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Abstract

Since the first steps in biocatalysis, the introduction of molecular biological tools has
revolutionized the field many times. The introduction of recombinant DNA has allowed the
transfer of foreign genes and thus new functions into fast-growing host organisms like the
workhorse Escherichia coli. Furthermore, the properties of enzymes including selectivity,
activity, and stability can be changed using protein engineering. In 2012, the discovery and
subsequent application of CRISPR/Cas as a programmable genome editing tool enabled scar-
less genome engineering including chromosomal integration, deletion and substitution of any

DNA fragment ranging from single nucleotides to whole metabolic pathways.

In the course of this dissertation, various applications of CRISPR/Cas-assisted genome
engineering of E. coli in the context of the entire spectrum of biocatalysis were examined. This
includes applications in fermentation with growing cells, biotransformation with resting cells
and catalysis with isolated enzymes. Part of this work focuses on the oxyfunctionalization of
non-activated C-H bonds catalyzed by different oxygenases (cytochrome P450
monooxygenases and peroxygenases as well as unspecific peroxygenases), which is of
particular interest for organic synthesis. Here, the knockout of two E. coli genes encoding
catalases enabled the use of resting cells and cell-free extracts for H,O,-driven biocatalysis
with peroxygenases, omitting the need for enzyme purification. Further, the effects of
chromosomal integration on the catalytic performance of a multi-component P450 system to
produce a human drug metabolite with resting E. coli cells were evaluated. In contrast to
plasmid-based expression systems, the use of selectable markers as antibiotic resistance
could be avoided after chromosomal integration and a more stable expression could be
achieved. In order to facilitate the transfer from plasmid-based to plasmid-free chromosomally
integrated biocatalysts, a versatile toolbox was designed and established which can be applied

in various E. coli strains.

Apart from oxyfunctionalization reactions catalyzed by a single enzyme, the multi-step

synthesis of valuable plant secondary metabolites is a particularly interesting field of
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application for biocatalysis. Many active pharmaceutical ingredients are derived from scarce
natural resources which can be substituted by biotechnological solutions. For this reason, an
artificial biosynthetic pathway for the plasmid-free production of the high value key lignan
pinoresinol from the relatively inexpensive phenylpropanoid ferulic acid was reconstituted in

growing E. coli cells by combining exogenous and endogenous enzymes.

Finally, a proof-of-concept study for combinatorial promoter substitution after chromosomal
integration of heterologous genes in E. coli is presented. This aims to address the challenges

of potential bottlenecks in the construction of multi-step reaction cascades in vivo.

In summary, this thesis explores various possible biocatalytic applications of CRISPR/Cas-
assisted genome engineering in E. coli. These include the prevention of side reactions by gene
knockouts, the transfer of plasmid-based to plasmid-free expression systems as well as the
reconstitution and optimization of an artificial biosynthetic pathway for biocatalysis both in vivo

and in vitro.
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1 Introduction

1.1 Biocatalysis and biotransformation

1.1.1 A brief history of biocatalysis

The use of enzymes or microbial cells to catalyze chemical reactions has emerged over a
century ago. It has become a well-established practice in the chemical industry including food
and animal feed production as well as in the pharmaceutical industry. To date, hundreds of
industrial-scale biotransformation processes are known. Examples include the production of
high fructose corn syrup, which is used as a sweetener in processed food, the production of
amino acids for animal feed, or the (semi-)synthesis of antibiotics. Enzymes are also utilized
in the paper and textile industry in non-chlorine bleaching processes. Furthermore, the use of
enzymes as catalysts has made its way into our everyday lives: lipases, amylases, and
proteases are part of many modern laundry detergents and catalyze the degradation of lipid,

starch, and protein stains." 2

The first steps of biocatalysis date back to the 19th century when not only the concept of
chemical catalysis was introduced by Berzelius, but also the first enzymes were extracted and
applied. For example, in 1833, Payen and Persoz extracted diastase (amylase) from malt and
observed the transformation of starch into glucose. Shortly after this, in 1837, baker’'s yeast
(Saccharomyces cerevisiae), which has been used unknowingly in fermentation for millenia,
was identified as a microorganism.® Nevertheless, the term 'enzyme’ was only introduced in
1878, and the chemical nature of enzymes as proteins was not discovered until 1926.*° From
then on, microorganisms and enzymes were increasingly used in the production of bulk
chemicals, pharmaceuticals and food ingredients. Apart from fermentation processes like the
syntheses of penicillin G and citric acid using fungi (Penicillium chrysogenum® and Aspergillus
niger’), or the acetone-butanol-ethanol (ABE) fermentation using bacteria of the genus
Clostridium®, the production of high fructose corn syrup using immobilized glucose isomerase
might be one of the most prominent examples of the early days of industrial biocatalysis and

still remains one of the largest biocatalytic processes today.® ' All the aforementioned
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processes relied on naturally occurring microorganisms or enzymes thereof with all their
limitations in terms of stability, selectivity, and productivity.

.12 3 new era of

With the introduction of recombinant DNA technology in the 1970s,
biocatalysis dawned. Often, natural compounds of interest are only produced in low quantities
or by slow-growing, sometimes endangered species.” ' Moreover, the cultivation of newly
identified microbes from environmental samples in the laboratory often fails. Recombinant
DNA technology as well as the development of DNA sequencing methods enabled not only

the discovery of new genes and enzyme functions as well as the elucidation of biosynthetic

pathways, but also enabled their transfer into easy-to-culture microbial hosts.'

Furthermore, for the first time, the properties of enzymes could be modified using protein
engineering techniques. The extension of their substrate specificity including non-natural
substrates broadened their applicability in the synthesis of fine chemicals like active
pharmaceutical ingredients.? In addition, protein engineering enabled changes in selectivity,
including regio- and stereoselectivity. Although enzymes as chiral catalysts are known for their
high stereoselectivity, this is not true in all cases, especially not for non-natural substrates.
Moreover, protein engineering can help to switch the selectivity if a different stereoisomer is of
interest.’® " The improvement of enzyme stability including pH stability, thermostability and
stability in organic solvents using protein engineering techniques further increased the
applicability of biocatalysts. There are generally two main approaches to protein engineering:
rational protein design and directed evolution. The first relies on a fundamental knowledge of
the enzyme’s structure and mode of action. Using site-directed mutagenesis, individual amino
acid residues can be specifically altered to achieve desired enzyme properties. For directed
evolution, no structural information is needed. Through random mutation or recombination and
subsequent high-throughput screening, gradual improvements in the desired properties can
be achieved by mimicking natural evolution. Between these two approaches are semi-rational
techniques like saturation mutagenesis, in which a reduced number of positions and amino

acids are selected, which reduce the screening effort compared to directed evolution.' °
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With the significant advances made in bioinformatics in recent years, particularly in the field of
machine learning and protein folding prediction, it is reasonable to expect that the introduction
of de novo enzymes will usher in yet another new era of biocatalysis.?® In 2024, Google
DeepMind's AlphaFold developers Demis Hassabis and John Humper as well as David Baker
for his pioneering work in the field of de novo protein design were awarded the Nobel Prize in
Chemistry.?'">® The open source artificial intelligence software AlphaFold is used for protein
structure prediction and demonstrated an accuracy competitive with experimental protein
structures.?! It has already begun to revolutionize the fields of biology and medicine by
facilitating the discovery of drugs and their targets, the prediction of protein functions or the

design of proteins, to name just a few examples.?*

Nowadays, biocatalysis is often associated with claims regarding its sustainability and in
context of the concept of green chemistry.?® Catalysis as such belongs to the main principles
of green chemistry, as it improves the atom economy and reduces waste. However,
biocatalysts show some inherent properties that are considered even more beneficial in this
context. For one, they are biodegradable as they are part of all life on earth. Secondly,
biocatalytic reactions are usually performed under mild conditions in an aqueous milieu. This
does not only include low, biocompatible temperatures which results in lower energy
consumption, but also no toxic organic solvents. On the other hand, the use of large amounts
of water could pose a challenge in some places facing global warming and its consequences.
Finally, due to their specificity as well as chemo-, regio- and stereoselectivity, enzymes can
catalyze reactions in a single step that can only be achieved through laborious multi-step

syntheses and by using protective groups in organic chemistry.?
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1.1.2 Fermentation, whole-cell biotransformation or catalysis with

isolated enzymes?
The form of the applied biocatalysts and the selected starting materials can be used to
differentiate between biocatalytic processes ranging from de novo fermentation to

biotransformation with whole cells and catalysis with isolated enzymes (Figure 1).

whole-cell
(de novo) precursor

biotrans- catalysis with isolated enzymes

fermentation fermentation .
formation

C-, N-source,
C- & N- defined defined defined defined
source substrate substrate substrate substrate

growing growing resting crude purified

cells cells cells extract enzyme

product product product product product

Figure 1: From de novo fermentation to whole-cell biotransformation and catalysis with
isolated enzymes. Biocatalytic processes and their differences as defined by Bommarius and
Riebel.?” Products can include, for example, small organic molecules, proteins, nucleic acids,
and carbohydrates.

In fermentation processes, living microbial cells use raw materials like sugar or starch to build
up all metabolites essential for their growth.?” The aim of fermentation can vary greatly and
can involve the cultivation of the organism itself, the production of enzymes/proteins, or the
synthesis of a chemical product.’ For example, the yeast S. cerevisiae is produced in large
quantities by fermentation and can be bought off the shelf for baking and brewing. In addition,
all biocatalytic processes rely on enzymes and therefore depend on their production in living
microbial cells.?® Furthermore, the production of organic compounds of the primary and
secondary metabolism of microbes, like amino acids and antibiotics, has increasingly come
into focus over the last century.?® With the help of metabolic engineering, new metabolic

pathways can be established so that even complex synthetic compounds like taxadiene can
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be produced from simple carbon sources.?® Sometimes it is advisable to use an easily available
more complex precursor as starting material. It is therefore necessary to distinguish between
de novo fermentations, in which more complex compounds are built up starting from a carbon
source, and precursor fermentations, where a defined substrate is added.?” An example for
the latter is the production of vinegar from ethanol by Acetobacter aceti.* In addition, precursor
fermentation must be distinguished from biotransformation with non-growing, so-called resting
cells.?” However, it should be noted that the boundaries between precursor fermentation with
growing cells and biotransformation with resting cells are often unclear or crossed, because

both are whole-cell approaches.

A whole-cell approach like de novo fermentation or biotransformation generally includes two
phases: (i) a growing phase in which the biocatalyst is multiplied, and (ii) a conversion phase
which is started upon substrate addition.®' For growing cells, the conversion is usually carried
out in the same medium and in the same reactor as cell growth which is particularly attractive
due to its simplicity. In contrast, reactions with resting cells are carried out in separate reaction
solutions. Although this involves a higher amount of work during cell harvesting and
preparation, it can improve the downstream processing as substances contained in the growth
medium are removed. In addition, biotransformation with resting cells enables controlled
reaction conditions including optimal and constant cell densities, temperatures that might not
be compatible with cell growth, and a reduced number of byproducts due to a reduced cell
metabolism.?® *2 Furthermore, for resting cells, the mass transfer over the cell membrane can
be improved by treatment with surfactants or freeze-thaw processes, which is particularly
interesting for large or polar substrates.®! It should be noted that the toxicity of substrates,
accumulating intermediates or products, and extraction agents can cause an (undesired) stop
in cell growth and the transition of a growing cell to a resting cell approach. Both have in
common that the cell metabolism can be exploited for catalysis: cost-intensive cofactors such
as nicotinamide adenine dinucleotide (phosphate) (NAD(P)*/NAD(P)H) or adenosine
triphosphate (ATP) and S-adenosyl methionine (SAM) are provided by the cells and do not

have to be supplied manually.?" 3
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Catalysis with isolated enzymes, on the other hand, describes in vitro setups for
biotransformation with crude cell extracts or purified enzymes.?” The simple reaction setup,
consisting only of a substrate and the catalyst in buffer, can prevent side reactions that might
be catalyzed by endogenous enzymes in the whole-cell approach, depending on the level of
purity of the isolated enzymes.** Other advantages include controlled reaction conditions like
pH value, no mass transfer limitations due to the absence of a cell membrane and higher
productivity compared to whole-cell approaches.'® 3*%" Even multi-step reaction cascades can
be accomplished in vitro, in which the quantities of enzymes added can be perfectly balanced,
taking their activity into account.®* The possibility of adding different enzymes at different times
can also be very useful.*® However, reactions with enzymes that require cost-intensive
cofactors are challenging. As these are consumed during a catalyzed reaction in stoichiometric
amounts, a cofactor recycling system is usually included for economic reasons, which
increases the complexity of this initially very simple approach.®® Moreover, enzymes are
inevitably lost during the purification process, may show a reduced stability or be inhibited or
deactivated by reaction mixture components.™ In industrial production, enzymes are often

immobilized in order to increase stability as well as cost efficiency by reusing the enzymes.?

With all the different options available, it always depends on the individual case which of the

various methods is suitable for the particular biocatalytic application.

1.1.3 Oxyfunctionalization - an important field for biocatalysis

Biocatalysis can show its unique strengths especially in the case of selective
oxyfunctionalization of non-activated C-H bonds.***' These reactions are of great interest to
synthetic chemists, primarily because they enable late-stage oxyfunctionalization of complex
structures and thus improve the step efficiency.*? Nature's toolbox contains several different
enzymes in the class of oxidoreductases that can catalyze C-H oxidation. The most prominent
example is the family of heme b containing cytochrome P450s (CYPs) which are widely

distributed throughout all domains of life with more than 350,000 classified members known
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today.** * The diverse functions of CYPs include, inter alia, secondary metabolism and
detoxification of xenobiotics. In order to execute these functions, CYPs catalyze over 20
different oxidation reactions including not only hydrocarbon hydroxylation but also alkene and
arene epoxidation, N-, S- and O-dealkylation, N-hydroxylation or oxidative deamination

(Figure 2).#

1) Hydrocarbon hydroxylation

R’I R']
KFE Y
R H R OH

2) Alkene epoxidation

R o R2 R 0 R?
R2_<R3

R' RS
3) N-Dealkylation (e.g. Demethylation)
H N 0
N —_— N —_— NHy
R” “CH, R CH R HJ\H
OH
4) N-hydroxylation
R‘I R1 2
LR — KRy
R” "NH, RN
5) Oxidative deamination
H OH 0]
)<NH2 e )<NH2 —_— )]\ + NHj3
R CHj3 R CH3 R CHj3

Figure 2: A few examples of reactions known to be catalyzed by CYPs.***’

The vast majority of P450s or CYPs are external oxidases which require specific redox partner
proteins for the electron transfer from the cofactor NAD(P)H to the heme iron. However, the
respective redox partner proteins differ not only from P450 to P450, but also often remain
unidentified.*® “° One solution to this problem is to use well-studied redox partners such as the
flavodoxin YkuN from Bacillus subtilis and the flavodoxin reductase FdR from Escherichia coli,
as in the three-component P450 system described in Chapter 2.2.4"-%° Due to the dependence
of P450 monooxygenases on the costly redox cofactors NADH or NADPH, a whole-cell
approach, in which cell metabolism is used for cofactor supply and regeneration, is generally
preferred.*> Examples include the industrial hydroxylation of steroids using fungi of the genus
Curvularia®’, the synthesis of pravastatin from compactin with Streptomyces sp.*?, or the

biosynthesis of artemisinic acid, a precursor of the antimalarial drug artemisinin, in
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recombinant S. cerevisiae.®® Furthermore, P450s are used in drug development. Many drug
metabolites originate from reactions catalyzed by hepatic P450s since they play a crucial role
in the first phase of drug metabolism in humans.®* As the use of human P450s to synthesize
these metabolites faces expression and stability issues as well as low turnover numbers,
bacterial or fungal P450s have been used to specifically produce human drug metabolites to
further study their effects and evaluate their safety.®> *® An example for the synthesis of a
human metabolite of the anesthetic (S)-ketamine is described as a model case for P450-

catalyzed biotransformation with resting E. coli cells in Chapter 2.2.

The catalytic cycle of P450s (Figure 3) starts with the binding of a substrate molecule in close
proximity to the heme iron which triggers the release of the previously bound sixth ligand water
molecule and induces a switch of the spin state. This results in an increased reduction potential
of the ferric iron and enables the acceptance of one electron from the redox partner protein.
After the binding of molecular oxygen, the second electron transfer and a proton transfer result
in the formation of Compound 0. Subsequently, the second protonation of the distal oxygen
atom leads to a heterolytic cleavage of the dioxygen bond under release of water and the
formation of an iron(IV) oxo complex (Compound I). The hydroxylation of the substrate follows
a rebound mechanism with retention of configuration at the functionalized carbon. Depending
on the chemical nature of the hydroxylated carbon atom, different subsequent reactions such

as N-dealkylation or deamination might occur (Figure 2).4% %7-60

However, the P450 catalytic cycle is not 100% efficient. Various reactions can result in
decoupling of NAD(P)H consumption and substrate oxidation. In this context, higher degrees
of decoupling are observed for non-natural substrates. One of the possible decoupling
pathways involves the release of hydrogen peroxide, in which Compound 0 returns to the
substrate-bound ground state via the so-called peroxide shunt. This release of hydrogen
peroxide is extremely disadvantageous in enzyme catalysis since it can impair the lifespan of
the enzyme. For this reason, catalases are often added to in vitro reactions which scavenge
hydrogen peroxide and are among the enzymes with the highest known turnover

numbers.*> 1
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Figure 3: Comparison of catalytic cycles of P450 monooxygenases and peroxygenases. The
peroxide shunt of the monooxygenase function can be reversed by the addition of hydrogen
peroxide to form Compound 0 (Cpd 0) in peroxygenases.

Nevertheless, there is a small subgroup of P450 enzymes capable of using hydrogen peroxide
as an oxidant in a “reversed peroxide shunt” rather than NAD(P)H-dependent fixation of
molecular oxygen. One group of these P450 peroxygenases is involved in hydroxylation and
decarboxylation of fatty acids in bacteria and of particular interest in applied biocatalysis.5%%°
The simple addition of hydrogen peroxide instead of the need for redox partner proteins and
the expensive cofactor NAD(P)H is highly preferred from an economical perspective. This is
also the reason why repeated attempts have been made to improve the peroxygenase
properties of P450 monooxygenases through protein engineering.®®° Still, the results are
often poor due to the limited enzyme stability and heme inactivation in presence of hydrogen

peroxide, which rules out any industrial application.”® "’
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In this gap, a relatively new group of enzymes have emerged: so-called unspecific
peroxygenases (UPOs) which also use hydrogen peroxide for substrate oxidation.”? Although
these are heme-containing enzymes, too, there are some differences to P450s. UPOs are
exclusively found in fungi and are suspected to be involved in lignin degradation and other
environmental oxidation processes.”” As extracellular enzymes, UPOs are considered
relatively stable, making them particularly interesting for industrial oxidation processes using
hydrogen peroxide as a co-substrate.”” Nevertheless, the hydrogen peroxide concentration
cannot be increased ad libitum either. In order to not endanger the enzyme’s stability or cause
heme bleaching, various methods for in situ generation of hydrogen peroxide have been
established. Even simpler is the slow but steady addition of hydrogen peroxide to mitigate its
negative effects.”* As their name implies, UPOs show a high substrate promiscuity but in turn,
wild-type UPOs often lack selectivity and tend to substrate overoxidation. A fact that currently
limits their application and has led to attempts to overcome these issues by protein

engineering.” "

Whether it is P450 peroxygenases or UPOs, H2O2>-driven biocatalytic reactions are almost
exclusively limited to catalysis with isolated enzymes in vitro.” This is due to several factors.
First, UPOs are usually secreted both in nature and when using recombinant yeasts for
heterologous expression. Thus, the active enzyme is obtained from the fermentation
supernatant rather than from within the cell which improves the downstream processing.”® 7
For this, either the UPQO’s native or a heterologous signal peptide like the a-factor secretion
signal from S. cerevisiae can be used.”® ® In addition, the use of engineered signal peptides
for improved titers is an option.”® Although the yeasts S. cerevisiae and Pichia pastoris (i.e.
Komagataella phaffii) are the preferred expression hosts for UPOs due to their fungal origin,
several examples of successful heterologous expression in E. coli were described in the
literature as well. Compared to yeasts, E. coli has the advantage of faster growth and easier
accessibility for engineering.® However, almost all these examples investigate the catalytic

activity using purified enzymes.?"® In cells, the degradation of supplied or in situ generated

H20; by catalases competes with the peroxygenase-catalyzed reaction. This also applies to
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crude extracts of recombinant E. coli, so that purification of the peroxygenase is required to
remove the catalases. However, as already mentioned, this is associated with a higher
workload, which makes the screening of new potential biocatalysts or their optimization by
iterative protein engineering a tedious task. For this reason, Chapter 2.1 describes the
development of a catalase-deficient E. coli strain for heterologous expression of different

peroxygenases and subsequent H.O-driven biocatalysis with crude extracts and whole cells.

1.1.4 Heterologous expression of biocatalysts in Escherichia coli

The production of a new biocatalyst usually starts with finding a promising enzyme candidate
and its DNA sequence in a database. Technical advances in DNA sequencing have resulted
in billions of gene sequence entries being accessible online which can be screened using
bioinformatic methods.®* Promising enzyme candidates can be found based on sequence
homology to known enzymes or based on conserved motifs, if applicable.? Since the original

5 or does not exhibit sufficient

organism is often impossible to cultivate in a laboratory,’
productivity, the gene sequence is then synthesized to introduce it into a microbial host for
heterologous expression. A suitable host organism should combine a high growth rate, the
availability of gene and genome engineering tools and established culture techniques with high
cell density. Over the years, various prokaryotic and eukaryotic host organisms have been
established for heterologous expression. These include, for example, the previously

mentioned yeasts S. cerevisiae®® and P. pastoris®, or bacteria such as the gram-positive

Bacillus subtilis®” and the gram-negative E. coli.®®

The latter is probably the best-studied model organism in microbiology and the host of choice
for many biocatalytic processes.®® ® E. coli is commonly found in the colon of humans and
animals and was first described in 1885 by Theodor Escherich as Bacterium coli.®" In the 20th
century, the study of E. coli and its bacteriophages laid the foundation for our knowledge of
genetics. Furthermore, many techniques in modern molecular biology originate from work in

E. coli or the utilization of its enzymes, and it was among the first organisms whose genome



12 | Introduction

was fully sequenced.'® 9% |ndustrial applications include not only biocatalysis, but also the

production of many recombinant therapeutics like insulin.®® ¥’

E. coli shows a great genetic diversity.*® Most E. coli strains are non-pathogenic and laboratory
strains like K-12 even lost their ability to colonize the intestine over the years.*® ' However,
strains that are not adapted to laboratory cultivation possess the ability to form biofilms and
can be opportunistic pathogens.?® ' Some serotypes can even cause severe infections in
otherwise healthy people, which has a significant impact on global health.*® In the laboratory,
many non-pathogenic strains and derivatives were optimized for heterologous expression and
cloning procedures. For example, the K-12 strain DH5a is optimized for the replication and
isolation of DNA vectors. The well-known E. coli B strain BL21(DE3) lacks proteases that could
degrade heterologous proteins and is equipped with tools derived from the bacteriophage T7
for strong heterologous expression.'® Its derivatives E. coli C41(DE3) and C43(DE3) were

103,104 and the Rosetta

optimized for the expression of membrane-associated and toxic proteins,
strains compensate for rare codons in E. coli, facilitating the expression of eukaryotic genes.'®
There are also various K-12 strains such as the ancestral E. coli MG1655 or W3110 that are
widely used in industrial applications.' % The choice of the right strain and genotype for the
specific biocatalytic application is crucial and depends on various factors such as the gene
sequence to be expressed, its origin, and the properties of the encoded enzyme as well as the
nature of the biocatalytic reaction and the reactants. Some E. coli endogenous enzymes may
interfere with the planned biocatalytic application. However, using the methods of modern

molecular biology, particularly in the field of genome engineering, strains can be modified to

suit their intended application (cf. Chapter 1.2.3).

For heterologous expression in E. coli, small extrachromosomal circular DNA molecules, so-

called plasmids, are often used (Figure 2).
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Figure 2: Plasmid-based and chromosomal expression in E. coli.

Cloning procedures for the introduction of heterologous genes or manipulation of regulatory
elements of plasmids are well established and they can be easily introduced into the host cell
by transformation or conjugation.®" ' Especially for protein engineering with fast cycles of
mutation, transformation, testing, and isolation of mutants, a plasmid-based approach is
advantageous. Furthermore, in most cases, plasmids replicate independently of the
chromosome and can therefore be present in the cell at different copy numbers. High copy
plasmids like the cloning vector pUC can reach up to hundreds of copies per cell,'® whereas
medium copy plasmids like the common pET vector series (plasmids for expression by T7
RNA polymerase) reach around 40 copies per cell."'® In general, a higher copy number is
correlated with higher expression and thus a higher enzyme concentration. However, this is

not a linear correlation, ' 112

and the expression might be limited by the cell’s resources which
can negatively affect the co-expression of other genes.'™ ' In addition, it is known for
example from P450s that the protein folding under high expression conditions can outpace
heme incorporation, leading to a significant portion of apoprotein without a prosthetic group
instead of the heme-loaded holoenzyme.'" Apart from varying the gene copy number, the
modification of regulatory elements such as promoters or ribosomal binding sites can be used

to tune the expression.''¢ "7

It should be noted that higher expression levels do not necessarily
equal higher enzyme activity and therefore higher product titers in biocatalysis."'* '"® Another
issue of plasmid-based expression is that the plasmid copy number can vary from cell to cell
or suddenly go into overflow when expression is induced. The replication of plasmids thus

unnecessarily binds the limited resources of the cell. Since plasmids are extrachromosomal,

non-essential DNA, some sort of selectable marker such as antibiotic resistance or auxotrophy
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has to be used to maintain the plasmids in the host and prevent plasmid loss. On an industrial
scale, the extensive use of antibiotics is a cost factor and contributes to the development of

multidrug-resistant pathogens.''# 119120

Instead of plasmid-based expression, it is also possible to insert genes into the host's
chromosome, eliminating the need for antibiotics. The rapid advancements, especially since
the discovery and application of the CRISPR/Cas systems, have facilitated genome
engineering in many organisms, including E. coli. The integration of the heterologous gene into
the chromosome of E. coli not only fixes the copy number of the gene, but also prevents the
gene from being lost, as is the case with plasmid instability and segregation. In addition, the
metabolic burden associated with plasmid replication and the expression of antibiotic
resistance genes is eliminated."'® '2° Despite lower gene copy numbers, higher productivity of
the plasmid-free whole-cell biocatalyst could be observed in many cases.'?'?2 The challenges
involved in the chromosomal integration of heterologous genes in E. coli are described in detail

in Chapter 1.2 “Genome Engineering”.
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1.1.5 Enzyme cascades and reconstitution of biosynthetic pathways

In addition to the use of enzymes and cells to catalyze single reaction steps, multi-enzymatic
cascade reactions have been the focus of research in recent years. Inspired by nature's
metabolic pathways, increasingly complex reaction sequences were designed for the
synthesis of chemical products, both in vitro and in vivo.'?® '?* |deally, a single vessel (“one-
pot synthesis”) is used for the entire process, which saves time and money by eliminating work-
up steps and increases the yield.'® A prominent example is the in vitro production of the
investigational HIV drug islatravir reported by Merck & Co and Codexis. This enzyme cascade
consists of five engineered enzymes and shows a significantly improved atom economy and

reduced number of steps compared to the previous chemical syntheses.'?

In nature, metabolic pathways and their enzymes have been established and optimized over
millions of years."® The individual steps are perfectly coordinated, both in terms of activity and
selectivity, to suit the demand of the respective organism. However, many natural products,
such as plant secondary metabolites, are of pharmaceutical interest and the global demand
cannot always be covered by isolation from natural sources. Therefore, the reconstitution and
optimization of biosynthetic pathways in heterologous hosts is of great interest.?® 12”2 This
includes the combination of enzymes from different source organisms in one host, the
modulation of expression and protein engineering to improve activity or selectivity.'?® Even
new-to-nature pathways like the THETA cycle for CO; fixation can be designed. However, this
can be associated with issues such as substrate promiscuity leading to by-products or
enzymes with low activity causing bottlenecks.’?® While this can be compensated in vitro by
timing the enzyme addition or increasing its concentration, it is more difficult to deal with in

whole cells.

An effective strategy for overcoming these challenges in growing E. coli cells is described in
Chapter 2.3, illustrated by the example of an artificial cascade for lignan biosynthesis. Lignans
are secondary plant metabolites which show various biological activities and are of great

pharmaceutical interest.”* ' Particularly prominent among these is (-)-podophyllotoxin, which
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is used to synthesize the chemotherapeutics etoposide and teniposide. Since the natural
source of (-)-podophyllotoxin is scarce and highly endangered, biotechnological production is
favored.”? ' The biosynthetic pathway of (-)-podophyllotoxin is almost completely elucidated
and its direct precursor (-)-deoxypodophyllotoxin was successfully produced from pinoresinol
via combination of different enzymes originating from different plants in recombinant
E. coli.’® '3 In order to make this reaction more feasible from an economic perspective, in this
thesis, the key lignan pinoresinol (259€ / 10 mg)' was produced from relatively inexpensive
ferulic acid (640 € / kg)?. To this end, enzymes from four different organisms, including the host

itself, were combined in an artificial cascade reaction.

! https://www.sigmaaldrich.com/DE/de/product/sigma/40674 (27.10.2024)
2 https://www.sigmaaldrich.com/DE/de/product/aldrich/w518301 (27.10.2024)
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1.2 Genome engineering

1.2.1 State of the art

Genome engineering, the process of making targeted alterations to an organism's DNA, has
become an essential tool in modern molecular biology."™® By editing specific loci in an
organism's genome, deleterious mutations can be eliminated, useful properties introduced,
and even completely new biological functions created. This enables, for example, targeted
therapies for genetic diseases,”” the development of crops with improved nutritional
profiles,”® and the synthesis of valuable chemicals by metabolically engineered
microorganisms.?® However, the rapid development of the field of genome engineering has
also raised ethical concerns and debates for example about the implications of modifying the

human germline."*

The beginnings of synthetic biology including genome engineering were mainly driven by the
desire to understand biological systems and their functions. As for modern biocatalysis, the
foundations of genome engineering were laid in the 1970s and 1980s with the introduction of

.12 and the development of DNA sequencing® as well as

recombinant DNA technology,
polymerase chain reaction (PCR).* Since then, the field has benefited from exponential growth
in oligonucleotide synthesis and sequencing capacities while costs have simultaneously

declined dramatically.™' By studying biological systems, particularly bacteriophages and DNA

repair mechanisms, various techniques for targeted genome editing have been developed.'*

Among the first methods was site-specific recombination using the recombinases Cre and Flp.
This enabled integration, deletion, or inversion of genome segments by flanking them with the
recognition sequences loxP and FRT, respectively.'? '** While site-specific recombination
was a breakthrough in genome engineering, it comes with limitations: requiring flanking
recognition sites adds complexity, and the resulting scars make broad genome editing

challenging.'*
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Alongside recombinases, the exploitation of a natural DNA repair process, homologous
recombination, has been developed and applied in various organisms.">"’" Despite its
potential, spontaneous homologous recombination occurs at a low frequency, with a baseline
editing efficiency of only 107-10°. Nonetheless, mutants can be obtained by employing
positive or negative selectable markers.'*® Furthermore, the introduction of the phage-derived

°® and A-Red recombineering’® greatly enhanced the

recombination systems ET cloning™
editing frequency in E. coli. It enabled the use of linear PCR fragments for homologous
recombination and made the use of flanking recognition sites obsolete. Instead, short
homology arms are introduced via PCR. However, antibiotic resistance cassettes should be

introduced as a selectable marker and their flippase-assisted removal leaves a scar in the

chromosome. ™’

An increase in editing frequency was also observed after introducing chromosomal double-
strand breaks (DSBs) either chemically or by meganucleases.'*'** Chromosomal DSBs can
be fixed via two distinct repair mechanisms: non-homologous end joining (NHEJ) or homology-
directed repair (HDR). The first results in random short insertion or deletion (indel) mutations,
the latter requires the provision of a repair template (donor DNA). Depending on the design of
this donor DNA, targeted deletions, insertions or replacements can be carried out

(Figure 4)."36.1%5
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Figure 4: Genome editing via homology-directed repair. Depending on the supplied repair
template (donor DNA), deletion, integration, or replacement of any DNA sequence (e.g. gene
of interest) is enabled.

The rise of sequence-specific and programmable endonucleases like zinc finger nucleases
(ZFNs)™® and transcription-activator-like effector nucleases (TALENs)'®" facilitated the
introduction of DSBs and therefore revolutionized targeted genome engineering. In addition,
parallel progress in DNA sequencing made the first whole genome sequences available,®: "%
which enabled the design of genome-wide applications of these methods. In the process, more
and more new genes were discovered and their biological function could be deciphered
through targeted knockouts.'® '®° However, the process of designing and validating ZFNs is
difficult and labor-intensive."® Frequently, cell toxicity is described, which is probably due to
significant off-target effects.'® In comparison, TALENs show a significantly lower cytotoxicity

and are easier to produce. However, both require protein engineering to change their

sequence specificity.

Not long after the introduction of TALENSs, the first description of the clustered regularly

interspaced short palindromic repeats (CRISPR) / CRISPR-associated system (CRISPR/Cas
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system) and its potential for genome editing pushed all other methods into the
background.'" ! Since then, various CRISPR/Cas systems have been employed for scarless
genome engineering in a multitude of organisms, including not only microorganisms like E. coli,
but also plants and mammals, including human.'®"%® |n 2020, Emmanuelle Charpentier and
Jennifer A. Doudna were awarded the Nobel Prize in Chemistry for the discovery of

CRISPR/Cas and its application as a method for genome editing.'®*

In nature, CRISPR/Cas provides adaptive immunity against viruses in prokaryotes. For this
purpose, short sequences of viral origin (spacers) are stored in between repetitive palindromic
sequences in the prokaryote’s genome (CRISPR array). For defense against phages, the
CRISPR array is transcribed and processed. So-called guide RNAs (gRNA), which contain
only one spacer sequence, are used to direct the cleavage of the phage genome by Cas
endonucleases.'® The application of CRISPR/Cas systems in targeted genome editing is
usually based on two components: (i) the adaptation of the guided DNA endonuclease activity
of a Cas protein as used in the defense mechanism described above, and (ii) a repair method
to fix the resulting double-strand break in the genome of the targeted organism.'®®'%® |n
addition, the guide function of Cas proteins have been utilized in gene regulating approaches
omitting the introduction of DSBs. For this, a catalytically inactive variant of a Cas protein (e.g.
dCas9) can be used to regulate the transcription of a target gene either by blocking the

transcription or fusing dCas9 with an effector (CRISPR interference, CRISPRi and CRISPR

activation, CRISPRa)."®°

Various CRISPR/Cas systems from different prokaryotes with different modes of action have
been investigated and adapted for genome engineering. The most prominent one,
CRISPR/Cas9 originating from Streptococcus pyogenes, is used in this work for the
development of E. coli-derived biocatalysts. Its function as well as challenges and limits are

described in detail in the next chapter.
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1.2.2 CRISPR/Cas9-assisted recombineering in E. coli

First introduced by Jiang et al. in 2013,"° the combination of CRISPR/Cas9-induced
chromosomal DSBs and A-Red recombineering in E. coli has since been described repeatedly
in the literature.””" In contrast to eukaryotes, Cas9-induced chromosomal DSBs are lethal to
many bacteria including E. coli. Like most microbes, E. coli does not contain a NHEJ pathway
and relies on homologous recombination with sister chromosomes to repair DSBs. However,
the simultaneous cleavage of all copies of the targeted sequence cannot be repaired.'® 7

Thus, the combination with phage-derived recombineering methods (e.g. A-Red) is necessary

for efficient CRISPR/Cas9-assisted genome engineering in E. coli.

The approaches described in the literature differ in (i) the choice of the target E. coli strain, (ii)
the details in the experimental design, and (iii) the aim, e.g. chromosomal integration or

deletion of genes.

Most studies rely on E. coli K-12 derivatives (MG1655, BW25113, W3110)""": 163. 172177 "t
successful genome editing was also demonstrated in E. coli B strains (BL21 and
BL21(DE3))""®'®" and a W strain."®" In general, K-12 strains are preferred over B strains, partly

because the latter is considered hard-to-edit and shows a reduced editing efficiency."””: 178 181

In the following, different aspects of the experimental design are discussed. The very first
application of CRISPR/Cas9 in E. coli utilized a gRNA complex as found in nature which is
formed by two RNAs: a CRISPR-RNA (crRNA) and a trans-activating CRISPR-RNA
(tracrRNA). The crRNA contains a 20-nucleotide-long sequence complementary to the target
DNA sequence (sometimes still referred to as spacer based on their biological role). The
tracrRNA contains the scaffold for binding of the RNA to Cas9, forming the Cas9
ribonucleoprotein. However, today, a less complex chimeric single gRNA design
(single-guide RNA, sgRNA) instead of the two components is usually preferred.’®' Thus, the
Cas9 ribonucleoprotein is an easily programmable endonuclease which does not require

protein engineering like ZFNs for changing the target. Instead, the target is defined by the
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gRNA which is transcribed independently of Cas9. The simultaneous transcription of multiple

gRNAs can be used for multiplexed CRISPR technologies.'®?

The binding of the Cas9 ribonucleoprotein to its target sequence (sometimes also referred to
as protospacer) is initiated at the so-called protospacer adjacent motif (PAM). The PAM is
located downstream of the target sequence and consists of only a few nucleotides which differ
between different CRISPR/Cas systems. In case of Cas9 from S. pyogenes, the PAM is the
three-nucleotide long sequence 5’-NGG-3’, in which N stands for any nucleotide and G stands
for guanine. In theory, any 5-NGG-3’ motif could be used to design a specific gRNA. More
than 400,000 potential PAMs can be found in E. coli which enables targeting of almost every
part of its 4.6 million base pair long genome."®' However, not all 20-nucleotide-long sequences
are suitable as target sequences and the targeting efficiency as well as specificity (off-target
effects) of potential gRNAs vary dramatically. As it is relatively well understood which
sequence properties have which influence on the editing efficiency, various bioinformatic tools
are available to facilitate experimental design.'®® The Cas9 protein contains two independent
nuclease domains, HNH and RuvC, each targeting one strand of the DNA. The single
mutations H840A in the HNH domain and D10A in the RuvC domain can independently render
each domain inactive. Apart from the catalytically dead variant (dCas9) which can be used for
CRISPRa or CRISPRi as mentioned before, CRISPR-Prime editing using a Cas9-nickase

(Cas9n) has been developed for DSB-free base editing.'®*

Most studies that applied CRISPR/Cas9-assisted recombineering in E. coli used plasmids for
the expression of the cas9 and A-Red genes and the transcription of the gRNA. Especially
when CRISPR/Cas9 is only a means to an end and not the actual subject of the study, this
route is more suitable due to its easy application and removability compared to chromosomally
integrated cas9. Since the cas9 gene is prone to inactivation,'®® the chromosomal integration
might be wasted effort. It should also be noted that the Cas9 protein can lead to double-strand
breaks even without gRNA present and thus has a cytotoxic effect.'® '8 Therefore, a two-

plasmid approach is widely used, which encodes cas9 and A-Red genes on one plasmid and
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the target-specific gRNA on the second plasmid. The latter can then be quickly exchanged for

iterative genome engineering."®®

If heterologous genes or expression cassettes are introduced into E. col’'s chromosome via
CRISPR/Cas9-assisted recombineering, there are few aspects to consider. First and foremost,
a suitable integration locus has to be selected. Integration can be carried out either in between
chromosomal genes (intergenic) or into a host gene (intragenic), inactivating it. Although this
can be exploited for screening purposes, e.g. integration into /acZ for blue-white selection
using X-gal," it should be carefully considered whether the lost gene function might negatively
affect the host. Furthermore, the integration locus can influence the expression of the
integrated expression cassette. Depending on the locus, the expression strength varies 2-4-
fold with individual outliers of up to ~300-fold. The search for suitable integration loci is
therefore of great relevance.'®'% |n addition, the design of the repair template which contains
the construct to be integrated has a major influence on the success of the integration
procedure. It should be noted that although CRISPR/Cas9-induced DSBs are considered lethal
to E. coli, so-called “escaper” colonies evade this counter-selection mainly because of
inactivating mutations in the cas9 gene.'® It is therefore necessary to screen for successful
integration clones, e.g. by colony PCR. The integration efficiency decreases with the length of

t172.177. 181 and increases with the length of the homology arms." Successful

the construc
integration of up to 12-kb-constructs has been demonstrated before.'”® '°' However, the
screening effort increases with increasing length as it becomes less likely to find a clone with
successful integration. Furthermore, for the integration of a smaller gene short homology arms
of only 50 bp can be sufficient. For longer constructs (>1 kb), longer homology arms are

preferred.*
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1.2.3 Genome engineering in context of biocatalysis
Genome engineering can be applied in biocatalysis for different reasons. In general, three
different purposes can be distinguished:

(i) introduction of new functions,

(i) deletion of unwanted functions (prevention of side reactions), and

(iii) regulation of activity.
This can be most easily illustrated using the example of the development of a biocatalyst in
E. coli (Figure 5). As outlined in Chapter 1.1.3, once a suitable sequence has been found,
heterologous expression can be carried out either plasmid-based or chromosomal. Plasmid-
based expression is preferable for the development and optimization phase, including protein
engineering. Once optimization of the enzyme’s properties has been completed, it is then
possible to switch to plasmid-free chromosomal expression to generate a genetically stable
recombinant E. coli strain and to achieve antibiotic-free production of the enzyme.
Chromosomal integration also enables the expression of biosynthetic pathways without the
problems associated with the simultaneous propagation of several plasmids, such as slow cell

growth.

However, the application of genome engineering in context of biocatalysis is not limited to the
transfer of plasmid-based to plasmid-free expression systems. For example, by introducing a
new RNA polymerase, a different promoter can be used for optimized expression both from

plasmids and the chromosome.
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Figure 5: Genome engineering in context of the development of a new biocatalyst.

Sometimes, in biocatalysis, there are also problems with side reactions catalyzed by enzymes

of the host. Although these can be avoided by laborious purification of the target enzyme, a

targeted knockout of the competing enzyme solves the problems permanently. This not only

eliminates the need for purification, but also opens up new possibilities for catalysis in vivo.

The third reason for genome engineering, regulation of activity, is particularly interesting in

context of enzyme cascades and pathways. By selectively adjusting the copy number of

individual genes or modifying regulatory elements such as promoters or ribosomal binding

sites, bottlenecks in pathways can be eliminated.
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1.3 Objectives

A wide variety of challenges can arise during biocatalysis and biotransformation. In addition to
intrinsic problems of the catalyst such as stability, selectivity and productivity, which can be
addressed e.g. by protein engineering, there are also challenges in the production and
application of the catalyst. Enzyme catalysis can be performed in vitro either using crude
extracts or purified enzymes. The latter requires a significant amount of work and thus is cost-
intensive. However, the use of the less expensive crude extracts can be impaired by side
reactions catalyzed by the host’s enzymes, just as in whole cells. Furthermore, plasmid-based
heterologous expression is accompanied by issues with plasmid stability, cell-to-cell variability
and antibiotic resistance. All these issues can be addressed with the application of
CRISPR/Cas9-assisted recombineering which allows marker-free modifications to the
chromosome of E. coli including gene deletion and integration. Apart from optimizations of the
host which affect plasmid-based expression, the transition from plasmid-based to plasmid-free
expression systems was the main focus of this work. Moreover, broad applicability of the
developed tools in context of biocatalysis and the comparison of various E. coli laboratory

strains were in the center of attention.

In particular, the following applications and further developments of CRISPR/Cas9-assisted

recombineering were realized in this work:

i) Gene knockouts to prevent side reactions catalyzed by host enzymes, using the
example of catalases that degrade hydrogen peroxide added for peroxygenase-
catalyzed oxidation reactions with E. coli resting cells or cell-free extracts

ii) Extension of E. coli K-12 strains capable of T7 expression by chromosomal
integration of the gene encoding T7 RNA polymerase

iii) Evaluation of the effects of chromosomal integration on the catalytic performance
of a multi-component P450 system for the production of a human metabolite of the

anesthetic (S)-ketamine with E. coli resting cells
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vi)

Development and evaluation of a versatile toolbox for the simple and reliable
transfer of plasmid-based to plasmid-free expression systems in E. coli K-12 and B
strains

Reconstitution of an artificial biosynthetic pathway in growing E. coli cells for the
plasmid-free production of the high value furofuran lignan pinoresinol from the
relatively inexpensive phenylpropanoid ferulic acid

Development of a system for combinatorial substitution of promoters after

chromosomal integration of heterologous genes
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2 Results

The results are divided into four subchapters and are presented in the form of three peer-
reviewed publications and a manuscript containing so far unpublished results. These four
subchapters describe multiple applications of CRISPR/Cas-assisted genome engineering in

different Escherichia coli strains.

In Chapter 2.1, targeted in-frame gene knockouts of the two catalase genes katE (encoding
hydroperoxidase Il) and katG (encoding hydroperoxidase 1) in E. coli BL21-Gold(DE3) were
applied to prevent the degradation of hydrogen peroxide, which is used as co-substrate by the
actual biocatalysts of interest - different peroxygenases. This catalase-deficient E. coli strain
was used for the expression of peroxygenases, and then applied either in form of whole-cell
catalysts or after lysis in form of crude extracts without the need for time-consuming purification

of the enzymes.

In Chapter 2.2, a P450 system consisting of a CYP154E1 variant from Thermobifida fusca YX
as well as the redox partner proteins YkuN from B. subtilis and FdR from E. coli, was used for
the enantioselective two-step oxidation of the anesthetic (S)-ketamine to its human metabolite
(2S,6S)-hydroxynorketamine in resting E. coli cells. Plasmid-based and chromosomal
expression in different E. coli strains were compared to examine the effect of chromosomal
integration on the catalytic performance of this three-component P450 system. In the course,

the host’s ability for T7 expression was extended to different E. coli strains.

Chapter 2.3 describes the reconstitution of a plasmid-free four-step synthesis of the valuable
lignan pinoresinol from the relatively cheap phenylpropanoid ferulic acid. The endogenous
reducing capabilities of the host were combined with heterologous enzymes from the plants
Petroselinum crispum and Zea mays to yield the monolignol coniferyl alcohol. The final single
electron oxidation was catalyzed by a laccase from Corynebactrium glutamicum and led to

subsequent oxidative coupling of coniferyl alcohol to the target compound pinoresinol.

In Chapter 2.4, a proof-of-concept study for combinatorial promoter substitution after

chromosomal integration of heterologous genes in E. coli, is presented. To this end, the two
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genes cyp154e1m and ykuN were first integrated into two different loci under the control of the
T7 promoter and then the promoters were simultaneously replaced at both loci to obtain

combinations of T7, T5 and tac promoters.

The individual contribution of the author of this dissertation to each manuscript is outlined at

the start of each chapter.
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2.1 Gene knockouts for the prevention of side reactions in

crude extracts and whole cells

Title: Use of Whole Cells and Cell-Free Extracts of Catalase-Deficient E. coli for

Peroxygenase-Catalyzed Reactions

Authors: A. C. Ebrecht, U. J. Luelf, K. Govender, D. J. Opperman, V. B. Urlacher and M. S.
Smit

Published in: Biotechnology and Bioengineering, 122, 1376-1385

DOI: 10.1002/bit.28959

License: CC BY-NC-ND 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/)

Contribution: Design and conduction of CRISPR/Cas-assisted genome engineering
experiments for targeted in-frame deletion of the catalase genes katE and katG to construct a
catalase-deficient E. coli strain. Writing of the corresponding section of the manuscript and

supporting information.
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ABSTRACT

Unspecific peroxygenases (UPOs) and cytochrome P450 monooxygenases (CYPs) with peroxygenase activity are becoming the
preferred biocatalysts for oxyfunctionalization reactions. While whole cells (WCs) or cell-free extracts (CFEs) of Escherichia coli
are often preferred for cofactor-dependent monooxygenase reactions, hydrogen peroxide (H,0,) driven peroxygenase reactions
are generally performed with purified enzymes, because the catalases produced by E. coli are expected to quickly degrade H,O,.
We used the CRISPR/Cas system to delete the catalase encoding chromosomal genes, katG, and katE, from E. coli BL21-Gold
(DE3) to obtain a catalase-deficient strain. A short UPO, DcaUPO, and two CYP peroxygenases, SscaCYP_E284A and
CYP102A1_21B3, were used to compare the strains for peroxygenase expression and subsequent sulfoxidation, epoxidation, and
benzylic hydroxylation activity. While 10 mM H,0, was depleted within 10 min after addition to WCs and CFEs of the wild-type
strain, at least 60% remained after 24 h in WCs and CFEs of the catalase-deficient strain. CYP peroxygenase reactions, with
generally lower turnover frequencies, benefited the most from the use of the catalase-deficient strain. Comparison of purified
peroxygenases in buffer versus CFEs of the catalase-deficient strain revealed that the peroxygenases in CFEs generally per-
formed as well as the purified proteins. We also used WCs from catalase-deficient E. coli to screen three CYP peroxygenases,
wild-type SscaCYP, SscaCYP_E284A, and SscaCYP_E284I for activity against 10 substrates comparing H,O, consumption with
substrate consumption and product formation. Finally, the enzyme-substrate pair with highest activity, SscaCYP_E284I, and
trans-B-methylstyrene, were used in a preparative scale reaction with catalase-deficient WCs. Use of WCs or CFEs from
catalase-deficient E. coli instead of purified enzymes can greatly benefit the high-throughput screening of enzyme or substrate
libraries for peroxygenase activity, while they can also be used for preparative scale reactions.

1 | Introduction

Unspecific peroxygenases (UPOs) and cytochrome P450 mono-
oxygenases (CYPs) with peroxygenase activity are becoming the
preferred catalysts for reactions traditionally performed with
monooxygenases (Monterrey et al. 2023; Xu et al. 2023). While

whole cells (WCs) or cell-free extracts (CFEs) of Escherichia coli are
often preferred for monooxygenase-catalyzed reactions which
require reduced cofactors and their regeneration, hydrogen peroxide
(H,0,) driven peroxygenase reactions are generally performed with
purified enzymes, since it is assumed that the catalases produced by
E. coli will quickly catalyze the disproportionation of H,0,. Two

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work

is properly cited, the use is non-commercial and no modifications or adaptations are made.
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catalases (katG and katE), together with an alkyl hydroperoxide
reductase (AhP) are responsible for scavenging H,O, in E. coli with
the catalases dominating when H,O, levels exceed 20 uM (Xu
et al. 2020; Liu et al. 2021). In the case of UPOs, Pichia pastoris is the
preferred host for heterologous expression because these are ex-
tracellular glycosylated fungal enzymes that generally do not ex-
press well in E. coli (Kinner et al. 2021, Monterrey et al. 2023).
However, E. coli is gradually more often used for the expression of
short UPOs (Linde et al. 2020, Kinner et al. 2021), and recently a
superfolder-green-fluorescent-protein (sfGFP) mediated secretion
system was developed that facilitated the expression of four different
UPOs, including the long UPO, AaeUPO, in E. coli (Yan et al. 2024).
The activity of these UPOs displayed on the cell surface of E. coli
was detected using WCs and CFEs of E. coli BL21(DE3), despite
possible disproportionation of H,O, by the well-described catalases
of E. coli.

Catalase-deficient strains of E. coli have been constructed and
characterized (Nakagawa et al. 1996; Hui et al. 2014; Xu et al. 2020;
Liu et al. 2021). Nakagawa et al. (1996) constructed a catalase-
deficient strain of E. coli for the large-scale production of catalase-
free uricase preparations. They found that deletion of both chro-
mosomal genes, katG, and katE, from a strain derived from E. coli
K-12 did not affect growth or uricase production. The same catalase-
deficient E. coli strain was subsequently used by the Arnold group
to develop variants of CYP102A1 with peroxygenase activity (Cirino
and Arnold 2002, 2003; Salazar et al. 2003). More recently Xu et al.
(2020) deleted katG and katE from E. coli BL21 (DE3), the com-
mercially available B strain commonly used for heterologous pro-
tein expression. They used this catalase-deficient E. coli strain to
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ethylbenzene
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258 styrene oxide
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methyl phenyl
sulfoxide

OH o
H0 H,0 H,0, H,0
©/\ 202 2 ©)\CH3 202 2 ©)kCH3
peroxygenase peroxygenase

1-phenyl ethanol

develop a high-throughput screening method relying on H,O,
consumption detected by the colorimetric Amplex Red assay. This
screening method was used to screen large DNA shuffling and
random mutagenesis libraries of the fatty acid decarboxylases
OleTJE (CYP152L1) and CYP-Sm46A29 (CYP152L2) for improved
variants (Xu et al. 2020).

We deleted katG and katE from E. coli BL21-Gold(DE3), to
investigate the use of WCs and CFEs from catalase-deficient
strains expressing different known peroxygenases for different
hydrogen peroxide driven reactions. Three heme-thiolate-based
peroxygenases were selected, namely DcaUPO, a short UPO
from Daldinia caldariorum (Linde et al. 2020), SscaCYP_E284A,
a variant of SscaCYP a CYP peroxygenase from Streptomyces
scabiei which contains an Asp instead of the usual Thr in the I
helix, both previously described by our group (Ebrecht
et al. 2023), and the CYP102A1_21B3 CYP peroxygenase deve-
loped by the Arnold group from the N-terminal heme-domain
of CYP102A1 (Cirino and Arnold 2003). Three reactions which
all three enzymes can catalyze to various degrees were selected
to evaluate peroxygenase activity using WCs and CFEs. These
were sulfoxidation of thioanisole, benzylic hydroxylation of
ethylbenzene, and conversion, mainly epoxidation, of styrene
(Scheme 1). Next, we evaluated the robustness of the colori-
metric H,O, consumption assay by screening the wild-type
SscaCYP, together with two mutants, SscaCYP_E284A used
above and SscaCYP_E284I also previously described by us
(Ebrecht et al. 2023), for activity against 10 different substrates.
From this screening, we finally selected the enzyme-substrate
pair with highest activity, SscaCYP_E2841, and trans-3-
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N CHs
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OH
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styrene glycol
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H:0 m peroxygenase mH
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SCHEME 1 | Reactions used for comparing activities were (a) sulfoxidation of thioanisole to methyl phenyl sulfoxide, (b) hydroxylation of

ethylbenzene to 1-phenyl ethanol and further to acetophenone, and (c) epoxidation or anti-Markovnikov type oxidation of styrene to styrene oxide

and phenylacetaldehyde, respectively. Methyl phenyl sulfone, 1-phenyl ethanol, and phenylacetaldehyde can be further oxidized in a second round of

peroxygenase reactions. Phenylacetaldehyde might also be formed by rearrangement of styrene oxide (Aschenbrenner et al. 2024).
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Results |

methylstyrene, for a preparative scale reaction using catalase-
deficient WCs.

2 | Results and Discussion

CRISPR/Cas-assisted A-red recombineering was used for suc-
cessive in-frame deletions of the katE and katG genes in E. coli
BL21-Gold(DE3). Successful knockout mutants were identified
using colony PCR and verified by Sanger sequencing. Deletion
of the catalase-encoding genes was further confirmed by mon-
itoring the fate of H,0, (10 mM) added to WCs and CFEs of
wild-type E. coli BL21-Gold(DE3) (WT) and its catalase-
deficient derivative (CD), both transformed with empty pET-28a
(4). As expected, H,O, was quickly depleted by catalase-
containing WCs and CFEs from the catalase-containing E. coli,
with no H,O, left after 20 min (Figure 1a). However, H,O,

@y, (b)
10 AWT
10
i g
~ 8 =
g & : . ?
| E
4 —o— Buffer i%
—&— CD_CFE =
—&— WT_CFE
2 CD_WC
| WT_WC
&
0 e
0 8 12 16 20 24
Time (h)
()
20
215
N
0
©
§10
o
>
x
o
Q
&5

DcaUPO

SscaCYP_E284A CYP102_21B3

FIGURE1 | (a) Stability of H,0, (10 mM) in buffer containing WCs
(0.1g wet weight mL™") (open circles) or CFEs (produced after cell
disruption at 0.1 g wet weight mL™") (closed triangles) from wild-type
(WT) and catalase-deficient (CD) E. coli and in buffer without WCs or
CFEs (gray open diamonds) at 25°C, pH7. (b) Biomass (wet weight)
recovered from cultures of WT and CD E. coli when cells were harvested
for biotransformations. (c) Concentrations of different peroxygenases
(based on CO difference spectra) in biotransformation reactions con-
taining WCs (dark colors) or CFEs (light colors) from WT (blue) and CD
(red) E. coli (0.1 g wet weight mL™") as well as purified protein (grey).
Averages and standard deviations were calculated from at least three
independent repeats.

levels dropped slowly in WCs and CFEs from the catalase-
deficient strain, with more than 5mM left after 8 h which
remained up to 24 h. Xu et al. (2020) also observed H,O, con-
sumption (ca. 20%) in their catalase-deficient strain with katE
and katG genes deleted and ascribed it to the activity of the
alkyl hydroperoxide reductase (AhP) which functions at low
H,0, concentrations (<10 uM) or other unknown scavenging
enzymes. In their experience a triple deletion strain with the
ahp gene also deleted displayed severe growth defects. After 8 h
H,0, stability was similar to what we observed in buffer
without WCs or CFEs, where 7mM H,0, remained after 24 h.

The catalase-deficient strain displayed satisfactory growth and
enzyme production. Biomass harvested from its cultures ex-
pressing the different peroxygenases was 6%-18% less than from
wild-type cultures (Figure 1b). DcaUPO and SscaCYP_E284A
expressed equally well in both catalase-deficient and wild-type
strains, while expression of CYP102A1_21B3 was lower in the
catalase-deficient strain (Figure 1c).

Given how quickly H,O, is depleted by catalase-containing
WCs and CFEs, it was surprising that in 24 h reactions, sul-
foxidation of thioanisole by all three peroxygenases could be
detected with WCs and CFEs of the wild-type strain even when
H,0, (20mM) was added in a single dose to start reactions
(Figure 2a). The initial sulfoxidation of thioanisole by DcaUPO
is evidently a very fast reaction since there was essentially no
difference between reactions with catalase-containing and
catalase-deficient CFEs both giving approximately 80% con-
version of the substrate. WC sulfoxidation by DcaUPO benefited
from the use of catalase-deficient cells, most likely because
H,0, diffusion into the cells is quicker than thioanisole diffu-
sion. When H,0, was produced in situ by glucose oxidation
with glucose oxidase (GOx) there was a significant difference in
the product distribution from catalase-containing and catalase-
deficient CFEs, with further oxidation of the sulfoxide to sul-
fone by DcaUPO more prevalent in catalase-deficient CFEs
(Figure 2a). In the case of SscaCYP_E284A, which was ex-
pressed at lower concentrations, there was a clear benefit to
using the catalase-deficient strain, whether H,O, was added in
a single dose or produced in situ by GOx. With catalase-
deficient WCs and CFEs, however, significant sulfoxidation to
the sulfone was observed. Chiral analysis of extracts from
reactions with catalase-deficient WCs and CFEs containing
SscaCYP_E284A revealed that use of WCs or CFEs did not
reduce enantioselectivity when compared with previous results
obtained with purified protein when the (S)-enantiomer of the
sulfoxide was produced with 81% ee (Ebrecht et al. 2023)
(Figure S7). Activity of CYP102A1_21B3 towards thioanisole
was much lower than that of the other two enzymes, with only
traces of sulfoxide observed with wild-type WCs and CFEs.
Highest conversions were achieved when H,0, was supplied
in situ by GOx. However, no further oxidation to the sulfone
was observed with CYP102A1_21B3 (Figure 2a).

All three peroxygenases displayed lower activity toward ethyl-
benzene than to thioanisole. SscaCYP_E284A displayed barely
detectable activity with wild-type and catalase-deficient CFEs only
when H,0, was supplied in situ by GOx (Figure 2b). In DcaUPO-
catalyzed reactions activity was low with WCs in both strains. In
similar CFE reactions with H,O, also added as a single dose,
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FIGURE 2 | Concentrations of different products formed by DcaUPO, SscaCYP_E284A, and CYP102A1_21B3 from (a) thioanisole, (b) ethyl-
benzene and (c) styrene in 24 h reactions using WCs or CFEs of wild-type (WT) and catalase-deficient (CD) E. coli. H,O, was added in a single dose to
start reactions or H,O, was produced in situ by oxidation of glucose with GOx. Concentrations of products from thioanisole are displayed by the axis
on the left. Arrows point to products formed by DcaUPO from ethylbenzene and styrene displayed by the axis on the left and those from ethylbenzene
and styrene produced by SscaCYP_E284A and CYP102A1_21B3 by the axis on the right. Reactions contained WCs or CFEs of WT and CD E. coli
(0.1 g wet weight mL™"), substrate (10 mM), acetone (5% (v/v)), H,0, (20 mM) or GOx (0.2 U mL™") with glucose (100 mM). Averages and standard

deviations were calculated from at least three independent reactions.

activity in catalase-deficient CFEs was higher with more of the
initially formed 1-phenyl ethanol further oxidized to acet-
ophenone. When H,0, was supplied in situ by GOx the advantage
to using catalase-deficient CFEs became even more apparent with
ca. 80% of ethylbenzene hydroxylated and subsequently oxidized
to acetophenone while with wild-type CFEs ca. 60% was hydrox-
ylated with only ca. 24% further oxidized to acetophenone. Activity
of CYP102A1_21B3 toward ethylbenzene was much lower than
that of DcaUPO with in the best reactions only ca. 10% conversion
and very little oxidation to acetophenone. However, activities with
both WCs and CFEs were significantly improved when the
catalase-deficient strain was used (Figure 2b).

Oxidation of styrene by these peroxygenases yielded mainly
styrene oxide which was in 24h reactions spontaneously
hydrolyzed to styrene glycol. In the case of DcaUPO, which
again yielded the most product given its high concentration,
small amounts of phenylacetaldehyde were also detected, some
of which were oxidized to phenylacetic acid (Figure 1c). In
these reactions, activity was only slightly improved when
catalase-deficient WCs and CFEs were used with H,O, added in
a single dose. With in situ generation of H,0, by GOx there was
in 24 h reactions, no benefit to using catalase-deficient CFEs.
CYP102A1_21B3 and SscaCYP_E284A activities in all cases
benefited significantly from the use of the catalase-deficient
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strain. SscaCYP_E284A produced relatively more phenylace-
taldehyde than the other two peroxygenases.

Next, we compared the performance of purified peroxygenases
in buffer and peroxygenases in CFEs of catalase-deficient E. coli
in a series of time-course experiments. In these experiments,
H,0, was added as a single dose or produced in situ using
either GOx or formate oxidase (FOx). A total number of oxy-
genations was calculated and plotted assuming that the for-
mation of sulfone from thioanisole, acetophenone from
ethylbenzene, and phenylacetic acid from phenylacetaldehyde
required in each case two sequential peroxygenase reactions
rather than peroxidase activity (Figure S1). These values were
used to calculate turnover numbers (TONs) at the times when
reactions leveled off (Figure 3, Table S3). It is evident from these
results that the peroxygenases in CFEs of the catalase-deficient
strain generally performed at least as well as the purified per-
oxygenases in buffer. The exception was the purified DcaUPO
which, when H,0, was produced in situ, achieved maximum
product concentrations already after 8h in thioanisole and
ethylbenzene conversions, while these reactions with CFE took
24 h (Figure S1, Table S3). This might be due to the GOx and
FOx being unable to supply sufficient H,O, quickly enough for
the high concentration of DcaUPO when enzymes in the CFEs
consumed some of the H,0,, glucose and/or formate. On the
other hand, in the case of CYP102A1_21B3, which displayed
low activity on all substrates, the CFEs generally yielded better
results than the purified peroxygenases, possibly because the
CFEs improved stability of the CYP102A1_21B3. Notable from
these time course experiments are the reactions with styrene
which in all cases with all three enzymes leveled off within 2 h,
indicating that styrene most likely inhibited or denatured these
peroxygenases. Activity of SscaCYP_E284A toward ethylben-
zene, in all cases, ceased within 1h.

Xu et al. (2020) used CFEs of catalase-deficient E. coli in the
H,0,-dependent high throughput screening method they had
used to screen libraries derived from OleT;r (CYP152L1) and
CYP-Sm46A29 (CYP152L2) for decarboxylase activity against
lauric acid. We explored whether WCs of catalase-deficient
E. coli can similarly be used by screening SscaCYP_E284A as
well as WT SscaCYP and a second mutant SscaCYP_E2841 for
activity against 10 different substrates (Figure S8). Although
H,0, consumption could reliably be detected in WC assays, the
correlation between H,0O, consumption and activity detected
with GC analysis (substrate consumption and product forma-
tion) was evidently influenced by the enzymes and substrates
(Figure 4). H,O, consumption accurately indicated the activity of
SscaCYP_E2841 against trans-B-methylstyrene, o-methylstyrene,
4-methoxybenzyl alcohol, and vanillyl alcohol and the activity of
SscaCYP_E284A against trans-g-methylstyrene. However, it did not
indicate activity of SscaCYP_E284I against 1,5-cyclooctadiene and of
SscaCYP_E284A against 4-methoxybenzyl alcohol, both for which
products were detected with GC, or any activity against styrene,
which all three enzymes converted. The presence of the CYPs in the
absence of substrate increased H,0, consumption in an enzyme-
dependent manner, with SscaCYP_E2841 consuming at least 60%
more H,0, than the no-CYP control. In some instances, the pres-
ence of substrate reduced H,O, consumption, particularly in the
case of SscaCYP_E2841 where propylbenzene, 3-methoxybenzyl

0 PP-H,0,
B CFE-H,0,
PP-GOx

CFE-GOx
0 PP-FOX
B CFE-FOx

thioanisole

ethylbenzene

DcaUPO

styrene

thioanisole

ethylbenzene

SscaCYP_E284A

styrene

thioanisole —

ethylbenzene

CYP102A1_21B3

styrene

0 1000 2000

TON

FIGURE 3 | Comparison of turnover numbers (TON) of
DcaUPO, SscaCYP_E284A, and CYP102A1_21B3 in CFEs of
catalase-deficient E. coli and as purified protein. TONs were cal-
culated from time course experiments at times when activities
leveled off (Table S3, Figure S1). H,0, was added in a single dose to
start reactions or H,O, was produced in situ by oxidation of glucose
by GOx or by oxidation of formate by FOx. Reactions contained
CFEs of catalase-deficient E. coli (0.1g wet weight mL™") or a
corresponding concentration (based on CO difference spectra) of
purified protein, substrate (10mM), acetone (5% [v/v]), H,0,
(20 mM) or GOx (0.2 U mL™") with glucose (100 mM) or FOx (0.2 U
mL~1) with formate (100 mM). Standard deviations of TONs were
calculated using standard deviations of the product concentrations
and the catalyst concentrations.
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FIGURE 4 | (a)Remaining H,O, (measured as absorbance at Assonm in Ampliflu assay), (b) percentage remaining substrate, and (c) percentage

product formed in reactions of WT SscaCYP and its E284A and E2841 mutants with 10 different substrates. Reactions (1 mL) contained WCs of
catalase-deficient E. coli (0.1 g wet weight mL™"), substrate (10 mM), acetone (5% [v/v]) and H,O, (20 mM). H,0, was added in a single dose to start
reactions and assays and extractions were done after 4 h. The percentage remaining substrate and percentage product formed were calculated as
percentage of maximum ratio of given substrate to internal standard in GC-FID assays. The percentage substrate and product are for reactions done
in duplicate with Ampliflu assay for each reaction also done in duplicate.

alcohol, 2-methoxybenzyl alcohol, and 1,3-cyclooctadiene reduced
H,0, consumption by between 34% and 40%. On the other hand,
with vanillyl alcohol residual H,0, was markedly reduced even in
the absence of enzyme. Although it is possible that H,O, might
directly react with a phenolic compound such as vanillyl alcohol, no
product was detected in the GC analyses of the no-CYP control
samples. It is more likely that this is an apparent reduction in H,0,
since interference of phenolic compounds with the Ampliflu Red
assay has been described (Tama et al. 2023). The effects of enzymes
and substrates on H,O, consumption might explain why H,O,
consumption is not always suitable for detecting low activity levels.
It might also explain why 20 variants selected by Xu et al. (2020) out
of 8000 clones in their high-throughput screening based on H,0,
consumption, did not as purified enzymes display dramatically
improved activity over the parental OleT;z (CYP152L1) and CYP-

Sm46A29 (CYP152L2) High-throughput screening of peroxygenase
libraries need not depend solely on H,O, consumption, and the use
of catalase-deficient WCs or CFEs can facilitate the development of
complementary high-throughput screening methods for discovering
improved or novel peroxygenases.

Finally, we used the conversion of trans-8-methylstyrene to
cinnamaldehyde via cinnamyl alcohol by SscaCYP_E284I to
explore the use of catalase-deficient WCs in a preparative scale
reaction. In this reaction, the biomass concentration was
increased to 20g wet weight mL™" and H,0, was added in
10 mM aliquots every 4h up to 12h and then at 24 h. H,0,
accumulation, CYP stability (CO-difference spectra) and
product formation was followed over 28 h at which time the
total reaction mixture was extracted (Figure 5). Although the

6 of 10

hnology and Bi ineering, 2025

o

woxy

top/uioo Kap&

K211 “6S68Z 14

wo Kreaqry auy

SuonIpuo) pue suaL, a4 998 (570

Rom

suaor] suowIo) aATERI) d[qeoridde oy £q PAUIOAS T SOEIIE VO 18N JO SO Joj AmIqIT HUIUQ AofIAY U



Results |

25

20

15

10

[CYP] (um)

4 8122428
Time (h)

4 8122428
Time (h)
(

(2)
-~
N W A OO
T

RN
T

[substrate / product] (mM)

10 20 30
Time (h)

(1]

o
o

—e—trans-B-methylstyrene  —e—cinnamaldehyde

—e—cinnamyl alcohol —e—cinnamic acid

FIGURE 5 | Results from preparative scale conversion of trans-3-
methylstyrene by the SscaCYP_E2841 mutant. The reaction mixture
(50 mL) contained WCs of catalase-deficient E. coli (0.2g wet weight
mL™"), initial (CYP) 25 uM, substrate (10 mM) and acetone (5% [v/V]).
The reaction was started by the addition of H,O, (10 mM) with subse-
quent additions every 4h (up to 12 h, and then at 24 h). Samples were
taken every 4h (up to 12h, then at 24 and 28h) to analyze enzyme
stability (CO-difference spectra) (a), H,O, accumulation (Ampliflu
assay) (b) and trans-g-methylstyrene conversion (GC-FID) (c) with the
total reaction mixture extracted after 28 h.

trans-B-methylstyrene was essentially completely (99%) con-
verted after 12 h, we allowed the reaction to proceed for 28 h to
obtain complete conversion of cinnamyl alcohol to cinna-
maldehyde. This unfortunately led to significant oxidation of
the cinnamaldehyde to cinnamic acid. Additionally, cinna-
maldehyde could have been epoxidized and then oxidized to
benzaldehyde by the H,0, (Chen et al. 2012). Traces of benz-
aldehyde were detected in the final extracts (Figure S11). The
eventual poor recovery of cinnamaldehyde (only 18%) might
also be ascribed to Schiff base adduct formation of cinna-
maldehyde in the amino acid-rich environment of the WCs
(Wei et al. 2011). Further experiments will be required to
determine the role residual H,O, and WCs played in the loss of

cinnamaldehyde and to optimize reaction conditions and
product recovery. However, our experiment demonstrates that
catalase-deficient WCs are suitable for a preparative scale
reaction in which over 5 mM cinnamaldehyde was formed after
12 h of reaction (Figure 5c).

The Arnold group employed a spectrophotometric assay in
96-well microtiter plates using clarified CFEs from mutant li-
braries expressed in catalase-deficient E. coli K-12 to screen for
H,0,-driven hydroxylase activity (Cirino and Arnold 2003). It is
surprising that there were no further reports on the use of such
catalase-deficient E. coli strains in peroxygenase research until
2020 when Xu et al. for the first time reported using CFEs of a
catalase deficient derivative of the commercially available,
commonly used B strains in a H,0, dependent high throughput
screening for improved variants of CYP152 decarboxylases.
Although it is possible, as demonstrated by Yan et al. (2024), to
use WCs or CFEs of catalase-containing E. coli to screen large
numbers of UPO variants for an improved characteristic, our
results show that when activities are low, and specifically in the
case of CYP peroxygenases, the use of catalase-deficient E. coli
will be advantageous. We have demonstrated that peroxygenase
containing WCs or CFEs from catalase-deficient E. coli gener-
ally perform as well as purified peroxygenases and that not only
CFEs but also WCs of catalase-deficient E. coli can be used
when screening for improved peroxygenases. However, it
should be kept in mind that H,O, is a very potent oxidizing
agent which might react with the enzyme of interest destroying
it or react directly with the substrate or products. Additionally,
substrates or even products might interfere with H,O, assays
such as the peroxidase-dependent Ampliflu or Amplex Red
assays. Thus, for both screening and preparative scale reactions
extensive controls and optimization will be required for every
enzyme-substrate combination whether purified peroxygenase,
CFEs, or WCs are used.

3 | Materials and Methods

3.1 | Deletion of katE and katG in E. coli BL21-
Gold(DE3)

CRISPR/Cas-assisted A-red recombineering was used to create
in-frame gene deletions. The start codon and the codons en-
coding the six residues of the C-terminus as well as the stop
codon were left as described by Baba et al. (2006) for the con-
struction of the Keio Collection.

The genome sequence of E. coli BL21(DE3) was used as a ref-
erence genome (GenBank accession number CP001509.3).
Plasmids pEcCas (Addgene plasmid #73227) (Li et al. 2021) and
pgRNA-bacteria (Addgene plasmid #44251) (Qi et al. 2013)
were obtained from Addgene. The CRISPR/Cas-assisted A-red
recombineering was carried out as described before (Luelf
et al. 2023). Briefly, gRNA targeting sequences were designed
using the CHOPCHOP web toolbox (Labun et al. 2019) and
cloned into the pgRNA-bacteria plasmid. For construction of
the repair template, homology arms of approx. 500 bp length
were amplified from boiled cells and combined by fusion PCR.
Electrocompetent cells of E. coli BL21-Gold(DE3) harboring
pEcCas were transformed with modified pgRNA and the repair
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template as described in Supporting Information S1. The
knockout was verified by colony PCR and sequencing (Eurofins
Genomics, Germany). Curing of the plasmids pEcCas and
pgRNA-bacteria was performed as described before (Luelf
et al. 2023). Primers for amplification of the homology arms and
exchange of the targeting sequence in the plasmid pgRNA are
listed in Tables S1 and S2.

3.2 | Plasmids and Enzymes

For expression of the (CYP-)peroxygenases, the constructs
PET-22b(+):CYP102A1_21B3, pET-28a(+):DcaUPO, pET-28a
(+):SscaCYP_E284A, pET28a(+):SscaCYP and pET-28a(+):
SscaCYP_E2841 were obtained as described elsewhere
(Aschenbrenner et al. 2024; Ebrecht et al. 2023; Ebrecht
et al. 2023). The construct pET-21c(+):AoFOx for expression
of the formate oxidase (FOx) from Aspergillus oryzae was
kindly provided by Prof. Frank Hollmann (Delft University of
Technology, the Netherlands) with permission of Prof. An-
dreas Bommarius (Georgia Institute of Technology, USA)
(Tieves et al. 2019; Willot et al. 2020). All constructs were
introduced into E. coli BL21-Gold(DE3) (WT) and the
catalase-deficient strain E. coli BL21-Gold(DE3) AkatE AkatG
(CD). Heterologous expression and protein purification are
described in the Supporting Information S1. GOx from
Aspergillus niger was purchased from Sigma-Aldrich.

Concentrations of CYP peroxygenases were calculated using the
usual extinction coefficient at 450 nm of 91 mM ‘cm™! from the
respective CO-difference spectra recorded using a Spectra-max
M2 Microtiter Plate Reader (Molecular Devices Corporation)
(Omura and Sato 1964, Guengerich et al. 2009). For DcaUPO,
concentrations of purified protein were determined using the
Pierce BCA assay kit (ThermoFisher Scientific), with bovine
serum albumin as a standard. Purified DcaUPO was then used
to calculate a concentration factor to determine the final con-
centration of enzyme in the CFEs and WCs from CO-difference
spectra (at 450 nm).

3.3 | H,0, Measurement

H,O0, stability was tested in WCs and CFEs from wild-type and
catalase-deficient E. coli (0.1g wet weight mL™") in 200 mM
potassium phosphate buffer pH 7.0. Reactions containing
800 uL of WCs or CFEs and 10 mM of H,0, were incubated at
25°C. Samples were taken at different time points and H,O,
concentrations were quantified with the Ampliflu Red assay
(Sigma-Aldrich) (560 nm € =71000M~" cm™") using the Spec-
tramax M2 spectrophotometer.

3.4 | Biotransformations
Biotransformations were performed in 4 mL glass vials, in a
final reaction volume of 1mL. Reactions were incubated at

25°C with shaking at 200 rpm.

Reaction mixtures consisted of 800 uL of WCs or CFEs from
wild-type and catalase-deficient E. coli (0.1 g wet weight mL™")

in 200 mM potassium phosphate buffer pH 7.0, 10mM sub-
strate, 5% (v/v) acetone, 20 mM H,O, or 0.2 U GOx or FOx,
100 mM glucose or sodium formate. In reactions with purified
proteins WCs or CFEs were replaced with 800 uL 200 mM
potassium phosphate buffer pH 7.0 containing purified perox-
ygenases at similar concentrations.

Reactions were stopped and extracted by addition of 1 mL ethyl
acetate containing 2 mM internal standard (1-undecanol). Sam-
ples were analyzed by GC-FID (Shimadzu GC-2010) and GC-MS
(Thermo Scientific TraceGC ultra—Trace DSQ) (Figures S2-S6)
using a FactorFour VF-5ms column (60 m X 0.32 mm X 0.25 pm,
Varian) column. Temperature program: 100°C hold 1 min, then
8°C min~' up to 200°C. Concentrations of products and
remaining substrates were calculated from standard curves of
commercial standards and corrected for low levels of H,O, oxi-
dation in the absence of enzyme detected with cells transformed
with empty plasmid. Chiral analysis of extracts from thioanisole
reactions was performed by GC-FID (Thermo Scientific TraceGC
ultra) using a CHIRALDEX B-TA column (30 m X 0.25 mm X
0.12 um). Temperature program: 100°C hold 1 min then 1.5°C
min™" up to 136°C.

Averages and standard deviations were calculated from at least
three independent reactions. Standard deviations of TONs were
calculated using standard deviations of the product concentra-
tions and the catalyst concentrations.

3.5 | Screening Experiment

Reactions for the screening experiment were performed as
described above using WCs of catalase-deficient E. coli (0.1g
wet weight mL™") containing no CYP, SscaCYP (4 uM), Ssca-
CYP_E284A (8 uM) and SscaCYP_E2841 (8 uM). After 4 h 10 uL
aliquots from each reaction mixture were transferred in dupli-
cate to a 96-well microtiter plate and diluted 200 times in
200 mM potassium phosphate buffer pH 7.0. Remaining H,0,
levels were measured at 560 nm using the Ampliflu Red assay.
The remaining reaction mixtures were extracted as described
above and analyzed with GC-MS/FID (Thermo Scientific
TraceGC ultra—Trace DSQ) (Figures S9 and S10) using the
FactorFour VF-5ms column (60 m X 0.32 mm X 0.25 um, Var-
ian) column.

3.6 | Preparative Scale Reaction

A WC suspension (50 mL) of catalase-deficient E. coli (0.2 g wet
weight mL™" in 200 mM potassium phosphate buffer pH 7.0)
containing SscaCYP E2841 (ca. 20 uM) was supplemented with
trans-B-methyl styrene (10 mM, 5% v/v acetone). The reaction
was started by the addition of H,0, (10 mM) and then incu-
bated at 25°C with shaking at 200 rpm. Samples were taken
every 4h up to 12h and then at 24h. Enzyme stability
(CO-difference spectra), H,0, accumulation (quantification by
Ampliflu Red assay), and substrate conversion (GC-MS/FID)
(Figure S10) were evaluated, followed by the addition of H,0,
(10 mM). After 28 h enzyme, stability and H,0, accumulation
were evaluated and then the total reaction mixture was ex-
tracted with an equal volume of ethyl acetate.
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CRISPR/Cas-assisted A-Red Recombineering

To prepare electrocompetent cells for CRISPR/Cas-assisted A-Red Recombineering, 5 ml 2xYT medium
were inoculated with 100 pl of an overnight culture of E. coli BL21-Gold(DE3) harboring the pEcCas
plasmid. For induction of the A-Red genes, 100 yL 1M L-arabinose was added and the cultures were
incubated at 37°C, 180 revolutions per minute (rpm) for 2 h. The cells were harvested by centrifugation
and washed twice with 1 ml ice-cold 10%(vol/vol) glycerol. After a final centrifugation step, the cells were
resuspended in 100 pl ice-cold 10%(vol/vol) glycerol. The pgRNA-bacteria plasmid (100 ng) and the repair
template (500 ng) were added, and the suspension was transferred to a 2 mm gap electroporation cuvette.
Electroporation was carried out by applying 2.5 kV (MicroPulser electroporator from Bio-Rad). Immediately
after electroporation, 1 ml of SOC medium was added and the cells recovered at 37 °C, 180 rpm for 1 h.
Finally, the cells were plated on LB agar plates (30 pg/ml kanamycin, 100 pg/ml ampicillin) and were grown
overnight at 37 °C.

Heterologous expression and protein purification

Heterologous expression was performed in auto-induction media (ZYP-5052) (Studier, 2005)
supplemented with 0.5 mM &-aminolevulinic acid hydrochloride and 50 uM FeCls-6H.0 (20 °C for 48 h,
200 rpm, for CYP102A1_21B3 and SscaCYP_E284A, and 16 °C, for 5 days, 200 rpm, for DcaUPO). Cells
were harvested by centrifugation (5000 x g, 10 min, 4 °C) and resuspended (0.1 g wet weight mL™") in 200
mM potassium phosphate buffer pH 7.0. To obtain CFEs, cells were disrupted by single passage through
a One-Shot Cell disrupter System (Constant Systems Ltd) at 30 kPsi, followed by centrifugation (20000 x
g, 20 min, 4°C). For purification, cells were harvested by centrifugation (5000 x g, 10 min, 4°C) and
resuspended (0.2 g wet weight mL™") in buffer A (25 mM Tris-HCI pH 8.0). Disruption of the cells was
carried out by single passage through a One-Shot Cell disrupter System (Constant Systems Ltd) at 30
kPsi, followed by centrifugation (30 000 x g, 45 min, 4°C). The resulting soluble fraction was loaded onto
a 1 mL His GraviTrap™ column (Cytiva), previously equilibrated with buffer B (25 mM Tris-HCI, 300 mM
NaCl, 40 mM imidazole, pH 8.0). The loaded column was washed with 5 column volumes of buffer B.
Protein was eluted in buffer E (25 mM Tris-HCI, 300 mM NaCl, 300 mM imidazole, pH 8.0), and desalted
using PD-10 columns (GE Healthcare) equilibrated with buffer D (10 mM potassium phosphate buffer, 150
mM NaCl, pH 7.4). For DcaUPO, the disrupted cells were incubated with 1% (w/v) Triton-X100 for 1 h
before clarification step (30 000 x g, 45 min, 4 °C), followed by purification with GraviTrap™ columns.

column. Temperature program: 100 °C hold 1 min then 8 °C min™ up to 200 °C.



Results | 43

Table S1. List of primers for in-frame deletion of katE in E. coli BL21-Gold(DE3)

Description Sequence

forward primer for amplification of CAGAATTTCAGGTCATGTAAC

homology arm 1

reverse primer for amplification of CAGGCAGGAATTTTGTCAATCATTGAACTCGTCTCCTTA

homology arm 1 (5’ extension for fusion
with homology arm 2 underlined)

forward primer for amplification of TAAGGAGACGAGTTCAATGATTGACAAAATTCCTGCCTG
homology arm 2 (5’ extension for fusion
with homology arm 2 underlined)

reverse primer for amplification of CGGTGAAGAGATCAGTGAG
homology arm 2

forward primer for exchange of ATATATACTAGTCCGAATGGGTGAAGTGACTG
targeting sequence (5’ extension for GTTTTAGAGCTAGAAATAGC

digestion underlined, targeting

sequence in bold)

reverse primer for exchange of ATATATACTAGTATTATACCTAGGACTGAGCTAG
targeting sequence (5’ extension for
digestion underlined)

sequencing primer 1 GAGCGACGCCACAGGATG

sequencing primer 2 TTCCCGATTGTTGCCAGGTTTG
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Table S2. List of primers for in-frame deletion of katG in E. coli BL21-Gold(DE3)

Description Sequence

forward primer for amplification of TTCGACGGTCTGGATGATG

homology arm 1

reverse primer for amplification of CAGCAGGTCGAAACGGTCCATCAATGTGCTCCCCTC

homology arm 1 (5’ extension for fusion
with homology arm 2 underlined)

forward primer for amplification of GAGGGGAGCACATTGATGGACCGTTTCGACCTGCTG
homology arm 2 (5’ extension for fusion
with homology arm 2 underlined)

reverse primer for amplification of CGAAATATTGCCCACGTCG
homology arm 2

forward primer for exchange of targeting ATATATACTAGTCATTGCTCAATACGCCAACG
sequence designed as described by [6] GTTTTAGAGCTAGAAATAGC

(5" extension for digestion underlined,

targeting sequence in bold)
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Figure S1. Comparison of activities towards (a) thioanisole, (b) ethylbenzene and (c) styrene of DcaUPO,
SscaCYP_E284A and CYP102A1_21B3 in CFEs of catalase-deficient E. coli BL21-Gold(DE3) and as the purified
enzyme in buffer (PP), in time course experiments over 24 h. Oxygenations* represent the total number of
peroxygenase reactions assuming that methyl phenyl sulfone, 1-phenyl ethanol and phenyl acetaldehyde are formed
by two rounds of peroxygenase-catalyzed reactions. H202 was added in a single dose to start reactions or H.02 was
produced in situ by oxidation of glucose by GOx or by oxidation of formate by FOx. Reactions contained CFEs of
catalase-deficient E. coli BL21-Gold(DE3) (0.1 g wet weight mL™") or a corresponding concentration of the purified
enzyme (PP), substrate (10 mM), acetone (5% (v/v)), H202 (20 mM) or GOx (0.2 U mL™") with glucose (100 mM) or
FOx (0.2 U mL"") with formate (100 mM).
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Table S3. Times when reactions with the different substrates levelled off and total turnover numbers (TONSs) at these times for DcaUPO,
SscaCYP_E284A, and CYP102A1_21B3 using purified proteins (PP) (17, 7, 4 uM peroxygenase) and cell free extracts (CFE) (18, 7, 4 uM

peroxygenase). H20; (20 mM) was added in a single dose or produced in situ by oxidation of glucose (100 mM) with GOx or formate (100mM) with

FOx.
H202 (20 mM) GOx-glucose (100 mM) FOx-formate (100 mM)
PP CFE PP CFE PP CFE
Time TON Time TON Time TON Time TON Time TON Time TON
(h) (x10?) (h) (x10) (h) (x10?) (h) (x10?) (h) (x10?) (h) (x10?)

Thioanisole
DcaUPO 1 6.1+1.5 1 6.5+1.2 8 10.6+0.7 24 11.5+1.7 8 10.2+0.7 24 11.8+¢1.5
SscaCYP_E284A 1 15.5+4.5 1 16.5+1.8 24 16.5+3.2 4 18.0+£2.2 8 18.7+4.0 4 17.0£2.0
CYP102A1_21B3 1 6.0£3.7 1 6.8+2.7 24 3.6+1.3 24 9.4+3.8 24 2.9£1.0 24 6.8+3.9
Ethylbenzene
DcaUPO 1 1.5+0.1 1 24435 8 9.8+0.9 24 10.9+1.4 8 10.7+0.8 24 12.0£1.3
SscaCYP_E284A 1 0.2+0.1 1 0.1£0.1 1 0.8+0.1 1 0.5+0.1 1 0.7+0.1 1 0.6+0.1
CYP102A1_21B3 1 2.240.9 8 1.6£0.4 24 0.9£0.6 24 2.240.7 24 1.240.5 24 3.3+0.9
Styrene
DcaUPO 1 2.6+0.4 1 5.2+0.6 2 4703 2 5.9+0.6 2 4.9+0.8 2 5.9+0.5
SscaCYP_E284A 1 2.1£0.6 1 1.640.3 1 3.0+0.6 1 3.2+0.4 1 3.240.7 1 3.3+0.8
CYP102A1_21B3 1 5.842.2 2 94427 8 44416 24 5.1£2.3 4 42413 4 5.0+14
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Figure S2. Analysis of products formed in biotransformations with thioanisole. Chromatograms for 24

reactions with DcaUPO, SscaCYP_E284A, and CYP102A1_21B3. PP: purified protein; CFE: catalase

deficient cell-free extract, WC: catalase deficient whole cells, CFE_WT: cell-free extract from wild-type

strain; WC_WT: whole cells from wild-type strain.
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Figure S3. Analysis of products formed in biotransformations with styrene. Chromatograms for 24 h
reactions with DcaUPO, SscaCYP_E284A, and CYP102A1_21B3. PP: purified protein; CFE: catalase
deficient cell-free extract, WC: catalase deficient whole cells, CFE_WT: cell-free extract from wild-type
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strain; WC_WT: whole cells from wild-type strain.
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Figure S4. Analysis of products formed in biotransformations with ethyl benzene. Chromatograms for 24
h reactions with DcaUPO, SscaCYP_E284A, and CYP102A1_21B3. PP: purified protein; CFE: catalase
deficient cell-free extract, WC: catalase deficient whole cells, CFE_WT: cell-free extract from wild-type

strain; WC_WT: whole cells from wild-type strain.
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Figure S5. Mass spectra from the analysis of products from biotransformations with a) thioanisole, and

b) ethyl benzene.
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Figure S6. Mass spectra from the analysis of products from biotransformations with styrene.
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Figure S7. Chromatograms of chiral analysis of the sulfoxidation of thioanisole using catalase-deficient

WCs and CFEs containing SscaCYP_E284A. Enantiomeric excess with CFE and WCs is ca. 92 %.
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Figure S8. Ten substrates used to investigate whether H202 consumption could be used with WCs of
catalase-deficient E. coli expressing SscaCYP and its E284A and E284| mutants to screen for substrate

specificity.
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Figure S9. (a-j) Chromatograms of GC-FID analysis of extracts of substrate screen using WCs of
catalase-deficient E. coli expressing no CYP, WT SScaCYP, SscaCYP_E284A and SscaCYP_E284l.
Analysis of extracts obtained after 4 h biotransformations for (a) styrene, (b) trans-g-methylstyrene (c) a-
methylstyrene, (d) propylbenzene, (e) 4-methoxybenzyl alcohol, (f) 3-methoxybenzyl alcohol , (g) 2-
methoxybenzyl alcohol (h) vanillyl alcohol (i) 1,3-cyclooctadiene, (j) 1,5-cyclooctadiene.
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Figure S9 continued
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Figure S9 continued
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Figure S9 continued
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Figure S10 (a-j) Mass spectra of products identified in GC-MS analysis of extracts of substrate screen
using WCs of catalase-deficient E. coli expressing no CYP, WT SScaCYP, SscaCYP_E284A and
SscaCYP_E284l. Products are from (a) styrene, (b & c) trans-B-methylstyrene (d) a-methylstyrene, (e) 4-

methoxybenzyl alcohol, (f) 3-methoxybenzyl alcohol , (g) 2-methoxybenzyl alcohol (h) vanillyl alcohol (i)

1,3-cyclooctadiene, (j) 1,5-cyclooctadiene.
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Figure S11 (a)Chromatograms and (b) mass spectra of GC-MS/FID analyses of extracts from
preparative scale reaction of SscaCYP_E284I with trans-B-methylstyrene.
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1 | INTRODUCTION

Lisa M. Bshmer! | Shengying Li® | Vlada B. Urlacher?

Abstract

Cytochromes P450 are useful biocatalysts in synthetic chemistry and important bio-
bricks in synthetic biology. Almost all bacterial P450s require separate redox
partners for their activity, which are often expressed in recombinant Escherichia coli
using multiple plasmids. However, the application of CRISPR/Cas recombineering
facilitated chromosomal integration of heterologous genes which enables more
stable and tunable expression of multi-component P450 systems for whole-cell
biotransformations. Herein, we compared three E. coli strains W3110, JM109, and
BL21(DE3) harboring three heterologous genes encoding a P450 and two redox
partners either on plasmids or after chromosomal integration in two genomic loci.
Both loci proved to be reliable and comparable for the model regio- and
stereoselective two-step oxidation of (S)-ketamine. Furthermore, the CRISPR/Cas-
assisted integration of the T7 RNA polymerase gene enabled an easy extension of T7
expression strains. Higher titers of soluble active P450 were achieved in E. coli
harboring a single chromosomal copy of the P450 gene compared to E. coli carrying a
medium copy pET plasmid. In addition, improved expression of both redox partners
after chromosomal integration resulted in up to 80% higher (S)-ketamine conversion
and more than fourfold increase in total turnover numbers.

KEYWORDS

chromosomal integration, CRISPR/Cas9, cytochrome P450, episomal expression,
redox partners, whole-cell catalyst

currently remain unsurpassed regarding their broad substrate and
reaction spectra as well as their targeted specificity. In this context,

Selective oxidation of complex compounds is an important step
towards their functionalization in synthetic chemistry and structural
diversification during biosynthesis. Several enzymes enable C-H
bond oxidation, including a-ketoglutarate-dependent hydroxylases,
dioxygenases and unspecific peroxygenases (Aranda et al., 2021).
However, cytochrome P450 monooxygenases (P450s or CYPs)

P450-catalyzed reactions often represent key steps in biosynthetic
pathways as well as artificial multienzyme cascades (Fessner, 2019).
Two well-known examples are the synthesis of a precursor of the
chemotherapeutic drug taxol in Escherichia coli (Ajikumar et al., 2010)
and the production of a precursor of the antimalarial drug artemisinin
in Saccharomyces cerevisiae (Ro et al., 2006). Due to these properties,
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P450s have been recognized not only as useful biocatalysts for
organic chemistry but also as important bio-bricks in synthetic
biology (Urlacher & Girhard, 2019).

P450s are normally dependent on the cofactor NAD(P)H and on
redox partner proteins which transfer electrons from NAD(P)H to the
heme group and thus almost always function as multi-component
systems (Hannemann et al., 2007; Li et al., 2020). After substrate
binding, ferric (Fe>*) heme iron is reduced by redox partners via one
electron reduction to ferrous (Fe?*) form, which binds molecular
oxygen. After the second one-electron reduction by the redox
partners and two protonation steps, the dioxygen bond is cleaved,
yielding the reactive ferryl-oxo species Compound | and water as
byproduct. The Compound | is considered the main active species in
P450 reactions (Belcher et al., 2014). Traditionally, microorganisms
harboring P450s and their cognate redox partner proteins have been
used since the 1960s to produce oxidized compounds like hydro-
cortisone or pravastatin at industrial scale (Park et al., 2003; Petzoldt
et al., 1982). After introducing recombinant DNA technology,
heterologous microbial hosts have become more attractive as
whole-cell biocatalysts or microbial cell factories with better control
over enzyme activities and costs. For P450-catalyzed reactions, E. coli
seems to be a particularly appropriate host because it is easy to
manipulate and does not express intrinsic P450s (Brixius-Anderko
et al., 2015). Metabolic pathways and gene expression in E. coli are
extensively studied, and a number of commercial expression strains
as well as a variety of genetic engineering methods are available
(Pontrelli et al., 2018).

In E. coli, heterologous gene expression is often accomplished
using episomal (plasmid-based) systems. Such systems generally have
several advantages like easy cloning and gene manipulation including
protein engineering. Nevertheless, there are also a few drawbacks,
particularly when antibiotic resistance genes are used as selectable
markers to maintain plasmids within the host. Apart from the
negative impact on further emergence of antibiotic resistance, the
use of antibiotics often affects cell growth. Furthermore, multiple
high copy plasmids may lead to the expression heterogeneity and
contribute to the high transcriptional metabolic burden (Ajikumar
et al., 2010; Birnbaum & Bailey, 1991; Mairhofer et al., 2013). In
contrast, chromosomal integration of heterologous genes eliminates
the need for antibiotics while maintaining stable expression and
reducing the transcriptional metabolic burden which can result in
similar or even higher enzyme activities and increased metabolite
production compared to plasmid-based systems (Englaender
et al., 2017; Mairhofer et al., 2013; Wang et al., 2016). The adaption
of the CRISPR/Cas system for E. coli has expedited genome editing
including chromosomal integration (Jiang et al., 2015), and its
combination with A-Red recombineering has been reported several
times for E. coli (Dong et al., 2021; Ou et al., 2018). In contrast to the
A-Red recombineering method originally described by Datsenko and
Wanner (2000), CRISPR/Cas-assisted recombineering can be
designed “scarless” which facilitates iterative genome editing,
because it excludes the risk of undesired genomic rearrangements
(Reisch & Prather, 2015).

DIOENGINEERING

While examples of the use of E. coli strains with chromosomally
integrated genes or even metabolic pathways are still less common
than plasmid-based systems, to our knowledge, no direct comparison
between plasmid-based and chromosomal expression for P450-
catalyzed biotransformations has been described yet. In this regard, it
is not only important to achieve high P450 expression levels, but also
to balance its concentration with those of the redox partners because
their ratios affect the conversion efficiency (Bakkes et al., 2017;
Khatri et al., 2017; Liu et al., 2022). To perform such a comparison,
we chose a variant of CYP154E1 from Thermobifida fusca YX (further
referred to as CYP154E1 QAA) supported by two redox partners—
the flavodoxin YkuN from Bacillus subtilis and the FAD-containing
reductase FdR from E. coli—as a three-component model P450
system. In our previous study, the YkuN/FdR couple was selected as
the most appropriate for reconstituting CYP154E1 activity among
several heterologous redox partners (von Buhler et al, 2013).
CYP154E1 was recently engineered by mutagenesis to catalyze a
two-step conversion of (S)-ketamine via the highly chemoselective N-
demethylation and the regio- and stereoselective Cé-hydroxylation
to (25,65)-hydroxynorketamine, which is considered a potential
antidepressant (Bokel et al., 2020; Zanos et al, 2016, 2018)
(Scheme 1).

In our previous work, a two-plasmid system harboring all three
genes under control of the T7 promoter was established, and whole
cells were used for this biotransformation (Bokel et al., 2020).
However, T7 expression requires the presence of the phage T7 RNA
polymerase (T7RNAP) which thus limits the choice of expression
strains. Therefore, the commercial, engineered E. coli B strain
BL21(DE3) as well as its derivatives, among others, are commonly
used (Dumon-Seignovert et al., 2004; Miroux & Walker, 1996). In
contrast, the number of commercially available K-12 strains which
are suitable for T7 expression is, however, very limited. Hence, the
first step of this study was the CRISPR/Cas-assisted chromosomal
integration of T7 gene 1 which encodes the T7RNAP into different K-
12 strains.

Further, several plasmid-free recombinant strains were con-
structed, in which the three genes encoding CYP154E1 QAA, YkuN
and FdR were integrated combinatorially into different genomic loci.
Particular focus was placed on the experimental design for fast PCR-
based synthesis of the linear donor DNA template for homologous
recombination. This method facilitates the step from plasmid-based
to plasmid-free biotransformations using existing pET vector-based
libraries as a starting point. Finally, episomal and chromosomal
expression for efficient two-step whole-cell biotransformation of (S)-
ketamine to (25,6S)-hydroxynorketamine were compared.

2 | MATERIALS AND METHODS
2.1 | Strains and plasmids

E. coli DH5a (Clontech) was used for cloning and plasmid propaga-
tion. E. coli BL21(DE3) (Novagen), E. coli JM109 (NEB) and E. coli
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SCHEME 1 Consecutive two-step oxidation of (S)-ketamine to (25,65)-hydroxynorketamine catalyzed by the CYP154E1 QAA variant. Time-
course studies have revealed a high preference (indicated by bold arrows) of oxidative N-demethylation followed by hydroxylation rather than

the other way around (Bokel et al., 2020).

W3110 (DSMZ) were used for genome engineering, expression and
whole-cell conversion. pET-16b YkuN, pET-28a(+) CYP154E1 QAA
(includes N-terminal 6xHis tag), pET-22b(+) CYP154E1 QAA (without
His tag) and pCOLADuet YkuN (1) FdR (Il) were described in previous
studies (Bokel et al., 2020; Girhard et al., 2010) and served as
templates to construct donor DNA for chromosomal integration or
were used for episomal expression, respectively. Plasmids pCas
(Addgene plasmid #62225) (Jiang et al., 2015), pEcCas (Addgene
plasmid #73227) (Li et al., 2021), and pgRNA-bacteria (hereinafter
referred to as “pgRNA,” Addgene plasmid #44251) (Qi et al., 2013)
were derived from Addgene. A complete list of all primers, strains,
and plasmids used in this study can be found in the Supporting
Information (Tables S1-S3).

2.2 | Verification of Lon protease deficiency in E.
coli JM109

Primers binding upstream and downstream of the region which
expected to harbor the lopA gene (encoding Lon protease) in E. coli
JM109 (cf. Table S1) were designed based on the genome sequence
of E. coli W3110 (GenBank accession no. AP009048.1). The PCR
product was then sequenced using Sanger sequencing (Eurofins
Genomics).

2.3 | Chromosomal integration

CRISPR/Cas-assisted chromosomal integration was carried out by
adapting the protocol originally described by Jiang et al. (2015).
Evaluation and design of guide RNAs (gRNAs) for CRISPR/Cas-
assisted genome engineering were performed using the CHOPCHOP
v3 web tool (Labun et al., 2019) except for the gRNA targeting the

locus nupG in K-12 strains which was previously described by Bassalo
et al. (2016). Due to a single mutation, a slightly different targeting
sequence had to be used in B strains as compared to K-12 strains for
this locus (cf. Table S1). To substitute the N,q targeting sequence of
the aforementioned plasmid pgRNA, a PCR followed by restriction
digestion with FastDigest™ Bcul (Spel) and Dpnl (Thermo Scientific)
and a self-circularization ligation step was carried out as described by
Seo et al. (2017). Successful gRNA substitution was verified by
Sanger sequencing (Eurofins Genomics).

Homology arms (~500bp) for A-Red-mediated homologous
recombination were designed using the genome sequences of E. coli
W3110 (GenBank accession no. AP009048.1) and E. coli BL21(DE3)
(GenBank accession no. CP001509.3) and were amplified by PCR
from boiled cells. T7 gene 1 (encodes T7 RNA polymerase for
integration in K-12 strains) was amplified from boiled cells of E. coli
BL21(DE3) as well. Other genes for integration were amplified from
pET-28a(+) CYP154E1 QAA, pET-16b YkuN, and pCOLADuet YkuN
(1) FdR (11), respectively. Double-stranded donor DNA (dsDonorDNA)
for homologous recombination was generated by fusion PCR of
homology arms and the gene(s) of interest (cf. Figure S1). Fusion PCR
contained 50 ng of the amplified gene and equimolar amounts of the
homology arms as well as 0.5 uM of the outermost primers (cf.
Table S1) in 50 L total reaction volume. The further composition of
the samples was prepared according to the manufacturer's protocol
for Phusion™ DNA polymerase (Thermo Scientific).

For preparation of electrocompetent cells, 5mL 2xYT medium
(30 pg/mL kanamycin) were inoculated with 100 puL of an overnight
culture harboring either pCas (in case of W3110) or the updated
plasmid version pEcCas (in BL21(DE3) and JM109), which was
designed to improve genome editing in BL21(DE3) (Li et al., 2021).
For induction of A-Red genes, 100 uL 1 M r-arabinose were added
and the cultures were incubated at 30°C (pCas) or 37°C (pEcCas), 200
revolutions per minute (rpm) for 2h (pEcCas) or 4h (pCas),
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respectively. After cell harvesting by centrifugation, the cells were
washed twice with 1 mL ice-cold 10% (vol/vol) glycerol (cell pellet
resuspended, 10 min incubation on ice, centrifugation). Finally, the
cell pellet was resuspended in 100 pL ice-cold 10% (vol/vol) glycerol.
After addition of 100 ng pgRNA and approximately 500 ng donor
dsDonorDNA, electroporation was performed in a 2mm gap
electroporation cuvette at 2.5 kV (MicroPulser™ electroporator from
Bio-Rad). The cells were suspended immediately in 1 mL of ice-cold
2xYT or SOC medium and recovered for 1-2 h at 30°C (pCas) or 37°C
(pEcCas), respectively. Subsequently, the cells were plated out on LB
agar plates (100 pg/mL ampicillin, 30 pg/mL kanamycin) and incu-
bated overnight. Successful genome engineering was verified by
colony PCR. Curing of pgRNA plasmid, while maintaining pCas/
pEcCas for iterative genome engineering, was performed in 5mL LB
medium either by addition of 0.5mM IPTG (pCas) or 10mM L-
rhamnose (pEcCas). For curing of pCas/pEcCas plasmids, incubation
at 42°C, 180 rpm (pCas) or addition of 5% (wt/vol) sucrose (pEcCas)
and subsequent incubation at 37°C, 180 rpm were performed (in
some cases this step needed to be repeated at 42°C). After streaking,
single colonies were tested for antibiotic resistance to obtain cured
strains.

2.4 | Expression and biotransformation

For evaluation purposes, P450 expression was carried out in 50 mL
Terrific Broth (TB) medium in 500 mL Erlenmeyer flasks. Episomal
expression required 30 pg/mL kanamycin for maintaining the pET-
28a(+) plasmid. After inoculation with 1 mL of an overnight culture,
the expression cultures were incubated at 37°C, 180 rpm until an
optical density (ODggo) of 0.6-0.8 was reached. Transcription was
induced by adding 0.1mM IPTG. To support heme production,
0.1mM FeSO, as well as 0.5mM 5-aminolevulinic acid were
supplemented. After incubation at 25°C, 140 rpm for 24 h, the cells
were harvested by centrifugation. The pellet was resuspended in
4 mL 100 mM potassium phosphate buffer (pH 7.5) per gram cell wet
weight for cell disruption by sonication. Cell debris was separated by
centrifugation and the soluble fraction was used for P450 quantifica-
tion by carbon monoxide (CO) difference spectra as described by
Omura & Sato, (1964a, 1964b). In addition, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
both the soluble and insoluble fractions after cell disruption was
performed.

Coexpression of P450 and redox partners was carried out in
autoinduction medium (100 mL TB medium containing 0.1 mM
FeSO,4 and 0.5 mM 5-aminolevulinic acid, 2mL “50 x 5052," 2 mL
“50xM” as described by Studier, 2014). Episomal expression
required 100 pg/mL ampicillin and 30 pg/mL kanamycin for main-
taining the plasmids pET-22b(+) and pCOLADuet. After inoculation
with 2mL of an overnight culture, expression cultures were
incubated at 37°C, 180 rpm until an ODggp of approximately 1.0
was reached. After incubation at 25°C, 120 rpm for 20 h, the cultures
were split in half and harvested by centrifugation. One half was

DIOENGINEERING

treated as described above. The other half was washed once with
PSE buffer (6.75 g/L KH,PO,4, 85.5 g/L sucrose, 0.93 g/L EDTA-Nay-2
H,0, pH 7.5), adjusted to a cell density of 50 mg/mL and stored at
-80°C for at least 24 h.

Whole-cell conversion was carried out in 500 pL scale for which
465 puL of cell suspension were thawed. After addition of 25 puL
nutrient solution (0.12M glucose, 0.12M lactose, 0.24 M sodium
citrate in PSE buffer) and 10 uL 100 mM (S)-ketamine (2 mM final
concentration), the reaction mixture was incubated at 25°C,
1200 rpm for 20 h. Extraction was performed with ethyl acetate
after adding sodium carbonate and the internal standard xylazine as
described by Bokel et al. (2020). The organic solvent was evaporated,
and the residue was resuspended in a mixture of acetonitrile and
water. Product formation was quantified by LC/MS analysis (LCMS-
2020, Shimadzu; Chromolith Performance RP-8e 100-4.6 mm
column and Chromolith RP-8e 5-4.6 mm guard cartridge, Merck
Millipore) as described before (Bokel et al., 2020).

3 | RESULTS AND DISCUSSION
3.1 | Enabling T7 expression in K-12 strains

The number of commercially available K-12 strains which are suitable
for T7-based expression is very limited, although E. coli K-12 strains
appear to be more easily manipulated by genome editing methods
and show occasionally beneficial characteristics in comparison to B
strains like lower sensitivity to stress and tolerance to lower oxygen
levels (Kang et al., 2002; Yoon et al., 2012). Thus, we chose the E. coli
K-12 strains W3110 and JM109 for the integration of T7 gene 1.
W3110 is an industrially used strain which is closely related to the
ancestral K-12 strain (Hayashi et al., 2006; Kang et al., 2002). By
selecting JM109, we aimed to combine the high editing efficiency of
K-12 strains with improved heterologous protein production due to
the lack of Lon protease. The Lon protease encoded by lopA gene
contributes to degradation of foreign proteins, making Lon-protease-
deficient strains such as BL21(DE3) commonly preferred for
heterologous gene expression (SaiSree et al., 2001). Lon protease
deficiency in JM109 due to I1S186 transposon insertion was first
mentioned at the OpenWetWare website (Richter et al., 2019) and
confirmed in this study by sequencing the region of the lopA gene
promoter (Figure S2). Very recently, the complete genome sequence
of the JM109 strain was uploaded to GenBank (accession no.
CP117962.1) and revealed this transposon insertion and the absence
of a second copy of lopA.

The BL21(DE3) strain for T7 expression was originally con-
structed by cloning T7 gene 1 into a lambda phage derivative and
subsequent lysogenization of BL21 (Studier & Moffatt, 1986).
Nowadays, advances in genome editing allow targeted integration
without lysogenization which avoids the consequent integration of
irrelevant phage genes. Since expression levels of chromosomally
integrated genes depend on their integration site (Bryant et al., 2014;
Englaender et al., 2017), T7 gene 1 was integrated between the genes
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FIGURE 1 Construction of the Escherichia coli W3110(T7) strain. (a) T7 gene 1 (encoding T7 RNA polymerase) under control of lacUV5
promoter and a lacZ fragment located between promoter and T7 gene 1 were amplified from the DE3 lysogen of E. coli BL21(DE3). (b) Gene map
of the insertion site in E. coli W3110 and design of the 500 bp homology arms (HA1 and HA2) for homologous recombination upstream and
downstream of the Njg target sequence for CRISPR/Cas cleavage. (c) Gene map of E. coli W3110(T7) showing the integration of T7 gene 1
between the genes ybhC (orange) and ybhB (green) comparable to E. coli BL21(DE3).

ybhB and ybhC as seen in commercial BL21(DE3) to ensure
comparability (Figure 1). To this end, T7 gene 1 under control of
the lacUV5 promoter was amplified from the genome of E. coli
BL21(DE3) and integrated into both K-12 strains using CRISPR/Cas9-
assisted recombineering. Integration of a second copy of the lacl
gene, which is also located in the DE3 lysogen of BL21(DE3), was
omitted because we suggested that the copy present in the lac
operon is sufficient to repress transcription of single chromosomal
copies of heterologous genes. This approach was also described by
another group and did not result in higher basal plasmid-based
expression (Ting et al., 2020). The constructed K-12 strains harboring
a chromosomal copy of T7 gene 1 are hereafter referred to as
W3110(T7) and JM109(T7).

3.2 | Effect of Lon protease deficiency on CRISPR/
Cas-assisted genome engineering

Besides our efforts to enable T7 expression in K-12 strains, the use of
an updated version of the plasmid pCas—so-called pEcCas—improved
genome editing in BL21(DE3) (Li et al., 2021), so that in the following
all three E. coli strains—W3110(T7) and JM109(T7) as well as
BL21(DE3)—were compared. However, it should be noted that the
integration efficiency in BL21(DE3) remains low compared to
W3110. Surprisingly, the observed integration efficiency in JM109
was equally low (data not shown) as in BL21(DE3), although K-12
strains are reported to show higher integration efficiencies than B
strains (Chung et al., 2017; Li et al., 2019). This might be due to a
negative effect of the Lon protease deficiency on the efficiency of
CRISPR/Cas-assisted chromosomal integration, which was very
recently reported by Okshevsky et al. (2023). In addition to its
contribution to the degradation of improperly folded proteins, the

Lon protease plays a critical role in the SOS response to DNA damage
in cells (Gottesman, 1996). It is likely that the expression of the lopA
gene explains the differences between BL21(DE3), JM109, and
W3110 in our study, rather than the fact that one is a B strain, and
the others K-12 strains. When choosing a strain for chromosomal
integration and subsequent expression of heterologous genes, it
should be considered whether the lack of Lon protease is crucial to
produce recombinant proteins or whether high integration efficiency

is more important.

3.3 | Integration procedure, integration loci, and
donor DNA design

For integration of the cyp154eim gene coding for the target
CYP154E1 QAA enzyme, two genomic loci previously described in
literature and located similarly close to the origin of replication were
evaluated. The gene-disrupting integration of the green fluorescent
protein gene (gfp) into nupG (encoding a nucleoside permease)
described by Bassalo et al. (2016) resulted in high fluorescence and
high integration efficiency. High expression levels after integration in
this region were also observed by Bryant et al. (2014) and Goormans
et al. (2020). The second integration site, an intergenic region
between the genes atpl and gidB (also known as rsmG) was previously
described by Englaender et al. (2017) and Goormans et al. (2020)
among others.

For chromosomal integration, the entire cassette consisting of
the cyp154e1m gene under control of the T7 promoter as well as
the T7 terminator was amplified from the pET-based plasmid and
fused with homology arms for homologous recombination
(Figure S1). The primers listed in the supporting information were
specially designed for PCR amplification from any pET vector
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which contains a f1 origin of replication (indicated by the (+)
following the name, e.g. in pET-28a(+)) (Merck KGaA, 2011). In
deviation from this, different primers for amplification of the
cassettes of pET-16b and pCOLADuet were designed. Thus, these
primer sets can be used for donor DNA synthesis and subsequent
chromosomal integration of any desired gene available on most
pET or pCOLADuet vectors which facilitates the step from
plasmid-based to chromosomal expression in E. coli. Hence, after
successful optimization of properties such as activity, selectivity,
and stability of an enzyme by mutagenesis using well-established
plasmid-based engineering techniques, stable chromosomal ex-
pression of the optimized mutant can be achieved with little effort
using the herein described method and primers. It is worthy of
note, however, when choosing new integration loci for simulta-
neous expression of more genes in reaction cascades, it is
important to keep in mind that the T7 terminator (Te) is only
approximately 70% effective (Merck KGaA, 2011). Potential read-
through and overexpression of homologous genes downstream of
the integration loci might be toxic to the cells.

3.4 | Comparison of episomal and chromosomal
expression of cyp154elm

Expression studies revealed that chromosomal expression of
cyp154elm was improved by an N-terminal polyhistidine (6xHis)
tag (data not shown). After integration of the cyp154elm gene
including the é6xHis tag into the chosen integration loci (atpl_gidB and
nupG) in all three strains, high discrepancies between episomal and
chromosomal expression as well as between the different strains
were observed (Figure 2). The highest P450 expression level of
246 nmol per gram cell wet weight (cww) or 6600 nmol per liter
culture was achieved in strain BL21(DE3) for chromosomal expres-

sion. Similar P450 amounts (also for other P450s) are usually only

DIOENGINEERING

achieved in high cell density cultivations rather than simple flask
cultivation (Pflug et al., 2007). More importantly, the chromosomal
integration of cyp154e1m increased the titer of soluble P450 by 40%
(from 176 +23 to 246+23nmol/g cell wet weight) in strain
BL21(DE3) as compared to episomal expression based on pET-28a
(+). Englaender et al. (2017) even described a fivefold increase in
recombinant mCherry production after integration into the atpl_gidB
locus compared to a modified pET vector. In our case, this increase
can be explained by a stronger episomal expression leading to a high
portion of inactive P450 in the insoluble fraction, as revealed by SDS-
PAGE analysis (Figure 2b). It is commonly known that overexpression
under control of the strong T7 promoter using a high-copy vector
may lead to misfolding and aggregation of improperly folded proteins
to inclusion bodies in E. coli (Hoang et al., 1999). In addition,
accumulation of P450 apoprotein which does not contain the
prosthetic heme group can occur if protein folding outpaces heme
loading (Sudhamsu et al., 2010). A reduction of the gene copy number
from up to approximately 40 copies per cell as expected for a pET
vector (Merck KGaA, 2011) to a single chromosomal copy reduced
the amount of potentially improperly folded, insoluble P450 and, in
turn, increased the amount of heme-loaded, soluble enzyme in
BL21(DE3).

A moderate increase in P450 amount compared to the episomal
system was also observed after chromosomal expression in
W3110(T7). The P450 amounts in soluble and insoluble fractions
were generally lower compared to BL21(DE3) (Figure 2 and
Figure S3). In the literature, integration of T7 gene 1 into W3110
resulted in higher fluorescence of sfGFP compared to BL21(DE3)
(Ting et al., 2020). However, the integration site of the T7 gene 1 used
in our study is different, which does not allow direct comparison.
Why P450 expression worked better in BL21(DE3) was not
elucidated further in the frame of this study, however, the expression
level generally depends on the gene chosen and might vary for
different proteins. Furthermore, possible differences in heme
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FIGURE 2 Comparison of episomal and chromosomal expression of cyp154elm gene in three E. coli strains after induction with 0.1 mM
IPTG. Episomal expression was carried out using a pET-28a(+) vector, and chromosomal expression was performed after integration into the loci
nupG and atpl_gidB. (a) Amount of soluble P450 per gram cell wet weight and (b) SDS-PAGE analysis of the insoluble protein fractions after
expression and cell disruption. Empty vector (EV) was used as negative control. The expected molecular weight of CYP154E1 QAA (6xHis) is

46.7 kDa.
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have not been investigated so far.

The lowest amount of soluble P450 was measured after
chromosomal expression in JM109(T7) (Figure 2a and Figure S3),
while after episomal expression, P450 concentration was as high in
JM109(T7) as in W3110(T7). Moreover, only in this strain episomal
expression resulted in higher concentration of soluble heme-loaded
P450 than chromosomal expression. Unexpectedly, less insoluble
protein was produced in Lon-deficient JM109(T7) than in
W3110(T7), although as mentioned before, Lon protease degrades
misfolded proteins. Obviously, Lon protease deficiency is only one
feature that can influence heterologous expression in these strains
and other factors should be investigated to explain all observed
differences between the expression strains used.

Both genomic loci resulted in similar expression levels within the
respective strains. In comparison, a previous study by Goormans et al.
(2020) reported a slightly higher expression level of GFP in case of
the atpl_gidB locus compared to the nupG locus.

3.5 | Coexpression of redox partners and
biotransformation of (S)-ketamine

The strains BL21(DE3) and W3110(T7) were chosen for further
experiments. The previously described plasmid-based system con-
sisted of a pET-22b(+) plasmid for cyp154elm expression and a
pCOLADuet plasmid for coexpression of ykuN and fdr (Bokel
et al., 2020). This system was not altered and served as the reference
system for episomal expression. As described for the integration of
the cyp154elm gene, the whole bicistronic operon was amplified
from the pCOLADuet vector carrying the ykuN and fdr genes, and
integrated into the locus that was not already occupied by the
previously integrated cyp154e1m gene (Table 1).

Since the FAD-containing reductase FdR is originating from E.
coli and in vitro setups for P450-catalyzed reactions usually contain
an excess of the flavodoxin/ferredoxin but not the reductase, strains
harboring only the cyp154elm and ykuN genes without additional
integration of the fdr gene were also created to investigate whether
the endogenous expression of fdr is sufficient for the whole-cell
biotransformation. After expression, SDS-PAGE analysis of the
proteins, biotransformation of 2 mM (S)-ketamine, and quantification

of the P450 concentration were performed.

TABLE 1 Bacterial strains with combinatorial integration of
cyp154elm, ykuN, or ykuN/fdr.
Combil ially integrated genes
Native strain atpl_gidB Locus  nupG Locus Label
BL21(DE3) or cypl54elm ykuN P450-Y
W3110(T7)
cypl54eim ykuN/fdr P450-Y/R
ykuN cypl54elm Y-P450
ykuN/fdr cyp154eim Y/R-P450

Similar to the case when cyp154elm was expressed alone
(Figure 2), an increased P450 expression was observed in BL21(DE3)
compared to W3110(T7) (Figure 3). Not only the amount of protein
visible on the gel but also the P450 concentrations measured after
cell disruption were higher. Higher conversion of (S)-ketamine by the
BL21(DE3) strains was observed in comparison to W3110(T7). In this
context, lower conversion correlates with high levels of the
intermediate norketamine (Scheme 1).

The norketamine intermediate is the main product formed from
ketamine by W3110(T7), while in case of BL21(DE3) more of the
desired (25,65)-HNK was formed (Figure 3c). Remarkably, the
turnover numbers of 880-1100 oxidation reactions per P450
calculated for both strains seem comparable, so that differences in
product formation and distribution between the strains may be due
to different P450 concentrations (Figure 3d).

Consistent with the results shown in Figure 2, which implied high
similarity of the two integration loci, it made almost no difference
whether the cyp154e1m gene was integrated into the nupG locus and
the redox partners into the atpl_gidB locus, or vice versa. Interestingly,
in contrast to our previous results, the chromosomal (co)expression of
P450 and redox partners resulted in lower P450 concentrations
compared to the episomal expression systems in both strains (from
37% up to 64% reduction dependent on the chromosomal system).
However, in all cases, simultaneous chromosomal coexpression of
ykuN and fdr resulted in slightly higher P450 amounts compared to the
strains where no additional copy of fdr was integrated, although the
bicistronic operon was expected to increase the transcriptional burden.
In addition, a high portion of P450 was found in the insoluble fraction
after cell disruption for BL21(DE3), but not in W3110(T7). However,
both redox partner proteins were rather soluble in both strains
(Figure S4). Even though the highest P450 concentration was achieved
after episomal expression (123 + 7 nmol/g cell wet weight), the highest
(S)-ketamine conversion was observed for both strains with all three
chromosomally integrated genes (up to 90% (S)-ketamine conversion
for BL21(DE3) and up to 46% conversion for W3110(T7)). For strains
without additionally integrated copy of fdr, lower turnover was
observed which implies that the endogenous fdr is not sufficient for
this biotransformation (Figure 3).

SDS-PAGE analysis revealed higher amounts of the redox
partner proteins after chromosomal expression compared to the
episomal coexpression, which might explain the lower conversions in
the latter despite higher P450 concentrations (Figure 3 and
Figure S4). It is commonly observed for P450-catalyzed reactions
that the ratio of P450:flavodoxin:reductase has a great influence on
the catalytic performance (Bakkes et al., 2017; Khatri et al., 2017).
While in in vitro reactions with purified enzymes this ratio can easily
be adjusted and fine-tuned, there are only limited possibilities to do
so in recombinant microbial hosts. For future optimization, the ratio
could either be adjusted by altering the transcription strength using
different promoters or by altering the individual copy numbers of the
genes. In addition, in case of chromosomal expression, the use of
different loci might result in a different expression pattern and
subsequent altered catalytic performance.
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FIGURE 3 Coexpression of P450 and redox partner genes after combinatorial chromosomal integration into two genomic loci (labeling

according to Table 1) in comparison to the episomal two-plasmid expression system and whole-cell conversion of 2 mM (S)-ketamine. (a) Amount
of soluble P450 per gram cell wet weight and (b) SDS-PAGE analysis of whole cells after expression in autoinduction medium. Strains without
plasmids or integrated genes were used as negative control. (c) Comparison of product formation ((25,65)-hydroxynorketamine [(25,65)-HNK]),

norketamine (NK), and other oxidation products (several hydroxyketamines [HK] and -norketamines [HNK]). (d)

Turnover number (TON) was

calculated as the number of substrate molecules converted per enzyme (light blue). Since the number of oxidation reactions varies for different
products (HK and NK = one oxidation; HNK and dehydronorketamine = two oxidations), an adjusted TON representing the number of oxidation
steps catalyzed per enzyme was calculated to account for different product distributions (dark blue).

4 | CONCLUSIONS

that P450-catalyzed bio-
transformation can be performed using E. coli cells with chromosom-

In summary, we demonstrated
ally integrated recombinant genes. When expressed alone, the
chromosomally integrated cyp154elm resulted in higher P450
concentration compared to the plasmid-based expression. More
importantly, a better-balanced electron transport chain improved (S)-
antidepressant  (25,6S)-

hydroxynorketamine. The two integration loci nupG and atpl_gidB

ketamine conversion to the potential

proved to be reliable and comparable. In addition, the chromosomal
integration of T7 RNA polymerase gene enables an easy extension of
possible T7 expression strains so that specific advantages of different
strains can be combined with strong T7-based expression. In our
particular case, the BL21(DE3) strain widely used for protein
expression still performed best. This is probably different for other

genes, as it has been described in literature (Ting et al., 2020). The
influence of the Lon protease deficiency not only on the production
of recombinant proteins, but also on the efficiency of genome
engineering should be considered when performing comparable
experiments. The primers designed in this study allow easy
chromosomal integration of any genes from pET vectors. Chromo-
somal integration can be regarded as the final step after successful
optimization of biocatalysts by mutagenesis to a stable and antibiotic-
free expression and biotransformation.
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Supporting Tables

Table S1. Primer sequences. Restriction sites are underlined. N2 targeting sequence are shown in italic.

Name Sequence (5° to 3¢) Reference
gRNA Primer
general
gRNA rev ATATATACTAGTATTATACCTAGGACTGAGCTAG design (Seo
et al., 2017)
general
gRNA_XXX fw (general primer design) ATATATACTAGT-N2-GTTTTAGAGCTAGAAATAGC design (Seo
etal, 2017)

gRNA _001 fw (nupG BL21(DE3))

gRNA_002 fw (nupG K-12)

gRNA_003 fw (ybhB_ybhC K-12)
gRNA_004 fw (atpl_gidB)
pgRNA seq

ATATATACTAGTACCAGCAGTACGGTGCCGAAGTTTTAGAGCTAGAAATAGC

ATATATACTAGTACCAGCAGTACAGTACCGAAGTTTTAGAGCTAGAAATAGC

ATATATACTAGTCTAACTTGAGCGAAACGGGAGTTTTAGAGCTAGAAATAGC
ATATATACTAGTTTATTAAAAATGTCAATGGGGTTTTAGAGCTAGAAATAGC
GCCACCTGACGTCTAAG

N2o sequence
(Bassalo et
al., 2016)

Primers for amplification and sequencing of lopA region

lopA fw GAAGCGCAACAGGCATC

lopA rev AAGCCCGAATTAGCCTGC
Primers for synthesis of dsDonorDNA

HA1 fw (ybhB_ybhC) GCTCATGCCACCATCAAG

HA1 rev (ybhB_ybhC) TTCATAGCCCGGAGCAAC

HA2 fw (ybhB_ybhC) GCCATCTGGCAGAGTGATTAAC
HA2 rev (ybhB_ybhC) GCGCGGTACAGGATGAAAC

T7RNAP fw + Overlap HA1 (ybhB_ybhC)
T7RNAP rev + Overlap HA2 (ybhB_ybhC)

HA1 fw (atpl_gidB)

HA1 rev (atpl_gidB)

HA2 fw (atpl_gidB)

HA2 rev (atpl_gidB)

pET(+) fw + Overlap HA2 (atpl_gidB)
pET(+) rev + Overlap HA1 (atpl_gidB)
pET rev + Overlap HA1 (atpl_gidB)
pCOLADuet fw + HA2 fw (atpl_gidB)
pCOLADuet rev + HA1 rev (atpl_gidB)
HA1 fw (nupG)

GTTGCTCCGGGCTATGAAATACGCAAACCGCCTCTC
GTTAATCACTCTGCCAGATGGCTTACGCGAACGCGAAGTC
GCCACCACCAGTAACAC

TGATCGAACAGGGTTAGC
CAGCCAATGATGGTTCTTAGC
CGTCAGGTGCAACATGAG
GCTAACCCTGTTCGATCATTAATGCGCCGCTACAGG
GCTAAGAACCATCATTGGCTGTATAGGCGCCAGCAACC
GCTAACCCTGTTCGATCATGGTTATGCCGGTACTGC
GCTAAGAACCATCATTGGCTGATGCGACTCCTGCATTAG
GCTAACCCTGTTCGATCATGACCGTGTGCTTCTC
TGCCAACGCTTGGGTTAATC
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Name Sequence (5° to 3¢) Reference
HA1 rev (nupG) GGATGGTCAGAATGAACAGGG

HA2 fw (nupG) CTAACGGCTTCGGCTGTATC

HAZ2 rev (nupG) TAGCGCTTATATTCGCGGTG

pET(+) fw + Overlap HA2 (nupG) GATACAGCCGAAGCCGTTAGTTAATGCGCCGCTACAGG

pET(+) rev + Overlap HA1 (nupG) CCCTGTTCATTCTGACCATCCTATAGGCGCCAGCAACC

pET fw + HA2 (nupG) GATACAGCCGAAGCCGTTAGTGGTTATGCCGGTACTGC

pCOLA Duet fw + HA1 (nupG) CCCTGTTCATTCTGACCATCCATGCGACTCCTGCATTAG

pCOLA Duet rev + HA2 (nupG) GATACAGCCGAAGCCGTTAGTGACCGTGTGCTTCTC

Table S2. Strains used and created. Triple mutant 1238Q G239A M388A (QAA) of cyp154e1 was used

for all experiments.

Strain Purpose Source
E. coliBL21(DE3) expression and genome engineering Novagen
E. coli DH5a cloning procedures Clontech
E. coli JM109 genome engineering NEB

E. coliWw3110 genome engineering DSMZ

E. coli JIM109(T7) expression and genome engineering this study
E. coliW3110(T7) expression and genome engineering this study
E. coliBL21(DE3) CYP154E1 QAA (nupG) expression and genome engineering this study
E. coliBL21(DE3) CYP154E1 QAA (atpl_gidB) expression and genome engineering this study
E. coli JM109(T7) CYP154E1 QAA (nupG) expression and genome engineering this study
E. coli JM109(T7) CYP154E1 QAA (atpl_gidB) expression and genome engineering this study
E. coliW3110(T7) CYP154E1 QAA (nupG) expression and genome engineering this study
E. coliW3110(T7) CYP154E1 QAA (atpl_gidB) expression and genome engineering this study
E. coliBL21(DE3) CYP154E1 QAA (nupG) YkuN (atpl_gidB) expression this study
E. coliBL21(DE3) CYP154E1 QAA (nupG) YkuN+FdR (atpl_gidB) expression this study
E. coliBL21(DE3) CYP154E1 QAA (atpl_gidB) YkuN (nupG) expression this study
E. coliBL21(DE3) CYP154E1 QAA (atpl_gidB) YkuN+FdR (nupG) expression this study
E. coliW3110(T7) CYP154E1 QAA (nupG) YkuN (atpl_gidB) expression this study
E. coliW3110(T7) CYP154E1 QAA (nupG) YkuN+FdR (atpl_gidB)  expression this study
E. coliW3110(T7) CYP154E1 QAA (atpl_gidB) YkuN (nupG) expression this study
E. coliW3110(T7) CYP154E1 QAA (atpl_gidB) YkuN+FdR (nupG)  expression this study
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Table S3. Plasmids used and created. Triple mutant 1238Q G239A M388A (QAA) of cyp154e1 was used

for all experiments.

Plasmid

Purpose

Source

pET-28a(+) CYP154E1 QAA
pET-22b(+) CYP154E1 QAA
pET-16b YkuN

pCOLADuet YkuN(l) FdR(l)
pCas

pEcCas

pgRNA-bacteria
pgRNA_001

pgRNA_002

pgRNA_003

pgRNA_004

expression and PCR template

expression and PCR template

PCR template

expression and PCR template

genome engineering in K-12 strains
genome engineering in K-12 and B strains
template for N2o exchange

targets nupG locus in B strains

targets nupG locus in K-12 strains

targets ybhB_ybhC locus for integration of
T7 gene 1

targets atpl_gidB locus in both B and K-12
strains

(Bokel et al., 2020)
(Bokel et al., 2020)
(Girhard et al., 2010)
(Bokel et al., 2020)
(Jiang et al., 2015)
(Li et al., 2021)

(Qi et al., 2013)

this study

this study

this study

this study
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Supporting Figures

N

500 bp homology arms
pET gene of interest
— I +
vector ——
\

dsDonorDNA

Figure S1. PCR-based synthesis of double-stranded donor DNA (dsDonorDNA) for homologous
recombination. Primers (blue) were designed to bind to any pET vector (containing a f1 origin of
replication) upstream and downstream of the multiple cloning site which harbors the gene to be integrated
in order to amplify the whole operon including promoter and terminator (green). Introduced overlaps
match the locus-dependent homology arms for homologous recombination amplified from the genome

(orange/red) and enable fusion PCR of all three fragments.

BL21(DE3) (CP001509)  IAAGGGGGGATTTTATCTCCCCTTTAATTTTTC 'CTCGGCGTTGAAT GTGGGGGAAACATCCCATAAGCGCTAACTTAAGGGTIGAACCATCTGA

W3110 (AP009048) IAAGGGGGGATTTTATCTCCCCTTTAATTTTTCCTCTATTCTCGGCGTTGAAT GTGGGGGAAACATCCCICATATACTGACGTACATGTTAATAGATGGCGT

JM109 IAAGGGGGGATTTTATCTCCCCTTTAATTTTTCCTCTATTCTCGGCGTTGAAT GTGGGGGAAACATCCCATAAGCGCTAACTTAAGGGTTGAACCATCTGA

Figure S2: Sequence alignment of lon transcription site of strains E. coli BL21(DE3) (GenBank Accession
no. CP001509.3), E. coliW3110 (GenBank accession no. AP009048.1), and E. coli JM109 (sequencing
results from this study). Box represents sequence homology in all three strains. Lon promoter (yellow)
is disrupted in BL21(DE3) and JM109 by IS786 transposon insertion (green) which leads to protease
deficiency (SaiSree et al., 2001).
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46.7 kDa
CYP154E1 6xHis

IM109(T7) W3110(T7) BL21(DE3)

Figure S3: SDS-PAGE analysis of the soluble

protein fractions after expression of cyp7154e1m
(cf. Figure 2).

A

BL21(DE3)

BL21(DE3)

m #4.6KDa (467 kDa)
CYP154E1 (6xHis) 44.6 kDa (46.7 kDa)
CYP154E1 (6xHis)

30 27.7 kDa 27.7kDa
25 = Ear = Ear
20 20
17.8 kDa 17.8 KD
= kN VN °
15

Figure S4: SDS-PAGE analysis of the soluble (A) and insoluble (B) protein fractions after coexpression
of cyp154e1m, ykuN and fdr (cf. Figure 3).
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Abstract

Background The high-value aryl tetralin lignan (+)-pinoresinol is the main precursor of many plant lignans
including (-)-podophyllotoxin, which is used for the synthesis of chemotherapeutics. As (-)-podophyllotoxin

is traditionally isolated from endangered and therefore limited natural sources, there is a particular need for
biotechnological production. Recently, we developed a reconstituted biosynthetic pathway from (+)-pinoresinol
to (-)-deoxypodophyllotoxin, the direct precursor of (-)-podophyllotoxin, in the recombinant host Escherichia coli.
However, the use of the expensive substrate (+)-pinoresinol limits its application from the economic viewpoint. In
addition, the simultaneous expression of multiple heterclogous genes from different plasmids for a multi-enzyme
cascade can be challenging and limits large-scale use.

Results In this study, recombinant plasmid-free £ coli strains for the multi-step synthesis of pinoresinol from ferulic
acid were constructed. To this end, a simple and versatile plasmid toolbox for CRISPR/Cas%-assisted chromosomal
integration has been developed, which allows the easy transfer of genes from the pET vector series into the E. coli
chromosome. Two versions of the developed toolbox enable the efficient integration of either one or two genes into
intergenic high expression loci in both E. coli K-12 and B strains. After evaluation of this toolbox using the fluorescent
reporter mCherry, genes from Petroselinum crispum and Zea mays for the synthesis of the monolignol coniferyl alcohol
were integrated into different £ coli strains. The product titers achieved with plasmid-free E. coli W3110(T7) were
comparable to those of the plasmid-based expression system. For the subsequent oxidative coupling of coniferyl
alcohol to pinoresinol, a laccase from Corynebacterium glutamicum was selected. Testing of different culture media
as well as optimization of gene copy number and copper availability for laccase activity resulted in the synthesis of
100 mg/L pinoresinol using growing E. coli cells.

Conclusions For efficient and simple transfer of genes from pET vectors into the E coli chromosome, an easy-to-
handle molecular toalbox was developed and successfully tested on several £. coli strains. By combining heterologous
and endogenous enzymes of the host, a plasmid-free recombinant £. coli growing cell system has been established
that enables the synthesis of the key lignan pinoresinol.

Keywords Phenylprapanoid, Coniferyl alcohol, Ferulic acid, Lignan, Pinoresinol, Oxidative coupling, E. coli,
Chromosome, CRISPR/Cas
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Background

Lignans are a large and structurally diverse group of
pharmacologically active secondary plant metabolites
which are formed via oxidative dimerization of phenyl-
propanoids [1, 2]. In mammals, dietary intake of lignans
from plants or plant-derived foods leads to the forma-
tion of enterolignans by the gut microbiome, which are
classified as phytoestrogens and show health-promoting
effects [3]. Furthermore, the chemotherapeutic drugs
etoposide and teniposide are semi-synthetically produced
from the aryl tetralin lignan (-)-podophyllotoxin which is
isolated from the endangered plant Podophyllum hexan-
drum Royle [4]. The low content of lignans in plants com-
bined with a high demand and their structural complexity
leads to a particular need for biotechnological solutions
to produce these natural products [5, 6]. The biosynthe-
sis starts from cinnamic acid derivatives which origi-
nate from the shikimate and phenylpropanoid pathways.
Depending on the phenylpropanoid monomer, different
lignans are formed. The major subclass of furofuran lig-
nans, including the title compound pinoresinol 5, results
from the dimerization of the monolignol coniferyl alco-
hol 4 [1]. Besides being a starting precursor for higher
lignans, pinoresinol 5 possesses multiple biological activ-
ities including anti-inflammatory [7] and antioxidant
activity, which also explains its hepatoprotective [8] and
chemopreventive [9] properties. Furthermore, antifungal
[10] and putative hypoglycemic properties [11] add to the
list of pharmacological activities of interest. The above-
mentioned chemotherapeutics etoposide and teniposide
are derived from pinoresinol 5 via (-)-podophyllotoxin,
indicating potentially high demand of this high-value
compound. A first step towards the biotechnological
production of these drugs in recombinant microorgan-
isms was recently taken by our group by synthesizing
(-)-deoxypodophyllotoxin from (+)-pinoresinol in the
heterologous host Escherichia coli [12]. However, the use
of the high-value compound (+)-pinoresinol as a starting
material remains an economic challenge. (+)-Pinoresinol
has been isolated from plants with high enantiopurity
but low efficiency [13]. As the subsequent reactions
from pinoresinol 5 towards (-)-deoxypodophyllotoxin

Page 2 of 12

are catalyzed by enantioselective enzymes, racemic pin-
oresinol 5 instead of (+)-pinoresinol could be used as
starting substrate [14, 15]. Thus, in this study, we engi-
neered and optimized growing E. coli cells for the pro-
duction of racemic pinoresinol 5. Starting from relatively
inexpensive and readily available ferulic acid 1, we recon-
stituted an artificial phenylpropanoid path in E. coli to
first produce the monolignol coniferyl alcohol 4. Ferulic
acid 1 is reduced to coniferyl alcohol 4 via coniferyl alde-
hyde 3 in three enzymatic steps (Scheme 1). Two of the
three steps are catalyzed by enzymes derived from the
plants Petroselinum crispum and Zea mays [16, 17]. The
final reduction step is catalyzed by endogenous E. coli
alcohol dehydrogenases or aldo-keto reductases [18, 19].
For the synthesis of pinoresinol 5 from 4, laccases [20—
22] and peroxidases [23] have been successfully applied
in the past. Previously, we have demonstrated that a lac-
case from Corynebacterium glutamicum gave the highest
pinoresinol concentration in vitro and thus was used in
this study [21]. In the reported reactions with isolated
enzymes or in resting E. coli cells, pinoresinol concen-
trations ranged between several milligrams to grams
per liter, depending on the complexity of the system, the
starting substrate molecule, its concentration, and the
number of reaction steps [14, 21-24].

In order to simplify the bioprocess design, growing cells
were preferred instead of resting cells used for the pro-
duction of (-)-deoxypodophyllotoxin [12] and its precur-
sors [15] in our previous studies. In addition to the facts
that enzymes are steadily produced during the reactions
and that only one reaction vessel is required, the combi-
nation of cell growth and substrate conversion eliminates
the need to prepare the cells for a resting cell approach
and is therefore significantly less time-consuming.

Furthermore, plasmids were used for the co-expression
of all genes in our previous work. Plasmids offer many
advantages like easy cloning, fast and efficient transfor-
mation of different host strains, and high and tunable
expression levels. However, there are also some short-
comings. As plasmids are extrachromosomal, non-essen-
tial DNA, a form of selectable markers has to be used
to maintain the plasmids in the host cell and prevent

OCH,

CoA’
endogenous
Pc4CL ZmCCR enzyme(s)
ATP AMP, PP‘ NADPHIH‘ NADP* NAD(P)H/H‘ NAD(P)*
HyCO CoA-SH  H0 CoA-SH

Ferulic acid Feruloyl-CoA Coniferyl aldehyde
1 2 3

CgL1
o2 2H,0
H3CO HO

Coniferyl alcohol
4

OCHg

Pinoresinol
5

Scheme 1 Recombinant biosynthetic path from ferulic acid 1 to pinoresinol 5 in E. coli. The substrate is sequentially converted by a 4-coumarate-CoA
ligase from P, crispum (Pc4CL), a cinnamoyl-CoA reductase from Z mays (ZmCCR), E. coli alcohol dehydrogenases or aldo-keto reductases and a laccase
from C. glutamicum (CgL.1)
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plasmid loss. For this purpose, antibiotics are often uti-
lized, which are cost-intensive on industrial scale, can
affect the cell growth, and contribute to the develop-
ment of multidrug-resistant human pathogens [25-28].
In recombinant strains with plasmids, the number of
gene copies can vary from cell to cell even within stable
populations, leading to altered expression levels [25,
28]. It should also be noted that the plasmid copy num-
ber can increase drastically after induction resulting in
an increased metabolic burden [25, 27]. The transition
from plasmid-based to chromosomal expression helps to
avoid most of these issues. To this end, we developed an
easy-to-handle toolbox that allows the simple transfer of
genes from the often-used pET vector series into the E.
coli chromosome based on CRISPR/Cas-assisted A-Red-
mediated homologous recombination [29, 30].

Since the expression levels of chromosomally inte-
grated genes depend on their position in the genome,
different integration sites can be used to tune expres-
sion levels. One general rule is the so-called ‘gene dos-
age effect, which states that genes located closer to the
chromosome’s origin of replication (oriC) are statisti-
cally more abundant in the cell and therefore more highly
expressed [31, 32]. In addition, there are regional effects
that affect the transcription of integrated genes, result-
ing in expression levels that vary on average by 2-4-fold
depending on the integration site, with rare outliers of
~300-fold deviation [31, 33, 34]. To achieve the highest
possible integration efficiencies and expression levels,
several previously uncharacterized integration loci pres-
ent in both E. coli K-12 and B strains were first identified
and analyzed using the fluorescent reporter mCherry.

Further, we aimed to apply a method that does not
require the separate synthesis of linear donor DNA but
instead allows the use of the same type II restriction
enzymes as used for the cloning of pET vectors. The use
of circular instead of linear donor DNA for the CRISPR/
Cas-based recombination circumvents potential deg-
radation by exonucleases [35]. In addition, the transfor-
mation of supercoiled plasmids is highly efficient and
high-fidelity replication within the cell results in a higher
intracellular repair template concentration compared to
linear PCR-synthesized donor DNA [36]. The combina-
tion of easy cloning and characterized integration loci in
both E. coli K-12 and B strains aims to address the bio-
catalysis community that already has pET-based libraries
in hand and wants to take the step towards plasmid-free
whole-cell biocatalysis.

In this study, the application of the developed tool-
box led to a highly productive whole-cell system for
pinoresinol 5 synthesis which was finally obtained after
testing E. coli K-12 and B strains and optimizing culture
media, gene copy number, and copper availability for lac-
case activity.
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Results and discussion

Design of pgRNA-ET and pgRNA-DUET vector series for
chromosomal integration

First, we identified several new intergenic integration
sites present in both E. coli K-12 and B strains. To this
end, information on the prototype E. coli K-12 strain
MG1655 from its GenBank genome file (accession no.
U00096.3), the information in RegulonDB [37] for pro-
moter and terminator sets of this strain, and EcoCyc
database [38] for detailed operon information, were
combined. Additionally, a study by Vora et al. [39], who
described the protein landscape of the genome and iden-
tified so-called highly-expressed extended protein occu-
pancy domains (heEPODs) was included into the analysis
as well. All selected integration sites should match the
following criteria: (i) the influence on the expression of
neighboring genes is minimized by avoiding integration
downstream of a promoter or upstream of a termina-
tor listed in RegulonDB [37], (ii) they can be assigned
to the heEPODs described by Vora et al. [39], and (iii)
they are at least 100 base pairs long to facilitate design of
CRISPR/Cas targeting sequences as well as primer design
for amplification of the homology arms for homologous
recombination. A similar approach to identifying new
integration loci, albeit with different search parameters,
was described by Goormans et al. [34]. The homology
arms of the donor DNA template were designed to be
500 bp in length, which results in higher integration effi-
ciency compared to shorter variants [40, 41]. However,
as our toolbox was designed to be used in both K-12 and
B strains, 500 bp homology arms without single nucleo-
tide polymorphisms had to be identified by comparing
sequences of E. coli BL21(DE3) (GenBank accession no.
CP001509.3) and the industrially relevant E. coli W3110
(GenBank accession no. AP009048.1). This led to the
exclusion of several integration sites that met all previ-
ous search criteria. Finally, six integration loci were cho-
sen for further experiments (Table S1), of which only one
had been previously described in the literature [26, 34].
After cloning of the appropriate targeting sequences for
CRISPR/Cas into the pgRNA plasmids, linear copies of
the plasmids were amplified by PCR and fused with cor-
responding homology arms as well as the multiple clon-
ing sites derived from either pET-28a(+) or pETDuet-1
to yield the pgRNA-ET or pgRNA-DUET vector series,
respectively (Fig. 1).

Evaluation of selected integration loci

The selected integration sites were evaluated using the
fluorescent reporter protein mCherry. The mCherry
gene was cloned into the pgRNA-ET plasmid series and
subsequently integrated into the chromosomes of E.
coli BL21(DE3) and E. coli W3110(T7) to compare pos-
sible differences between these representative B and K-12
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Fig. 1 Plasmid series pgRNA-ET (left) and pgRNA-DUET (right) for easy CRISPR/Cas-assisted transfer of genes from pET vectors into the E. coli chromo-
some. Each vector contains a pBR322 origin of replication (ori), a B-lactamase encoding gene (bla), a locus-specific single-guide RNA (sgRNA) as well as
the corresponding homology arms (HA1 & HA2) for homologous recombination, and multiple cloning sites originating from pET-28a(+) or pETDuet-1 for

PgRNAET and pgRNA-DUET, respectively

strains. Although E. coli BL21(DE3) is considered to be
hard-to-edit [42, 43], high integration efficiencies of up
to 100% of all screened colonies (7=20) were achieved
(Table S1 & Figure S1). For reference purposes, mCherry
was also integrated into the gene-disrupting lacZ locus
which was previously described as a medium-to-low-
expression locus [26, 34].

The expression of the chromosomally integrated
mCherry gene showed no noticeable effect on cell growth
(Figure S2). Compared to the lacZ reference locus, all
mCherry integrations into the selected intergenic loci
resulted in higher or at least similar fluorescence for both
strains (Fig. 2).
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In E. coli BL21(DE3), a 30—70% increase in fluorescence
compared to lacZ was observed for all selected intergenic
loci (p<0.02). For E. coli W3110(T7), only integration
into flgF flgG (70% increase, p<0.01) and glmU_atpC
(20% increase, p=0.04) loci resulted in higher expression
compared to lacZ. It should be noted that after gene inte-
gration into the six intergenic loci, only low basal non-
induced expression was observed, while after integration
into lacZ, high fluorescence was observed without addi-
tion of isopropyl B-p-1-thiogalactopyranoside (IPTG)
(Figure S3). A correlation between the fluorescence out-
put and the distance from oriC - the above mentioned
‘gene dosage effect’ due to chromosome replication -
could not be observed in our case. However, Bryant et

B

180 4
160
140 -
120
100

RFU/OD,s, [%]
g8

40

N
=]
!

o
I

& o Y 3 S £ o

§ § 2 5 & 3 S

g & J I ¢ o 5 &
7 &

e, o,
Uy

Fig. 2 Relative fluorescence normalized to optical density (ODgq) of cell cultures after chromosomal expression of mCherry integrated into different ge-
nomic lociin (A) E. coli BL21(DE3) and (B) E. coli W3110(T7). Strains harboring no copy of mCherry were used as negative controls to quantify intrinsic fluo-
rescence of £ coli. Relative fluorescence was calculated in relation to lacZ. Means and standard deviations were calculated from three biological replicates
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al. reported that the gene dosage effect only accounted
for 1.4-fold differences in expression [31]. Out of the six
intergenic loci tested, atpl rsmG had been described as
one of the loci leading to the highest expression levels
[26, 34]. Three of the newly characterized loci reached
even higher fluorescence in E. coli BL21(DE3) (p<0.05).
It should be noted that unlike the gene-disrupting inte-
gration into the flagellar region 1 described by Juhas et al.
[44], the integration between the genes flgF and flgG in E.
coli W3110(T7) led to high expression combined with no
loss of motility. Furthermore, plasmid-based expression
using the pET-28a(+) vector showed that a single chro-
mosomal copy reached up to 20% fluorescence compared
to the vector which is reported to give about 40 gene cop-
ies per cell [45]. The flgF flgG locus was chosen as the
most promising integration site for further experiments
due to the higher fluorescence observed in both strains
and particularly in E. coli W3110(T7).

Synthesis of coniferyl alcohol

First, the genes coding for the 4-coumarate-CoA ligase of
P. crispum (Pc4CL) and the cinnamoyl-CoA reductase of
Z. mays (ZmCCR) were cloned into a pETDuet vector for
plasmid-based co-expression and preliminary tests for
the synthesis of coniferyl alcohol 4. E. coli W3110(T7), a
K-12 derivative and industrially used strain, carrying this
plasmid, was tested in two different media, terrific broth
(TB) and lysogeny broth (LB), for the conversion of 5 mM
ferulic acid 1 with growing cells. The substrate was added
2 h after induction. It was found that higher coniferyl
alcohol 4 titers were reached in TB medium compared
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Fig. 3 Coniferyl alcohol 4 synthesized by different E. coli strains 18 h
after addition of 5 mM ferulic acid 1. Expression of chromosomally inte-
grated genes was compared to a pETDuet vector in £. coli BL21(DE3) and
W3110(T7). Means and standard deviation were calculated from three bio-
logical replicates
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to LB medium 18 h after substrate addition (Figure S4).
Thus, all following experiments were carried out using
TB medium.

The same plasmid was then introduced into E. coli
BL21(DE3) which is considered more suitable for het-
erologous expression due to its lack of Lon and OmpT
proteases. Next, both heterologous genes were integrated
into the fIgF flgG locus of both E. coli strains in a single
step using the pgRNA-DUET vector. This allowed com-
parison of plasmid-based and plasmid-free expression as
well as biotransformation in both strains.

Interestingly, the plasmid-based expression system per-
formed equally well in both strains and yielded 3.5£0.1
mM and 3.3+£0.5 mM coniferyl alcohol 4 (Fig. 3).

After chromosomal integration in BL21(DE3), however,
only 1.52+0.01 mM 4 was obtained. In general, lower
expression levels and a therefore lower overall activity of
the growing E. coli cells were expected due to the reduced
copy number compared to the plasmid-based system. A
striking exception for this was E. coli W3110(T7), which
showed a coniferyl alcohol 4 titer comparable to the
plasmid-based expression (3.75£0.02 mM, 75% theoreti-
cal yield). The differences in product titers between plas-
mid-based and chromosomal expression systems can be
mainly attributed to differences in heterologous expres-
sion of ZmCCR as visualized via Western Blot (Figure
S5). Although ZmCCR appeared to be better expressed
in E. coli BL21(DE3) compared to E. coli W3110(T7)
when using plasmids, it was strongly affected by chro-
mosomal integration, which reduced expression in this
strain. In contrast, chromosomal integration in E. coli
W3110(T7) did not result in lower protein concentra-
tion which may explain similar levels after plasmid-based
and chromosomal expressions in this strain. In addition,
minor differences in cell growth of the chromosomal
expression strains were observed (p=0.02): whereas
E. coli W3110(T7) grew to an ODg, of 5.1+£0.2, E. coli
BL21(DE3) only reached 4.3+0.3 (Figure S6). Without
the addition of the substrate, ferulic acid 1, both strains
reached significantly higher (p<0.01) optical densities
of 8.6£0.1 and 7.8£0.2, respectively. Since a concentra-
tion of 5 mM ferulic acid 1 does not affect the cell growth
of E. coli as demonstrated by Yoon et al. [46], this differ-
ence may be due to either the metabolic burden caused
by the consumption of cofactors during the reaction or
the toxicity of the by-product coniferyl aldehyde 3. Like
many related phenolic aldehydes, 3 can be considered
toxic to the cells and is therefore suspected to be reduced
to the less toxic coniferyl alcohol 4 by multiple aldo-keto
reductases or dehydrogenases in E. coli [18, 47]. In the
literature, the combination of 4CL, CCR and heterolo-
gous cinnamyl alcohol dehydrogenases (CAD) has been
used to produce 0.6 mM 4 from 1 mM 1 (60% yield) [48]
and 1.82 mM 4 from 2.5 mM 4 (73% yield) [49] with
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plasmid-based whole-cell systems, clearly emphasizing
the significance of our yield of 75% using single gene cop-
ies in the chromosome. However, an alternative plasmid-
based approach using a carboxylic acid reductase instead
of 4CL/CCR in combination with a heterologous aldo-
keto reductase reached even 97% yield from 5 mM 1 [19].

To further investigate the differences between both
strains after chromosomal integration and to gain insight
into the metabolic flux, time course experiments were
performed. Samples were taken every 2 h after sub-
strate addition and the concentration of both the prod-
uct coniferyl alcohol 4 and the intermediate coniferyl
aldehyde 3 as well as the optical density were quantified
(Fig. 4).

The higher productivity of E. coli W3110(T7) com-
pared to E. coli BL21(DE3), as shown in Fig. 2, becomes
already evident within the first few hours of conversion,
despite no significant differences in cell growth. After 8 h,
the coniferyl alcohol 4 concentration reached 0.60+0.01
mM in E. coli BL21(DE3) and 1.58+0.05 mM in E. coli
W3110(T7). Coniferyl aldehyde 3 remained at constantly
low levels and its highest concentrations of 0.17£0.01
mM and 0.48+0.02 mM, respectively, were reached
only two hours after substrate addition. Interestingly, we
noted an intense orange coloration and a characteristic
odor of the cultures after substrate addition. The intensity
of the orange color could be correlated with the detection
of 3, an orange substance, via LC/MS.

Pinoresinol production

The E. coli W3110(T7) strain was chosen to extend the
cascade starting from ferulic acid 1 to pinoresinol 5 due
to its higher productivity for coniferyl alcohol synthesis
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compared to E. coli BL21(DE3). Based on our previous
results [21], the laccase CgLl from C. glutamicum was
selected as a promising candidate. Laccase-catalyzed
oxidative coupling of two coniferyl alcohol 4 molecules
proceeds via a radical mechanism. The phenol radical is
stabilized by delocalization and can be represented by
three different resonance forms (Figure S7). Thus, differ-
ent coupling products are formed, of which pinoresinol
5 results from 8,8"-coupling and accounts for ~28% of
all possible products in vitro [50]. Laccases contain four
copper ions responsible for enzyme activity, and the
reconstitution of the activity of CgL1 in recombinant
hosts like E. coli depends on copper availability. For this
purpose, copper ions, for instance in form of CuSO,,
are usually added at the time point of induction of lac-
case expression [51]. However, in the case of the reaction
described here, there are a few aspects to consider. In
fact, coniferyl alcohol 4 is not the only potential substrate
of the laccase, because other phenolic compounds like
ferulic acid 1 and coniferyl aldehyde 3 are confirmed or
suspected substrates for homo- and cross-coupling reac-
tions as well [51]. Indeed, during preliminary tests for
laccase-mediated phenol coupling, cross-coupled dimers
of coniferyl aldehyde 3 and coniferyl alcohol 4 were
detected along with dimers of coniferyl alcohol 4. The
assignment of possible respective coupling products was
achieved using in vitro reactions with FeCl; as oxidizing
agent (Figures S8-S10).

The equilibrium of the reduction of the aldehyde 3 to
the alcohol 4 seemed to depend on the redox state of
the cells. The addition of CuSO, increased the oxida-
tive stress [52], which in turn resulted in high aldehyde 3
titers and a higher amount of coniferyl aldehyde-alcohol
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Fig. 4 Time course of coniferyl aldehyde 3 and alcohol 4 formation as well as cell growth (ODg,) during conversion of 5 mM ferulic acid 1 by two differ-
ent plasmid-free whole-cell systems: (A) E. coli BL21(DE3) and (B) £. coli W3110(T7). Means and standard deviation were calculated from three biological

replicates
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cross-coupled products (data not shown). Unfortunately,
one of these coupling products showed the same reten-
tion time in LC/MS as pinoresinol 5 and could not be
resolved even by changing the analytical conditions (Fig-
ure S10). In our previous study, the addition of glucose
or glycerol to the resting cells increased pinoresinol 5
formation [14]. As TB medium used in this study already
contained glycerol, we tested additional glucose supple-
mentation. The addition of 5 g/L glucose 0 h, 18 h and
42 h after substrate addition completely prevented alde-
hyde 3 accumulation and the subsequent formation of
cross-coupling products (Figure S11). Apart from the
NADPH-dependent reduction of 2 to 3 (Scheme 1), vari-
ous endogenous NAD(P)H-dependent aldo-keto reduc-
tases and dehydrogenases like YqghD and YahK contribute
to the subsequent reduction of 3 to 4 [18, 19, 53]. The
addition of glucose strongly minimized the reoxidation of
coniferyl alcohol 4 back to coniferyl aldehyde 3, probably
due to the change in the redox state in the cell and the
increased availability of reduced nicotinamide cofactors
[14]. In addition, changes in transcriptional regulation
and expression of these endogenous enzymes might con-
tribute to the observed effects of glucose addition.

Furthermore, the final product pinoresinol 5 also rep-
resents a substrate for laccases. In our previous in vitro
studies, decrease of pinoresinol 5 was observed at a cer-
tain point of reaction dependent on the activity and the
redox potential of the chosen laccase [21].

For plasmid-free pinoresinol 5 synthesis, the CgLl-
coding gene was cloned into the pgRNA-ET vector series
for subsequent chromosomal integration at two different
sites. The first gene copy was integrated into pepB_sseB
locus of E. coli W3110(T7). An additional gene copy was
integrated into atpl_rsmG locus to investigate the effects
of the gene copy number on pinoresinol 5 production. To
determine whether the timing of CuSO, addition pro-
vides advantages in the formation and preservation of
pinoresinol 5, addition at the time of induction (0 h) was
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compared to delayed addition after 18 h for both one and
two integrated copies of cglI (Fig. 5).

Interestingly, the strain harboring two laccase gene
copies in the chromosome showed a slower ferulic acid
1 conversion and lower coniferyl alcohol 4 concentra-
tions, but no influence on pinoresinol 5 formation was
observed. Apparently, the integration of the second lac-
case gene copy affected the conversion of 1 to 4 nega-
tively, which might be explained by altered expression
levels of Pc4CL. Unfortunately, this hypothesis could
not be confirmed via SDS-PAGE since the protein band
on the gel did not appear prominent enough (Figure
S12). However, the increased expression level of the lac-
case CgL1 could be confirmed, but the titer of 5 did not
increase further compared to a single gene copy. Pin-
oresinol 5 is a known substrate of CgL1 and can therefore
be degraded over time [21]. This might also explain why
an equilibrium was reached between coniferyl alcohol 4
coupling and pinoresinol 5 degradation during the obser-
vation period: coniferyl alcohol 4 titers decreased but
the concentration of 5 remained constant. In addition,
insufficient incorporation of copper ions into the laccase
protein has often been reported as a limiting factor upon
laccase expression in recombinant E. coli, which may
explain similar laccase activity regardless of gene copy
number [51, 54, 55].

The time of CuSO, addition clearly affected the lac-
case-catalyzed oxidative coupling: When CuSO, was
added at the time of induction, pinoresinol 5 could
already be detected after 18 h and reached its maximum
after 42 h. In cases where CuSO, was added 18 h after
induction, a comparable titer was only reached after 66 h.
This difference was also reflected by the time course of
the coniferyl alcohol 4 titers: When CuSO, was added
at the time of induction, lower titers of 4 were observed
as it was already converted to its dimers by CgL1. How-
ever, the gene expression is induced by IPTG and the
same amount of proteins are therefore visible on the
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Fig. 5 Time course of ferulic acid 1, coniferyl alcohol 4 and pinoresinol 5 titers. The effect of delayed CuSO, addition (at time of induction compared
to 18 h after induction) and copy number of cglT (one or two copies) were compared after addition of 970 mg/L (5 mM) ferulic acid 1. Exemplary HPLC
chromatograms are shown in Figure S11
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SDS-PAGE gel regardless of the time of CuSO, addition
(Figure S12).

Finally, a maximum concentration of ~ 100 mg/L (~270
uM) pinoresinol 5 was achieved using E. coli W3110(T7).
Considering that 5 mM of substrate could yield a maxi-
mum of 2.5 mM dimeric coupling products, this cor-
responds to a theoretical yield of 10.8% with respect to
the amount of ferulic acid 1 used in the reaction. Since
the maximum titer of coniferyl alcohol 4 from 5 mM 1
was only 3.75 mM (Fig. 3), the yield of pinoresinol 5 with
respect to coniferyl alcohol 4 was 14.4%. Our previously
reported approach using recombinant E. coli resting cells
and the endogenous E. coli multicopper oxidase CueO
for coniferyl alcohol 4 coupling reached 240 puM pin-
oresinol 5 starting from 5 mM substrate (9.6% yield) on
0.5 mL scale [22]. In this case, resting cells were applied
at higher cell densities. With purified enzymes, even 4.4
mM pinoresinol 5 starting from 10 mM eugenol could be
achieved [21]. The higher yield of 17.6% might be attrib-
uted to the use of a biphasic in vitro system that might
have prevented degradation of 5. Nevertheless, it should
be noted that an in vitro setup with isolated/purified
enzymes as well as the use of resting cells require signifi-
cantly more work compared to the growing cell approach
presented here.

Since upscaling attempts with 10 mM ferulic acid 1 led
to lower substrate conversion (data not shown), for pre-
parative synthesis of pinoresinol 5, 5 mM ferulic acid 1
was converted using the strain harboring one ¢glI copy at
400 mL scale. CuSO, was added at the time of induction
and the products were extracted after 66 h of conver-
sion. After flash chromatography using both normal and
reversed phase silica, 43 mg of pinoresinol (>98% purity
quantified via HPLC, Figure S13) were isolated. Product
identity was verified by LC/MS (ESI(-) m/z 357 [M-H]")
and nuclear magnetic resonance (NMR) spectroscopy.
The results of 'H-NMR (Figure S14) and IBC_NMR (Fig-
ure S15) were consistent with published data [23].

Conclusions

In this study, the evaluation of six intergenic integration
loci using the fluorescent reporter mCherry allowed the
selection of suitable loci for plasmid-free heterologous
expression of plant and bacterial genes and subsequent
biotransformation in growing E. coli cells. A versatile
plasmid toolbox for the transfer of genes from pET vec-
tors into these intergenic loci in both E. coli B and K-12
strains was established and evaluated. The application of
this toolbox was demonstrated by integrating the genes
encoding enzymes for the conversion of ferulic acid 1 to
pinoresinol 5 in E. coli BL21(DE3) and W3110(T7). In
future studies, this toolbox could also be used to extend
the developed biosynthetic path and introduce it into a
tyrosine-overproducing E. coli strain that use the cheaper
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substrate glucose. The synthesis of coniferyl alcohol 4
revealed substantial differences between the two strains
tested. In E. coli W3110(T7), the chromosomal expres-
sion system enabled the same coniferyl alcohol 4 titer
(3.75 mM) as the corresponding plasmid-based expres-
sion system. The reduction of coniferyl aldehyde 3 to
alcohol 4 was catalyzed by endogenous enzymes of
the host. Here, the supplementation of glucose to the
medium shifted the equilibrium towards the formation
of 4. Finally, a maximal concentration of 100 mg/L pin-
oresinol 5 was reached. This study not only provided a
nature-inspired route for the synthesis of pinoresinol 5,
but also helped to facilitate the progress towards plas-
mid-free enzymatic cascades in E. coli.

Methods

Strains and plasmids

E. coli DH5« was used for cloning and for plasmid propa-
gation. E. coli BL21(DE3) and W3110(T7) [56] were used
for expression, genome engineering and biotransforma-
tion. A list of all strains used and created in this study can
be found in the supporting information (Table S2). Plas-
mids used for expression, as template for gene amplifica-
tion or chromosomal integration are listed in Table S3.

Construction of pET-28a(+)_mCherry and pETDuet_
ZmCCR_Pc4CL

The gene mCherry was amplified from pSEVA227R and
cloned into the pET-28a(+) empty vector (Novagen)
using FastDigest Ndel and EcoRI restriction enzymes and
T4 DNA Ligase (Thermo Fisher Scientific). Digestion and
subsequent ligation of the digested genes and vectors was
carried out according to the manufacturer’s protocols. A
list of all primers used in this study can be found in the
supporting information (Table S4).

The genes encoding the 4-coumarate-CoA ligase from
P crispum (Pc4CL) and the cinnamoyl-CoA reductase
from Z. mays (ZmCCR) were amplified from pETDuet-
TAL-4CL and pRSFDuet-CCR-CAD [16], respectively,
and cloned into the pETDuet-1 empty vector (Novagen).
Restriction digestion of the amplified genes and vector
was performed using FastDigest Ndel and Xhol for clon-
ing of Pc4CL and FastDigest EcoRI and Notl for cloning
of ZmCCR (Thermo Fisher Scientific).

Chemically competent E. coli DH5a cells were trans-
formed with the respective ligation product. The con-
structed plasmids were isolated from 4 ml of overnight
cultures using the ZR Plasmid Miniprep — Classic Kit
from ZymoResearch. Sequence integrity was verified by
Sanger sequencing (Eurofins Genomics).
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Construction of the pgRNA-ET and pgRNA-DUET vector
series and chromosomal integration

The basic steps for CRISPR/Cas-assisted chromosomal
integration were carried out as described before for lin-
ear donor DNA [56]. In brief summary, the design and
evaluation of locus-specific sgRNAs was performed using
the CHOPCHOP v3 web tool [57] (for details see Table
S5). The N,, targeting sequence of the plasmid pgRNA
was substituted for each of the chosen loci by PCR. The
primers contained the locus-specific N, as well as a Bcul
(Spel) restriction site for subsequent circularization of
the linear PCR products (Table S4). Digestion with Fast-
Digest Bcul and Dpnl (Thermo Scientific) to remove the
methylated template DNA was followed by a self-circu-
larization ligation step as described by Seo et al. [43].
Successful substitution was verified by Sanger sequenc-
ing (Eurofins Genomics).

For A-Red-mediated homologous recombination,
homology arms of ~500 bp suitable for both E. coli
K-12 and B strains were designed using the genome
sequences of E. coli W3110 (GenBank accession no.
AP009048.1) and E. coli BL21(DE3) (GenBank acces-
sion no. CP001509.3). These sequences were amplified
by PCR from boiled cells of E. coli BL21(DE3). Linear
double-stranded donor DNA (dsDonorDNA) for chro-
mosomal integration into the lacZ reference locus was
generated by fusion PCR of homology arms and mCherry
as described before [56].

For construction of the pgRNA-ET and pgRNA-DUET
vector series, the different pgRNA plasmids containing
the locus-specific targeting sequences were linearized
by PCR. Corresponding amplified homology arms and
expression cassettes from pET-28a(+) (for construction
of the pgRNA-ET series) or pETDuet-1 (for construc-
tion of the pgRNA-DUET series) were recombined as
described by Gibson et al. [58]. In some cases, fusion
PCR of the homology arms and the expression cassettes
prior to Gibson assembly was used to improve the clon-
ing efficiency. An illustration of the entire cloning proce-
dure can be found in Figure S16.

The expression cassette of pgRNA-ET consists of
the T7 promoter, a ribosome binding site, one multiple
cloning site containing different optional tags, and the
T7 terminator. In contrast, the expression cassette of
pgRNA-DUET contains two multiple cloning sites, each
with an upstream T7 promoter and ribosome binding
site, allowing for two transcripts: a monocistronic tran-
script of the gene located in multiple cloning site no. 2,
and a bicistronic transcript of genes of both multiple
cloning sites.

For chromosomal integration of heterologous genes
using the created toolbox, the genes to be integrated
were amplified from the respective pET vectors by stan-
dard PCR using Phusion High-Fidelity DNA Polymerase
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(Thermo Scientific) according to the manufacturer’s pro-
tocol. After purification by agarose electrophoresis, the
amplicons as well as pgRNAET vectors were digested
using FastDigest Ndel/Xhol for mCherry and FastDigest
BamHI/Ncol for the laccase gene cgll as described in the
manufacturer’s manual. Vectors and inserts were ligated
using T4 DNA Ligase (Thermo Scientific) and subse-
quently used for transformation of chemically competent
E. coli DH5a. Plasmids of selected colonies were iso-
lated using the ZR Plasmid Miniprep — Classic kit (Zymo
Research) and sequenced using standard T7/T7term
primers (Eurofins Genomics).

The laboratory steps for chromosomal integration were
carried out as previously described [56]. In brief, electro-
competent cells harboring pEcCas for expression of cas9
and A-Red genes were freshly prepared. For this purpose,
5 ml 2xYT medium (containing 30 pg/ml kanamycin
and 20 mM L-arabinose) was inoculated with 100 ul of
an overnight culture and incubated at 37 °C with shaking
at 180 revolutions per minute (rpm) for 2 h. Cells were
harvested by centrifugation and washed twice with 1 ml
ice-cold 10%(v/v) glycerol. After the cell pellet was resus-
pended in 100 pl 10%(v/v) glycerol, 100 ng of the circu-
lar pgRNA-ET or pgRNA-DUET plasmids were added
which provided both the sgRNA and the necessary repair
template for homologous recombination. After electro-
poration (2.5 kV, MicroPulser™ electroporator from Bio-
Rad), the cells were immediately transferred to 1 ml of
SOC medium and incubated at 37 °C, 180 rpm for one
hour. Finally, the cells were plated out on LB agar plates
(30 pg/ml kanamycin, 100 pg/ml ampicillin) and incu-
bated at 37 °C overnight. Successful integration was veri-
fied by colony PCR using the primers listed in Table S4.
Primers were designed to amplify both with and without
successful integration, so that integration could be iden-
tified by the length of the amplicons (as seen in Figure
S1). Plasmid curing was performed iteratively in 5 ml
LB medium with the addition of 10 mM L-rhamnose
for removing pgRNA-ET or pgRNA-DUET and 5%(w/v)
sucrose for pEcCas, respectively.

Chromosomal expression and quantification of mCherry

After chromosomal integration into all loci in E. coli
BL21(DE3) and E. coli W3110(T7), the fluorescent
reporter mCherry was expressed in 50 ml LB medium,
which was inoculated with 1 ml of an overnight culture.
The cultures were grown at 37 °C, 180 rpm until an ODy,
of 0.6—-0.7 was reached. After addition of 0.1 mM IPTG
for induction, the expression was performed at 30 °C,
180 rpm for 20 h. The optical density was now quanti-
fied at 650 nm to avoid interference with the fluorescence
of mCherry [59]. Fluorescence measurements of 200 pl
culture aliquots were performed using a Tecan Infinite
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M200 Pro microplate reader (excitation at 570 nm, emis-
sion at 625 nm).

Heterologous expression and biotransformation of ferulic
acid

The genes encoding Pc4CL and ZmCCR were integrated
into the flgF flgG locus of the chromosomes of E. coli
strains BL21(DE3) and W3110(T7). To compare chro-
mosomal and plasmid-based expression, both strains
(without integrated genes) were also transformed with
pETDuet_ZmCCR_Pc4CL. The laccase gene cgll was
subsequently integrated into the loci pepB_sseB and atpl_
rsmG of E. coli W3110(T7) already harboring copies of
Pc4CL and ZmCCR in the fIgF flgG locus.

For biotransformation, the respective E. coli cells were
grown in TB or LB medium. Cultures were inoculated
with 2%(v/v) of an overnight culture in either 50 ml for
analytical reactions or 400 ml scale for the preparative
reaction (cf. 4.7) and incubated at 37 °C, 180 rpm. For
plasmid-based expression, 30 pg/ml kanamycin was used
to maintain the pETDuet plasmid in the cell. At an ODg,
of 0.6 to 0.8, transcription was induced by addition of 0.1
mM IPTG and the cells were subsequently incubated at
30 °C, 140 rpm. After 2 h, 5 mM ferulic acid 1 was added
using a stock solution of 250 mM in dimethyl sulfoxide
(DMSO), resulting in a final concentration of 2%(v/v)
DMSO. To prevent aldehyde 3 formation, 5 g/L glucose
was supplemented at time of substrate addition, after
18 h and after 42 h. For copper loading of the laccases, 3
mM CuSO, was added either at time of induction or 18 h
after substrate addition. For quantification of substrate
and products as well as SDS-PAGE analysis and Western
Blot, 500 ul samples were taken at different time points.

For product analysis, 125 pl of culture medium was
diluted with 115 pl water. Cinnamic acid (62.5 mM dis-
solved in DMSO) was added as an internal standard
(10 pl, 2.5 mM final concentration). Extraction was per-
formed twice using 500 pl ethyl acetate each. The com-
bined organic phase (2x400 pl) was evaporated and the
residue was dissolved in 100 pl methanol. Product analy-
sis was performed via HPLC and LC/MS analysis using
a gradient of water with 0.1%(v/v) formic acid (A) and
methanol (B) at a flow rate of 0.5 ml/min (LCMS-2020,
Shimadzu; Chromolith Performance RP-18e 100 —4.6 mm
column and Chromolith RP-18e 10-4.6 mm guard car-
tridge, Merck Millipore). Details of the HPLC gradient
settings are provided in Table S6. The LCMS-2020 was
set to scan mode to detect both positive and negative
ions using the dual ion source (m/z 159-1000, scan speed
3750 u/s, event time 0.25 s). Products were identified by
comparison of retention time and mass to charge ratio
(m/z) with commercial standards. Substrate and prod-
ucts were quantified based on their UV absorption using
a photodiode array detector (SPD-M20A, Shimadzu) at
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different wavelengths (ferulic acid 1 325 nm, coniferyl
aldehyde 3 340 nm, coniferyl alcohol 4 260 nm, pin-
oresinol 5 280 nm). Linear internal calibration curves of
all three compounds were used to calculate the substrate
and product titers from peak areas at the indicated wave-
lengths for each sample.

For SDS-PAGE analysis, aliquots of the cell suspen-
sion equivalent to an ODgy, of 0.25 were centrifuged.
The cell pellets were resuspended in 50 pl 1 x SDS-PAGE
loading buffer and loaded onto 12.5% polyacrylamide
gels [60]. For Western blot analysis, proteins were blot-
ted onto a nitrocellulose membrane which was subse-
quently washed twice with TBS (20 mM Tris-HCl, 150
mM NaCl, pH 7.6) and blocked with 3%(w/v) bovine
serum albumin (BSA) in TBS. After washing with TBST
(0.1%(v/v) Tween 20 in TBS) and TBS, the membrane
was incubated with a 1:1000 dilution of the primary anti-
body (mouse 6x-His tag monoclonal antibody HIS.H8
from Thermo Fisher Scientific) in TBS with 3%(w/v) BSA
for one hour. Prior to the incubation with the secondary
antibody (Peroxidase AffiniPure™ Goat Anti-Mouse IgG
(Jackson ImmunoResearch), 1:10,000 diluted in TBS with
10%(w/v) milk powder), the membrane was washed twice
with TBST and once with TBS. Finally, the membrane
was washed thoroughly with TBS and the color reaction
was initiated by the addition of 3,3}5,5'-tetramethylben-
zidine (TMB) Liquid Substrate System (Sigma Aldrich).

Oxidative coupling using FeCl;

For identification of cross-coupling products of coniferyl
aldehyde 3 and alcohol 4, 10 pl of 5 mM solutions in
DMSO for homo-coupling or 5 pl each for cross-coupling
were diluted in 230 ul ddH,O. Addition of 10 pul 5 mM
FeCl; (equimolar amount) at room temperature led to the
formation of coupling products within minutes. The mix-
ture was extracted twice with 500 pl ethyl acetate. The
combined organic phases were evaporated and the resi-
due was dissolved in 50 ul methanol for LC/MS analysis.

Isolation of pinoresinol

For product isolation and purification, two 400 ml cul-
tures for conversion of 5 mM ferulic acid 1 were incu-
bated for 66 h (with glucose addition 0 h, 18 h, and 42 h
after substrate addition). The reaction was monitored as
described above. The cells were harvested by centrifuga-
tion and the supernatant was used for product extrac-
tion in a separation funnel. The aqueous solution was
extracted with 2x400 ml ethyl acetate. The combined
organic phases were dried with MgSO,, filtered and
evaporated under reduced pressure. The residue was
subjected to flash chromatography (Silica 60 M 0.04—
0.063 mm, Macherey-Nagel) using a mixture of ethyl ace-
tate (70%(v/v)) and n-heptane (30%(v/v)) as eluent. The
addition of 2%(v/v) triethylamine to the eluent improved
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separation. Progress of flash chromatography was moni-
tored using thin layer chromatography. Fractions con-
taining a high amount of pinoresinol 5 were combined
and analyzed via LC/MS. Since purification via normal
phase was not sufficient, reversed-phase flash chroma-
tography (C,g-Reversed-Phase Silica, Sigma Aldrich)
was performed. The mobile phase consisted of 50%(v/v)
methanol in water. Combined fractions were first evapo-
rated under reduced pressure to remove methanol. The
remaining aqueous phase was freeze-dried. The purity of
the isolated compound was analyzed via HPLC and the
structure was confirmed by 'H- and *C-NMR (Bruker
Avance III - 300).

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-024-02562-3.

[ Supplementary Material 1 J

Acknowledgements

We would like to thank Dr. Natalie Trachtmann (Institute of Microbiology,
University of Stuttgart) for helpful advices and CeMSA@HHU (Center for
Molecular and Structural Analytics @ Heinrich Heine University) for recording
the NMR-spectroscopic data.

Author contributions

UJ.L conceptualized the study, designed and conducted most of the
experiments, analyzed the data and prepared the first draft. AW. and L.M.B.
contributed to data acquisition and analysis. V.B.U. contributed to conceiving
experiments, interpretation of data, and writing of the manuscript. All authors
edited the manuscript and approved the final version of the manuscript.

Funding
Financial support was provided by the Federal Ministry of Education and
Research to Heinrich-Heine University Disseldorf [grant number 031B0362A].

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 2 July 2024 / Accepted: 9 October 2024
Published online: 23 October 2024

References

1. Teponno RB, Kusari S, Spiteller M. Recent advances in research on lignans and
neolignans. Nat Prod Rep. 2016;33(9):1044-92

2. Zalesak F, Bon DJD, Pospisil J. Lignans and neolignans: Plant secondary
metabolites as a reservoir of biologically active substances. Pharmacol Res.
2019;146:104284.

3.

20.

23.

Page 11 of 12

Milder IE, Arts IC, van de Putte B, Venema DP, Hollman PC. Lignan contents of
Dutch plant foods: a database including lariciresinol, pinoresinol, secoisolar-
iciresinol and matairesinol. Br J Nutr. 2005;93(3):393-402.

Nadeem M, Palni L, Purohit A, Pandey H, Nandi S. Propagation and conserva-
tion of Podophyllum hexandrum Royle: an important medicinal herb. Biol
Conserv. 2000;,92(1):121-9.

Farkya S, Bisaria VS, Srivastava AK. Biotechnological aspects of the produc-
tion of the anticancer drug podophyllotoxin. Appl Microbiol Biotechnol
2004;65(5):504-19.

Mark R, Lyu X, Lee JJL, Parra-Saldivar R, Chen WN. Sustainable produc-

tion of natural phenolics for functional food applications. J Funct Foods.
2019,57:233-54

During A, Debouche C, Raas T, Larondelle Y. Among Plant Lignans, Pinoresinol
has the Strongest Antiinflammatory properties in Human intestinal Caco-2
cells. J Nutr. 2012;142(10):1798-805

Kim HY, Kim JK, Choi JH, Jung JY, Oh WY, Kim DC, et al. Hepatoprotective
Effect of Pinoresinol on Carbon Tetrachloride-Induced hepatic damage in
mice. J Pharmacol Sci. 2010;112(1):105-12.

Lopez-Biedma A, Sanchez-Quesada C, Beltran G, Delgado-Rodriguez M,
Gaforio JJ. Phytoestrogen (+)-pinoresinol exerts antitumor activity in breast
cancer cells with different oestrogen receptor statuses. BMC Complement
Altern Med. 2016;16(1):350.

Hwang B, Lee J, Liu QH, Woo ER, Lee DG. Antifungal effect of (+)-pinoresinol
isolated from Sambucus williamsii. Molecules. 2010;15(5):3507-16.

Wikul A, Damsud T, Kataoka K, Phuwapraisirisan P. (+)-Pinoresinol is a putative
hypoglycemic agent in defatted sesame (Sesamum indicum) seeds though
inhibiting alpha-glucosidase. Bioorg Med Chem Lett. 2012,22(16):5215-7.
Decembrino D, Raffaele A, Knéfel R, Girhard M, Urlacher VB. Synthesis of
(-)-deoxypodophyllotoxin and (-)-epipodophyllotoxin via a multi-enzyme
cascade in E. coli. Microb Cell Fact. 2021;20(1):183.

Grougnet R, Magiatis P, Mitaku S, Terzis A, Tillequin F, Skaltsounis A-L. New
lignans from the perisperm of Sesamum indicum. J Agric Food Chem.
2006;54(20):7570-4.

Ricklefs E, Girhard M, Urlacher VB. Three-steps in one-pot: whole-cell biocata-
Iytic synthesis of enantiopure (+)- and (-)-pinoresinol via kinetic resolution.
Microb Cell Fact. 2016;15:78.

Decembrino D, Ricklefs E, Wohlgemuth S, Girhard M, Schullehner K, Jach

G, et al. Assembly of plant enzymes in E. coli for the production of the
valuable (-)-podophyllotoxin precursor (-)-pluviatolide. ACS Synth Biol.
2020;9(11):3091-103.

Jansen F, Gillessen B, Mueller F, Commandeur U, Fischer R, Kreuzaler F. Meta-
bolic engineering for p-coumaryl alcohol production in Escherichia coli by
introducing an artificial phenylpropanoid pathway. Biotechnol Appl Biochem
2014,61(6):646-54.

van Summeren-Wesenhagen PV, Voges R, Dennig A, Sokolowsky S, Noack S,
Schwaneberg U, et al. Combinatorial optimization of synthetic operons for
the microbial production of p-coumaryl alcohol with Escherichia coli. Microb
Cell Fact. 2015;14:79.

Kunjapur AM, Tarasova Y, Prather KL. Synthesis and accumulation of aromatic
aldehydes in an engineered strain of Escherichia coli. ) Am Chem Soc.
2014;136(33):11644-54.

Tramontina R, Galman JL, Parmeggiani F, Derrington SR, Bugg TDH, Turner
NJ, et al. Consolidated production of coniferol and other high-value
aromatic alcohols directly from lignocellulosic biomass. Green Chem.
2020;22(1):144-52.

Pickel B, Constantin MA, Pfannstiel J, Conrad J, Beifuss U, Schaller A. An enan-
tiocomplementary dirigent protein for the enantioselective laccase-catalyzed
oxidative coupling of phenols. Angew Chem Int Ed Engl. 2010;49(1):202-4.
Ricklefs E, Girhard M, Koschorreck K, Smit MS, Urlacher VB. Two-step one-pot
synthesis of pinoresinol from eugenol in an enzymatic cascade. Chem-
CatChem. 2015;7(12):1857-64.

Decembrino D, Girhard M, Urlacher VB. Use of copper as a trigger for the in
vivo activity of E. coli Laccase CueO: a simple tool for biosynthetic purposes.
ChemBioChem. 2021;22(8):1470-9.

Yue F, Lan W, Zhang L, Lu F, Sun R, Ralph J. Efficient synthesis of pin-

oresinol, an important lignin dimeric model compound. Front Energy Res.
2021;9:640337.

Steinmann A, Finger M, Nowacki C, Decembrino D, Hubmann G, Girhard M, et
al. Heterologous lignan production in stirred-tank reactors—Metabolomics-
assisted bioprocess development for an in vivo enzyme cascade. Catalysts.
2022;2(11):1473.



94 | Results

Luelf et al. Microbial Cell Factories

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39

40.

41.

42.

43.

(2024) 23:289

Mairhofer J, Scharl T, Marisch K, Cserjan-Puschmann M, Striedner G. Compara-
tive transcription profiling and in-depth characterization of plasmid-based
and plasmid-free Escherichia coli expression systems under production condi-
tions. Appl Environ Microbiol. 2013;79(12):3802-12.

Englaender JA, Jones JA, Cress BF, Kuhlman TE, Linhardt RJ, Koffas MAG. Effect
of Genomic Integration Location on Heterologous Protein Expression and
Metabolic Engineering in £. coli. ACS Synth Biol. 2017;6(4):710-720.

Striedner G, Pfaffenzeller I, Markus L, Nemecek S, Grabherr R, Bayer K
Plasmid-free T7-Based Escherichia coli expression systems. Biotechnol Bioeng
2010;105(4):786-94.

Saleski TE, Chung MT, Carruthers DN, Khasbaatar A, Kurabayashi K, Lin XN.
Optimized gene expression from bacterial chromosome by high-throughput
integration and screening. Sci Adv. 2021;7(7).eabe1767.

Jiang Y, Chen B, Duan C, Sun B, Yang J, Yang S. Multigene editing in the
Escherichia coli genome via the CRISPR-Cas9 system. Appl Environ Microbiol.
2015;81(7):2506-14.

Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, et al. Repur-
posing CRISPR as an RNA-guided platform for sequence-specific control of
gene expression. Cell. 2013;152(5):1173-83.

Bryant JA, Sellars LE, Busby SJ, Lee DJ. Chromosome position effects on gene
expression in Escherichia coli K-12. Nucleic Acids Res. 2014;42(18):11383-1192.
Sousa C, de Lorenzo V, Cebolla A. Modulation of gene expression through
chromosomal positioning in Escherichia coli. Microbiology. 1997;143(Pt
6):2071-8.

Scholz SA, Diao R, Wolfe MB, Fivenson EM, Lin XN, Freddolino PL. High-reso-
lution mapping of the Escherichia coli chromosome reveals positions of high
and low transcription. Cell Syst. 2019;8(3):212-25.

Goormans AR, Snoeck N, Decadt H, Vermeulen K, Peters G, Coussement P, et
al. Comprehensive study on Escherichia coli genomic expression: does posi-
tion really matter? Metab Eng. 2020,62:10-9.

Huang C, Guo L, Wang J, Wang N, Huo YX. Efficient long fragment editing
technique enables large-scale and scarless bacterial genome engineering.
Appl Microbiol Biotechnol. 2020;104(18):7943-56.

Kuhlman TE, Cox EC. Site-specific chromosomal integration of large synthetic
constructs. Nucleic Acids Res. 2010;38(6):e92.

Santos-Zavaleta A, Salgado H, Gama-Castro S, Sanchez-Perez M, Gomez-
Romero L, Ledezma-Tejeida D, et al. RegulonDB v 10.5: tackling challenges

to unify classic and high throughput knowledge of gene regulation in E. coli
K-12. Nucleic Acids Res. 2019;47(D1):D212-20.

Keseler IM, Collado-Vides J, Santos-Zavaleta A, Peralta-Gil M, Gama-Castro S,
Muniz-Rascado L, et al. EcoCyc: a comprehensive database of Escherichia coli
biology. Nucleic Acids Res. 2011;39(Database issue):D583-590.

Vora T, Hottes AK, Tavazoie S. Protein occupancy Landscape of a bacterial
genome. Mol Cell. 2009;35(2):247-53.

Bassalo MC, Garst AD, Halweg-Edwards AL, Grau WC, Domaille DW, Mutalik
VK, et al. Rapid and efficient one-step metabolic pathway integration in £.
coli. ACS Synth Biol. 2016;5(7):561-8.

LiY, Lin Z, Huang C, Zhang Y, Wang Z, Tang Y}, et al. Metabolic engineering of
Escherichia coli using CRISPR-Cas9 meditated genome editing. Metab Eng.
2015;31:13-21.

Chung ME, Yeh IH, Sung LY, Wu MY, Chao YP, Ng IS, et al. Enhanced integration
of large DNA into £. coli chromosome by CRISPR/Cas9. Biotechnol Bioeng.
2017;114(1):172-83.

Seo J-H, Baek S-W, Lee J, Park J-B. Engineering Escherichia coli BL21 genome
to improve the heptanoic acid tolerance by using CRISPR-Cas9 system.
Biotechnol Bioprocess Eng. 2017;22(3):231-8.

44,

45.
46.

47.

48.

49.

60.

Page 12 of 12

Juhas M, Ajioka JW. Identification and validation of novel chromosomal inte-
gration and expression loci in Escherichia coli Flagellar Region 1. PLoS ONE.
2015;10(3):20123007.

Merck KGaA. pET System Manual 11th Edition. Darmstadt: Merck KGaA; 2011.
Yoon SH, Lee EG, Das A, Lee SH, Li C, Ryu HK, et al. Enhanced vanillin produc-
tion from recombinant £. coli using NTG mutagenesis and adsorbent resin.
Biotechnol Prog. 2007;23(5):1143-8.

Zaldivar J, Martinez A, Ingram LO. Effect of selected aldehydes on the growth
and fermentation of ethanologenic Escherichia coli. Biotechnol Bioeng.
1999,65(1):24-33.

Liu'S, Liu J, Hou J, Chao N, GaiY, Jiang X. Three steps in one pot: biosynthesis
of 4-hydroxycinnamyl alcohols using immobilized whole cells of two geneti-
cally engineered Escherichia coli strains. Microb Cell Fact. 2017;16(1):104.
Aschenbrenner J, Marx P, Pietruszka J, Marienhagen J. Microbial Production
of Natural and Unnatural Monolignols with Escherichia coli. ChemBioChem.
2019;20(7):949-54.

Halls SC, Davin LB, Kramer DM, Lewis NG. Kinetic Study of Coniferyl Alcohol
Radical Binding to the (+)-Pinoresinol Forming Dirigent Protein. Biochemistry.
2004;43(9):2587-95.

Ricklefs E, Winkler N, Koschorreck K, Urlacher VB. Expanding the laccase-
toolbox: a laccase from Corynebacterium glutamicum with phenol coupling
and cuprous oxidase activity. J Biotechnol. 2014;191:46-53.

Kimura T, Nishioka H. Intracellular generation of superoxide by copper
sulphate in Escherichia coli. Mutat Research/Genetic Toxicol Environ Mutagen.
1997,389(2):237-42.

Zhao M, Zhang B, Wu X, Xiao Y. Whole-cell bioconversion systems for efficient
synthesis of monolignols from L-tyrosine in Escherichia coli. J Agric Food
Chem. 2024;72(26):14799-808.

Durdo P, Chen Z, Fernandes AT, Hildebrandt P, Murgida DH, Todorovic S,

et al. Copper incorporation into recombinant CotA laccase from Bacillus
subtilis: characterization of fully copper loaded enzymes. J Biol Inorg Chem.
2008;13(2):183-93.

Gunne M, Urlacher VB. Characterization of the alkaline laccase SsI1 from
Streptomyces sviceus with unusual properties discovered by genome mining.
PLoS ONE. 2012;7(12):e52360.

Luelf UJ, Béhmer LM, Li S, Urlacher VB. Effect of chromosomal integration on
catalytic performance of a multi-component P450 system in Escherichia coli.
Biotechnol Bioeng. 2023;120(7):1762-72.

Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H, Valen E.
CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome editing.
Nucleic Acids Res. 2019;47(W1):W171-4.

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO.
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat
Methods. 2009,6(5):343-5.

Hecht A, Endy D, Salit M, Munson MS. When wavelengths Collide: Bias in cell
abundance measurements due to expressed fluorescent proteins. ACS Synth
Biol. 2016;5(9):1024-7.

Laemmli UK. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature. 1970;227(5259):680-5.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



Results | 95

2.3.1 Supporting information

Supporting information
Plasmid-free production of the plant lignan pinoresinol in growing Escherichia coli cells

U. Joost Luelf', Alexander Wassing', Lisa M. B6hmer', Vlada B. Urlacher'*

TInstitute of Biochemistry, Heinrich Heine University Dusseldorf, 40225 Disseldorf, Germany

*Corresponding Author
Email: vlada.urlacher@uni-duesseldorf.de

ORCID: Vlada B. Urlacher 0000-0003-1312-4574

Running title: Plasmid-free pinoresinol synthesis



96 | Results

Supporting Tables

Table S1. Efficiency of mCherry integration in E. coli BL21(DE3) using the pgRNA-ET vector series.

Locus Integration efficiency
atpl_rsmG 15/20
glmU_atpC 16/20
yhiO_pitA 18/20
SspA_rpsl 19/20
pepB_sseB 19/20
flgF_figG 20/20

Table S2. List of strains used in this study

Strain Purpose Source
E. coli DH5a cloning procedures Clontech
E. coli BL21(DE3) ex’)rej:‘;'i‘n::r’ifgem’me Novagen
E. coli W3110(T7) EXpref:;?nZZ‘:ir?:"Ome )

E. coli BL21(DE3) mCherry (atpl_rsmG) expression this study
E. coli BL21(DE3) mCherry (gimU_atpC) expression this study
E. coli BL21(DE3) mCherry (yhiO_pitA) expression this study
E. coli BL21(DE3) mCherry (sspA_rpsl) expression this study
E. coli BL21(DE3) mCherry (pepB_sseB) expression this study
E. coli BL21(DE3) mCherry (flgF_flgG) expression this study
E. coli BL21(DE3) mCherry (lacZ) expression this study
E. coliW3110(T7) mCherry (atpl_rsmG) expression this study
E. coli W3110(T7) mCherry (gimU_atpC) expression this study
E. coli W3110(T7) mCherry (yhiO_pitA) expression this study
E. coliW3110(T7) mCherry (sspA_rpsl) expression this study
E. coliW3110(T7) mCherry (pepB_sseB) expression this study
E. coliW3110(T7) mCherry (figF_figG) expression this study
E. coliW3110(T7) mCherry (lacZ) expression this study
E. coli BL21(DE3) ZmCCR_Pc4CL (figF_flgG) expression and biotransformation this study
E. coliW3110(T7) ZmCCR_Pc4CL (flgF_figG) expression and biotransformation this study
E. coliW3110(T7) ZmCCR_Pc4CL (filgF_flgG) Cgl1 (pepB_sseB) expression and biotransformation this study
E. coliW3110(T7) ZmCCR_Pc4CL (figF_flgG) 2xCgl1 (pepB_sseB, atpl_rsmG) expression and biotransformation this study
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Table S3. List of plasmids used in this study.

Plasmid Purpose Source
pEcCas expression of cas9 and A-Red genes 2)
PORNA-bactera tomaat or N sxchange @
pgRNA_001 targets atpl_rsmG locus (1)
pgRNA_002 targets gimU_atpC locus this study
pgRNA_003 targets yhiO_pitA locus this study
pgRNA_004 targets sspA_rpsl locus this study
pgRNA_005 targets pepB_sseB locus this study
pgRNA_006 targets figF_flgG locus this study
pgRNA_007 targets lacZ locus this study
pgRNA-ET_001 for integration in atp/_rsmG locus this study
pgRNA-ET_002 for integration in g/mU_atpC locus this study
pgRNA-ET_003 for integration in yhiO_pitA locus this study
pgRNA-ET_004 for integration in sspA_rps/ locus this study
pgRNA-ET_005 for integration in pepB_sseB locus this study
pgRNA-ET_006 for integration in flgF_flgG locus this study
pSEVA227R template for amplification of mCherry SEVA
pET-28a(+) mCherry template for cloning of mCherry this study
pgRNA-ET_001_mCherry for integration of mCherry in atpl_rsmG locus this study
pgRNA-ET_002_mCherry for integration of mCherry in gimU_atpC locus this study
pgRNA-ET_003_mCherry for integration of mCherry in yhiO_pitA locus this study
pgRNA-ET_004_mCherry for integration of mCherry in sspA_rps! locus this study
pgRNA-ET_005_mCherry for integration of mCherry in pepB_sseB locus this study
pgRNA-ET_006_mCherry for integration of mCherry in figF_flgG locus this study
pgRNA-Duet_006 for integration of mCherry in figF_flgG locus this study
pRSFDuet_CCR_CAD template for amplification of ZmMCCR 4)
pETDuet-TAL-4CL template for amplification of Pc4CL 4)
pETDuet_ZmCCR_Pc4CL expression this study
pgRNA-Duet_006_ZmCCR_PcdCL for integration of Zmlcoiljs& Pc4CL in figF_flgG this study
pET-16b_cgl1 template for amplification of cg/1 (5)
pgRNA-ET_001_cgl1 for integration of cgl1 in atp/_rsmG locus this study
pgRNA-ET_005_cgl1 for integration of cgl1 in pepB_sseB locus this study
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Table S4. Primer sequences.

Integration

Name

Locus

Sequence (5 to 3¢)

Reference

Primers for amplification & cloning of mCherry into pET-28a(+) (Restriction sites are underlined)

mCherry fw

mCherry rev

ATATATCATATGATGGTGAGCAAGGGCGAGGAG
ATATATGAATTCTTACTTGTACAGCTCGTCC

Primers for cloning of mCherry & cgl1 into pgRNA-ET plasmids

pET-28a(+) fw - TATAGGCGCCAGCAACC
pET-28a(+) rev - TTAATGCGCCGCTACAGG
cgl1 fw - CACCATGGGTCCCTCCCTTCGCCC
cglt rev - CGGGATCCTCCTTACTCGTAGCGAAGCGAG

Primers for amplification & cloning of ZmCCR and Pc4CL into pETDuet (Restriction sites are underlined)

ZmCCR fw - ATATATGAATTCGATGACGGTGGTTGATGCG

ZmCCR rev - ATATATGCGGCCGCTTAGGCGCGAATTGCAATG
Pc4CL fw - ATATATCATATGGGAGATTGTGTAGCACC
Pc4CL rev - ATATATCTCGAGTTATTTGGGAAGATCACCGG

gRNA Primer (Restriction sites are underlined. N20 targeting sequences are shown in italic.)

gRNA rev - ATATATACTAGTATTATACCTAGGACTGAGCTAG
(genge:?':r—iﬁ:(ge‘”sign) ATATATACTAGT-N2--GTTTTAGAGCTAGAAATAGC

gRNA_001 fw atpl_rsmG  ATATATACTAGTTTATTAAAAATGTCAATGGGGTTTTAGAGCTAGAAATAGC
gRNA_002 fw gimU_atpC  ATATATACTAGTTATGTGAACGCTATTCAGGAGTTTTAGAGCTAGAAATAGC
gRNA_003 fw yhiO_pitA  ATATATACTAGTACTATGTCACAATCTGAAGCGTTTTAGAGCTAGAAATAGC
gRNA_004 fw sspA_rpsl  ATATATACTAGTTGTTTTACCTGTCTGTCAGGGTTTTAGAGCTAGAAATAGC
gRNA_005 fw pepB_sseB  ATATATACTAGTACAAATTGCGAATCCCTTGTGTTTTAGAGCTAGAAATAGC
gRNA_006 fw figF_flgG ~ ATATATACTAGTITTTTGCGAGCACTTGTAGGCGTTTTAGAGCTAGAAATAGC
gRNA_007 fw lacZ ATATATACTAGTACTATGTCACAATCTGAAGCGTTTTAGAGCTAGAAATAGC

pPgRNA seq GCCACCTGACGTCTAAG

general design
(6)
general design
(6)
1)

Primers for cloning of pgRNA-ET and pgRNA-DUET

pET fw + Overlap HA1
pET rev + Overlap HA2

GCTAAGAACCATCATTGGCTGTATAGGCGCCAGCAACC
GCTAACCCTGTTCGATCATTAATGCGCCGCTACAGG

HA1 fw atpl_rsmG GCCACCACCAGTAACAC
HA1 rev TGATCGAACAGGGTTAGC
HA2 fw CAGCCAATGATGGTTCTTAGC
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Name Integration Sequence (5 to 3¢) Reference
Locus
HAZ2 rev CGTCAGGTGCAACATGAG -
pgRNA fw GTGTTACTGGTGGTGGCTTCAAAAAAAGCACCGACTC -
pgRNA rev CTCATGTTGCACCTGACGGGGATAACGCAGGAAAGAAC -
pET fw + Overlap HA1 GTGTGACCCGTCCTGAATATAGGCGCCAGCAACC -
pET rev + Overlap HA2 CGTCAGGTGGATGTTTTTGTTAATGCGCCGCTACAGG -
HA1 fw GAGGGTGATATGGCAATGAC -
HA1 rev TTCAGGACGGGTCACAC -
gimU_atpC
HA2 fw CAAAAACATCCACCTGACGC -
HA2 rev CATCGGCAAAGAAAGGTG -
pgRNA fw GTCATTGCCATATCACCCTCTTCAAAAAAAGCACCGACTC -
pgRNA rev CACCTTTCTTTGCCGATGGGGATAACGCAGGAAAGAAC -
pET fw + Overlap HA1 CCAGTAAACTGACCCGCTTAATGCGCCGCTACAGG -
pET rev + Overlap HA2 CTGTAATCGTACGCACCATATAGGCGCCAGCAACC -
HA1 fw AAGCGGTTTCTCCAGGAC -
HA1 rev GCGGGTCAGTTTACTGG -
yhiO_pitA
HA2 fw TGGTGCGTACGATTACAG -
HA2 rev CGCCGCATTATGCTGTG -
pgRNA fw GTCCTGGAGAAACCGCTTTTCAAAAAAAGCACCGACTC -
pgRNA rev CACAGCATAATGCGGCGGGGATAACGCAGGAAAGAAC -
pET fw + Overlap HA1 CCCTTATTGGCGATGTGGTTTTAATGCGCCGCTACAGG -
pET rev + Overlap HA2 GAATCAGCGTAAAAACTGGAATATAGGCGCCAGCAACC -
HA1 fw ATGATGCGAGATTCCCACAG -
HA1 rev AACCACATCGCCAATAAGGG -
sspA_rpsl
HA2 fw TTCCAGTTTTTACGCTGATTC -
HA2 rev CAATACTACGGCACTGGTC -
pgRNA fw CTGTGGGAATCTCGCATCATTTCAAAAAAAGCACCGACTC -
pgRNA rev GACCAGTGCCGTAGTATTGGGGATAACGCAGGAAAGAAC -
pET fw + Overlap HA1 CCTGATGCGCTACGCTTATTAATGCGCCGCTACAGG -
pET rev + Overlap HA2 CTAATATGCCGGATGCGGCTATAGGCGCCAGCAACC -
HA1 fw ACCGCCTTCCAGGATTTC -
HA1 rev TAAGCGTAGCGCATCAGG -
pepB_sseB
HA2 fw GCCGCATCCGGCATATTAG -
HA2 rev AGCTGGGCGATATCATCACC -
pgRNA fw GGTGATGATATCGCCCAGCTTTCAAAAAAAGCACCGACTC -
pgRNA rev GAAATCCTGGAAGGCGGTGGGATAACGCAGGAAAGAAC -
pET fw + Overlap HA1 AF flaG CTGTAGTGGATTAGTGACAAAGTTAATGCGCCGCTACAGG -
gk_Tlg

pET rev + Overlap HA2

GTATAAGTTGCCCGATGCGTATAGGCGCCAGCAACC
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Name Integration Sequence (5 to 3¢) Reference
Locus

HA1 fw GCGTAATGGCAGCATTC -

HA1 rev CGCATCGGGCAACTTATAC -

HA2 fw CTTTGTCACTAATCCACTACAG -

HA2 rev TCACGACCGATGGTGATAC -
pgRNA fw GTATCACCATCGGTCGTGATTCAAAAAAAGCACCGACTC -
pgRNA rev GAATGCTGCCATTACGCGGGATAACGCAGGAAAGAAC -

Primers for synthesis of linear dsDonorDNA (/acZ locus)

pET fw + Overlap HA1
pET rev + Overlap HA2

GTCTTCATCCACGCGTTAATGCGCCGCTACAGG
CCATGTTGCCACTCGTATAGGCGCCAGCAACC

HA1 fw ACTGTGAGCCAGAGTTG -
lacZ

HA1 rev CGCGTGGATGAAGAC -

HA2 fw CGAGTGGCAACATGG -

HA2 rev TGGCGTAATAGCGAAG -

Primers for verification of integration by colony PCR

atpl_rsmG fw TCAGCGGCAAGAATACC -
atpl_rsmG

atpl_rsmG rev TCCTGAAGCCCATTTCAC -

glmU_atpC fw GGAAGGCGAATACGATCAC -
glmU_atpC

glmU_atpC rev GCGGTTAAAGGCATGTTG -

yhiO_pitA fw TCAATCCGCCTTGCTTAC -
yhiO_pitA

yhiO_pitA rev ACCATTAACGCGCTCAAC -

sspA_rpsl fw GCGGGTCATATAGCCTTTC -
sspA_rpsl

sspA_rpsl rev GGAAGGCGAATACGATCAC -

pepB_sseB fw GCTTCACCGGCTTAATGG -
pepB_sseB

pepB_sseB rev CGGCTACAGCATCAAACAG -

figF_figG fw GTGGAAGGGCTTTCTCTG -

figF_flgG
figF_flgG rev TTCGCCAATGCTCTCC -
lacZ fw fw TATAGGCGCCAGCAACC -
lacZ
lacZ rev rev ACTGTGAGCCAGAGTTG -
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Table S5: Positions of cut sites in the genome of E. coli BL21(DE3) (GenBank accession no.
CP001509.3) and E. coli W3110 (GenBank accession no. AP009048.1).

Locus Position of target site in E. coli BL21(DE3) Position of target site in E. coli W3110
atpl_rsmG 3,811,627 3,713,854
glmU_atpC 3,804,242 3,721,239
yhiO_pitA 3,501,563 4,001,236
sspA_rps/ 3,238,863 3,377,555
pepB_sseB 2,520,924 2,653,655
flgF_flgG 1,137,219 1,136,229

Table S6: HPLC gradient settings. Mobile phase consists of water with 0.1%(v/v) formic acid (A) and

methanol (B). Flow rate was set to 0.5 ml/min and column oven temperature was set to 30 °C.

Time [min] concentration of methanol (B) [%]
0.01 30
10.00 30
10.01 30
18.00 43
18.01 65
19.00 90
19.01 90
24.00 30
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Supporting Figures
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Figure S1: Agarose gels stained with MIDORI Green Advance under UV light. Colony PCR results after
chromosomal integration of mCherry into different intergenic loci (E. coli BL21(DE3)). The amplicon

lengths indicating successful integration events are marked by an arrow.
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Figure S2. Impact of chromosomal integration and expression of mCherry on cell growth of E. coli
BL21(DE3). E. coli BL21(DE3) without integrated genes was used as a negative control. Induced (dark

red) and non-induced, basal (light red) expression were compared.
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Figure S3. Non-induced (leaky) expression of mCherry after chromosomal integration into different
genomic loci in E. coli BL21(DE3). Relative fluorescence was calculated in relation to induced expression

after chromosomal integration into /acZ locus shown in Figure 2 in the main manuscript.
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Figure S4: Medium comparison. Lysogeny broth (LB) and terrific broth (TB) were tested for conversion
of 5 mM ferulic acid 1 by growing E. coli W3110(T7) cells harboring pETDuet_ZmCCR_Pc4CL.
Concentrations of ferulic acid 1, coniferyl aldehyde 3, and coniferyl alcohol 4 were quantified 18 h after
substrate addition via HPLC.
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Figure S5: SDS-PAGE (A) and Western Blot (B) of whole cells 18 h after addition of 5 mM ferulic acid 1.
Expression of chromosomally integrated genes was compared to episomal expression using a
pETDuet-1 vector. E. coli strains harboring no copy of heterologous genes were used as negative
controls.
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Figure S6: Impact of substrate addition on cell growth of different E. coli harboring chromosomally
integrated genes encoding Pc4CL and ZmCCR. Optical density at 600 nm wavelength (ODesgo) was
measured 18 h after addition of 5 mM ferulic acid 1 (dissolved in DMSO). The same amount of DMSO
was added to the samples without substrate to ensure comparability. Means and standard deviations
were calculated from three biological replicates.
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Figure S7: Oxidative radical coupling products of coniferyl alcohol 4. Pinoresinol 5 originates from the
8,8-coupling of two monomer radicals. The direction of approach determines which of the two
enantiomers of 5 is formed (si face recombination results in (+)-pinoresinol, re face in (-)-pinoresinol).
Thus, a racemic mixture is formed in the absence of dirigent proteins. m/z of base peaks observed in
TIC(+) (LC/MS) is annotated to the compounds.
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Figure S8: HPLC chromatogram for identification of oxidative coupling products of coniferyl alcohol 4.
Oxidative coupling was performed chemically by using FeCls and resulted in the formation of pinoresinol
5, erythrolthreo-(t)-guaiacylglycerol 8-O-4’-coniferyl alcohol ethers 6alb, and dehydrodiconiferyl alcohol
7. Control without addition of FeCls shows no coupling products. Products were identified based on m/z
according to our previous study (7). m/z of base peaks observed in the corresponding LC/MS TIC(+) are

annotated.
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Figure S§9: HPLC chromatogram for identification of oxidative coupling products of coniferyl aldehyde 3.
Oxidative coupling was performed chemically by using FeCls. Control without addition of FeCls shows no

coupling products. m/z of base peaks observed in the corresponding LC/MS TIC(+) are annotated.
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Figure $10: Comparison of HPLC chromatograms after FeCls-mediated coupling of coniferyl aldehyde 3
and coniferyl alcohol 4 performed separately (cf. Figures S8 & S9) as well as in the same reaction tube
in order to identify cross-coupling products. m/z of base peaks observed in the corresponding LC/MS
TIC(+) are annotated.
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Figure S11: Comparison of HPLC chromatograms at different time points (0 h, 18 h, 42 h, 66 h after
substrate addition) during conversion of 5 mM ferulic acid 1 to pinoresinol 5 (cf. Figure 4). The enzymatic
cascade proceeds via coniferyl aldehyde 3 and alcohol 4. Laccase-catalyzed radical C-C-coupling
resulted in the formation of pinoresinol 5, erythro/threo-(+)-guaiacylglycerol 8-O-4’-coniferyl alcohol
ethers 6alb, and dehydrodiconiferyl alcohol 7. m/z of base peaks observed in the corresponding LC/MS
TIC(+) are annotated.
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Figure S12: SDS-PAGE of whole cells 18 h, 42 h, and 66 h after addition of 5 mM ferulic acid 1. CuSO4
addition at time of induction (0 h) was compared to 18 hours after induction. Additionally, different copy

numbers of c¢gl1 (one or two copies) were compared (cf. Figure 5).
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Figure S13: HPLC chromatogram of isolated pinoresinol 5 for determination of purity. m/z of the base

peak observed in the corresponding LC/MS TIC(+) is annotated.
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Figure S14: 'H-NMR (300 MHz, Acetone) 5 7.55 (s, 1H), 7.00 (d, J = 1.9 Hz, 2H), 6.85 (ddd, J = 8.1, 1.9,
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Figure S15: *C-NMR (75 MHz, Acetone) & 206.28, 148.32, 146.84, 134.18, 119.63, 115.53, 110.61,
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Figure S16. Construction of the plasmid series pgRNA-ET. The plasmid pgRNA (left) contains a locus-
specific single-guide RNA (sgRNA) under control of a constitutive promoter, a ColE1 origin of replication
(ori) as well as a gene encoding the B-lactamase (bla) for ampicillin resistance (3). PCR was used to
linearize the plasmid and introduce overlaps for Gibson assembly. Locus-specific homology arms of ~500
bp length (HA1 & HA2) for homologous recombination during the chromosomal integration process were
amplified from E. col’'s genome. The expression cassette containing the multiple cloning site (MCS)
originated from pET-28a(+). All four fragments were fused by Gibson assembly to result in the pgRNA-ET

plasmid series.
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ABSTRACT

Chromosomal integration of heterologous genes into well-studied hosts like Escherichia coli is one way
to establish stable production strains. However, the metabolic flux in newly constructed or reconstituted
pathways as well as the catalytic activity of multi-component enzymatic systems is rarely optimal from
the very beginning and depends on both enzyme activity and expression levels of the individual genes.
While enzyme activity can be optimized by well-established protein engineering methods using plasmids
prior to chromosomal integration, gene expression may be improved, among other things, by varying the
promoter strength. The optimal choice of promoters for chromosomal expression systems, however, can
often not be predicted based on previous plasmid-based experiments. Moreover, the simultaneous
expression of multiple genes can affect each other, which can quickly lead to a high-dimensional
optimization problem. Consequently, either all selected promoter combinations must already be
considered during integration, or the promoters can be exchanged iteratively after successful gene
integration into the genome. Both strategies create an enormous workload. This Technical Note presents
a simple method that enables a one-step combinatorial CRISPR/Cas-mediated promoter substitution

after heterologous genes have been successfully integrated into the genome of Escherichia coli.

KEYWORDS: promoter substitution, chromosomal integration, E. coli, CRISPR/Cas
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Chromosomal integration of heterologous genes to entire pathways can be advantageous compared
to plasmid-based expression in Escherichia coli. In addition to eliminating the need for selectable markers
such as antibiotics and reducing cell-to-cell variability, chromosomal integration also allows finer tuning
of multi-enzymatic systems or cascades.™ The introduction of CRISPR/Cas-assisted recombineering
greatly facilitated these integration procedures.® ® There, a Cas endonuclease can be programmed to
target almost every region of E. col’'s chromosome and introduce lethal double-strand breaks which can
be used as a counter-selection tool for recombineering.” ® However, each genome editing procedure still
requires a certain amount of time and effort and the iterative integration of multiple heterologous genes
may add up to several weeks of work. Unfortunately, the balance in a multi-component system is rarely
optimal at the very first attempt. Whether it is the metabolic flux in a reconstituted or newly designed
pathway, or the ratios of redox partner proteins necessary for enzyme activity, tuning of the individual
components is often required. In this context, both the enzyme activity and the expression level are
relevant. Whereas the first is defined by the enzyme’s sequence, the latter can be altered, for example,
by changing the rate of transcription and testing different promoter designs.® Once the heterologous
genes have been integrated into the chromosome, iterative promoter substitution results in a significant
amount of additional work. Even with only two integrated genes and three promoters to test (cf. table of
contents figure), there are nine possible combinations that must be introduced in two iterative steps
targeting one gene at a time when using classical methods. Furthermore, only some of these promoter
combinations will show positive results with regard to the performance of the multi-component system,
making most of the work obsolete in retrospect. This also applies to the approach of considering all
promoter combinations already when integrating the individual genes. Thus, in this Technical Note, a
brief description of a method is presented, that allows fast and simultaneous one-step combinatorial

exchange of promoters of previously integrated genes.
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The described method relies on the well-known A-Red-mediated homology-directed repair pathway.
Here, the original promoter is removed by the insertion of a new promoter in combination with
counterselection by CRISPR/Cas9. Homology-directed repair requires the introduction of one DNA repair
template (donor DNA) per promoter into the cells.® However, the probability that not one but two or even
more different DNA fragments will be incorporated into a cell simultaneously during transformation
decreases exponentially with the number of fragments. Consequently, the number of cells that
accommodate only one of the repair templates is disproportionately large. For the intended promoter
exchange at multiple sites, this would result in the same promoter being integrated at all sites if a mixture
of separate templates for each promoter is used (Figure 1A). Existing methods such as multiplex
automated genome engineering (MAGE) circumvent this problem by repeating the method in several
cycles.' In contrast, in the method described here, this repetition can be omitted because a single DNA
fragment is used instead of a mixture. This fused donor DNA combines the individual repair templates

for each promoter separated by a CRISPR/Cas target sequence and is cleaved in the cells (Figure 1B).
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Figure 1: Comparison of promoter substitution approaches. (A) Application of a mixture of different linear
DNA fragments for each promoter results in a high likelihood that only one promoter is used to replace
the original promoter at all sites. (B) The use of fused donor DNA allows the substitutive integration of

different promoters at different genomic loci.

In the following, the individual steps of the method are described in more detail. In a previous study,
we provided primer sequences which allow easy amplification and CRISPR/Cas-assisted chromosomal
integration of genes located on pET vectors."! The integration of several heterologous genes is performed
iteratively according to the known CRISPR/Cas-assisted recombineering method using site-specific 500
bp homology arms (Figure 2A). Along with the genes, the T7lac promoter from the pET vector is also
amplified and integrated into the chromosome. Although this promoter is known to lead to overexpression
of heterologous genes, it is not the optimal choice in all cases and might lead to inclusion bodies or suffer

from inactivation of the T7 RNA polymerase gene.'>' Thus, in this exemplary demonstration, T7lac was

6
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substituted by tac and T5lac promoter which are recognized by E. coli's own RNA polymerase instead.
For CRISPR/Cas-assisted combinatorial promoter replacement, a target (spacer) sequence upstream of
the original T7lac promoter was selected and two short homology arms (59 bp and 45 bp) were identified
that are present among all integrated heterologous genes (Figure 2B). Although longer homology arms
are correlated with higher editing efficiency in general,® '® these short homology arms are sufficient for
successful promoter replacement due to the overall shortness of the repair template. Preliminary tests
for single substitution of promoters at a single site showed a high editing efficiency of 100% (n = 5) for all
three promoters tested (Figure S1). Apart from the T5lac and tac promoters, we decided to also re-
introduce T7lac, which would otherwise have been completely excluded from further experiments due to
the high targeting efficiency of the gRNA; the chosen target sequence resulted in none to only a few
escaper colonies when no DNA repair template was added. In addition, no off-target activity was

observed in a test with a strain without the target sequence (data not shown).
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Figure 2: Mechanism of combinatorial promoter substitution after chromosomal integration of

heterologous genes. (A) Two different genes of interest amplified from pET vectors are integrated into

the chromosome using CRISPR/Cas-assisted recombineering. The donor DNA contains locus-specific

500 bp homology arms flanking the gene of interest for A-red-mediated homologous recombination. The
CRISPR/Cas target sequences (N2o(1) and N2o(2)) depend on the integration site. (B) Along with the

gene, the T7lac promoter originating from the pET vector is introduced as described before.!" This part

of the sequence is therefore identical for all integrated genes at all sites. Upstream of the T7lac promoter,

a CRISPR/Cas target sequence (N2o(3)) for promoter substitution is selected and surrounding short

homology arms (59 bp HA1 & 45 bp HA2) are designed. (C) A fused donor DNA containing all repair

templates separated by the same target sequence (N2o(3)) is cleaved into individual repair templates

(promoter mix) in the cell and yields different promoter combinations.
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For combinatorial promoter substitution, the fused donor DNA containing repair templates for T7lac,
T5lac and tac insertion was synthesized and initially tested for substitution at one site in the genome.
Each promoter repair template was separated by the targeting sequence so that the fused construct is
cut in the cells. This design also eliminates the possibility of multiple promoters being inserted in
sequence at the same site. If the template is not cleaved before insertion into the chromosome, it would
represent a target for CRISPR/Cas cleavage again. Successful promoter substitution was verified by
colony PCR with specific primers for each promoter. Of 20 colonies tested, 14 contained the newly
integrated T7lac promoter, and only 4 and 2 times the tac or T5lac promoter were found, respectively
(Figure S2). This uneven distribution is most likely due to the higher homology of the T7lac repair template
to the target site. The fact that the original promoter and the promoter to be inserted are identical (T7lac)
results in a longer homology arm (91 bp compared to 45 bp) downstream of the double-strand break. An
inefficient substitution and false positive results caused by "wild type" T7lac could be excluded by specific

primer design.

Nonetheless, simultaneous promoter substitution at two different sites was tested. For this purpose,
a previously described bacterial three-component cytochrome P450 system was chosen as a model
case."" The activity of CYP154E1 from Thermobifida fusca YX was reconstituted in E. coli based on two
redox partners — the flavodoxin YkuN from Bacillus subtilis and the FAD-containing reductase FAR from
E. coli. Since the latter is already present in the host, only the genes encoding the P450 and the
flavodoxin were integrated into the chromosome as described and subject to promoter substitution. For
CYP154EA1, all three promoters were found, with a distribution of 87% T7lac, 10% tac, and 3% T5lac. For
the flavodoxin, however, only T7lac (82%) and tac (18%) and no T5lac were found. In total, only six of

the nine possible combinations were identified in a screening of 94 colonies. The statistical distribution
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with high preference for T7lac would therefore require the screening of an even larger number of colonies
to find all nine desired combinations. However, it should be noted that the PCR-based genotyping used
for this proof of concept creates an enormous workload and a high-throughput screening for the desired
phenotypic properties (e.g. metabolic flux, conversion, or enzyme concentration) would be highly
preferred. In our model case, the replacement of the T7lac promoter by T5lac or tac resulted in lower
P450 concentrations (Figure S3). Furthermore, it has been demonstrated that the endogenous copy of
the gene encoding flavodoxin reductase is not sufficient for catalysis.' Thus, no phenotypic screening
based on substrate conversion was established for this system. Nevertheless, the fundamental proof of
concept using a fused donor DNA for simultaneous and combinatorial promoter substitution was
successfully demonstrated. In further experiments, different promoters for a multi-component system
eligible for a phenotypic high-throughput screening should be tested, the limits of multiplexing should be
determined, and the extent to which the order of promoters in the fused donor DNA affects the statistical

distribution should be investigated.

AUTHOR CONTRIBUTIONS

U.J.L conceptualized the study, designed and conducted the experiments, analyzed the data and
prepared the first draft. V.B.U. contributed to conceiving experiments, interpretation of data, and writing

of the manuscript. Both authors edited the manuscript and approved the final version of the manuscript.



124 | Results

1 ACKNOWLEDGMENT

2 We would like to thank Martin Sosna for assisting in the colony PCR screening. Financial support was
3 provided by the state of North Rhine-Westphalia (NRW) and the “European Regional Development Fund
4  (EFRE)”, Project “Clusterindustrial Biotechnology (CLIB) Kompetenzzentrum Biotechnologie (CKB)”

5 (34.EFRE-0300095/1703FI04).

6  CONFLICT OF INTEREST STATEMENT

7  The authors declare no conflict of interest.

8 DATA AVAILABILITY STATEMENT

9 Data are available from the corresponding author on reasonable request.



Results | 125

N

o N o o

10
11

12
13
14

15
16
17

18
19
20

21
22

23
24
25

REFERENCES

(1) Yadav, V. G.; De Mey, M.; Lim, C. G.; Ajikumar, P. K.; Stephanopoulos, G. The future of metabolic
engineering and synthetic biology: towards a systematic practice. Metab Eng 2012, 14 (3), 233-241. DOI:
10.1016/j.ymben.2012.02.001.

(2) Mairhofer, J.; Scharl, T.; Marisch, K.; Cserjan-Puschmann, M.; Striedner, G. Comparative
Transcription Profiling and In-Depth Characterization of Plasmid-Based and Plasmid-Free Escherichia
coli Expression Systems under Production Conditions. App/ Environ Microbiol 2013, 79 (12), 3802-3812.
DOI: 10.1128/AEM.00365-13.

(3) Englaender, J. A.; Jones, J. A.; Cress, B. F.; Kuhiman, T. E.; Linhardt, R. J.; Koffas, M. A. G. Effect of
Genomic Integration Location on Heterologous Protein Expression and Metabolic Engineering in E. coli.
ACS Synth Biol 2017, 6 (4), 710-720. DOI: 10.1021/acssynbio.6b00350.

(4) Ajikumar, P. K.; Xiao, W. H.; Tyo, K. E.; Wang, Y.; Simeon, F.; Leonard, E.; Mucha, O.; Phon, T. H.;
Pfeifer, B.; Stephanopoulos, G. Isoprenoid pathway optimization for Taxol precursor overproduction in
Escherichia coli. Science 2010, 330 (6000), 70-74. DOI: 10.1126/science.1191652.

(5) Jiang, Y.; Chen, B.; Duan, C.; Sun, B.; Yang, J.; Yang, S. Multigene Editing in the Escherichia coli
Genome via the CRISPR-Cas9 System. App/ Environ Microbiol 2015, 81 (7), 2506-2514. DOI:
10.1128/AEM.04023-14.

(6) Li, Y.; Lin, Z.; Huang, C.; Zhang, Y.; Wang, Z.; Tang, Y.-j.; Chen, T.; Zhao, X. Metabolic engineering of
Escherichia coli using CRISPR—Cas9 meditated genome editing. Metab Eng 2015, 31, 13-21. DOI:
https://doi.org/10.1016/j.ymben.2015.06.006.

(7) Jiang, W.; Bikard, D.; Cox, D.; Zhang, F.; Marraffini, L. A. RNA-guided editing of bacterial genomes
using CRISPR-Cas systems. Nat Biotechnol 2013, 31 (3), 233-239. DOI: 10.1038/nbt.2508.

(8) Ao, X.; Yao, Y,; Li, T.; Yang, T.-T.; Dong, X.; Zheng, Z.-T.; Chen, G.-Q.; Wu, Q.; Guo, Y. A Multiplex
Genome Editing Method for Escherichia coli Based on CRISPR-Cas12a. Front Microbiol 2018, 9, 2307-

2307. DOI: 10.3389/fmicb.2018.02307.
12



126 | Results

10
11
12

13
14
15

16
17
18
19

20
21
22

23

(9) Xu, N.; Wei, L.; Liu, J. Recent advances in the applications of promoter engineering for the
optimization of metabolite biosynthesis. World J Microbiol Biotechnol 2019, 35 (2), 33. DOI:
10.1007/s11274-019-2606-0.

(10) Wang, H. H.; Isaacs, F. J.; Carr, P. A;; Sun, Z. Z.; Xu, G.; Forest, C. R.; Church, G. M. Programming
cells by multiplex genome engineering and accelerated evolution. Nature 2009, 460 (7257), 894-898.
DOI: 10.1038/nature08187.

(11) Luelf, U. J.; Bohmer, L. M.; Li, S.; Urlacher, V. B. Effect of chromosomal integration on catalytic
performance of a multi-component P450 system in Escherichia coli. Biotechnol Bioeng 2023, 120 (7),
1762-1772. DOI: 10.1002/bit.28404.

(12) Studier, F. W.; Moffatt, B. A. Use of bacteriophage T7 RNA polymerase to direct selective high-level
expression of cloned genes. J Mol Biol 1986, 189 (1), 113-130. DOI: https://doi.org/10.1016/0022-
2836(86)90385-2.

(13) Vethanayagam, J. G.; Flower, A. M. Decreased gene expression from T7 promoters may be due to
impaired production of active T7 RNA polymerase. Microb Cell Fact 2005, 4 (1), 3. DOI: 10.1186/1475-
2859-4-3.

(14) Angius, F.; llioaia, O.; Amrani, A.; Suisse, A.; Rosset, L.; Legrand, A.; Abou-Hamdan, A.; Uzan, M ;
Zito, F.; Miroux, B. A novel regulation mechanism of the T7 RNA polymerase based expression system
improves overproduction and folding of membrane proteins. Sci Rep 2018, 8 (1), 8572. DOI:
10.1038/s41598-018-26668-y.

(15) Bassalo, M. C.; Garst, A. D.; Halweg-Edwards, A. L.; Grau, W. C.; Domaille, D. W.; Mutalik, V. K;
Arkin, A. P; Gill, R. T. Rapid and Efficient One-Step Metabolic Pathway Integration in E. coli. ACS Synth
Biol 2016, 5 (7), 561-568. DOI: 10.1021/acssynbio.5b00187.



Results | 127

2.4.1 Supporting information

1 Supporting information

2 Combinatorial promoter replacement after integration of heterologous genes into the

3  Escherichia coli chromosome
4 U. Joost Luelf', Vlada B. Urlacher™

5 Institute of Biochemistry, Heinrich Heine University Disseldorf, 40225 Diisseldorf, Germany

7  *Corresponding Author
8 Email: vlada.urlacher@uni-duesseldorf.de

9 ORCID: Vlada B. Urlacher 0000-0003-1312-4574

10  Running title: Promoter replacement



128 | Results

10

11

12

13

14

15

16

17

18

19

20

21

22

1. METHODS

1.1. Strains and plasmids

E. coli DH5a (Clontech) was used as cloning host and for plasmid propagation. E. coli W3110(T7)
mCherry (atpl_rsmG)," E. coli W3110(T7) CYP154E1 QAA (nupG)? and E. coli W3110(T7) CYP154E1
QAA (nupG) YkuN (atpl_rsmG)? were used for genome engineering and/or heterologous expression of
a cyp154e1 triple mutant described elsewhere.? Plasmids pEcCas (Addgene plasmid #73227),® and

pgRNA-bacteria (Addgene plasmid #44251)* were derived from Addgene.

1.2. CRISPR/Cas-assisted promoter substitution

The Ny targeting sequence of the sgRNA encoded on pgRNA-bacteria plasmid was exchanged as
described before.? For single promoter exchange, single-stranded oligonucleotides were ordered and
fused in a standard PCR reaction to obtain the individual double-stranded DNA repair templates for each
promoter. A list of all oligonucleotides used in this study can be found in Table S1. For combinatorial
promoter exchange, the promoter DNA template was synthesized and cloned into a pUC-57 vector by
BioCat GmbH (Heidelberg). The annotated sequence can be found in Figure S4. For recombination, the
fused promoter DNA template was amplified by standard PCR to obtain a higher amount of linear donor
DNA. Promoter substitution was achieved by following the procedure described for chromosomal
integration before.? Briefly, electrocompetent cells harboring pEcCas for expression of cas9 and A-red
genes were prepared and 400-500 ng of the fused promoter DNA template as well as the pgRNA plasmid
were co-electroporated. Cells were recovered after electroporation and plated onto selective LB agar
plates. Promoter substitution was verified by separate colony PCRs using specific primers for each

possible promoter and site.
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1.3. Expression and quantification of P450

To quantify the effect of different promoters on P450 expression, 50 ml Terrific Broth (TB) medium were
inoculated with 1 ml of the overnight cultures and incubated at 37 °C, 180 rpm. The experimental details
of expression and cell disruption to obtain a crude extract can be found elsewhere.? The quantification of
functional, heme-loaded P450 via carbon monoxide difference spectra was carried out as described by

Omura and Sato.>®
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Table S1. Oligonucleotide sequences. Restriction sites are underlined. Nao targeting sequence is shown

in italic.
Name Sequence (5 to 3°) Reference
gRNA Primer
9RNA rev ATATATACTAGTATTATACCTAGGACTGAGCTAG general design
GRNAXXX fw (general A1 aATATACTAGT-NorGTTTTAGAGCTAGAAATAGC general design 7
primer design)
gfg'ﬁ[;gg;)fw (nupG ATATATACTAGTGAGATCTCGATCCTCTACGCGTTTTAGAGCTAGAAATAGC
pgRNA seq GCCACCTGACGTCTAAG 2

Primers for synthesis of donor DNA for single promoter exchange

TATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGG

Thlac fw CGTCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

T5lac rev CCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGATATTATAATTGTTATC
CGCTCACAAAGC

e f TATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGG
CGTTGACAATTAATCATCGGCTCGTATAATGTG

nc rov CCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAAATTGTTATCCGCTCA
CAATTCCACACATTATACGAGCCGATG

Tiae TATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGG

ac CGTAATACGACTCACTATAGGGGAATTGTGAGCGGATAAC
Tiac rov CCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCC

GCTCACAATTCCC

Primers for amplification of fused promoter DNA template

pUC57 fw GTACCTCGCGAATGCATC
pUC57 rev GACCATGATTACGCCAAG

Primers for colony PCR

T5lac GTTATCCGCTCACAAAGC

tac CACATTATACGAGCCGATG
T7lac (new) CTATAGTGAGTCGTATTACGCC
T7lac (original) TAATTTCGCGGGATCGAG
atpl_rsmG locus TGCCCGAAGAATATCAGG
nupG locus AGCACTTTCCGCCATTC
sspA_rpsl locus GCGGTTAAAGGCATGTTG
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1 3. Supporting Figures

3 Figure S1: PCR-based verification of promoter substitution using single donor DNA. Promoter-specific

4 primers can be found in Table S1.
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monoxide difference spectra after chromosomal expression of cyp154e1 triple mutant under control of
three different promoters. Means and standard deviation were calculated from four biological replicates.

| N20 targeting sequence _HiGfologyatii Homology arm 2|

CCGGCGTAGAGGATCGAGATCTCTATAGGCGCCAGCAACCECACCTCTEECECE

CGGATAACAATTATAATA
AIGECCGGCGTAGAGGATCGAGATCTCTATAGGCGCCAGCAACCEGCACCTETCE

BATATAGEATGECCGGCGTAGAGGATCGAGATCTCTATAGGCGCCAGCAACCGCA

TTGACAATTAATCA
CGGCTCG GTGGAATTGTGAGCGGATAACAATT!
ICCGGCGTAGAGGATCGAGATCTC

5

6  Figure S4: Annotated sequence of fused donor DNA with three different promoters (T5lac, T7lac, tac).
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3 General Discussion and Outlook

The applicability of biocatalysts depends not only on enzymes with the right properties in terms
of activity and selectivity, but also on the overall productivity of the entire biocatalytic system.
This productivity is determined, among other things, by the concentration of the enzyme(s).
For in vitro biocatalysis, the enzyme concentration can be easily adjusted by adding more of
the isolated (purified) enzyme. However, in in vivo systems, enzyme concentration is set by
the expression level which can be adjusted, for example, by altering the gene copy number or
choosing a different promoter. In addition, the productivity of multi-component systems like the
P450 system described in Chapter 2.2 or the biosynthetic pathway described in Chapter 2.3 is
usually limited by their weakest component. Therefore, optimization of the interaction of the
individual components is of great importance. When using whole cells or crude extracts,
another issue can arise: other enzymes present in the biocatalytic system can degrade

(co-)substrates, intermediates or even the product, reducing the yield of the target compound.

To overcome these challenges, within this thesis, CRISPR/Cas-assisted recombineering was
applied in various ways for the development and optimization of different E. coli-based
biocatalysts. These biocatalysts ranged from growing E. coli cells in precursor fermentation to
resting cells for biotransformation and cell-free extracts for enzyme catalysis. In order to
provide a comprehensive and comprehensible discussion of the results, the following
discussion is divided into two sub-chapters, one dealing with aspects of the results regarding

biocatalysis and the other focusing on genome engineering.
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3.1 Biocatalysis

P450s and UPOs are both promising biocatalysts for late-stage oxyfunctionalization of non-
activated carbon centers. Their activity depends on either redox partners, molecular oxygen
and the cofactor NAD(P)H in case of P450 monooxygenases, or the co-substrate hydrogen
peroxide in case of peroxygenases. Although the latter is preferred from an economical
perspective, it can affect the enzyme’s stability and is quickly degraded by E. coli's catalases
katE (hydroperoxidase IlI) and katG (hydroperoxidase ). To avoid this competitive co-substrate
degradation, purified enzymes are usually used to study peroxygenase-catalyzed reactions.
However, the purification process involves a considerable amount of work and is associated
with enzyme losses and stability issues. Especially in the iterative optimization of
peroxygenases using protein engineering, this can quickly become an overwhelming
challenge. Thus, in the first peer-reviewed manuscript (Chapter 2.1), a simple in-frame deletion
of both catalase genes in E. coli BL21-Gold(DE3) was performed. Due to the reduced
competitive degradation of H20-, crude extracts and whole cells can now be used for H2O»-
driven biocatalysis, avoiding the need for enzyme purification. However, in this context, the
biological role of catalases and the effects of their knockout on E. coli-based biocatalysts
should be discussed. Although no or only minor effects on cell growth due to the knockout in

the absence of H.O2 were reported both in the literature™* '

and in the present study, viability
is dramatically reduced in the presence of H,O,, as expected. Only a minor reduction of
heterologous expression of peroxygenases was observed for catalase-deficient E. coli
BL21-Gold(DE3). Thus, with only a minor effect on biomass and protein concentrations, this
engineered strain is well suited for biocatalysis with resting cells or cell-free extracts in which
the production of the biocatalyst and the conversion phase are clearly separated. In contrast,
an application in precursor fermentation with growing cells is rather unfeasible due to the
generally low viability of bacteria in presence of H20., which is further impaired by the catalase
deficiency. However, it may be interesting to test to what extent in situ generation of H20: is

compatible with cell growth of catalase-deficient E. coli. In this context, it should be noted that

strictly coupled cascade systems, in which H.O: is first formed in one reaction step, e.g. by an
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oxidase, and then used in another reaction step catalyzed by peroxygenases, are not feasible
in vivo, as a slight decrease in the peroxide concentration over time could still be observed
despite the lack of catalases. This is probably due to the activity of the alkyl hydroperoxide
reductase in E. coli which shows a high affinity towards H.O, and can scavenge even low
peroxide concentrations. An additional knockout of this gene, however, leads to drastically

impaired cell growth and is therefore not advisable.'*

Another issue of catalase deficiency arises with the use of hydrophobic organic solvents in
biphasic biocatalytic systems. Organic solvents are often used to improve the substrate
availability and facilitate product isolation.'® However, toxicity of these solvents is a major
concern. In this context, catalase-deficient E. coli strains are even more sensitive to oxidative
stress caused by hydrophobic organic solvents such as n-hexane and cyclohexane than
wild-type strains.'®® Moreover, the lack of catalases is inherently associated with a higher
susceptibility to oxidative DNA damage, resulting in an enhanced mutation rate.’® It can
therefore be assumed that the performance of a cell-based biocatalyst might change over
several generations. Avoiding extensive subcultures should, however, prevent the
unintentional transmission of mutations. In this context, one advantage of plasmids over
chromosomal expression systems should be emphasized: plasmids can be easily reintroduced
into the original catalase-deficient strain. In contrast, extensive and stepwise metabolic
engineering might fail in catalase-deficient strains due to the accumulation of mutations over
time. In this case, the catalase deficiency should be introduced as the last step at the very end
of the engineering process. Despite the challenges arising from catalase deficiency, it will be
exciting to see to what extent catalase-deficient E. coli can be used in HO>-driven biocatalysis
in the future, as it was clearly demonstrated that these can be used for biotransformations with

UPOs and P450 peroxygenases in whole cells and crude extracts.

Biocatalytic oxyfunctionalization was also the subject of the second peer-reviewed manuscript
(Chapter 2.2). The aim of this study was to investigate the effect of chromosomal integration

on the catalytic performance of a three-component model P450 system. Using a bacterial
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CYP154E1 variant and the redox partner proteins YkuN and FdR, the human metabolite of the
anesthetic (S)-ketamine, (2S,6S)-hydroxynorketamine, was successfully produced in resting
E. coli cells. The expression of P450s in E. coliis particularly interesting for studying the effects
of chromosomal integration on the performance of biocatalysts. Firstly, E. coli does not contain
any intrinsic P450s. Thus, heterologous P450s can be quantified very easily by utilizing their
special spectral properties. The reduced, carbon monoxide bound form shows a characteristic
Soret band at 450 nm wavelength, hence the name P450 (Pigment 450), which differs from
other heme proteins such as hemoglobin, which exhibits a Soret band at 420 nm. The essential
difference is due to the fifth ligand of the heme iron, which for P450s is a cysteinate instead of
a histidine. In the case of denaturation, however, this cysteinate ligand can also be replaced
by a histidine, which can be observed by an increase in absorbance at 420 nm.'9"-'%°
Interestingly, chromosomal expression of CYP154E1 without redox partners resulted in a 40%
increase in functional heme-loaded enzyme compared to plasmid-based expression in E. coli
BL21(DE3). However, plasmid-based expression showed a stronger protein band on the SDS-
PAGE gel. According to the SDS-PAGE gel analysis, the largest portion of this protein was
localized in the insoluble fraction after cell disruption. It can therefore be assumed, that the
reduction of the copy number from approximately 40 gene copies for the plasmid system to a
single chromosomal gene copy reduced the overall expression as expected, but increased the
amount of correctly folded, heme-loaded and therefore active P450. This result clearly shows
that the expression of P450s does not necessarily depend on strong transcription, but rather
on correct folding and heme loading. This is in line with the literature, in which, for example, a
higher enzymatic activity in combination with a lower amount of total protein was achieved by
reducing the inducer concentration and the promoter strength for a CYP102A1 (BM3) variant
in E. coli. Bertelmann et al. concluded that, under strong expression, a considerable amount
of P450 likely did not undergo proper folding or heme incorporation.?”® In this context, it is
important to note that CYP154E1 is produced at high levels in E. coli, even higher than the
well characterized CYP102A1 used in the aforementioned study by Bertelmann et al.?"’

Although the heme precursors 5-aminolevulinic acid and ferrous sulfate were supplemented in



General Discussion and Outlook | 139

the study provided in Chapter 2.2, it is reasonable to assume an overstrain of the heme
synthesis. Thus, metabolic engineering of heme biosynthesis is an interesting approach to

further improve the expression of heme proteins like P450s.29% 203

Likewise, even in other organisms such as Pseudomonas taiwanensis VLB120, a moderate
translation rate was found to be the optimum for the heterologous expression of a P450. An
increase in gene copy number only led to an increase in inactive P450 rather than improved

hydroxylation activity.**

It should be noted that the expression levels varied for different E. coli strains with E. coli
JM109(T7) showing reduced P450 expression after chromosomal integration. The reason for
this remains elusive und necessitates further exploration. However, this also highlights the
importance of screening different E. coli strains for a specific biocatalytic application. Here, the
introduction of T7RNAP into different strains using CRISPR/Cas-assisted recombineering was
demonstrated to be a simple method to extend the pool of possible candidates capable of

strong T7 expression.

Surprisingly, the advantage of chromosomal expression of CYP154E1 was no longer apparent
upon introduction of the redox partners. Instead, the plasmid-based co-expression of
CYP154E1, YkuN and FdR resulted in significantly higher P450 concentrations. While the
P450 concentration of the chromosomal expression system was reduced by an average of
50% compared to the plasmid-based system, the turnover number increased by 80%. This can
be explained by the fact that the catalytic performance of multi-component P450 systems not
only depends on the P450 concentration, but the ratios of redox partners. °* 2% Here, the SDS-
PAGE analysis revealed an alteration of the protein concentrations with a stronger protein
band of the redox partners after chromosomal integration. With a chromosomal expression
system at hand, further optimization of the interaction of the redox partners and upscaling of
the reaction in terms of volume and substrate concentration could be the next steps on the

way to a larger-scale selective synthesis of (2S,6S)-hydroxynorketamine. A promising
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approach might be to increase the relative amount of the flavodoxin since it has been shown

that an excess of flavodoxin improves P450-catalyzed reactions in vitro.>® 2°°

In the third manuscript (Chapter 2.3), a biosynthetic pathway for the production of pinoresinol
was created. This furofuran lignan is the key precursor in the biosynthesis of derived lignans
of interest such as sesamin or (-)-podophyllotoxin.'* 2% The latter is commonly isolated from
endangered plants and used for the synthesis of the chemotherapeutics etoposide and
teniposide.””” In previous work, a biosynthetic pathway for the synthesis of
(-)-deoxypodophyllotoxin, the direct precursor of (-)-podophyllotoxin, was reconstituted in
E. coli.™* 3 However, its starting substrate (+)-pinoresinol is incredibly expensive, rendering
this pathway unfeasible from an economic perspective. Pinoresinol is formed via oxidative
radical coupling of two coniferyl alcohol monomers which can be catalyzed by laccases or
peroxidases.?*® Due to the radical mechanism of the laccase-catalyzed oxidation, pinoresinol
is not the main product of this reaction since the product distribution is determined by the
unpaired electron distribution.?®® In addition, although coniferyl alcohol is a less expensive
substrate compared to pinoresinol, it is not cheap. Thus, to further improve the economic
efficiency, ferulic acid was chosen as the starting point which was transformed in four steps to
pinoresinol. These steps were catalyzed by heterologous enzymes originating from Z. mays,
P. crispum, and C. glutamicum as well as endogenous enzymes of the host. Finally, after
comparison of different strains and optimization of the reaction conditions, 100 mg/L
pinoresinol were produced from 1 g/L ferulic acid. A major issue of this reaction is the fact, that
pinoresinol is a substrate of the laccase as well and is degraded over time.?*® Besides the
perfect timing of the reaction endpoint to maximize the yield, a biphasic system should be
tested to separate the product from the catalyst. In addition, the enzyme kinetics should be
investigated to determine to which extent a higher coniferyl alcohol concentration could lead
to a higher pinoresinol concentration. However, in the whole cell system developed in this
thesis, it will be difficult to further increase the concentration of the intermediate coniferyl
alcohol before inducing oxidative coupling. This is partly due to the reaction equilibrium

between coniferyl alcohol and coniferyl aldehyde, and partly because higher ferulic acid
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concentrations (2 g/L) led to an inhibition of the entire pathway. This inhibitory effect was also
observed in a very recent study which demonstrated metabolic engineering and de novo
fermentation for the production of coniferyl alcohol in E. coli.?" It can be assumed that the
currently used wild-type enzymes Pc4CL and ZmCCR cannot achieve much higher
concentrations of coniferyl alcohol. However, detailed kinetic studies should be performed
in vitro to determine which compound inhibits which enzyme. To overcome this inhibitory
effect, analogous enzymes from other organisms, protein engineering, or carboxylic acid
reductases (CAR) may be applied instead of wild-type Pc4CL and ZmCCR.2"" Finally, it would
be interesting to extent the plasmid-free pathway towards the production of derived lignans

like sesamin and podophyllotoxin which are not phenolic substrates of the laccase.
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3.2 CRISPR/Cas-assisted recombineering in E. coli

Since its first description over a decade ago, CRISPR/Cas-assisted recombineering has been
applied many times for metabolic engineering in E. coli. The vast majority of studies dealt with
the optimization of the carbon flux of primary metabolites for de novo syntheses of bulk
chemicals including proteinogenic and non-proteinogenic amino acids or aliphatic

alcohols 22214

However, CRISPR/Cas-assisted recombineering appears to be less
established in chemistry-oriented application of biocatalysis, especially for the transformation
of non-natural substrates, e.g. oxyfunctionalization. Confronted with the problems of plasmid-
based expression like cell-to-cell variation in the laboratory, this method appeared promising
for various applications for both in vitro and in vivo biocatalysis. Besides the transfer of plasmid-
based to plasmid-free expression systems, which was a major focus of this thesis, the
prevention of side reactions and tuning of multi-component systems were also pursued. In the

course, various lessons were learned, which led, among other things, to the development of a

toolbox for the easy transfer of genes from plasmid libraries into E. coli’'s chromosome.

The simplest application of CRISPR/Cas-assisted recombineering is the deletion of DNA
segments as demonstrated for the catalase-deficient E. coli strain. Here, the advantage of this
method over classic A-Red recombineering becomes clear. Without the integration of an
antibiotic resistance cassette as for the classic recombineering approach, the method is scar-
less and significantly faster. Since plasmids were subsequently used for heterologous
expression in the catalase-deficient strain, no antibiotic resistance cassette would have been
allowed to remain, which would have increased the workload of classic recombineering. Also,
the iterative procedure is shortened by using CRISPR/Cas9 as a counterselection method.
However, the patent disputes around CRISPR/Cas9 are still unresolved and the vast and
intricate patent landscape as well as license fees stand in the way of widespread industrial

215, 216

application, resulting in classical methods remaining important for genome engineering

to this day.

The deletion of DNA segments is predestined for the use of linear donor DNA, as it is usually

only used once. The time and effort required for the preparation of circular donor DNA is
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disproportionate for these cases.'®® However, for chromosomal integration, the preparation of
linear donor DNA quickly encounters limitations. Although short homology arms can be
introduced using overhangs by PCR primers,' the integration efficiency decreases rapidly
with increasing length of the construct to be integrated.'”? This must be countered by extending
the homology arms up to hundreds of base pairs which can no longer be introduced as primer
overhangs. Instead, long homology arms can either be synthesized or amplified from E. coli's
chromosome and subsequently joined with the construct to be integrated via fusion PCR, as
described in Chapter 2.2. This increases the cloning effort considerably, and unexpected
problems in annealing the three fragments resulted in no successful donor DNA being obtained
sometimes. Redesigning homology arms or splitting the setup into two separate fusion PCRs,
with two fragments each, further increases the time and effort required. Furthermore, the
integration site and thus the design of homology arms affect the expression level of integrated
genes. Therefore, the search for and selection of suitable integration loci is important. In this
context, it should be noted that other factors such as ribosomal binding sites, promoters or
media composition influence cell growth and expression to a much greater extent.'®® However,
the optimization of integration loci should not be ignored as it can improve the expression
significantly. Ideally, chromosomal integration should have no unintended influence on the host
metabolism. For these reasons, intergenic integration was preferred, and a set of reliable high
expression loci were identified in this thesis. With a manageable number of ideal integration
sites at hand, the repetitive, tedious, and error-prone construction of linear donor DNA seemed
avoidable, and the pgRNA-ET and pgRNA-DUET vector series were created. In contrast to
other approaches involving circular donor DNA described in the literature,’®® '* the idea was
to implement multiple cloning sites originating from the widely used pET vectors for the cloning
of the genes to be integrated. Thus, large enzyme and variant libraries based on pET vectors
can now be easily transferred into plasmid-free expression systems, combining the
advantages of strong T7 expression and chromosomal expression. Furthermore, the plasmid
design ensures that the appropriate type Il restriction enzymes are most likely already available

in the laboratory where the template pET vector for plasmid-based expression has been
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created, and that no problems with intragenic restriction sites occur, as would be the case with

a limited number of restriction sites present in the vector.

Even when long homology regions are used, it appears to be not possible to integrate arbitrarily
large fragments using CRISPR/Cas-assisted recombineering. The current limit reported in the
literature is around 12 kb of donor DNA size.®" '®" For this reason, longer pathways are usually
divided into several fragments to be integrated.'’” The stepwise extension of the lignan
cascade described above should therefore be easily possible using the developed pgRNA-ET
and pgRNA-DUET toolbox. Moreover, a slightly different approach described in the literature,
which involves a combination of positive and negative selection for recombination and the
introduction of a bacterial artificial chromosome from which the donor DNA is excised by
CRISPR/Cas9, has proven successful for insertions of over 100 kb. The authors suspected
issues in the provision of intact linear double-stranded DNA as the reason for the limits
observed in A-Red recombineering.?"” In view of this, it would be interesting to find out where
the size limits of the pgRNA-ET and pgRNA-DUET vector series are. Moreover, the extent to
which these vector series are suitable for plasmid-based expression and thus could be used
as templates for iterative protein engineering, e.g. via QuikChange, should be investigated and
could reduce a cloning step if plasmid-free expression is the aim from the start. However, it
may be necessary to add a copy of lacl to the vector, as the chromosomal copy may be
insufficient for transcriptional control considering the high copy number due to the pMB1 origin
of replication. It will be interesting to see, how these vector series will be used in the future and
what biocatalysts are created with their help. For example, the problem of a high cell-to-cell
variability while using plasmids has been observed in the past with recurrent expressions such
as redox partner proteins needed for P450-catalyzed reactions in vitro. It would therefore be
advantageous to establish stable, plasmid-free strains for fermentation for the most frequently

used redox partners.

In the course of this thesis, coincidences have also helped. By fortunate selection of
expression strains for the three-component P450 system, the effect of the Lon protease on the

editing efficiency of different strains became apparent. It is rather the Lon protease deficiency
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than the differences between B and K-12 strains that explains the low editing efficiency
observed for E. coli BL21(DE3). This finding was confirmed almost simultaneously by another

group with an elegant experimental design.?'

The work with CRISPR/Cas9 and the reported problems with the flux of the lignan biosynthesis
pathway'® eventually led to an idea for a method to optimize pathways or multi-component
systems after chromosomal integration. However, this method was only tested as a proof-of-
concept and has yet to be applied to an enzymatic pathway or multi-component system as well
as needs further optimization and validation. Furthermore, the limits of the system remain
unknown, but it is assumed that the promoter can be replaced at a maximum of three or four
sites simultaneously. Various multiplexing experiments for gene knock-out or knock-in

described in the literature never exceeded this limit, % 2'°

as the editing efficiency and number
of colony-forming units decrease drastically with the number of sites targeted in parallel. Only
the future will show to what extent this number can be increased through clever experimental

design.

In conclusion, CRISPR/Cas9-assisted recombineering is a well-suited method for the
development of E. coli-based biocatalysts and can be applied in various ways. As for almost
all molecular biological methods, some experimental details must be considered for a
successful experiment. However, the development of robust tools for chromosomal integration
based on the experience gained in this work allows their use without knowledge of these
details. The tools and strains developed in this thesis are widely applicable and a good starting
point e.g. for the easy conversion of plasmid-based to plasmid-free expression systems, the
extension and optimization of the lignan biosynthetic pathway, T7 expression in new E. coli

strains, or H2.O,-driven whole-cell biocatalysis.
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5 Abbreviations

(s)gRNA
ABE
ADH
AKR
ATP
BM3

bp

BSA

C. glutamicum
CAD
Cas
Cas9n
CFE
Cgl1

CH

Cc0o2
Cpd 0
Cre
CRISPR

CRISPRa
CRISPRa
CRISPRI
CRISPRI
crRNA
cww

CYP
CYP102A1
CYP154E1
dCas9
DcaUPO
DMSO
DNA

DSB

E. coli
FAD

FdR

Flp

FRT
GC-FID

Gox
HA
HDR
HK
HNH
HNK
HPLC

IPTG
ISTD
katE

(single-)guide RNA
acetone-butanol-ethanol

alcohol dehydrogenase

aldo-keto reductase

adenosine triphosphate

CYP102A1

base pair

bovine serum albumin
Corynebacterium glutamicum
cinnamyl alcohol dehydrogenase
CRISPR-associated system
Cas9-nickase

cell-free extract

laccase from

Corynebacterium glutamicum
carbon hydrogen

carbon dioxide

compound 0

recombinase from P1 bacteriophage
clustered regularly interspaced short
palindromic repeats

CRISPR activation

CRISPR activation

CRISPR interference

CRISPR interference
CRISPR-RNA

cell wet weight

cytochrome P450

CYP from Bacillus megaterium
CYP from Thermobifidum fusca YX
catalytically inactive Cas9

short UPO from Daldinia caldariorum
dimethyl sulfoxide
deoxyribonucleic acid

double strand break

Escherichia coli

flavin adenine dicnucleotide
flavodoxin reductase from
Escherichia coli

recombinase from

Saccharomyces cerevisiae
recognition sequence of Flp

gas chromatography - flame ionization
detector

glucose oxidase

homology arm (for recombineering)
homology-directed repair
hydroxyketamine

nuclease domain of Cas9
hydroxynorketamine

high performance liquid
chromatography

isopropyl B-d-1-thiogalactopyranoside
internal standard

gene encoding hydroperoxidase Il from
E. coli

katG

kDa
LB
LC/MS

lopA
loxP

m/z

mM

N2o
NAD(P)H

NHEJ

NMR

ODs0o / ODeso
P. crispum

P. pastoris
P450

PAM

Pc4CL

PCR

PDA
pgRNA-ET /
pgRNA-DUET
rpm

RuvC

S. cerevisiae
SAM
SDS-PAGE

SscaCYP

T. fusca YX
T7RNAP
TALEN

B

TIC
TON
tracrRNA
UPO
uv
WCs
YkuN

Z. mays
ZFN
ZmCCR

gene encoding hydroperoxidase | from
E. coli

kilodalton

lysogeny broth

liquid chromatography / mass
spectrometry

gene encoding Lon protease
recognition sequence of Cre
mass-to-charge ratio

millimolar

targeting sequence of Cas9
nicotinamide adenine dinucleotide
(phosphate)

non-homologous end joining
nuclear magnetic resonance
optical density at 600 nm or 650 nm
Petroselinum crispum

Pichia pastoris

cytochrome P450

protospacer adjacent motif

4-coumarate-CoA ligase from
Petroselinum crispum
polymerase chain reaction
photodiode array detector
vector series for chromosomal
integration

revolutions per minute
nuclease domain of Cas9
Saccharomyces cerevisiae
S-adenosyl methionine

sodium dodecyl sulfate -
polyacrylamide gel electrophoresis

CYP peroxygenase from
Streptomyces scabiei
Thermobifida fusca YX
T7 RNA polymerase

transcription-activator-like effector
nucleases

terrific broth

total ion chromatogram
turnover number
trans-activation CRISPR-RNA
unspecific peroxygenase
ultraviolet

whole cells

flavodoxin from Bacillus subtilis
Zea mays

zinc finger nuclease

cinnamoyl-CoA reductase from
Zea mays
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