories. Inhibition of excess biomass
formation allows for carbon to be utilized efficiently for product formation
instead of growth, resulting in increased product yields and titers. Here, we
used CRISPR interference (CRISPR1) to increase production of a single
domain antibody (sdAb) by inhibiting growth during production. First, we
screened 21 sgRINA targets in the purine and pyrimidine biosynthesis
pathways, and found that repression of 11 pathway genes led to increased
GFP production and decreased growth. The sgRNA targets pyrF, pyrG, and
¢mk were selected and further used to improve production of two versions of
an expression-optimized sdAb. Proteomics analysis of the sdAb-producing
ek, pyrG, and emk growth decoupling strains showed significantly decreased
RpoS levels and an increase of ribosome-associated proteins, indicating that
the growth decoupling strains do not enter stationary phase and maintain
their capacity for protein synthesis upon growth inhibition. Finally, sdAb
production was scaled up to shake-flask fermentation where the product yield
was improved 2.6-fold compared to the control strain with no sgRINA target
sequence. An sdAb content of 14.6% was reached in the best-performing
pyrG growth decoupling strain.



Introduction

Decoupling growth and production can significantly improve yield,
titer and productivity by dividing the bioproduction process into two phases;
a growth phase where substrate 1s transformed into catalytic biomass,
followed by a production phase where growth is stalled and substrate is
utilized for product formation.! Growth decoupling has been shown to
increase production of both biochemicals? * and proteins,>® and a recently
published strain design algorithm further highlights the possibilities of using
growth decoupling to improve production of a large number of small
molecules in Escherichia coli.”

Decoupling is generally achieved by natural or synthetic regulation of growth
and/or induction of product expression. Unless necessary for the specific
product, it 1s important that the decoupled cells do not enter stationary phase
in order to maintain cellular activity and production capacity. Natural
regulation includes starvation for nutrients or other essential compounds,*%?
as well as regulation of environmental cues such as oxygen!? or pH.!
Synthetic regulation usually involves synthetic circuits that interfere with
growth and metabolic flux, and can be combined with sensing of
environmental inputs. For example, temperature-based decoupling can be
achieved by coupling expression of a flux node to a temperature-inducible
promoter,!? or by using heat-sensitive enzymes that shut down flux through
a competing pathway upon temperature shift.!3

Most commonly, synthetic regulation takes place on a translational or
transcriptional level. However, post-translational regulation of pathway
proteins has also been shown to efficiently decouple growth and production.
Tagging the first enzyme in a product-forming pathway with a degradation
tag that is cleaved off upon induction resulted in complete uncoupling of
growth and production and rapid accumulation of high amounts of the
biopolymer poly-3-hydroxybutarate.? In another study, inducible degra-
dation of a glycolytic enzyme was used to re-direct flux toward product
formation and increase titer of myo-inositol two-fold.!*
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Translational regulation can be achieved through the use of orthogonal
ribosomes for translation of the product or product pathway,!® or by stalling
growth by inhibiting endogenous ribosomes.!® Combining inhibition of the
native £. coli ribosomes with glycotransferase expression from T'7 polymerase
increased the glycotransferase product yield almost 12-fold.”

Regulation of transcription has successfully been applied to inhibit cell
accumulation and turn on production, often through synthetic genetic
circuits.!” By controlling isocitrate lyase expression with a degradable
inducer, carbon flux could gradually be routed toward wax ester
accumulation, improving wax ester yields almost 4-fold during growth on
acetate.'® CRISPRI1 is an excellent tool for regulating gene expression on a
transcriptional level.! It can be induced to target gene(s) or cellular
function(s) at a desired time point in order to increase precursor supply,?’
redirect metabolic flux toward production and away from byproduct
formation,?!?? or to induce growth arrest by inhibition of essential genes.>?3
Partial CRISPRi-based inhibition of citrate synthase GItA increased
productivity of butanol in the cyanobacteria Synechocystis,>> and CRISPRi-
based inhibition of pyrF improved the yield of mevalonate almost 5-fold in F.
coli.? In order to screen the E. coli genome for additional promising growth
decoupling targets, we established a genome-wide sgRNA library and
screened it to identify several targets that increased GFP production and
inhibited growth.?* The results from this study indicated an enrichment of
promising targets among genes involved in biosynthesis of purines and

pyrimidines.

Here, we construct CRISPRi-based growth switches targeting the purine
and pyrimidine biosynthesis pathway in E. c¢oli, and screen for improved
protein production. More than half of the screened growth switch targets
display significant growth decoupling effects, with simultaneous growth
inhibition and increase in GFP production. We apply the three top-
performing targets for production of two different expression-optimized
versions of a single-domain antibody (sdAb or Nanobody®).2> sdAbs are
antibodies derived from camelids or cartilaginous fishes with potential use in
various biotechnological applications, including as therapeutics.?® Here, we
see a significant increase in sdAb production for cultures with activated
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CRISPRi. To detect proteome-wide changes induced by expression of the
CRISPR1 system and inhibition of the specific targets, we conduct a
proteomics analysis of all sdAb-producing cultures. Proteomics shows that
RpoS levels are significantly downregulated and ribosome-associated
proteins are significantly upregulated in the growth decoupling CRISPRi-
strains compared to the sdAb-expressing control strains after 24 h of growth.
We conclude that, although CRISPRi-based repression of nucleotide
biosynthesis stalls growth, it does not induce stationary phase response.
Furthermore, the maintained ribosome content in the growth decoupled
strains may explain the increase in sdAb accumulation. Finally, we apply the
two top targets in shake flask fermentation and show that inhibition of pyrG
increases sdAb yield 2.6-fold compared to the control strain without sgRINA
target, with sdAb levels reaching 14.6% of the total protein content.

Materials and methods

Media and materials

Lysogeny broth agar plates (LB, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NaCl) and 2xYT (16 g/L bactotryptone, 10 g/L yeast extract, 5 g/L NaCl)
medium with appropriate antibiotics were used for cultivation and screening
during cloning. Ampicillin, chloramphenicol and kanamycin was used with
working concentrations of 100 pg/mL, 50 pg/mL and 50 pg/mlL,
respectively. Growth and production was carried out in M9 minimal
medium with 0.1 mM CaCly, 2.0 mM MgSOy4, 1x M9 salts, 1x trace element
solution and 1x vitamin solution, which was supplemented with glucose and
appropriate antibiotics. The 10x concentrated stock solution of M9 salts
consisted of 6.8 g/L. NaosHPO4 anhydrous, 3 g/L KH2PO4, 5 g/L. NaCl and
1 ¢/L. NH4Cl, which had been dissolved in double-distilled water and
autoclaved. The 1000x concentrated stock solution of trace elements
consisted of 15g/L. EDTA(Nag)*2H20, 4.5 g/L ZnSO+*7H20, 0.7 g/L
MnCly*4H20O, 0.3 g/L CoCly*6H20, 0.2 g/L CuSO4*2H>0O, 0.4 g/L
NaMoO4*2H»0, 4.5 g/L CaCly*2H>0, 3 g/L FeSO4*H20, 1 g/L H3BOs
and 0.1 g/L KI, which had been dissolved in double-distilled water and
sterile filtered. The 1000x concentrated stock solution of vitamins consisted
of 10 mg/L pyridoxine HCI, 5 mg/L thiamine HCI, 5 mg/L riboflavin, 5
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mg/L. nicotinic acid, 5 mg/L calcium D-pantothenate, 5 mg/L 4-
aminobenzoic acid, 5 mg/ L lipoic acid, 2mg/L biotin, 2 mg/L folic acid and
0.1 mg/L vitamin B12, which had been dissolved in double-distilled water
and sterile filtered. Chemicals that were used in the study were purchased
from Sigma-Aldrich (Taufkirchen, Germany) and restriction enzymes and
PCR polymerases were purchased from ThermoScientific (Waltham, MA,
USA). USER enzyme was purchased from BioNordika (Herlev, Denmark).

Plasmid and strain construction

The primers used in this study were ordered from Integrated DNA
Technologies (Leuven, Belgium). All primers are listed in Supplementary
Table S3.1. Plasmid purification was carried out with the Machery Nagel
plasmid purification kit (Dure, Germany) and cell transformation was carried
out using the T'SS buffer method.?” Escherichia coli DH5 o was used for cloning

and propagation. All strains and plasmids used in the study are listed in Table
S3.2.

The sgRNA plasmids were constructed by Gibson assembly.?® Primers
containing a 20-nucleotide target sgRNA sequence specific for each target
gene were used to amplify pSLQ1236.19 The linear fragment was then
assembled according to standard Gibson assembly protocol. The sgRNA
sequences were designed using CRISPy-web?? and are shown in bold in the
primer list (Table S3.1). The psdAb-TIR plasmids were constructed by
USER cloning.?%:31 The translation-optimized sdAb expression plasmids
pET28a-Nanobody®-TIRSEvol and pET28a-Nanobody®-TIRSEv2 and
the pClodF13 origin of replication from pCDFDuet (Novagen) was amplified
with Phusion U polymerase using primers jl130/131 and jl154/155,
respectively. The PCR products were mixed with USER enzyme and
incubated for 20 minutes at 37 °C and 20 min at 25 °C, followed by
transformation to competent cells. The tetracycline-inducible dCas9 was
integrated into the attB-186(O) site in the E. coli genome using the
Clonetegration method from St-Pierre et al.3? The selection marker was
excised using FLP recombinase and integration was confirmed using colony

PCR.
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Screening of sgRNA targets

Pre-cultures were prepared by inoculation of biological triplicates of each
sgeRNA-target strain in a 96-deep well plate (96-DWP) with 800 pL. M9
medium supplemented with 0.5% glucose and 0.02% yeast extract (YE), and
were grown overnight at 37 °C, 250 rpm. The overnight cultures were
inoculated with a 1:100 inoculum ratio (start OD of ~0.03) in two duplicate
96-DWPs with 800 pL. M9 medium supplemented with 0.5% glucose, and
were grown at 37 °C, 250 rpm for 24 h. After 1 h of growth, 200 ng/mL of
anhydrotetracycline (aT'c) was added to one of the duplicate 96-DWP to
induce the CRISPRIi system. Optical density (OD) and fluorescence was
measured after 12 and 24 h of growth. OD was measured at 600 nm. For
flow cytometry, samples were diluted appropriately and analyzed with a
LSRFortessa (Becton Dickinson, San Jose, USA). Expression of GIFP was
detected using a 488 nm long-pass and a 530/30 nm band-pass filter setting.
The forward-scatter and side-scatter was detected as small- and large-angle

scatters of the 488 nm laser, respectively. The results were analyzed with
FlowJo (Becton, Dickinson & Company, Franklin Lakes, NJ, USA).

Single-domain antibody production

Pre-cultures were prepared by inoculation of biological triplicates of cells
transformed with the sdAb and the sgRNA plasmids. Pre-cultures were
grown overnight at 37 °C, 250 rpm in 24-DWP in 2.5 mL of M9 medium
with 0.5% glucose and 0.02% YE. For the small scale sdAb production
experiment, overnight cultures were inoculated in duplicates to an OD of
0.03 in 24-DWPs with 2.5 mL M9 medium with 0.5% glucose. For sdAb
production in shake flasks, overnight cultures were inoculated in duplicates
to an OD of 0.03 in 250 mL shake flasks with 50 mL. M9 medium with 1%
glucose. The CRISPRi system was induced in half of the cultures after 1 h
using 200 ng/mL aTc. sdAb production was induced with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) at OD 0.4. After 24 h, 1 OD unit of
culture was harvested and submitted for proteomics analysis. All samples
from the deep well plate and the shake flask fermentation experiments,
respectively, were run in the same proteomics analysis round, where label-

free quantification (LFQ) values of the measurable proteins present in the cell
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were determined. The sdAb content (%) for each strain was calculated by
dividing the LFQ) value of the sdAb with the total LFQ) value.

Sample preparation for proteomics analysis

Frozen cells were kept at —80 °C until processing of samples. Thawing of the
cells were done on ice and any remaining supernatant was removed after
centrifugation at 15,000g for 10 min. While kept on ice, two 3-mm zirconium
oxide beads (Glen Mills, NJ, USA) were added to the samples. Immediately
after moving the samples away from ice, 100 pl of 95 °C Guanidinium HCI
(6 M Guanidinium hydrochloride (GuHCI), 5 mM tris (2-carboxyethyl)
phosphine (TCEP), 10 mM chloroacetamide (CAA), 100 mM Tris—HCI pH
8.5) was added to the samples. Cells were disrupted in a Mixer Mill (MM
400 Retsch, Haan, Germany) set at 25 Hz for 5 min at room temperature,
followed by 10 min in thermo mixer at 95 © at 2000 rpm. Any remaining cell
debris was removed by centrifugation at 15,000g for 10 min, after which 50
pl of supernatant was collected and diluted with 50 pl of 50 mM ammonium
bicarbonate. Based on protein concentration measurements (BSA), 100 pg
protein was used for tryptic digestion. Tryptic digestion was carried out at
constant shaking (400 rpm) for 8 h, after which 10 pl of 10% TFA was added
and samples were ready for StageTipping using C18 as resin (Empore, 3M,
USA).

For analysis of the samples, a CapL.C system (Thermo Scientific) coupled to
an Orbitrap Q-exactive HF-X mass spectrometer (Thermo Scientific) was
used. First, samples were captured at a flow of 10 pl/min on a precolumn (p-
precolumn C18 PepMap 100, 5pm, 100A) and then at a flow of 1.2 pl/min
the peptides were separated on a 15 cm (18 easy spray column (PepMap
RSLC C18 2pum, 100A, 150 pmx15cm). The applied gradient went from 4%
acetonitrile in water to 76% over a total of 60 minutes. While spraying the
samples into the mass spectrometer, the instrument operated in data
dependent mode using the following settings: MS-level scans were performed
with Orbitrap resolution set to 60,000; AGC Target 3.0e6; maximum
injection time 50 ms; intensity threshold 5.0e3; dynamic exclusion 25 sec.
Data dependent MS2 selection was performed in Top 20 Speed mode with
HCD collision energy set to 28% (AGC target 1.0e4, maximum injection
time 22 ms, Isolation window 1.2 m/z).
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Proteomics data analysis

For analysis of the thermo rawfiles, Proteome discoverer 2.3 was used with
the following settings: Fixed modifications: Carbamidomethyl (C) and
Variable modifications: oxidation of methionine residues. First search mass
tolerance 20 ppm and a MS/MS tolerance of 20 ppm. Trypsin as enzyme
and allowing one missed cleavage. FDR was set at 0.1%. The Match between
runs window was set to 0.7 min. Quantification was only based on unique
peptides and normalization between samples was based on total peptide
amount. For the searches, a protein database consisting of the reference E.
coli proteome UP000000625 and the sequences of the sdAb?> and dCas9"

were used.

Computational analysis and visualization of proteomics
data

For further processing and data analysis of the proteome dataset, only
proteins with measurements in all samples were used (1,739 proteins for the
DWP experiment). Differential expression analysis was performed using the
EdgeR package.’> Gene Ontology (GO) terms’*% were obtained from
current.geneontology.org/annotations/ecocyc.gaf.gz on September 2nd
2019, and GO analysis was performed by means of the Pano package using
the method Stoyffer.3® p values were adjusted for multiple testing using the
Benjamini/Hochberg approach.

Results and discussion

Construction and screening of growth decoupling strains
targeting purine and pyrimidine biosynthesis

A total of 22 different genes in the nucleotide biosynthesis pathway were
selected as targets to investigate the potential of using purine and pyrimidine
biosynthesis genes as CRISPRi-based growth switches (Fig. 3.1a). The
chosen targets are part of de novo purine biosynthesis (purd, purB, purC, purD,
puwrks, purk, purH, purk purL, purM, purN, guad, guaB), de novo pyrimidine
biosynthesis (pyrB, pyrC, pyrD, pyrE, pyrE, pyrG, pyrH, ndk) or the pyrimidine
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salvage pathway (cmk).3” sgRNAs targeting the different genes were cloned
onto plasmid pSLQ 1236 using Gibson cloning, resulting in 21 plasmids (we
were not successful at obtaining a cloning construct for the sgRNA targeting
prC). Each sgRNA plasmid was transformed together with pdCas9 into
strain MG 1655-gfp, harboring a genome integrated GIFP under constitutive
promoter J23100 inserted 9 bp downstream of g/mS.3® An empty sgRINA
plasmid with no insert sequence as well as a wild-type L. coli strain were used
as controls. To compare growth and production of samples with the
CRISPRI1 system induced or uninduced, overnight precultures were split in
two and one was induced with anhydrotetracycline (aT'c) after 1 h of growth.

Samples for measuring growth and fluorescence were taken after 12 and 24
h (Fig. 3.1h).

Results showed that after 12 h, 17 out of 21 induced targets displayed
increased GIFP production compared to the respective uninduced control,
with a fold change between 1.1- and 5.7-fold (Fig 3.1c, upper plot and Fig.
S3.1a). Background fluorescence from the wild type control was negligible
(data not shown). Inhibition of pyrG and ¢mk resulted in the highest GFP
production levels. Growth inhibition could be seen in 19 out of the 21 targets,
and 15 targets displayed simultaneous inhibition of growth and increase in
GFP production (Fig. 3.1c, Fig. S3.1b). After 24 h, 12 out of 21 targets still
showed a significant increase in production, with the fold-change decreasing
slightly to a range between 1.1- and 4.5-fold (Fig 3.1c, lower plot and Fig.
S3.1c). CRISPRi-based repression of pyrG and ¢mk still resulted in the highest
production. In most cultures, the fluorescence had decreased compared to
the 12 h time point. Only 4 out of 21 CRISPRi-induced strains had a lower
OD compared to the respective uninduced control (Fig S3.1d); however, this
can to large extent be explained by the decrease in OD that uninduced
strains displayed between the 12 and 24 h sample points. This decrease could
also be seen for the wild-type control strain (data not shown).

Cell size could have a significant impact on protein accumulation, as larger
cells can contain higher amounts of protein. However, flow cytometry data
of the CRISPRi-induced strains showed that of all the screening targets, only
purk had an (around 2-fold) increase in cells size compared to the respective

uninduced control.
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Figure 3.1. Screening the purine and pyrimidine biosynthesis pathways for
growth decoupling targets. (a) The sgRNA target genes in the purine and
pyrimidine biosynthesis pathways of Escherichia coli. (b) Experimental
overview. (c¢) Ratio of OD and of GFP fluorescence in CRISPRi-induced
and uninduced cultures for each of the screened sgRNA targets after 12 h
and 24 h of growth. OD and fluorescence were calculated as the average of
three biological replicates. Standard deviations between replicates are
shown as error bars. A two-tailed t-test was used to check for significant
difference between the growth decoupling and control strains; p < .05 (*);
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Figure 3.1 continued. p < .001 (¥*); p <.0001 (¥***). Abbreviations: PRPP;
Phosphoribosyl diphosphate, PRA; 5-Phosphoribosyl-1-amine, GAR; 5-
Phosphoribosyl-1-N-glycinamide, FGAR; 5-Phosphoribosyl-1-N-
formylglycinamide, FGAM; 5-Phosphoribosyl-1-N-formylglycinamidine,
AIR;  5’-Phosphoribosyl-1"-N-(5-amino)imidazole, N5-CAIR; 5-
Phosphoribosyl-1’-N-(5-amino)imidazole-5-N-carboxylate; ~CAIR; 5'-
Phosphoribosyl-1’-N-(5-amino)imidazole-4-carboxylate, ~SAICAR; 5’-
Phosphoribosyl-1"-N-(5-amino)imidazole-4-N-succinocarboxamide,
AICAR;  5’-Phosphoribosyl-1’-N-(5-amino)imidazole-4-N-carboxamide,
FAICAR; 5’-Phosphoribosyl-1"-N-(5-formylamino)imidazole-4-N-
carboxamide, IMP; Inosine 5’-monophosphate, XMP; Xanthosine 5’-
monophosphate;  GMP;  Guanosine  5-monophosphate,  ASC;
Adenylosuccinate, AMP; Adenosine 5"-monophosphate, OMP; Orotidine
5"-monophosphate, UMP; Uridine 5"-monophosphate, UDP; Uridine 5'-
diphosphate, UTP; Uridine 5 -triphosphate, CTP; Cytidine 5’'-
triphosphate, CDP; Cytidine 5’-diphosphate, CMP; Cytidine 5'-
monophosphate.

Overall, the growth switch targets pyrG and ¢mk were the best-performing
targets in the screen (Fig. 3.1c, Fig. S3.1e). They were selected for further
testing together with pyrF; which has previously been shown to work as an
efficient growth switch for both protein and biochemical production.? Flow
cytometry analysis of these strains revealed that the CRISPRi-induced pyrF
and emk populations had a unimodal fluorescence distribution after 12 h, with
pyrk showing signs of a slight shift toward bimodality after 24 h (Fig. S3.1e).
On the other hand, the pyrG population had a bimodal fluorescence
distribution at both 12 h and 24 h, where part of the population produced
GFP in similar levels as the control, and part of the population produced very
high amounts of GFP (Fig. S3.1e). This indicates that the pyrG strain 1is
divided into two populations after CRISPR induction, where one consists of
a growth-stalled, high-producing cells and the other consists of regularly
growing and producing cells.

It 1s also worth noting that the strain used in our study, MG1655, has a

mutation in 7phl that interferes with expression of pyrF, which is located
downstream or 7ph1.% Therefore, MG 1655 is under pyrimidine limitation at

110



higher growth rates,® which could potentially strengthen the growth
inhibition efficient of CRISPR1 when targeting pyrimidine biosynthesis.

Improving sdAb production using growth decoupling

Next, we applied the pyrF, pyrG and cmk targets for improving production of
a commercially relevant protein. Single-domain antibodies (sdAbs or
Nanobody®) (Fig. 3.2a) are derived from immunoglobulin-y antibodies
found in camelids.*® They possess various interesting features compared to
the commonly used monoclonal antibodies, such as smaller size, higher
solubility and increased stability.?6 sdAbs are commonly produced in E. coli
as they generally do not require posttranslational modifications.*! They can
be used as they are or fused to chemicals or protein domains, and have a
great potential for applications within research, diagnostics and as
therapeutics.?6 The first sdAb on the therapeutics market was recently
approved for treatment of a blood disorder.*? We selected an sdAb for which
the expression had previously been optimized in a study by Rennig et al.?>
They developed two different translation-optimized versions of the sdAb
(pET28a-Nanobody®-TIRS»Evl  and pET28a-Nanobody®-TIRSynEvo2),
Both harbored changes in the six nucleotides upstream of the start codon,
which significantly improved expression compared to the original
construct.?® To facilitate culturing, the tetR-pTet-dCas9 cassette was
integrated into the phage 186 integration site in the genome of MG1655-
DE3% using pOSIP??, resulting in strain MG1655-DE3-dCas9. To avoid
plasmid incompatibility between the sdAb and sgRNA plasmids, the origin
of replication for pET28a-Nanobody®-TIRSnEvwl —and pET28a-
Nanobody®-TIR5"Eve2 were changed to ClodF13, resulting in psdAb-TIR1
and psdAb-TIR2, respectively. MG 1655-DE3-dCas9 was transformed with
psdAb-TIR1 or psdAb-TIR2 and sgRINA plasmids with targets pyrF, pyrG,
emk. An sgRINNA vector without targeting sequence was used a control.
Precultures were grown in a 24-DWP with 2.5 mL media overnight. The
precultures were inoculated in duplicates into two 24-DWPs with 2.5 mL
fresh media. One of these was induced with aTc after 1 h of growth. sdAb
production was induced in all cultures at an OD of 0.4 using 1 mM IPTG.
Samples were collected for OD and proteomics after 24 h (Fig. 3.2b). The
proteomics data for the deep well plate experiment can be found in
Supplementary File S3.1.
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The CRISPRi-induced cultures showed significant growth inhibition, as the
OD reached around half the OD of the uninduced controls (Iig. 3.2c-d,
panel 1). The uninduced cultures harboring sgRNA targets all grew to a
similar OD as the control strains. Upon induction of the respective target
sgRINA, protein levels of PyrF, PyrG and Cmk were decreased to 6%, 35%
and 10% respectively, compared to the uninduced control strain in the sdAb-
TIR1 strains (Fig 3.3, Fig. S3.2a). For sdAb-TIRZ2, protein levels of PyrF,
PyrG and Cmk were decreased to 7%, 42% and 11%, respectively,
compared to the uninduced control strain upon induction of the respective
target sgRINA (Fig. S3.2b). This implies that gene silencing was efficient in
the pyrFF and ¢mk strains, but not in the pyrG strain. The relatively high levels
of pyrG expression seen in the induced strains indicates that the bimodally
distributed population in Fig. S3.1e could consist of a growth-stalled, high-
producing population with little to no expression of pyrG, and a regular
population that has escaped pyrG repression and produces normal levels of
PyrG and sdAb. This might for example depend on an inefficient sgRNA
design, and/or on that the high metabolic burden of high-producing cells
creates a strong selection pressure allowing “CRISPR escapers” to take over
the population.

sdAb production was significantly in four of the growth decoupling strains
compared to the CRISPRi-induced control strain (p = .023, and .003 for pyrF’
and cmk in psdAb-TIR1, respectively; p = .01, and < .001 for pyrF and pyrG
in psdAb-TIR2, respectively) (Fig. 3.2c-d, panel 2). The best-performing
target for psdAb-TIR2 was pyrG with a 2.7-fold increase in sdAb per OD and
an sdAb content of 6.3% of the total protein content, compared to 2.4% in
the induced control strain (Fig. 3.2d, panel 2). For psdAb-TIR1, ¢mk had a
2.3-fold increase in sdAb per OD, and a final content of 4.8% sdAb
compared to 2.1% in the control strain.

It 1s not completely clear why different sgRINAs worked better for psdAb-
TIRI and psdAb-TIR2. Inhibition of pyrimidine biosynthesis will lead to
alterations of the UTP and C'TP pools, and these fluctuations will be different
depending on whether pyrF, pyrG or c¢mk 1s inhibited (see results in
“Pyrimidine pathway expression”). Increases and decreases of the UTP and

CTP pools can affect expression of the gene encoding the protein to be
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produced, especially if the nucleotide sequence upstream the gene contains
T and C residues. Thus, the efficiency of the pyrF, pyrG and cmk targets may
vary as the six nucleotides upstream the start codon are different for sdAb-
TIRI and sAb-TIR2 (TGGTAA and GAATAT for sdAb-TIR1 and sAb-
TIR2, respectively). This is worth considering when using nucleotide

biosynthesis inhibition to increase production of proteins.
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Figure 3.2. sdAb production in deep well plate. Application of the top-
performing growth switches pyrF, pyrG and cmk for production of two
expression-optimized sdAbs with different translation initiation regions
(TIR). (a) sdAbs are derived from the heavy chain of an antibody. (b)
Experimental overview. (c) Growth and sdAb production after 24 h for
strains harboring psdAb-TIR1 and sgRNA plasmids targeting pyrF, pyrG
and cmk. (d) Growth and sdAb production after 24 h for strains harboring
psdAb-TIR2 and sgRNA plasmids targeting pyrF, pyrG and cmk. For (c)
and (d), the first bar graph shows OD and the second bar graph shows
percent sdAb content Cultures where the CRISPR1 system was induced are

113



Figure 3.2 continued. shown in dark grey (OD) or red (sdAb content).
Uninduced cultures are shown in bright grey. The values were calculated as
an average of three biological replicates. Error bars represent standard
deviation of the replicates. A two-tailed t-test was used to check for
significant difference between the strains; p <.05 (*); p <.001 (**); p <.0001

Proteomics analysis of sdAb-producing growth decoupling
strains

Samples taken at the 24 h timepoint were used for proteomics analysis of all
strains. One OD unit of each culture was harvested and analyzed as
described in the Material and methods section. The resulting proteome data
set was subjected to differential expression analysis and further analyzed to
identify enriched gene ontology (GO) terms. The data set can be found in
Supplementary File S3.2.

Pyrimidine pathway expression

Up- and downregulation of genes in the pyrimidine biosynthesis pathway
was determined by comparing the sdAb-producing CRISPRi-induced
strains harboring an sgRNA plasmid (i.e. growth decoupling strains) to the
sdAb-producing CRISPRi-induced strain with the empty control sgRNA
plasmid (i.e. control strains) (T'able S3.3). The analysis showed that protein
levels were differently regulated depending on the specific sgRINA target.
Generally, gene expression in the upper part of the pyrimidine biosynthesis
pathway was upregulated upon inhibition of pyrk, downregulated upon
inhibition of ¢mk, and up- or downregulated upon inhibition of pyrG (Fig. 3.3).
Pyrimidine biosynthesis 1s known to be controlled by the nucleotide pool
through sensing of intracellular levels of UTP and CTP.** These pools are
expected to vary depending on the specific sgRINA target. In pyrF-inhibited
strains, both UTP and CTP pools are expected to decrease as PyrF is
operating upstream of UTP and C'TP synthesis (Iig. 3.1a). Inhibition of pyrG
and ¢mk should, on the other hand, result in reduced CTP levels and an
increase (or maintenance) of the UTP pool,* as these genes encode enzymes
responsible for converting UTP to CTP (pyrG), or are active in the salvage
pathway of pyrimidine synthesis (emk) (Fig. 3.1a).
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Expression of pyrBI and pyrE 1s transcriptionally regulated by intracellular
UTP levels through transcription pausing and attenuation.*** When UTP
concentrations are high, the UTP-rich transcription pause sites are rapidly
transcribed by RNA polymerase, allowing the pyrBI and pyrE attenuators to
form translation-terminating attenuation loops. pyrBI is further controlled by
reiterative transcription, resulting in an even higher degree of repression and
derepression by the UTP pool.*’ As a result, pyrBI and pyrE expression i3
upregulated at low concentrations of UTP, and vice versa.** Analysis of the
proteomics data showed a significant upregulation (>2-fold) of both PyrBI
and PyrE upon inhibition of pyrF, in agreement with the expected decrease
in the UTP pool in pyrF strains. In the pyrG strains, PyrBI was downregulated
and PyrE was unaffected, while both proteins were downregulated in the ¢mk
strains. As UTP levels have been shown to increase in a ¢mk mutant strain,*
it 1s expected that expression of pyrBI and pyrE decrease when ¢mk 1s inhibited.
The downregulated PyrBl and maintained PyrE levels in the pyrG strains
indicates that blocking this gene may lead to an increase in UTP, but not
enough to enhance pyrE expression. PyrBI was generally more strongly
induced and repressed compared to PyrE, most likely due to the extra level
of regulation that the pyrBI operon is under.*’ Expression of pyrF has also
been shown to increase at low UTP levels, and is likely regulated by UTP-

sensitive reiterative transcription.*?

prC and pyrD are transcriptionally and translationally regulated by the
intracellular C'TP pool.#* When the intracellular ratio of GTP/CTP is low,
the initiating transcript nucleotide of pyrC’ and pyrD is shifted to a CTP and
the mRINAs will form a hairpin loop that prevents the ribosome from binding
and translating the genes.*-> PyrC and PyrD levels were upregulated more
than 2-fold in the pyrF strains, and between 1.3-1.8-fold in the pyrG strains.
Unexpectedly, both PyrC and PyrD were slightly downregulated in the ¢mk
strains. This may indicate that inhibition of ¢m£ has less impact on C'TP levels
compared to inhibition of pyrG, or that other regulation factors such as PurR-
based repression or GTP pool-dependent regulation of pyrC and pyrD 1is
activate during pyrG but not cmk repression.>!-52
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Expression of PyrG was upregulated in the pyr[F strains, while no effect on
expression could be seen in the ¢mk strains. Regulation of pyrG has not been
fully elucidated in E. colz, however, the gene seems to be regulated by the
C'TP pool through start-site switching similar to pyrC and pyrD.** Cmk levels
were increased in the pyrf’ and pyrG-inhibited strains, which could indicate
that expression of the gene is affected by UTP and CTP levels. Not much 1s
known about the transcriptional regulation of ¢mk, except that it is co-
transcribed with ribosomal protein S1 (rpsd), which is transcriptionally
repressed by its own protein product.>!-53

Overall, the specific regulation pattern seen in the pyrimidine biosynthesis
pathway 1s consistent with existing literature, and in combination with the
significantly reduced expression levels of PyrF, PyrG and Cmk in their
respective target strains (Fig. 3.3, Fig. S3.2), it shows that the sgRNA and
dCas9 are efficiently inhibiting expression of their specific gene target.

pyrF pyrF pyrG pyrG cmk cmk
TIR1 TIR2 TIR1 TIRZ2 TIR1 TIRZ2

PyrB
Pyrl

PyrC
PyrD
Pyre
PyrF
PyrG
PyrH
Ndk

[ | [ | [ T T
0 0306091115 2 2535

Figure 3.3. Heatmap of the fold-change of protein levels in the pyrimidine
biosynthesis pathway of the CRISPRi-induced pyrF, pyrG and ¢mk growth
decoupling strains expressing psdAb-TIR1 and psdAb-TIR2. Fold-change
for the growth decoupling strains was calculated by dividing the CRISPRi-
induced pyrF, pyrG and e¢mk strains with the respective (TIR1 or TIR2)
CRISPRi-induced control strain harboring the sgRNA control plasmid.
The data can be found in Table S3.3.
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It is worth noting that a comparison of induced and uninduced dCas9
expression in cells harboring the control sgRNNA plasmid revealed that
expression of dCas9 and sdAb did not significantly affect protein levels in the
pyrimidine pathway. The only significant exception was pyrE (p = 0.0015),
which was slightly downregulated in the control strain harboring psdAb-
TIR2 (Table S3.3). A previous study did also not report differential
expression of the pyrimidine pathway in CRISPRi-expressing strains with no
sgRINA target sequence.’*

Gene ontology enrichment analysis

Comparison of sdAb-producing CRISPRi-induced strains harboring an
seRNA plasmid (i.e. growth decoupling strains) to the sdAb-producing
CRISPRi-induced strain with the empty control sgRINA plasmid (i.e. control
strains) revealed that several GO process and compartment terms were
significantly up- or downregulated in the growth decoupling strains
(Supplementary File S3.2). In total, 1739 proteins were detected in all
samples. Of those, 639, 624, 824, 858, 827, and 516 proteins were
differentially expressed in pyrF sdAb-TIR1, pyrF sdAb-TIR2, pyrG sdAb -
TIRI1, pyrG sdAb -TIR2, ¢cmk sdAb -TIR1 and ¢mk sdAb -TIR2, respectively,
compared to the control strain. (q < .05). Interestingly, ribosome-associated
terms such as ribosomal assembly and cytosolic ribosomal subunit were
upregulated in all growth decoupling strains except pyrf” harboring psdAb-
TIR2 (Fig. 3.4). It 1s well known that ribosome content is closely correlated
with growth rate in . coli . As cells reach stationary phase, ribosome
content decreases drastically and the protein synthesis rate is reduced to
around 20% of the rate during exponential growth.”® The GO enrichment
analysis indicates that, while the control strains have reached stationary
phase after 24 h, the growth decoupled strains do not enter stationary phase
upon growth inhibition, even though they are no longer growing
exponentially. This hypothesis is further corroborated by the relatively low
levels of RNA polymerase sigma factor (RpoS or ¢38) found in the growth
decoupling strains. 7p0$ expression is normally activated in post-exponential
and stationary phase in response to a number of inputs, including high cell
density, energy limitation, starvation of carbon and nutrients and changes in
osmolarity and pH.” In the CRISPRi-induced pyrF, pyrG and cmk strains,
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improves production of a single domain antibody in Escherichia coli

RpoS levels were only 7-15% compared to the control strains (Table S3.4).

Several proteins known to be under control of RpoS were significantly

downregulated compared to the stationary phase control, including for

example pyruvate oxidase (PoxB), peroxiredoxin (OsmC) and DNA-
protecting starvation protein (Dps)*® (Table S3.4). As inhibition of growth

decrease the amount of catalytic biomass, the overall glucose uptake rate will

decrease even if the specific glucose rate is maintained. This will delay

glucose depletion and starvation response, which could explain why no

stationary phase response 1s seen in the pyrF, pyrG and cmk strains.

GO process terms
Ribosomal small subunit assembly
Ribosomal large subunit assembly
Response to heat
rRNA base methylation
Translation
Fatty acid biosynthetic process
PEP-dependent sugar phosphotransferase system
Cellular response to DNA damage stimulus
GO compartment terms
Cytosolic small ribosomal subunit
Cytosolic large ribosomal subunit
Integral component of plasma membrane
QOuter membrane-bounded periplasmic space
Periplasmic space
Plasma membrane
Cell outer membrane
Integral component of membrane

and GO enrichment analysis

pyrF pyrF  pyrG pyrG cnk  cmk
TIRL TIRZ TIR1 TIR2Z TIR1 TIR2

B upregulated B Downregulated

Figure 3.4. Gene ontology enrichment analysis. Gene ontology process
and compartment terms found to be significantly upregulated (red, p < .05)
or downregulated (blue, p <.05)in the pyrF, pyrG and cmk growth decoupling
strains expressing sdAB-TIR1 or sdAb-TIR2. The differential expression

can be found in Supplementary File 1.

Abbreviations: PEP; Phosphoenolpyruvate.
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The relatively increased ribosome content may provide an explanation for
the increase in sdAb production seen in the growth decoupling strains. With
a maintained ribosome availability, growth-inhibited cells maintain their
capacity for protein synthesis during an extended amount of time compared
to strains entering stationary phase. Upon CRISPRi-based inhibition, the
cells continue to produce proteins, but cannot divide due to limited
nucleotide availability. This hypothesis is corroborated by a previous study,
where we used single cell microfluidics to show that GFP is continuously
produced in pyrF-inhibited cells.? Furthermore, as growth is inhibited,
glucose cannot not be used for biomass accumulation during this time, but is

available for other metabolic processes.

Nearly all GO terms that were decreased in the CRISPRi-induced pyrF, pyrG
and c¢mk strains are associated with cellular membrane and periplasmic
compartments (Fig. 3.4). There may be several reasons for this. First of all,
around 14% of RpoS-regulated genes encode membrane proteins.”’
Downregulated proteins under control of RpoS include for example
transport proteins PotlF and UgpB of the ABC superfamily, and putative
transport- and membrane proteins YdcS and YeaY?® (Table S3.4).
Expression of membrane-associated proteins may also be directly altered by
the decrease in pyrimidine supply, as these nucleotides are required for
phospholipid synthesis. It has previously been shown that a emk mutant strain
with decreased dC'TP and C'TP pools becomes cold sensitive and displays
altered expression of outer membrane porins ompC and ompl'.*> Furthermore,
overexpression of dCas9 can be toxic and alter gene expression in £. colz,>*
which could affect the GO enrichment analysis. A recent study found that
expression of dCas9 leads to significant downregulation of cell and
membrane biogenesis and translation, and an upregulation of transcription
and amino acid and carbohydrate metabolism.>* However, a comparison of
the CRISPRi-induced and non-induced control strains in our study did not
yield any enriched GO terms (Supplementary File S3.2), and we could not
identify any overlap in significantly up- or downregulated genes and proteins
between our data and the data set from Cho et al. Our GO enrichment
analysis was based on a comparison of growth decoupling and control strains
that both express dCas9, which should normalize for effects occurring due to
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dCas9 expression. Nevertheless, there is still a possibility of unexpected
dCas9 effects when there is no sgRNA present to guide DNA binding.>’

It should be noted that membrane and periplasmic proteins are not always
reliably quantified with the proteomics method used in this study. However,
the fact that membrane protein expression is normally upregulated in
stationary phase cells, and that levels of measured membrane proteins is
similar within each replicate (T'able S3.4), implies that there 1s a real decrease
when comparing the growth decoupling and the control strains.

Inhibition of pyrG was not as efficient as that of pyrf or ¢mk. Considering the
limited decrease of PyrG protein in the cells, and the fact that GFP
distribution in this strain was clearly bimodal (Fig. S3.1e), the proteomics
analysis may not give the full picture of up- and downregulation of proteins
that would occur from complete inhibition of pyrG expression. However, the
GO terms that were i1dentified overlapped with the ones identified for the
pyrk and emk strains, and we do not consider the limited pyrG inhibition to be
crucial for the outcome of the proteomics analysis.

Polar effects

Expression of dCas9 and sgRNAs may result in unspecific binding and off-
target effects. Polar effects due to CGRISPRi inhibition of pyr[ resulted in
significant downregulation of YciH protein levels (Table S3.5). Knock-out of
el has previously been shown to increase expression of 66 genes, and
decrease expression of 20 genes in F. coli;°° however none of these proteins
were found to be significantly up- or downregulated in our study. Polar
effects of pyrG inhibition resulted in downregulation of eno, located
downstream of pyrG (Table S3.5). eno encodes enolase, which catalyzes
conversion of 2-phosphoglycerate to phosphoenolpyruvate, and is also
involved in processing of RNA and degradation of mRINA.5! It 1s difficult to
predict exactly how these polar effects might have impacted the results of this
study. However, in our previous library screen, repression of eno and yci/d did
not result in significant inhibition of growth or an increase in GFP
production, indicating that the results seen for pyrF and pyrG inhibition are
not affected by downstream eno and yciH inhibition, respectively.?*
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Scale-up of sdAb production to shake flask fermentation

We applied the best-performing targets ¢mk for psdAb-TIR1 and pyrG for
psdAb-TIR2 for scale-up of sdAb production to small batch fermentation in
shake flasks. The experiment was carried out as shown in Fig. 3.2a, but
cultures were grown in 250 mL shake flasks with 50 mL media. OD was
measured continuously during the experiment (Fig. S3.3a). sdAb expression
was induced 1n all cultures at an OD of 0.4, and samples for proteomics were
taken after 24 h.

b
0D, sdAb-TIR1 Content (%), sdAb- 0D, sdAb-TIR2 Content (%), sdAb-
TIR1 TIR2
Binduced ONotinduced @Induced ONotinduced EInduced ONotinduced ~BInduced ONotinduced
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Figure 3.5. sdAb production in small batch fermentation. (a) Growth and
sdAb production after 24 h for strains harboring psdAb-TIR1 and the ¢mk
sgRNA plasmid. (b) Growth and sdAb production after 24 h for strains
harboring psdAb-TIR2 and the pyrG sgRINA plasmid. Cultures where the
CRISPR1 system was induced are shown in dark grey (OD), red (sdAb
content). Uninduced cultures are shown in bright grey. The values were
calculated as an average of three biological replicates. Error bars represent

standard deviation of the replicates.

The replicates with induced CRISPR1 expression showed significant growth
inhibition with a final OD around half of that in the control strains (Fig. 3.5a-
b, panel 1). Protein levels of Cmk and PyrG in the strains with sgRINAs
targeting pyrG and c¢mk were decreased to 2.7% and 18%, respectively,
compared to the respective induced control strains (Fig. S3.3b). sdAb
production was significantly improved in the growth inhibited strains (p
< .001 for both ¢mk and pyrG compared to the induced control), with a 2.2-
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and 2.6-fold increase in sdAb per OD in emk and pyrG, respectively (Fig. 3.5b,
panel 2). The final sdAb content reached 6.6% in the ¢mk strain harboring
psdAb-TIR1, and 14.6% 1in the pyrG strain harboring psdAb-TIR2 (Fig.
3.5b, panel 2).

Conclusions

The nucleotide biosynthesis pathway is an unexpected CRISPRi
target for improving protein production, as it provides precursor nucleotides
for RNNA synthesis. However, inhibiting the essential de novo pyrimidine
biosynthesis after initial biomass accumulation still enables cells to supply
nucleotides from turnover of RNA and DNA through the pyrimidine salvage
pathway, and inhibition of the pyrimidine salvage pathway enables supply of
nucleotides from the de novo pyrimidine biosynthesis pathway. CRISPRi-
based inhibition of pyrf” and thy4 has previously been shown to inhibit growth
and improve production of both GFP and mevalonate,? and in that study it
was further shown that growth decoupled strains remain growth inhibited
and metabolically active for up to 48 h.

In this study, we showed that sdAb production per OD can be increased up
to 2.6-fold upon CRISPRi-based inhibition of nucleotide biosynthesis. This
means that the overall titer of sdAb in shake flask fermentation of the best-
performing growth decoupling strain ¢mk was almost doubled, even though
the OD was half of that in the control. The maintained high capacity for
protein synthesis and lack of stationary phase response shows that inhibition
of nucleotide biosynthesis 1s a useful approach to increase protein
production. Besides the maintained ribosome availability, there are probably
other underlying mechanisms in play that enables the growth decoupling
strains to maintain or increase production although growth is inhibited. It is
possible that the nucleotides supplied from RNA turnover are sufficient to
support continued protein synthesis, but not to support DNA replication and
cell growth. It would be highly interesting to elucidate metabolic adjustments
upstream of protein synthesis, such as changes in metabolic flux through
glycolysis and other pathways, using 3C metabolic flux analysis and
metabolomics. The occurrence of complete growth and production
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decoupling could further be confirmed by ribosomal activity assays of cells in
the growth-inhibited state.5?

Future efforts should also focus on generating strains that are more
industrially applicable, where growth decoupling can be achieved in an
autoinducible manner without the use of CRISPRi. This can for example be
done by engineering temperature-sensitive versions of the PyrF, PyrG and
Cmk enzymes, so that growth can be inhibited by changing cultivation
temperature, or by controlling expression of pyrF, pyrG and c¢mk with
promoters that automatically turn off when the desired cell density has been

reached.
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Table S3.1. Primers used in the study. sgRINA target sequence is marked in bold.

Nr.

i137

i138

i139

i140

i141

142

i143

il44

Primer sequence 5’- 3’
TTTACCTTCGTCACCCCATTGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
AATGGGGTGACGAAGGTAAAACTAG
TCTTTTCTCTATCACTGATAGGGA
TCCATCGACAGGGGAAACGGGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
CCGTTTCCCCTGTCGATGGAACTA
GTCTTTTCTCTATCACTGATAGGGA
CGGGTTTTCCGTGCTGTATAGTTT
TAGAGCTAGAAATAGCAAGTTAAAA
TAAGGC
TATACAGCACGGAAAACCCGACTAG
TCTTTTCTCTATCACTGATAGGGA
CGGCGACTGGGCCGCTTTCCGTTT
TAGAGCTAGAAATAGCAAGTTAAAA
TAAGGC
GGAAAGCGGCCCAGTCGCCGACTA
GTCTTTTCTCTATCACTGATAGGGA

129

Description

Forward insert of purA
sgRINA into pSLQ 1236

Reverse insert of purA
sgRINA into pSLQ 1236
Forward insert of purB
sgRINA into pSLQ 1236

Reverse insert of purB

sgRINA into pSLQ 1236
Forward insert of purC
sgRINA into pSLQ 1236

Reverse insert of purC

sgRINA into pSLQ 1236
Forward insert of purD
sgRINA into pSLQ 1236

Reverse insert of purD
sgRINA into pSLQ 1236



3145 GACACGCGCCGGATTATTGCGTTTT Forward insert of purE
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

146 GCAATAATCCGGCGCGTGTCACTAG Reverse insert of purE
TCTTTTCTCTATCACTGATAGGGA sgRNA into pSLQ1236

3147 TCATAAATCGACTGGTTAACGTTTT  Forward insert of purF
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

148 GTTAACCAGTCGATTTATGAACTAG  Reverse insert of purF
TCTTTTCTCTATCACTGATAGGGA sgRNA into pSLQ1236

j149  AAACACTGAGCAGAGCGCGGGTTTT Forward insert of purH
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

3150 CCGCGCTCTGCTCAGTGTTTACTA  Reverse insert of purH
GTCTTTTCTCTATCACTGATAGGGA  sgRNA into pSLQ 1236

j151 GGCCTAACTGCCCGTTACCGGTTT  Forward insert of purK
TAGAGCTAGAAATAGCAAGTTAAAA  sgRNA into pSLQ1236
TAAGGC

152 CGGTAACGGGCAGTTAGGCCACTA  Reverse insert of purK
GTCTTTTCTCTATCACTGATAGGGA  sgRNA into pSLQ1236

j153 ATTCGGAATGCCGACAGTGCGTTTT Forward insert of purL.
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

154 GCACTGTCGGCATTCCGAATACTAG Reverse insert of purL.
TCTTTTCTCTATCACTGATAGGGA sgRINA into pSLQ 1236

155 GGCATCTTTGTAGCTAAGAGGTTTT Forward insert of purM
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

156 CTCTTAGCTACAAAGATGCCACTAG Reverse insert of purM
TCTTTTCTCTATCACTGATAGGGA sgRINA into pSLQ 1236

3157 CTGTAAATTACTTCCGTTGCGTTTT Forward insert of purN
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC

j158 GCAACGGAAGTAATTTACAGACTAG  Reverse insert of purN
TCTTTTCTCTATCACTGATAGGGA sgRNA into pSLQ1236

3159 GAGAACCGAAGTCCAGAATGGTTTT  Forward insert of guaA
AGAGCTAGAAATAGCAAGTTAAAAT  sgRNA into pSLQ1236
AAGGC
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i160

i161

i162

i163

i164

i165

i166

i167

i168

i169

i170

i171

i172

i173

i174

CATTCTGGACTTCGGTTCTCACTAG
TCTTTTCTCTATCACTGATAGGGA
CGGTAGAGTGAGCAGGAACGGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
CGTTCCTGCTCACTCTACCGACTAG
TCTTTTCTCTATCACTGATAGGGA
ATGATATGTTTCTGATATAGGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
CTATATCAGAAACATATCATACTAGT
CTTTTCTCTATCACTGATAGGGA
GCGGCGGATCTTTAATACCTGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
AGGTATTAAAGATCCGCCGCACTAG
TCTTTTCTCTATCACTGATAGGGA
AAAAGGGCTTTACGAACGAAGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
TTCGTTCGTAAAGCCCTTTTACTAG
TCTTTTCTCTATCACTGATAGGGA
TAAGCGCAAATTCAATAAACGTTTTA
GAGCTAGAAATAGCAAGTTAAAATA
AGGC
GTTTATTGAATTTGCGCTTAACTAG
TCTTTTCTCTATCACTGATAGGGA
AGGAGAATTCGTAACAGCGCGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
GCGCTGTTACGAATTCTCCTACTAG
TCTTTTCTCTATCACTGATAGGGA
GGCAATGCCTTTACCCAGAGGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
CTCTGGGTAAAGGCATTGCCACTAG
TCTTTTCTCTATCACTGATAGGGA
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Reverse insert of guaA

sgRNA into pSLQ1236
Forward insert of guaB
sgRNA into pSLQ1236

Reverse insert of guaB
sgRNA into pSLQ1236
Forward insert of pyrB
sgRNA into pSLQ1236

Reverse insert of pyrB
sgRNA into pSLQ1236
Forward insert of pyrC
sgRNA into pSLQ1236

Reverse insert of pyrC

sgRNA into pSLQ1236
Forward insert of pyrD
sgRNA into pSLQ1236

Reverse insert of pyrD
sgRNA into pSLQ1236
Forward insert of pyrE
sgRNA into pSLQ1236

Reverse insert of pyrE
sgRNA into pSLQ1236
Forward insert of pyrF
sgRNA into pSLQ1236

Reverse insert of pyrF

sgRNA into pSLQ1236
Forward insert of pyrG
sgRNA into pSLQ1236

Reverse insert of pyrG
sgRNA into pSLQ1236



i175

i176

i177

i178

i179

i180

i1130

jl131

i1154

il155

TTTATAGACGGGTTTTGCATGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
ATGCAAAACCCGTCTATAAAACTAGT
CTTTTCTCTATCACTGATAGGGA
GGCCATCAATGGTAATAACCGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
GGTTATTACCATTGATGGCCACTAG
TCTTTTCTCTATCACTGATAGGGA
ACGTTTTTTGCTACCGCGTTGTTTT
AGAGCTAGAAATAGCAAGTTAAAAT
AAGGC
AACGCGGTAGCAAAAAACGTACTAG
TCTTTTCTCTATCACTGATAGGGA
ACATGTTCUTTCCTGCGTTATCCC

ATCTTTTCUACGGGGTCTGACGC

AGAAAAGAUCAAATAGCTAGCTCAC
TCGG

AGAACATGUAAATCTAGAGCGGTTC
AGTAG

132

Forward insert of pyrH
sgRINA into pSLQ 1236

Reverse insert of pyrH
sgRINA into pSLQ 1236
Forward insert of cmk

sgRNA into pSLQ1236

Reverse insert of cmk
sgRINA into pSLQ 1236
Forward insert of ndk
sgRINA into pSLQ 1236

Reverse insert of ndk
sgRNA into pSLQ1236
Forward primer for
amplifying psdAb-
TIR1/2 to change ori
to CloDF13

Reverse primer for
amplifying psdAb-
TIR1/2 to change ori
to CloDF13

Forward primer for
amplifying pCDF-Duet
CloDf13 origin
Reverse primer for
amplifying pCDF-Duet
CloDf13 origin



Table S3.2. Strains and plasmids used in the study. The name used to refer to a

specific strain or plasmid in the main text is written in bold.

Strain Description Reference
E. coi NEB  fhud2 A(argl-lacQ)U169 phoA ginV44 @80 New England
S-alpha A(lacQM15 gyrA96 recAl relAl endA1 thi-1 hsdR17; Biolabs
cloning strain
E. coli K12 F-lambda- (oG- 1fb-50 rph-1 Lab collection
MG1655
SIJ19 MG1655-gfp: MG1655 Bb_J23100 gfp ::FR'T (Bonde et al., 2016)
E.coli MG1655-DE3: MG 1655 A(DE3) (Mundhada et al.,
MG1655 2016)
(DE3)
JL100 MG1655-DE3-dCas9: MG 1655 A(DE3) attB- This study
186(0): tetR-Ptet-dCas9
JL86 MG1655-gtp with psgRNA-purA and pdCas9 This study
JL87 MG1655-gtp with psgRNA-purB and pdCas9 This study
JL88 MG1655-gtp with psgRNA-purC and pdCas9 This study
JL89 MG1655-gtp with psgRNA-purD and pdCas9 This study
JL9O MG1655-gtp with psgRNA-purE and pdCas9 This study
JL91 MG1655-gtp with psgRNA-purk and pdCas9 This study
JL92 MG1655-gtp with psgRNA-purH and pdCas9 This study
JL93 MG1655-gtp with psgRNA-purK and pdCas9 This study
JL94 MG1655-gtp with psgRNA-purL. and pdCas9 This study
JL95 MG1655-gtp with psgRNA-purM and pdCas9 This study
JLI96 MG1655-gtp with psgRNA-purN and pdCas9 This study
JL97 MG1655-gtp with psgRNA-guaA and pdCas9 This study
JL98 MG1655-gtp with psgRNA-guaB and pdCas9 This study
JL99 MG1655-gtp with psgRNA-pyrB and pdCas9 This study
JLI101 MG1655-gtp with psgRNA-pyrD and pdCas9 This study
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JL102
JL103
JL104
JL105
JL214

JL215
JL216
JL217
JL218
JL219
JL220

JL221

Plasmid
pCDF-
Duet
pdCas9-
bacteria

pSLQ1236

pOSIP KO

pOSIP KO-

dCas9
pE-FLP

MG1655-gtp with psgRNA-pyrE and pdCas9
MG1655-gtp with psgRNA-pyrF and pdCas9
MG1655-gtp with psgRNA-pyrG and pdCas9
MG1655-gtp with psgRNA-pyrH and pdCas9

MG1655-DE3-dCas9 with psgRNA-pyrF and
psdAb-TIR1

MG1655-DE3-dCas9 with psgRNA-pyrG and
psdAb-TIR1

MG1655-DE3-dCas9 with psgRNA-cmk and
psdAb-TIR1

MG1655-DE3-dCas9 with psgRNA-blank and
psdAb-TIR1

MG1655-DE3-dCas9 with psgRNA-pyrF and
psdAb-TIR2

MG1655-DE3-dCas9 with psgRNA-pyrG and
psdAb-TIR2

MG1655-DE3-dCas9 with psgRNA-cmk and
psdAb-TIR2

MG1655-DE3-dCas9 with psgRNA-blank and
psdAb-TIR2

Description

Cloning and expression vector; SpecR

pdCas9: p15A vector with aT'c-inducible
expression of dCas9; ChlorR

pSLQ1236: pColE1 vector with aTc-inducible
expression of sgRINA; AmpR

Cloning-integration plasmid, integrates at the phage
186 site; Kan®

Plasmid for genomic integration of al'c-inducible
dCas9; KanR®

Plasmid for expressing FLLP recombinase to excise
the integration plasmid backbone; AmpR
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This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study

This study

Reference

Novagen
(Larson et al., 2013)

(Larson et al., 2013)

(St-Pierre et al.,
2013)

(Lietal., 2016)
(St-Pierre et al.,

2013)



pET28a-
Nanobody
®-
TIRSynEvol
pET28a-

Nanobody
®-
TIRSynEvo2
psgRINA-
blank
pJL45
pJL46
pJLS1
pJL52
pJL53
pJL54
pJL55
pJL56
pJL57
pJL58
pJL59
pJL60

pJL61

pJL62

pBR322/ROP vector with Nanobody® expressed
from the T'7 promoter. Synthetically evolved
translation initiation region (TIR) for optimized
expression; KanR

pBR322/ROP vector with Nanobody® expressed
from the T'7 promoter. Synthetically evolved TIR
for optimized expression; Kan®

control: pSLQ 1236 without sgRINA sequence;
AmpR

purA: pSLQ 1236 with sgRINA targeting purA;
AmpR

purB: pSLQ1236 with sgRNA targeting purB;
AmpR

purC: pSLQ 1236 with sgRNA targeting purC;
AmpR

purD: pSLO1236 with sgRNA targeting purD;
AmpR

purE: pSLQ 1236 with sgRINA targeting purkl;
AmpR

purF: pSLO1236 with sgRNA targeting purk;
AmpR

purH: pSLQ 1236 with sgRINA targeting purH;
AmpR

purK: pSLQ 1236 with sgRNA targeting purK;
AmpR

purL: pSLQO1236 with sgRNA targeting purL;
AmpR

purM: pSLQ1236 with sgRNA targeting purM;
AmpR

purN: pSLQ1236 with sgRNA targeting purN;
AmpR

guaA: pSLQ1236 with sgRINA targeting guaA;
AmpR

guaB: pSLQ 1236 with sgRNA targeting guaB;
AmpR

pyrB: pSLO1236 with sgRNA targeting pyrB;
AmpR
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(Rennig
2018)

(Rennig
2018)

(Lietal., 2016)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



L64 rD: pSLQO 1236 with sgRNA targeting pyrD; This stud
P pyr:p g geung py Y

AmpR
L65 rE: pSLQ1236 with seRNA targetin rE; This stud
P pyrLt: p g geung py Y
AmpR
L66 rF: pSLQ 1236 with seRINA targetin rk; This stud
P pyr¥:p g geung py Y
AmpR
pJL67 pyrG: pSLQ1236 with sgRNA targeting pyrG; This study
AmpR
pJL68 pyrH: pSLO1236 with sgRNA targeting pyrH; This study
AmpR
pJL69 cmk: pSLO1236 with sgRNA targeting cmk; This study
AmpR
pJL70 ndk: pSLQ 1236 with sgRNA targeting ndk; AmpR  This study
pJL97 psdAb-TIR1: pET28a-Nanobody®-TIRSyEvel This study

plasmid with origin of replication changed to
ClodF13; KanR
pJL98 psdAb-TIR2: pET28a-Nanobody®-TIRSynEvol This study
plasmid with origin of replication changed to
ClodF13; KanR

Supplementary Tables S3.3-S3.5 are presented as Excel files, and can be
found at https://doi.org/10.1002/b1t.27536.

Supplementary Table S3.3. Analysis of proteins in the pyrimidine biosynthesis
pathway.

Supplementary Table S3.4. Analysis of RpoS and proteins associated with the
RpoS response.

Supplementary Table S3.5. Analysis of polar effects.
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Figure S3.1. Screening the purine and pyrimidine biosynthesis pathway
for growth decoupling targets. (a) GFP fluorescence in CRISPRi-induced
and uninduced strains after 12 h of growth. (b) OD of CRISPRi-induced
and uninduced strains after 12 h of growth. (c) GFP fluorescence in
CRISPRi-induced and uninduced strains after 24 h of growth. (d) OD of
CRISPRi-induced and uninduced strains after 24 h of growth. (e)
Histograms over 12 h and 24 h GFP fluorescence in CRISPRi-induced and
not induced cultures harboring sgRNA plasmids targeting pyrF, pyrG, emk or
an empty control vector. The OD and fluorescence were calculated as the
average of three biological replicates. Standard deviations between
replicates are shown as error bars. CRISPRi-induced strains are shown in
dark green (fluorescence in bar plots), dark grey (OD) or red (fluorescence
in histograms), and uninduced strains are shown in bright green
(fluorescence in bar plots), bright grey (OD) or blue (fluorescence in
histograms).
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Figure S3.2. Protein levels of PyrF, PyrG and Cmk in sdAb production
strains with or without induction of the CRISPRi growth decoupling
system. (a) Protein levels of PyrF (panel 1), PyrG (panel 2) and Cmk (panel
3) in strains harboring the psdAb-TIR1 plasmid and sgRNA plasmids

targeting pyrk, pyrG, emk or an empty control vector. (a) Protein levels of

PyrF (panel 1), PyrG (panel 2) and Cmk (panel 3) in strains harboring the
psdAb-TIR2 plasmid and sgRNA plasmids targeting pyrF, pyrG, cmk or an
empty control vector. CRISPRi-induced strains are shown in dark grey and

uninduced strains are shown in bright grey. Protein LFQ) intensities are

normalized to OD and were calculated as the average of three biological

replicates. Standard deviations between replicates are shown as error bars.

The proteome data set can be found in Supplementary File S3.1.
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Figure S3.3. Growth and protein levels during production of sdAb in shake
flask fermentation. (a) OD of CRISPRi-induced and not induced strains
harboring psdAb-TIR1 and an sgRNA plasmid targeting ¢mk or an empty
control vector (panel 1), and psdAb-TIR2 and an sgRINA plasmid targeting
pyrG or an empty control vector (panel 2). CRISPRi-induced strains are
shown in dark orange (¢mk and pyrG) or dark grey (control), and uninduced
strains are shown in bright orange (cmk and pyrG) or bright grey (control). (b)
Protein levels of Cmk in strains harboring the psdAb-TIR1 plasmid and
sgRNA plasmids targeting ¢mk or an empty control vector (panel 1). Protein
levels of PyrG in strains harboring the psdAb-TIR2 plasmid and sgRNA
plasmids targeting pyrG or an empty control vector (panel 2). CRISPRi-
induced strains are shown in dark grey and uninduced strains are shown in
bright grey. LFQ) intensities are normalized to OD. The OD and protein
LFQ intensities were calculated as the average of three biological replicates.
Standard deviations between replicates are shown as error bars. The
proteome data set can be found in Supplementary File S3.1.
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Abstract

Inducible expression systems can be applied to control the expression
of proteins or biochemical pathways in cell factories. However, several of the
established systems require addition of expensive inducers, making them
unfeasible for large scale production. Here, we establish a genome integrated
trp-T7 expression system where tryptophan can be used to control the
induction of a gene or a metabolic pathway. We show that the initiation of
gene expression from low- and high-copy vectors can be tuned by varying
the initial concentration of tryptophan or yeast extract, and that expression
is tightly regulated and homogenous when compared to the commonly used
lac-"1'7 system. Finally, we apply the trp-T7 expression system for production
of L-serine, where we reach titers of 26 g/L in fed-batch fermentation.



Introduction

Cell factories are a promising option for sustainable production of bio-
based compounds such as proteins and biochemicals.! While some products
have been commercialized, it 1s generally difficult to produce them at a price
that is competitive with petroleum-derived chemicals.? The complex
(heterologous) proteins and pathways that are used in cell factories oftentimes
compete with native metabolic processes for cellular resources, and pathway
expression at an early growth phase can drain the cell for energy or result in
redox imbalance.?* Furthermore, if the end-product is a toxic metabolite or
protein, production at the beginning of the fermentation results in growth
inhibition or poor growth.” Expressing the product pathway from a promoter
that is induced at a specific timepoint enables a two-phase production process
with biomass buildup followed by product accumulation. This approach can
increase yield, titer, productivity and improve process economics.®

There are several inducible promoters and expression systems available for
use in Escherichia coli.” One of the most commonly used systems 1s the lac-T7
(DE3) system.® It consists of a T7 RNA polymerase (I'7 polymerase)
controlled by the lacUV5 promoter and repressed by the lactose operon
repressor (Lacl). The protein or biochemical pathway 1s placed under control
of the T7 promoter (p77) and expression is induced by addition of isopropyl
B-D-1-thiogalactopyranoside (IPTG) or by growth on lactose.?? Gene
expression by T'7 polymerase enables very high expression levels, which has
led to extensive use of the system for protein production.!” Proteins or
biochemical pathways are also commonly expressed directly from the lac
promoter (Plac)'' or from the engineered lac and tryptophan fusion
promoters Tac!? and Trc,!® which have lower basal- and higher expression
levels compared to Plac. All these systems require addition of IPTG for
induction, which 1s expensive and unfeasible during production of low- or
medium-value compounds.!* Although IPTG-based systems can also be
induced by switching to lactose-based growth,” feeding lactose as a sole
carbon source to a fed-batch or continuous fermentation is not feasible due
to its cost and relatively low solubility in water.
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Inducible promoters can be tuned to improve their function and dynamic
range. Common approaches to minimize basal level expression and tune the
induced expression level include engineering/mutating the repressor,
operator and upstream elements, or the -10 and -35 binding sites of the RNA
polymerase as well as the spacing in between.!31517 It has also been shown
that novel, synthetic, ligand-responsive promoter sequences can be used to
improve expression levels up to 100-fold compared to native sequences.!® If
the promoter function is unknown, characterization of important promoter
elements can be done by establishing mutant promoter libraries and
screening those in a high-throughput manner.!” Using information gained in
a promoter library screen, the repressor binding site of the formaldehyde-
inducible promoter could be identified and the information could be used to
engineer mutated promoter variants with lower basal- and higher induced
level expression and a significantly improved dynamic range.!® Thermo-
dynamic models are also helpful in the design of inducible promoters,
especially to elucidate and predict the interaction between RNA polymerase
and DNA.1520 In a recent study, Chen et al.!> developed a method that can
be used to engineer the dynamic range of ligand-inducible promoters. Using
a thermodynamic model, they established a promoter library with different -
10 and -35 sites and applied the optimal site combinations to build promoters
regulated by different combinations of transcription factors, resulting in
predictable expression with a variable dynamic range.

Several attempts have been made to find affordable and easy-to-apply
(auto)inducible expression systems with low levels of basal expression and
high, tunable levels of gene expression. Such systems do for example include
those based on sensing of temperature, cell signaling, or depletion/addition
of a compound that is naturally occurring in the cultivation medium. For
temperature-based induction, the pr and pr phage promoters can be used to
induce gene expression, usually by shifting temperature from below 37 to up
to 42 °C.2122 The system has been coupled to the T7 polymerase for high-
level protein production of protein.?s Although an inexpensive method of
control, increased cultivation temperatures can induce cellular stress
responses and alter protein folding.?* Additionally, exact and homogenous
temperature control can be difficult to achieve in large-scale vessels.?> For
cell signaling-based induction, the native bacterial quorum-sensing system
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has been applied to establish autoinducible production by coupling gene
expression to the concentration of secreted quorum signaling molecules.?6-?7
This type of system has also been shown to work when coupled to the T'7
polymerase for further amplification of protein output.?® While expression is
not always tightly regulated and the system might require tuning for each
desired compound, further engineering could provide a system suitable for
large scale fermentation.

The tryptophan promoter (Ptrp) 1s induced as tryptophan is depleted from
the medium, or by addition of 3-indoleacrylic acid. It has been extensively
applied for protein and polypeptide production® and there are several
expression vector systems based on the promoter.!%30 Generally, the native
or leaderless (without the trp leader sequence #pL) promoter and the trp
repressor (rpR) have been inserted into an expression vector for direct control
of a gene of interest (GOI). The promoter 1s tightly regulated, but does not
provide as high expression levels as lac-T7 and plasmid instability is
prevalent.3!

In this study, we engineered a genome integrated auto-inducible expression
system by combining the tightly regulated tryptophan promoter with the
high-expressing 17 polymerase. We showed that induction of gene
expression could be tuned by the initial tryptophan concentration for low-
and high-copy vectors, and that expression strength was dependent on the
use of the native or leaderless promoter constructs. By cloning the toxin
MazF under control of our promoter constructs, we verified that the
promoters are tightly regulated and suitable even for toxic protein
production. Using flow cytometry, we further demonstrated that population
homogeneity was improved compared to the commonly used lac-17 system.
Finally, we showed that the trp-T7 expression system can be used for
biochemical production by applying it for batch and fed-batch fermentation
of L-serine.
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Materials and methods

Strains, media and materials

For cultivation and screening during cloning, 2xY'T' (16 g/L bactotryptone,
10 g/L yeast extract, 5 g/L NaCl) medium and lysogeny broth (LB, 10 g/L
tryptone, 5 g/L yeast extract, 10 g/L. NaCl) agar plates with appropriate
antibiotics were used. Ampicillin, kanamycin, chloramphenicol and
spectinomycin was used with working concentrations of 100 pg/mL, 50
peg/mL, 50 pg/mL and 50 pg/mL respectively. For cloning and screening of
plasmids carrying a tryptophan repressible gene, 0.5 mM tryptophan was
added to agar plates and growth medium to repress gene expression. Growth
and production experiments were performed in M9 minimal medium with
0.1 mM CaCly, 2.0 mM MgSOy4, Ix trace element solution and 1x M9 salts
supplemented with glucose, appropriate antibiotics and other compounds as
described below. The stock solution of trace elements was 1000x and
consisted of 15g/L. EDTA(Nag)*2H20, 4.5 g/L ZnSO+*7H20, 0.7 g/L
MnClp*4H20O, 0.3 g/L CoCly*6H20, 0.2 g/L CuSO4*2H>0O, 0.4 g/L
NaMoO4*2H20, 4.5 g/L CaCla*2H20, 3 g/L Fe SO4*H20, 1 g/L H3BOs3
and 0.1 g/L KI dissolved in double-distilled water and sterile filtered. The
stock solution of M9 salts was 10x and consisted of 6.8 g/L NasHPO4
anhydrous, 3 g/L. KHoPOs4, 5¢/L NaCl and 1 g/L. NH4Cl dissolved in
double-distilled water and autoclaved. The strains and plasmids that were
used are listed in Table 4.1. Chemicals were purchased from Sigma-Aldrich
(Tautkirchen, Germany). Restriction enzymes and PCR polymerases were
purchased from ThermoScientific (Waltham, MA, USA). USER enzyme
was purchased from BioNordika (Herlev, Denmark).

Plasmid and strain construction

Plasmids were purified using the Machery Nagel plasmid purification kit
(Dure, Germany). Cells were transformed using the T'SS buffer method. 40
mL exponentially growing cells (OD ~ 0.4-0.8) were spun down and

resuspended in 0.5-1 mL TSS buffer (100 g/L PEG 8000, 30 mM MgCly,
20 mL DMSO 1in LB). Cells were mixed with 100 ng plasmid and put on ice
for 15 min. The plasmid-cell mix was subjected to heatshock (42 °C, 1 min)
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and put on ice for 2 min. Cells were incubated for 1 h at 37 °C before plating
on LB agar with appropriate antibiotics. All plasmids were constructed by
USER cloning.??33 Briefly, template DNA was amplified using Phusion U
polymerase and primers containing a uracil complementary overhang. PCR
products were purified and subjected to Dpnl digestion. The backbone and
the template fragments were mixed with USER enzyme and bufler to a
volume of 10 pL and incubated for 20 minutes at 37 °C followed by 20 min
at 25 °Cl. The mix was diluted with 10 puLl. water and 10 pL of the diluted
mix was used for transformation into competent cells. All primers used in the
study were ordered from Integrated DNA Technologies (Leuven, Belgium)
and are listed in Suppl. Table 4.1. The tryptophan repressor, operator and
promoter and the mazlF gene were amplified from the F£. coli genome.
Integration of trp-T7 and trp*-T7 was carried out according to the protocol
by St. Pierre et al.3* Briefly, the cassettes were cloned on a pOSIP vector,
followed by integration at the attB-186(O) site. The antibiotic cassette was
excised using a FLLP recombinase.

Table 4.1. Strains and plasmids used in the study. Names used to refer to

strains and plasmids in the main text are written in bold.

Strain Description Reference

E. coli NEB 5-  fhud2 A(argF-lacQ)U169 phod ginV44 @80 A(lacQM15 New England

alpha rA96 recAI relAl endA1 thi-1 hsdR17; cloning strain Biolabs
E. coli K12 F- lambda- tloG- 1fb-50 rph-1 Lab
MG1655 collection
E. coli lac-T7: MG1655 A (DE3) 5
MG1655
(DE3)
ALES MG1655 AsdaAAsdaBAtdcGAglyA; serine tolerant 36
strain
ALES MG1655 AsdaAAsdaBAtdeGAglyA N(DE3); serine 36
tolerant strain
JL13 trp-T7: MG1655 attB-186(O): Puyp; tryptophan This study
repressor and promoter controlling T7 polymerase
expression
JLA44 trp*-T7: MG 1655 attB-186(O): Pup+; tryptophan This study

repressor and truncated promoter controlling T'7

polymerase expression
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JLA45
JL46

JL84

JL141
JL142
JLI51
JL153
JL154
JL155
JL160
JL161
JL162
JL163
JL164
JL165
JL166

JL167

Plasmid
pOSIP KO

pOSIP KO-

lacI-T7
pE-FLP

PSEVA27-s13

pCDF-1b

trp-T7 with pSEVA27-mCherry

trp*-T7 with pSEVA27-mCherry

trp-T7-ser: ALES attB-186(O): Pyyp; tryptophan
repressor and promoter controlling T7 polymerase

expression

trp-17 with pCDF-mCherry
trp*-T7 with pCDF-mCherry
lac-T7 with pSEVA-mCherry
lac-T7 with pCDF-mCherry
trp-T7-ser with pSEVA27-serABC
trp*-T7-ser with pSEVA27-serABC
trp-T7 with pSEVA27

trp-T7 with pSEVA27-mazFF
trp-17 with pCDF

trp-17 with pCDF-mazF

trp*-T7 with pSEVA27

trp*-T7 with pSEVA27-mazF
trp*-T7 with pCDF

trp*-T'7 with pCDF-mazF

Description

Cloning-integration plasmid, integrates at phage 186

site; KmR

Plasmid for integrating T'7 polymerase under control

of Lacl; KmR

Plasmid for expressing FLLP recombinase to excise the
integration plasmid backbone; AmpR

pSEVA27: Low copy number plasmid pSC101 origin
(~5 copies per cell); MCS under T7 promoter; KmR
pCDF: High copy number plasmid CloDF13 origin
(~20-40 copies per cell); MCS under T'7 promoter;

SpR
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This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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pJL3 pOSIP-trp*-T7: pOSIP KO harboring a P+ This study
integration cassette controlling the T7 polymerase;

KmR

pJLS PSEVA-mCherry: SEVA27-s13 plasmid with This study
mCherry expressed from the T7 promoter; KmR

pJL9 pOSIP-trp-T7: pOSIP KO harboring a Py, This study
integration cassette controlling the T7 polymerase;
KmR

pJL42 pCDF-1b plasmid with mCherry expressed from the =~ This study
T7 promoter; SpR

pJL83 pCDF-mCherry: pCDF-1b with lacl removed and This study
mCherry expressed from the T7 promoter; SpR

pJL88 PSEVA-mazl: pSEVA27-s13 plasmid with mazF This study
expressed from the T7 promoter; KmR

pJL89 pCDF-mazl: pCDF-1b plasmid with /ac/ removed This study
and mazF expressed from the T7 promoter; SpR

PSEVA27-sl-  pSEVA-serACB: Expression of the serine operon 38

serA™CB from the T7 promoter; KmR

TIR 1

Microtiter plate cultivations

Single transformants were inoculated in 96-deep well plates in 500 pL. M9
medium supplemented with 0.4% glucose, 0.02% yeast extract and 0.5 mM
tryptophan. Cultures were grown overnight at 37 °C, 250 rpm. Cells were
washed and inoculated with a 1:100 inoculum ratio in microtiter plates with
150 pL.. M9 medium supplemented with 0.5% glucose and a specified
amount of tryptophan or yeast extract. The plates were sealed with oxygen
permeable film (Breathe-Easy sealing membrane, Sigma-Aldrich) and
incubated at medium shaking, 37 °C in an ELx808 Absorbance Reader
(BioTek, Winooski, VT', USA) for ODeg30 measurements, or in a Synergy H1
Hybrid Multi-Mode Reader (BioTek, Winooski, VT, USA) for ODegso and

fluorescence (excitation 587 nm, emission 617 nm) measurements.

Flow cytometry

Single transformants were inoculated in 2 mLL M9 medium supplemented
with 0.4% glucose, 0.02% yeast extract and 0.5 mM tryptophan. Cultures

were grown overnight at 37 °C, 250 rpm. Cells were washed and inoculated
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with an inoculum ratio of 1:100 in a 24 deep well plate in 2.5 mL M9
medium supplemented with 0.4% glucose. The MG1655(DE3) strains were
induced with 1 mM IPTG at ODgso ~ 0.3-0.4. Samples were diluted
appropriately and analyzed in a MACSQuant® VYB flow cytometer
(Milteny1 Biotec, Cologne, Germany). Expression of mCherry was detected
using a yellow laser (561 nm) and the 615/20 nm Y?2 filter. Forward (FSC)
and side (SSC) scatter was detected with the yellow laser and a 561/10 nm
filter. The results were analyzed with FlowJo (Becton, Dickinson &
Company, Franklin Lakes, NJ, USA).

Serine production in small batch fermentation

Pre-inoculums were prepared by inoculating single transformants in 2.5 mL
M9 medium supplemented with 0.4% glucose, 0.02% yeast extract, 0.5 mM
tryptophan and 2 mM glycine. Cultures were grown overnight at 37 °C, 250
rpm. Cells were washed and inoculated to an OD of 0.05 in 50 mL. M9
medium supplemented with 0.4% glucose, 2 mM glycine and 0.04 or 0.5
mM tryptophan.

Serine production in fed-batch fermentation

Medium for fed-batch fermentation was prepared as previously described,3%
with an addition of 0.125% YE instead of 0.2 % YE to the batch medium. A
preculture was grown overnight at 37 °C, 250 rpm, in 2xY'T' medium with
0.5 mM trp and 0.1% glucose. Cells were washed and the bioreactor was
inoculated to an OD of 0.1. Oxygen saturation was maintained at 40%
throughout the fermentation. Samples were taken regularly for analysis. A
correlation of 0.374 between cell dry weight (CDW) and OD was used for
CDW estimation and subsequent yield calculations.?>

Analytical methods

Samples from the small batch and fed-batch fermentations were filtered and
diluted appropriately. Glucose and byproducts were analyzed with HPLC as

previously described.?® Serine was analyzed with LC-MS as previously
described.3?
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Results

Design and construction of a trp-T7 expression system

To establish a high-expressing, inexpensive inducible system with low basal
level expression, we wanted to combine the high level of gene expression
achievable from the T'7 polymerase with the tightly regulated trp operon.
Using such a system, we hypothesized that the onset of gene expression could
be tuned to a certain timepoint by regulating the amount of tryptophan
added to the medium at the start of the cultivation (Fig. 4.1a-b).

The trp operon consists of five structural genes encoding tryptophan
synthase, and 1s regulated by the tryptophan repressor (TrpR). In growth
medium with excess tryptophan, TrpR binds the tryptophan operator (#7p0),
blocking transcription of the operon from the trp promoter (Pirp). The
repression is further (~10-fold) enhanced by attenuation, a mechanism where
the trp leader sequence (#7pL) forms RNA stem loops that blocks transcription
in the presence of tryptophan.** We constructed two integrative cassettes
where the E. coli tryptophan regulation machinery was designed to control
the T7 polymerase (Fig. 4.1c). The first variant contained the tryptophan
repressor and the native tryptophan leader sequence, promoter and
operator. This variant is hereafter referred to as trp-17. The second variant
contained the tryptophan repressor, the tryptophan promoter and operator,
but not the tryptophan leader sequence. This variant is hereafter referred to
as trp*-1'7. The cassettes were cloned on a pOSIP integration vector®* and
integrated into the attB-186(0) site in E. coh K12 MG1655, resulting in the
two strains hereafter referred to as trp-17 and a trp*-T7.

Low-copy plasmid pSEVA27 (hereafter pSEVA) and high-copy plasmid
pCDF-1b (hereafter pCDF) harboring p77 controlled by lacO were used as
expression vectors to evaluate expression homogeneity and basal level
expression, timing of induction in different concentrations of tryptophan,
and biochemical production from the expression system (Fig. 4.1d). We
decided to not replace the lacO site with a #pO site in order to facilitate
cloning during future use of the system, as most T7-based expression vectors
have a /lacO site present. We further hypothesized that #rpR-based repression
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of the genomic T7 polymerase would provide sufficient regulation of the
system, as the trp operon is inherently under more strict regulation when
compared to the lac operon. However, keeping /acO meant that we had to
remove lacl from pCDF to enable target gene expression during growth on
glucose.

Evaluation of expression profiles in different
concentrations of tryptophan and yeast extract

For evaluation of the promoter system, strains with integrated trp-17 and
trp*-T'7 (that contains or lacks the #pL, respectively), were transformed with
a low- or high-copy plasmid harboring mCherry under control of p77,
resulting in four different strains (Table 4.1, Fig. 4.1c-d). The induction
profile of each strain was investigated using different starting concentrations
of tryptophan and (tryptophan-containing) yeast extract (YE) with mCherry
as a reporter gene (Iig. 4.2a). Strains were grown in 0-0.5 mM tryptophan
or 0-1% YE, and OD and fluorescence was monitored for 20 h. Overall, the
initial concentration of tryptophan and YE was inversely correlated to the
fluorescence per OD and the initiation of mCherry expression (Fig. 4.2¢c-d,
Suppl. Fig. 4.1), showing that tryptophan and YE could be used to control
the induction of the gene of interest (GOI) in both versions of the trp-17
strains, and for both the high- and low-copy vector. The fluorescence and
fluorescence per OD at different time points were generally higher with
decreasing concentrations of tryptophan or yeast extract, since expression
was induced earlier (Fig. 4.2b-c). An exception was trp-17 with pCDF-
mCherry, where fluorescence per OD was similar for all YE concentrations
between 0-0.25% (Fig. 4.2c, Suppl. Fig. 4.1). As expected, growth was
dependent on the amount of yeast extract added to the medium (Suppl. Fig.
4.1). For strains carrying the low-copy plasmid pSEVA-mCherry (Fig. 4.2b),
high initial concentrations of tryptophan and YE (0.5, 0.25 mM, and 1, 0.5
and 0.25%, respectively) completely repressed mCherry expression in trp-
T7, while low levels of expression could be seen after ~10-13 h in trp*-T7.
This 1s expected, as the &rpL-containing trp-17 version of the promoter
should exhibit a higher level of repression than trp*-T7. With most
concentrations of tryptophan and YE, the fluorescence per OD was only
marginally higher in trp*-17 compared to trp-17. However, for the strains
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Figure 4.1. The layout and function of the trp-T7 expression system. (a)
Tryptophan-based repression and induction for production of a protein or
biochemical. (b) Repression and induction of the trp-17 expression system
1s controlled by tryptophan concentration. When tryptophan is present in
the growth medium it is bound by TrpR, which binds trpO and inhibits
expression of T'7 polymerase and the GOI. After tryptophan 1s consumed,
the conformation of TrpR changes, leading to dissociation from trpO. T'7
polymerase 1s produced and transcribes the plasmid-based GOI from p17.
(c) Layout of the genome integrated cassettes trp-17 and trp*-T17. (d) The
plasmids with the different T'7-transcribed genes that were used to test trp-
T7 based protein and biochemical production in this study.
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carrying the high-copy plasmid pCDF-mCherry (Fig. 4.2c), the fluorescence
per OD was significantly higher in trp*-17, compared to trp-T7, for both trp
and YE cultures. Low but significant levels of mCherry were observed in
trp*-17 even at high initial concentrations of tryptophan and YE, while, for
trp-T'7, repression was similar to that seen in the low-copy plasmid strains.
Interestingly, the fluorescence per OD in strains harboring the trp-T17
expression cassette was higher when mCherry was expressed from the low-
copy pSEVA plasmid than from high-copy pCDF plasmid. This may be due
to higher metabolic burden resulting from maintaining multiple plasmid

copies.*!

Comparing expression strength and homogeneity to lac-T7

Next, we sought to investigate the expression heterogeneity of both promoter
constructs and compare it to the commonly used lac-T7 expression system.
A lac-T7 strain (E.coli MG1655 (DE3))3> was transformed with pSEVA-
mCherry or pCDF-mCherry. Overnight cultures were inoculated in
minimal medium without tryptophan. The lac-T7 cultures were induced
with ] mM IPTG at OD ~ 0.3-0.35. Expression levels were investigated with
flow cytometry 8 and 24 h after inoculation (Fig. 4.3a).

For the pSEVA-mCherry strains, fluorescence was slightly lower for trp-17
compared to trp*-T'7 after 8 h (p = 0.027), while no significant difference was
seen after 24 h (p = 0.12) (Fig. 4.3b, Suppl. Fig. 4.2a). Fluorescence of the
lac-1'7 strain was on average 3.9- and 2.7-fold higher compared to the trp-
T7 and trp*T'7 strain, respectively. The lac-T7 strain also had a narrower
distribution of fluorescence at the single cell level. The broad fluorescence
profile seen in the trp strains could be the result of heterogenous transport
and degradation rates of tryptophan, resulting in differences in the trp
operon induction response,*? and such population heterogeneity could be
improved by for example engineering constitutive expression of tryptophan
permeases. After 24 h, the difference between the trp and lac strains had
decreased, with the lac-T7 strain having an average fluorescence that was
1.8- and 1.3-fold higher compared to the trp-T7 and trp*1'7 strain,
respectively. There was a subpopulation of low- and non-expressing cells
forming in the lac-T7 strain, while expression in the trp strains was
homogenous (IFig. 4.3b, Suppl. Fig 4.2c¢).
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Figure 4.2. Experiment layout and fluorescence per OD after 7, 13 and 20
h for strains harboring the trp-T7 or trp*-17 expression system. The strains
were grown with different starting concentrations of tryptophan (trp) or
yeast extract (YE). (a) Experiment scheme. (b) Fluorescence per OD for
strains trp-1'7 and trp*-T7 with mCherry expressed from low-copy plasmid
pSEVA. (c) Fluorescence per OD for strains trp-T7 and trp*-17 with
mCherry expressed from high-copy plasmid pCDF. The different time
points are shown in bright (7 h), medium (13 h) or dark (20 h) shades of blue
or orange for strains grown with tryptophan or YE, respectively. The
fluorescence per OD was calculated as the average of three biological

replicates. The standard deviations are shown as error bars.

For the pCDF-mCherry strains, fluorescence was significantly higher for the
trp*-T7 compared to the trp-T7 strain after 8 h of growth (p = 0.009) (Fig.
4.3c, Suppl. Fig. 4.2b). The lac-T'7 was expressing higher levels of mCherry
than both trp strains, with a 17.9- and 5.5-fold higher average fluorescence
compared to trp-1T7 and trp*T7, respectively. Similar to the pSEVA-
mCherry cultures, the lac-T7 strain had a narrower expression profile
compared to both trp strains. After 24 h, the difference between the trp and
lac strains had decreased slightly, with lac-T7 having 8.2- and 3.5-fold higher
average fluorescence levels compared to trp-T7 and trp*-T7, respectively
(Fig. 4.3c, Suppl. Fig 4.2b). However, mCherry expression in the lac-T7
strain was highly heterogenous, with a large population not expressing or
expressing only low amounts of the protein (Fig. 4.3c, Suppl. Fig 4.2d). The
expression heterogeneity of the lac-T7 system constitutes a significant
problem when using the system in fed-batch or continuous production
processes. It results in decreased productivity, especially as the subpopulation
that stops producing the compound of interest usually quickly outgrows the
producing population.*> Application of a less leaky version of the lac-T7
system or application of a constitutive lac permease could potentially
improve population homogeneity of the IPTG- induced system, without
affecting the expression levels negatively.**

Overall, the average fluorescence was significantly lower for trp-17

compared to the lac-17 strains (Fig. 4.3b-c, Suppl. Fig. 4.2a-b), which may
partly be explained by the tight regulation of the trp expression system.
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Additionally, due to the lacO site present on the expression plasmids,
mCherry expression is also being repressed by endogenously expressed lacl.
Comparison of mCherry fluorescence levels for trp-17 and trp*-T7 with or
without IPTG induction showed that fluorescence per OD increased
approximately 10% after IPTG addition for both pSEVA- and pCDF-based
expression vectors (data not shown). Thus, higher protein expression levels
could potentially be achieved by deleting the endogenous lac/ gene.
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Figure 4.3. Histograms showing the fluorescence of strains trp-T7, trp*-
T7 and lac-T7 after 8 and 24 h of growth. (a) Experiment scheme. (b)
Fluorescence of strains with mCherry expressed from low-copy vector
pSEVA. (c) Fluorescence of strains with mCherry expressed from high-copy
vector pCGDF. mCherry was induced by growth in tryptophan deplete
medium (trp-T7, trp*-T7) or by addition of 1 mM IPTG (lac-T7). Each
histogram shown i1s a representative sample out of three biological

replicates.
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Evaluating the system for toxic protein production

Production of toxic proteins is challenging, as they can inhibit cell growth.
An expression system with low basal level expression is preferred to avoid
growth inhibition and decreased productivity when expressing such proteins.
To 1investigate whether our constructs are suitable for toxic protein
production, the mazF gene was cloned behind p77 on pSEVA and pCDF,
resulting in plasmids pSEVA-mazl' and pCDF-mazF. MazF is an ACA-
specific endoribonuclease that stalls cell growth by ribosome independent
mRNA cleavage.**6 The toxin has previously been used to demonstrate the
suitability of an inducible expression systems in E. cols.!” The mazF plasmids
and respective control plasmids (no gene after p77) were transformed to trp-
T7 and trp*-T'7, resulting in eight different strains.

The experiment was carried out similar as shown in Fig. 4.2a; overnight
cultures were inoculated in microtiter plates with 0-0.25 mM trp or 0-0.5%
YE and growth was monitored for 24 h (Fig. 4.4a-b). At the highest
tryptophan and the two highest YE concentrations, no significant difference
could be seen in growth rate and final OD between the control strains and
the strains harboring the mazl-plasmids, with the exception of trp*-T7
harboring pCDF-mazF where a slight decrease in growth rate could be seen
also for the highest trp and YE concentrations (Fig. 4.4b). At the lower
concentrations, the MazF-expressing strains did not grow, grew with a much
lower growth rate or reached a lower OD compared to the control strain for
all constructs. Overall, the results show that the trp-17 expression system 1is
tight enough to be suitable for expression of toxic proteins from high- and
low-copy vectors in £. coli.

Interestingly, growth was resumed in the toxin-expressing strains toward the
end of the microtiter plate cultivation. This phenomenon has been observed
for expression of other toxins in our lab, and is possibly a result of single cells
overcoming the toxic effect of MazF by mutating the toxin gene, the T'7
polymerase or possibly by overexpressing the native antitoxin mazF. It is
worth noting that growth was initiated at approximately the same timepoint
in all cultures where growth was completely inhibited by toxin expression,

indicating some common underlying mechanism.

158



a PSEVA b pCDF
trp YE trp YE
1.00| === mazF 1.00| === mazF
N 0.75 control N 07| = control
K 8050 / - ko :
000 g o 050
k5 o2 5 025
0 0
N 1.00 N 1.00
K oo KF oo
% o ¥ a
25 050 2.5 050 —
+ 025 = 025
0 0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h) Time (h) Time (h)
mazF control mazF control
0 mM trp or 0% YE — 0.0625 mM trp or 0.125% YE

0.016 mM trp or 0.033% YE ——— wem== 0.25 mM trp or 0.5% YE

Figure 4.4. Growth curves of strains harboring the trp-T7 expression
systems and a mazF-expressing plasmid (pink lines) or the corresponding
control plasmid (blue lines). A darker shade of each color represents a higher
concentration of trp or YE added to the medium at the beginning of the
cultivation. a) Growth curves of strains trp-17 and trp*-T7 harboring mazF
on pSEVA. b) Growth curves of strains trp-17 and trp*-17 harboring mazF
on pCDF. The growth curves were calculated as an average of three

biological replicates.

Applying trp-T7 for production of L-serine

L-serine 1s currently used in the pharmaceutical and cosmetics industry, but
has potential for extended industrial use as a building block for numerous
chemicals.*’ In previous studies, the L-serine pathway has been expressed
from p77 by an integrated lacUV5-T7 polymerase induced by addition of
IPTG.33 To test L-serine production from our tryptophan repressible
expression system the trp-17 cassette was integrated into an L-serine-tolerant
strain of Escherichia coli.’® We chose to only apply one of the cassettes, as
mCherry production levels of trp-T7 and trp*-T7 were similar according to
flow cytometry (Fig. 4.3b). The strain was transformed with pSEVA27-sl-
serA™CB TIR1 (hereafter pSEVA-serACB) harboring an expression-
optimized serine operon under control of p77,38 resulting in strain trp-T7-

SCT.
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Overnight cultures of trp-T7-ser were inoculated in shake flasks with either

0.04 or 0.5 mM tryptophan to test inducible and repressible function of the

system, respectively. OD and serine was measured continuously for 24 h. At

the end of cultivation, serine titers reached 0.55 g/L (Fig. 4.5a), slightly lower

than the 0.62 g/L achieved when using lac-T7.38 A decrease in growth rate

and final OD could be seen for the serine-producing strain, which may be

due to carbon being utilized for serine production instead of growth.

oD

Glucose consumed (g)

Small batch fermentation b Fed-batch fermentation
=+-0D, 0.04 mM =#-0D, 0.5 mM «=0D -e-Serine (g/L)
-0-L-serine, 0.04 mM L-serine, 0.5 mM < 40

1.5 5
=y o 30
1 = £
@ $ 20
—
0.5 &
E "g 10
0 8 0 T
0 10 20 30 40
Time
60 - d = 20 - € 30, :
2 . = °
°. g e = ®0.73
40 k S 15 ° 0.33 S 20} 80 =
& T [ g t‘.
» o 10 | ° -g ._.
20 | . o . S 10} g
b g st .- s
o s | £ |
0 2 T T E 0 —~ T T 1 § 0 = T T
0 20 40 0 20 40 60 = O 20 40
Time (h) Glucose consumed (g) Time (h)

Figure 4.5. Serine production in trp-T7-ser harboring the trp-T7
expression system and plasmid pSEVA-serACB (a) Small batch
fermentation. Growth of trp-T7-ser in 0.04 mM tryptophan (triangles, dark
orange) and 0.5 mM tryptophan (triangles, blue). L-serine production of trp-
T7-ser in 0.04 mM tryptophan (circles, orange) and 0.5 mM tryptophan
(circles, bright blue). OD and serine concentrations were calculated as the
average of three biological replicates. The standard deviations are shown as
error bars. (b) Growth (orange) and production (blue) curves for fed-batch
fermentation of trp-17-ser. (c) Glucose consumed during the fed-batch
fermentation of trp-T7-ser. (d) L-serine yield during the fed-batch
fermentation of trp-T7-ser. (e) Productivity of the fed-batch fermentation of
trp-T'7-ser.
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To investigate the scalability of the process, we further tested the strain using
fed-batch fermentation. Tryptophan was replaced by yeast extract for initial
repression of the serine pathway, as this is a more plausible alternative for
large scale fermentation. After calculating the tryptophan concentration in
the yeast extract and taking the larger cultivation volume in the bioreactor
into account, 0.125% YE was added to the medium before start of
cultivation. An overnight culture was inoculated in a | L bioreactor
containing 250 mL medium supplemented with 0.125% YE. The glucose
feed was started after 9 h (at OD ~ 9) and growth and serine production was
monitored for ~ 42 h (Fig. 4.5b).

At the end of the fermentation, 26 g/L L-serine had been produced,
approximately half of the 48 g/L reached when using lac-17.38 The
productivity was 0.73 g/Lh (Fig. 4.5¢), approximately 70 % of that reached
with the lac-T7 system. However, the same yield of L-serine per glucose (0.33
and 0.30 g/g for trp-17 and lac-T7, respectively) was achieved; the lower
titer and productivity may partly be explained by a decreased glucose uptake
and growth rate in our trp-T7 strain (Fig. 4.5c-d). Increasing the
concentration of YE to 0.2%, which was used in the lac-T7 fermentation,
might improve growth rate and glucose uptake but may also affect the timing
of induction of the L-serine pathway. Another contributing factor could also
be the lower expression levels from trp-17 compared to lac-T7 that was
observed previously (Fig. 4.3b).

Conclusions

Timing the induction of protein and product pathway expression can
improve bioprocess performance and can serve as an important mode of
control during fermentation. Low-cost expression systems are of special
interest for large-scale fermentations and for production of low-or medium-
value compounds. In this study, we demonstrated that the . colz tryptophan
promoter can be used to control T7-based expression of a gene of interest
and that induction can be tuned by varying tryptophan or yeast extract
concentration in the start medium. Tryptophan depletion did not seem to
impact growth in our experiments. However, for production of other types
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of biochemicals or proteins, the growth rate and tryptophan uptake rate may
be affected, which would impact the dynamics of the expression system. This
could especially be the case if the expressed (heterologous) pathway enzymes
or products have a high tryptophan content. In those cases, engineering
approaches may have to be taken to tune system and adapt to the new

conditions.

Production levels were lower compared to using the lac-T7 expression system
for both protein and biochemical production. Further improvement of the
system could be made by engineering constitutive tryptophan uptake or using
a lacl knock-out strain to improve induction homogeneity, or engineering the
dynamic range using a mutant promoter library approach.!? Overall, the
low-cost and tight regulation of the trp-T7 system makes it an attractive
alternative for large scale production of biochemicals and proteins.
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Supplementary materials

Table S4.1. Primers used in this study.

Nr.

2197

2733

11707

11708

11726

11795

11830

11831

11832

11833

Primer sequence 5’- 3’

AGCTGAGGUCGCCTCAG
@

AAACTGGTCUCCTTCTTA
AAGTTAAACAAAATTATT
TCTAGAG
AGATGCAUGGCGCCTAA
CC

AGAGGAUCCCCGGGTAC

ACA GTAATU AAT TAA
CCT AGG CTG CTG CCA
CC

ATG GTATAU CTC CTT
ATT AAA GTT AAA CAA
AAT TAT TTC TAC AGG G
ATC GTA CUCTTT AGC
GAG TAC AAC CGG G

AGA GGG CUTTA TCA
ATC GCT TTT CAG CAA
CAC CTC

AGT ACG AUGAG CTG
TTG ACAATT AAT CAT
CGA AC

ATC GTG TTCAUTGT
TAT TCT CTAATTTTG
TTC AAA AAA AAG CC

167

Description

Forward primer to amplify
pSEVA27together with 2733 for
mCherry and mazF insertion
Reverse primer to amplify
pSEVA27 together with 2197 for
mCherry and mazF insertion
Forward primer to amplify pOSIP-
trp-T'7 together with j126 to remove
trpL

Reverse primer to amplify pOSIP-
KO-T7 together with 11834 for
trhR+trpO insertion

Forward primer to amplify pCDF-
1b together with 11795 for
mCherry insertion

Reverse primer to amplify pCDF-
1b together with 11726 for
mCherry insertion

Reverse primer for amplifying tnpR
together with 11831 to clone with
trpO on pOSIP-KO-T'7

Forward primer for amplifying #rpR
together with 11830 to clone with
trpO on pOSIP-KO-T'7

Forward primer for amplitying #rpO
together with 11833 to clone with
trpR on pOSIP-KO-T'7

Reverse primer for amplifying #pO
together with 11832 to clone with
trpR on pOSIP-KO-T'7
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ATG AAC ACG AUT AAC
ATC GCT AAG AAC G

AGA CCA GTT UATG AGC
AAG GGC GAG GAG GA

ACC TCA GCUCTA CTT
GTA CAG CTC GTC CAT
GCC

ACT GCC
UCGAAAGGTTTTGCGCC
A

AGG CAG UGA GCG CAA
CGC AAT TAATG

ATA TAC CAUG AGC AAG
GGC GAG GAG GA

ATT TCT TAT CCAUTGT
TAT TCT CTAATTTTG
TTC TGT CGA TAC C

AAT TAC TGUCTA CTT
GTA CAG CTC GTC CAT
GCC
ACCTCAGCUCTACCCAAT
CAGTACGTTAATTTTGGC

AGACCAGTTUATGGTAA
GCCGATACGTACCC

AGATATACCAUGGTAAGC
CGATACGTACCC

TAGGTTAATUCTACCCAA
TCAGTACGTTAATTTTGG
@
AATTAACCUAGGCTGCT
GCC
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Foward primer to amplify pOSIP-
KO-T7 together with 11708 for
trhR+trpO insertion

Forward primer for amplifying
mCherry togther with 11911 to
clone on pSEVA27

Reverse primer for amplifying
mCherry together with 11910 to
clone on pSEVA27

Forward primer to amplify pCDF-
mCherry and pCDF-mazF together
with j118 to remove lac/

Reverse primer to amplify pCDF-
mCherry and pCDF-mazF together
with jl17 to remove lac/

Forward primer for amplifying
mCherry togther with jI35 to clone
on pCDF-1b

Reverse primer to amplify pOSIP-
trp-T'7 together with pOSIP_UF to
remove pL

Reverse primer for amplifying
mCherry togther with JL.19 to clone
on pCDF-1b

Forward primer to amplify mazF
from the genome together with
j1107 to clone on pSEVA27
Reverse primer to amplify mazl’
from the genome together with
J1106 to clone on pSEVA27
Forward primer to amplify mazF
from the genome together with
j1109 to clone on pCDF-1b
Reverse primer to amplify mazl’
from the genome together with
j1108 to clone on pCDF-1b
Forward primer to amplify pCDF-
1b together with jl110 for mazF
insertion



jl11l ATGGTATATCUCCTTATT Reverse primer to amplify pCDF-
AAAGTTAAACAAAATTAT  1b together with jl111 for mazF

TTCTAC sertion
a trp-T7 b trp*-T7
pSEVA-mCherry PSEVA-mCherry
15 ; 1.0e5 15 ~ 1.0e5
. 37 g 19 i7ees
e 8 - S0 8 = 50 g
0.5 // 5 2508 05 /~ ¢_=:> 2 5e4
0l w 0 _é 0 . * 0l —
1.5 ; 1.0e5 15 : 1.0e5
5 7.5e4 5 7.5e4
1.0 o s 1.0 == 8
YE g - 5.0e4 5 5 5004 /
0.5 S 25e4 0.5 S 25e4 V4
0 | % [ 0 — 0 LW [ 0 -
6 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (h) Time (h) Time (h) Time (h)
c trp-T7 d trp*-T7
pCDF-mCherry pCDF-mCherry
1.5 ~ 1.0e5 1.5 ~ 1.0e5
5 7.5e4 5 7.5e4
1.0 r— 8 1.0 8
trp S A = 5.0e4 5 //-‘====ﬂ i 5.0e4
05 / S 2.5e4 05 / S 2.5e4
*/// T e /‘g’ T
0 0 —— 0 0l=—
15 ; 1.0e5 1.5 ‘; 1.0e5
10 //;’Q?’% & 7-5e4 0 g 75e4 L=
Q . 5.0e4 Q
YE 7 u P - 5.0e4
o H o H
05 S 2.5e4 / 0.5 5 2504 )
0 w 0 s 0 T 0l /
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (h) Time (h) Time (h) Time (h)
0 mM trp or 0% YE s 0.0625 MM trp or 0.125% YE
0.008 mM trp or 0.016% YE s 0.125 mM trp or 0.25% YE
0.016 mM trp or 0.033% YE wssss 0.25 mM trp or 0.5% YE
=== 0.033 mM trp or 0.0625% YE === 0.5 MM trp or 1.0% YE

Figure S4.1. Growth and fluorescence curves in different starting
concentrations of tryptophan (trp) or yeast extract (YE). (a) OD and
fluorescence for trp-17 with pPSEVA-mCherry. (b) OD and fluorescence for
trp*-T7 with pSEVA-mCherry. (c) OD and fluorescence for trp-T7 and
pCDF-mCherry. (d) OD and fluorescence for trp*-T7 and pCDF-mCherry.
The growth and fluorescence were calculated as the average of three

biological replicates.
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Figure S4.2. Flow cytometry data from 8 and 24 h of growth in minimal
medium. (a) Average fluorescence of pSEVA-mCherry cultures when
expressed from the trp-T7, trp*-T'7 or lac-T7 expression system. (b) Average
fluorescence of pCDF-mCherry cultures when expressed from the trp-17,
trp*-T7 or lac-1T7 expression system. (c) Scatterplots showing forward
scatter (y-axis) and mCherry fluorescence (x-axis) from pSEVA-mCherry
using the trp-T7, trp*-T7 or lac-T7 expression system. (d) Scatterplots
showing forward scatter (y-axis) and mCherry fluorescence (x-axis) from
pCDF-mCherry using the trp-T7, trp*-T7 or lac-T7 expression system. The
trp strains were induced by growth in tryptophan deplete medium, and the
lac-T7 system was induced by addition of | mM IPTG at OD ~0.3-0.35.
OD was similar for all strains at the sampling time points. For (a) and (b),
the average values and standard deviations were calculated from three
biological replicates. For (c) and (d), each histogram shown is a
representative sample out of three biological replicates.
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Chapter 5
CONCLUSIONS AND OUTLOOK

With microbial cell factories, we have the opportunity to re-think and
re-invent the way we produce chemicals, fuels and materials. Using
renewable feedstock, we can replace today’s polluting and hazardous
production methods with sustainable and green solutions that are part of a
circular bioeconomy. To reach the stage where microorganisms are the go-
to production vessels, a significant amount of research and development 1s
needed.

This thesis presents a small step forward on the way toward superior cell
factories. It has focused on methods that can be used to increase product
yields by controlling microbial growth and production. This includes the
screening, identification and application of gene targets that improved
protein yields by decoupling growth and production, and the design and
construction of an autoinducible expression system for inexpensive induction

of protein or product pathway expression.

In the first and second study of this thesis, the CRISPRi-based, genome-wide
screen was shown to be a fast and efficient tool for finding suitable targets for
growth decoupling. This approach 1s directly translatable to other
microorganisms. The identified targets were furthermore shown to inhibit
growth, but not metabolic activity, which 1s a desirable trait for these types
of growth switches. In the third study of this thesis, a system enabling low
cost auto-induction of gene expression during fermentation was developed.
The autoinducible expression system was shown to be suitable for production
of both proteins and biochemicals. It could serve as an interesting alternative
to other T'7-based expression systems for small and large-scale bio-based

production.
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Clearly, further improvement is needed for feasible application of the growth
decoupling system in large-scale processes. CRISPRi induction should be
carried out using an autoinducible or temperature-controlled induction
system, avoiding the addition of expensive inducers to the media; here, the
trp-T7 expression system could be an interesting candidate. Another way
forward would be to develop temperature-sensitive variants of the selected
target enzymes, and run the fermentation in a two-stage process where
temperature 18 increased when switching from growth to production. This is
an interesting approach that has been demonstrated to work for other target
proteins in small and large scale.

Together with classical metabolic engineering strategies, growth decoupling
and dynamic regulation will play a central role in the development of
tomorrow’s cell factories. Balancing of resources and downregulation of
growth and competing essential pathways i1s an important strategy to
maximize the amount of product that can be made in a bioprocess.

To further advance the field of cell factory development, it is critical to
decrease cell factory construction costs and increase the speed of the design-
build-test-learn cycle. The advancement of (automated) high-throughput
DNA assembly techniques and decreased costs of DNA synthesis and
sequencing has already sped up the build step. New high-throughput
screening methods and further standardization of biological parts 1s key to
reduce the duration of the test and design steps. In addition, improved
metabolic models and new big data approaches using artificial intelligence
and machine learning will play a central role in supporting the learn and
design steps. Altogether, this will lead the way forward when we develop the
next generation of microbial cell factories.
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