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Abstract

Drug discovery has depended primarily on the isolation of natural products from living
organisms because these compounds often have inherent properties applicable to modern
medicine. Microorganisms from the environment proved to be rich sources of natural
products with antibiotic, anticancer, and immunosuppressant activities, but as this re-
source was exhausted over the last century, researchers have had to resort to alternative
strategies for developing novel drugs. One such strategy is to engineer microorganisms
to produce non-native natural products of interest. This is a multi-disciplinary effort
that applies synthetic biology and metabolic engineering towards the manipulation of
natural product chemistry. The biosynthetic pathways for two natural product classes,
polyketides and nonribosomal peptides, are particularly challenging to manipulate due to
their reliance on large, modular enzymes. In this dissertation, we identified Pseudomonas
putida as an ideal host for expressing and engineering these enzymes. To facilitate strain
engineering of this bacterial host, we developed a genome editing toolkit that enabled
chromosomal deletions, integrations, and point mutations. We then applied these meth-
ods towards expressing heterologous pathways in P. putida to produce polyketides and
nonribosomal peptides. Chromosomal integration of a heterologous gene cluster respon-
sible for prodigiosin biosynthesis resulted in a strain capable of producing 1.1 g/L of
product. P. putida has a relatively high-GC chromosome, but we found that expression
of a low-GC gene cluster for glidobactin A biosynthesis resulted in higher heterologous
titers compared to a related high-GC gene cluster. Further strain and pathway engineer-
ing, including improvements to pathway expression and deletion of a native carbon sink,

resulted in a strain capable of producing 470 mg/L glidobactin A. P. putida natively



ii
produces a siderophore called pyoverdine through a nonribosomal peptide synthetase
(NRPS). We utilized this pathway to explore subdomain substitutions for altering sub-
strate specificity in NRPSs. Subdomain boundaries for creating functional chimeras were
identified, but the most active variants still performed poorly compared to the wild-type
enzyme. The findings discussed here will enable the production of novel compounds
through the heterologous expression of uncharacterized pathways and the manipulation

of key catalytic domains in modular megaenzymes.
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Chapter 1

Introduction

1.1 Surveying Earth’s natural diversity to address
societal problems

Humankind has a long history of making substantial improvements to its way of life
through the discovery and experimentation of existing biological systems. The domes-
tication of plants and animals enhanced our access to food and enabled the expansion
of human civilizations thousands of years ago. People often observed and tinkered with
the world around them without knowledge of the underlying phenomena. For example,
the discovery of fermented grains and fruits was a boon to human recreation, long before
Louis Pasteur determined the role that yeast played in the process [1]. Even experimen-
tation with harmful organisms was beneficial, as the first vaccines were developed in the
1800s by discovering the infectious agent and producing a weakened version [2]. Around
the same time, medicinal chemistry was maturing as chemists discovered the bioactive
compounds, also known as natural products, responsible for the therapeutic effects of
plant extracts. This trend continued in the twentieth century, and medicine depended
primarily on natural products from plants and microorganisms as candidates for novel
drugs. These compounds were commonly used as antibiotics, but natural product-derived

drugs have also been developed for treating various cancers [3].



Natural products are often involved in biomolecular interactions beneficial to the
organisms that synthesize them. As organisms evolve, so do the genes, pathways, and
metabolites within them, so it follows that existing natural products have been subject
to natural selection over time [4]. Sometimes, the evolutionary path towards the function
of a natural product is obvious. For example, compounds with antibiotic activity benefit
host organisms by preventing the growth of other species that can compete for nutrients.
These chemical species have a natural fit in modern medicine where they are administered
to patients to treat bacterial and fungal infections.

For other types of medical treatments, there is not always a clear connection between
a compound’s native function and its clinical purpose. Anti-cancer drugs isolated from
microorganisms are unlikely to have encountered mammalian cancer cells before their
discovery, and the exact mechanism for how they benefit the host’s survival is often un-
known. However, regardless of the natural product’s activity, evolution primarily selects
for specific interactions with biomolecules, such as proteins. This selection results in small
molecules with three-dimensional structures poised to interact with other proteins and
enzymes, including those involved in the generation of cancer cells in the human body
[5]. Synthetic ligands are relatively more two-dimensional compared to natural product-
derived molecules, leading to a much higher fraction of screened compounds with no
detectable bioactivity. Drug development in the 1970s and 1980s focused primarily on
synthetic ligands, but this period was short-lived compared to natural product-derived
development throughout the twentieth century, likely due to these structural differences.
The evolutionary and structural advantage of natural products is why they are consid-
ered “privileged” compounds, and the majority of clinical drugs today are derived from
natural products or mimics [6].

As medicinal chemistry progressed into the twentieth century, chemists discovered the
potential of microorganisms for drug discovery. The first antibiotics isolated from a mi-
croorganism were the penicillins, discovered by Alexander Fleming in 1929 [7]. Penicillins
are naturally produced by filamentous fungi in the genus Penicillium, and they were one

of the early drugs used to treat common bacterial infections, including those known to



cause scarlet fever, pneumonia, and meningitis [8]. Early pharmaceutical companies, such
as Pfizer, developed the commercial production of the antibiotic by isolating new Peni-
cillium strains and optimizing growth conditions in large fermentation tanks, a necessary
advancement for scaling up penicillin production and distribution. The mass production
of penicillin was instrumental in enabling the treatment of bacterial infections for Allied
soldiers during World War 11, and this successful story prompted an exhaustive search

for more bioactive compounds from microorganisms throughout the twentieth century.

Chloramphenicols Glycopeptides
B-lactams  Aminoglycosides Ansamycins Streptogramins
@i 1970 1980 m
Sulfadrugs Tetracyclines Quinolones Lipopeptides
Macrolides Oxazolidinones

Figure 1.1: Timeline of antibiotic discovery in the 1900s. Antibiotic discovery from natural
products peaked from the 1930s to the 1960s, until synthetic molecules were prioritized in the search
of new drugs. Aminoglycocides, chloramphenicols, and tetracyclines were all discovered from Actino-
mycetes. The most recently discovered class of antibiotics are the lipopeptides, also found primarily in
Actinomycetes. Figure was adapted from Lewis 2012.

Drug discovery from microorganisms continued successfully through the 1960s, and
the major bacterial source of novel compounds was a group of soil bacteria, the Acti-
nomycetes. These bacteria provided several classes of antibiotics, including chloram-
phenicols and tetracyclines (Figure 1.1) [9]. However, the broad use of antibiotics in
medicine increased the prevalence of bacterial and fungal infections with antibiotic re-
sistance, reducing the effectiveness of these treatments. As early antibiotics were being
phased out, scientists were exhausting soil bacteria as a resource for novel compounds,
creating the current medical crisis where antibiotic discovery is racing against the spread
of multidrug-resistant pathogens [10]. Penicillin mass production is an exemplary story
about identifying a natural biological system, i.e. a Penicillium fungus, and taking ad-
vantage of its native abilities to advance medical treatments, but this strategy for drug
discovery is less viable today. It is increasingly difficult to discover more microorganisms
that produce novel drug candidates. Even if a new compound is discovered, its native

host may not be amenable to large-scale cultivations, or researchers may not be able to



determine the culture conditions that induce production of the bioactive compound. Al-
ternative strategies for discovering novel drug candidates and scaling up their production
are necessary if drug discovery is to keep up with the current needs in modern medicine.
A relatively new strategy for addressing this problem is the modification of metabolic
pathways within microorganisms. This growing field has taken advantage of modern
methods in synthetic biology and metabolic engineering to alter the genetic material in
microorganisms such that they produce a compound of interest. A second advantage to
this strategy is that the host organisms for these projects are often amenable to large-
scale cultivations, providing an avenue for scaling up production for clinical trials and

hopefully mass production.

1.2 Designing biological systems via rational
engineering and directed evolution

Engineering metabolic pathways begins by manipulating DNA sequences within an organ-
ism, and the principles governing DNA design are based on our knowledge of molecular
biology: the study of processes involving DNA, RNA, and protein synthesis in living
cells. These processes are often described as the central dogma of molecular biology,
where genes are encoded and preserved in DNA, RNA is transcribed based on these gene
sequences, and protein is translated from the “message” provided by RNA [11]. Each
type of molecule in this process has a “language” based on molecular building blocks.
DNA and RNA use nucleotides to encode a message that determines a sequence of amino
acids, which in turn determines the function of a protein. In the field of synthetic biol-
ogy, researchers design DNA sequences with the goal of controlling the amounts of DNA,
RNA, and protein in the host organism as well as tuning protein function. Many proteins
function as enzymes, which catalyze specific reactions that make up cellular metabolism.
The major challenge of synthetic biology is reliably controlling the processes in the cen-
tral dogma. Metabolic engineering is a common application of synthetic biology where

genetic modifications in a host organism changes cellular metabolism, often for the goal



of overproducing a metabolite of interest.

Molecular biology and metabolism vary considerably between organisms, so strategies
in metabolic engineering depend on a priori knowledge of the organism of interest. When
a species is well-studied, rational approaches to engineering metabolism are appropriate
because researchers can reliably control gene expression and predict how changes in en-
zyme production affect metabolism. Engineering poorly studied organisms, often called
non-model organisms, requires random approaches where a large number of strain and
pathway variants are analyzed for performance in high-throughput screens or selections

in a manner similar to natural evolutionary processes.

1.2.1 Rational approaches to genetic and metabolic
engineering

The metabolic networks in living organisms are complex, and in the case of bacteria,
contain thousands of reactions and metabolites [12]. Despite this complexity, metabolic
changes can be categorized into three basic groups: downregulation, upregulation, and
mutation. Downregulation involves the reduction or deletion of activity of a reaction
or pathway. This modification is often used when a pathway is purported to compete
for metabolites necessary for the synthesis of a target compound. Upregulation results
in an increase in reaction or pathway activity and is useful when a set of reactions is
known to synthesize precursor metabolites necessary for production. Lastly, mutation
focuses on changes to enzyme activity rather than abundance. Enzymes can be tuned by
mutations in their sequence, or they can be replaced altogether by similar enzymes from
other organisms. These three strategies for metabolic engineering are often combined
in an iterative fashion while monitoring their effect on production, a process commonly
referred to as a design-build-test cycle [13].

There are many variables that researchers must consider when shaping metabolism
in engineered organisms, and we must understand the host’s metabolism well enough in
order to effectively design these strategies. An essential tool for this research is genome-

scale metabolic models, which are mathematical representations of the metabolic path-



ways known in an organism of interest [14]. These models simulate the flow of metabolites
in an organism under standard laboratory conditions. They can also be predictive and
be used to identify targets for downregulation and upregulation that would increase flux
towards a desired metabolite [15]. This is a powerful tool because it allows researchers
to quickly identify metabolic engineering strategies without performing experiments.

Once alterations to an organism’s metabolism are identified, methods for changing its
genetic material are required. These methods introduce DNA designed by researchers,
also known as recombinant DNA, into the cell. The primary goal of recombinant DNA is
to produce a gene product, either RNA or protein, encoded by a gene sequence, a process
called gene expression. The product has a desired function in the cell, such as enzymatic
activity or gene regulation. Most DNA constructs are designed to synthesize a protein,
and in this case, the intermediate RNA is called messenger RNA (mRNA). Although less
common, it is possible to design DNA to express non-coding RNA (ncRNA), which does
not have the sequences necessary to produce protein, but still confers a function in the
cell as an RNA molecule.

Specific sequences encoded in DNA are required for gene expression (Figure 1.2a).
First, a promoter sequence activates transcription, the synthesis of RNA by RNA poly-
merase. When a protein is the desired gene product, downstream of the promoter is the
ribosome binding site (RBS) sequence. The RNA encoded by this sequence recruits the
ribosome to mRNA and initiates translation, the synthesis of protein from RNA. Next, a
coding sequence (CDS) is downstream the RBS. The CDS contains a sequence of codons,
groups of three DNA/RNA bases, that determine the amino acid sequence of the en-
coded protein, and therefore its structure and function. In the case of bacteria, multiple
CDSs can exist next to each other while under control of the same promoter, creating
an operon, although functional RBS sequences must be located upstream of each CDS.
Lastly, a terminator is usually included at the end of the operon, which signals the RNA
polymerase to stop transcribing RNA.

Each component described above provides an opportunity for controlling the final

amount of RNA or protein produced. Promoter strength is a common variable for con-
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Figure 1.2: Genetic parts required for gene expression and various types of genome editing.
a) Gene expression begins with a DNA sequence that contains a promoter, RBS, CDS, and a terminator.
During transcription, the DNA containing the RBS and CDS are transcribed into RNA. Lastly, the CDS
is translated into the encoded protein. b) The three types of genome editing are deletions, insertions, and
point mutations. A DNA construct interacts with the chromosome so that the desired edit is achieved.
trolling gene expression, where “strong” promoters directly lead to more RNA production,
which then results in more protein production. Promoters that have a constant expression
level are called constitutive promoters. Alternatively, inducible promoters exhibit varying
levels of transcription based on the addition of a chemical inducer or an environmental
condition (e.g. pH or temperature). Protein production can also be controlled at the
translational level. RBS sequences vary in strength and affect the translation initiation
rate by the ribosome. Codon usage in a CDS can also affect expression levels by modu-
lating the efficiency of translation elongation. Organisms have preferred codons for gene
expression, and exogenous genes typically have higher expression levels if they do not
contain codons that the host organism rarely uses in its native genes [16]. Lastly, codons
can also be mutated to change the protein sequence, which can affect protein stability or
activity.

The variables described above allow for great control of protein production and activ-
ity, especially in well-studied organisms, but they only cover transcriptional and transla-
tional control. The first step in the central dogma, DNA replication, can also affect how

a DNA construct performs. Once recombinant DNA has entered the cell, it is usually

maintained as a replicative plasmid, a circular DNA molecule that replicates indepen-



dently of the chromosome. It is also possible to insert DNA directly into the chromosome
in a process called genome editing. Introducing exogenous DNA is faster with replicative
plasmids and there are more copies of plasmid DNA compared to the chromosome, which
increases gene copy number. However, DNA that has recombined with the chromosome
is more stable and requires fewer cellular resources to maintain. In addition, strategies
for altering native metabolic pathways in an organism requires genome editing. For these
reasons, methods for editing the genome are a necessity in metabolic engineering.

Genome editing enables several genetic changes that affect metabolism. The most
straight-forward genetic change is the deletion of native genes from the chromosome,
which is often used to remove competing pathways if they are not essential for cell growth
(Figure 1.2b). In cases where essential pathways are deleterious to metabolite production,
there are some methods that enable repression of the pathway, which reduces expression
without completely removing it from the cell [17]. It is also possible to integrate new DNA
directly into the chromosome, which enables the overexpression of pathways required for
metabolite production. If strong promoters are known for the host, then one option
is to insert them in front of native genes to increase their expression. If a pathway
needed to produce a metabolite of interest is not encoded in the host’s chromosome, then
genes from a different organism can be integrated with a strong promoter, resulting in
heterologous expression. Lastly, a versatile genome editing strategy is to introduce point
mutations into the chromosome. This technique enables more subtle changes to native
gene expression through changes to promoter and RBS sequences, but as discussed above,
it is also possible to modify protein activity by mutating codons in a gene of interest.
[18].

The introduction so far highlights the versatility of common metabolic engineering
strategies. Researchers have the tools necessary to design and create DNA constructs to
effect a desired metabolic shift. However, there are many variables governing transcrip-
tion and translation to consider. It is difficult to predict the exact strength of a promoter
or RBS needed to achieve the desired gene expression. In addition, the exact amount of

enzyme required for optimal metabolic flux is usually unknown. Metabolic engineering



often involves multiple gene targets, which considerably increases the number of genetic
variables. These challenges can sometimes be overcome by creating multiple DNA con-
structs with different promoters, RBS sequences, or genes. These efforts are laborious and
time consuming, but often yield favorable results in model organisms [19]. This strategy
is limited for non-model organisms, as the exact role of native enzymes may not be clear,
and there may be unknown regulatory processes that interfere with the desired metabolic
changes. In these cases, rational approaches are less reliable, and researchers must turn

to random and high-throughput methods for metabolic engineering.

1.2.2 Laboratory evolution of metabolic pathways and
enzymes

Biotechnology research has greatly benefited from methods inspired by natural selection.
Scientists have developed strategies for diversifying biological systems, including whole
organisms, pathways, or proteins, followed by isolating variants that have the desired
performance. These systems are usually poorly understood and it is difficult to hypothe-
size specific changes that improve function. Researchers address this issue by generating
a large library of variants, in the range of thousands up to millions, through a mostly
random process. Due to the magnitude of these libraries, it is necessary to devise a
high-throughput screen or selection based on the activity of the engineering target. This
process is referred to as laboratory evolution or directed evolution, and it is often cycli-
cal, where individuals isolated from early rounds of evolution are the starting material
for later rounds (Figure 1.3). From a molecular biology perspective, each cycle begins by
mutating DNA sequences that encode the engineering target. This DNA can be a single
gene, multiple genes, or even an entire chromosome. This results in a library of DNA
constructs that are assessed in a host organism by a selection or screen, and afterwards
researchers determine the DNA sequences of individuals with the desired activity. Mu-
tants with improved performance are mutated further, and the cycle continues until the
design goal is achieved.

A selection or screen must be carefully chosen when performing laboratory evolution.
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This step is entirely dependent on the activity of the engineering target and the size of the
library to be analyzed. When a library is subjected to a selection, individuals that do not
reach a desired activity threshold are intentionally lost. This allows researchers to quickly
reduce the number of variants to characterize, and selections are preferred when analyzing
larger libraries, especially when a large percentage of the library is expected to be non-
functional. A screen is defined as a rapid assay that generates a simple output for every
individual in a library. Collecting information on every individual makes screens more
cumbersome for large libraries and requires more work if the fraction of non-functional
variants is too high. Nevertheless, an obvious link between a design goal and a simple
output for a screen or selection is not always available, and therefore the act of analyzing
large libraries is usually the rate-limiting step in laboratory evolution. Advancements
in automation technology have started to enable the laboratory evolution of biological
systems where a screen or selection is not available [20]. Liquid-handling robots can be
programmed to perform many experimental steps at a much faster rate than individual
researchers are capable of, increasing the speed at which large libraries are analyzed.

Methods for diversifying biological sys-
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are generated from a single DNA sequence (chromo-
some, group of genes, or single gene). A selection
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activity. Variants of interest are then replicated and
used as the starting point in another round of evo-
lution.

specific nutrient source or shift cellular
metabolism so that production of a metabo-
lite of interest increases. A passive ap-
proach to generating mutants is adaptive
laboratory evolution (ALE), where a strain

is passaged continuously in selective media while the population of cells in the cultures
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obtain beneficial mutations that improve their growth characteristics (Figure 1.4a) [21].
An alternative method for mutating chromosomes is transposon mutagenesis, where a
DNA construct is randomly inserted into the chromosome [22]. This process results in a
library of strains that have an insertion in a different location on the chromosome, which
is likely to disrupt a gene and prevent its expression.

Evolving pathways and proteins involves more active methods for creating diversity.
The DNA encoding these targets is much smaller than a chromosome, so researchers
can take advantage of many methods for generating synthetic DNA. When optimizing a
metabolic pathway, the expression levels and the activity of each enzyme are altered by
changing the promoter and RBS sequences for every gene, as well as the gene products.
A common strategy is to generate combinatorial libraries of DNA constructs encoding
the pathway of interest, where researchers choose from different promoters and RBS
sequences of varying strength and from multiple homologues for each enzyme (Figure
1.4b).

In metabolic engineering, it may be possible to significantly improve production by
focusing on a single enzyme. Researchers have dedicated decades of research towards
understanding the relationship between sequence and function in proteins, particularly
for enzymes. There have been some successes in protein engineering via rational design,
but this approach often requires structural information on the protein of interest, which
is not always easy to obtain. Multiple methods have been developed for creating pro-
tein libraries, including random mutagenesis, saturation mutagenesis, and gene shuffling
(Figure 1.4¢) [23]. Directed evolution is the ideal strategy for protein engineering due to
the ability for these techniques to generate massive protein libraries and the availabil-
ity of screens and selections that researchers have coupled to various protein activities.
Evolving enzymes has another benefit for metabolic engineering in that enzyme variants
with altered specificity can be created to build novel metabolic pathways in addition to
optimizing existing pathways [24].

There is clearly no shortage of cutting edge techniques to engineer biological systems,

either through rational or evolutionary approaches. However, the application of these
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Figure 1.4: Methods for generating diversity in biological systems. a) Generating mutants of
whole organisms. In ALE, cells are passaged from a culture to fresh media N times until the design goal
is met. Transposon mutagenesis is used to create a library of strain mutants with random knockouts
in the chromosome. b) Pathway variants are generated by cloning combinatorial libraries, where all
combinations of promoter, RBS, and gene variants are tested for performance. c) Protein libraries for
directed evolution are generated through three main techniques. Random mutagenesis introduces point
mutations throughout the entire gene or a continuous section of the gene. Saturation mutagenesis focuses
on one or a few codons that are mutagenized so that every amino acid is sampled at each one. Gene
shuffling randomly combines blocks from parent genes to create a library of chimeras.

tools towards natural product biosynthesis has been limited. Secondary metabolism is
generally not understood as well as primary metabolism, and much work has to be devoted
towards characterizing the enzymes involved in natural product biosynthesis. Pathway
size and complexity also increase the difficulty in creating and testing combinatorial
libraries. Evolutionary approaches to investigating natural products are also limited
because it is rarely possible to couple secondary metabolism to cell growth. Pathway or

enzyme variants have to be analyzed with screens, limiting library size and the rate at

which natural product biosynthesis can be engineered.

1.3 Overview of Thesis

Throughout this thesis, we have tackled multiple challenges associated with improving
and modifying natural product biosynthesis in bacteria. Our strategies included genome
editing, protein directed evolution, and metabolic engineering. These accomplishments
were largely made possible by the wealth of synthetic biology tools available for two

bacteria, Escherichia coli and Pseudomonas putida.
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1.3.1 Chapter 2

In Chapter 2, we review efforts to develop bacterial hosts for expressing heterologous genes
and pathways, with a focus on P. putida. There is considerable interest in identifying ideal
strains for producing heterologous natural products, particularly polyketides and non-
ribosomal peptides, and recent progress in bacterial hosts is reviewed. Polyketides and
non-ribosomal peptides are synthesized by large, multi-modular enzymes, which increases
the difficulty in modifying catalyic domains. We compare strategies to engineer these

mega-enzymes in order to synthesize natural product derivatives.

1.3.2 Chapter 3

In Chapter 3, a set of synthetic biology tools developed for P. putida were character-
ized. We compared gene expression from several inducible promoters and determined the
plasmid copy number for broad host range origins. Multiple scarless deletions in the P.

putida chromosome were created using Cas9-asssisted homologous recombination.

1.3.3 Chapter 4

In Chapter 4, we expanded our genome editing tools to engineer P. putida for the heterol-
ogous production of polyketides and non-ribosomal peptides. We successfully constructed
strains capable of producing two bioactive natural products, prodigiosin and glidobactin
A. We compared heterologous production titers on various carbon sources and devised a
workflow for increasing production titers from heterologous pathways containing polyke-
tide synthases and non-ribosomal peptide synthetases. Lastly, we identified a carbon sink
in native P. putida metabolism and improve production of heterologous products after

its removal.
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1.3.4 Chapter 5

In Chapter 5, we describe our efforts to characterize enzymes involved in the synthe-
sis of bacterial siderophores in collaboration with Prof. Michael Thomas. A thorough
analysis of a specificity-determining enzymatic domain in non-ribosomal peptide biosyn-
thesis was completed through directed evolution of the enterobactin-producing enzyme,
EntF, from E. coli. We explored strategies for swapping domains and modules in non-
ribosomal peptide synthetases responsible for pyoverdine synthesis in P. putida. Lastly,
we demonstrated that a heme peroxidase was responsible for the conversion of L-tyrosine
to L-DOPA in the biosynthesis of fabrubactin, a siderophore from Agrobacterium tume-

faciens.

1.3.5 Chapter 6

In Chapter 6, we explored the utility of Pseudomonads as heterologous hosts for extracel-
lular enzymes. After identifying optimal promoters and plasmid origins for heterologous
protein production in P. putida, an enzyme that is natively secreted by a bacterial host

was overexpressed along with its associated chaperone in multiple Pseudomonas strains.

1.3.6 Chapter 7

In Chapter 7, we expressed mammalian enzymes that complemented some steps in P.
putida metabolism. These enzymes are classified as acyl-CoA dehydrogenases (ACADs)
and have homology to two enzymes that catalyze the first two steps in levulinic acid
catabolism. One ACAD was able to recover growth on levulinic acid in a strain missing

the first enzyme in the levulinic acid pathway.

1.3.7 Chapter 8

Finally, in Chapter 8, we identify steps to further the work done here to engineer the

production of natural products. Our workflow for expressing heterologous pathways in P.
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putida could be applied towards the discovery and production of novel natural products by
introducing uncharacterized gene clusters from slow-growing cyanobacteria. Evaluating
the level of heterologous expression throughout the P. putida chromosome would enhance
future strain development. A third project would provide more insight on the activation
of amino acids in non-ribosomal peptide biosynthesis by applying directed evolution on
EntF chimeras. We end this discussion by taking a broader look at how synthetic biology

will play a role in natural products research.
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Chapter 2

Leveraging synthetic biology for the
production and engineering of
natural product biosynthesis
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2.1 Abstract

Bacteria have historically been a rich source of natural products (e.g. polyketides and
nonribosomal peptides) that possess medically-relevant activities. Despite extensive dis-
covery programs in both industry and academia, a plethora of biosynthetic pathways
remain uncharacterized and the corresponding molecular products untested for poten-
tial bioactivities. This knowledge gap comes in part from the fact that many putative
natural product producers have not been cultured in conventional laboratory settings in
which the corresponding products are produced at detectable levels. Next-generation se-
quencing technologies are further increasing the knowledge gap by obtaining metagenomic
sequence information from complex communities where production of the desired com-
pound cannot be isolated in the laboratory. For these reasons, many groups are turning to
synthetic biology to produce putative natural products in heterologous hosts. This strat-
egy depends on the ability to heterologously express putative biosynthetic gene clusters
and produce relevant quantities of the corresponding products. Actinobacteria remain
the most abundant source of natural products and the most promising heterologous hosts
for natural product discovery and production. However, researchers are discovering more
natural products from other groups of bacteria, such as myxobacteria and cyanobacteria.
Therefore, phylogenetically similar heterologous hosts have become promising candidates
for synthesizing these novel molecules. The downside of working with these microbes is
the lack of well-characterized genetic tools for optimizing expression of gene clusters and
product titers. Synthetic biology tools are advancing rapidly for some heterologous hosts,
making them easier to manipulate and enabling more advanced strategies for engineering
natural product synthesis, such as protein engineering for altering enzyme specificity in
order to synthesize novel derivatives. This chapter examines heterologous expression of
natural product gene clusters in terms of the motivations for this research, the traits
desired in an ideal host, tools available to the field, and a survey of recent progress. An
emphasis is placed on the synthetic biology of the soil bacterium, Pseudomonas putida,
and recent successes in developing this microbe as a host for engineering polyketide and

nonribosomal peptide production.
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2.2 Introduction

Bacteria are valuable sources of natural products with medically relevant activities [26].
For most of the twentieth century, more than 80% of medical compounds were derived
from or inspired by natural products [27].2 Almost half of the natural products synthesized
by bacteria possess some bioactivity, including antibiotic, anticancer, and immunosup-
pressant activities [28]. Demand for novel drugs with improved activities is increasing in
part to the rise in multi-drug resistant infections and the ever-present need for a diverse set
of cancer treatments [29, 30]. Two of the most intriguing classes of natural products are
polyketides and non-ribosomal peptides, which contribute considerably to the number of
known bioactive natural products. These compound families are made by megaenzymes
with multiple catalytic domains in an assembly-line fashion. Since their discovery, the
modular nature of these enzymes has promised the ability to use combinatorial biosyn-
thesis to produce diverse compounds that could be screened for novel bioactivity [31].
However, after the initial explosion of new antibiotics in the 1950’s and 1960’s, the role
of natural products in drug development decreased considerably as synthetic chemistry
techniques accelerated the pace of discovery beyond the speed with which new bioactive
compounds could be isolated from novel microbes and/or their underlying biosynthetic
machinery engineered to produce diverse compound libraries [9]. With the advent of
next-generation DNA sequencing technologies, the number of putative biosynthetic gene
clusters (BGCs) encoding PKSs and NRPSs has since increased exponentially to over
70 000 clusters, but the number of clusters associated with specific compounds remains
under 1000 [32]. This gap is caused in part by challenges in culturing native producers
in conditions that maximize biosynthesis of the desired compound.

It has been estimated that 99% of bacteria have not yet been cultivated in con-
ventional laboratory media [33], and many of the remaining bacteria have slow growth
rates, do not produce natural products in tested cultivation conditions, and/or are not
genetically tractable [34, 35]. Even in cases where the native host has been cultivated,
substantial engineering may be required to produce relevant levels of putative secondary

metabolites [36, 37]. For these reasons, heterologous expression has become an essential
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tool in the genomic era of natural product discovery and development. While heterol-
ogous expression of natural product BGCs can provide substantial advantages, pitfalls
are often encountered when developing and deploying heterologous hosts. Unfortunately,
the common heterologous expression workhorse, Fscherichia coli, has not proven to be
a widely useful host for producing complex natural products including polyketides and
non-ribosomal peptides. Therefore many groups have turned to non-model bacteria for
heterologous production.

Optimizing a BGC for expression in a heterologous host is commonly described as
“refactoring”. Refactoring a pathway includes several strategies for distributing coding
sequences into synthetic genetic circuits. These synthetic circuits contain a combination of
promoters, RBSs, and terminators with known transcriptional and translational activities
[38]. Coding sequences may also be codon optimized using de novo DNA synthesis so that
their codon usage matches that of the heterologous host [39]. Characterized synthetic
biology tools, which include genetic tools and methods for genetically modifying BGCs
and hosts of interest, are necessary for researchers to refactor BGCs for optimal expression
in heterologous hosts.

In this review, we discuss the role of heterologous expression in the discovery and
engineered production of bioactive polyketides and non-ribosomal peptides from bacte-
ria. We contextualize these recent advancements by identifying the various groups of
bacteria that produce these compounds and by comparing the heterologous hosts that
researchers are using to express BGCs of interest. Our comparisons will focus primarily
on what synthetic biology tools are available for individual hosts and to what extent
are researchers taking advantage of available tools to modify heterologous hosts and/or

BGCs for improved production.
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2.3 Motivations for the heterologous expression of
BGCs

Polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) can gener-
ate extraordinary chemical diversity by incorporating a wide variety of substrates in the
initiation and elongation biosynthetic steps [40, 41, 42]. Additional tailoring catalytic do-
mains, deviations from the canonical assembly-line enzymology, and hybrid PKS-NRPS
enzymes further increase the complexity of these enzymes [43, 44]. For more information
on PKS and NRPS enzymology, Fischbach and Walsh provide an in-depth review on the
relevant enzymatic domains and mechanisms [45]. We provide our own description of

these components below, incorporating more recent findings.

2.3.1 Polyketide synthase and nonribosomal peptide
synthetase enzymology

PKSs and NRPSs are similar in that they are usually modular enzymes with multiple
catalytic domains encoded in a single peptide. Each enzyme class has highly conserved
domains, and their sequential organization and specificity determine the metabolite’s
structure. Evolutionary processes have achieved outstanding structural diversity through
the recombination and mutation of individual domains [46, 47]. Based on previous bio-
chemical studies and bioinformatics, it is possible to predict the structure of polyketides
and nonribosomal peptides using genetic information [48, 49].

Polyketide synthesis commonly begins with the condensation of acetyl-CoA with
malonyl-CoA, and successive steps incorporate more malonyl-CoA building blocks. PKSs
often deviate from these substrates, with propionyl-CoA commonly replacing acetyl-CoA
as the starting unit [50]. Other starter units include benzoyl-CoA and fatty acyl-ACP
[51, 52]. Methylmalonyl, ethylmalonyl, and hydroxymalonyl-CoA are common alternative
extender units in polyketide biosynthesis [41].

Type I PKSs have a canonical assembly line structure, where each module is respon-
sible for the activation and condensation of a single extender unit, and each module

contains up to five catalytic domains (Figure 2.1a). The acyltransferase (AT) domain
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Figure 2.1: Modular structure of polyketide synthases and nonribosomal peptide synthetases.
a) Domain architecture of initiator modules, canonical modules, and termination modules of polyketide
synthesis. The mechanism for ketoacyl synthesis by the KS domain in the canonical module is shown.
The KS domain transfers an acetyl group from the ACP domain from the previous module and catalyzes
a Claisen condensation with malonyl-ACP of its own module. b) The three types of reduction reactions in
PKS enzymology. The KR domain synthesizes a 8-hydroxyacyl-ACP from a S-ketoyacyl-ACP, followed
by a-B-enoyl-ACP formation by the DH domain, and lastly an acyl-ACP formed by the ER domain. c)
Domain architecture of initiator modules, canonical modules, epimerization modules, and termination
modules in nonribosomal peptide synthesis. The structure and stereochemistry of the nascent peptide is
shown. An MLP is shown interacting with some adenylation domains, which do not always require an
MLP for full activity. d) Peptide bond formation catalyzed by the C domain. The amine group on the
acceptor amino acid acts as the nucleophile and attacks the carboxyl carbon of the donor amino acid.
e) Identity of active site residues in NRPS A domains. The active site is part of a compact subdomain
that contains the specificity code residues. The consensus codes for 14 amino acids are shown. The first
and last residues, D and K, are invariable and essential for A domain activity.
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catalyzes the covalent linkage of a starter or extender unit to an acyl carrier protein or
thiolation (ACP or T) domain within the same module. The subsrate binds directly to a
phosphopantetheine arm that is attached to the ACP domain by a phosphopantetheinyl
transferase (PPTase) [53]. AT domains can be encoded within the same peptide as the
rest of the catalytic domains (cis-AT) or as a standalone protein that may esterify ACP
domains in multiple modules (trans-AT) [54]. The AT domain is commonly considered
the “gatekeeping” domain of polyketide biosynthesis. Crystal structures have revealed the
binding-site residues responsible for AT specificity for malonyl-CoA or methylmalonyl-
CoA [55, 56, 57].

Next, a ketosynthase (KS) domain catalyzes a Claisen condensation between the ex-
tender unit and an acyl unit from a previous module, resulting in a S-ketoacyl unit. The
[ carbon on this substrate can be reduced to varying degrees by a ketoreductase (KR)
domain, dehydratase (DH) domain, and finally an enoylreductase (ER) domain, in that
order (Figure 2.1b). The extent of reduction is determined by the omission or inactiva-
tion of the responsible domains within the module. In modules with only KR activity,
the KR domain determines the stereochemistry of the S-hydroxy carbon. In cases where
the extender unit is a methylmalonyl moiety or other chiral malonyl derivative, the stere-
ochemistry of the o carbon of the condensation product is also controlled by the KR
domain, including some KR domains that have no reductase activity and act solely as an
epimerase [58, 59].

Starter modules contain fewer catalytic domains because they only serve to activate
an acyl-CoA or acyl-ACP. A common structure is a loading AT domain or CoA ligase
domain followed by an ACP (Figure 2.1a). Alternatively, a three-domain loading module
contains a modified KS domain (in addition to AT and ACP domains) that can activate
malonyl-CoA and its structural derivatives and catalyze a decarboxylation reaction after
activation [60]. A third type of starter module has an adenylation domain that esterifies
free carboxylic acids onto the ACP, similar to NRPS loading modules [61]. The termi-
nation module contains a thioesterase (TE) domain, which cleaves the thioester bond

between the polyketide and ACP (Figure 2.1a). It is common for this domain to cat-
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alyze a cyclization reaction between the free carboxylic acid and a hydroxyl group in the
polyketide.

Even within the type I class of PKSs, modules can deviate significantly from this
sequence of reactions, particularly for trans-AT PKSs [62]. Other PKSs do not fall
into the assembly line format of the type I class. The domains in type II PKSs are
encoded as standalone enzymes and form a minimal PKS containing two ketosynthases
and an ACP that iteratively incorporates malonyl-CoA, and supplementary domains
can further modify the polyketide’s structure. This class of PKSs synthesizes many
aromatic polyketides, including antibiotics like tetracycline [63]. Type III PKSs also
catalyze iterative reactions, but exist only as a homodimer of KS monomers. Despite
this relatively simple enzyme architecture, type III PKSs are capable of a diverse set of
elongation and cyclization reactions [64].

There is a similar level of diversity in NRPS enzymology, but our discussion focuses
primarily on enzymes with an assembly line format. In canonical nonribosomal peptide
synthesis, each module activates an amino acid and catalyzes peptide bond formation
with amino acids from adjacent modules, similar to ribosomal protein synthesis. These
enzymes are capable of extraordinary structural diversity because they are not limited
to proteinogenic amino acids. Researchers have identified up to 800 non-proteinogenic
amino acids, and NRPSs can also incorporate aryl acids [65].

A typical NRPS module contains three domains, an adenylation (A) domain, con-
densation (C) domain, and a peptidyl-carrier protein or thiolation (PCP or T) domain
(Figure 2.1c). The A domain catalyzes the ATP-dependent activation of an L-amino
acid and converts into an amino acyl-AMP. This is considered the gatekeeping reaction
in NRPS enzymology. Based on the structure of an A domain bound to its amino acid sub-
strate, the residues conferring amino acid specificity were determined [66]. Researchers
quickly discovered that these residues closely mapped to the enzymes’s substrate, and
these residues were eventually called the “specificity code” (Figure 2.1e). There are 10
residues that interact with the amino acid substrate, 8 of which are indicative of the

domain’s specificity. There are several prediction algorithms that rely primarily on these
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residues to predict amino acid specificity, which have been incorporated into natural
product discovery platforms [67, 48].

Adenylation domains often require interactions with an MbtH-like protein or another
activating protein, which is encoded separately from the NRPS [68, 69]. After A-domain
activation, the activated substrate is then attached to the phosphopantetheine moiety of
the PCP domain. The C domain catalyzes peptide bond formation between this amino
acid and the amino acid bound to the PCP domain in the previous module (Figure 2.1d).
Adenylation domains commonly activate L-amino acids, modules sometimes contain an
epimerization (E) domain that enables the incorporation of D-amino acids. The amino
acid is epimerized by the E domain after peptide bond formation by the C domain [70].
Alternatively, hybrid C/E domains that yield similar results have also been reported, and
there are a few examples of A domains that recognize D-amino acids directly [71, 72].

Starter modules in NRPSs are similar to those of PKSs in that they have fewer
modules, usually an A domain followed by a PCP domain (Figure 2.1¢). These modules
activate free acids, but alternative starter modules with starter condensation domains
or CoA ligase domains can activate CoA-bound metabolites [73, 74]. Like polyketide
biosynthesis, termination modules contain a TE domain that releases the nascent peptide
from the NRPS. PKSs and NRPSs sometimes contain a type II TE, either as an attached
domain or as a standalone enzyme, that regenerates misprimed carrier protein domains,
preventing stalling of the assembly line [75].

NRPSs that deviate from the assembly line architecture have also been described.
Type II NRPSs feature standalone enzymes responsible for amino acid activation and
peptide bond formation [76]. These pathways incorporate enzymatic steps not usually
seen in modular NRPSs, such as dehydrogenases and halogenases. Analogous to type II
PKSs, there are some iterative NRPS modules, although their domain architecture is not
as distinct from linear NRPSs, iterative NRPSs are capable of oligomerization based on

the specificity of the TE domain [77].
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2.3.2 Genetic and protein engineering of PKS and NRPS
components

There is considerable interest in engineering PKSs and NRPSs to alter substrate speci-
ficity, increasing their potential as a source of novel natural products [78, 79]. However,
these large enzymes pose several challenges to manipulating the synthesis of their prod-
ucts. Genetic manipulation of the BGCs is not trivial because clusters often range from
20 to 100 kb in size (with some >100 kb) and contain repetitive DNA sequences due to
the modular structure of their encoded megaenzymes [80].

Many techniques designed for specifically cloning large BGCs encoding PKSs and
NRPSs are available, allowing researchers to reliably transfer BGCs to heterologous hosts.
Traditionally, researchers have cloned BGCs of interest by constructing libraries from ge-
nomic DNA and screening for the correct clone with PCR [35]. Targeted methods for
capturing BGCs from genomic DNA are a more efficient option. These methods take ad-
vantage of restriction enzymes or programmable nucleases that can cleave desired DNA
segments from the chromosome in vitro [81, 82]. Researchers can then use homologous
recombination and/or ligation cloning techniques to directly capture BGCs of interest
in an expression vector [83]. RecET direct cloning and yeast transformation-associated
recombination (TAR) cloning are commonly used to clone large BGCs in E. coli and
Saccharomyces cerevisiae, respectively [84, 85]. DNA assembly methods have also been
developed for constructing large BGCs from multiple DNA fragments, which allows re-
searchers to refactor BGCs of interest. Large DNA molecules can be assembled in vitro
or in vivo using Golden Gate cloning, single-stranded annealing, and homologous recom-
bination in yeast [86, 87, 88]. Methods for modifying plasmids containing large BGCs
have recently been developed for engineering modular enzymes through point mutations
and domain swapping [89, 90].

With up to five domains within a canonical PKS module, there are many options for
modifying polyketide biosynthesis through protein engineering. The 6-deoxyerythronolide
synthase (DEBS) was the model PKS for the earliest attempts [91, 50]. Directly inspired

by the modular structure of PKSs, researchers performed whole module swaps between
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homologous enzymes to synthesize erythromycin derivatives [92, 93]. In a later study,
combinatorial synthesis of PKSs containing loading modules follwed by two extender
modules yielded biosynthesis of 71 unique triketide lactones from a total of 154 DNA
constructs [79]. While this result showed great promise for PKS engineering via mod-
ule substitution, this systematic approach revealed some mechanisms of failure, such as
non-optimal linker interactions between adjacent modules [94]. Chimeric PKSs also con-
sistently produce smaller amounts of product due to poor protein stability and protein-
protein interactions between non-cognate modules.

Specifically swapping loading modules is an attractive engineering strategy due to
their broad substrate specificity [95]. These modules also enable semi-synthetic strategies
for polyketide derivitization because the can incoporate aromatic or alkyne substrates,
resulting in functionalized polyketides [96, 97, 98]. When constructing PKS chimeras,
researchers usually use defined module or domain boundaries, but recent reports have
challenged these seemingly intuitive positions (Figure 2.2a). Chemler et al. discovered
that hybrid PKSs with unconventional module boundaries can function [99]. Notably,
novel polyketides were synthesized from constructs with module boundaries falling within
AT and KS domains. More recently, novel module boundaries at the KS-AT di-domain
boundary, instead of the traditional ACP-KS boundary, improved the activity of chimeric
PKSs in vitro [100].

Researchers have also been able to make polyketide modifications by swapping indi-
vidual domains (Figure 2.2b). AT domain swaps can enable the incorporation of different
starter and extender units, and traditionally these modifications were used to switch be-
tween malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA [91, 101]. Alternatively,
inserting or deleting reductive domains can alter the oxidation state of carbon centers
throughout polyketide structures [93, 102, 103]. KR domain swaps or mutagenesis are
also an opportunity to modify the stereochemistry of the a- and g-carbons of the nascent
polyketide [104, 105, 106].

There is considerable interest in manipulating polyketide biosynthesis by engineer-

ing AT domains. In one of the earliest examples of PKS engineering, Oliynyk et al.
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Figure 2.2: Engineering strategies in modular PKSs and NRPSs. a) Multi-domain substitu-
tions in PKSs. Several module boundaries have been defined in PKS engineering. b) Single domain
modifications in PKS engineering. AT domain swaps and mutagenesis enable activation of alternative
extender units. Inactivating individual domains in the reductive loops decreases the level of reduction
of the nascent polyketide. KR domain swaps and mutations alters the stereochemistry of the o- and
B-carbons of the extender unit. ¢) Multi-domain substitutions in NRPSs. Several module boundaries
have been defined in NRPS engineering. d) Single domain modifications in NRPSs. A domain swaps
and substitutions alter the activated amino acid substrate. E domain inactivation switches the amino
acid stereochemistry from the D-isomer to the L-isomer.

successfully synthesized novel triketide lactones lacking a methyl group by replacing a
methylmalonyl-CoA-specific AT domain with a malonyl-CoA-specific AT domain [91]. In
later studies, researchers discovered that most PKSs with heterologous AT domains have
significantly reduced productivity [107]. Biochemical analyses of some of these hybrid
PKSs suggested that this reduced activity is due to impaired elongation by the KS and
ACP domains within the module of the swapped AT domain [108]. However, a recent
study found that the bottleneck imposed by KS domains in chimeric PKSs is alleviated
by a few point mutations [109]. Despite these issues, AT domain swaps are still a com-
mon PKS engineering strategy today. Alternatively, trans-AT domains have also been
explored for installing alternative extender units into polyketides. After inactivating the

native cis-AT, researchers successfully synthesized polyketide derivatives after introduc-

ing a heterologous trans-AT [110]. However, more information on how these enzymes
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interact with ACP domains is needed before this becomes a universal engineering strat-
egy [111, 112].

Issues with domain swaps motivated researchers to investigate factors conferring AT
domain specificity. It was immediately clear that AT domains that activate malonyl-CoA
contained a HAFH sequence motif, and methylmalonyl-CoA domains contained a YASH
motif [113, 114]. However, these motifs were not the only residues controlling substrate
specificity, as motif mutations usually yielded promiscuous AT domains. In some cases,
this promiscuity is advantageous and has enabled the incorporation of unsaturated ex-
tender units by mutated AT domains, resulting in alkyne-tagged polyketides [115]. Other
sequence motifs have been identified from molecular simulations and bioinformatics, and
these findings have enabled the construction of modified AT domains with specificity
shifted towards the desired substrate [116]. Site-directed mutatagenesis of AT domains
has great promise for PKS engineering because this strategy avoids issues with protein
stability that arise in domain-swapped PKSs.

Protein engineering efforts in NRPS systems have seen similar challenges. Module
and domain swaps often result in unstable proteins, and switching domain specificity
through site-directed mutagenesis has been limited to structurally similar substrates.
Substitution strategies showed early promise when researchers successfully synthesized
peptide derivatives from A-T di-domain swaps and fusing whole modules (C-A-T) to-
gether (Figure 2.2¢) [117, 118]. While the A domain was initially considered the sole
substrate-determining domain in NRPS enzymology, in vitro studies did suggest C do-
mains can be highly specific for its cognate amino acid, suggesting that substituting C-A
or C-A-T units are more likely to be successful than doing the same with A and A-T
units [119, 120]. For example, A domain substitutions in a L-threonine-specific module
in the pyoverdine synthetase of P. aeruginosa only yielded wild-type pyoverdine [121].
Even non-threonine-specific A domains did not alter the final product. However, substi-
tuting the entire C-A di-domain region resulted in pyoverdine derivatives with L-lysine
and L-serine substitutions. While these results do suggest that C domains have some

role in determining substrate specificity, the loss of important C-A domain-domain inter-
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actions could also be the mechanism of failure for A domain substitutions [122]. Indeed,
one study found that mutations throughout the A domain improved activity of hybrid
NRPSs with a heterologous A domain [123]. These mutations were likely important for
protein stability and protein-protein interactions with adjacent domains.

Considerable progress in NRPS engineering has been achieved by researchers thinking
beyond the canonical C-A-T module boundaries. A remarkable example defined exchange
units (XU) around A-T-C tri-domain regions that yielded functional chimeric NRPSs
(Figure 2.2c) [124]. The authors hypothesized that the C-terminus of the C-A domain
linker was the optimal exchange boundary because there were no apparent C-A domain-
domain interactions disrupted. One limitation of this strategy was that the C domain had
to have the same substrate specificity as the downstream exchange unit, again suggesting
that C domains may limit the scope of A domain substitutions in NRPS engineering.
The same research group published a potential solution by defining yet another exchange
unit (XUC), with the boundaries falling within the C domain (Figure 2.2¢) [125]. These
boundaries yielded hybrid NRPSs capable of producing peptide derivatives in similar
amounts as the previous publication, and C domain specificity was not a concern in these
substitutions because the C subdomains, donor and acceptor, did not interact with A
domains of a different substrate specificity.

A recent report on NRPS engineering challenged the dogma on the C domain’s role
in A domain substitutions. Calcott et al. demonstrated that A domain substitutions
were more successful if the C-A boundary was shifted towards the N-terminus of the C-A
linker [126]. They found that this strategy produced more functional chimeric NRPSs
than C-A swaps and A domain swaps from earlier studies and that it was possible to
construct functional swaps with enzymes that shared relatively low sequence homology.
Interestingly, the C-A boundary reported by Bozhuyuk et al. for swapping A-T-C ex-
change units, a strategy that had issues with C-domain specificity in hybrid NRPSs, was
on the opposite terminus of the C-A linker [124].

Another type of domain substitution strategy was inspired by recombination events

that have occured naturally in NRPS evolution [127]. In vitro experiments demonstrated
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that swapping a compact subdomain containing 9 of the 10 active site residues results
in a chimeric A domain with a matching substrate specificity to the donor A domain
(Figure 2.2d) [128, 78|. This strategy allows a complete switch in A domain specificity
without compromising protein-protein interactions between adjacent domains. Further
in vitro studies observed that NRPSs with chimeric A domains may be limited by C
domain activity, but as observed in earlier studies, directed evolution can improve total
activity and tighten substrate specificity for the chimeras [129, 130, 131].

Lastly, most other NRPS engineering efforts have focused on mutations in the A
domain active site. This strategy has primarily focused on the 10 active site residues
that make up the remarkable “specificity code” [66]. Even though naturally-occuring
bacterial A domains rarely break the specificity code rules, swapping the code residues
is not enough to switch substrate specificity [67]. The first example of successful speci-
ficity code mutations resulted in specificity swaps from L-glutamate to L-glutamine and
from L-aspartate to L-asparagine, with both changes requiring only one mutation [132].
Almost twenty years later, Kaniusaite et al. reported engineered A domains that acti-
vated 4-hydroxyphenylglycine instead of the original and structurally similar substrate,
3,5-dihydroxyphenylglycine [133]. These mutants only required 1-2 key mutations in the
active site for altering subtrate specificity.

Directed evolution approaches on the specificity code have successfully altered sub-
strate specificity in some A domains, but the variants are usually promiscuous and still
activate the original substrate [134, 20]. Some researchers have embraced this feature
after discovering a single mutation in a L-tyrosine-specific A domain that enabled acti-
vation of functionalized tyrosine derivatives [135]. This discovery recently enabled the
production of peptides modified with alkyne, halide, and benzoyl moieties, which are
compatible with well-known “click” reactions [136].

Advancements in PKS engineering have closely mirrored those in NRPS engineer-
ing. Considerable progress has been made in determining optimal module and domain
boundaries when constructing homology substitutions in assembly line enzymes. There

is enough knowledge on substrate specificity of gatekeeping domains to reliably predict
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natural product structures from sequence information alone, but a universal strategy for
changing specificity has not been described. In order to truly realize the “lego-ization” of
polyketide and nonribosomal peptide synthesis, researchers will need to identify strategies
for maintaining inter-domain interactions and substrate channeling in chimeric enzymes

and expand our knowledge of substrate recognition beyond sequence motifs.

2.3.3 Host-specific challenges in natural product discovery and
production

PKS and NRPS activity is dependent on accessory proteins that are present in the
host. PKSs and NRPSs are only functional in the presence of a compatible phosphopan-
tetheinyl transferase (PPTase), which is responsible for incorporating an essential post-
translational modification to carrier protein domains [137]. In addition, NRPS adenyla-
tion domains, which are responsible for activating amino acid substrates for incorporation
into the peptide product, often require the presence of an MbtH-like protein (MLP) in
order to be fully functional [68]. MbtH is a protein encoded in the BGC for synthesis of
the mycobactin siderophore from Mycobacterium tuberculosis and forms the basis for the
MLP superfamily [138]. The exact function of MLPs is still an active area of research,
but researchers have observed that they bind to their cognate adenylation domains and
improve their solubility and substrate affinity [139, 140]. These auxiliary proteins can be
located outside the gene clusters encoding putative NRPSs/PKSs thereby imparting a
requirement to co-express native or promiscuous variants in heterologous hosts.

A major bottleneck to discovering novel natural products is the fact that the over-
whelming majority of genetic material in environmental samples originates from strains
that have not been cultured in the laboratory [141]. In order to retrieve BGCs from
these strains, researchers have turned to metagenomic libraries and/or commercial DNA
synthesis of refactored BGCs prior to introducing them into a heterologous host (Fig.
2.3) [39, 142]. Even at $0.10 per base pair, the cost of synthesizing large clusters is out of
reach for most academic laboratories and a limitation to industrial efforts. Similarly, the

cost of screening metagenomic libraries in search of clones harboring the desired cluster
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Figure 2.3: Strategies for discovering novel natural products using heterologous expression
of BGCs. Candidate BGCs can be sourced from environmental DNA, genomic DNA from the native
host, or de novo DNA synthesis. The ideal heterologous host has characteristics that allow for rapid
strain engineering and robust cell growth and production of natural products.

can be equally large and depend on either PCR, sequencing, or functional assays [51].
Functional screens include bacterial and/or fungal growth inhibition, detection of pig-
mented compounds, biosensor activation, and high-throughput analytical chemistry (e.g.
HPLC) [142, 143, 144]. Early screenings of metagenomic libraries were mostly random,
but sequencing environmental DNA samples has allowed researchers to identify libraries
with BGCs related to those of secondary metabolites of interest [145]. Heterologous hosts
chosen to express BGCs from metagenomic libraries can influence which natural products
and corresponding BGCs are discovered because some promoters from the library may be
poorly expressed in various hosts [146]. However, researchers have found that introduc-
ing foreign transcriptional regulators to heterologous hosts can improve expression from
these promoters and therefore increase natural product production [147, 148].

Another challenge associated with isolating bioactive natural products from native
hosts that are difficult to cultivate is producing them in amounts sufficient for further
characterization and ultimately clinical trials [149, 150]. While many natural products
can be synthesized chemically, their structural complexity requires the use of many chem-
ical steps that result in poor overall yield [151]. Biological production can simplify this
process by reducing multiple chemical reactions to a single bioreactor, if a suitable host

can be developed. Even when native bacteria containing a BGC of interest can be cul-
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tivated, other issues can prevent production of secondary metabolites at levels required
for subsequent functional testing. Native hosts often grow slowly and have strict nutrient
requirements, limiting the ability to scale up production from native hosts. Many clusters
are also not expressed in normal laboratory conditions and the conditions required for
activating the expression of many BGCs remain unknown [152]. Instead, researchers are
using synthetic biology strategies for activating expression of these clusters in the native
host if tools are available. That said, genetic tools are less likely to be available for species
isolated from the environment, making transfer of the BGC into a heterologous host a
necessary strategy [153]. A heterologous host provides the opportunity to use a produc-
tion strain that has characterized genetic tools and is more suited for industrial-scale
production.

Synthetic biology provides the necessary tools to manipulate BGCs and gain access
to previously unknown natural products. Useful genetic tools and methods for express-
ing natural product clusters are characterized transformation protocols, promoters, ribo-
some binding sites (RBSs), terminators, replicative or integrative vectors for introducing
heterologous genes, and methods for editing the genome [154]. To date, most advance-
ments in bacterial synthetic biology have been applied to E. coli, but recently there has
been a shift towards the development of genetic tools for non-model bacteria, including
those from taxonomic groups known to synthesize polyketides and non-ribosomal pep-
tides [155, 156]. Characterized promoters, RBSs, and terminators enable the predictable
expression of heterologous BGCs. Methods for engineering the chromosome allow re-
searchers to modify endogenous pathways. This strategy requires markerless and scarless
methods that use a counterselection system. Earlier methods relied on counterselection
genes that conferred sensitivity to a metabolite, such as sacB and sucrose or upp and
5-fluorouracil [157, 158]. These methods require multiple steps to generate the desired
strain and may require modifications to the genome a priori for the counterselection to be
functional, so researchers have turned to counterselections based on CRISPR-associated
nucleases [159, 160]. Scarless and markerless genome editing, including CRISPR-based

methods, enables the generation of multiple mutations to the chromosome, allowing re-
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searchers to optimize multiple metabolic pathways in heterologous hosts for improved

polyketide and nonribosomal peptide production [161, 162, 163].

2.4 Ideal traits of heterologous hosts for producing
polyketides and non-ribosomal peptides

The ideal heterologous host for producing polyketides and non-ribosomal peptides should
have a growth rate suitable for industrial fermentations, a characterized synthetic biology
toolbox, and a sufficient supply of precursor metabolites (Fig. 2.4). Important genomic
features include GC content and codon usage similar to the native host, unless the BGC
can be codon optimized for the heterologous host. A lack of native BGCs reduces com-
petition for limited metabolite supplies and simplifies downstream purifications [164].
Alternatively, competing BGCs can be deleted from the chromosome using genome edit-
ing methods described in this review. Particularly in the case of antibiotics production,
heterologous hosts should also be resistant to the product of interest and have the abil-
ity to secrete the product from the cell [165]. Bacteria that are capable of unicellular
growth are more suited to growth in liquid cultures compared to mycelial cultures that
can increase the media viscosity and lower oxygen transfer rates [166]. Ideal hosts also
have the metabolic flexibility to convert common feedstocks to the product of interest, in

contrast to many native hosts that have atypical and expensive nutrient requirements.

2.4.1 Domestication of P. putida with synthetic biology

As synthetic biology advancements have shifted focus towards non-model organisms, the
soil bacterium, P. putida has received considerable attention. Tool development for this
species is rapidly expanding and there are multiple options for each type of tool. The
explosion in P. putida synthetic biology even prompted some researchers to write an
in-depth review that compares available tools and calls for researchers to apply them
towards metabolic engineering goals [167]. The desire to engineer P. putida for produc-

ing chemicals of interest arises from its robust growth at high cell densities, resistance
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to solvents and other industrial stresses, and ability to catabolize non-traditional carbon
sources, such as lignin-derived monomers and biomass by-products [168, 169, 170]. P.
putida has a lot of potential as a production host for natural products, as Pseudomon-
ads commonly synthesize their own [171]. P. putida has a relatively high GC content
(61.5%) in its chromosome, similar to that of common natural product hosts, such as
Actinomycetes and myxobacteria [172, 173]. This microbe is also capable of functionally
expressing assembly line enzymes because it naturally secretes a siderophore called py-
overdine, which is synthesized by NRPSs encoded in its genome [73]. Lastly, there are
considerably more genetic tools available for P. putida and it has a faster growth rate in
laboratory conditions compared to other heterologous hosts. These characteristics pro-
vide a great opportunity for P. putida to be developed specifically for producing natural
products from other bacteria.

The minimal set of bacterial genetic tools is multiple promoters, RBS sequences, and
plasmids with replicative origins. Like other Gram-negative bacteria, plasmids used in P.
putida have broad-host range (BHR) origins that replicate plasmid DNA independently of
host replication processes [174]. The most commonly used BHR origins for P. putida are
the RK2, BBR1, and RSF1010 origins [175, 176, 177]. A fourth origin that has been used
primarily for experiments in P. aeruginosa, RO1600, has recently been used successfully
in P. putida as well [178].

Transcriptional control in P. putida is achievable with constitutive and inducible pro-
moters. Libraries of constitutive promoters have been created through saturation muta-
genesis, and the Anderson promoter library also predictably expresses genes in P. putida
[179, 180]. Several inducible promoters discovered from Pseudomonads have been char-
acterized and shown robust gene expression in P. putida, including P,, induced with
3-methylbenzoate [181, 182], Py, induced with salicylate [181, 182], and Pyp induced
with dicyclopropylketone [181, 183]. Researchers have also characterized promoters from
non-pseudomonads in P. putida, including rhamnose (P.p; [181, 184]) and arabinose
(Purap; [181, 185]), which both exhibit tight repression in the absence of the inducer.

The lac family of promoters have also been used for heterologous expression in P. putida,
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although the fold-induction for some systems is relatively low compared to their perfor-
mance in E. coli [186]. While these promoters are used often, there has been little effort
towards optimizing inducible promoter systems for P. putida, particularly in reducing
basal expression or increasing the fold-induction. One recent study demonstrated the
benefits of this research with their work on P,, in P. putida [178]. By integrating the
regulatory protein, XylS, onto the chromosome with a constitutive promoter, the authors
reduced leaky expression and increased the fold-induction 170-fold. Expression from in-
ducible promoters could benefit from other strategies for optimization, such as protein
degradation tags and small RNA repression [187]. CRISPR interference techniques could
be use more broadly to attenuate chromosomal gene expression as well [188, 189].

Investigations into the next step in gene expression, translation, has not been a major
focus in P. putida tools. The field has progressed towards most researchers using the RBS
calculator developed by the Salis research group to design RBS sequences, but no publi-
cation has experimentally verified these predictions in P. putida [190, 191, 192]. An RBS
library was recently characterized in P. putida, where researchers mutagenized the Shine-
Dalgarno sequence to determine its effect on heterologous gene expression [193]. While
researchers across the field have successfully translated diverse proteins in P. putida, a
greater understanding of RBS design would improve synthetic operon design and enable
the construction of more complex genetic circuits.

Genome editing is an essential tool in synthetic biology and metabolic engineering.
Genomic modifications are required for shaping cellular metabolism, and chromosomal
integrations are often more stable than replicative plasmids for heterologous gene ex-
pression. Methods based on homologous recombination have been a staple in P. putida
genome editing. With only one plasmid containing homology arms and a counterselection
gene (upp; b-fluorouracil or sacB; sucrose), researchers have generated large chromoso-
mal deletions and heterologous gene insertions [158, 194]. Sucrose-based counterselections
are preferred in P. putida because anti-metabolites like 5-fluorouracil are known to be
mutagenic in bacteria [195]. However, recent genome editing methods have relied on

CRISPR-associated (Cas) nucleases for counterselections. Several labs have developed
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Cas-assisted ssDNA recombineering methods, including Cas9 and Cas12a [196, 197, 198|.
Cas-assisted homologous recombination with dsDNA has only been reported once (out-
side of our lab), but this technique used an I-Scel counterselection in addition to Cas9
[199]. Methods with ssDNA recombineering have enabled the generation of chromosomal
point mutations with and without Cas-based counterselections, offering more versatility
in the P. putida genome editing toolkit [200, 193].

Researchers have developed methods specifically for integrating exogenous DNA in P.
putida as well. Tn7 transposition is a common technique for integrating DNA downstream
of the glmS gene in Gram-negative bacteria [201]. Phage integrases can be used in P.
putida to integrate DNA into locations containing a “landing pad” introduced beforehand
by homologous recombination [179, 202]. With such a multitude of genome editing tools,
virtually any chromosomal edit is possible in P. putida. However, these genome editing
techniques have not been adapted for multiplexed or high-throughput applications, which
is currently limiting progress in metabolic engineering projects with P. putida.

Metabolic engineering in P. putida has focused primarily on lignin valorization into
multiple products, including poly(hydroxyalkanoates), adipic acid, and muconic acid
[203, 204, 205]. Natural products engineering in P. putida has mostly consisted of inte-
grating various biosynthetic gene clusters, but in one case the authors also introduced
genes to synthesise methylmalonyl-CoA for polyketide synthesis [206]. The most remark-
able metabolic engineering examples in the literature take advantage of omic analyses
to determine optimization strategies. This approach has allowed researchers to quan-
tify pathway enzymes in vivo and identify catabolic pathways reducing product titers
207, 208].

Any major improvements in the state of P. putida metabolic engineering will require
systematic approaches to designing DNA constructs and engineered strains. An excep-
tional study showcasing these elements reported a muconate biosensor optimized for P.
putida [209]. The authors constructed a library of promoter and RBS mutations and used
fluorescence-activated cell sorting (FACS) to isolate a mutant with high expression when

cells grew in the presence of muconate precusors and minimal expression without. This



38

Synthetic Biology Tools

Genetic tools

§
i e
Gene editing methods s Replicative or integrative
@ 2 vectors
3
NN D P

romoter/RBS/Terminator o
Cas9/Cas12a counterselection

Heterologous Host

Precursor supply Robust growth
HOMSCOA
X Post-translational
o SCoA ™ .
HN I, modification
OH

H H
N N
Ho\:/o\w \/\g/ ~"\s-ACPIPCP

HO~ \b

4’-phosphopantetheine
Native and/or Engineered Traits

Figure 2.4: Synthetic biology tools and physiological traits required for production of polyke-
tides and non-ribosomal peptides from a heterologous host. Necessary synthetic biology tools
include genome editing methods, DNA parts for controlling gene expression, and replicative or integra-
tive vectors. Physiological traits include synthesis of required metabolite precursors, post-translational
modification of acyl- or peptidyl-carrier proteins, and robust cell growth.

biosensor was then used to screen a library of strains created from adaptive laboratory

evolution (ALE) for improved muconate production, revealing key genomic mutations

that informed the next steps in strain engineering.

2.4.2 Comparison of bacterial heterologous hosts for natural
product investigations

There are multiple bacterial hosts that researchers have used for studying natural prod-

ucts. Table 2.1 provides a comparison of characteristics for species that have successfully

produced heterologous polyketides and non-ribosomal peptides: Streptomyces lividans,

Streptomyces albus, Streptomyces venezuelae, E. coli, Myxococcus xanthus, Pseudomonas
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Table 2.1: Comparison of phylogenetically diverse heterologous hosts for polyketide and non-ribosomal
peptide production. —, not reported

Strain Phylum or class Genome GC content Doubling Oxygen Recombinant DNA introduction (max size)
Size (Mbp) (%) time requirement

S. lividans TK24 Actinobacteria 8.34 72.24 42h Obligate aerobe  Electroporation, conjugation (90 kb) [210]

S. albus J1074* Actinobacteria 6.84 73.3 - Obligate aerobe Electroporation, conjugation (120 kb) [211]

S. venezuelae ATCC15439  Actinobacteria 9.05 7.7 1h Obligate aerobe Electrporation (32 kb) [212], conjugation

E. coli BL21(DE3) Gamma- 4.56 50.8 20 min Facultative Chemical transformation, electroporation,
proteobacteria anacrobe conjugation (>100 kb)

P. putida KT2440 Gamma- 6.18 61.5 45 min Obligate aerobe Electroporation (30 kb), conjugation (60 kb) [213]
proteobacteria

M. zanthus DK1622 Delta- 9.14 68.9 4-5h Obligate aerobe  Electroporation (60 kb) [213]
proteobacteria

B. subtilis 168 Firmicutes 4.22 43.5 20 min Facultative Electroporation, natural transformation

anaerobe
Anabaena sp. PCC 7120 Cyanobacteria 6.41 41.3 14 h Photoautotroph ~ Conjugation (42 kb) [214]
Synechocystis sp. PCC 6803 Cyanobacteria 3.95 47.35 12 h Photoautotroph  Conjugation

@ S. albus J1074 was recently reclassified as Streptomyces albidoflavus.

putida, Bacillus subtilis, Anabaena sp. PCC 7120 (hereafter PCC 7120), and Synechocys-
tis sp. PCC 6803 (hereafter PCC 6803). These strains are representative of most of the
species of bacteria that researchers have used for heterologous production of polyketides
and non-ribosomal peptides.

S. lwidans and S. albus are two of the most common Streptomyces species used to
study polyketides and non-ribosomal peptides from the natural product-rich actinobac-
teria. Compared to F. coli and B. subtilis, streptomycetes typically have slower growth
rates and therefore low productivity rates for secondary metabolites [215]. S. venezue-
lae was recently identified as an alternative heterologous Streptomyces host because its
doubling time is about half of that of Streptomyces coelicolor [216, 217]. While not as
plentiful as actinobacteria, a considerable number of bioactive natural products have been
isolated from myxobacteria [28]. This bacterial class is also plagued with slow growth
rates, with the model myxobacterium, Myzococcus xanthus, exhibiting a doubling time
of 4-5 hours [218].

P. putida has been proposed as a “hybrid” heterologous host for the production of
polyketides and nonribosomal peptides. Its growth rate is similar to that of E. coli,
it has a higher GC content similar to that of actinobacteria and myxobacteria, and
pseudomonads encode many natural product BGCs in their genomes thereby providing
native auxiliary proteins [171, 219]. B. subtilis is another fast-growing heterologous host,
and Bacillus species are a rich source of natural products [220]. The low GC content

of B. subtilis makes it an attractive candidate for the heterologous expression of BGCs
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from other low-GC bacteria and a difficult host for expressing the more common high
GC content clusters from actinobacteria.

Cyanobacteria are an intriguing alternative to heterotrophic microorganisms for bio-
processes because they can convert sunlight and COs into chemicals of interest [221].
PCC 7210 and PCC 6803 are both attractive cyanobacterial heterologous hosts for nat-
ural products and have similar doubling times of 14 and 12 hours, respectively [222].
Alternative cyanobacterial hosts have faster growth rates, including Synechococcus elon-
gatus PCC 7942, which has a doubling time of 5 hours, and a related strain, S. elongatus
UTEX 2973, grows twice as fast [223]. Heterologous production of a polyketide or non-
ribosomal peptide has not yet been reported in UTEX 2973 or another fast-growing model
species Synnechococcus sp. PCC 7002, which contains one native PKS [52].

Researchers have characterized promoters for most of the heterologous hosts men-
tioned in Table 2.1, including Streptomyces species [217, 224]. P.putida [179, 225,
B. subtilis [226], PCC 7120 [227], PCC 6803 [228], and of course, E. coli [180]. Most
myxobacterial genetic tools have been developed for M. zanthus, and heterologous ex-
pression in this species has involved several constitutive promoters, but a promoter library
or a reliable inducible promoter has not been reported in the literature [229]. Therefore,
M. zanthus is limited in transcriptional control of heterologous genes compared to other
candidate hosts.

Methods for integrating BGCs into the chromosome of heterologous hosts include
transposition, site-specific phage recombinases, and homologous recombination. All three
of these tools are available for P. putida and have been demonstrated for the chromosomal
integration of BGCs [179, 230, 231]. Integration via phage recombinases is a convenient
method for introducing heterologous genes to Streptomyces because most species contain
at least one phage integration site [217]. Transposition is the most reliable method for
stably integrating large (>50 kb) BGCs into the chromosome of M. zanthus, whereas
phage integration cannot be used for constructs of this size [213, 232]. RecA-mediated
recombination is an efficient method for integrating exogenous DNA into the chromosome

of B. subtilis [233]. Even though there are few examples of cyanobacteria being used as
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a heterologous host for BGCs, genetic tools have been developed for the heterologous
production of natural products in these species [234, 235, 17, 236]. Lastly, CRISPR-
based genome editing methods are available for all of the heterologous hosts discussed in
this review [161, 162, 196, 198, 237, 238, 239, 240].

Common substrates for PKSs and NRPSs include primary metabolites, such as acetyl-
CoA, malonyl-CoA, and proteinogenic amino acids. However, many BGCs require sub-
strates that are either not intrinsically synthesized or are synthesized in small quantities
by some heterologous hosts [40, 41, 241]. This issue can universally be addressed by
expressing a promiscuous coenzyme A ligase in the heterologous host and supplying the
necessary substrate in the growth media [242, 243]. There has also been success in engi-
neering the de novo synthesis of metabolites, such as methylmalonyl-CoA, ethylmalonyl-
CoA, and non-proteinogenic amino acids, by expressing heterologous pathways or by
overexpressing native pathways [206, 244, 245]. These strategies have also been used to
heterologously synthesize natural products functionalized with azide and alkyne groups,
enabling semi-synthetic strategies for producing natural product derivatives that can be
further diversified chemically [135, 246].

As mentioned previously, PPTases are essential for PKS and NRPS activity. PPTase
genes are often located in BGCs encoding PKSs and NRPSs, but in the case that they are
not, heterologous hosts must express a broad-range PPTase in order for the heterologous
PKSs and NRPSs to be active [137]. PPTases are commonly found in actinobacteria [247],
and E. coli is the only heterologous host mentioned above that does not encode a PPTase
in its genome. Pfeifer et al. solved this issue by introducing sfp, a gene encoding a broad-
range PPTase from B. subtilis [248, 53]. Multiple cyanobacteria express genes encoding
PPTases, and the PPTase from PCC 7120 appears to possess broad-range activity, but
the one from PCC 6803 does not [249, 250]. Both M. zanthus and P. putida have at least
one sfp-type PPTase, and the one from P. putida has demonstrated a broad substrate
range [137, 251, 252]. Unlike PPTases, MLPs from phylogenetically distant hosts are not
interchangeable [253, 254]. Often the MLP is encoded in the same BGC as the NRPS,

but a considerable amount of BGCs do not encode an MLP, so care must be taken to
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provide a compatible MLP if they are to be transferred to a heterologous host [255].

2.5 Recent Examples of Heterologous Production of
Bioactive Polyketides and Non-Ribosomal
Peptides

Beginning in 2013, there has been a consistent increase in the number of studies using
bacterial heterologous expression to study or engineer the biosynthesis of polyketides and
non-ribosomal peptides (Fig. 2.5a). Unsurprisingly, actinobacteria are the most abundant
source of sequenced BGCs encoding PKSs and NRPSs, and Streptomyces species have
been the most common hosts for the heterologous expression of these BGCs (Fig. 2.5b
and c¢). They are also the most common heterologous hosts for the discovery of novel
polyketides and non-ribosomal peptides through the heterologous expression of BGCs
from metagenomic libraries and cryptic BGCs (Fig. 2.5d). E. coli is the second most
popular heterologous host, and it is most commonly engineered for improved produc-
tion of polyketides and non-ribosomal peptides natively produced by non-proteobacteria,
showing that researchers are taking advantage of the state-of-the-art synthetic biology
tools available for E. coli. Studies using myxobacteria, pseudomonads, and B. subtilis
as the heterologous host are less common, and in contrast to those using Streptomyces,
most are attempting to engineer the production of the polyketides and/or non-ribosomal
peptides of interest.

Except for E. coli, heterologous hosts are most often used to express BGCs from
strains of the same phylum (Fig. 2.5¢). Related strains are more likely to share charac-
teristics important for heterologous gene expression, such as codon usage and GC con-
tent [256]. This phylogenetic dependence is a limiting factor for the study of BGCs from
cyanobacteria. Even though the number of bioactive secondary metabolites isolated from
cyanobacteria has increased in recent years [28], utilizing cyanobacteria for the heterol-
ogous production of polyketides and non-ribosomal peptides is still rare, and optimal

heterologous hosts for the production of cyanobacterial secondary metabolites are still
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Figure 2.5: Trends impacting heterologous expression of BGCs in bacteria. a) Number of
publications reporting heterologous expression of polyketide and non-ribosomal peptide BGCs per year.
b) Number of sequenced BGCs encoding PKSs and/or NRPSs in the AntiSmash database. Data labels
represent value on bar chart. All groups represent a bacterial class, except for the phylum cyanobac-
teria. Values were determined by building a query on the AntiSmash database searching for clusters
of the types “nrps” and/or “pks” for each taxonomic group of interest. The AntiSmash database was
accessed on January 6, 2019. c¢) Number of publications reporting heterologous expression of BGCs
according to heterologous host and phylogenetic distance between the native host and heterologous
host. Data labels represent total number of publications. d) Number of publications reporting het-
erologous expression of BGCs according to heterologous host and publication purpose. Data in pan-
els C and D are limited to articles published from 2013 to 2019. Publications were identified via
advanced searches in PubMed and Web of Science and supplemented by a manual literature review.
The PubMed query was “(((heterologous[Title/Abstract] AND (expression|[Title/Abstract] OR produc-
tion)[Title/Abstract])) AND (polyketide OR nonribosomal peptide OR non-ribosomal peptide)) NOT
(fungi[Title/ Abstract] OR fungal[Title/Abstract] OR plant[Title/Abstract])”. The Web of Science query
was “ALL = (heterologous AND (expression OR production)) AND ALL = (polyketide OR nonribosomal
peptide OR non-ribosomal peptide) NOT TS = (fungal OR fungi OR plant)”. Irrelevant publications
were manually removed from the search results.
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to be determined. There is a relatively low number of sequenced genomes and BGCs
from myxobacteria and cyanobacteria compared to other taxonomic groups (Fig. 2.5b),
hindering the identification and heterologous expression of new BGCs from these groups
[257, 258].

In the past two years, three publications have reported the capabilities of Schlegelella
brevitalea sp. nov. DSM 7029 (originally classified as Polyangium brachysporum, here-
after DSM 7029 [259]) as an alternative heterologous host for the production of myxobac-
terial natural products [260, 261, 262]. However, yields were 1-2 orders of magnitude
lower compared to heterologous product yields from M. zanthus. Currently, M. xanthus
has yielded higher titers for myxobacterial natural products, but DSM 7029 could be
developed for heterologously expressing BGCs from other betaproteobacteria, another
natural product-rich class of bacteria [263, 264].

In the following sections, we discuss individual studies that report the heterologous
production of nine bioactive polyketides and non-ribosomal peptides from the aforemen-
tioned heterologous hosts. Throughout our discussion, we highlight the synthetic biology
techniques and metabolic engineering strategies mentioned in section 3 that researchers
have used to improve heterologous production. The structures of these products are

depicted in Fig. 2.6 and their properties are summarized in Table 2.2.

2.5.1 Heterologous Production in Streptomycetes

Actinobacteria have been the source for several prominent antibacterial compounds, such
as daptomycin and chloramphenicol. Roughly 35% of all known microbial natural prod-
ucts with antinfective, antitumor, and antiviral activities were discovered from actinobac-
teria [28]. The development of model Streptomyces species as heterologous hosts will be
essential for the discovery and production of actinobacterial natural products, as they
will likely continue to be the major source of novel bacterial secondary metabolites. Re-
cently, researchers have used genetically tractable Streptomyces species for the heterolo-
gous production of the actinobacterial natural products, neoantimycins and oxytetracy-

cline. Neoantimycins are hybrid polyketides/non-ribosomal peptides produced by several
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Figure 2.6: Structures of select bioactive polyketides and non-ribosomal peptides produced
by heterologous hosts.

actinobacteria, and several derivatives have been found to induce apoptosis in cancer cells.
[265, 266] Neoantimycin A specifically inhibits the K-Ras GTPase that is implicated in
the development of most pancreatic, colorectal, and lung cancers [267]. Oxytetracycline
is a precursor for the semi-synthesis of tetracycline-based antibiotics [268]. Tetracycline
and its derivatives interfere with the association of aminoacyl-tRNAs with the ribosome
in bacteria thereby inhibiting protein synthesis [269].

The BGCs producing neoantimycins from Streptomyces conglobatus and Streptomyces
orinoct were recently characterized through heterologous expression of the clusters in S.
albus [270, 271]. Heterologous expression of the BGC from S. conglobatus yielded a novel
derivative of neoantimycin that was up to 10 times more active toward cancer cell lines

than cisplatin, a common anti-cancer drug. Cas9-assisted genome editing was used to
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Table 2.2: Bioactive polyketides (PK) and non-ribosomal peptides (NRP) produced through heterologous
expression in bacteria in recent studies

Heterologous host Molecule Native host Class Bioactivity Titer

S. albus Neoantimycin Streptomyces conglobatus PK/NRP  Anticancer not determined [270, 272]

S. venezuelae Oxytetracycline  Streptomyces rimosus PK Antibiotic 430 mg L1 [268]

E. coli Erythromycin Saccharopolyspora PK Antibiotic 40 mg L [273]
erythrea

E. coli Anabaenopeptin  Nostoc punctiforme NRP Protease inhibitor n. d. [274]

M. zanthus Epothilone Sorangium cellulosum PK Anticancer 21 mg L' [275)]

P. putida Prodigiosin Serratia marcescens PK/NRP Antibiotic, antitumor, 150 mg L [276]

immunosuppressive

B. subtilis Polymyxin Paenibacillus polymyza NRP Antibiotic 200 mg Lt [277]

Anabaena sp. PCC 7120 Lyngbyatoxin A Moorea producens NRP Cytotoxin 3.2 mg L [214]

Synechocystis sp. PCC Shinorine Fischerella sp. PCC 9339 NRP Antioxidant, sunscreen 0.71 mg L [278]

6803

introduce part of the neoantimycin BGC from S. orinoci into a related antimycin BGC
on the chromosome of S. albus to generate a chimeric pathway that produces several
neoantimycin derivatives at levels comparable to S. orinoci.

The fast growth rate of S. venezuelae makes it an attractive host for the heterologous
production of actinobacterial polyketides and non-ribosomal peptides. Yin et al. success-
fully engineered S. venezuelae to heterologously produce oxytetracycline. Initially, the
genes in the oxytetracycline BGC did not express in S. venezuelae, resulting in no oxyte-
tracycline production. The authors improved transcription of the heterologous pathway
by introducing a transcriptional activator from the native producer. They also increased
intracellular levels of malonyl-CoA by overexpressing an acetyl-CoA carboxylase from 9.
coelicolor. The final oxytetracycline titer of 430 mg L is comparable to that of the
native host, Streptomyces rimosus, but S. venezuelae can achieve this titer in two days,
while the native host takes eight, resulting in a four-fold increase in productivity through

heterologous production.

2.5.2 Heterologous Production in E. col:

The advanced synthetic biology tools characterized in E. coli and the wealth of knowl-
edge of E. coli metabolism has allowed researchers to engineer E. coli for the heterologous
production of a select few natural products. Recent compounds include the actinobac-
terial antibiotic, erythromycin, and anabaenopeptins, which have been discovered from

multiple cyanobacteria [279, 280]. Erythromycin inhibits protein synthesis in bacteria
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by binding to the 50S subunit of the ribosome and preventing translocation along the
RNA transcript, and this antibiotic is still used today to treat bacterial infections [281].
The cyanobacterial natural products, anabaenopeptins, exhibit protease inhibitor activ-
ity, specifically against protein phosphatase I, an enzyme that regulates transcription of
HIV-1 [280, 282, 283].

Erythromycin is one of the most studied actinobacterial polyketides, partly because
its synthase is the first PKS to be functionally expressed in E. coli[248]. The entire BGC
for erythromycin synthesis from Saccharopolyspora erythrea was first successfully recon-
stituted in E. coli by Zhang et al., achieving titers up to 10 mg L [284]. The availability
of advanced synthetic biology tools and metabolic knowledge for E. coli has led to grad-
ual increases in titers. Strategies for increasing erythromycin titers include engineering
native metabolic pathways to increase intracellular concentrations of propionyl-CoA, in-
troducing heterologous enzymes from S. coelicolor for methylmalonyl-CoA biosynthesis,
and optimizing the expression plasmids encoding the erythromycin BGC [285, 286]. The
most recent study achieved an erythromycin titer of 40 mg L [273].

A recently developed strategy for cloning BGCs into heterologous hosts resulted in
the heterologous production of cyanobacterial non-ribosomal peptides in E. coli [274].
Greunke et al. used Direct Pathway Cloning (DiPAC) to refactor the BGC for an-
abaenopeptin with E. coli-specific promoters and introduced the optimized pathway into
E. coli via two replicative plasmids. The authors did not report an exact value for an-
abaenopeptin production, but HPLC/MS analysis revealed that their engineered strain of
E. coli produced over 100 times more anabaenopeptins in 48 hours than what the native
producer produced in 50 days.

These two studies demonstrate how well-characterized genetic tools can facilitate the
heterologous expression of BGCs from phylogenetically distant bacteria. The favorable
growth characteristics also make E. coli an attractive host for producing cyanobacterial
natural products because it can reach higher cell densities and production titers in a
much shorter time compared to cyanobacteria. However, some studies suggest that E.

coli cannot be a widely useful heterologous host for natural products due to apparent
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toxicity from the expression of heterologous BGCs [84, 287].

2.5.3 Heterologous Production in M. xzanthus

Of the heterologous hosts discussed in this review, M. zanthus appears to have the
least developed synthetic biology toolbox available. However, several researchers have
been able to improve the production of myxobacterial compounds in this heterologous
host by optimizing transcription of the corresponding BGC. The antitumor compounds,
epothilones have been a common target for heterologous production in M. zanthus.
Epothilones bind to the S-tubulin subunit of microtubules, leading to their polymer-
ization and inducing apoptosis in cancer cells [288].

Heterologous production of epothilones in M. zanthus was first reported by Julien
and Shah with titers approaching 0.5 mg L [289]. Since then, several studies have
attempted to improve the production of epothilone derivatives. Yue et al. discovered that
several native promoters from M. xanthus are transcriptionally active in different stages of
growth, resulting in low epothilone titers [290]. They constructed several tandem-repeat
promoter variants to drive the expression of the epothilone BGC and improved epothilone
titers two-fold. Peng et al. achieved similar results using CRISPR/dCas9 activation of
the epothilone BGC. They fused the w transcription factor to a catalytically inactive
Cas9 (dCas9) and screened several sgRNA targets for improved epothilone production,
demonstrating the advantages of transcriptional control in the heterologous production
of natural products.

A recent study details an impressive attempt to completely refactor the epothilone
BGC from S. cellulosum for heterologous expression in M. zanthus [291]. The authors
codon optimized individual genes for expression in M. zanthus and distributed them into
four operons using an established promoter, RBS, and terminator commonly used in M.
zanthus. While epothilone production using the artificial pathway was much lower than
other studies using the native pathway (100 ug L' vs. 20 mg L), this effort shows
a great step forward towards refactoring complex natural product BGCs in M. zanthus.

Refactoring pathways into synthetic genetic circuits often requires testing multiple designs
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and can reduce production compared to the native pathway [38]. Future iterations of the

artificial epothilone pathway should lead to improvements in heterologous production.

2.5.4 Heterologous Production in B. subtilis

Despite the advantageous growth characteristics of B. subtilis, it is limited as a heterolo-
gous host for polyketides and non-ribosomal peptides because of the low GC content of its
chromosome. For example, a refactored pathway for the synthesis of 6-deoxyerythronolide
B, the precursor to erythromycin, in B. subtilis resulted in a titer of 2.6 ug L' [292], much
lower than what has been achieved in E. coli [248]. Several natural products have been
discovered from low-GC bacteria, including other Bacilli and some cyanobacteria. One
example of these compounds is a class of antibiotics called polymyxins. These compounds
are bactericidal towards Gram-negative bacteria, and their primary mode of action is in-
creasing cell wall permeability [293, 294].

Kim et al. demonstrated the utility of B. subtilis for heterologously producing non-
ribosomal peptides from other low-GC Bacilli by engineering a strain of B. subtilis to
produce polymyxins, antibiotics natively produced by Paenibacillus polymyza [295]. In-
tegrating the polymyxin BGC into the chromosome of B. subtilis yielded a strain capable
of producing up to 200 mg L™ of polymyxins. The authors also succeeded in engineering
strains towards the selective production of polymyxins B and E by replacing domains in

the polymyxin NRPS with homologous domains with the desired substrate specificity.

2.5.5 Heterologous Production in Cyanobacteria

The development of cyanobacteria for the heterologous production of polyketides and
non-ribosomal peptides is still in its infancy. However, researchers are poised to make
rapid improvements in this field with the availability of well-characterized synthetic biol-
ogy tools for cyanobacteria [296]. Roulet et al. have developed genetic tools specifically
for polyketide production in S. elongatus PCC 7942 and applied them to the heterologous

production of multimethyl-branched esters [234]. Two exceptional studies, described be-
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low, demonstrate the capabilities of PCC 7120 and PCC 6803 for producing two bioactive
non-ribosomal peptides, lyngbyatoxin A and shinorine, respectively. Lyngbyatoxin A is
a cytotoxin and acts as a tumor promoter in mammalian cells by activating protein ki-
nase C, an enzyme that regulates cell proliferation and differentiation [297]. Shinorine
is a UV-protective natural product that also exhibits antioxidant activity by activating
the Keapl-Nrf2 pathway that is responsible for regulating the production of antioxidant
enzymes in human cells and is therefore a common target for treating diseases caused by
oxidative stress [298].

PCC 7120 was used as a heterologous host for the production of lyngbyatoxin A, a
cytotoxin naturally produced by Moorea producens [214]. The authors introduced the
BGC for lyngbyatoxin A into PCC 7120 through a replicative vector. Initially, PCC 7120
was able to express the BGC using the native promoter from M. producens and produce
lyngbyatoxin A, but the authors improved production by altering the nitrogen source and
replacing the native promoter with other promoters characterized for the heterologous
host. Lyngbyatoxin A production was maximized and increased 13-fold to 3.2 mg L™
when the strain was grown on nitrate and a strong constitutive promoter was used to
drive expression of the BGC.

Yang et al. describe the only study so far on the heterologous production of a non-
ribosomal peptide-based natural product in PCC 6803 [278]. The authors introduced
a BGC from Fischerella sp. PCC 9339 responsible for synthesizing shinorine using a
replicative vector that co-expressed the shinorine BGC and the broad-range PPTase from
PCC 7120 [299]. Initially, imbalanced expression levels of individual genes in the BGC
led to the accumulation of pathway intermediates and limited shinorine production. The
authors removed this imbalance and improved production by inserting strong constitutive
promoters upstream of the poorly expressed genes in the BGC, resulting in a titer of 0.71
mg L of shinorine.

Remarkably, both heterologous hosts were able to generate natural product titers
comparable to those of the native producers. The use of well-characterized promoters in

these two studies demonstrates the importance of transcriptional control when expressing
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heterologous BGCs.

2.5.6 Heterologous Production in P. putida

P. putida has been a popular choice for the heterologous production of polyketides and
non-ribosomal peptides from proteobacteria, particularly those from myxobacteria. One
early study demonstrated that P. putida was capable of producing myxochromide S with
titers up to 5 times higher than the native myxobacterial producer, Stigmatella aurantiaca
[300]. However, more recent studies have reported low titers of heterologous products
compared to alternative hosts [213, 229, 301]. Despite the limited success of P. putida
as a heterologous host for natural products, many genetic tools have been developed for
it within the last few years, so heterologous production from this species could likely be
improved if researchers take advantage of the latest tools.

One exceptional study reports the heterologous production of prodigiosin, a pig-
mented polyketide/non-ribosomal peptide natively synthesized by Serratia marcescens
[302]. Prodigiosin is an antibiotic that inhibits transcription in E. coli, but not P.
putida [165, 303]. Recently, there has been increased interest in prodigiosin due to its
reported anticancer and immunosuppressant activities. It has displayed apoptotic and
antimetastatic affects against multiple cancer cell lines [304, 305], and it is a T cell-specific
immunosuppressant that inhibited the development of immune disease in mouse models
[306].

Domrose et al. introduced the BGC for prodigiosin synthesis through Tn5 transpo-
sition. The authors took advantage of the deep red color generated by prodigiosin and
constructed a transposable vector with a promoterless copy of the BGC. After screening
for transposon mutants that appeared as red colonies, they identified several mutants
that had integrated the gene cluster downstream of a strong chromosomal promoter,
resulting in prodigiosin titers of up to 150 mg L [276]. This strategy enabled the dis-
covery of strong native promoters for the heterologous expression of BGCs and improved

prodigiosin production compared to a previous study that used a synthetic promoter

307).
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P. putida as a heterologous host from 2018-2021

In recent years, researchers have demonstrated P. putida’s versatility as a heterologous
host for natural products, primarily through sucessfully producing natural products from
several proteobacteria and through metabolic engineering to increase production titers.
Zhang et al. used P. putida to elucidate the biosynthesis of a class of lipodepsipeptides,
the thalassospiramides, natively synthesized by marine a-proteobacteria [308]. Using a
site-specific recombinase, IntB13, the authors integrated two BGCs into the chromosome
of P. putida EM383, a derivative of KT2440 optimized for heterologous gene expression,
and were able to produce titers similar to or greater than the native strains. They also
found that P. putida’s native PPTase was able to activate the PKS and NRPS enzymes
of the two BGCs, but production was improved if the PPTase from one of the native
hosts was co-expressed with the BGCs. Thalassospiramide biosynthesis involves hydrid
PKS/NRPS enzymes with multiple modules, and these results demonstrate that P. putida
can functionally express mega-enzymes that E. coli cannot.

Another study systematically compared a suite of y-proteobacteria, including P.
putida, in the expression of BGCs from Photorhabdus luminescens. The authors designed
a universal genome editing method called chassis-independent recombinase-assisted genome
engineering (CRAGE) that they used to integrate BGCs into multiple bacteria and ex-
press them using T7 RNA polymerase [309]. P. putida and other Pseudomonas species
consistently produced a lower amount of metabolites compared to the heterologous hosts
that were more phylogenetically related to P. [uminescens, challenging the notion that a
bacterial host could be developed as a universal heterologous host for natural products
from diverse bacteria.

Researchers have begun to investigate metabolic engineering strategies to improve
polyketide and nonribosomal peptide production in P. putida. These efforts often take
advantage of pigmented natural products that provide a rapid screen. Flaviolin is a pig-
mented polyketide, and researchers have used this molecule as a biosensor for malonyl-
CoA concentration and screened for conditions or mutations that increase malonyl-CoA

availability [310, 311]. P. putida was recently engineered to produce robust titers of in-
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digoidine, a nonribosomal peptide synthesized from L-glutamine [15]. The authors used
a genome-scale metabolic model of P. putida to identify 14 gene targets to downregu-
late. Multiplexed CRISPR interference was used to repress nine of these genes, and the

engineered strain achieved 26 ¢ L' indigoidine in batch and fed-batch cultures.

2.6 Future Directions of Heterologous Production

Researchers have put considerable effort towards identifying alternative heterologous
hosts for the discovery and production of polyketides and non-ribosomal peptides. Strep-
tomyces species remain the dominant candidates, and this trend will hold in the foresee-
able future as actinobacteria continue to be rich sources for bioactive natural products.
Currently, heterologous hosts are most successful when expressing BGCs from phyloge-
netically similar species. However, for non-model heterologous hosts that are related to
natural product-rich species, synthetic biology tools are limited and it is considerably
more difficult to engineer these hosts for improved heterologous production. The devel-
opment of new synthetic biology tools needs to continue for these bacteria in order for
heterologous hosts to become a more viable option for producing polyketides and non-
ribosomal peptides. However, the model heterologous hosts for some bacterial taxa, such
as myxobacteria and cyanobacteria, have slower growth rates and are more difficult to
handle compared to other heterologous hosts.

Refactoring bacterial pathways in heterologous hosts has become a common strategy
for pathways that do not produce polyketides and non-ribosomal peptides (38, 312|, but
when researchers do heterologously express PKSs and NRPSs, the native BGC is often
left fully intact, requiring the use of potentially nonoptimal promoters, RBSs, and termi-
nators. Attempts to refactor these BGCs are usually limited to introducing characterized
promoters for 1-2 operons. This minimal approach can be improved upon by taking
advantage of tools for designing RBSs and investigating effects of termination on gene
expression in heterologous hosts [190, 313].

While genetic tools remain poorly characterized for many natural product-rich bacte-
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ria, phylogenetically distant species with better developed tools could become ideal hosts,
provided heterologous BGCs are refactored for optimal expression. Successful attempts
to refactor BGCs from actinobacteria and cyanobacteria for heterologous expression in
E. coli demonstrates the utility in this strategy and suggests that the ideal heterologous
host for producing polyketides and non-ribosomal peptides can be an unrelated species
[87, 314]. However, issues that synthetic biology cannot immediately address, such as
observed toxic effects from expressing heterologous pathways in E. coli [84, 287], require
that alternative hosts are developed for these projects. Improved synthetic biology tools
will be necessary for non-model organisms if pathway refactoring is to be fully realized as
a strategy for improving the heterologous production of polyketides and non-ribosomal

peptides in these hosts.

2.7 Research Needs

Characterized genetic tools for heterologous hosts

Engineering metabolic pathways for natural products synthesis is often more challenging
than engineering primary metabolism because these pathways are generally less under-
stood and the gene clusters encoding them are large in size and therefore difficult to
manipulate. These issues are compounded by a lack of well-characterized genetic tools
for microorganisms that are able to functionally express these pathways. Whether the
microbe is the native host or a heterologous host, researchers have a small set of genetic
parts that they can use to modify a pathway of interest. Ideally, there should at least be
a small library of constitutive promoters and a set of inducible promoters for a metabolic
engineering chassis. Steps to ensure that heterologous proteins are being translated effi-
ciently are also needed. Investigations into determining optimal RBS sequences are rare
for non-model bacteria, and research into codon usage and optimization for bacteria has

only been based on findings for E. coli so far.
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Genetic and metabolic engineering of natural product pathways

Most metabolic engineering attempts for natural products have focused on Streptomyces
hosts, where researchers have devised universal strategies for improving production titers,
such as promoter engineering and deleting competing pathways. Individual natural prod-
uct pathways are usually complex and variable, so examples of engineering reactions
within a pathway of interest are less common. Complete pathway refactoring, where
every gene is re-organized into synthetic operons, has been applied to some pathways,
but not for pathways producing polyketides or nonribsomal peptides. In most cases,
pathways of interest have not evolved for overproduction, so a re-working of metabolism
should be expected when designing a production host, but efforts so far have not used

most of the engineering tools available for bacterial hosts.

Protein engineering of assembly line enzymes in natural product synthesis

Genetic information has shown that PKSs and NRPSs have evolved through domain and
module substitutions and duplications. It is possible to some extent to repeat this process
in the lab with synthetic biology techniques, but there is not yet a defined set of rules
for creating chimeric enzymes. There are no established domain boundaries for designing
functional chimeras, so optimizing substitutions within these enzymes is laborious because
multiple variants need to be analyzed. Active site mutagenesis of gatekeeping domains
avoids issues with protein stability of chimeric enzymes, but our current understanding
of substrate specificity does not yet permit reliable specificity swaps in modular enzymes.
Directed evolution has provided a path forward for generating enzymes with altered
specificity, but these studies have not provided enough sequence-function information to
inform future rational modifications.

Natural products are still a viable resource for drug discovery. Next-generation se-
quencing has provided countless gene clusters with the potential to make a bioactive
compound, but many steps are required to generate novel compounds from this informa-
tion. Synthetic biology and metabolic engineering have so far been crucial components

for this new drug discovery paradigm. The available tools from these fields allow re-
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searchers to clone and express new pathways, modify biosynthetic enzymes to generate
natural product derivatives, and engineer production strains to produce drug candidates

at larger scales.
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3.1 Abstract

Pseudomonas putida is a promising bacterial host for producing natural products, such as
polyketides and nonribosomal peptides. In these types of projects, researchers need a ge-
netic toolbox consisting of plasmids, characterized promoters,and techniques for rapidly
editing the genome. Past reports described constitutive promoter libraries, a suite of
broad host range plasmids that replicate in P. putida, and genome-editing methods. To
augment those tools, we have characterized a set of inducible promoters and discovered
that IPTG-inducible promoter systems have poor dynamic range due to overexpression
of the Lacl repressor. By replacing the promoter driving lacl expression with weaker
promoters, we increased the fold induction of an IPTG-inducible promoter in P. putida
KT2440 to 80-fold. Upon discovering that gene expression from a plasmid was unpre-
dictable when using a high-copy mutant of the BBR1 origin, we determined the copy
numbers of several broad host range origins and found that plasmid copy numbers are
significantly higher in P. putida KT2440 than in the synthetic biology workhorse, FEs-
cherichia coli. Lastly, we developed a ARed/Cas9 recombineering method in P. putida
KT2440 using the genetic tools that we characterized. This method enabled the creation
of scarless mutations without the need for performing classic two-step integration and
marker removal protocols that depend on selection and counterselection genes. With the
method, we generated four scarless deletions, three of which we were unable to create

using a previously established genome-editing technique.
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3.2 Introduction

Pseudomonas putida is being developed into a prominent metabolic engineering chassis
for industrial biotechnology applications [315]. P. putida naturally has a relatively high
guanine—cytosine (GC) content and is capable of expressing complex biosynthetic clusters,
such as polyketide synthases and nonribosomal peptide synthetases, making it an ideal
host for the production of secondary metabolites derived from GC-rich bacteria [316, 156].
In addition to its production capabilities, P. putida is HV1 certified with a relatively high
tolerance toward industrial solvents [317]. It has a completely sequenced genome, allowing
it to be genetically tractable [318]. For P. putida to reach its potential as a major chassis
for industrial chemical production, it requires a robust set of synthetic biology tools to
allow for genetic manipulations and modulations of protein expression.

The main synthetic biology tools needed to engineer P.putida include a reliable set of
promoters, both constitutive and inducible, a set of origin of replications that can allow for
stable plasmid maintenance, and robust and efficient genome-editing techniques [319]. A
few constitutive promoter libraries have been characterized in P. putida for chromosomal
expression, with one study reporting a dynamic range around three orders of magnitude
[201] and a second study finding a 72-fold range of expression [179], demonstrating that
a wide range of expression on the chromosome can be achieved.

A variety of inducible promoters natively found in Pseudomonas species have demon-
strated in P. putida relatively high levels of expression upon induction, including P,
induced with 3-methylbenzoate [181, 182], Py, induced with salicylate [181, 182], and
Pukp induced with dicyclopropylketone [181, 183]. Other heterologous inducible systems
have been tested in P. putida with varying success. Induction systems using rhamnose
(Prhap; [181, 184]), arabinose (Pgqp; [181, 185]), methyl ethyl ketone (Pyera; [181, 185]),
and mannitol (P,,ug; [320]) demonstrated induction levels comparable to the native sys-
tems, though basal level expression varied, with P,z exhibiting higher levels of basal
expression and (Pg.,p acting as a tightly regulated system. The more commonly used
FEscherichia coli induction systems (P and Py, variants) have also been tested in P.

putida, but with varying degrees of success. One study demonstrated 38-fold induction
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with the Py system using four times the reported maximum necessary anhydrotetracy-
cline (aTc) concentration for E. coli [185, 176], and a second study reported using Py
with tetracycline as the inducer for tubulysin production but did not report quantitative
protein expression levels, making it hard to judge the efficacy of Py in P. putida [301].
The dynamic range was generally low for systems involving the lac operon, with Py
having only a four-fold change in expression upon induction [186]. P.yyvs was seen to
have induced fluorescence levels within the error for the uninduced samples; however,
they did report that altering the ribosome binding site (RBS) and 5’ untranslated region
(5" UTR) for Py .yvs caused a 26-fold increase in expression [181].

Many of the standard plasmid origins commonly used in F. coli are narrow host range
origins incapable of replication in P. putida; so a variety of broad host range (BHR)
origins have been developed [321, 322, 323]. The RK2 origin is a member of the IncP
incompatibility group and requires an origin of replication sequence and a replication
initiation protein encoded by ¢rfA to function [175]. It has been shown to be stably
maintained in P. putida and has been measured to be a low-copy plasmid in FE. coli
[324]. RSF1010 is a high-copy BHR origin routinely used for plasmid maintenance in P.
putida [325, 177]. Tt is part of the IncQ incompatibility group, though it requires three
genes to successfully replicate (repA, repB, repC'), making it a larger origin than RK2
(321, 323]. pBBRI1 is an interesting BHR origin that does not seem to belong to any of
the standard incompatibility groups and only requires a single gene (rep) for replication,
allowing it to be one of the smaller BHR origins [326, 327|. Even with its small size,
pBBRI1 has been shown to replicate in P. putida and is generally considered a low- to
medium-copy plasmid, though the copy number can be altered by mutations in the rep
gene [328, 169, 329]. There are also origins that have been isolated from Pseudomonas-
specific plasmids (pR01600, pVS1, pNI10), but they must be used in conjunction with
other host-specific origins to generate shuttle vectors for P. putida [319, 330].

There are a multitude of techniques for editing the genome of P. putida. Early methods
for gene deletions retained the selection marker on the chromosome, limiting the overall

number of genomic mutations possible in one strain [331]. To combat this issue, site-
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specific recombinases such as Cre-lozP have been developed for use in Gram-negative
bacteria to allow for efficient removal of the selectable marker [332, 333]. Cre-lozP has
been used to efficiently create gene deletions in P. putida KT2440 when paired with the
ARed recombinases from the A bacteriophage, but deletions generated with the Cre-lozP
system leaves a loxP scar that can affect future recombination events, also limiting the
total number of gene deletions [334].

Markerless and scarless gene-editing methods remove any selectable markers or ge-
nomic scars, but they require the use of a counterselection system. In many Gram-
negative bacteria, sucrose sensitivity can be conferred by the sacB gene thereby allowing
it to be used as a counterselection marker; however, sacB is known to have a high mu-
tation rate that can cause an increase in the false positive rate of mutants [335, 336]. A
counterselection for scarless gene deletions based on the antimetabolite 5-fluorouracil was
developed, but this technique requires a strain containing the seemingly innocuous dele-
tion of upp, the gene-encoding uracil phosphoribosyltransferase, for functionality [158].
Additionally, most of these methods involve the integration of a suicide plasmid into the
chromosome through a single-crossover recombination. This co-integrate can either re-
solve back to the wild-type sequence or to the desired knockout, resulting in a theoretical
efficiency of 50%.

A counterselection based on endonuclease I-Scel allows the use of wild-type P. putida
for scarless modifications, but this method also selects for the resolution of an integrated
suicide plasmid [337]. Another recently published method found a way to improve the
transformation efficiency of sequences integrated into the genome using a serine recombi-
nase system, but this requires the presence of the bacteriophage integrase on the genome
and limits its overall utility in genome editing [179].

CRISPR/Cas systems have revolutionized genome editing by providing a fully pro-
grammable system, the most common examples using DNA cleavage by the Cas9 nuclease
from Streptococcus pyogenes as the counterselection [338]. Cas9 uses a single guide RNA
(sgRNA) to target virtually any DNA sequence [159] and has been used successfully

for genome editing in both Gram-negative and Gram-positive bacteria [162, 339, 340].



62

CRISPR/Cas9 cleavage has recently been demonstrated for enhancing the efficiency of
single-stranded DNA recombineering in P. putida [196].

Here, we report our characterization of some of the common synthetic biology tools
in P. putida. We have tested commonly used E. coli induction systems (Pye, PLigco-r,
Pie; and Py,qp) in P. putida to determine induction curves and maximum fold induction
possible. For the Py. and Ppi,.0.r promoter systems, we adjusted the expression of lacl
in an attempt to improve the fold induction for those systems. We also quantified the
plasmid copy number of the BHR origins RK2, pBBR1, and RSF1010 and highlighted
the differences in copy number between FE. coli and P. putida. Finally, we are report-
ing a Cas9-assisted recombineering system for P. putida with genome-editing efficiencies

approaching 100%.

3.3 Materials and methods

3.3.1 Plasmids, Bacterial Strains, and Growth Conditions

The plasmids and bacterial strains used in this study are shown in Table 3.1. E. coli
MG1655 and P. putida KT2440 were grown in LB medium at 37 and 30 °C, respectively.
LB medium was supplemented with kanamycin (50 pg mL™, Kan50), gentamycin (33
pg mL71 Gent30), tetracyline (10 ug mL™t, Tet10 for E. coli; 25 pg mL ', Tet25 for P.
putida), or 5-FU (20 ug mL™). 5-FU was purchased from Sigma-Aldrich (F6627-1G).

3.3.2 Induction Curves in P. putida

P. putida K'T2440 strains containing GFPuv expression plasmids were grown overnight in
LB Kanb0. These overnight strains were inoculated in 5 mL LB Kan50 supplemented with
varying amounts of inducer: IPTG (0-2.5 mM), anhydrotetracycline (0-400 ng/mL), or
l-arabinose (0-2% w/v). The optical density at 600 nm and fluorescence (excitation: 400
nm, emission: 510 nm) of samples diluted 1:10 in fresh LB media were measured using a

Tecan Infinite M1000 plate reader. Analytical flow cytometry was used to measure the
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Strain or plasmid Genotype and relevant characteristics Source
Strains
E. coli MG1655 K-12 F- A ilvG- rfb-50 rph-1 ECGSC
P. putida KT2440 Wild-type ATCC 47054
P. putida KTU KT2440 Aupp [158]
Plasmids
pBBR1k-GFPuv IPTG-inducible Py, expressing gfpuv on BBR1 origin This study

pBBR2k-GFPuv
pBBR5k-GFPuv
pBBR6k-GFPuv
pBBR8k-GFPuv
pBBRI1k-con-GFPuv
pBBR6k-con-GFPuv
pBBR1k-J23101-GFPuv
pBBR1k-J23107-GFPuv
pBBR6k-J23101-GFPuv
pBBR6k-J23107-GFPuv
pRK2-AraE
pBbB1k-GFPuv
pBb(B5)1k-GFPuv
pBb(RK2)1k-GFPuv
pBb(B5)8k-sfGFP
pBBRRIMCS-2

pCas9

pJOE
pJOE-lvaA
pJOE-fpvA
pJOE-pvdJ
pgRNAtet-lvaA
pgRNAtet-gcvP
pgRNAtet-fpvA
pgRNAtet-pvdJ

Anhydrotetracycline-inducible Py.; expressing gfpuv on BBR1 origin
[PTG-inducible Py, pyys expressing gfpuv on BBR1 origin
IPTG-inducible Pri.0.; expressing gfpuv on BBR1 origin
L-arabinose-inducible P,,,p expressing gfpuv on BBR1 origin
pBBR1k-GFPuv with lac/ removed

pBBR6k-GFPuv with lacl removed

pBBR1k-GFPuv with Anderson promoter J23101 expressing lacl
pBBRI1k-GFPuv with Anderson promoter J23107 expressing lacl
pBBR6k-GFPuv with Anderson promoter J23101 expressing lacl
pBBR6k-GFPuv with Anderson promoter J23107 expressing lacl
Constitutively expressed araFE on RK2 origin

pBBRI1k-GFPuv with BBR1-UP origin

pBRR1k-GFPuv with B5 origin

pBRR1k-GFPuv with RK2 origin

L-arabinose-inducible P,.,p expressing sfgfp on B5 origin

Empty vector control with KanR and BBR1 origin

Recombineering plasmid with constitutively expressed cas9 and P,..p
expressing a7y

P. putida KTU suicide plasmid

P. putida KTU suicide plasmid with repair template for lvaA knockout
P. putida KTU suicide plasmid with repair template for fpvA knockout
P. putida KTU suicide plasmid with repair template for pvdJ knockout
Guide RNA plasmid targeting lvaA

Guide RNA plasmid targeting gcvP

Guide RNA plasmid targeting fpvA

Guide RNA plasmid targeting pvdJ

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
[176]
This study
This study
This study
[322]
This study

[158]
This study
This study
This study
This study
This study
This study
This study

fluorescence of cells induced for GFPuv expression. Samples were washed with TBS buffer

and diluted 1:10 in fresh TBS buffer before analysis in a BD FACSCalibur. Fluorescence

intensities were quantified using the Flowing Software package.

3.3.3 Quantifying Plasmid Copy Number

The copy numbers of five different broad host range origins were quantified in F. coli

MG1655 and P. putida KT2440 using quantitative PCR. Individual colonies of P. putida

K'T2440 strains containing a plasmid were inoculated in LB Kan50 and grown overnight

in biological triplicate. Once the cultures reached stationary phase, their genomic and

total DNA was extracted using phenol:chloroform:isoamyl alcohol as reported previously,

with a few modifications [341, 176]. 1 mL of culture was resuspended in 400 pL 50 mM
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Tris/50 mM EDTA, pH 8. Cells were lysed by the addition of 8 uL 50 mg mL™ lysozyme,
followed by incubation at 37 °C for 30 min. Lysis was continued by adding 4 uL 10%
SDS and 8 pL 20 mg mL"! proteinase K solution, mixing the samples with a 22-gauge
needle, and incubating at 50 °C for 30 min. Proteinase K was then heat inactivated by
incubating the sample at 75 °C for 10 min, and RNA was digested by adding 2 L. of 10 mg
mL"' RNase A solution and incubating at 37 °C for 30 min. The DNA was extracted by
mixing the samples with 425 pL of 25:24:1 phenol:chloroform:isoamyl alcohol, vortexing
vigorously for 1 min, and letting the samples sit at room temperature for a few minutes.
The samples were centrifuged at 14,000g for 5 min at 4 °C. The upper aqueous phase was
transferred to a new tube with a wide-opening pipet tip. DNA extraction was continued
by adding 400 ul of chloroform and vortexing and centrifuging the samples as before.
The upper aqueous phase was transferred to a new tube. The DNA was further purified
by precipitation with 1 volume isopropanol, centrifugation of the samples at maximum
speed for 30 min at 4 °C, washing with 500 uL of 70% ethanol, and rehydrating the DNA
by incubating the samples in 200 uL of nuclease-free water at 65 °C for 1 h.

For determining plasmid copy numbers per cell, individual colonies of E. coli MG1655
and P. putida KT2440 strains containing a plasmid were inoculated in LB Kan50 and
grown overnight in biological triplicate. Once the cultures reached stationary phase, they
were diluted in distilled/deionized water to a concentration of 1000 cells uL™ (using an
experimentally determined conversion factor OD 0.4 = 105 cells uL1).

Quantitative PCR was performed in a 10 puL. mixture containing 1X SYBR Green
PCR Master Mix (Bio-Rad), 150 nM forward primer, 150 nM reverse primer, and 1 pL
of sample. Primers used to determine template concentration were specific to rrsA (for
E. coli), lwaC (for P. putida), and gfpuv (for plasmid DNA). Each sample was prepared
in technical duplicate. The standard curve for chromosome concentration was made
with a dilution series of a P. putida KT2440 genomic DNA extraction from 10° to 1
chromosomes pLt, the standard curve for cell concentration was made with a dilution
series of wild-type cells from 10* to 1 cell uL!, and the standard curve for plasmid

concentration was made with a dilution series of purified plasmid DNA from 2 x 10°
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to 20 plasmids pLt. Plasmid and genomic DNA concentrations were measured using
the Qubit 3.0 Fluorometer. The reactions were prepared on an AriaMx skirted 96-well
plate (Agilent Technologies) and the plate was sealed with an adhesive cover (Bio-Rad).
Reactions were run on an AriaMx Real-Time PCR System (Agilent Technologies) using
the following cycling conditions: 3 min at 95 °C, followed by 35 cycles of 15 s at 95
°C, 30 s at 55 °C, and 1 min at 72 °C. Melt curves were generated by increasing the
temperature from 55 to 95 °C using increments of 5 °C every 5 s. After each run, C,
values were exported to Excel. Technical duplicates with a standard deviation in Cg
value greater than 0.3 were not used for analysis. Standard curves were constructed by
plotting C, values vs. the log of chromosome/cell/plasmid concentration. Each standard
curve used four to five data points and had an R? value of at least 0.99. The plasmid
copy number was calculated by determining the chromosome/cell/plasmid concentration
in each sample using the standard curves and then dividing the plasmid concentration

by the chromosome/cell concentration.

3.3.4 Genome Editing in P. putida

For the two-step ARed/Cas9 recombineering protocol, P. putida KT2440 containing
pCas9 was transformed with pJOE by electroporation and selected on LB Gent30, Kan50.
One of the transformants was inoculated in LB Gent30, Kan50 and grown overnight at
30 °C. Once the cells reached stationary phase, the ARed genes were induced with 0.5%
l-arabinose for 15 min. These cultures were used to prepare electrocompetent cells by
washing twice with 10% glycerol and resuspending in 100 uL 10% glycerol for every 1 mL
of culture. These cells were transformed with about 100 ng pgRNA by electroporation
and allowed to recover in 1 mLL LB for 2 h at 30 °C. The recovered cells were selected on
LB Gent30, Tet25. For the one-step protocol, P. putida KT2440 containing pCas9 was
used to prepare electrocompetent cells in the same way as the two-step protocol. These
cells were transformed with about 100 ng pgRNA and about 500 ng pJOE by electro-
poration and recovered cells were selected on LB Gent30, Tet25. Genome editing with

the 5-FU counterselection was completed as described in Graf and Altenbuchner (2011)
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[158]. Transformants from all three methods were screened for the desired knockout us-

ing colony PCR with primers flanking the gene of interest. All positive hits were later

screened after re-streaking for isolated colonies with a secondary colony PCR to check

for the presence of wild-type. Plasmids were cured from P. putida by growing the cells

overnight in LB media without antibiotics and plating on LB agar. Single colonies were

screened for loss of antibiotic resistance.

3.4 Results

3.4.1 Inducible gene expression in P. putida

The Pye, Piet, and P,,.p promoter sys-
tems have been used extensively in E. coli
and other bacteria [176], but they are not
well characterized for gene expression in P.
putida. We investigated gene expression
from the following promoter systems from
the BglBrick vector database: two P, pro-
moters (1k and 6k), one Py promoter (2k),
and one P,,,p promoter (8k). The Py, pro-
moter systems use the Py, (1k) and the
Priaco.1 (6k) promoters. The 1k promoter
system also differs from the 6k system in
that lacl is expressed in the same direction
as the gene of interest (Fig. 3.1a). Py is
also a stronger promoter than Pp,.0.; [176].
We identified which promoter systems had
high expression levels at maximum induc-

tion in P. putida and characterized them

a
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Figure 3.1: IPTG-inducible promoter systems
from the BglBrick vector database. a) Ge-
netic structure of the 1k and 6k promoter systems,
highlighting the promoters used and the direction
of lacI expression. b) Sequences of P, and the
three Anderson promoters used to modify the 1k
and 6k promoter systems. The -10 and -35 motifs
are highlighted in red. (Asterisk) Relative activity
is the promoter strength in F. coli with respect to
the reference promoter in the Anderson promoter
library, J23100.
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the BBR1-UP and BBR1-B5 origins. a) Activity of Anderson promoters when using the BBR1-
UP origin. Promoters are listed in order of decreasing activity in E. coli. EV = empty vector control.
Error bars represent one standard deviation. b) Activity of a sample of Anderson promoters when using
the BBR1-UP,BRR1-B5, and RK2 origins. ¢) Promoter activity of an extended sample of Anderson
promoters on the RK2 origin. Promoters are listed in order of increasing activity.

by collecting induction curves. We collected the data for these promoter systems after
24 h of growth using the wild-type BBR1 origin and the gfpuv gene as a fluorescent
reporter. The BglBrick vector database uses a high-copy mutant of the BBR1 origin,
referred to here as BBR1-UP, but our previous work demonstrated that gene expression
from plasmids with this origin in P. putida was unreliable, especially when using strong
promoters (Figure 3.2). P. putida cells replicating plasmids with BBRI1-UP also had a
growth defect (Figure 3.3).

Of the lac promoters, the 1k system had the highest expression levels at maximum
induction, but at high inducer concentrations, gene expression began to decrease (Fig.
3.5a). The 6k promoter system had extremely poor induction, but Pri,.0.; produces an
easily detectable amount of GFPuv in the absence of lacl expression (Fig. 3.4b). We
hypothesized that lacl expression is too high in P. putida for the 6k system and typical

levels of inducer cannot de-repress the promoter. We confirmed that the promoter driving
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imum induction for 1k and 6k promoter
systems. a) Fluorescence for modified 1k
promoter systems. b) Fluorescence for mod-
ified 6k promoter systems. The samples are
listed in order of decreasing lacl expression,
from left to right. Samples 1k-con and 6k-con
are constitutive versions of the 1k and 6k sys-

promoter systems in P. putida. a) Induc-
tion curves for 1k promoter system with Pjg.rq
and J23107 promoters expressing lacl. b) In-
duction curve for 8k system. Error bars rep-
resent one standard deviation. Fluorescence
values are adjusted so that the empty vector
control has a value of 0.

tems, respectively. Error bars represent one

standard deviation. Fluorescence values are

adjusted so that the empty vector control has

a value of 0.
lacl expression, P, is much stronger than a sample of promoters from the Anderson
promoter library [180] (Fig. A.1), and we then modified the 1k and 6k systems by
switching Pj,.r, with these weaker constitutive promoters (Fig. 3.4b). Gene expression
at maximum induction for the modified 1k system was almost double that of the original
system and had an 80-fold induction (Figs. 3.5a, 3.4a). Gene expression also maintained
a steady plateau at high inducer concentrations (Fig. 3.5a). Increasing expression levels

at maximum induction for the 6k system required one of the weakest promoters in the

Anderson library, but basal expression increased because lacl expression was too low

(Fig. 3.4b).
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in LB in a Tecan Infinite M200 plate reader. )
we tested the effect of an arabinose trans-

porter, AraE, on gene expression in P. putida cells expressing a fluorescent protein under
Puup (Figure A.3a). When araE was constitutively expressed with a weak promoter,
maximum induction of P,,z was possible with lower inducer concentrations. Further-
more, P. putida demonstrated homogeneous expression of fluorescent protein with and

without araFE expression, as judged by flow cytometry (Figure A.3b).

3.4.2 Copy number of broad host range origins

During our previous work using the BBR1-UP origin, we found that it had poor gene
expression and plasmid stability in P. putida. This work also resulted in the discovery
of BBR1-B5, a mutant of BBR1-UP with an early stop codon in the rep gene, and we
found that gene expression was more consistent when using the BBR1-B5 mutant and
other BHR origins (Figure 3.2). We hypothesized that this mutation lowered the copy
number of BBR1-UP, resulting in improved reliability in gene expression. We deter-
mined the copy number of five BHR origins in E. coli MG1655 and P. putida KT2440
using quantitative PCR, (Table 3.2 and Table A.1). Three of the origins were variants of
BBR1: wild-type BBR1, BBR1-UP, and BBR1-B5. We also included the origins RK2

and RSF1010 for comparison. For determining plasmid concentration in quantitative
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Table 3.2: Copy number per chromosomal equivalent of broad host range plasmids in E. coli and P.
putida KT2440 in stationary phase.

Origin E. coli copy number P. putida copy number
BBR1 3-4 [176] 30+ 7

BBR1-UP  17-20 [176] 120 + 20

BBR1-B5 24 70 £+ 20

RK2 4-7 [343] 30 + 10

RSF1010  7-10 [344] 130 + 40

PCR, primers targeted the gene gfpuv. LvaC, which is located approximately 3,180,000
bp from the chromosome’s replication origin, was the target for determining chromosome
concentration. For all origins, the copy numbers were one order of magnitude higher in
P. putida than in E. coli [343, 176, 344]. Both the BBR1 and RK2 origins, which are
considered low-copy origins in F. coli, have around 30 copies per chromosomal equivalent
in P. putida. The relative copy numbers of the origins are similar between E. coli and P.
putida, except for RSF1010, which has a copy number similar to that of BBR1-UP in P.
putida. We confirmed that the BBR1-B5 variant has a reduced copy number, which may

explain the improved reliability in gene expression when using this origin.

3.4.3 )\Red/Cas9 recombineering in P. putida

Our laboratory has had varying success generating knockouts in P. putida using ex-
isting methods for genomic deletions. Several knockouts were never constructed due
to extremely low editing efficiency (Table 3.4). To remedy this issue, we developed a
ARed/Cas9 recombineering protocol for generating genomic deletions in P. putida. This
recombineering method uses an RK2-based plasmid that expresses cas9 from a constitu-
tive, weak promoter (pCas9). The ARed recombinases increase the efficiency of homolo-
gous recombination in P. putida [334], so we also included the a3y operon expressed by
the inducible P,,,g promoter. While optimizing this system, we attempted Cas9 recom-
bineering without expression of the a3y operon, but these experiments did not yield any
colonies (data not shown). The sgRNA is expressed constitutively from a second plasmid

(pgRNAtet), which uses the high-copy BBR1-UP origin. The sgRNA is designed to tar-
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Table 3.3: Summary of knockouts in P. putida KT2440 generated from ARed/Cas recombineering.

Gene Function Location on Length of One-step Cas9 Two-step Cas9
chromosome deletion (bp) R .
CFU/mL Fraction correct CFU/mL Fraction correct
lvaA Phosphotransferase 3001 201 1032 260 0/30 4300 27/30
pudJ Nonribosomal peptide 1 394 561 7848 570 01/30 4400 30/30
synthetase
fovA Siderophore receptor 1414 088 2391 70 3/30 3100 30/31
gcvP-I Glycine dehydrogenase 5 052 324 2844 N/A 1/4 3000 27/31

get the sequence of the chromosome that will be removed upon successful generation of
the knockout. To reduce the chances of off-target effects from Cas9/sgRNA expression,
we used the CasOT off-target searching tool to identify any off-target sites for potential
sgRNAs [345]. The repair template that integrates into the chromosome to generate the
knockout is located on a suicide vector (pJOE) [158]. We designed the repair templates
for each knockout so that there are 500-1000 bp of homology on either end of the gene of
interest and so that the majority of the gene is removed except the start codon and the
last 10-20 codons.

To generate each knockout, we first integrated pJOE into the P. putida KT2440
chromosome via electroporation into a strain replicating pCas9 (Fig. 3.6a). We used
the resulting transformants to prepare electrocompetent cells, during which we induced
ARed expression with l-arabinose. Upon introduction of the corresponding pgRNAtet
via electroporation, the Cas9/sgRNA complex creates a double-stranded break in the
chromosome and the ARed proteins repair the chromosome via homologous recombina-
tion. We used this two-step procedure to generate four knockouts in P. putida KT2440
with efficiencies around 85-100% (Table 2). After confirming each knockout, we cured
out pCas9 and pgRNAtet by growing liquid cultures overnight in LB media with no an-
tibiotics and plating the cells on LB agar. We screened individual colonies for loss of
antibiotic resistance and found that pgRNAtet was easily cured out, but the majority of
cells maintained pCas9.

To streamline this method, we attempted to generate knockouts with a one-step proto-
col that involved a co-transformation of pJOE and pgRNAtet (Fig. 3.6b). Unsurprisingly,
the number of transformants and the overall editing efficiency decreased for all four knock-

outs (Table 3.3). The rate of detection for the knockout in the initial colony PCR screen
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Figure 3.6: Design and strategy for two-step and one-step ARed/Cas9 recombineering in P.
putida KT2440. a) The two-step protocol involves a chromosomal integration of pJOE, which carries
the repair template for the desired knockout, followed by transformation of the corresponding pgRNA.
b) The one-step protocol involves a co-transformation of pJOE and pgRNA, where pJOE is used to
repair the double-stranded break created by Cas9/sgRNA.

Table 3.4: Comparison of different genome editing methods in P. putida.

Gene 1-step Cas9 2-step Cas9 5-FU Counterselection
Fraction Percent Fraction Percent Fraction Percent
correct correct correct correct correct correct

lvaA 0/30 0% 27/30 90% 29/30 97%

pvdJ 1/30 3% 30/30 100% 0/45 0%

fovA 3/30 10% 30/31 97% 0/51 0%

gevP-1 1/4 25% 27/31 87% 0/30 0%
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was similar to that of the two-step protocol, but after streaking the transformants on
selective media for single colonies, we found that most samples lost the designed deletion

as well as the wild-type sequence (Figure A.5).

3.5 Discussion

The inducible promoter systems that we tested are native to E. coli [346, 347, 348], so
one should expact that they behave differently in P. putida, an organism that does not
catabolize l-arabinose or lactose [349, 342]. Expression from P,.,p in E. coli results in a
mixed population at low inducer concentrations because of an “autocatalytic” induction
mechanism involving AraE [350]. Constitutive expression of araE in E. coli enables
homogeneous expression from Pg.,p [351]. Adapting this strategy to P. putida allowed
maximum induction at l-arabinose concentrations lower than 2% (Figure S4a). That
said, the concentrations needed for maximum induction were less than 0.01% w/v in
the presence of araF expression, making it more difficult to titrate gene expression from
P,..p and suggesting that araF expression is too high. Optimizing araE expression
may require lowering the gene copy via chromosomal integration or using an alternative
transporter with a lower affinity to l-arabinose [352]. IPTG transport does not appear
to be inhibitory to inducing P, promoters in P. putida because maximum induction
can be easily achieved using concentrations around 1 mM. For the 1k and 6k promoter
systems, high expression levels of lacl from the Pj,.;, promoter reduced gene expression at
maximum induction compared to the modified systems. The steady decrease in expression
in the induction curve for the 1k system at high inducer concentrations suggests that the
reduced expression was due to overproduction of protein, which is similar to the low gene
expression observed from strong promoters on high-copy plasmids (Fig. 3.5a, Figure
3.2a). Increasing gene expression from the 6k system required lower lacl expression, but
lacI expression for the 6k system must be further optimized so that basal (a.k.a. “leaky”)
expression is lower. We did not detect any induction from the Py.;/aTc inducible promoter

system (Figure A.2). Reducing expression of the TetR repressor could be a successful
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strategy for improving induction from this promoter system in P. putida. Other reports
have shown considerable induction from Py [185, 176], so this system requires further
investigation to determine its utility in P. putida. RBS and 5> UTR sequences also appear
to be important for gene expression in P. putida, and differences in these sequences may
explain the variability of Py in different reports [315, 156].

It is important to consider gene copy number when expressing heterologous genes in
bacteria. Gene copy number in E. coli can range from one on bacterial artificial chro-
mosomes (BACs) to 500 on high-copy pUC vectors [353, 354]. Protein production from
high-copy plasmids can lead to a metabolic burden and reduce cell growth rate [355], so
a complete genetic toolbox for any organism should have low-copy options available. Our
quantitative PCR results show that none of the origins tested can be considered low-copy.
The inducible promoter systems encoded on BBR1-based plasmids had poor induction
due to overexpression of the transcription factors. Lowering the copy number for these
promoter systems may improve gene expression by reducing the intracellular concentra-
tion of the transcription factors. For example, the copy number of RK2 is dependent
on intracellular concentrations of its replication protein, TrfA, at low concentrations, so
generating low-copy BHR origins in P. putida may be possible by lowering expression
of the replication proteins [356]. Pseudomonas-specific origins that have been shown to
be low-copy in other pseudomonads may also have similar properties in P. putida [357].
A guaranteed option for low-copy heterologous gene expression in P. putida is through
chromosomal integrations. Either the transcription factor or the entire promoter system
could be encoded on the chromosome, depending on the promoter strength. The BBR1
and RK2 origins offer the lowest plasmid copy number of BHR origins commonly used in
P. putida, so the probability of overproducing proteins could be limited by using these
origins with weak promoters and a single gene or small operon. Even though BBRI1-
UP leads to unreliable protein production, the efficacy of Cas9/sgRNA activity in our
ARed/Cas9 recombineering protocol shows that this origin can be used to reliably express
sgRNAs and potentially other non-protein gene products.

The near-100% editing efficiency of Cas9-assisted recombineering in P. putida relies
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on the counterselection provided by the Cas9/sgRNA complex and the presence of the
ARed proteins to facilitate homologous recombination. The most efficient techniques for
editing the genome of P. putida involve a single-crossover recombination event between
the chromosome and a suicide vector [158, 337]. The counterselections for these methods
do not select against the removal of the wild-type sequence, but rather the removal of the
suicide vector that can recombine back to the wild-type sequence, resulting in a theoretical
editing efficiency of 50%. In practice, deletions may have efficiencies well below 10%
and are not reliably identified in a low-throughput genetic screen (Table 3.4). Existing
methods rely on native recombination pathways in P. putida, and therefore they require
overnight incubations to resolve the suicide vector. If a knockout causes a growth defect,
then any cells that maintain the wild-type sequence will take up a larger percentage of the
population as cells replicate, further decreasing the editing efficiency. Designing a sgRNA
to target the wild-type sequence for a double-stranded break prevents wild-type cells from
outgrowing knockout mutants, improving the editing efficiency. The ARed genes can also
mediate homologous recombination more rapidly than P. putida’s native recombination
pathways, so the cells can resolve the suicide vector from the chromosome within a short 2-
h recovery rather than an overnight incubation. That said, the lower editing efficiencies of
the one-step protocol suggest that the ARed proteins can facilitate other recombination
events in absence of the repair template. These events persist because P. putida is
polyploid, and a correctly edited copy of the chromosome can coexist with other incorrect
copies until they segregate toward a common DNA sequence. If the repair template was
only incorporated into a fraction of the copies of the chromosome, then it is unlikely
to survive segregation. This problem does not occur for the two-step protocol because
the repair template is already incorporated into every copy of the chromosome after
transformation of the pJOE suicide plasmid.

Due to the versatility of Cas9 and BHR origins, this recombineering method could
be used to generate deletions in other pseudomonads. The genome-editing technique
based on the I-Scel endonuclease developed by de Lorenzo and colleagues originally for

P. putida was also used successfully to generate deletions in Pseudomonas syringae and
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Pseudomonas fluorescens [337]. Homologous recombination with the ARed proteins and
other related recombination systems has also been demonstrated in multiple pseudomon-
ads [358, 359, 360]. There are several Cas9-assisted recombineering systems available for
E. coli that could be adapted for editing the genomes of other Gram-negative bacteria
by replacing the E. coli plasmid origins with BHR origins [239, 361].

We demonstrated this technique’s utility in generating knockouts, but it could eas-
ily be adapted for integrating heterologous DNA into the chromosome by including the
sequence of interest in the repair template between the regions of homology. Altenbuch-
ner and colleagues integrated a pathway for vanillin production onto the chromosome
of P. putida using the 5-FU counterselection developed originally for gene deletions
[158, 362]. There are several efficient chromosomal integration systems developed for
P. putida [179, 201]. However, these methods are site specific, so they cannot be used to
integrate pathways onto multiple loci or modify endogenous pathways. The latter feature
is especially necessary for activating cryptic gene clusters in pseudomonads by modifying
regulatory elements directly on the chromosome [363, 364].

The results described here establish a common set of genetic tools for use in P. putida.
The P, family of promoters and P, are commonly used in F. coli, but they behave
considerably differently in P. putida. Gene expression from P,,p is the most similar
between the two bacteria, but maximum induction in P. putida requires an order of mag-
nitude higher concentration of inducer than in E. coli. Reducing the level of expression of
the Lacl repressor improved induction from IPTG-inducible promoters, and this strategy
could be used to improve other promoter systems with a poor fold induction, such as the
Py.; system. However, other factors effecting gene expression, such as RBS and 5° UTR
sequence, should also be considered when optimizing gene expression in P. putida. The
copy numbers of BHR origins are significantly higher in P. putida, which leads to plasmid
instability and unreliable protein production from constitutive and inducible promoters.
This fact limits the availability of plasmid-based genetic tools for P. putida; therefore,
chromosomal integration should be considered when expressing heterologous genes for its

relatively high stability and lower copy number. Taking advantage of CRISPR/Cas9 for
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editing the genome allows for much more efficient strain development over alternative
methods. Shown here as a tool for generating knockouts, ARed/Cas9 recombineering can
also be adapted for introducing heterologous genes virtually anywhere on the chromo-
some or modifying endogenous pathways, providing an alternative platform for metabolic

engineering when plasmid-based gene expression may not be optimal.
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4.1 Abstract

Polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) comprise
biosynthetic pathways that provide access to diverse, often bioactive natural products.
Metabolic engineering can improve production metrics to support characterization and
drug-development studies, but often native hosts are difficult to genetically manipulate
and/or culture. For this reason, heterologous expression is a common strategy for nat-
ural product discovery and characterization. Many bacteria have been developed to
express heterologous biosynthetic gene clusters (BGCs) for producing polyketides and
nonribosomal peptides. In this article, we describe tools for using Pseudomonas putida,
a Gram-negative soil bacterium, as a heterologous host for producing natural products.
Pseudomonads are known to produce many natural products, but P. putida production
titers have been inconsistent in the literature and often low compared to other hosts. In
recent years, synthetic biology tools for engineering P. putida have greatly improved, but
their application towards production of natural products is limited. To demonstrate the
potential of P. putida as a heterologous host, we introduced BGCs encoding the synthesis
of prodigiosin and glidobactin A, two bioactive natural products synthesized from a com-
bination of PKS and NRPS enzymology. Engineered strains exhibited robust production
of both compounds after a single chromosomal integration of the corresponding BGC.
Next, we took advantage of a set of genome-editing tools to increase titers by modifying
transcription and translation of the BGCs and increasing the availability of auxiliary pro-
teins required for PKS and NRPS activity. Lastly, we discovered genetic modifications
to P. putida that affect natural product synthesis, including a strategy for removing a
carbon sink that improves product titers. These efforts resulted in production strains

capable of producing 1.1 g/L prodigiosin and 470 mg/L glidobactin A.
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4.2 Introduction

For most of the last century, natural products have been an essential source for the dis-
covery of novel drugs for treating human diseases [365]. Natural products are secondary
metabolites produced by living organisms that are often unnecessary for growth but pro-
vide advantages to the host organism in certain environments. These compounds evolved
for specific interactions with biomolecules, and as a result, they often exhibit medically
relevant properties, such as antibiotic or anti-cancer activities [4]. Two of the most in-
triguing classes of natural products are polyketides and nonribosomal peptides. These
compounds are often synthesized in an assembly line fashion by modular enzymes called
type I polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) [366].
Multiple enzymatic domains are encoded in single large peptides, and chemical diversity
is achieved through the addition, deletion, and modification of individual domains [367].
The biosynthesis potential of these assembly-lines has long been touted as a panacea for
accessing diverse molecular structures, but this potential remains mostly unrealized due
to challenges in engineering enzymes to meet required synthesis metrics.

Bacteria, particularly Actinomycetes, are a rich source of natural products, including
polyketides and nonribosomal peptides. The number of putative biosynthetic gene clus-
ters (BGCs) has accelerated with the rise of next-generation sequencing [368], as has the
number without a validated product [369]. Connecting putative BGCs to purified com-
pounds requires several challenges to be overcome. Putative BGC-containing hosts can
be difficult to cultivate in a laboratory setting, and even if cultivation is achieved, the con-
ditions required for inducing production of the desired natural product may be unknown
[152]. Alternatively, BGCs can be transferred to a heterologous host and expressed from
modern synthetic biology vectors. This strategy by-passes growth and regulation prob-
lems associated with the native host by using a microorganism with well-characterized
genetic tools that also grows robustly in laboratory conditions [84, 370, 371]. Once a BGC
is introduced into a heterologous host, novel compounds can be isolated for structure elu-
cidation and titers can be improved with common metabolic engineering strategies to

enable ex vivo bioactivity assays [372, 309]. Most heterologous BGC expression projects



81

use Streptomyces species as hosts because actinomycetes are the most abundant source
of bacterial natural products [25, 173]. However, Streptomyces hosts are more difficult
to genetically modify than the synthetic biology workhorse, Fscherichia coli. Several
groups have developed E. coli strains for polyketide and nonribosomal peptide produc-
tion [87, 248]. However, functional expression of these modular enzymes in E. coli is
often difficult to achieve, so researchers have sought alternative hosts for producing het-
erologous polyketides and nonribosomal peptides [260, 373, 52, 371].

Pseudomonas putida KT2440, a Gram-negative soil microbe, has become a popular
metabolic engineering chassis in recent years, mostly due to its ability to utilize lignin-
derived compounds and its tolerance to organic solvents and stresses associated with
industrial-scale cultivations [219, 203]. P. putida also has several traits that make it an
attractive alternative host for producing natural products. Its genome has a relatively
high GC content (61.5%) similar to that of actinomycete-derived natural product BGCs.
P. putida natively expresses a promiscuous phosphopantetheinyl transferase (PPTase) ca-
pable of activating heterologous acyl- and peptidyl-carrier proteins, and it has excellent
growth properties amenable to large-scale cultivations [168, 137]. There has also been an
explosion in synthetic biology tools developed for P. putida, including genetic parts for
expressing heterologous proteins and constructing genomic edits [196, 179, 167]. Despite
these advantages, P. putida has performed inconsistently in the literature as a heterolo-
gous host for producing polyketides and nonribosomal peptides, where it either achieves
titers on par or greater than the native host [374, 300] or it performs poorly compared
to alternative heterologous hosts [301, 309]. Most reports have investigated the effect
of transcriptional control on heterologous BGC expression in P. putida [276, 375, 213].
Other variables that affect production titers, such as GC content of the BGC, transla-
tional efficiency, and specific activity of PKSs and NRPSs, have not been systematically
explored in P. putida.

We selected prodigiosin and glidobactin A, two natural products natively produced by
Gram-negative bacteria, to serve as model products for exploring factors that influence

biosynthesis in P. putida. The BGCs for prodigiosin and glidobactin A biosynthesis both
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contain PKS and NRPS components, and both compounds possess medically relevant
properties, such as anti-cancer activity [303, 306, 376, 377, 304]. Prodigiosin is a tripyrrole
secondary metabolite synthesized by many strains of Serratia marcescens [378]. It is a red
pigment, providing an easily detectable phenotype for screening libraries for factors that
increase prodigiosin production. The highest reported production titer of prodigiosin from
a heterologous host is 150 mg/L from P. putida [276]. BGCs for glidobactin synthesis have
been identified and characterized from Schlegelella brevitalea DSM7029 and Photorhabdus
luminescens subsp. laumondii TTO1 [375, 379]. The two glidobactin BGCs differ in their
GC content and in the presence of different genes required for biosynthesis, providing a
case study that can reveal variables important for heterologous production in P. putida.
The highest heterologous titer for this molecule was achieved after expression of the BGC
from P. luminescens in Xenorhabdus doucetiae, which yielded 177 mg/L glidobactin A
while production from P. putida was not detected [309].

In this work, we designed a genome editing pipeline for integrating and expressing het-
erologous BGCs in P. putida. The BGCs responsible for prodigiosin (from S. marcescens
ATCC274) and glidobactin (from S. brevitalea DSM7029 and P. luminescens subsp. lau-
mondit TTO01) biosynthesis serve as models for investigating the effects of transcription
and translation on production titers. Focusing on glidobactin A biosynthesis, we compare
strategies for improving the functional expression of modular PKSs and NRPSs. We also
take advantage of the visible phenotype associated with prodigiosin production to devise
a screen for discovering mutants with improved production titers of heterologous prod-
ucts. Through these efforts, we demonstrate that P. putida is capable of heterologous

production titers in 100 mg - 1 g/L quantities from all three BGCs.
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4.3 Materials & Methods

4.3.1 Plasmids, bacterial strains, and growth conditions

The bacterial strains used in this study are shown in Table 4.1. Vectors constructed
for various genome editing methods are available through Addgene. All E. coli strains
were grown in LB medium at 37°C. P. putida K'T2440 and derivative strains were grown
in LB medium at 30°C. LB medium was supplemented with kanamycin (50 pg/mL,
Kan50), gentamycin (30 pg/mL, Gent30), tetracyline (10 pg/mL, LB Tet10 for E. coli,
25 pg/ml, Tet25 for P. putida), and irgasan (25 pg/mL, Irg25) when necessary. Serratia
marcescens ATCC274 and Photorhabdus luminescens subsp. laumondii TTO1 were grown
in LB medium at 30°C. Schlegelella brevitalea sp. nov. DSM7029 was grown at 30°C on
CY-Agar (3g/L casitone, 1.4 g/L. CaCl, e 2H50, 1.0 g/L yeast extract, 15 g/L agar) and
in CYCG medium (6 g/L casitone, 1.4 g/L CaCl, e 2H50, 2.0 g/L yeast extract, 25 g/L
glycerol) [380]. All liquid cultures were shaken at 250 rpm during incubation.

For secondary metabolite production, P. putida was grown in RK medium [381]. The
medium was prepared by mixing 13.3 g potassium phosphate monobasic (KH2P0O4), 4.0 g
ammonium phosphate (NH4)2POy, 1.7 g citric acid, 0.1 g Fe(III) ammonium citrate, and
25 g glycerol or 25 g D-glucose to 800 mL deionized/distilled water. To this solution, 10
mL of sterile 100X RK batch trace minerals and 10 mL of sterile 120 g/L. MgSO,4 e 7TH50O
were added. The pH was adjusted to 6.7 with 5M NaOH and the volume was adjusted
to 1 L. The 100X trace minerals solution was prepared by adding 0.42 g EDTA, 0.125 g
CoCly e 6H20, 0.75 g MnCl, e 4H,0, 0.06 g CuCly, 0.15 g H3BOg3, 0.125 g Nay(MoOy)
e 2H,0, and 0.65 g Zn(CH3COO), e 2H,0 (zinc acetate) to 300 mL deionized/distilled
water and adjusting to a final volume of 500 mL. All media components and the final
media formulation were sterilized by filtration. RK medium was supplemented with
kanamycin (25 pg/mL, Kan25) when necessary. Some early production experiments also

used Terrific Broth, supplemented with 5 g/L or 25 g/L glycerol.
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Strain Genotype and relevant characteristics Source
Escherichia coli
DHb5« F- ®80lacZ AM15 A(lacZYA-argF) U169 reacAl endAl hsdR17 Invitrogen
(re. myy) phoA supE44 thi-1 gyrA96 relAl M-
HB101 F- thi-1 hsd20 (rp. mp.) supE44 recAl3 ara-14 leuB6 CGSC
proA2 lacY1 galK2 rpsL20 (str") zyl-5 mtl-1
GB2005 DH105 Afhud AybcC ArecET [84]
GBO05-dir GB2005 AybcC::PgapETgA [84]
S17-1 Apir TpR SmR recA thi pro hsdR-M+RP4: 2-Tc:Mu: Km Tn7 Apir [230]
BW20427 RP4-2 (TetS kan1360:FRT) thrB1004 AlacZ58(M15) CGSC

AdapA1341::[erm pir®] rpsL(str®) thi- hsdS- pro-

Serratia marcescens

ATCC274 Wild-type NRRL B-23389
Photorhabdus luminescens
subsp. laumondii TT01 Wild-type DSMZ 15139
Schlegelella brevitalea
Sp. NOV. Wild-type DSMZ 7029
Pseudomonas putida
KT2440 Wild-type ATCC 47054
KTU KT2440 Aupp [158]
ApvdL KT2440 Aupp ApvdL [225]
pvd- KT2440 Aupp ApvdL ApvdlJD This work
GFPO1 pvd- ApvdlJD:: Pyyq-gfpuv This work
GFP02 pvd- ApvdlJD:: Pya-sfgfp This work
GFPO03 pvd- ApvdlJD:: Py.-gfpuv This work
GFP04 pvd- ApvdlJD:: Py.-sfqfp This work
PIGO1 pvd- ApvdlJD:: Py.-pig This work
PIG02 pvd- ApvdlJD:: Py..-pig This work
PIGO03 pvd- ApvdlJD:: Py,-pig AphaC1ZC2 This work
PIG04 pvd- ApvdlJD::Ppya-pig AglpR This work
PIGO5 pvd- ApvdlJD::Py.-pig AglpR AphaC1ZC2 This work
PIG06 pvd- ApvdlJD:: Py..-pig AglpR This work
PIGO7 pvd- ApvdlJD::Py..-pig AglpR AphaC1ZC2 This work
PIGO08 pvd- ApvdlJD::Ppy-pig AcyoABCDE This work
PIG09 pvd- ApvdlJD::Py.-pig AcyoABCDE This work
LUMO1 pvd- ApvdlJD:: Pj.-lum This work
LUMO02 pvd- ApvdlJD:: Py-lum This work
LUMO03 pvd- ApvdlJD:: Py.-lum PP1183::J23111 This work
LUMO04 pvd- ApvdlJD:: Py .-lum PP1183::J23111 This work
LUMO5 pvd- ApvdlJD:: Py -lum ApuvdL:: Pyye-sfp This work
LUMO06 pvd- ApvdlJD:: Py-lum-SNP This work
LUMO7 pvd- ApvdlJD:: Py~ lum-ATG This work
LUMO8 pvd- ApvdlJD:: Py -lum-ATG ApvdL:: Pige-sfp This work
LUMO09 pvd- ApvdlJD::Ppyo-lum AglpR AphaC1ZC2 This work
LUM10 pvd- ApvdlJD:: Py-lum-ATG ApvdL::Pye-sfp AglpR This work
AphaC1ZC2
LUMI11 pvd- ApvdlJD:: Py.-lum APP_3808 This work
GLBO01 pvd- ApvdlJD:: Py,-glb This work
GLB02 pvd- ApvdlJD:: Py.-glb This work
GLBO03 pvd- ApvdlJD:: Py.-glbV2 This work
GLB04 pvd- ApvdlJD:: Py..-glbV2 APP3808 This work
GLBO05 pvd- ApvdlJD::Py.-glbV2 APP3808::J23104-glbE This work
GLB06 pvd- ApvdlJD::Py,-glb APP3808::J23104-glbE ApuvdL:: Pige-sfp This work
GLBO07 pvd- ApvdlJD::Py.-glbV2-SNP APP8808::J23104-glbE This work
GLBO08 pvd- ApvdlJD:: Py.-glbV2-ATG APP3808::J23104-¢glbE This work
GLB09 pvd- ApvdlJD:: Py..-glbV2-ATG APP3808::J23104-glbE This work
ApvdL:: Pyg.-sfp
ANTO1 pvd- ApvdlJD:: P,y,-ant This work
CMNO1 pvd- ApvdlJD:: Py,-cmn This work
ARY01 pvd- ApvdlJD::Pya-aryl ApvdL:: Pig-ary2 This work
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4.3.2 Plasmid construction

Plasmids used in this work are shown in Table 4.2. Most plasmids described in this
work were constructed using Gibson assembly as described previously [382]. The plas-
mids pNVLT-pvdlJD-Prha-pig, pNVLT-pvdlJD-Prha-lum, and pNVLT-Prha-glb were
constructed using RecET direct cloning [84, 80]. Genomic DNA was purified from S.
marcescens, P. luminescens, and S. brevitalea using phenol:chloroform:isoamyl alcohol
extraction as reported previously [341, 225]. Pure genomic DNA was prepared from 10mL
of liquid culture, and the extraction protocol was scaled up accordingly. To “release” the
BGC of interest, 20 ug of genomic DNA was digested with up to two restriction enzymes
in 400-uL reactions and then purified by ethanol precipitation. Capture vectors were lin-
earized by restriction digest in 100-uL reactions containing 2 ug of plasmid DNA and then
purified by gel extraction. Restriction digest reactions were incubated at 37°C for 2 hours.
To prepare DNA for construction of pNVLT-pvdlJD-Prha-pig, S. marcescens genomic
DNA was digested with AflII and the capture vector, pNVLT-pvdIJD-Prha-prepig, was
digested with Kpnl-HF. For pNVLT-pvdlJD-Prha-lum, P. luminescens genomic DNA
was digested with Pacl and Mlul and the capture vector, pNVLT-pvdlJD-Prha-prelum,
was digested with Bsal-HFv2. For pNVLT-pvdlJD-Prha-glb, S. brevitalea genomic DNA
was digested with Dral and Avrll, and the capture vector, pNVLT-pvdlJD-Prha-preglb,
was digested with Bsal-HFv2.

To prepare competent cells for RecET direct cloning, 5 mL of fresh LB were inoculated
with 150-uL of overnight culture of E. coli GB05-dir. Cultures were incubated at 37°C for
about 2 hours, and then induced with 100 uL 20% (w/v) L-arabinose. Growth continued
for another 45 minutes and then the cultures were placed on ice. For every aliquot of
competent cells needed, 1 mL of culture was centrifuged for 30 seconds at 11,000g and
washed with 1 mL 10% (v/v) glycerol. The samples were washed with 1 mL 10% glycerol
two more times, and then resuspended in 20 pL 10% glycerol. At least 500 ng of linearized
vector and 5 ug digested genomic DNA were added to each aliquot of competent cells to
a total approximate volume of 50 - 60 pL.. The competent cells were then added to chilled

1-mm electroporation cuvettes and electroporated with a voltage of 1.8kV, yielding time
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constants of 3 - 4 ms. After electroporation, cells were immediately mixed with 1 mL
SOC media and incubated at 37°C for 90 minutes. All of the recovered cells were plated
on LB Kan25 supplemented with 0.5% (w/v) D-glucose. Plates were incubated overnight
at 37°C.

4.3.3 Genome editing in P. putida

For the 2-step ARed/Cas9 recombineering protocol, pNVLTv2 integration vectors were
introduced into P. putida containing pCas9 by tri-parental conjugation, as described
previously [383]. The helper strain was E. coli HB101 containing pRK600 and the donor
strain was E. coli DHba or GB2005 containing pNVLTv2. Conjugations were plated on
LB Gent30, Kan50, Irg25. Conjugants were inoculated in LB Gent30, Kanb0 and grown
overnight at 30°C. The next day, the ARed genes on pCas9 were induced by adding 150
uL 20% L-arabinose to the cultures and incubating for another 45 minutes. To prepare
electrocompetent cells, 500 uL of culture was washed twice with 1 mL 10% glycerol and
resuspended in 50 uL 10% glycerol. About 100 ng pgRNAtet were added to each sample
and the samples were added to a chilled 1-mm electroporation cuvette. Samples were
electroporated with a voltage of 1.8kV and allowed to recover in 1 mL LB for 3 hours
at 30°C. The recovered cells were selected on LB Gent30, Tet25 plates covered with
aluminum foil to limit light exposure. Some electroporations were completed by washing
and resuspending with 300 mM sucrose instead of 10% glycerol.

For oligo recombineering, P. putida containing pCas9-beta or pCas9-beta-mmr was
used to prepare electrocompetent cells as described above. These cells were transformed
with approximately 100 ng pgRNAkan and 1 uL of 1 uM oligo by electroporation. Cells
were recovered in 1 mL LB and selected on LB Gent30, Kan50. Oligos used for this pro-
tocol are shown in Table 4.3. Genome editing with 5-FU counterselection was completed
as described previously [158]. Transformants from all three methods were screened for

the desired knockout using colony PCR with primers flanking the gene of interest.
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Plasmid Description Source
pBAM1 tnpA AmpR KanR oriR6K [230]
pJOE upp (from P. putida KT2440), KanR, ColE1l origin [158]
PSEVA2514-rec2-mutLgsex Oligo recombineering and mismatch repair suppression; source of mutLgssx [200]
pCas9 Cas9 and ARed expression plasmid for recombineering [225]
pCas9-beta Cas9 and [ expression plasmid for single-stranded recombineering This work
pCas9-beta-mmr Cas9, 8, and mutLgsgx expression plasmid for single-stranded recombineering This work
and mismatch repair supression

pNVL pJOE derivative, removed upp, replaced ColE1 origin with pl15A origin This work
pNVLTv2 pNVL derivative, removed AmpR, replaced oriT sequence This work
pJOE-pvdLL Integration vector for deletion of pvdL (PP4243) This work

pNVL-pvdlJD
pNVLTv2-pvdlJD-Prha-GFPuv
pNVLTv2-pvdlJD-Prha-sfGFP
pNVLTv2-pvdlJD-Ptre-GFPuv
pNVLTv2-pvdlJD-Ptre-stGFP
pNVLTv2-pvdlJD-Prha-base
pNVLTv2-pvdlJD-Ptrc-base
pNVLTv2-pvdlJD-Prha-prepig
pNVLTv2-pvdlJD-Ptre-prepig
pNVLTv2-pvdlJD-Prha-prelum
pNVLTv2-pvdlJD-Prha-preglb
pNVLTv2-pvdlJD-Prha-pig

pNVLTv2-pvdlJD-Prha-lum
pNVLTv2-pvdlJD-Prha-glb
pNVLTv2-pvdlJD-Prha-ant
pNVLTv2-pvdlJD-Ptre-pigA
pNVLTv2-pvdlJD-Ptre-lumA
pNVLTv2-pvdlJD-Ptre-glbB
pNVLTv2-pvdlJD-Ptrc-glbBV2

pNVLTv2-phaC1ZC2
pNVLTv2-PP3808-J23104

pNVLTv2-PP3808-glbE
pNVLTv2-PP1183-J23111

pNVLTv2-pvdL-Ptac-sfp
pNVLTv2-cyo
pgRNAtet-pvdl-BBR1-UP
pgRNAtet-pvdlJD-BBR1-UP
pgRNAtet-rhaRS
pgRNAtet-phaZ
pgRNAtet-PP3808
pgRNAkan-PP3808
pgRNAtet-PP1183-P
pgRNAkan-sotB
pgRNAkan-glpR
pgRNAkan-phaG
pBBR8k-glbE

Integration vector for deletion of pvdlJD (PP4219-4221)
Integration vector for insertion of P~ GFPuv into pvdlJD locus
Integration vector for insertion of P,;,-sfGFP into pvdIlJD locus
Integration vector for insertion of Py~ GFPuv into pvdlJD locus
Integration vector for insertion of Py.~sfGFP into pvdIlJD locus
Empty integration vector with P,

Empty integration vector with Py,

Capture vector for pig cluster with P,;, expression

Capture vector for pig cluster with P, expression

Capture vector for lum cluster with P,;, expression

Capture vector for glb cluster with P,;, expression
Integration vector for insertion of pig cluster with P,
expression into pvdlJD locus

Integration vector for insertion of lum cluster with P,
expression into pvdlJD locus

Integration vector for insertion of glb cluster with P,
expression into pvdlJD locus

Integration vector for insertion of ant cluster with P,
expression into pvdIJD locus

Integration vector for swapping P, with Py, in strains

with Pj.-pig insertion

Integration vector for swapping P, with Py, in strains

with P.-lum insertion

Integration vector for swapping P, with Py, in strains

with P,4.-glb insertion

Integration vector for swapping P, with Py in strains

with P,.-glb insertion, uses RBSV2

Integration vector for deletion of phaC1ZC?2

Integration vector for insertion of J23104 promoter

upstream of PP3808

Integration vector for replacing PP3808 with glbE
Integration vector for inserting J23111 promoter upstream
of PP1183

Integration vector for inserting Ptac-sfp expression construct
Integration vector for deleting cyoABCDE operon

Guide RNA plasmid targeting pvdl, TcR

Guide RNA plasmid targeting ApvdIJD sequence, TcR
Guide RNA plasmid targeting rhaRS, TcR

Guide RNA plasmid targeting phaZ, TcR

Guide RNA plasmid targeting PP3808, TcR

Guide RNA plasmid targeting PP3808, KanR

Guide RNA plasmid targeting PP1183 promoter region, TcR
Guide RNA plasmid targeting sotB, KanR

Guide RNA plasmid targeting glpR, KanR

Guide RNA plasmid targeting phaG, KanR

Expression plasmid, pBAD, glbF, KanR, BBR1 origin

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work

This work

This work

This work

This work

This work

This work
This work

This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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Table 4.3: DNA oligos used for ssDNA recombineering and RT-PCR in this work. Nucleotides with
“*” between denote phosphorothiate linkages. The capitalized nucleotides in oligoes rTBC0971 and
rTBC0972 indicate the nucleotides that differ from wild-type.

Oligo Description Sequence (5’ to 3°)
rTBC0623 sotB deletion oligo, lagging AGCCTCTACTTGACCGACAAGGGGCCT
strand GAGCGGCCTCGGCGGCAACAGGTCGCA
CGCCAGCCACCCGCTTGCAGGGGGCC
rTBC0624 sotB deletion oligo, leading GGCCCCCTGCAAGCGGGTGGCTGGCGET
strand GCGACCTGTTGCCGCCGAGGCCGCTCA
GGCCCCTTGTCGGTCAAGTAGAGGCT
rTBCO0637 glpR deletion oligo, lagging GCAGAATTTGTCCGGCAGCCCCAAAGG
strand ACCGCCCATGAATTTGAACCAGAACAA
GATCAGGCTTGAGGTGGTCTGAGGGC
rTBC0658 phaG deletion oligo, lagging TGACGCGAATACCCTTTTTGCGCCAGG
strand AGTCGATGACATGCAGCAGGGGCAGCA
TGCATTTGCCATCTGAGCGGCTCGGC
rTBC0788 PP3808 deletion oligo, lagging AGCAGGTTCAGCACGGTCACTGGGCGG
strand CAGCTTCGGCCATCATTGCCTGTCTCC
TTAAATGATGATGCCGCTGCGCGCCT
rTBC0846 PLU9380 RT-PCR forward primer ATCGCGCCACCTTCTTATGC
rTBC0847 PLU9380 RT-PCR reverse primer ATGATAGTGCGGACGCCAAC
rTBC0848 PLU9375 RT-PCR forward primer GTGCGTCGTGTTTTCAACGA
rTBC0849 PLU9375 RT-PCR reverse primer TTGCCGTTTGCATGGAGTTG
rTBCO0850 PLU9370 RT-PCR forward primer TTTCTTTCAGGCTCCACCGC
rTBC0851 PLU9370 RT-PCR reverse primer AAGCCAAGAACACCGCTGAC
rTBC0852 PLU9365 RT-PCR forward primer GGGTAGCGCGTGGTTATCTG
rTBC0853 PLU9365 RT-PCR reverse primer ATCGTCAGTACGGCCAAGGA
rTBC0854 PLU9360 RT-PCR forward primer GGGCCTTACTCCAATGGTAGG
rTBC0855 PLU9360 RT-PCR reverse primer CCCAAATAACGCAAGCCTGG
rTBC0856 g¢lbB RT-PCR forward primer ATGCGGAAGGCATTCTCACG
rTBC0857 glbB RT-PCR reverse primer TACCAGATGAGCCGGTGGAC
rTBCO0858 ¢lbC' RT-PCR forward primer GAGATGGCCTGGGAAGTCCT
rTBC0859 ¢lbC' RT-PCR reverse primer GGCATCACGTTTTGCAGCAG
rTBC0860 glbD RT-PCR forward primer ACACACCGGCCTTGTTCTTC
rTBC0861 glbD RT-PCR reverse primer CTTGTTGCGGTGGAAGGTGT
rTBC0862 glbE RT-PCR forward primer GTTTCTGGTCCTGGTCAACGC
rTBCO0863 ¢lbE RT-PCR reverse primer CTCGATGTAGTCCAGGCAGG
rTBC0864 g¢lbF RT-PCR forward primer GAAGAGCGCCTCACCTATGC
rTBC0865 glbF RT-PCR reverse primer GTCTTCAGGATCGCGAGCAG
rTBC0866 ¢lbG RT-PCR forward primer CGATGCAGGGCAAGAAGACC
rTBC0867 glbG RT-PCR reverse primer CTCGTTCTCCCAGAAGACGC
rTBC0868 glbH RT-PCR forward primer AACTGCATCGGTTGCCTCAG
rTBC0869 g¢lbH RT-PCR reverse primer ACCTCCTGCAGCGTTTTCTG
rTBC0971  lum ATG start codon g*t*tgagecggegttggeaataagaatggaacattcgataaCgtgtttgaataattactcaTga
recombineering oligo aatttttcctaagataaaaagatttttgeagettagtgattgecgtaaaagetat*c*a
rTBC0972 g¢lb ATG start codon c*g*ceggtggtgtegtggegateggggctggeggaggaCgagatgteagaacgttggetcaTgg

recombineering oligo

tggtegattecggttctegategatgaatgggtcaggtggettgegegetggacg*c*a
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4.3.4 Induction of chromosomal fluorescent reporters

Strains P. putida GFPO01-04, all containing chromosomally integrated GFP constructs
were grown overnight in LB media. The following day, colonies were inoculated at an
OD600 of 0.1 in 100 pL fresh LB media in a 96-well plate with black walls and flat clear
bottom. Induction curves were prepared with ranges of 0.001 - 0.5% (w/v) L-rhamnose
and 0.001 - ImM IPTG. Samples were incubated in a Tecan Infinite M1000 plate shaker
at a temperature of 30°C and linear shaking. OD600 and fluorescence measurements were
taken every hour, using excitation/emission values of 485/510 nm for samples expressing
sfGFP, and 395/508 nm for GFPuv. Corrected fluorescence/OD values are reported at
24 hours.

4.3.5 Prodigiosin production and quantification

Prodigiosin production cultures were prepared by inoculating 25mL of fresh media to an
OD650 = 0.05 using overnight cultures. Pre-cultures were prepared in LB media and
were washed with PBS before inoculation. Production cultures were incubated at 30°C
and while shaking at 250 rpm until they reached an OD650 = 0.5. Prodigiosin production
was then induced by adding either 0.2% (w/v) L-rhamnose or 1 mM IPTG. For samples
requiring a dodecane overlay, 10 mL of dodecane was added at this time. The cultures
were incubated at 30°C until up to 48 hours after inoculation.

At the end of cultivation, cultures were transferred to 50-mL conical tubes of a known
weight. Samples were then centrifuged for 15 minutes at 3,000g. If a dodecane overlay
was used, then the upper dodecane layer was aspirated and transferred to a 15-mL conical
tube of a known weight. The aqueous supernatant was decanted into a fresh 50-mL conical
tube of known weight. The remaining pellet was resuspended in 10 mL acidified ethanol
(4% (v/v) 1M HCI in ethanol). The volume and weight of aqueous supernatant and
dodecane was determined for each sample. The pellets resuspended in acidified ethanol
were then centrifuged for 15 minutes at 3,000g. The ethanol supernatant, the aqueous

supernatant, and the dodecane were then diluted in acidified ethanol until the absorbance
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at 535nm (A535) for each sample was within the linear range of prodigiosin quantification.
The molar exctinction coefficient of prodigiosin (€535 = 139,800 M cm™, as determined
previously [165]) was used to quantify the concentration of prodigiosin in the dodecane
overlay, the supernatant, and the pellet for each culture. The total prodigiosin production
was calculated from the recorded volumes and weights of the samples. The pellets were
washed with 20 mL sterile water and lyophilized overnight to determine the dry cell
weight for each culture.

Smaller prodigiosin cultures without a dodecane overlay were analyzed for production
by adding two volumes acidified ethanol directly to the culture. The extraction was mixed
well by pipetting and 1 mL was collected. The samples were vortexed for 10 minutes at
1500 rpm and then centrifuged at 17,000g for 5 minutes. The supernatant was diluted in

acidified ethanol and prodigiosin was quantified by absorbance at 535 nm.

4.3.6 Tnb5 knockout library of prodigiosin producers

Tnb transposition was used to create libraries of random knockouts in the genomes of P.
putida strains engineered to produce prodigiosin. The mini-transposon vector, pBAMI,
was introduced into these strains via bi-parental conjugation. The donor strains were FE.
coli S17-1 Apir containing pBAMI or E. coli BW29427 containing pBAM1 [230]. Trans-
poson libraries were created in P. putida PIGO1 and P. putida PIGO02. The selection
media for conjugation was LB Kan50 supplemented with 0.002-0.02% (w/v) L-rhamnose
or RK Kanb0 agar with 25 g/L glycerol. In conjugations where E. coli S17-1 Apir was
the donor strain, the selection media was supplemented with Irg25. The screens were
designed so that the majority of transformants would appear light pink on the selec-
tion media, and colonies of interest were screened visually for an increase or decrease in
pigmentation. Candidate colonies were re-streaked on screening media to confirm their
altered phenotype. The transposon location for each mutant was determined by arbitrary

priming PCR, as described previously [230, 384].
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4.3.7 Glidobactin A production and extraction

Strains that were engineered to produce glidobactin A were cultivated in RK medium
with glycerol or glucose. Production cultures were prepared by inoculating 25 mL of
fresh media to OD600 = 0.05. The cultures were incubated at 30°C while shaking at 250
rpm until they reached an OD600 = 0.5. Glidobactin A production was then induced
with 0.2% (w/v) L-rhamnose or 1mM IPTG. The cultures continued to grow for up to
48 hours after inoculation.

Glidobactin A was extracted by adding 1 volume butanol to whole production cultures.
After briefly shaking the culture/butanol mixtures by hand, solids were removed from
the sides of the flask/tube using a spatula. The samples were shaken for 1 hour at 20°C,
creating a butanol-water emulsion. One milliliter of the emulsion was collected from
each sample immediately after swirling by hand and then transferred to centrifuge tubes.
Samples were left on ice for at least 10 minutes and centrifuged for 10 minutes at 10,000g
and 4°C. The butanol phase was transferred to a fresh tube and diluted 1:2 in butanol.
This extract was filtered with a 0.22 gm nylon membrane in preparation for HPLC and
LC-MS analysis. A second extraction protocol was initially used until we observed that
glidobactin A was depositing on the inside of the glassware used for production cultures.

In the alternative extraction protocol, glidobactin A was extracted from production
cultures as described previously, with a few modifications [309]. 1mL of each culture
was collected in 2-mL microcentrifuge tubes and frozen at -80°C. The samples were then
lyophilized overnight to remove water. The cells were then resuspended in 1 mL acetone
and each suspension was sonicated for 1 minute with a pulsing pattern of 1 second on and
1 second off. The samples were vortexed for 20 min at 1500 rpm and then centrifuged for 5
minutes at 10,000g and 4°C. The supernatants were transferred to 10-mL glass centrifuge
tubes. The acetone was removed using a SpeedVac for 60 minutes. The remaining pellet
was resuspended in 1 mL ethyl acetate. The suspensions were sonicated, vortexed, and
centrifuged in the same manner as before. The supernatants were transferred to the dried
acetone extractions. The ethyl acetate was removed using the SpeedVac for 60 minutes.

The remaining solids were resuspended in 500 ul. methanol. The samples were filtered
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with 0.22pm nylon membranes in preparation for HPLC and LC-MS analysis.

4.3.8 HPLC and LC-MS analysis of glidobactin A

HPLC analysis was completed with a Shimadzu HPLC system (Shimadzu Co., Columbia,
MD, USA) equipped with a quaternary pump, autosampler, vacuum degasser, and fluo-
rescence detector. HPLC separations were performed with an Agilent Eclipse Plus C18
column (2.1x50mm, with guard column). The injection volume was 2 pL. and the flow
rate was 0.4 mL/min. Samples were eluted with a gradient elution; mobile phase A was
5% acetonitrile in H20 with 0.1% formic acid and mobile phase B was 100% acetonitrile
with 0.1% formic acid. For each injection, the column was equilibrated with 95% mobile
phase A and 5% mobile phase B for 1 minute, then switched over to 25% mobile phase B
over 2 minutes. Mobile phase B was increased to 75% over 12 minutes, and then increased
to 100% over 2 minutes. The solvent was held to 100% mobile phase B over the next 3
minutes before re-equilibrating the column in 95% mobile phase A.

Samples were analyzed by LC-MS with a Vanquish UPLC coupled via electrospray
ionization operating in positive mode to a Q-Exactive orbitrap high-resolution mass spec-
trometer (ThermoScientific). Separation was conducted on a 2.1 x 100mm Acquity UH-
PLC BEH C18 column with 1.7-um particle size with a flow rate of 0.2 ml/min. Solvent
A was 95:5 H20-acetonitrile with 0.1% formic acid. Solvent B was acetonitrile with 0.1%
formic acid. The following gradient was used: 0 to 2 min, 0% B; 2 to 14 min, linear
gradient from 0 to 100% B; 14 to 16 min, 100% B; 16 to 17 min, linear gradient from
100 to 0% B; 17 to 22 min, 0% B. The mass spectrometry parameters were: full MS-
SIM (single ion monitoring) scanning between 450 and 600m/z at a resolution of 140000
full width at half maximum (FWHM), automatic control gain (ACG) target of 1e6, and
maximum injection time (IT) of 40ms. The MAVEN software suite was used for data

analysis [385, 386].
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4.3.9 Larger-scale extraction of glidobactin A and silica gel
chromatography

While performing experiments for this chapter, we were unable to purchase a standard
of glidobactin A for absolute quantitation. In order to prepare a purified glidobactin A
standard, a crude extract from a 1-L culture was prepared and then purified through silica
gel chromatography (Figure B.2) [376]. Pellet from a 1-L culture of P. putida LUMO02
was extracted with 400 mL acetone. The acetone slurry was centrifuged and the acetone
was decanted into an evaporating flask. The acetone was then removed using a rotary
evaporator. The remaining pellet was extracted with 400 mL ethyl acetate. This slurry
was centrifuged and decanted into the same evaporating flask containing the solid from the
acetone extract. The ethyl acetate was removed using a rotary evaporator. The remaining
solid from both extracts was dissolved in 150 mL methanol and then transferred to a new
flask. The methanol was removed using the rotary evaporator and the remaining solid
was kept at -20°C. A 20-mL silica gel column was prepared for purification of glidobactin
A. The extract was applied to the column and eluted using a gradient elution from 100%
ethyl acetate to 50% methanol and ethyl acetate. The fractions were monitored using
thin-layer chromatography (solvent: 30% methanol/70% ethyl acetate).

The fractions containing glidobactin A were then pooled and analyzed by 1H-NMR
(Figure B.5). A clear signal associated with the methyl group of the threonine residue
was used to determine the quantity of glidobactin A in the standard. Other researchers
have previously identified glidobactin derivatives from production cultures [387, 84], and
through further analysis of the standard with LC-MS, we identified putative glidobactin
derivatives that share the threonine residue in their structure, and therefore would con-
tribute to the signal used to quantify glidobactin A (Table 4.4). Based on peak areas of
the ions associated with these derivatives, about 15% of the signal used for quantification
in NMR could be attributed to other glidobactin derivatives, and we incorporated this

finding when determining the absolute titers of glidobactin A in our cultures.
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Table 4.4: Secondary peaks predicted to contribute to 1H-NMR signal used to quantify glidobactin
A. Predicted compounds were identified by comparing experimental m/z values to literature values.
Further experiments were not performed to verify these identities. These identities were used to create
a conservative estimate that 15% of the NMR signal used to quantify glidobactin A could be attributed
to other glidobactin derivatives that have the same methyl group. Sum of peaks marked by * is equal to
10.97%.

Peak Predicted compound m/z Retention time Intensity Relative to peak 1
1 Glidobactin A 521.333 6.93 1.91E+07  100.00%
2 Glidobactin A + 1 522.335 6.75 5.99E+06 31.36%
3 Glidobactin A + Na* 543.314 6.79 1.20E+06  6.28%
4% Luminmycin E 523.342 6.73 8.30E+05 4.35%

5 Glidobactin A + Na®™ + 1 544.321 6.84 3.38E405 1.77%
6* Glidobactin C 549.367 6.96 3.20E4+05 1.68%
* ? 540.307 6.72 2.80E+05 1.47%
8* Glidobactin G 537.328 6.71 2.36E+05 1.24%
9* ? 495.318 6.31 2.20E4+05 1.15%
10%* ? 548.293 6.74 2.06E+05 1.08%

4.3.10 'H-NMR analysis of glidobactin A standard

'H-NMR spectra were recorded at 24°C on a BrukerBiospin Avance III HD-600 MHz
(1H 600.13 MHz, 13C 150.76 MHz) instrument equipped with TopSpin 3.2 software and
5 mm TCI-F (1H, 19F/13C/15N) cryoprobe fitted with a z-gradient. T1 relaxation for
the compound was determined by inversion recovery to be 2.1s. Spectra were recorded
using 3 mg of glidobactin in 500 L. DMSO-ds. Quantitative 1H spectra were run with
d1=15s and aq=2.7s using 1,4-NJbis(trichloromethyl) benzene (Acros Organics) as inter-
nal standard. Spectra were analyzed using MNova 14.2 (Mestrelab Research, Santiago
de Compostela, Spain). Purity of the standard glidobactin sample was determined to be

79%.

4.3.11 Reverse transcription PCR

Oligos used for RT-PCR analysis are shown in Table 4.3. Production cultures of P.
putidea LUMO1 and P. putida GLBO1 were analyzed by RT-PCR. 400 uL of production
culture were collected and RNA was extracted using the Qiagen RNeasy Mini Kit (Cat.
74104). Purified RNA was digested with DNase 1 following the Qiagen RNase-free DNase
kit (Cat. 79254). The GoScript™ Reverse Transcriptase kit from Promega was used to

synthesize cDNA from the RNA samples (Cat. A5000). The cDNA was used as templates
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for PCR using GoTaq Green Master Mix from Promega (Cat. M712). Primers used for
GoTaq PCR of ¢cDNA are described in Table 4.3. The thermocycler settings were as
follows: 2:30 at 95°C, 30 cycles of 0:30 at 95°C, 0:30 at 55°C, and 1:00 at 72°C, followed
by 5:00 at 72°C.

4.4 Results

4.4.1 Introducing heterologous BGCs into P. putida.

We initially focused on engineering a strain of P. putida to produce prodigiosin because
the visible pigmentation of production cultures would allow for rapid detection of het-
erologous production from early production strains. The BGC for prodigiosin biosynthe-
sis, designated pig, in S. marcescens ATCC274 is 20,948 bp in length and contains 14
genes expressed in a single operon (Figure 4.1a) [302]. Prodigiosin biosynthesis occurs
as a bifurcated pathway where two precursors, 2-methyl-3-n-amyl-pyrrole (MAP) and 4-
methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC), are synthesized independently and then
condensed in the final reaction that yields prodigiosin (Figure 4.1b). MAP is derived from
2-octenoyl-ACP /-CoA, and MBC is derived from L-proline, malonyl-CoA, and L-serine.
L-proline is incorporated into the pathway by an NRPS (PigG and Pigl), followed by the
incorporation of malonyl-CoA by a PKS (PigJ and PigH) [378].

Replicative vectors in P. putida can sometimes induce a growth defect, which can
have a negative effect on heterologous production [225, 388|. Therefore, we sought to
optimize a genome editing protocol for integrating large DNA constructs into the chro-
mosome. We previously developed a set of vectors for constructing scarless deletions in
P. putida KT2440 using Cas9-assisted homologous recombination [225]. A replicative
vector using the RK2 origin, pCas9, expressed Cas9 from Streptococcus pyogenes and
the ARed system from A bacteriophage, Exo, Beta, and Gam. The single guide RNA
(seRNA) was expressed from pgRNA, a replicative vector containing the BBR1 origin.

The repair template was located in an integrative vector containing homology arms for
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Figure 4.1: Establishing a prodigiosin production strain. a) Map of prodigiosin BGC from S.
marcescens ATCC274. Colored arrows indicate the enzyme class according to the legend. b) Prodigiosin
biosynthesis begins with intermediates in fatty acid metabolism and L-proline. 2-octenoyl-CoA/ACP is
converted to MAP by PigDEB. L-proline, serine, and malonyl-CoA are converted to MBC by PiglA-
JHMFN. The two intermediates are then fused by PigC to produce prodigiosin which generates a visible
red color (inset) in culture. c Integration of BGCs into the chromosome of P. putida. A pNVLTV2 inte-
gration vector is introduced via conjugation into a strain of P. putida containing pCas9. The integration
vector carries out a single-crossover recombination with the P. putida chromosome. The Cas9 counters-
election is then enabled after electroporating pgRNA targeting the wild-type sequence to be replaced by
the BGC. This selects for the double-crossover recombination of the integration vector and results in a
markerless and stable integration of the BGC. d) Prodigiosin production from cultures grown in glucose
or glycerol-based media under control of rha or trc¢ promoters. All cultures were supplied with dodecane
as a product-sink. Error bars represent standard deviation, n = 3 biological replicates. Differences in
values between all samples were found to be statistically significant (P<0.01) by the Student’s ¢-test.



97

the region to be deleted [158]. The biggest difference between our needs and the existing
genome editing method was the size of the required repair template, here containing a
full BGC. Cloning BGCs can lead to large plasmid sizes and the introduction of genes
that may be toxic to common E. coli cloning strains [84]. Large plasmids are not as eas-
ily transformed by electroporation into P. putida, but conjugation is significantly more
efficient [213]. To address these issues, we edited the integrative vector to replace the
high-copy ColE1 origin with the medium-copy p15A origin and add a functional origin of
transfer (oriT) sequence for performing conjugations. Unnecessary genes in the original
vector were also removed to reduce the plasmid size, resulting in the integrative vector
pNVLTv2.

Next, we deleted the endogenous BGC for pyoverdine biosynthesis to simplify the
baseline strain, create a “neutral” integration site, and eliminate potential analytical
challenges [231, 389, 73]. We had already created a strain from previous work with
one gene deleted, (P. putida ApvdL), so we introduced homology arms for deleting the
remaining three genes, pvdlJD, into pNVLTv2, resulting in pNVLTv2-pvdlJD. We de-
signed a sgRNA plasmid targeting pvdl, pgRNAtet-pvdl, and successfully constructed the
24,920-bp deletion using the two-step Cas9-assisted protocol that our group has described
previously, resulting in strain P. putida pvd-.

We selected two inducible promoter systems, the rha promoter (P,,, induced by L-
rhamnose) and the tre promoter ( Py, induced by IPTG), to drive expression of heterol-
ogous BGCs at the pvdlJD locus. BGCs expressed as a single operon can be refactored
for heterologous expression by replacing the native sequence directly upstream of the
initial gene with a synthetic promoter and ribosome binding site (RBS) optimized for
the heterologous host. Inducible promoters are ideal for these types of projects because
they reduce BGC expression during cloning protocols and enable two-phase production
cultures, where cultivation is separated into a growth stage and a production stage [390].
P,y is tightly repressed by carbon catabolite repression in F. coli, but not in P. putida,
making it an appropriate promoter for cloning BGCs in FE. coli before transferring them

into P. putida [184]. Py is one the strongest promoters that we have characterized in P.
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putida, which allowed us to maximize expression of heterologous BGCs [225].
Experiments with each promoter linked to a fluorescent reporter construct confirmed
that Py. has higher basal and maximum expression than P, (Figure 4.2a). Next, we
attempted to construct pig integration vectors with both promoters using RecET di-
rect cloning [84, 80] in E. coli (Figure 4.1c). We isolated correct clones with P,;, only
when transformation media was supplemented with glucose, conditions that silence P,
through catabolite repression. Consistently, we were unable to obtain a Py, version of
the pig vector, presumably because leaky expression of the pig genes was toxic to FE.
coli. The expression construct including P, and the pig BGC (23,247 bp total) was
integrated into the P. putida chromosome at the pvdlJD locus through the two-step pro-
tocol as described above, resulting in strain PIG01 (Figure 4.1¢). Upon addition of up to
0.5% (w/v) L-rhamnose to the growth media, cultures of PIGO1 produced a visible red

pigment characteristic of prodigiosin production (Figure 4.1b).

4.4.2 Optimizing prodigiosin production

Once we established prodigiosin production in P. putida, we then compared various media
formulations and their effects on prodigiosin titers. Terrific Broth (TB) has been used
previously to produce prodigiosin in P. putida cultures [165]. Alternatively, Riesenberg-
Korz (RK) medium is a minimal medium developed for high-cell density cultures of E.
coli, and variations of this medium have been used for the production of other products
from P. putida [391, 381]. After determining the optimum L-rhamnose concentration for
induction (0.2% w/v), we compared prodigiosin production in rich media and minimal
media (Figure 4.2b). In non-baffled shake flask cultures of P. putida PIGO1, prodigiosin
titers were less than 100 mg/L in TB media (Figure 4.3a). Prodigiosin is insoluble in
water, so we added an organic overlay to provide a product sink, which greatly improved
prodigiosin production in TB media to over 500 mg/L. Prodigiosin production in RK
media with 2.5% glycerol reached approximately 500 mg/L without an organic overlay
and over 600 mg/L with an overlay (Fig. 4.3a). Interestingly, using glucose as the carbon

source in minimal media led to much lower prodigiosin titers of approximately 200 mg/L
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Figure 4.2: Inducible promoters and prodigiosin production in minimal media. a) Induction
curve for sfGFP and GFPuv fluorescence under control of rha and trc promoters. Reporter constructs
containing combinations of the two inducible promoters and a gene encoding sftGFP or GFPuv were in-
troduced to pNVLTv2-pvdlJD. They were integrated into the ApvdIJD locus of P. putida pvd-, resulting
in strains GFP01-04. b) Induction curve for prodigiosin production in PIG01 in 25 mL RK glycerol with
10-mL dodecane overlay. ¢) Induction curve of PIG02 in the same conditions.

(Figures 4.1d, 4.3b).

After establishing optimal media and cultivation conditions for strain PIGO1, we
sought to further improve prodigiosin production through transcriptional control. In lieu
of cloning a pig integration construct with Py, we designed a chromosomal integration
vector for replacing P, with Py in PIGO1, pNVLTv2-pvdlJD-Ptrc-pigA. Integration of
this construct resulted in strain PIG02, which produced a strong red pigment in cultures
supplemented with IPTG, and 1 mM was the optimal inducer concentration (Figure 4.2¢).
Introducing a stronger promoter for pig expression improved prodigiosin production, as
P. putida PIGO2 generated higher prodigiosin titers than PIGO1 (Figure 4.1d). This
strain also produced more prodigiosin on minimal media with glycerol than with glucose.

PIGO2 cultures grown in RK media with glycerol generated prodigiosin titers around 1.1
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Figure 4.3: Prodigiosin production in various media formulations. a) Comparing prodigiosin
production on rich vs. minimal media. Cultures were grown in 25 mL media in 250-mL non-baffled
flasks, with and without a dodecane overlay. TB = terrific broth with 0.5% glycerol, TB* = TB media
with 2.5% glycerol. b) Relative prodigiosin titers from PIGO1 in RK glucose and RK glycerol with
and without octanoic acid added to media. Cultures were grown in 2 mL media in 12-well plates and
prodigiosin production was evaluated at 24 hr.

g/L, whereas production on glucose was approximately 900 mg/L.

4.4.3 Screening for mutants with improved prodigiosin
biosynthesis

To identify strategies for improving prodigiosin production, we devised a screen based on
the appearance of P. putida colonies producing prodigiosin. Tn5 mutagenesis was used to
create mutant libraries of P. putida PIGO1 and PIG02, which normally have a light-pink
phenotype on solid media with a low concentration of inducer (Figure 4.4a). Libraries of
these strains were plated on LB agar or minimal agar with glycerol, and individual colonies
with a strong red color, indicating increased prodigiosin production, were isolated and
sequenced to determine the location of the Tnb5 insertion. Some isolated mutants included
those involved in lipid A biosynthesis (yijP), an ABC transporter (ttgB), and an aconitase
(acnA-I) (Table 4.5). Similar targets were also identified in another study screening for
mutants with improved fitness during indigoidine production [392]. Surprisingly, the most

common type of mutants were disruptions in components of the electron transport chain.



The two operons containing Tnb insertions,
cyo and ccm, encode production of the bog
type oxidase (Cyo) and cytochrome ¢ matu-
ration, respectively (Figure 4.4b). Cyo is the
primary terminal oxidase used during exponen-
tial growth and has been shown to be involved
in gene regulation in P. putida [395]. Mutants
with disruptions in the ccm operon had a dras-
tic growth defect on minimal media and did
not grow on rich media. Disruptions in the cyo
operon led to only a slight growth defect, so we
investigated this operon’s effect on prodigiosin
production (Figure 4.5). The cyo operon con-
tains five genes, cyoABCDE, and we deleted
the region containing the RBS and all five genes
in this operon in both the L-rhamnose- and
[PTG-inducible prodigiosin producing strains
(resulting in PIG07 and PIGOS, respectively).
Transcriptomic data available in the literature
suggested that the cyo operon is upregulated
during growth on glucose compared to glycerol
[394], so we compared prodigiosin production
in RK media with glucose in addition to glyc-
erol. No significant changes in production were
observed from strains grown on glycerol, but

PIGO8 had improved production on glucose,
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Figure 4.4: Tn5 libraries highlight disrup-
tions in electron transport chain. a) Gen-
eralized workflow for generating and screening
mutant libraries for improved prodigiosin pro-
duction. b) Components of electron transport
chain, highlighting role of the bo3 oxidase, Cyo.
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biological replicates. Differences between sam-
ples marked with asterisks were found to be
statistically significant by the Student’s ¢-test
(** = P<0.01).

making its performance equivalent to PIG02 on glycerol (Figure 4.4c).
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Table 4.5: Gene disruptions sequenced in “red” mutants from Tnb libraries in prodigiosin producing
strains. Mutants in Library A were found in P. putida PIG01 on LB agar. Mutants in Library B were
found in PIG02 on RK agar with glycerol.

Gene Annotation

Library A

acnA-I  Aconitase
phoP Two-component system DNA-binding regulator
oprH Outer membrane protein H1; regulated by PhoP

sotB Sugar efflux transporter

yij P Phosphoethanolamine transferase; lipid A biosynthesis
cyoC Cytochrome bo termainl oxidase subunit 111

ptsP Phosphoenolpyruvate-dependent regulator

Library B

ppT Exopolyphosphatase

cyoE Protoheme IX farnesyltransferase

cemA Cytochrome ¢ biogenesis ABC transporter ATP-binding protein
cemD*  Heme exporter protein D

cemF*  Holocytochrome ¢ synthetase

tolA Colicin S4/ filamentous phage transport protein

PP_5608 Valyl-tRNA synthetase

PP_5348 LysR family regulator

ttgB Efflux pump membrane protein TtgB

rnr Exoribonuclease R

—— WT, glucose
Acyo, glucose
—— WT, glycerol

100 —— Acyo, glycerol

OD600

10"
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Figure 4.5: Growth of P. putida with and without deletion of cyoABCDE. Strains were grown
in 100-pL volumes in a 96-well plate in RK media with the stated carbon source. Plate was incubated in
a Tecan M1000 plate reader at 30°C with linear shaking with a radius of 3 mm. Growth was monitored
by absorbance at 600 nm.
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4.4.4 Heterologous expression of two glidobactin A BGCs

The high titers of prodigiosin achieved from heterologous expression in P. putida were
encouraging, but we also wanted to interrogate variables affecting the expression of PKSs
and NRPSs with a canonical modular structure. Glidobactin A provided this opportu-
nity, as its biosynthesis involves a hybrid PKS/NRPS that has three modules in total and
is encoded by genes approximately 12.4 kb in length (Figure 4.6a). The two homologous
BGCs in S. brevitalea (glb) and P. luminescens (lum) both produce glidobactin A as the
primary product [396, 379]. Glidobactin A biosynthesis starts with the acylation of an L-
threonine residue by GIbF/PLU1878p [397]. The hybrid PKS/NRPS, GIbC/PLU1880p,
then incorporates L-lysine, L-alanine, and malonyl-CoA before performing the final cy-
clization reaction [398]. The most apparent difference between the two BGCs is that the
glb and lum clusters have a GC content of 70% and 47%, respectively. The glb cluster also
has three genes that are not present in the lum cluster: glbF, which encodes an MbtH-like
protein (MLP); glbA, a transcriptional regulator; and glbH, which has been shown to be
involved in the hydroxylation of a lysine residue that is incorporated into glidobactin A
(Table B.1) [84, 379]. Unlike the prodigiosin BGC, neither glidobactin BGC contains a
gene encoding a dedicated PPTase. Expressing each BGC afforded us the opportunity to
assess several factors in heterologous production of polyketides and nonribosomal pep-
tides: the effect of MLP expression on the activity of a heterologous NRPS, interactions
between the host’s PPTase and heterologous PKSs and NRPSs, and the significance of
similarities in phylogeny and GC content between P. putida and heterologous BGCs.
Using the same strategy applied to prodigiosin, both BGCs were integrated into the
pvdlJD locus of P. putida pvd- with P, directly upstream of the first gene (glbB,
plul881), resulting in the strains P. putida GLBO1 and LUMOL. Glidobactin A pro-
duction from these two strains was initially assessed by HPLC; based on peak area,
LUMO1 produced 15-fold more product than GLBO1 (Figure 4.6b). We verified that the
primary compound was glidobactin A using LC-MS and *H-NMR (Figure 4.6¢c, Figure
B.5). Similar to prodigiosin, glidobactin A production was greater on glycerol compared

to glucose (Figure B.3a). Before performing further modifications to strains GLB01 and
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Figure 4.6: Identifying glidobactin A as the primary product from expression of glb and lum
clusters. a) Gene maps of glidobactin BGCs from S. brevitalea DSM7029 and P. luminescens TTO1.
Colored arrows indicate the enzyme class according to the legend. The structure of glidobactin A is
shown to the right. b) Unique peak identified in HPLC analysis of extracts from glidobactin production
strains. c¢) LC-MS shows that the major peak has m/z value corresponding to glidobactin A + H™
(calculated m/z = 521.3334). d) Effects of promoter and RBS strength on glidobactin production. All
strains were grown in 25 mL of glycerol-based media in 250-mL non-baffled shake flasks. SD=Shine-
Dalgarno sequence. Error bars represent standard deviation, n = 3 biological replicates. Differences in
values between all samples were found to be statistically significant (P<0.01) by the Student’s ¢-test.

LUMO1, we confirmed by RT-PCR that both BGCs were fully transcribed in P. putida
(Figure B.4). It has been shown that deleting the last gene in the ¢lb cluster, glbH, does
not abolish glidobactin A production but significantly reduces it [379]. The RT-PCR
results demonstrated that glbH was transcribed, so we did not investigate GIbH activity
as a limiting step in glidobactin production in strain GLBO1.

After determining the relative production titers between GLB01 and LUMO1, we
sought to improve production by modifying transcription and translation of the BGCs
with the primary goal of determining why the glb cluster yielded less product than the
lum cluster in P. putida. We continued to mirror our strategy with the pig cluster and
swapped to the stronger promoter, Py, in both strains, resulting in strains GLB02 and

LUMO2. As expected, production of glidobactin A increased, with both strains producing
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approximately 2-fold more product (Figure 4.6d). Production from GLB02 was still much
lower than LUMO02, so we investigated translation initiation as a potential factor. Using
the RBS calculator [399], we had designed the RBS sequences for the first gene in each
BGC to have similar translation initiation rates (TIR) (glb: 13,000 au; lum: 9,000 au).
Coincidentally, the Shine-Dalgarno sequences upstream of the BGCs in strains PIGO1 and
LUMO1 were the same (AAGGAG), whereas GLBO01 had a different sequence (GATTAG).
When we changed the Shine-Dalgarno sequence for glb to AAGGAG in the RBS calcula-
tor, the predicted TIR increased to 43,000 au. Therefore, we constructed strain GLBO03
by simultaneously inserting Py, and the AAGGAG Shine-Dalgarno sequence upstream of
the glb cluster. This modification increased glidobactin A production by 2-fold compared
to GLBO02, which had Py, and the original RBS sequence, consistent with the increased
RBS strength predicted in silico (Figure 4.6d).

4.4.5 Improving glidobactin A production through MLP and
PPTase overexpression

Functional expression of large, multi-modular enzymes is often the greatest challenge in
engineering natural product synthesis, so we identified the steps governed by PKSs and
NRPSs as a possible bottleneck in glidobactin production. The presence of a cognate MLP
in the glb cluster but not the lum cluster raised the question of whether MLP availability
is affecting heterologous NRPS activity. NRPSs often require a complementary MLP for
optimal solubility and activity, and homologs from different BGCs or strains are usually
not interchangeable [253]. Indeed, it has been demonstrated that soluble expression of
the NRPS module, GIbF, in E. coli requires co-expression of its cognate MLP, GIbE [397].
The genome of P. putida KT2440 contains one gene (PP _3808) encoding an MLP specific
for the NRPSs responsible for pyoverdine biosynthesis. Deleting the gene encoding P.
putida’s native MLP in strain GLBO03 (resulting in GLB04) did not significantly change
glidobactin A production (Figure 4.7c). To increase MLP availability, we inserted a
second copy of glbE with a constitutive promoter in place of P. putida’s native MLP,

resulting in strain GLB05 (Figure 4.7a). Overexpression of glbE resulted in greater than
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2-fold increase in glidobactin A production compared to GLB03 and GLB04. In contrast,
deleting PP _3808 or overexpressing glbE on a plasmid did not have a noticeable effect on
glidobactin production for strain LUMO1 (Figure B.3b,c).

After demonstrating that expression of glbE was non-optimal for glidobactin A pro-
duction using only the glb cluster, we next investigated whether PPTase activity in P.
putida could be limiting production. We initially modified the strains LUMO01 and LUMO02
by inserting a strong constitutive promoter upstream of PP_1183, resulting in the strains
LUMO03 and LUMO04, respectively (Figure 4.7a). Both strains saw an increase in pro-
duction, and specifically, strain LUM04 had about 50% higher glidobactin A production
compared to the parent strain, LUM02 (Figure 4.7d). However, these strains had a slower
growth rate compared to the parent strains, and when we measured glidobactin produc-
tion from these strains in 3-mL cultures in tubes instead of 25-mL cultures in flasks, we
found that they produced less glidobactin compared to the parent strains (Figure B.3d).

To avoid any deleterious effects on native metabolism from over-producing P. putida’s
native PPTase, we introduced a heterologous PPTase as an orthogonal alternative. Sfp is
a promiscuous PPTase from Bacillus subtilis that has enabled the production of functional
PKS and NRPS enzymes in E. coli [248]. We designed an expression construct for
integrating sfp into the pvdL locus with the tac promoter, enabling induction by the
addition of IPTG in strains expressing Lacl (Figure 4.7a). Introducing this construct
to the IPTG-inducible production strains, LUM02 and GLBO05, resulted in LUMO05 and
GLBO06. Co-expression of sfp improved glidobactin production by 30% in both strains
(Figure 4.7c¢,d). These strains also did not have a noticeable growth defect and did not

have a significant drop in production in smaller cultures (Figure B.3d).

4.4.6 Modifying translation of hybrid PKS/NRPS via
Cas9-assisted mutagenesis

While analyzing GC content and codon usage of the BGCs described in this work, we no-
ticed that the genes encoding the hybrid PKS/NRPS (glbC, plu1880) in both glidobactin

clusters each used the alternative start codon, GTG, which lowers translation initiation
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Figure 4.7: Improving functional expression of PKS/NRPS enzymes in glidobactin pathway
a) Strategies for overexpressing MLPs and PPTases in production strains. The MLP gene, glbE, was
integrated in place of PP_3808, the gene encoding P. putida’s native MLP, along with a constitutive
promoter from the Anderson promoter library. A constitutive promoter from the Anderson library was
integrated upstream of PP_1183, the gene encoding P. putida’s native PPTase. The inducible promoter,
Piac, and sfp were integrated in place of pvdL. b) Cas9-assisted ssDNA oligo recombination scheme for
introducing ATG start codons in glbC'/plul880. To select for start codon mutations, an sgRNA targets
the PAM sequence immediately downstream of the start codon. A mutagenic oligo contains mutations
in the PAM and the start codon, and Cas9 activity selects against cells that don’t incorporate mutations
from this oligo. PAM=protospacer adjacent motif. ¢) and d) Effects of MLP overexpression, PPtase
overexpression, and start codon mutagenesis on glidobactin production strains. Charts are labeled and
split into sections to emphasize genetic changes made (e.g. “PPTase” samples have modifications to
PPTase expression). All cultures were in 25-mL of glycerol-based media in 250-mL non-baffled flasks.
Error bars represent standard deviation, n > 3 biological replicates. Differences between samples marked
with asterisks were found to be statistically significant by the Student’s t-test (n.s. = not significant, *
= P<0.05, ** = P<0.01, *** = P<0.001).

rates compared to the canonical ATG start codon in prokaryotes, including P. putida
[400, 401]. This realization provided the opportunity to further engineer glidobactin pro-
duction through the simple strategy of generating a point mutation in the start codon of
both genes. We hypothesized that this change would improve translation initiation for
these genes and increase glidobactin A production.

To generate strains with these start codon mutations, we adapted our genome edit-

ing vectors for introducing point mutations via oligo recombineering. Wu and colleagues
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recently reported the generation of knockouts in P. putida using only one A\ phage re-
combinase, Beta [197]. We constructed a derivative of pCas9, pCas9-beta, and were able
to construct small chromosomal deletions using 80-nt oligos (Table B.3). However, it
has been shown in the literature that P. putida can efficiently repair mismatches in its
chromosome, and G to A changes are much more sensitive to mismatch repair compared
to other mutations [200]. We accounted for this potential issue by incorporating a strat-
egy developed by Aparicio et al. to temporally inhibit mismatch repair in P. putida.
We constructed a second plasmid for oligo recombineering, pCas9-beta-mmr, which co-
expresses beta and a defective mutant of mutL from P. putida, mutLgsek. Expression of
the mutL mutant inhibits mismatch repair in P. putida, allowing for the generation of
point mutations that would normally be repaired by the host.

We identified sgRNA targets 18-24 bp downstream of the start codon in ¢glbC' and
plu1880 (Figure 4.7b). The single-stranded DNA oligos (125 nt) designed for each BGC
contained two point mutations: the desired G to A start codon mutation and a syn-
onymous point mutation in the PAM site of the sgRNA target. Attempts to introduce
these mutations with pCas9-beta resulted in most mutants having only the PAM muta-
tion (Table 4.6). Repeating the recombineering protocols with pCas9-beta-mmr resolved
this problem, and most mutants sequenced contained both the start codon and PAM
mutations. We initially introduced these mutations into IPTG-inducible strains without
sfp overexpression (LUMO02 and GLBO05), resulting in strains LUM06 and GLBO07, which
have the PAM mutation only (designated as SNP), and strains LUM07 and GLBO08, which
have both mutations (designated as ATG). The ATG derivatives of both strains produced
about 20% more glidobactin A (Figure 4.7¢). Notably, GLBO7 produced 20% less gli-
dobactin A than GLBO05, suggesting that the synonymous PAM mutation in ¢glbC had a
negative effect on expression, even though the mutated codon, TCG, is more common in
P. putida than the native one, TCC. Next, we introduced the ATG mutation to strains
containing sfp overexpression, resulting in strains LUMO08 and GLB09. LUMO0S did not
have a significant increase in glidobactin A production compared to its parent strain,

LUMO5, but GLB09 produced 20% more glidobactin A than GLB06 (Figure 4.7c,d).



109

Table 4.6: Fraction of colonies with mutations in introduction of ATG start codon in glbC' and plu1880.
Mutants denoted “beta only” were created with pCas9-beta and mutants denoted “beta + mutLggsr’ "’
were created with pCas9-beta-mmr. “SNP only” denotes sequences with only PAM mutation. “ATG +
SNP” denotes sequences with both PAM mutation and ATG mutation. “Other” refers to sequences that
do not contain the PAM mutation and/or have other mutations.

BGC beta only beta + mutLggert?

SNP only ATG 4+ SNP Other SNP only ATG + SNP Other
lum 19/23 4/23 0/23 3/24 17/24 4/24
glb 21/24 2/24 1/24 2/24 20/24 2/24

The best glidobactin A production strain resulting from modifications mentioned
above was LUMOS, which had an approximately 3-fold increase in production compared
to the initial production strain constructed with the lum cluster. GLB09 produced 30
times more glidobactin A than GLBO01. After purifying a glidobactin A standard that we
verified by 'H-NMR, we used LC-MS to determine the titer from LUMO8 and GLB09,
which we found to produce approximately 390 mg/L and 270 mg/L glidobactin A, re-

spectively.

4.4.7 Engineering metabolism and gene regulation for
improved natural product titers

After establishing robust production of both prodigiosin and glidobactin A, we set out
to identify metabolic engineering strategies that would improve production of both com-
pounds. Despite differences in the PKS and NRPS components in prodigiosin and gli-
dobactin biosynthesis, both compounds are synthesized from similar primary metabolites.
Aided by the visible phenotype of prodigiosin production, we screened for metabolites
that could be limiting prodigiosin production in P. putida. We hypothesized that results
from these experiments could apply to improving glidobactin A production as well.

We grew cultures of P. putida PIGO1 in RK media supplemented with compounds
related to the metabolites directly incorporated into prodigiosin, including octanoic acid
and amino acids (Figure 4.8a). Octanoic acid was the only supplement that improved
specific prodigiosin production, suggesting that the availability of 2-octenoyl-ACP/CoA

could be limiting prodigiosin production in P. putida. This effect was only apparent when
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Figure 4.8: Identification of fatty acyl precursors as a metabolic engineering target a) Supple-
menting various precursors in minimal media (RK 2.5% glycerol) affects prodigiosin production. Cultures
were grown in 3 mL media without dodecane overlay. b) Metabolites from fatty acid metabolism that
are incorporated into PHA, prodigiosin, and glidobactin A biosynthesis. P. putida incorporates mostly
C8-C12 3-hydroxyalkanoates into PHAs. 2-octenoyl-ACP or CoA is incorporated into prodigiosin, and
dodecanoyl-CoA or 2-dodecenoyl-CoA is incorporated into glidobactin A. ¢) PHA composition from P.
putida strains with and without AglpR and AphaC1ZC2 genotypes. Cultures were grown in RK media
with glycerol and extractions were completed at 24h of growth. d) Prodigiosin production from P. putida
strains with and without AglpR and AphaC1ZC?2 genotypes. Cultures were grown in 25 mL RK glycerol
with dodecane overlay for 48h. e) Effect of AglpR AphaC1ZC2 genotype on glidobactin A production.
Cultures were grown in 25 mL RK glycerol for 48h. Error bars represent standard deviation, n = 3
biological replicates. Differences between samples marked with asterisks were found to be statistically
significant by the Student’s t-test (n.s. = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001).

glycerol was the carbon source, and not on glucose (Figure 4.3b). These results suggested
to us that polyhydroxyalkanoate (PHA) biosynthesis was a potential carbon sink compet-
ing with the heterologous pathways for metabolites. Early reactions in both heterologous
pathways incorporate an acyl-ACP or acyl-CoA into the natural product. P. putida syn-
thesizes medium-chain-length PHAs (C8-C12) in order to store carbon and energy when
an excess of carbon source is available [402]. Two PHA polymerases, PhaC-T and PhaC-II,
are encoded in a single operon, phaC1ZC?2, and incorporate 3-hydroxyalkanoates directly
from fatty acid metabolism (Figure 4.8b).

We initially deleted phaC1ZC2 in strain PIGO1, resulting in PIG03, which success-



111

a) b)
Glyceraldehyde-3-P —»', Acetyl-CoA
Glycerol 1200
(periplasm) . ;‘
Dihydroxyacetone-P gmoo- ] I
- I
GIpF 5 8004
l GlpD g LB L
GIpK 'c 600
Glycerol o | Glycerol-3-P 2 .
(cytoplasm) -2 4004 . I
k<]
S 2001
o
. L
T - - 12h 24h 36h 48h
| =PIGO4, Prha AglpR PIG05, Prha AglpR AphaC1ZC2
PIGOG, Ptrc AglpR PIG07, Ptrc AglpR AphaC12C2

gbF  glpK  gIbR glpD
Figure 4.9: Time course of strains with glpR and phaC1ZC2 knockouts. a) Regulation of
glycerol catabolism by GIpR. GIpR represses expression of its own operon, including genes encoding
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inhibits repression by GIpR. b) Time course of prodigiosin titers from strains containing either AglpR
only or AglpR AphaC1ZC2 genotypes. Production media was RK glycerol, and strains were induced
with 0.5% (w/v) L-thamnose or 1 mM IPTG.
fully abolished PHA biosynthesis from P. putida (Figure 4.8c). However, PIG03 had
lower prodigiosin production than the parent strain on RK media with glycerol (Figure
4.8d). Based on reports in the literature, we had also identified glpR, which encodes the
transcriptional regulator that represses the expression of genes involved in glycerol uptake
and catabolism in P. putida (Figure 4.9a) [403]. Escapa et al. found that deleting glpR
decreased the length of lag phase during growth on glycerol as well as increased PHA
production, so we hypothesized that this mutation could be beneficial for prodigiosin
production as well. Deleting glpR alone in P. putida PIGO1, resulting in PIG04, did
not increase prodigiosin production, but introducing this mutation to PIG03, resulting in
PIGO05, slightly improved the prodigiosin titer to approximately 750 mg/L (Figure 4.8d).
In contrast, introducing the AglpR AphaC1ZC2 genotype to P. putida PIG02 did not
improve production (Figure 4.9b). However, measuring prodigiosin titers at earlier time
points did reveal that strains with both deletions had increased initial productivity of
prodigiosin compared to strains without (Figure 4.9b).

To test our hypothesis that metabolic modifications improving prodigiosin production
can be applied to other natural products, we deleted glpR and phaC1ZC2 in LUMO1, cre-

ating strain LUMO09. This mutation had a more noticeable positive effect on glidobactin

A production, resulting in a 30% increase in titer after 48h of growth as determined by



112

HPLC (Figure 4.8e). There was a similar benefit to production in the best glidobactin pro-
duction strain, LUMOS, resulting in a strain capable of producing 470 mg/L glidobactin
A (LUM10).

4.4.8 Heterologous expression of other bacterial BGCs

P. putida strains chromosomally expressing another BGC from P. luminescens TT01 and
two BGCs from Actinobacteria were also constructed. P. luminescens has the potential
to produce anthraquinones, which are antitumor compounds synthesized by a type II
PKS [404, 405]. The ant BGC encoding this pathway is 9,817 bp and has a GC content
of 36%. Integrating this cluster with P,;, resulted in a production strain that produced a
faint yellow pigment, which is indicative of anthraquinone production. Further analysis of
this strain was not performed, such as UV absorbance measurements or LC-MS analysis,
which is needed to confirm the identity of the pigment.

Attempts to produce natural products from actinobacterial BGCs in P. putida were
not successful. The first compound, arylomycin, is produced by several Streptomyces
strains and has antibiotic activity against Gram-negative bacteria [406, 407]. The BGC re-
sponsible for arylomycin biosynthesis in Streptomyces filamentosus NRRL 11379 is 32,353
bp and is 72% GC. However, the BGC contains two operons that are expressed in opposite
directions. To refactor this BGC for expression in P. putida, one operon was integrated
in the pvdIlJD locus with P,;, and the other was integrated in the pvdL locus with Pj,..
No product was detected by HPLC in acetone/ethyl acetate extractions from production
cultures induced with IPTG and L-rhamnose.

The final product, capreomycin, is synthesized by Saccharothriz mutabilis subsp.
capreolus ATCC 23892 and is used to treat multi-drug resistantant tuberculosis [35].
The BGC is structured as a single operon of 27,694 bp in length and has 76% GC con-
tent. After confirming that P. putida can grow in up to 4 mg/mL capreomycin in the RK
production media, we integrated the ¢mn cluster into the pvdIJD locus with P,;,. We
initially did not detect capreomycin in culture supernatants by HPLC, and created deriva-

tives of this strain by replacing P,;, with P,,.., overexpressing the cognate MLP CmnN,
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and overexpressing sfp. After performing a purification protocol specific for capreomycin
on culture supernatants from all of these strains [408], capreomycin was still not detected

by HPLC or disk diffusion assays.

4.5 Discussion

This work establishes several tools for rationally engineering natural product biosynthesis
using P. putida as a heterologous host. After optimizing production through various
genetic modifications, we achieved production titers greater than any previously reported
values for heterologous production for both prodigiosin (1.1 g/L) and glidobactin A (470
mg/L) [387, 276, 309]. A major strength of our expression and production strategies is
that most initial strains (i.e. strains with rha promoter and zero modifications to the BGC
or host) were able to produce significant amounts of prodigiosin or glidobactin A, with
titers that were on par or greater than values reported in the literature. Applying this
approach to the heterologous expression of uncharacterized BGCs in P. putida could be a
viable strategy for drug discovery. Combined with the simple metabolic background of P.
putida, achieving functional expression of heterologous BGCs using a single integration
provides a rapid workflow for building strains to analyze for novel compounds.

In cases where the initial heterologous production titers are lower than desired, there
are multiple options for well-characterized promoters in P. putida [176]. We have shown
that in the case of chromosomal expression, increasing the promoter strength provides
an expected increase in heterologous production (Figure 4.1d, Figure 4.2). In contrast,
a recent paper that attempted to express the lum BGC in P. putida using T7 RNA
polymerase (T7 RNAP) did not detect production of glidobactin A [309]. Even though the
T7 promoter is stronger than other bacterial promoters, transcription of long transcripts
with T7 RNAP in P. putida may lead to poor mRNA stability because T7 RNAP, unlike
bacterial RNAPs, is uncoupled from translation in bacteria [409, 410, 411]. T7 RNAP
could also be detrimental to protein solubility, as it has been demonstrated in E. coli that

switching from the T7 promoter to a bacterial promoter improved solubility and overall
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expression of a PKS [412].

In contrast to transcription, translational control is rarely investigated in articles
describing heterologous BGCs in bacteria. Here, we only tested two RBS sequences guided
by in silico predictions for expressing the glb cluster (Figure 4.6d). A systematic analysis
of RBS libraries in future studies would reveal the extent to which translational control
can affect heterologous expression of BGCs [413]. Translation initiation of internal genes
in heterologous BGCs also needs to be optimized, as demonstrated by the introduction of
ATG start codons into the lum and g¢lb clusters (Figure 4.7b-d). Mutating the start codons
in heterologous genes expressed in P. putida could be a general strategy for optimizing
BGCs from actinomycetes, which have a higher rate of GTG start codons compared to
other bacterial phyla [414]. With the availability of mutagenic recombineering techniques
for P. putida, it would be feasible to optimize pathway expression by mutating the 5’
untranslated regions (UTRs) for individual genes [200]. Indeed, this strategy has been
used recently to improve production of the natural product, violacein, in E. coli [415].

GC content is often cited as a concern when designing heterologous BGCs, but the GC
content of the two glidobactin BGCs did not appear to be a major factor in heterologous
production. After accounting for issues in translation initiation and MLP expression in
the glb cluster, glidobactin A production in P. putida was still higher with the low-GC lum
cluster (47% GC) compared to the glb cluster (70% GC) (Figure 4.7c,d). For comparison,
the native BGC for pyoverdine biosynthesis in P. putida is 66% GC [73]. It is worth noting
that P. putida and P. luminescens are both vy-proteobacteria while S. brevitalea belongs
to the class of [-proteobacteria, so the phylogenetic relationship between the native
host and the heterologous host may have a greater influence on heterologous production
than GC content and codon usage. Furthermore, codon optimization has been shown
in the literature to be detrimental to heterologous gene expression in P. putida [311].
For now, there is not enough knowledge on codon optimization for P. putida and other
heterologous hosts to consistently rely on it for improving PKS and NRPS expression.
Successful production with the lum and ant clusters suggests that P. putida could be

an alternative host for expressing BGCs from lower GC bacteria, such as cyanobacteria,
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which are becoming a more prevalent source for novel natural products [416]. Our failure
to functionally express pathways from Actinobacteria does suggest that P. putida will not
be a universal heterologous host for natural products. More work is needed to determine
why expressing the arylomycin and capreomycin BGCs did not result in production.
Most of the genes in these BGCs contain GTG start codons, so poor translation could be
preventing production. Several Streptomyces bacteria are being developed as heterologous
hosts [217, 268, 417], so future development of P. putida as a heterologous host should
focus on BGCs from proteobacteria and other groups that do not yet have an established
heterologous host.

The results presented here also demonstrate how P. putida’s native metabolism affects
heterologous production. For instance, media that elicited a strong carbon catabolite
repression (CCR) response in P. putida, such as glucose-based or rich media [418], resulted
in lower production titers compared to glycerol-based media (Figure 4.1d, Figure B.3a).
Bacteria use CCR to alter their metabolism to maximize growth rate and consumption
of a preferred carbon source, which could prevent the diversion of metabolites needed
for the production of a heterologous product [419]. An alternative hypothesis is that the
carbons in glycerol are more reduced than those in glucose and increase the availability
of NAD(P)H for biosynthesis of the acyl-ACP/acyl-CoA substrates incorporated into
the heterologous products [420]. For example, P. putida has a higher composition of
PHAs when grown on glycerol compared to glucose [421], suggesting that P. putida has
higher fluxes through fatty acid metabolism during growth on glycerol. Furthermore,
the absence of the cyo operon in PIG08 improved prodigiosin production on glucose to
be on par with production from PIG02 on glycerol (Figure 4.4c). Inactivation of the
cyo operon has been shown to alleviate CCR in P. putida [422, 423], and deleting a
major component of oxidative phosphorylation could heavily impact the availability of
reducing equivalents [424]. Improvements in prodigiosin production observed from Acyo
strains could be attributed to a partial disruption of CCR or an increased availability
of NAD(P)H. Considering these results and other findings in the literature, glycerol is

a promising carbon source for bioprocesses involving P. putida. In addition to being a
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relatively inexpensive carbon source, glycerol catabolism causes a weaker stress response
and is converted into biomass more efficiently in P. putida [394, 425].

Addition of a dodecane overlay improved prodigiosin production, especially in rich
media (Figure 4.3a). We observed that prodigiosin cultures in TB media without the
organic overlay appeared dark blue or black instead of red. This indicated an accumula-
tion of the prodigiosin precursor, MBC, possibly resulting from poor production of MAP.
Dodecane can act as a vector for dissolved oxygen in production cultures [426], and the
last step in MAP biosynthesis, catalyzed by PigB, requires molecular oxygen. The reduc-
tion in prodigiosin titers in rich media without an organic overlay could be due to low
oxygen availability impairing this reaction (Figure 4.3a). Production on glycerol was less
dependent on the dodecane overlay, potentially making it an optimal carbon source for
scaling up production cultures, as oxygen transfer is a common engineering problem in
large-scale cultivations.

Another benefit to using P. putida as a heterologous host is that it is amenable to
metabolic engineering for improved production of targeted molecules [15]. Deleting PHA
production in P. putida demonstrated that fatty acid metabolism can affect heterologous
product titers and potentially established a general chassis strain for producing natural
products containing fatty acid precursors (Figure 4.8d,e). Deleting phaC1ZC2 only in-
creased natural product titers on glycerol when it was accompanied with a glpR deletion
(Figure 4.8d). Removing PHA biosynthesis likely caused a shift in P. putida’s central
metabolism that had a negative effect on heterologous production. It has been shown that
deleting phaC'1 increases flux through the TCA cycle during growth on fatty acids, caus-
ing more carbon equivalents to be lost to COy formation [427]. The increased TCA flux
could have also reduced availability of amino acid precursors for prodigiosin biosynthesis.
Both PHA synthases were targeted for gene repression in a recent study that optimized
P. putida for heterologous production of indigoidine, a non-ribosomal peptide synthesized
directly from glutamine [15]. This strategy demonstrates the utility of removing PHA
biosynthesis from production strains to improve carbon yields, even for products that

do not directly incorporate fatty acid precursors. The authors downregulated 12 other
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native genes in the engineered strain, which likely prevented any deleterious effects from
limiting PHA production. Our findings demonstrate that deleting pathways under strict
native regulation could lead to adverse consequences, and strategies for re-shaping cellu-
lar metabolism, either through modifying the expression of regulatory genes or directly
targeting the enzymes themselves, will be necessary to successfully improve production
in the engineered strain.

Strategies for overproducing fatty acids in P. putida have recently been reported in
the literature and could be applied towards metabolic engineering efforts for natural
products [428, 205]. In addition, combinatorial engineering of enzymes in glidobactin A
biosynthesis enabled the targeted production of derivatives with different chain lengths
for the lipid tail, which can modulate the potency of glidobactin derivatives as an anti-
cancer drug [74]. P. putida would be an ideal platform for furthering this work and

engineering strains to produce novel derivatives of glidobactin A and other compounds.

4.6 Conclusions

The wealth of synthetic biology tools available to P. putida is its primary strength as a
heterologous host. We generated multiple chromosomal deletions, insertions and point
mutations in P. putida using a generalized genome editing toolkit. These methods en-
abled rational engineering of P. putida production strains to improve heterologous titers
for both products, primarily through improving transcription and translation of the het-
erologous BGCs and overexpressing auxiliary proteins (MLPs and PPTases). Our efforts
highlight simple and rational steps to improve heterologous production that could be
applied to other heterologous hosts for improving expression and activity of PKSs and
NRPSs. We also identified a carbon sink negatively affecting heterologous production
and discovered a regulatory change required for improving productivity of prodigiosin
and glidobactin A. As knowledge of metabolism and regulatory networks in P. putida
continues to improve, increasing heterologous product titers from P. putida by engineer-

ing its native metabolism will be more common. In future studies, our methodology
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described here could be applied towards uncharacterized BGCs or enzymes engineered to
synthesize natural product derivatives, establishing P. putida as a platform for producing

novel drug candidates.
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5.1 Abstract

High-throughput methods for analyzing NRPSs and PKSs are rare or require automation
capabilities that are not accessible to most research groups. Several bacteria use these
classes of enzymes to produce siderophores, which are iron-chelating compounds secreted
by microorganisms to transport iron across the cell membrane. Selections can be designed
around siderophore systems so that cell growth is dependent on siderophore production,
providing an opportunity to perform enzyme directed evolution. Based on this moti-
vation, we manipulated the biosynthesis of several bacterial siderophores to investigate
substrate specificity of the “gatekeeper” domains in NRPS and PKS biosynthesis. First,
we performed directed evolution on the serine-specific adenylation domain in EntF, an
enzyme required for enterobactin biosynthesis in F. coli. This approach revealed the func-
tional sequence space of the binding-site residues impacting L-serine activation, and we
characterized variants of other adenylation domains based on these results. Second, we
performed subdomain swaps in adenylation domains involved in pyoverdine synthesis in
P. putida. Chimeric enzymes with varying activity levels highlighted important residues
within the adenylation domain and suggested that a subdomain-swap strategy may be a
viable route for NRPS engineering in pyoverdine biosynthesis. Lastly, we characterized
a heme peroxidase involved in the biosynthesis of fabrubactin, a siderophore produced
by Agrobacterium fabrum using a hybrid PKS/NRPS. Fabrubactin provides an avenue
for directed evolution studies on acyltransferases, the gatekeeper domain in polyketide

biosynthesis.
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5.2 Introduction

Many bacteria secrete siderophores to capture iron in the environment and transport it
across the cell membrane. Iron is essential for several cellular processes, such as oxida-
tive phosphorylation. These compounds are secreted when bacteria are in iron-deficient
conditions, and each species has evolved siderophores with unique structures to pre-
vent competing species from uptaking siderophore-iron complexes. When siderophores
are synthesized by pathogenic bacteria, siderophore production is often required for viru-
lence [431]. In the laboratory, researchers can devise growth conditions where siderophore
production is required for cell growth. Growth-based selections are an especially power-
ful method for processing large libraries of genetic variants, enabling directed evolution
studies of proteins and pathways linked to cell growth.

NRPSs are commonly involved in the biosynthesis of bacterial siderophores. These
are modular enzymes with multiple catalytic domains, and nonribosomal peptides are
often synthesized in an assembly-line fashion where the sequence of modules determines
the amino acids incorporated into the nascent peptide. The modular structure of NRPSs
has invited many engineering attempts with the goal of changing substrate specificity
and synthesizing natural product derivatives. The adenylation (A) domain is commonly
referred to as the “gatekeeper” in NRPS enzymology. Structural information has revealed
the binding site residues responsible for substrate recognition [66, 48]. The binding site
consists of 10 residues that are situated in a compact subdomain within the A domain,
and 8 residues vary depending on the amino acid substrate (Figure 5.1c-e). Bacterial
A domains have evolved so that binding sites with the same specificity have a similar
“specificity code”. However, attempts to modify A domain specificity by mutating only
the binding site residues has been limited to specificity changes between structurally
similar amino acids [133]. More knowledge on how A domains recognize their preferred
substrate is needed to enable future engineering strategies that reliably switch A domain
specificity.

Directed evolution has been used recently to isolate functional NRPS variants. Ran-

dom mutagenesis of chimeric NRPSs can yield variants with improved activity because
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Figure 5.1: Enterobactin (ENT) for-
mation and the structure, speci-
ficity code, and function of the A
domain of EntF. a) Diagram of the
ENT biosynthetic pathway. EntE teth-
ers 2,3-dihydroxybenzoic acid (DHB) to
EntB. The condensation (C) domain of

O s —=oH 0 EntF condenses DHB and L-Ser, previ-
® é Hoj@/t ' ously activated and bound to the thi-
EntE EntB  EntF 'O;\/Q olation (T) domain of EntF. After one
b) "l turnover, the DHB-L-Ser monomer is
. LS s e oy EVLAMP stored on the thioesterase (TE) domain.
. 7\ * I/ - . . .
( 9’ @ NP \% @ After three iterations 'of this process, the
SerylAMP P final product is cyclized and released.
2. £  Semy b) Two half-reactions of the EntF A
@m@ @ 00@ domain. In the first, the A domain

activates L-Ser as Seryl-AMP (1) and
transfers the seryl group to the T do-
main (2) in the second. ¢) Ribbon rep-
resentation of the EntF (Protein Data
Bank entry 5JA1) A domain with the
recognition subdomain (red) and speci-
ficity code residues (highlighted in col-
ors matching those of panels D and E).
d) Binding pocket residues that form
the specificity code and the reaction in-
termediate mimic inhibitor, seryl-AVS
[432], used for crystallization. e) We-
bLogo [433] of specificity code sites 1-10
for 82 characterized L-Ser codes [48].

"

d)

domain swaps often disrupt important but poorly understood protein-protein interactions
within the enzyme [123]. Libraries created by saturation mutagenesis of the specificity
code residues have enabled the activation of non-cognate substrates, but activity on the
original substrate is often retained [20, 134]. Methods based on yeast surface display have
enabled rapid screening of variant libraries and the isolation of A domain variants with
specificity switched to S-amino acids over a-amino acids [130]. An alternative strategy
for modifying A domains is through subdomain swaps [128, 78]. These examples define a
compact region containing 9 of the 10 active site residues and replace it with a homolo-
gous region from A domains with different specificity. In vitro assays demonstrated that
chimeric A domains have the same specificity profile as the donor A domain.
Enterobactin is a siderophore that is secreted by FE. coli and synthesized by an NRPS
[434]. Biosynthesis involves the condensation of 2,3-dihydroxybenzoic acid with L-serine,

followed by cyclization of three dipeptides to form a triketide lactone ring (Figure 5.1a).
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The enzyme responsible for L-serine activation, EntF, is a complete NRPS module con-
taining a condensation (C), adenylation (A), thiolation (T), and thioesterase (TE) do-
main. The A domain of EntF is responsible for L-serine activation and incorporation
into enterobactin (Figure 5.1b). The residues that directly interact with L-serine during
substrate recognition are known because a crystal structure of EntF with the A domain in
complex with a transition state mimic, serine adenosine vinylsulfonamide (Ser-AVS), has
been solved (Figure 5.1c,d) [140]. The EntF A domain has a specificity code of DVWHF-
SLVDK, which is equivalent to the most common residues found in Ser-activating A
domains found in Nature (Figure 5.1e).

To investiate L-serine-activation in enterobactin biosynthesis, we generated libraries
of EntF variants by saturation mutagenesis of the active site residues. These efforts
resulted in 157 amino acid-unique EntF variants with serine-specificity. The sequences
of these variants expand on the sequences of A domains in Nature known to activate
L-serine. Based on these findings, we designed A domain variants in other NRPSs and
characterized their specificity in vitro, establishing that A domains are likely to share this
extended sequence space. We also performed complementary experiments that interro-
gated subdomain swaps within the pyoverdine NRPS from P. putida. These experiments
demonstrated that A domains in the pyoverdine NRPS are amenable to subdomain swaps
and highlighted important residues for enzyme activity. Lastly, we identified a heme per-
oxidase responsible for L-DOPA formation in the biosynthesis of fabrubactin in Agrobac-
terium fabrum. Elucidation of this pathway will enable future directed evolution studies

on PKSs in addition to NRPSs.

5.3 Materials & Methods

5.3.1 Plasmids and bacterial strains

Bacterial strains and plasmids are listed in Table 5.1. E. coli strains were grown in LB

at 37°C and P. putida strains were grown in LB at 30°C. All pyoverdine production and
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complementation experiments were performed with King’s B broth or agar supplemented
with Gent30 and various concentrations of EDDHA. All cultures and petri dishes were
incubated at 30°C. P. putida growth was monitored by OD600 and pyoverdine produc-
tion was monitored by fluorescence intensity (excitation: 398 nm; emission: 455 nm).
Plasmids were constructed via Gibson cloning, restriction ligation cloning, polymerase

incomplete primer extension (PIPE), or RecET direct cloning [382, 435].

5.3.2 EntF Library Creation

The RS-encoding fragments of entF’ were amplified using primers containing NNK codons
corresponding to the residues targeted for mutagenesis. The mutagenized RS-encoding
fragments were combined by overlap extension PCR and ligated into pACYC184entF-
ES-RSqu,. Ligations were electroporated into NEB DH105 cells. Transformants were
pooled, and pACYC184entF-ES-L.1-4 plasmids, consisting of 2.5, 3.5, 2.5, and 7.5 million

transformants, respectively, were recovered.

5.3.3 Selection and isolation of enterobactin producers

Plasmids pACYC184entF-ES-L1-4 were electroporated into BW27749 AentF cells and
incubated on M9 minimal medium noble agar plates with 0.4% (v/v) glycerol, 1 uM
EDDHA (Complete Green Company), and an antibiotic [chloramphenicol (34 pug mL™1)
or streptomycin (100 pg mL™1)]. Chloramphenicol was used for pACYC184entF-ES-L1
and -2, and pACYC184entF-ES-L3- and -4 were switched to streptomycin to eliminate a
chloramphenicol-resistant pACYC184entF-wildtype contaminant. For technical reasons,
libraries were not saturated. Most notably, the frequency of observation of wild-type
contamination was much higher than that of successful transformants for library 3, which
had the most restrictive combination of sites targeted for mutagenesis. This wild-type
contamination was traced to the reversion of the recA1 allele in commercially purchased
competent cells, followed by recombination with wild-type entF in the chromosome of

these cells during library construction. Enterobactin producer colonies were streaked for
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Strain or plasmid

Genotype and relevant characteristics

Source

Strains
E. coli DH1083

E. coli DH5«
E. coli BW27749

. coli BW27749 AentF
. coli BL21 (DE3)

=&

. coli BL21 (DE3) AybdZ
. coli MG1655

. coli GB2005

coli GB05-dir

coli GB05-red

. putida KT2440

. putida KTU

. putida KTU ApvdD

ThvhEEEE

A(ara-lew) 7697 araD139 fhuA AlacX7) galK16 galE15 el4- ¢80dlacZ AM15

recAl relAl endA1 nupG rpsL (Str®) rph spoT1 A(mrr-hsdRMSmerBC)
F- ®80lacZ AM15 A(lacZYA-argF) U169 reacAl endAl hsdR17

(rk. my4) phoA supE44 thi-1 gyrA96 relAl \-

F-, A(araD-araB)567, AlacZ4787(::rruB-3), A-, A(araH-araF)570(::FRT),
AaraEp531 :kan, ¢ PeysaraB535, rph-1, A(rhaD-rhaB)568, hsdR514
BW27749 with in-frame deletion of entF'

F-, ompT, gal, dem, lon, hsdSB(rB- mB-),

A(DE3(lacl, lacUV5-TT gene 1, ind1, sam7, ninb|)

BL21 (DE3) ybdZ::aac(3)IV

K-12 F- A\- ilvG- 1fb-50 rph-1

DH108 AfhuA AybcC ArecET

GB2005 AybeC::PpapETgA

GB2005 AybeC::PgapabgA

Wild-type

KT2440 Aupp

KT2440 Aupp ApvdD

New England
Biolabs
Invitrogen

[351]

This study
(68]

[68]
ECGSC
(84]

84]

/84]
ATCC 47054
[158]
This study

Plasmids
pBBRI1k-GFPuv
pACYCduet-ybdZ
PACYCduet-PA2412
pET28b
pET28bentF-ES-wildtype
pET28bdltA-wildtype
pET28b-entF-ES-variant
PACYC184
pACYC184entF-ES
pACYC184entF-ES-RSqy,

pET28b-dhbF1

pET28b-dhbF2

pMP11
pgRNAcm-loxP-RFPtemp
pl5A-RFPtarget
pRK2-RFPtarget
pgRNAcm-pvdDshell2
pgRNAcm-pvdDshell2-EntF500

pRK2T-Ptrc-PP_4219-gen
pRK2T-Ptrc-PP_4219shell1-TcR-gen

pRK2T-Ptrc-PP_4219shell2-TcR-gen
pRK2T-Ptrc-PP_4219shell2-EntF-gen
pRK2T-Ptrc-PP_4219shell2-EntFmt-gen
pRK2T-Ptrc-PP_4219shell2-PvdJAltc-gen
pRK2T-Ptrc-PP_4219shell2-PvdJA1mt-gen
pRK2T-Ptrc-PP_4219shell1-DhbFA1tc-gen
pRK2T-Ptrc-PP_4219shell1-DhbFA Imt-gen
pET28a-PfAgo

pTEV5

pTEV-pvdD_A2

pTEV-pvdD_A2-EntF

pJOE_pvdRTopmQ
pRK2T-pvdRTopmQ-gen

IPTG-inducible Py, expressing gfpuv on BBR1 origin

ybdZ MLP co-expression vector

PA 2412 MLP co-expression vector

T7 expression vector

T7 expression vector with entF gene containin Eagl/Sacl restriction sites
Expression of dltA wild-type

Expression of EntF variants described in this study

Plasmid backbone used for all selections

Complementation vector containing entF with Eagl/Sacl restriction sites
EntF complementation vector containing random stuffer region in place
of EntF subdomain. Used for cloning entF libraries.

T7 expression of first module of DhbF

T7 expression of second module of DhbF

Cas9 counterselection and ARed recombineering in E. coli

Guide RNA plasmid towards loxP containing RFP repair template
Target plasmid for plasmid recombination studies with lozP scar and
incomplete RFP, medium-copy origin

Target plasmid for plasmid recombination studies with lozP scar and
incomplete RFP, low-copy origin

Guide RNA plasmid towards subdomain of A domain in

second module of pudD from P. putida

pgRNAcm-pvdDshell2 with repair template for inserting

EntF subdomain into pvdD

pvdD complementation vector

pvdD complementation vector with TcR stuffer inserted into

A domain of first module

pvdD complementation vector with TcR stuffer inserted into

A domain of second module

pvdD complementation vector with EntF subdomain inserted into

A domain of second module

pvdD complementation vector with EntF subdomain inserted into

A domain of second module, Eagl/Sacl boundaries

pudD complementation vector with PvdJA1 subdomain inserted into
A domain of second module

pvdD complementation vector with PvdJA1 subdomain inserted into
A domain of second module, Eagl/Sacl boundaries

pvdD complementation vector with DhbFA1 subdomain inserted into
A domain of second module

pvdD complementation vector with DhbFA1 subdomain inserted into
A domain of second module, Eagl/Sacl boundaries

PfAgo overexpression vector

Empty T7 expression vector

Expression vector of pvdD, A domain from module 2

Expression vector of pvdD, A domain from module 2 with EntF subdomain
Suicide vector for deleting pvdRTopm(@) in P. putida

Expression vector for pvdRTopm@Q

This study
[68]
[253]
[351]

This study

This study

This study

ATCC

This study

This study

This study
This study
(19]
This study
This study
This study
This study
This study

This study
This study

This study
This study
This study
This study
This study
This study
This study
(81]
[436]
This study
This study

This study
This study
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Table 5.2: Oligos used in this work. /5Phos/ indicates that the oligo is 5’ phosphorylated.

Oligo Sequence Description

rTBC0072 CACCCTTAGAggtgatgtcgacgeaaccttectggttagalCTCGAGTAAGGATCTCC  pRK2T-pBAD forward primer for pvdD
rTBC0073 CACCCTTAGAtgactccacggaatcgageaatgettgeacatgtatatetecttettaaa pRK2T-pBAD reverse primer for pvdD
rTBC0074 cgataccgtgggtgegtaccttgeecgaggcettegtageaggtgatgtegacgeaacctt Forward extension primer for pvdD
rTBCO0075 tgagcaaggeggccagggecttgegeteecgggacgacagtgactecacggaategagea Reverse extension primer for pvdD
r'TBC0471  /5Phos/TGAAGGAGATATACAT PfAgo pBAD 5’ guide 1

r'TBC0472  /5Phos/TTGTATATCTCCTTCT PfAgo pBAD 5’ guide 2

r'TBC0473  /5Phos/TAACTCGAGTAAGGAT PfAgo pBAD 3’ guide 1

r'TBC0474 /5Phos/TTCCTTACTCGAGTTT PfAgo pBAD 3’ guide 2

r'TBC0460 /5Phos/TAATTCAAAAGATCTT PfAgo nicking guide

isolation on M9 plates with 0.4% (v/v) glycerol, 1 uM EDDHA, and an antibiotic. From
each, four colonies were incubated in a 96-well plate containing M9 with 0.4% (v/v)
glycerol, 50 uM EDDHA, and an antibiotic. Plasmid preps were performed from colonies
that grew. Plasmids were screened by digestion to eliminate pACYC184entF-wildtype
(non-Eagl or Sacl). Each correct construct was re-transformed into BW27749 AentF
and selected in liquid M9 with 50 puM EDDHA. Plasmid DNA was recovered, and the

RS-encoding region was sequenced.

5.3.4 Phenotypic characterization of EntF variants

MICgppua assays were performed in technical triplicates. BW27749 AentF strains were
grown overnight in LB, subcultured into LB, grown until an OD600 of approximately 0.5
was reached, and normalized to an OD600 of 0.5, and 0.5 L. was inoculated into 200 uL
of M9 medium with 0.4% (v/v) glycerol, an antibiotic, and 250, 350, 400, 450, 500, or
600 uM EDDHA. Cultures were inoculated through an Excel Scientific AeraSeal sterile
membrane, covered with a second membrane, and incubated at 37°C and 250 rpm for 45
h. If the OD600 increased to >0.2, from a calculated starting OD600 of 0.01, the strain
was considered to have grown. Strains that grew at 600 pM EDDHA were tested at 600,
650, 700, 750, 800, and 850 uM EDDHA. Strains that did not grow at 250 uM EDDHA
were tested at 50, 100, 150, and 200 M EDDHA.
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5.3.5 Overproduction and purification of EntF, DItA, DhbF,
and PvdD variants

EntF variants were co-overproduced in E. coli BL21(DE3) with a C-terminal hexahis-
tidine tag with the MLP, YbdZ. Other NRPS proteins were overproduced in E. coli
BL21(DE3) ybdZ::acc(3)IV with a C-terminal hexahistidine tag with the corresponding
MLP where applicable. To overproduce proteins from each of these constructs, 2L LB
(supplemented with antibiotic) cultures of each overexpression strain were grown at 25°C
until an OD600 of 0.5 was reached. The cells were shifted to 4°C for 1 hr, isopropyl
p-D-1-thiogalactopyranoside (IPTG; 60 uM) was added, and cells were shifted to 15°C
and grown for 15 hr. Cells were harvested by centrifugation (10 min at 10,000 rpm)
and resuspended in buffer A (Tris-HCIl pHS8.0 [20 mM], NaCl [300 mM], glycerol [10%
v/v]) containing imidazole (5 mM). The cells were broken by sonication (Fisher 550 Sonic
Dismembrator, power = 5, 15 min sonication with 1 sec on, 1 sec off). Cell debris were re-
moved by centrifugation (30 min at 15,000 rpm). Clarified cell extract was incubated with
1 ml of Ni-NTA resin (Qiagen) for 2 hr on ice with gentle rocking. The resin was recovered
and washed with buffer A containing imidazole (20 mM). His-tagged proteins were eluted
with a step gradient of buffer A plus varying concentrations of imidazole (40, 60, 80.
100, 250 mM). Fractions containing His-tagged protein, based on SDS-PAGE/Coomassie
Blue staining, were pooled and dialyzed at 4°C overnight against buffer B (Tris HCI, pH
8.0 [50 mM], NaCl [100 mM], glycerol [10% v/v]) using 3500 MWCO Pleated Dialysis
Tubing (Thermo Scientific). The protein was flash frozen in liquid nitrogen. Protein

concentrations were determined by the BCA assay (Pierce).

5.3.6 Radiolabeled ATP/PP; Assays of NRPS Variants

Amino acid-dependent ATP-PP; exchange assays were performed as previously described
[437]. Briefly, each 100-pL reaction mixture contained 75 mM Tris-HCI (pH 7.5), 10 mM
MgCly, 5mM dithiothreitol, 3.5 mM ATP(pH 7.0), 1 mM [32P|PP; (0.9 Ci/mol), and
various concentrations of amino acid and enzyme. For amino acid specificity studies all

amino acids were present at 1 mM. Enzyme concentrations were at 50 puM, and each
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reaction lasted 30 minutes.

5.3.7 RecET direct cloning of pvdD complementation vector

The plasmid pRK2T-Ptrc-PP_4219-gen was constructed using a protocol based on RecET
direct cloning as described previously [84, 80]. PP_4219 (pvdD) was isolated from purified
genomic DNA from P. putida KT2440 by restriction digestion with NotI-HF and HindIII-
HF. Digested genomic DNA was purified by ethanol precipitation. Linearized pRK2T-
Ptrc-gen with homology arms to pvdD was prepared with a two-step PCR protocol. First,
primers annealing to the promoter and terminator regions of pRK2T-Ptrc-RFP-gen were
used to amplify the plasmid backbone. These primers contained 40-bp overhangs with
homology to the 5" and 3’ ends of pvdD plus 10 random bp. A second pair of primers
annealing 10 bp from the ends of the PCR product was used to amplify the backbone
again, adding another 40 bp of homology to the PCR product. The final PCR product
had 80 bp of homology to either end of the pvdD sequence released from P. putida genomic
DNA by digestion.

To prepare competent cells for RecET direct cloning, 5 mL of fresh LB were inoculated
with 150-uL of overnight culture of E. coli GB05-dir. Cultures were incubated at 37°C for
about 2 hours, and then induced with 100uL 20% (w/v) L-arabinose. Growth continued
for another 45 minutes and then the cultures were placed on ice. For every aliquot of
competent cells needed, 1mL of culture was centrifuged for 30 seconds at 11,000g and
washed with 1mL 10% (v/v) glycerol. The samples were washed with 1mL 10% glycerol
two more times, and then resuspended in 20uL 10% glycerol. At least 500ng of linearized
vector and 5ug digested genomic DNA were added to each aliquot of competent cells to
a total approximate volume of 50 - 60uL.. The competent cells were then added to chilled
1-mm electroporation cuvettes and electroporated with a voltage of 1.8kV, yielding time
constants of 3 - 4 ms. After electroporation, cells were immediately mixed with 1mL SOC
media and incubated at 37°C for 90 minutes. All of the recovered cells were plated on
LB Gent30 and incubated overnight at 37°C. Plasmid DNA was prepped from colonies

and screened by digest analysis.
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5.3.8 Cas9-assisted plasmid recombination

Plasmid recombination experiments were performed with E. coli GB2005 containing
pMP11 and pRK2T-Ptrc-PP_4219-gen. To prepare electrocompetent cells, 5 mL of fresh
LB were inoculated with 150-uL of overnight culture of E. coli GB2005. Cultures were in-
cubated at 30°C for about 2 hours, and then induced with 100xL 20% (w/v) L-arabinose.
Growth continued for another 45 minutes and then the cultures were placed on ice. For
every aliquot of competent cells needed, 1mL of culture was centrifuged for 30 seconds
at 11,000g and washed with 1mL 10% (v/v) glycerol. The samples were washed with
1mL 10% glycerol two more times, and then resuspended in 20uL. 10% glycerol. Five
hundred nanograms of pgRNAcm-pvdDshell2-EntF500 was transformed by electropora-
tion in 1-mm cuvettes with a voltage of 1.8kV. Cells were allowed to recover for 3 hours
and plated on LB Carb100, Gent30 and incubated overnight at 30°C. Colonies were ini-
tially screened by colony PCR. To purify isogenic plasmid DNA, colonies were cultured
overnight in LB media and plasmid DNA was prepped. The DNA was re-transformed
into chemically competent F. coli GB2005. Cell-culturing steps were performed at 37°C
to prevent replication of pMP11, which is temperature sensitive. Individual colonies were

screened again by colony PCR and later digest analysis after purifying plasmid DNA.

5.3.9 PfAgo production, purification, and in wvitro assays

PfAgo was overproduced from 1-L LB cultures (containing Kan50) of E. coli BL21 (DE3)
with pET28a-PfAgo. Cultures grown at 37°C were induced with 100 uM IPTG when
they reached an OD600 = 1.0, cooled down to 30°C, and incubated overnight at the
same temperature. Cells were harvested by centrifugation (10 min at 10,000 rpm) and
resuspended in binding buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH 8.0,
10% (v/v) glycerol). The cells were broken by sonication (Fisher 550 Sonic Dismembrator,
power = 5, 15 min sonication with 1 sec on, 1 sec off). Cell debris were removed by
centrifugation (30 min at 15,000 rpm). Clarified cell extract was filtered with a 0.4 pum

filter and passed through a 1-mL StrepTrap HP column using an Akta Start. Gradient
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elution from 0 to 100% elution buffer (binding buffer containing 2.5 mM desthiobiotin)
was used to elute Strep-tagged PfAgo from the column. Fractions containing PfAgo
were pooled and buffer exchanged by dialysis into storage buffer (20 mM Tris- HCI, pH
8.0, 300 mM NaCl, 0.5 mM MnCly, 15% (v/v) glycerol). Aliquots were stored at -80°C.

In vitro reactions with linear DNA were completed in 25 ul. Pf Ago reaction buffer (20
mM HEPES pH 7.50, 250 mM NaCl, 0.5 mM MnCly) containing 5% (v/v) DMSO. The
reactions contained 2.5 uM of each phosphorylated oligo, 0.5 pug plasmid DNA, and 0.06
- 0.24 uM PfAgo. Reactions were incubated at 95°C for 10 minutes and slowly cooled
down to 10°C at 0.1°C/s. Reactions with circular DNA were completed with 0.24 pM

PfAgo and 5 M nicking oligo (5’-phosphorylated) in addition to the targeting oligos.

5.3.10 L-DOPA Dioxygenase Assay

Supernatants from cultures of E. coli BL21(DE3) overexpressing fbnLM were analyzed
with a colorimetric and fluorometric L-DOPA dioxygenase (DOD) assay. Pre-cultures
were prepared by growing E. coli BL21(DE3) containing pTEV-fbnLfbnM or pTEV5
overnight at 37°C. Fresh culture tubes containing 5 mL LB with carbenicillin (100 pg
mL1) were inoculated to OD600nm=0.01. Cultures were incubated at 30°C while shak-
ing. Once the OD600 reached approximately 0.5, FbnLM overexpression was induced
with 100 uM IPTG. The cultures grew for another 5 hr, and at the end of incubation
cells were removed from the cultures by centrifugation and the supernatants were steril-
ized by filtration.

The 5X DOD reaction buffer was prepared by mixing 5 mL 10X DOD buffer, 3 mL
water, 0.088 g L-ascorbic acid, and 50 uLL 100 mM FeCl,. The pH was adjusted to 6.0
using 5 M NaOH, and water was added to a final volume of 9.5 mL. 10X DOD buffer
contains 500 mM morpholinoethanesulfonic acid (MES) monohydrate, 1 M NaCl, 1 M
tricine, and 100 mM glycine. The final 5X DOD reaction master mix was prepared by
mixing 237.5 pL of the 5X DOD reaction buffer with 12.5 uL of 2.5 mg mL™! 6xHis-
MBP-L-DOPA dioxygenase in 50% (v/v) glycerol with storage buffer. The storage buffer
contains 250 mM NaCl and 10 mM Tric-CL.
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Every sample was assayed by mixing 80 ul with 20 uL 5X DOD reaction master
mix and incubating at 30°C for up to 16 hr. Reactions were monitored by measuring
absorbance at 420 nm and 470 nm and fluorescence (excitation: 470 nm, emission: 515
nm). A standard curve was prepared by adding 1000, 500, 250, 100, 50, and 0 uM
L-DOPA to supernatant from E. coli BL21(DE3) containing pTEV5.

5.3.11 In vitro L-DOPA formation assays

Fifty-microliter reactions contained 100 mM Tris-HCI (pH 7.5 at 25°C), 100 mM NaCl,
20 mM H50,, 500 pM L-Tyr, 2 mM dithiothreitol, 5 ug FbnL/M. Reactions were run
for 30 min and then stopped by the addition of 15 uL of 20% (w/v) trichloroacetic acid.
In vitro assays were analyzed by HPLC with a Shimadzu HPLC system (Shimadzu Co.,
Columbia, MD, USA) equipped with a fluorescence detector. HPLC separations were
performed using a Luna C18 column (250 x 4.6 mm; 5 um particle size). The mobile
phase was 2.4% acetonitrile and 0.08% formic acid in water, the flow rate was 1.0 mL
1

min~, and the injection volume was 2 puL.. L-DOPA and L-tyrosine were detected using

the fluorescence detector (excitation: 281 nm, emission: 314 nm).

5.4 Results & Discussion

5.4.1 Novel L-serine-specific codes in EntF libraries

We chose to mutagenize 8 of the 10 active site residues among 4 EntF libraries. The
first and last residues, Asp649 and Lys952, were kept constant because they are highly
conserved in all A domains and interact directly with the carboxy and amino groups of
the amino acid substrate (Figure 5.1d). Each library had five mutagenized positions, and
in Library 1 (L1), residues 2-4, 6, and 7 were mutagenized. Residues 3, 4, 6, 7, and 9
were mutagenized in Library 2 (L2). These residues were targeted first because positions
5 and 8 in L-serine-specific A domains had more variability in Nature, and focusing on

the positions with consensus residues increased the likelihood of isolating variants with
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Figure 5.2: Residue usage by code site in the EntF variants and characterized L-Ser-specific
A domains. Pie charts describing, by site in the specificity code, the amino acid usage across all libraries.
The wild-type EntF residues are shown in the top row followed by the 82 characterized L-Ser-specific
A domain residues and, subsequently, each of the four libraries. Circles with diagonal lines designate
nonmutagenized sites. The color of each sector corresponds to the key at the bottom; both are organized
alphabetically, clockwise, and from left to right. For each library, n designates the number of isolated
strains containing DNA-unique entF mutants, provided they had no non-code residue substitutions. For
all libraries, n = 200, 216, 50, 168, 50, 216, 168, and 17 for sites 2-9, respectively.

unique specificity codes [48].

We transformed these libraries into an FE. coli AentF strain and plated the trans-
formants on minimal agar with 1 puM ethylenediamine-di(o-hydroxyphenylacetic acid)
(EDDHA), an iron-chelating compound that requires E. coli to produce enterobactin in
order to grow. Strikingly, isolated variants from these libraries revealed that positions 2,
3, and 7 were more amenable to variation than one would expect from known L-serine-
specific A domains in Nature (Figure 5.2). Between L1 and L2, 9 additional residues
were observed at position 3. Some variants contained L-proline at positions 2 and/or 3,
another surprising result because L-proline is one of the most rare residues among all A
domain specificity codes [48].

Positions 4, 6, and 9 were found to be mostly invariant, suggesting that these residues

were more important for L-serine activation in EntF. These results prompted us to con-

struct two more libraries. Library 3 (L3) had positions 4-6, 8, and 9 mutagenized. In
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contrast, Library 4 (L4) focused on the residues expected to have more variation based
on characterized A domains and the library results so far: positions 2, 3, 5, 7, and 8.
Only one functional DNA-unique mutant was isolated from L3, whereas 1.4 resulted in
167 DNA-unique mutants, supporting the hypothesis that the residues mutagenized in
L3 are mostly invariable (Figure 5.2). The results from L4, like those from L1 and L2,
showed increased variability in positions 2, 3, and 7 compared to natural specificity codes.
The residue variability in positions 5 and 8 more closely matched that of evidenced codes,
although site 5 is more variable in the EntF libraries than natural codes.

It is clear from the sequences of functional EntF variants that the three-residue com-
bination of His4-Ser6-Asp9 is required for L-serine activation, as only one variant out of
157 broke this “rule”. A recent structure of EntF bound to an intermediate substrate
mimic shows that these three residues are closest to the hydroxyl group of the amino acid

side chain, underscoring the importance of these residues in L-serine recognition [140].

5.4.2 In wvivo enterobactin production vs. in wvitro activity of
A domain variants

Strains isolated from the selection described above were screened using minimum in-
hibitory concentration (MIC) assays with liquid cultures supplemented with EDDHA.
All mutants except one had a lower MIC value than a strain containing wild-type EntF
(Table 5.3). We surmised that the decreased activity could be due to impaired L-serine
activation or promiscuous recognition of other amino acids. To determine the exact
cause, we quantified amino acid activation for 18 variants in wvitro. The selected variants
were cloned into a T7 expression vector with a C-terminal His-tag and overproduced and
purified from E. coli BL21 (DE3).

All tested variants only activated L-serine, so the reduced in wvivo production was
due to impaired substrate activation (Figure 5.3). However, kinetic parameters did not
have a strong correlation with MICgpppa values. For example, variants 4-136 and 3-58
both activated more substrate than wild-type EntF in vitro, but strains expressing these

variants had the same or lower MICgpppa values. This discrepancy suggests that some
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Table 5.3: Characteristics of EntF variants characterized in vitro. The units for V,,4./K, values are
nmol product/min/mg protein/mM substrate. Catalytic parameters were experimentally determined by
Vladimir Vinnik. The residues differing from the wild-type EntF code are highlighted in bold.

Strain Code Residues different MICgppua (#M)  Vias/Kn,
from wild-type
WT  DVWHFSLVDK N/A >850 6312
4-136 DVWHYSLVDK 1 >850 8958
3-58  DVWHLSLVDK 1 600 6828
4-19 DPWHVSFIDK 4 600 317
2.9A  DVWHFSMVDK 1 500 355
K16A DVIHFSLVDK 1 500 480
2.16A DVWHFSHVDK 1 400 789
10A  DPVHFSLVDK 2 400 931
26A  DPCHFSLVDK 2 350 672
106  DVPHFSLVDK 1 350 359
9F DPPHFSLVDK 2 250 260
7B DPVHF SHVDK 3 250 645
44.2  DVCHFSFVDK 2 250 399
4-16 DPHHLSCIDK 5 250 115
2-10 DVWSFSLVDK 1 250 1330
34.78 DVTHFSMVDK 2 150 749
4-176 DAWHMSLIDK 3 150 408
4-71  DVWHISLLDK 2 100 394

mutations in the EntF A domain affected later steps in enterobactin biosynthesis, such
as T domain acylation or condensation of 2,3-dihydroxybenzoic acid with L-serine.
Unsurprisingly, most of the highly active EntF variants only have one residue change
compared to wild-type EntF, but there are some exceptions (Table 5.3). For example,
variant 4-19 has four mutations but has a MICgpppa of 600 uM, the second-highest con-
centration tested. Its mutations are located in positions 2, 5, 7, and 8, all positions that
have been shown to be relatively variable in our libraries. The two most active variants,
4-136 and 3-58, have mutations in the fifth position of the specificity code, exemplifying

the variability observed at this position in Nature and in the libraries described here.

5.4.3 Amino acid activation of variants in a non-EntF context

The discovery of unique specificity codes that function in EntF raised the question of
whether other L-serine-activating A domains shared this sequence space. Searching
known A domains in Genbank, we found five unique specificity codes from A domains

predicted to activate L-serine that matched specificity codes from the EntF libraries.
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Figure 5.3: ATP/PP; exchange assays for the select EntF variants presented in Table 5.3
with pooled (A) or individual (B) amino acid substrates. In both panels the variants are order
from left to right by increasing associated MICEppra (as in Table 5.3) and both panels are color coded
according to the key in panel B. Amino acid Pool 1: SATPG, 2: VILMC, 3: NDEQF, 4: YWHKR.
Two of these matched variants 3-58 (DVWHLSLVDK) and 4-213 (DVWHLSLIDK, not
listed in Table 5.3), and several A domains with these specificity codes have been demon-
strated experimentally to activate L-serine [438, 439, 440]. The three other specificity
codes matching 4-136, K16A, and 4-54 (DVLHSSLVDK, not listed in Table 5.3), had not
been observed in an A domain that was experimentally confirmed to activate L-serine.

To determine if an A domain with a previously uncharacterized specificity code did
infact activate L-serine, we identified and characterized an A domain with a specificity
code matching that of variant 4-136. The A domain in DItA from Paenibacillus dong-
haensis is 42.4% identical to EntF overall and has the specificity code DVWHYSLVDK,
one residue different from the specificity code of EntF. We purified the A-T didomain
region of DItA and characterized it using ATP/PP; exchange assays. The DItA A domain
is specific for L-serine, similar to EntF and the variants described here (Figure 5.4).

To further demonstrate that the sequence space revealed in our directed evolution

studies is shared with other L-serine-specific A domains, we sought to characterize another
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Figure 5.4: Variant EntF specificity code, differing at all five mutagenized sites, that func-
tions in a non-EntF context. Comparison of the in vitro activity of purified proteins EntF wild-type
(WT), EntF variant 4-16, DItA WT, and DItA variant 4-16 with pooled amino acid substrates (A) and
the individual amino acids contained in pool 1 (B) as determined by the ATP/PP; exchange assay. The
color key in panel A applies to both panels: pool 1, SATPG; pool 2, VILMC; pool 3, NDEQF; pool 4,
YWHKR.

specificity code in the context of DItA. Variant 4-16 still functions in EntF despite having
five mutations in the active site residues. We introduced this code to DItA and determined
that this variant activates only L-serine. The 4-16 code is the most distant from wild-
type EntF, and its function in DItA suggests that the other variant specificity codes
characterized here would also function in non-EntF A domains.

While the results so far have established that the functional sequence space of EntF
is shared with other L-serine-specific A domains, we were curious if the novel specificity
codes could activate L-serine in A domains that natively activate a different amino acid.
The majority of specificity codes identified in this study have not been found in Nature,
and efforts modifying A domain specificity through code mutations could have been
limited by relying on naturally occurring sequences. We identified the glycine and L-
threonine-activating A domains from DhbF as a new context to test various specificity
codes (Figure 5.5). DhbF is involved in the biosynthesis of bacillibactin, a siderophore
produced by Bacillus subtilis [441]. DhbF is a two-module NRPS, and the A domain in the
first module (F1) activates glycine and the A domain in the second module (F2) activates

L-threonine. F1 has 43.3% homology to the A domain of EntF and has a specificity code
of DILQLGLIWK, and F2 has 40.1% homology with a code of DEFEWNIGMVHK.
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Figure 5.5: Biosynthesis of bacillibactin through DbhF in B. subtilis. Bacillibactin biosynthesis is
similar to that of enterobactin in that it begins with the activation of 2,3-dihydroxybenzoic acid. Glycine
and L-threonine are then incorporated via a two-module NRPS, DhbF. After three cycles, peptides are
cyclized by the TE domain of DhbF to form a triketide lactone ring. The portions of the ring that
contain the glycine and L-threonine residuse are highlighted in red and blue, respectively. Variants of
the first A domain in DhbF were designed based on EntF variant isolated in this study.

We designed three specificity codes to characterize in F1 and four to characterize in F2,
all of which contain the His4-Ser6-Asp9 residues established to be essential for L-serine
activation in EntF. The first two specificity codes had the residues Val2-His4-Ser6-Asp9
(VHSD) and Pro2-His4-Ser6-Asp9 (PHSD), respectively, while the rest of the specificity
codes of F1 and F2 were unchanged (Figure 5.5). A third variant of F1 based on variant
4-35 was also constructed. Two more variants of F2 had specificity codes matching
variants 2-9 (DVWHFSMVDK) and 4-21 (DPWHISLVDK). Variants based on specific
variants from the EntF libraries were chosen because they required the fewest number
of mutations, five, to each A domain. We established conditions for characterizing the
wild-type DhbF A domains, which required the presence of cognate MbtH-like protein
(MLP) for detectable activity (Figure C.1). However, when we tested the F2 variants
with ATP/PP; exchange assays, activation of any amino acid was abolished (data not
shown). These results highlight the bias that A domains have for their native substrate.

In future experiments focused on mutagenizing A domains, changes to residues outside

of the specificity code will likely be required to fully change substrate specificity.
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5.4.4 Establishing a second siderophore system for directed
evolution studies

Fluorescent Pseudomonads all produce pyoverdines, a class of fluorescent siderophores
that have a yellow-green color [442]. Species that fall under this group include Pseu-
domonas aeruginosa, P. fluorescens, P. syringae, and P. putida. These bacteria synthe-
size pyoverdine through a large NRPS encoded by four or more genes. The pyoverdine
molecule synthesized by each species has a unique structure due to the evolution of these
NRPSs. In fact, it is possible to identify Pseudomonas isolates based on the structure
of their native pyoverdine, a process known as “siderotyping” [443]. Pyoverdines are effi-
cient at binding iron(IIT) and are the primary route that fluorescent Pseudomonads use
to acquire iron in deficient conditions. Like E. coli and enterobactin, pyoverdine produc-
tion is required for growth on iron-deficient media, such as media containing a strong
iron-chelating compound.

The P. putida genome encodes four NRPS genes responsible for synthesizing the pep-
tide backbone for its native pyoverdine [73]. Synthesis begins with the NRPS, PvdL,
which is heavily conserved in all pyoverdine-producing strains (Figure 5.6a). PvdL cat-
alyzes the condensation of myristyl-CoA to glutamic acid, followed by incorporation of
L-tyrosine and L-2,4-diaminobutyric acid (Dab). The remainder of the NRPS is encoded
by three genes, pvdl, pvdJ, and pvdD, which incorporate eight more amino acids. The
peptide product is called acyl-ferribactin, which is transported into the periplasm for
maturation into pyoverdine. De-acylation of ferribactin by PvdQ is the first periplasmic
step [444]. The first three residues of the ferribactin peptide, Glu-Tyr-Dab, are then
converted into the aromatic chromophore that is characteristic of all pyoverdines (Fig-
ure 5.6a) [445]. Periplasmic efflux systems, such as PvdRT-Opm@Q and MdtABC-OpmB,
then transport the mature pyoverdine into the extracellular space [446].

The final peptide in the pyoverdine NRPS, PvdD, has three full modules that acti-
vate glycine, L-serine, and N(5)-hydroxy-L-ornithine. To complement our experiments
with EntF, we intended to explore various A domain engineering strategies with the L-

serine-activating A domain of PvdD. Initially, we needed to construct a functional pvdD
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Figure 5.6: Pyoverdine biosynthesis in P. putida and complementation of a pvdD knockout a)
Four proteins make up the pyoverdine NRPS in P. putida. Eleven amino acids are incorporated into the
peptide backbone, six of which are non-proteinogenic. b) RecET direct cloning was used to clone pvdD
directly from P. putida genomic DNA. The final expression vector contained the IPTG-inducible Py
and the RK2 origin. ¢) The pvdD expression vector complements a pvdD knockout strain. Fluorescence
and growth in the presence of EDDHA is restored. Top row was imaged in visible light and the bottom
row was imaged in UV light.

expression vector that complemented a knockout strain. We successfully deleted the
10.4-kb region containing pvdD from the P. putida chromosome using a counterselection
based on 5-fluorouracil [158]. We then sought to clone pvdD into a broad-host range
vector capable of replicating in P. putida. Expression vectors were constructed from
RecET direct cloning (Figure 5.6b), a protocol that enables the cloning of large genes
and gene clusters directly from genomic DNA [84]. PuvdD was originally cloned into a
vector with the BBR1-UP origin, a mutant origin selected to have a higher copy number
(329, 176]. However, complementation with this vector was never achieved as this con-
struct was unstable in P. putida. We hypothesized that plasmid instability was due to
high copy number, so we cloned pvdD into another vector with the RK2 origin, result-
ing in the plasmid pRK2T-Ptrc-PP_4219-gen. This plasmid was able to complement the
pvdD knockout when induced with IPTG (Figure 5.6¢). P. putida ApvdD was unable to

grow in as little as 12 uM EDDHA, and introducing the complementation vector restored

growth in as much as 180 uM EDDHA.
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Figure 5.7: Role of PvdRTOpmQ in secreting pyoverdine from P. putida KT2440. P. putida
with deletion of pvdRTopm@ operon accumulated more pyoverdine in cells than wild-type cells. Pyover-
dine production decreased when pvdRTopm (@) was overexpressed on a complementation vector. Cells were
grown in King’s B broth supplemented with Gent30 overnight and resuspended in PBS. The fluorescence
intensity and ODG600 of the cell suspension were determined in a M1000 plate reader.

It was previously established that the efflux pump PvdRTOpm() is responsible for
secreting pyoverdine from P. aeruginosa [447]. The P. putida genome encodes a homolo-
gous efflux pump, so we hypothesized that constructing a deletion strain for this secretion
complex would increase the amount of pyoverdine accumulation in P. putida cells, po-
tentially enabling fluorescence-based screens for pyoverdine production. We deleted the
pvdRTopm(@ operon encoding this eflux pump and compared pyoverdine production of
this strain to that of wild-type P. putida. After production cultures were washed one
time with PBS, cell suspensions of P. putida ApvdRTopm() had greater fluorescence
intensity due to pyoverdine accumulation (Figure 5.7). Interestingly, overexpressing pv-
dRTopm() in the deletion strain reduced pyoverdine production overall. These results
demonstrated that PvdRTOpm(Q is responsible for pyoverdine secretion from P. putida,
but there was still much more pyoverdine in the supernatant from all strains analyzed,
indicating that another pathway for pyoverdine secretion exists, potentially a homologue
for MAtABC-OpmB [446].

Complementing pyoverdine production established a system for investigating NRPS
enzymology using a growth-based selection. There is considerable diversity in pyoverdines
downstream of the chromophore residues among different species, so there is a wealth of

phylogenetically-related NRPS modules that could serve as donors for domain substitu-

tions. At the time of this work, the most successful attempt at generating pyoverdine
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derivatives through module swaps used C-A didomain swaps to change the amino acid
specificity of the second module in PvdD from P. aeruginosa [121]. A-domain swaps us-
ing the same donor enzymes were unsuccessful unless the donor A domain had the same
specificity as the cognate A domain. One possible explanation for these results is that
the C domains in pyoverdine NRPSs are specific for the donor amino acid. Alternatively,
the failed A domain swaps could be due to disrupted interactions between the C and A
domains.

An alternative strategy to A domain swaps that avoids issues with C and A domain
interactions is subdomain swaps, which is based on the knowledge that the specificity-
conferring region of A domains is a compact subdomain surrounding the active site.
Residues near the N- and C-termini of the A domain are not mutated when performing
these substitutions, so theoretically they should be less likely to disrupt interactions of
the A domain with the C and T domains. When we began this work, chimeric enzymes
from subdomain swaps had only been characterized in vitro [78]. We were interested in
whether subdomain swaps could be a more successful strategy for synthesizing pyoverdine
derivatives, so we set out to generate chimeric variants of PvdD focused on the first two
A domains, which are specific for glycine and L-serine, respectively. However, the length
of pvdD considerably increased the difficulty in constructing chimeras through standard
cloning procedures, so we had to explore several cloning methods to establish a cloning

pipeline.

5.4.5 Cloning pipeline for constructing module and domain
swaps in assembly-line enzymes

Many metabolic engineering projects, especially in bacterial hosts, require cloning one

or a few genes into an expression vector that is usually no more than 10 kb in size.

Cloning mutants of large genes, such as type I PKS and NRPS genes, increases DNA

construct size, therefore decreasing the efficiency of several cloning steps. In addition,

multiple cloning techniques are sequence-dependent, which limits their utility when one

desires to make modifications to DNA sequences that fall within a CDS, e.g. domain
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substitutions. The prevalence of repetitive DNA sequences within modular assembly-line
genes also contributes to these technical challenges [448].

Multiple cloning methods involve in vitro DNA assembly, including traditional re-
striction and ligation cloning and sequence-independent methods like Gibson assembly
[382]. Once the assembly is complete, these reactions are transformed into competent E.
coli cells. The efficiency of this step (i.e. the number of transformants per unit mass of
DNA) is much lower for large plasmids or plasmids with low-copy number origins. An
alternative method that bypasses this limitation uses homologous recombination to mod-
ify large plasmids, specifically linear-circular homologous recombination (LCHR) [449].
DNA modifications in this protocol occur in vivo, where the target plasmid is introduced
to the cloning strain beforehand, and a linear DNA construct required for modification
is introduced via electroporation and recombines with the circular plasmid (Figure 5.8).
This modification requires a selectable marker, often for antibiotic resistance, as well as a
counterselection gene for future cloning steps. Using this method, we constructed mutants
of the pvdD expression vector with a tetracycline resistance (TcR) cassette in place of
the subdomain of the first and second A domains in pvdD (pRK2T-Ptrc-PP_4219shelll-
TcR-gen and pRK2T-Ptrc-PP_4219shell2-TcR-gen). These two plasmids served as the
“capture” vectors for various cloning protocols in order to insert alternative subdomains
from E. coli, B. subtilis, and P. fluorescens. We investigated three different cloning meth-
ods: type IIS restriction and ligation cloning, programmable argonaute restriction and
ligation cloning, and Cas9-assisted homologous recombination.

The TcR cassette was flanked by recognition sites for Bsal, a type IIS restriction
enzyme used commonly in Golden Gate assembly. These sequences were designed so
that restriction digestion cleaves the TcR region from the capture vector, resulting in a
linearized vector with sticky ends that are homologous to the 5" and 3’ ends of the wild-
type subdomain. PCR products containing complementary Bsal sequences were designed
so that they could be ligated with the linearized capture vector, resulting in a chimeric
pvdD expression vector. We constructed several variant plasmids with a low incidence

of undesired plasmids, but the transformation efficiency was low due to the size of the
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Figure 5.8: Cloning NRPS and PKS variants requires a specialized workflow with multiple
steps. A typical expression vector containing a NRPS or PKS gene is over 10 kb. A “stuffer” is inserted
into the target region of the CDS via linear plus circular homologous recombination (LCHR). The stuffer
region contains an antibiotic resistance (AntR) marker and/or a counterselection marker. These markers
may also be flanked by sequences that enable a second cloning step where the stuffer is replaced with a
variant of interest. Variant constructs are then introduced into the expression host for analysis.
plasmids. In addition to constructing domain substitutions, we were also interested in
generating libraries of the pvdD expression vector, so we explored alternative cloning
methods to be able to generate larger libraries than what was possible with restriction
and ligation cloning.

We explored using a thermostable argonaute as a programmable restriction enzyme
to avoid the initial insertion of the stuffer region via LCHR. An argonaute from Pyro-
coccus furiosus (PfAgo) was characterized previously by the Zhao group to develop a
programmable restriction enzyme that cuts any DNA sequence of interest [81]. PfAgo
was able to digest plasmid DNA using 5’-phosphorylated DNA oligomers that were com-
plementary to the target sequence. We intended to use this enzyme to linearize the pvdD
expression vector directly with oligomers that targeted the 5" and 3’ ends of the subdo-
mains. This would allow module and domain substitutions in a single cloning step. We
purified PfAgo via affinity chromatography (Strep tag) and demonstrated endonuclease
activity using 5’-phosphorylated oligos (Figure C.2). To test its ability to generate con-

structs for restriction and ligation cloning, we designed oligos to linearize an expression
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vector and attempted to ligate a RFP cassette downstream of the promoter. We were
able to construct this vector using plasmid DNA that was linearized with PfAgo, but
the cloning efficiency was incredibly low (data not shown).

Lastly, we sought to expand on the LCHR method with a Cas9-based counterselec-
tion. This method was conceptually the same as Cas9-assisted genome editing methods,
except the target DNA was a plasmid replicating in E. coli. The cloning strain also
contains a plasmid expressing Cas9 and the ARed genes to facilitate homologous recom-
bination (Figure 5.9a). The major difference between this protocol and LCHR is that the
repair template is a circular plasmid instead of a linear PCR product. The donor plasmid
contains the gene/domain/construct to be inserted along with homology arms flanking
the target region. To apply the Cas9 counterselection, the donor plasmid also contains a
single guide RNA CDS targeting the region to be replaced. This protocol was designed
to have the following advantages to the methods mentioned above: the Cas9 counters-
election enabled modifications to large plasmids in a single step (LCHR beforehand is
not necessary), double-stranded breaks caused by Cas nucleases increases recombination
efficiency with the ARed enzymes (Figure C.3), and the transformation efficiency of the
high-copy donor plasmid is higher than that of the large target plasmid with a low-copy
origin.

To demonstrate the feasibility of the cloning protocol, we designed a high-throughput
cloning screen based on expression of RFP, which is visible when expressed in FE. coli.
The target plasmids in these experiments contained the 5" and 3’ ends of the RFP gene
downstream a constitutive promoter and had either the E. coli-specific p15A origin or
the broad-host range RK2 origin. The donor/sgRNA plasmid contained the remainder of
the RFP gene plus homology arms to the target plasmid. These constructs were designed
so that transformants in which both plasmids hybridized would form red colonies on
solid media. For both target plasmid origins, we found that transformation of the donor
plasmid led to at least 80% of transformants appearing red (Figure 5.9b). These results
were encouraging because this recombination efficiency was high enough for constructing

plasmid libraries.
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Figure 5.10: Mode of failure for Cas9-assisted plasmid recombination. a) After screening via
colony PCR, not all hits have desired plasmid DNA. An alternative recombinant becomes the predomi-
nant plasmid in the overnight culture and therefore the purified plasmid prep. b) Undesired recombinant
arises from intramolecular recombination that results in a module deletion. The site of recombination is
the PKG motif (highlighted in Snapgene screenshots) on the N-terminus of the A subdomain targeted
by Cas9.

After demonstrating cloning of an RFP construct, we then designed constructs to
substitute various subdomains into the first and second A domains of PvdD (Figure
5.9¢,d). We chose A domains from E. coli, B. subtilis, and P. fluorescens that activated
glycine or L-serine, and we initially planned substitutions that did not change A domain
specificity in PvdD. We tested two different subdomain boundaries based on the location
of PKG and PIG motifs on the N- and C-termini of the subdomains or based on the
location of the Eagl and Sacl sites used to generate EntF libraries, as described earlier
in this chapter (Figure 5.9¢).

When we attempted to construct these plasmids, we initially screened transformants

by colony PCR, which resulted in several hits for most constructs (Figure 5.10a). How-

ever, when plasmid DNA was extracted from overnight cultures, most of the samples
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did not have the desired plasmid. Digest analyses and sequencing revealed that these
recombinants resulted from intramolecular recombination of the target plasmid (Figure
5.10b). In rare cases, the purified plasmid prep retained the colony PCR product but did
not have the expected band pattern in a digest analysis, indicating that the desired plas-
mid was present in a small molar fraction compared to the undesired plasmid. In these
cases, re-transforming the plasmid DNA into competent E. coli followed by screening
transformants allowed us to isolate pure DNA preps of the desired plasmid.

The intramolecular recombination occurred between the sections encoding the PKG
motifs near the N-termini of the subdomains in the second and third A domain in PvdD.
This recombination functionally deleted the L-serine-activating portions of PvdD. This
recombination occurred in several transformants, suggesting that this location is a re-
combination hot-spot within the pyoverdine NRPS genes and could have played a role
in pyoverdine evolution in Pseudomonads. Another mode of failure not shown in Fig-
ure 5.10 is that some transformants contained plasmid hybrids of the target and donor
plasmids, indicating that the recombination had not completely resolved. This could
not be detected with the colony PCR screen and also reveals a major limitation for this
protocol. The recombination efficiencies for the RFP constructs in Figure 5.9b are likely
much lower than the reported values because the RFP phenotype is still possible with
the unresolved target/donor plasmid hybrid.

These technical issues with plasmid recombination arise from the multi-copy nature
of plasmids. Having multiple copies of the target DNA increases the likelihood that
an unwanted recombination event occurs. This problem could be fixed by replacing
the plasmid origins with a single-copy bacterial artificial chromosome (BAC), which is
commonly used to clone large gene clusters. In fact, a protocol for modifying NRPS and
PKS genes via oligo recombineering was developed recently, and the authors reported

making edits to BACs with this method [308, 89].
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5.4.6 Pyoverdine production with PvdD chimeras

Despite the reported technical issues with cloning pvdD variants, we were able to clone
several subdomain substitutions in the first and second A domain of PvdD. Each sub-
stitution was designed with the PKG/PIG or the Eagl/Sacl boundaries. Two chimeras
had the glycine-specific subdomain from DhbF (B. subtilis) inserted into the first A do-
main of PvdD. The other chimeras had the L-serine-specific subdomains from EntF (F.
coli) or from PvdJ (P. fluorescens) inserted into the second A domain of PvdD. None of
the constructs were intended to change A-domain specificity because we were primarily
interested in comparing the different boundaries of the chimeras.

To test the PvdD chimeras, we introduced the expression vectors into P. putida
ApvdD and grew the transformants in liquid cultures containing King’s B broth and
60 uM EDDHA. The only two constructs that conferred growth were the L-serine-
specific subdomains with the PKG/PIG boundaries (Figure 5.11a). While the growth
defect compared to wild-type was not significant, these chimeras produced significantly
less pyoverdine based on fluorescence measurements (Figure 5.11b). This indicates that
growth selection can be more sensitive for detecting pyoverdine production than by fluo-
rescence. Wild-type P. putida produced significantly more pyoverdine than was necessary
for growth in these media conditions. None of the chimeras with the Eagl/Sacl bound-
aries or the glycine-specific chimeras produced detectable amounts of pyoverdine. It is
unsurprising that the Eagl/Sacl chimeras functioned poorly because the Sacl location
appears in a region with little homology and a significant amount of gaps in the sequence
alignment for these A domains (Figure 5.9¢). Interestingly, the PF_pvdJA1-PKG/PIG
and PF_pvdJA1l-Eagl/Sacl chimeras only differ in three amino acids (GRDSVPIG vs.
QGFSVPIG, respectively), indicating that these residues are important for subdomain
function. The performance of the EntF-PKG/PIG chimera suggests that subdomain
swaps can be functional with phylogenetically distant A domains, but more variants need
to be investigated to confirm this. A recent publication reported little to no activity
from chimeras designed by subdomain swaps, but the constructs did not use the same

combination of the PKG/PIG boundaries described here [126].
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Figure 5.11: Complementing pvdD knockout with chimeric enzymes a) P. putida growth over
24 hours in King’s B broth with 60 yM EDDHA. Growth was monitored by OD600. b) Pyoverdine
production over 24 hours in same conditions. Fluorescence was monitored with an excitation wavelength
of 398 nm and an emission wavelength of 455 nm. Growth media was supplemented with Gent30.
Cultures were grown in a 96-well plate maintained at 30°C in a plate reader with shaking. EntF - EntF
subdomain in second PvdD A domain; DhbFAT1 - glycine-specific subdomain from DhbF in first PvdD A
domain; PF_pvdJA1 - L-serine-specific subdomain from P. fluorescens PvdJ in second PvdD A domain;
PP - PKG/PIG boundaries; ES - Eagl/Sacl boundaries. The legend applies to both panels.

To learn more about how these chimeras differed from wild-type PvdD, we designed
expression vectors for overproducing the L-serine-specific A domain of PvdD and the
EntF-PKG/PIG chimeric A domain in E. coli. Both A domains did not appear to be
soluble based on SDS-PAGE of protein extracts from production cultures (Figure C.1b,c).
Co-expressing the MLP from P. aeruginosa (PA_2412) did not improve solubility in the
protein extracts, but it did increase the amount of protein detected in the inclusion
body fractions, especially for the EntF chimera, which was not detected at all unless
MLP was co-expressed (Figure C.1c). This indicates that co-expressing MLP improved
A domain expression, and this was true for the wild-type A domain as well as the EntF
chimera, demonstrating that subdomain substitutions do not interfere with A domain-
MLP interactions. These results are consistent with structures of A domains bound to
their cognate MLP showing that the MLP-binding site is not near the subdomain [451].
Module or full A domain substitutions require knowledge of MLP-dependency of the
donor A domain, so these results reveal an advantage to the subdomain swap strategy

in that the cognate MLP of the donor subdomain does not need to be co-expressed for

chimeras to function.
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5.4.7 Heme peroxidase activity in fabrubactin biosynthesis

The third and final siderophore system that we investigated is fabrubactin from A. fabrum
strain C58. Fabrubactin is synthesized by PKS and NRPS components, and when it
was first discovered, the authors noticed that the biosynthetic enzymes are more closely
related to pathways in filamentous cyanobacteria rather than other known enzymes [452].
Fabrubactins produced by A. fabrum strain C58 have an incredibly unique structure,
including a rare 1,1-dimethyl-3-amino-1,2,3,4-tetrahydro-7,8-dihydroxy-quinolin (Dmaq)
moiety that was only previously seen in anachelin-type siderophores from cyanobacteria
[453].

The Dmaq moiety is proposed to be synthesized originally from levodopa (L-DOPA).
L-DOPA is incorporated into the fabrubactin backbone via an NRPS, FbnH. The L-
DOPA portion of the nascent polyketide/peptide is converted to Dmaq via several enzy-
matic reactions. We initially proposed that L-DOPA is synthesized from L-tyrosine by
FbnM because it had weak homology to SfmD, a heme peroxidase that was shown to hy-
droxylate 3-methyltyrosine to synthesize 3-hydroxyl-5-methyltyrosine [454]. FbnM also
contains a HxxxC motif that is crucial for heme binding, further supporting its status as a
heme peroxidase. Attempts to overproduce and purify FbnM were initially unsuccessful.
FbnM only showed homology to the C-terminal side of SfmD, so we hypothesized that
the enzyme encoded upstream, FbnL, formed a complex with FbnM that is necessary for
enzyme solubility and function. We found that both enzymes were soluble and co-purified
on a Ni-NTA column when FbnL. was cloned with an N-terminal His-tag.

E. coli production cultures containing both FbnL. and FbnM produced a brown pig-
ment, which is indicative of the production of melanin-like compounds and can occur
from the oxidation and polymerization of L-DOPA [455]. To generate more direct evi-
dence of L-DOPA synthesis in these cultures, we utilized a colorimetric assay based on
an L-DOPA dioxygenase from Mirabilis jalapa (MjDOD) [456]. MjDOD catalyzes the
conversion of L-DOPA to betalamic acid, which spontaneously reacts with various amino
acids to form the yellow pigments, betaxanthins. To determine if E. coli cultures express-

ing FbnLM were secreting L-DOPA, we collected supernatants from expression cultures,
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Figure 5.12: FbnLM is a heme peroxidase that converts L-tyrosine to L-DOPA a) Supernatant
from E. coli cultures co-expressing FbnLM have an increased fluorescent signal in MjDOD assay. L-
DOPA concentration was calculated based on a standard curve of L-DOPA added to supernatant from
E. coli with an empty vector control. b) FbnL.M catalyzes conversion of L-tyrosine to L-DOPA in vitro.
Hydrogen peroxide is required for enzymatic activity, and the total turnover is relatively low.
introduced them to MjDOD reactions, and monitored them for an increase in yellow
pigmentation (Figure 5.12a). Supernatants from E. coli cultures expressing FbnLLM had
an increase in fluorescence, with and without induction. The specificity of MjDOD for L-
DOPA demonstrates that the accumulation of brown pigment is due to the cells exporting
L-DOPA.

Purified FnbLM was also able to catalyze L-DOPA formation from L-tyrosine in vitro,
albeit with a low turnover (Figure 5.12b). Initial formulations of the reaction buffer for
these reactions contained only 1-2 mM H50O5 and did not show L-DOPA formation, but
L-DOPA was detected by HPLC from reactions containing 20 mM H,O,. Taken together,
these results confirm that FbnLLM is responsible for L-DOPA formation in fabrubactin

biosynthesis. The elucidation of this pathway will enable future directed evolution studies

on its biosynthetic enzymes, particularly the PKS components.

5.5 Conclusions

The work discussed in this chapter demonstrates the many challenges of investigating

and engineering secondary metabolism. In the case of fabrubactin biosynthesis, we char-
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acterized enzymes with few known homologues, and biochemical evidence is still needed
to elucidate other steps in this pathway. Efforts on establishing the pyoverdine system
as a platform for directed evolution highlighted the technical challenges of constructing
libraries of modular enzymes. Lastly, the deep investigation into the active site residues of
A domains, based on EntF, reinforced that there are many aspects to substrate specificity
in NRPSs that are not fully understood.

The most striking feature of variants from the EntF libraries is that they are all still
specific for L-serine. Other attempts to mutagenize the specificity code in A domains
usually results in promiscuous variants [20], although these results could be an artefact
of how the targeted A domains have evolved. The TE domain of EntF does not accept
other amino acids, so there is selective pressure against the A domain of EntF accumulat-
ing mutations that broaden its substrate specificity. In contrast, a class of nonribosomal
peptides from cyanobacteria, the microcystins, exhibit several multi-specific A domains,
and bioinformatic evidence suggests that there has been positive selection for the synthe-
sis of new microcystin derivatives [457]. A domains from different genera or biosynthetic
contexts will likely have different propensities for promiscuous activity, which would sig-
nificantly affect attempts to alter their substrate specificity. Similar directed evolution
studies with promiscuous A domains may reveal mechanisms for how A domains obtain
substrate specificity, and future work will likely need to interrogate the residues that are
not part of the specificity code. However, the heavy bias of some A domains for their
native substrate suggests that substitution-based engineering strategies will be more suc-
cessful in the short term for generating NRPS variants.

Subdomain swaps remain a viable strategy for engineering the pyoverdine NRPS do-
mains, although a considerable amount of work is needed to determine optimal sub-
stitution boundaries. The PKG motif appears to be the optimal boundary for the N-
terminus of the subdomain, supported by SCHEMA calculations and inadvertently by
the intramolecular recombination of pvdD near this sequence motif. Unintended recom-
binations have been reported previously for PKSs, and the authors took advantage of

this phenomenon to generate polyketide derivatives [99, 458]. These strategies could be
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leveraged towards engineering the pyoverdine NRPSs, perhaps with a Cas9-based counter-
selection to accelerate laboratory evolution. Alternatively, a recent publication elucidated
the optimal boundaries for constructing A domain swaps in the pyoverdine NRPS from
P. aeruginosa, and reported little to no activity from chimeras designed by subdomain
swaps [126]. Phylogenetic analysis suggested that these domain boundaries are relevant
in non-Pseudomonas NRPSs, so this strategy will likely be more feasible for generating
NRPS chimeras compared to subdomain swaps and may enable new directed evolution

studies in these siderophore systems (see Chapter 8).
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6.1 Abstract

This chapter describes our attempt to heterologously express and secrete an enzyme in a
Pseudomonas host. Native secretion of this enzyme requires a chaperone that is bound
to the inner membrane. The chaperone is often co-expressed with the enzyme in the
same operon and facilitates proper folding and transport across the inner membrane
of the enzyme via the Sec pathway. The enzyme is then secreted to the extracellular
region via the Xcp secretion machinery. There are several Pseudomonas strains that have
homologues of the Sec and Xcp pathways. At the onset of the project, we proposed that
a non-pathogenic Pseudomonas host would be able to express and secrete this enzyme
via the Sec and Xcp pathways similarly to the native host.

Before introducing an enzyme-chaperone operon in a heterologous host, we character-
ized different combinations of promoters and origins of replication and tested heterologous
expression using a fluorescent reporter. We achieved the highest heterologous reporter
production using the trc promoter on a plasmid with the RK2 origin in Pseudomonas
putida. We used this promoter and origin combination on all subsequent experiments
involving extracellular enzyme production.

We then investigated heterologous production and secretion of the enzyme in 7 het-

erologous hosts:

Pseudomonas putida KT2440

Pseudomonas putida EM383 - genome minimized derivative of P. putida KT2440

Four Pseudomonas fluorescens strains obtained from NRRL

Pseudomonas acidophila ATCC 31363

We only detected expression of soluble enzyme in P. putida (KT2440 and EM383)
and P. fluorescens NRRL B-2550. In the cases of P. putida EM383 and P. fluorescens
B-2550, we determined that the enzyme primarily accumulated in the periplasm of the

heterologous host and there was negligible secretion of the enzyme into the media.
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6.2 Introduction

Extracellular enzymes are often important in biotechnology and in drug development.
Several groups of bacteria, such as Pseudomonas species, produce and secrete enzymes
into the extracellular region. Native enzyme producers are sometimes pathogenic, which
can hinder production of these enzymes by requiring additional safety precautions in
industrial processes. A potential strategy to circumvent the safety concerns of some
native hosts is to produce enzymes of interest in heterologous Pseudomonads.

There are many bacteria that have the potential to secrete enzymes and other proteins
heterologously, particularly in the genus Pseudomonas. P. putida KT2440 is a well-
studied soil bacterium and has seen significant development as a synthetic biology and
industrial chassis strain in recent years [168]. Several strains of P. fluorescens have been
investigated for their ability to secrete enzymes, and some strains have been engineered
for producing heterologous proteins [459]. Many genetic tools have been characterized for
use in P. putida and other Pseudomonads, making them attractive hosts for expressing
heterologous proteins [460, 176, 461]. While expressing recombinant proteins in these
hosts has been made trivial through these developments, extracellular enzymes have an
added challenge in requiring other host factors for secretion.

Enzymes that are natively secreted are often co-expressed with specific chaperones
that are required for successful enzyme folding and secretion. For transport across the
membrane, an enzyme must interact with this chaperone as well as secretory pathways
native to the host. The enzyme is initially expressed with a peptide leader that serves as
a signal sequence for the Sec translocase (Figure 6.1). The signal peptide is inserted into
the inner membrane, and both the chaperone and the Sec machinery facilitate enzyme
transport into the periplasm and cleaves the signal peptide from the mature enzyme. The
chaperone and oxidoreductases in the periplasm promote enzyme folding during or after
this step. The mature enzyme is then transported across the outer membrane via the
Xcp pathway (also referred to as the Type II secretion system).

The host-specific pathways in this process, are conserved to varying degrees between

bacterial hosts [462]. Interactions between these secretion pathways and extracellular
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Figure 6.1: Secretion path-
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proteins, particularly in the periplasm with the Xcp machinery, are poorly understood.
Substrates are recruited to the Xcp pathway through mechanisms that are not governed
by a universal signal sequence [463]. It is not currently possible to predict how an extra-
cellular protein will interact with the secretion systems of a heterologous host.

In this report, we describe our attempts to express a heterologous enzyme in several
Pseudomonas species. Our objective was to develop a heterologous bacterial host to pro-
duce and secrete this enzyme at titers equivalent to or greater than what is possible by
the native host. We initially investigated heterologous production in P. putida, a microor-
ganism in which our lab has experience expressing heterologous genes. Before attempting
to express heterologous enzyme, we characterized a set of inducible promoters and broad-
host-range origins in two strains of P. putida, KT2440 and EM383. The RK2 origin and
the trc promoter were the best combination for heterologous expression, and EM383 pro-
duced slightly more heterologous protein and secreted fewer native extracellular proteins.
After demonstrating heterologous expression of enzyme, we found that the strength of
the RBS did not have a noticeable effect on production. However, enzyme secretion in
P. putida appeared to be limited. We used Western blots to determine that enzyme
was accumulating primarily in the periplasm, suggesting that it was not being recruited
efficiently through the Xcp secretory pathway. Five alternative Pseudomonas hosts were
investigated for heterologous production, and we were only able to detect expression in

one alternative strain, P. fluorescens B-2550. Like P. putida, the enzyme accumulated
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primarily in the periplasm, and secreted enzyme was not detected in significant amounts

in the supernatants of production cultures.

6.3 Materials & Methods

6.3.1 Strains, Plasmids, and Growth Conditions

All strains and plasmids used in this work are listed in Table 6.1. E. coli DHba was
grown in LB at 37°C and Pseudomonas putida (KT2440 and EM383) were grown in LB
at 30°C. All strains of Pseudomonas fluorescens and Pseudomonas acidophila were grown
in nutrient broth (3 g/L beef extract, 5 g/L peptone) at 30°C. Kanamycin was added
to media at a final concentration of 50 pg/mL (Kan50) when applicable. LB powder
and nutrient broth powder were purchased from Becton, Dickinson and Company. PCR
products were generated using NEB Q5 High-fidelity 2X master mix. Plasmids were
assembled using the NEBuilder HiFi DNA assembly kit.

Enzyme production cultures were performed in Reisenberg-Korz media or phosphate-
limiting media containing 50 pg/mL kanamycin [464, 381]. RK medium was prepared
by mixing 13.3 g potassium phosphate monobasic, 4.0g diammonium phosphate, 1.7
g citric acid, 0.1 g Fe(II) ammonium citrate, and 25 g glycerol or 25 g D-glucose to
800mL deionized /distilled water. To this solution, 10 mL of sterile 100X RK batch trace
minerals and 10 mL of sterile 120 g/ magnesium sulfate heptahydrate were added. The
pH was adjusted to 6.7 with 5 M NaOH and the volume was adjusted to 1 L. The 100X
trace minerals solution was prepared by adding 0.42 g EDTA, 0.125 g cobalt(II) chloride
hexahydrate, 0.75 g manganese(II) cloride tetrahydrate, 0.06 g copper(II) chloride, 0.15
g boric acid, 0.125 g sodium molybdate dihydrate, and 0.65 g zinc acetate dihydrate to
300 mL deionized /distilled water and adjusting to a final solution volume of 500 mL. All
media components and the final media formulation were sterilized by filtration.

Phosphate-limiting media was prepared with 0.12 M Tris, 80 mM NaCl, 20 mM KClI,
20 mM NH,4CI, 3 mM NaySO4, 1 mM MgCly, 1 mM CaCly, 2 uM ZnCly, 0.5% (w/v)
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Table 6.1: Strains and plasmids used in this work.

Strain or plasmid Genotype and relevant characteristics Source
Strains
E. coli DH5« F- ®80lacZAM15 A(lacZYA-argF) U169 reacAl endAI hsdR17 Invitrogen
(r. myy) phoA supE44 thi-1 gyrA96 relAl M-
P. putida KT2440 Wild-type ATCC 47054
P. putida EM383 KT2440 APP4329-PP4397 (flagellar operon), APP3849-PP3920 (prophage 1), [465]

APP3026-PP3066 (prophage 2), APP2266-2297 (prophage 3), APP1532-1586
(prophage 4), ATn7, AendA-1, endA-2, AhsdRMS, Aflagellum, ATn4652

Pseudomonas fluorescens Environmental isolate NRRL

B-10

Pseudomonas fluorescens Environmental isolate NRRL

B-11

Pseudomonas fluorescens Environmental isolate NRRL

B-1603

Pseudomonas fluorescens Environmental isolate NRRL

B-2550

Pseudomonas acidophila Wild-type NRRL

ATCC 31363

Plasmids

pBBRI1-Prha-sfGFP Broad-host range (BHR) stGFP expression vector; rha promoter, BBR1 origin This work

pBBR1-Ptrc-sfGFP BHR sfGFP expression vector; tre promoter, BBR1 origin This work

pBBRI-Pupx-stGFP BHR sfGFP expression vector; upzB promoter, BBR1 origin This work

pRK2-Prha-sfGFP BHR sfGFP expression vector; rha promoter, RK2 origin This work

pRK2-Ptre-sfGFP BHR sfGFP expression vector; trc promoter, RK2 origin This work

pRK2-Pupx-sfGFP BHR sfGFP expression vector; upzB promoter, RK2 origin This work

pRSF1010-Prha-stGFP BHR sfGFP expression vector; rha promoter, RSF1010 origin This work

pRSF1010-Ptre-sfGFP BHR sfGFP expression vector; tre promoter, RSF1010 origin This work

pRSF1010-Pupx-sfGFP BHR sfGFP expression vector; upzB promoter, RSF1010 origin This work

pRK2-Ptre-RBS1-FL-enz-chp BHR enzyme/chaperone expression vector; tre promoter, RK2 origin, This work
full enzyme leader, RBS sequence 1

pRK2-Ptre-RBS1-SL-enz-chp BHR enzyme/chaperone expression vector; tre promoter, RK2 origin, This work
truncated (short) enzyme leader, RBS sequence 1

pRK2-Ptre-RBS2-FL-enz-chp BHR enzyme/chaperone expression vector; tre promoter, RK2 origin, This work
full enzyme leader, RBS sequence 2

pRK2-Ptre-RBS2-SL-enz-chp BHR enzyme/chaperone expression vector; trc promoter, RK2 origin, This work
truncated (short) enzyme leader, RBS sequence 2

pRK2-Ptre-RBS2-FL-enz(FLAG)-chp BHR enzyme/chaperone expression vector; tre promoter, RK2 origin, This work
full enzyme leader, RBS sequence 2, C-terminal FLAG-tag on enzyme

pRK2-Ptre-RBS2-FL-FLAG-enz-chp ~ BHR enzyme/chaperone expression vector; ¢rc¢ promoter, RK2 origin, This work
full enzyme leader, RBS sequence 2, N-terminal FLAG-tag on enzyme

pRK2-Ptrc-RBS2-FL-Eenz-chp BHR enzyme/chaperone expression vector, codon optimized operon for E. coli;  This work

tre promoter, RK2 origin, full enzyme leader, RBS sequence 2
pRK2-Ptrc-RBS2-FL-FLAG-Eenz-chp BHR enzyme/chaperone expression vector, codon optimized operon for E. coli; ~ This work

tre promoter, RK2 origin, full enzyme leader, RBS sequence 2,

N-terminal FLAG-tag on enzyme

casein peptone (pancreatic digest of casein), and 0.5% (w/v) glucose or glycerol. The
final pH was adjusted to 7.5 with HCl. To make high-phosphate conditions, 61 uL of
phosphate solution (94 g/L KHyPOy, 22 g/L KoHPO,) was added for every 5 mL media.

6.3.2 Electroporation protocols

All plasmids were introduced into Pseudomonas strains via electroporation. For P. putida
strains, 500 pL of overnight culture in LB were washed twice with 1 mL ice-cold 10%

glycerol. The cells were resuspended in 50 pul 10% glycerol. Samples were kept on ice
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at all times between centrifugation. Approximately 1 pL of plasmid DNA was added to
each aliquot of competent cells. Samples were transferred to chilled 1-mm electroporation
cuvettes and then electroporated at 1.8 kV with time constants around 5 ms. Cells were
diluted in 1 mL LB and recovered for 1 hour at 30°C in shaking incubator.

For all other Pseudomonas species, an electroporation protocol was adapted from
Cold Spring Harbor Protocols [466]. Twenty-five milliliters of fresh nutrient broth were
inoculated with 500 pL culture. Cells grew for 4-6 hours until the cultures reached an
OD of approximately 0.4. Flasks were transferred to ice-water for 15 minutes. Cultures
were transferred to 50-mL centrifuge tubes and pelleted by centrifugation at 1,000g for
15 minutes at 4°C. After the supernatant was decanted, pellets were resuspended in 25
mL ice-cold sterile water. The pellets were washed several more times by centrifugation
for 20 minutes and resuspended in 10 mL water, 5 mL water, and finally 500 uL. GYT
medium (10% (v/v) glycerol, 1.25 g/L yeast extract, 2.5 g/L tryptone). One hundred-
microliter aliquots were prepared from the final cell suspension and 1 pL plasmid DNA
was added to each one. Samples were transferred to 2-mm electroporation cuvettes and
electroporated at 2.5 kV. Cells were diluted in 1 mL nutrient broth and recovered for 1

hour at 30°C in the shaking incubator.

6.3.3 Fluorescent reporter production assay

Fluorescent reporter measurements were completed in a Tecan M1000 plate reader in
black 96-well plates with clear bottoms. Each well contained 100 pL. RK media with
glycerol with 50 pug/mL kanamycin. Induced wells contained 1 mM IPTG, 0.2% (w/v) L-
rhamnose, or 4 g/L potassium phosphate (instead of 13.3 g/L). Each well was inoculated
with 1 puli overnight culture in LB. The plate was incubated at 30°C for 48 hours with
linear shaking (4 mm radius). Cell growth was monitored by absorbance at 600 nm and
sfGFP production was monitored by fluorescence intensity (excitation: 485 nm, emission:

510 nm).
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6.3.4 BCA protein assay

Bicinchoninic acid (BCA) assays were completed with the Pierce BCA protein assay kit
from Thermo Fisher. Protein standards were prepared with provided bovine serum albu-
min (BSA) solutions by dilution in phosphate-buffered saline. To determine background
signal in P. putida culture supernatants, BSA solutions were diluted in supernatants col-
lected from cultures. Twenty-five microliters of each sample and standard were added to
wells in a 96-well plate. Two hundred microliters of working reagent was added to each
sample and the plate was incubated at 37°C for 30 minutes. At the end of the incubation
period, the plate was cooled to room temperature and the absorbance at 562 nm for each

sample was measured on a plate reader.

6.3.5 Enzyme production and protein extraction

Enzyme production cultures were started by inoculating 3 mL production media with
overnight cultures to OD=0.1. Production media was RK media, nutrient broth, or
phosphate-limiting media where specified. Cultures were incubated at 30°C until they
reached an OD of approximately 1.0 (4-6 hours after inoculation) and then induced with
1 mM IPTG. Cultures continued to grow for up to 16-24 hours after inoculation.

Proteins were extracted for analysis from culture supernatant and total protein from
cell-free extracts. Supernatants were collected by centrifugation and filtered with a 0.22
pm sterile filter. Supernatant proteins were then concentrated using a protein concentra-
tion filter with a 3 kDa cutoff. Total protein extracts were prepared from pellets using
the BugBuster Master Mix, following the standard protocol. Protein from total solu-
ble extracts and inclusion bodies were collected using this protocol. All fractions were
analyzed by SDS-PAGE and western blot.

When stated in the text, periplasmic preps were also extracted from enzyme pro-
duction cultures as reported previously [467]. After removing the supernatant fractions,
cell pellets from 500 pL culture were incubated in 250 pL 30 mM Tris-HCI, pH 8.0, 20%

sucrose, 4 mM EDTA, and 0.5 mg/mL lysozyme for 60 minutes at 30°C in the shaking in-
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cubator. Two minutes after samples were removed from the incubator, MgCl, was added
to a final concentration of 10 mM. The samples were then centrifuged at 4°C to collect
the supernatant containing the periplasmic proteins. Total soluble protein and inclusion
bodies were then extracted from the pellets resulting from this prep. All fractions were

analyzed by SDS-PAGE and western blot.

6.3.6 SDS-PAGE and Western blot analysis

Samples were prepped for SDS-PAGE by mixing with 4X NuPAGE SDS loading buffer
and denaturing protein by adding 2-mercaptoethanol (2.5% final concentration) and heat-
ing samples at 70°C for 10 minutes. Protein samples were analyzed by SDS-PAGE using
pre-cast 4-15% polyacrylamide gradient gels running at 180V for 40-45 minutes. Proteins
were visualized using the GelCode Blue Stain reagent from Thermo Fisher.

Protein samples with FLAG-tagged proteins were analyzed by western blot in addition
to Coomassie staining. Proteins were transferred from the gel to a 0.2 pym nitrocellulose
membrane. Transfer buffer contained 260 mL methanol, 9.3 g glycine, and 1.95 g Tris
base in 1300 mL aqueous solution. The transfer occurred at 4°C for 1 hour with a voltage
of 100V. Antibody incubations were performed with tris-buffered saline with 0.1% Tween-
20 (TBST). TBST contains 0.8 g NaCl, 2.42 g Tris base, 1.0 mL Tween-20 in 1 L solution
with a pH of 7.6. The membrane was incubated with 10 mL blocking buffer (0.5 g bovine
serum albumin in 10 mL TBST) for 1 hour. The primary antibody, Anti-FLAG M2
antibody produced in mouse, was added to blocking buffer at a final concentration of 1-
10 pg/mL, and the antibody solution was incubated with the membrane for 2-3 hours at
room temperature or overnight at 4°C. Afterwards, the membrane was washed three times
with TBST and then incubated with the secondary antibody solution (goat anti-mouse
[gG HRP conjugate diluted 1:10,000 in blocking buffer) for 1 hour at room temperature
or overnight at 4°C. The membrane was washed three times in TBST and then prepped
for visualization. Antibody-bound proteins were visualized using the Pierce ECL western

blot substrate.
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6.3.7 Mass spectrometry of specific proteins bands in
SDS-PAGE

Samples were analyzed at the Mass Spectrometry / Proteomics Facility at UW-Madison
using their In-Gel Digest service. Bands of interest were cut from SDS-PAGE gels stained
with Coomassie G250 and destained. A trypsin in-gel digest was performed and the
resulting peptides were extracted from the gel. Peptides were purified with a C18 Zip-
Tip cleanup and analyzed on an Orbitrap LC-MS/MS. Identified peptides were aligned
with known proteins from P. putida KT2440 and the protein sequences of the enzyme

and chaperone.

6.4 Results & Discussion

6.4.1 Analysis of secreted proteome in P. putida supernatants

Before attempting to produce and secrete enzyme, we investigated methods for charac-
terizing heterologous protein production in supernatants from P. putida cultures. The
BCA assay can be used to detect protein amounts in a 96-well plate format, allowing
more rapid analysis of samples than what is normally possible with SDS-PAGE. We used
a BCA assay to determine the background amount of protein in the supernatants of
P. putida cultures in two media formulations, high and low phosphate. Low phosphate
conditions have been shown to induce the secretion of enzymes from P. putida, so we
hypothesized that phosphate availability would affect the proteins present in culture su-
pernatants [464]. According to the BCA assay results, the supernatants with no added
protein yielded an absorbance corresponding to approximately 1 mg/mL protein (Figure
6.2a). The lowest background signal was in RK media with glycerol after 48 hours of
cultivation, and the low-phosphate formulations had the highest background. The linear
range of detection in RK media after 48 hours spanned most concentrations of BSA, and
added protein could be detected over 500 pug/mL. These results suggest that if we were

to use BCA assays to identify cultures secreting enzyme, then production titers would
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Figure 6.2: Analysis of protein content in supernatant of P. putida KT2440 cultures. a)
Background signal in BCA assay during analysis of P. putida supernatants in different media. X-axis
represents BCA concentration added to PBS or culture supernatant. b) Proteins in culture supernatants
visualized by SDS-PAGE. “10X concentrated” samples were concentrated using a protein concentrator
column with a 3 kD cutoff. RK-XXhr — culture supernatant from RK glycerol after XX hr, LP-XXhr —
culture supernatant from low-phosphate RK glycerol after XX hr

need to be at least 750 pg/mL enzyme.

We also visualized the proteins located in the supernatant in P. putida cultures (Figure
6.2b). Major bands appear just under 150 kD in most samples. No major bands appear
in culture supernatants from low-phosphate RK media after 48 hours, despite having the
strongest background signal in a BCA assay. RK media uses phosphate as a buffer, and
the low-phosphate media does not have an additional buffering system, so these results
are likely due to the culture having a much lower pH than the other culture supernatants.
These conditions could have affected the signal in BCA assays and reduced the stability of

proteins secreted into the supernatant. Nevertheless, these results show that phosphate

availability in cultures does affect what native proteins are secreted.

6.4.2 Comparing plasmid construction for heterologous
expression

In past projects, our lab has had inconsistent results when expressing heterologous pro-
teins from replicative vectors in P. putida [225]. We set out to verify a selection of
plasmid origins and inducible promoters that would eventually drive enzyme expression.

The BBR1, RK2, and RSF1010 origins are commonly used in replicative vectors in Pseu-

domonads [176]. The rha promoter (Py,, induced by L-rhamnose) and the ¢re promoter
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Figure 6.3: Expression vectors tested in P. putida KT2440 and EM383. Plasmid maps for
expression vectors that had significant expression of sfGFP in P. putida. Expression vectors with Pyupp
are not pictured because no sfGFP expression was detected from these constructs.

(Pyre, induced by IPTG) have been used recently to chromosomally express heterologous
pathways. We cloned all combinations of these origins and promoters along with the gene
encoding the reporter protein sfGFP to compare their performance in P. putida (Figure
6.3). Expression experiments were completed with P. putida KT2440 and EM383. EM383
is a derivative of K'T2440 that has been optimized for heterologous protein production
[465].

To compare the performance of these expression vectors, we set up production cultures
in 96-well plates and monitored growth and GFP fluorescence over a 48-hour growth
period. Vectors with the BBR1 or RSF1010 origin had a negative effect on cell growth
(Figure 6.4). P. putida KT2440 cultures with these origins did not reach a final OD600
above 0.5, whereas cultures with the RK2 origin reached at least an OD600 of 1. P.
putida EM383 cultures with the BBR1 origin reached a final OD approaching 1, but still
had lower values than equivalent cultures with the RK2 origin. Vectors with the RSF1010
origin had the greatest effect on growth, with growth appearing to stop after 10-20 hours
of incubation. Interestingly, cultures that were induced with 1 mM IPTG reached higher
final OD values than the corresponding uninduced strains.

We were able to detect GFP expression from vectors containing P,;, and Py.. These

promoters had similar levels of GFP production at max induction, but P,;, oddly had
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Figure 6.4: Growth of P. putida KT2440 and EM383 with various origins and promoters.
KT — KT2440 cultures, EM — EM383 cultures. Induced cultures are designated by “Ind.” Py cultures
were induced with 1 mM IPTG and Py, cultures were induced with 0.2% (w/v) L-rhamnose.
extremely high expression in the absence of the inducer in some cultures, to the point
where no induction of gene expression was detected (Figure 6.5). P. putida EM383
cultures with P,;, and either the BBR1 or RSF1010 origin did have low basal expression
and greater than 2-fold induction of gene expression with the addition of inducer. These
results were surprising because expression constructs with P,;, typically have low basal
expression when integrated onto the P. putida chromosome. It is unclear how EM383
allows for low basal expression from this promoter while KT2440 does not. We have shown
previously that Lacl expression needed to be reconfigured to improve inducible expression
from Py, (Chapter 3) [225]. Induction of P,, requires autoinduction by RhaR of its own
promoter, so changes in RhaR production due to an increased gene copy number could
lead to the promoter behaving unexpectedly [468]. For example, it has been demonstrated
that P,;, can be induced by other carbohydrates if RhaS expression is uncoupled from
RhaR regulation [469]. It is possible that a native metabolite in P. putida is activating
expression from the rha promoter in the absence of L-rhamnose, and differences in rha
induction between KT2440 and EM383 could be due to metabolic changes between the
two strains as a result of the genomic deletions in EM383.

The fold induction from cultures with P, vectors spanned 1-2 orders of magnitude,
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Figure 6.5: Fold induction of sfGFP expression in P. putida. Fluorescence values from P. putida
KT2440 and EM383 cultures expressing sfGFP. Values reported were calculated from measurements at
end of cultivation period, 48 hr. Pj,. cultures were induced with 1 mM IPTG and P,;, cultures were
induced with 0.2% (w/v) L-rhamnose.

regardless of the origin or strain used. The consistent performance of Py, clearly demon-
strated that it is the ideal promoter for heterologous gene expression, and the highest
maximum expression from this promoter was achieved with the RK2 origin. Cultures
reaching a higher OD with plasmid containing the RK2 origin suggests that cells were
experiencing less stress due to plasmid maintenance or heterologous protein production.
Expressing a heterologous protein that is intended to be secreted is likely to introduce
other stresses, particularly in the periplasm and at the inner and outer membranes, so it
is important to reduce any stress for the platform strain, if possible. For these reasons,

we chose to use expression vectors containing the RK2 origin and ¢rc¢ promoter for all

experiments involving the expression of extracellular enzyme.

6.4.3 Detecting enzyme production from P. putida

After determining the optimal expression vector for heterologous expression in P. putida,
we designed several expression constructs for the enzyme/chaperone operon. This operon
comes from a high-GC organism (approx. 70%), but codon optimizing genes with a high

GC content for P. putida can sometimes be detrimental to heterologous expression [311].
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In addition, most rare codons are shared between Pseudomonas species and the enzyme’s
native host. We opted for a minimal optimization strategy where only rare codons (us-
age less than 10% in P. putida) were replaced with more common codons. We also
designed two ribosome binding site (RBS) sequences to test different translation initia-
tion rates of the enzyme by varying the Shine-Dalgarno sequence [470]. The 5’ untrans-
lated region (UTR) with the stronger RBS was RBS1, “GAATTCAAAAGATCTTT-
TAAGGAGGAAATATACAT” | and the weaker sequence was RBS2, “GAATTCAAAA-
GATCTTTTAAGGAGAACATATACAT” (Shine-Dalgarno sequence in bold) (Figure
D.1). Based on predictions by the RBS calculator, RBS1 has a four-fold greater trans-
lation initiation rate than RBS2 [399, 413]. Lastly, we designed a second version of the
operon with a truncation in the leader sequences of the enzyme gene. A downstream ATG
codon was predicted to have a higher translation initiation rate than the annotated start
codon, and a second promoter was identified within the first few codons of the full-length
leader sequence. The truncated leader sequence was also predicted to have a stronger
secretion signal via the Sec pathway (Table D.1). Expression constructs with combina-
tions of the RBS and leader sequences were tested in P. putida KT2440 and EM383 for
enzyme production and secretion by SDS-PAGE (Figure 6.6).

In initial production cultures, enzyme was not immediately detected by SDS-PAGE
in culture supernatants of P. putida KT2440 or EM383 (Figure 6.6a,b). In addition,
EM383 supernatants had fewer visible protein bands compared to KT2440 supernatants.
However, in samples where expression of enzyme with the full leader sequence was in-
duced, the number of visible protein bands in the supernatant increased. This effect was
most noticeable in EM383 supernatants (Figure 6.6¢). Two possible explanations for this
result could be that cells were lysing in the cultures due to enzyme production, or enzyme
production is inducing a response by the cells leading to more protein secretion. Analysis
of total soluble protein from cell pellets revealed that a prominent band around 25 kD is
no longer present in intracellular extracts of these samples, suggesting that the increase
in the number of protein bands in the supernatants is due to selective secretion by the

cells. However, cultures overexpressing the full-leader enzyme often reached a lower cell
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Figure 6.6: Initial SDS-PAGE analysis of P. putida cultures expressing enzyme. a) Super-
natants (not concentrated) from P. putida KT2440 cultures with various enzyme expression constructs.
b) Supernatants (not concentrated) from P. putida EM383 cultures with various enzyme expression
constructs. ¢) Concentrated supernatants from P. putida EM383 cultures with enzyme expression con-
structs with RBS1 only. No significant levels of enzyme is detected in culture supernatants. It appears
that overexpression of enzyme with the full leader sequence leads to more proteins in the culture su-
pernatants. d) Total soluble protein extracts from P. putida EM383 cultures with enzyme expression
constructs with RBS1 only. sfGFP can be detected in total soluble protein extracted from cell pellets. A
native P. putida protein around 25 kD is not present in pellet extract when full-leader enzyme expression
is induced (marked by ??). GFP — no enzyme control, pRK2-Ptrc-sfGFP; RBS1 — enzyme expression
vector with RBS1; RBS2 — enzyme expression vector with RBS2; SL — enzyme expression vector with
truncated enzyme leader; FL — enzyme expression vector with full enzyme leader; (-) — no IPTG added
to culture; (+) — 1 mM IPTG added to culture. Production media was RK glycerol and protein extracts
were collected after 48 hours of incubation.
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density towards the end of cultivation, which could be a result of increased cell death in
the later growth stages of these cultures.

At this point, we were concerned that overexpression of enzyme could be detrimental
to cell growth, so we tested different levels of inducer concentration to determine if a lower
IPTG concentration is optimal for expression. Cultures with lower inducer concentrations
reached higher final OD values, and those induced with 0.1 mM IPTG had the most
noticeable increase in proteins present in the supernatant. EM383 cultures overall had
fewer protein bands appear in the supernatant extracts. No obvious bands corresponding

to heterologous enzyme could be identified.

6.4.4 Identifying enzyme and chaperone by mass spectrometry

Results so far have been unable to prove that the enzyme was produced in P. putida
cultures. To determine if enzyme production was too low to reliably detect by SDS-
PAGE or if soluble enzyme was not being produced at all, we analyzed some protein bands
appearing around the enzyme molecular weight by mass spectrometry. The supernatant
extract from a EM383 culture overexpressing the full leader enzyme had several distinct
bands around the expected protein size, and the corresponding total soluble protein
extract also had a band of similar size. Lastly, the band appearing in culture supernatants
at a smaller size is also analyzed. This band was unexpected to contain the enzyme
target or its chaperone, but if its identity was determined, then we could have used this
information to engineer a production strain in the future with its corresponding gene
deleted from the chromosome.

As anticipated, the protein bands were confirmed to contain both the enzyme and
chaperone. The peptides matching the enzyme sequence had a sequence coverage of 34%,
and the sequence coverage for the chaperone was 51%. The smaller band surprisingly
had hits corresponding to proteins involved in central metabolism of P. putida that are
not expected to be targeted for secretion. The most abundant peptide group aligned
with ProC, pyrroline-5-carboxylate reductase, which is involved in L-proline biosynthesis.

A significant number of peptides aligned with Pgi, 6-phosphogluconolactonase, which
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converts glucose-6-P to gluconate-6-P in the cytoplasm [471]. The presence of these
cytoplasmic proteins suggests that cell lysis is contributing to the release of intracellular
proteins into the supernatant. Nevertheless, MS analysis showed that production cultures
were producing soluble enzyme, although it was unclear if it was mature enzyme with

the leader sequence cleaved or if the leader peptide was still intact.

6.4.5 Determining compartmentalization of enzyme

Even though we were able to show that enzyme was being produced, it was clear that it
was not being secreted efficiently by P. putida. Our next immediate goal was to determine
at which step enzyme secretion was failing. We investigated this question experimentally
by identifying the location of the enzyme in protein extracts. If the enzyme is found
mostly in the cytoplasm, then interactions with the inner membrane, chaperone, and/or
Sec secretion machinery are not properly functioning. On the other hand, if the enzyme
is mostly in the periplasm, then interactions with the outer membrane and the Xcp
secretion machinery are not functional. To detect heterologous enzyme more easily, we
constructed expression vectors with the enzyme tagged with the FLAG peptide, either
near the N-terminus immediately downstream of the enzyme leader peptide or at the
C-terminus.

Before testing for enzyme localization, we compared the protein content of protein
extracts of P. putida expressing untagged and tagged enzyme. The presence of a C-
terminal FLAG tag on the enzyme appears to interfere with enzyme folding because
P. putida cultures expressing this construct also had a large amount of proteins in the
insoluble fractions. Despite this result, we continued working with FLAG-tagged enzyme
constructs so that we could determine enzyme localization.

After characterizing the C-terminal FLAG-tagged enzyme construct, we devised a
workflow for extracting protein from various compartments of P. putida (Figure 6.7). We
had been following a simpler workflow using BugBuster master mix, where the super-
natant from P. putida cultures were collected and the pellets were lysed following the

BugBuster protocol. In this new workflow, we incorporated a periplasmic prep for ex-
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Figure 6.7: Protein extraction workflow for separating protein fractions from P. putida
cultures. Fractions were prepared sequentially, with the extracellular fraction prepared first by collecting
supernatant from live culture. Cells are then treated with lysozyme and sucrose to extract periplasmic
proteins. The pellet from the periplasmic preps are then fully lysed using the BugBuster master mix
protocol. The BugBuster protocol is followed further for preparing the insoluble (inclusion body) fraction.
tracting periplasmic proteins from P. aeruginosa [467|. This method enriched for soluble
proteins from the periplasm, and the pellet collected was fully lysed using the BugBuster
kit. Insoluble protein fractions were also collected in most experiments.

At this point in the project, we also hypothesized that the amount of secreted enzyme
was low because the Xcp secretion machinery was not induced in RK media. We had
tried to formulate a “low-phosphate” version of RK media that simply had a lower con-
centration of potassium phosphate added, but this change removed the buffering capacity
of the media and allowed the pH to drop significantly during cultivation. From the litera-
ture, we identified a phosphate-limited media for P. putida that contained an alternative
buffer system (Tris) and was used to induce the secretion of native phosphatases via the
Xcp pathway [464]. All experiments described from this point on were completed using
variations of this media.

Constructs containing the enzyme/chaperone operon with and without a C-terminal
FLAG-tag were expressed in P. putida EM383. Inducing expression with 1 mM IPTG still
led to an increase in visible protein bands in supernatant extracts as seen by SDS-PAGE
(Figure 6.8a). The level of phosphate in the media did appear to have a small effect on
the amount of protein bands for the untagged enzyme construct, as phosphate-limiting

conditions did lead to a lower protein amount in the supernatant for this construct. The

relative amount of secreted enzyme did not seem to be greatly affected by phosphate
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Figure 6.8: Compartmentalization of heterologous enzyme in P. putida production cultures.
a) SDS-PAGE and western blot results of P. putida EM383 supernatants. b) Western blot results of
cytoplasmic and periplasmic protein preps of P. putida EM383 expressing enzyme-chaperone constructs.
Non-specific binding by the M2 anti-FLAG antibody was observed and are marked as “promiscuous bind-
ing.” LP — phosphate-limiting media; HP — phosphate-limiting media with inorganic phosphate added.
Base media was phosphate-limited media with 0.5% (w/v) glycerol. Cultures were grown overnight
before preparing protein extractions.
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concentration either. Interestingly, more enzyme was detected by Western blot in the
periplasm than the cytoplasm in P. putida (Figure 6.8b). These images also did not show
a major difference in enzyme amounts between samples with high- and low-phosphate
media. Overall, these results suggested that enzyme was accumulating in the periplasm
in the production host and that a non-optimal interaction with the Xcp machinery is the
primary reason for low amounts of enzyme secretion.

Based on our observation that a C-terminal FLAG-tag on the heterologous enzyme
may be inhibiting its solubility and leading to cell lysis, we investigated another tagged
construct with an N-terminal FLAG-tag. The FLAG peptide was placed between the
native enzyme leader and the mature enzyme sequence, so the tag was not truly on the
N-terminus unless the native leader was cleaved off. However, the M2 antibody can bind
in both cases, and therefore we were not able to differentiate between non-cleaved and
mature enzyme by Western blot. We repeated production experiments with this new
construct in phosphate-limited media, this time including formulations with glucose as
the carbon source, as this was the original phosphate-limited conditions reported in the
literature. These experiments again showed little to no secretion of enzyme into the
supernatant from any sample (Figure 6.9). The N-terminally tagged enzyme appeared
mostly in the cytoplasm and the band signal was much stronger than the C-terminally
tagged enzyme in any fraction. Enzyme with a C-terminal tag appeared to be most
abundant in the supernatant from cultures with glycerol-based media. It is unknown
whether the difference in band signal was due to differences in protein production or in
antibody binding to the tagged proteins. During these experiments, we also tested an
alternative operon sequence that had been codon optimized for F. coli. Based on SDS-
PAGE and Western blots, there was not a significant difference in enzyme production
and compartmentalization between the two operon sequences.

The stronger signal in Western blots from enzyme constructs with an N-terminal
FLAG tag made it difficult to analyze the C-terminal constructs. However, it is possible
to see that the enzyme does appear to be compartmentalizing primarily in the supernatant

when a C-terminal tag is used and the carbon source is glycerol. This suggests that the
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Figure 6.9: Compartmentalization of N- and C-terminally tagged enzyme on different carbon
sources. Anti-FLAG Western blot of supernatant, periplasm, and cytoplasm extractions from P. putida
EM383 cultures expressing constructs with N- and C-terminal FLAG-tags on the enzyme. N-terminally
tagged enzyme was more easily detected by Western blot, but the majority was in the cytoplasm, and
no enzyme was detected in the supernatant. C-terminally tagged enzyme was found mostly in the
supernatant in glycerol-based media, with some appearing the periplasm and cytoplasm. Media used
was phosphate-limiting media with 0.5% (w/v) glucose or glycerol. Cultures were grown overnight before
preparing protein extracts. Glu — glucose; Gly — glycerol; N — N-terminal tag; C — C-terminal tag.

phosphate-limiting media is inducing P. putida’s secretion machinery more when the
carbon source is glycerol. The N-terminal FLAG tag completely broke the processing
of enzyme via the Sec and Xcp pathways, and no enzyme was detected in supernatant
fractions. This result suggests that the presence of C-terminal enzyme in supernatants
is due to genuine secretion by the cell rather than cell lysis and release of intracellular
proteins. However, the production titers of secreted enzyme are still much lower than the
native host, as enzyme is hardly detectable via SDS-PAGE. Significant strain engineering
would likely be necessary to increase titers of secreted enzyme. XcpP and XcpQ are
two components of the Xcp machinery that are likely to directly interact with secreted
proteins, and sequence alignment shows that XcpP and XcpQ from P. putida have poor
homology to the corresponding proteins of the enzyme’s native host. It is possible that

XcpP and XcepQ in P. putida do not fully recognize the heterologous enzyme, inhibiting

efficient secretion.
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a)
Strain Plasmid transformation Enzyme expression Enzyme location
P. acidophila ATCC 31363 Yes Not detected N/A
P. fluorescens B-10 No N/A N/A
P. fluorescens B-11 No N/A N/A
P. fluorescens B-1603 No N/A N/A
P. fluorescens B-2550 Yes Yes Periplasm
b)

P. fluorescens B-2550 protein extracts
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IPTG (mM) NA | o | 0.1 |o.5 | 10| o | 0.1 | 05 | 10| o | 0.1 |o.5 | 1.0

Figure 6.10: Enzyme secretion in alternative Pseudomonads. a) Table of alternative hosts used
for enzyme expression. Enzyme expression was only detected in P. fluorescens B-2550. b) SDS-PAGE
of protein fractions from cultures of B-2550. Cultures were grown in nutrient broth overnight.

6.4.6 Surveying alternative Pseudomonas hosts for enzyme
secretion

After determining the limitations of heterologous enzyme secretion in P. putida, we set
out to identify and test alternative Pseudomonads as heterologous hosts. The USDA
Agricultural Research culture collection (NRRL) contains several strains of P. fluorescens,
and a significant fraction of them have been shown to secrete enzyme. Other strains of
P. fluorescens have also been developed for heterologous protein production [459]. We
chose four strains from NRRL, two of which exhibited enzyme secretion and two that did
not (Figure 6.10a, Table D.2). In addition, we included P. acidophila ATCC 31363 in
the panel of alternative hosts.

Before attempting to produce heterologous enzyme in these strains, we first needed

to demonstrate transformation of the RK2-based expression vectors. The electroporation
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protocol that we used for DNA transformation into P. putida only led to successful
plasmid transformation into P. fluorescens B-2550 (Figure 6.10a). We also attempted
an electroporation protocol developed for E. coli from Cold Spring Harbor [466]. This
enabled plasmid transformation into P. acidophila ATCC 31363, but we were unable to
transform any RK2-based plasmids into the remaining three strains. We attempted to
detect enzyme expression from ATCC 31363 and B-2550, and a band corresponding to
enzyme was only visible from cultures of B-2550 (Figure 6.10b). Similar to P. putida, the
enzyme appeared to accumulate primarily in the periplasm. It is possible that expression
and secretion could be improved after testing different cultivation parameters, such as
media formulation, so that the secretion machinery in the alternative hosts is induced.

However, these parameters are less understood for these strains.

6.5 Conclusions

We were unable to produce and secrete significant amounts of heterologous enzyme, likely
because conditions that induce the Xcp secretion pathway are not fully understood or the
heterologous enzyme did not interact favorably with Xcp proteins. Transfer of the enzyme
across the inner membrane, facilitated by the chaperone and heterologous Sec pathway,
was not the limiting step towards secreting the enzyme into the supernatant. We detected
accumulation of enzyme into the periplasm of both P. putida and P. fluorescens B-2550,
suggesting that this step is less affected by the identity of the heterologous host. If work
is continued in Pseudomonas bacteria, substantial progress will likely require engineering
the secretory pathways of the host, such as expressing heterologous Xcp proteins. This
strategy will require reliable synthetic biology tools, so P. putida would be the most ideal

strain due to the available genetic parts characterized for this bacterium.



178

6.6 Acknowledgments

The authors would like to thank our corporate collaborators for proposing the project

and providing funding for the research discussed here.



179

Chapter 7

Complementation of levulinic acid
catabolism in P. putida with
mammalian enzymes

Authors and Contributors:
e Taylor B. Cook Designed and performed P. putida complementation experiments.

e Edrees H. Rashan Designed complementation experiments, provided ACAD se-
quences.

e David J. Pagliarini Provided guidance, edited, and reviewed the manuscript.

e Dr. Brian F. Pfleger Provided guidance, edited, and reviewed the manuscript.



180

7.1 Abstract

Levulinic acid is a v-keto acid that is a common by-product from acid hydrolysis of lig-
nocellulosic biomass. Recently, the pathway in Pseudomonas putida KT2440 responsible
for the catabolism of this compound was elucidated. The enzymatic reactions include
the reduction of the ~v-keto group followed by isomerization of the y-hydroxy group to
form a [-hydroxyacyl-CoA, which is then converted to acetyl-CoA and propionyl-CoA
via (-oxidation. The isomerization steps involve a phosphorylated intermediate, where
the phosphate acts as a leaving group to promote the isomerization reactions. Similar
catabolic pathways exist in mammalian cells. For example, Mus musculus (house mouse)
encodes two enzymes that are members of the acyl-CoA dehydrogenase family, and each
enzyme contains two domains that have homology to the enzymes responsible for isomer-
ization of the hydroxyl group. We proposed that these enzymes catalyze similar reactions
in their native organism. To generate evidence for the activity of these enzymes, we at-
tempted to express each enzyme in strains of P. putida where the homologous enzymes in
the levulinic acid pathway were deleted from the chromosome. We monitored the growth
of these strains on solid minimal media with levulinic acid as the sole carbon source and
observed that ACADI10 expression restored growth for the strain with a deletion of [vaA,
the gene encoding the phosphotransferase responsible for formation of the phosphorylated
intermediate. Neither ACAD10 or ACAD11 restored growth in strains missing LvaC, the

enzyme responsible for isomerization.
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7.2 Introduction

Levulinic acid is an atypical carbon source for microbial growth. It is a five-carbon ~-
keto acid that is derived from the non-enzymatic hydrolysis of hexose sugars in biomass
[472]. There is considerable interest in this compound because there are several routes
for converting it into valuable chemicals, including biofuels [473], plasticizers [474], and
solvents [475]. Even though microorganisms that could use levulinic acid as a carbon
source were known, the enzymes responsible for catabolism were unknown until recently,
when the catabolic pathway for levulinic acid in P. putida KT2440 was elucidated [169].
The authors demonstrated that levulinic acid catabolism involves a 4-phosphoacyl-CoA
intermediate before conversion into a 3-hydroxyacyl-CoA that is processed through g-
oxidation. This work was a great step towards applying metabolic engineering strategies
to develop bioconversions of levulinic acid into high-value chemicals [476].

There are also issues related to human health that involve levulinic acid and its
derivatives. Calcium levulinate has been sold as a dietary supplement for calcium admin-
istration [477]. Research has also implicated a phosphorylated intermediate in levulinic
acid catabolism in rat livers, like the pathway elucidated in P. putida [478]. A reduced
derivative of levulinic acid, 4-hydroxypentanoate has been revealed as a drug of abuse,
similar to 4-hydroxybutyrate [479]. When calcium levulinate has been administered in
patients with S-ketothiolase deficiency, an accumulation of 4-hydroxypentanoate was ob-
served [480]. These findings have motivated research into how levulinic acid and other
v-keto acids are catabolized in mammalian systems. Acyl-CoA dehydrogenases (ACAD),
which catalyze enoyl-CoA formation from acyl-CoA substrates, are most commonly im-
plicated in these pathways. Mitochondrial ACADs are responsible for the S-oxidation of
long-chain fatty acids, which is important for energy homeostasis [481].

Two enzymes that belong to the family of mammalian ACADs are ACAD10 and
ACADI11. In humans, these enzymes are highly expressed in the brain and are active on
very long chain fatty acyl-CoAs (C20-C26) [482]. Both enzymes have been reported as key
determinants in various diseases. Mutations in ACAD10 were shown to be associated with

type 2 diabetes in different human populations[483], and ACAD11 has been implicated in
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cancer cell survival upon glucose starvation [484]. Their role in fatty acid metabolism is
not surprising due to their annotations as ACADs, but both also contain an N-terminal
kinase domain whose function in cell metabolism is unclear [485]. These domains are
similar to aminoglycoside phosphotransferases, a kinase family mostly found in bacteria.

The aforementioned domains in ACAD10 and ACAD11 have sequence similarity to
two enzymes in levulinic acid catabolism. The kinase domain is homologous to LvaA, a
phosphotransferase that catalyzes formation of 4-phosphovaleroyl-CoA, and the ACAD
domain is similar to LvaC, an enzyme that is also annotated as an ACAD that converts
4-phosphovaleryl-CoA to 3-hydroxyvaleroyl-CoA. Our collaborators from the Pagliarini
research group have proposed that LvaA and LvaC are orthologues to these mammalian
ACADs and that ACAD10 and ACADI11 catalyze a similar sequence of reactions that
isomerize 4-hydroxy-n-acyl-CoAs to 3-hydroxy-n-acyl-CoAs. We planned to test these
enzymes in various cell contexts, including in P. putida. We constucted expression vectors
of ACAD10 and ACADI11 and demonstrated that ACAD10 can partially complement

levulinic acid catabolism in P. putida.

7.3 Materials & Methods

7.3.1 Chemicals, strains, and plasmids

The bacterial strains and plasmids described in this chapter are listed in Table 7.1. E.
coli was grown in LB at 37C and P. putida was grown in LB at 30C. When necessary,
media was supplemented with antibiotics, including kanamycin (50 pg/mL, Kan50) and
gentamycin (30 pg/mL, Gent30). Plasmids designed for this work were all constructed
using Gibson assembly [382].

All chemicals were obtained from Sigma-Aldrich or Fisher Scientific. 4-Hydroxyvalerate
and 4-hydroxyoctanoate were made from the saponification of their corresponding lac-
tones, y-valerolactone and y-octalactone. Solutions containing 2 M lactone were adjusted

to pH 12 using 10 M NaOH and incubated for 1 hour. For use in bacterial growth con-
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Table 7.1: Strains and plasmids used in this work.

Strain or plasmid Genotype and relevant characteristics Source
Strains
E. coli DH5« F- ®80lacZ AM15 A(lacZYA-argF) U169 reacAI endAI hsdR17 Invitrogen
(re. myy) phoA supE44 thi-1 gyrA96 relAl M-
P. putida KTU KT2440 Aupp [158]
P. putida KTU AlvaA KT2440 Aupp AlvaA [169]
P. putida KTU AlvaAB KT2440 Aupp AlvaA AlvaB [169]
P. putida KTU AlvaC KT2440 Aupp AlvaC [169]
P. putida KTU AlvaABC KT2440 Aupp AlvaA AlvaB AlvaC This study
Plasmids
pBAD35 Empty expression vector with Py,p4p, BBRI origin, and KanR [169]
pBAD35-1vaA Expression vector for lvaA with Py,pap, BBRI origin, and KanR [169]
pBAD35-1vaB Expression vector for lvaB with Py,pap, BBR1 origin, and KanR [169]
pBAD35-1vaC Expression vector for lvaC with P,.p4p, BBR1 origin, and KanR [169]
pBAD35-nd34ACAD10 Expression vector for ACAD10 with first 34 N-terminal amino acids This work
omitted with P,,p4p, BBR1 origin, and KanR
pBAD35-ACADI11 Expression vector for ACAD11 with P,upap, BBR1 origin, and KanR ~ This work
pBAD35-nd34ACAD10-D48A Expression vector for D48A inactivation mutant of ACAD10 with This work

Porapap, BBRI origin, and KanR

pBAD35-nd34ACAD10-D463A  Expression vector for D463A inactivation mutant of ACAD10 with This work
Prapap, BBRI1 origin, and KanR

pBAD35-nd34ACAD10-D1040N  Expression vector for D1040N inactivation mutant of ACAD10 with This work
Papap, BBR1 origin, and KanR

pBAD35-ACAD11-D220A Expression vector for D220A inactivation mutant of ACAD11 with This work
Papap, BBR1 origin, and KanR

pBAD35-ACAD11-D753N Expression vector for D753N inactivatino mutant of ACAD11 with This work
Prapap, BBR1 origin, and KanR

pRK2T-Gm-Ptre-lvaABDE Expression vector for lvaABDE Py, RK2 origin, and GmR This work

pRK2T-Gm-Ptre-lvaDE Expression vector for lvaDE Py, RK2 origin, and GmR This work

ditions, the pH of the 4-hydroxyvalerate and 4-hydroxyoctanoate stocks were adjusted
with 5 M HCL

7.3.2 LVA pathway complementation growth assays

Strains of P. putida were grown on solid minimal media containing various carbon sources.
Solid medium was MOPS minimal agar containing 20 mM glucose, levulinic acid, 4-
hydroxyvalerate, or 4-hydroxyoctanoate. The pH was adjusted to 7.2 before sterilization.

Strains containing expression vectors for lva or ACAD genes were grown overnight in
LB with the appropriate antibiotics. The next morning, 1 mL of cultures were washed
one time with 1 mL phosphate-buffered saline (PBS) and diluted 10-fold. Five microliters
were applied to agar plates with a pipette and allowed to dry on the bench. Once the
plates were dry, they were placed in the 30°C or 37°C incubator for 1-3 days. Images

were taken once a day until incubations were complete.
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7.4 Results & Discussion

Levulinic acid catabolism in P. putida is catalyzed by five enzymes encoded in the lva
operon. First, LvaE convert levulinic acid to its CoA thioester, and then LvaD reduces
the ~-keto group to a hydroxyl group, resulting in 4-hydroxyvaleryl-CoA (Figure 7.1a).
Next, LvaA in complex with LvaB phosphorylates the 3-hydroxyl group. LvaC then
catalyzes the last sequence of reactions, whereby pentenoyl-CoA is formed after removal
of the phosphate group of 4-phosphovaleryl-CoA and subsequently hydrated to from 3-
hydroxyvaleryl-CoA. LvaB is a small protein that binds to LvaA and is required for
phosphotransferase activity. P. putida is capable of processing 3-hydroxyvaleryl-CoA
through fatty acid p-oxidation, where the substrates are broken down into acetyl-CoA

and propionyl-CoA.
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Figure 7.1: Catabolic pathway for levulinic acid in P. putida a) Enzymatic reactions required for
levulinic acid catabolism in P. putida. b) Genetic structure of lva operon encoding enzymes in levulinic
acid catabolism. The ACAD enzymes contain two domains that are homologous to LvaA and LvaC,
respectively.

ACADI10 contains three distinct catalytic domains: an N-terminal hydrolase domain,
followed by a kinase/phosphotransferase domain, and then a C-terminal ACAD domain

(Figure 7.1b). ACADI11 contains only the kinase/phosphotransferase and ACAD do-
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mains. The kinase domains of ACAD10 and ACAD11 have 23.9% and 24.3% amino acid
identity to LvaA, respectively, and the ACAD domains have 33.8% and 33.5% amino
acid identity to LvaC. The similarity between aminoglycoside phosphotranferases and
eukaryotic kinases was originally observed through structural homology [486], so the low
sequence identity between LvaA and the kinase domains is expected. It is not known
if the hydrolase domain is involved in the formation of 3-hydroxy-n-acyl-CoAs. In vitro
assays with ACAD11 demonstrated phosphorylation of 4-hydroxyvaleryl-CoA, but so
far, soluble production of ACAD10 has not been achieved (correspondance with E. H.
Rashan).

To determine if ACAD10 and ACAD11 were capable of replacing LvaA and/or LvaC
in levulinic acid catabolism, we obtained single-knockout strains of P. putida for lvaA,
lvaB, and lvaC. The cDNA for ACAD10 and ACADI11 that was originally codon opti-
mized for E. coli expression was then cloned into the pBAD35 backbone. We cloned a
truncated version of ACAD10 where the first 34 amino acids were removed because this
sequence was predicted to be a mitochondrial transfer peptide by TargetP [487]. We also
constructed inactivation mutants of both ACADs. The D463A and D1040N mutations in
ACADI10 inactivated the kinase and ACAD domains, respectively. The analogous muta-
tions in ACAD11 were D220A and D753N. To explore the role of the hydrolase domain
in ACADI10, we attempted to clone a D48A mutant and a G50D mutant, both mutations
in the active site, but we were unable to clone the G50D mutant.

We introduced each expression plasmid into the three P. putida strains mentioned
above and grew them in minimal media with various carbon sources. Initial experiments
were in liquid culture, but the knockout strains were unable to grow in these conditions,
even if the complementary expression plasmid was provided. Instead, we prepared agar
plates of the selection media and tested strains by transferring liquid cultures to solid
media. Four different carbon sources were included in the experiment: levulinic acid,
4-hydroxyvaleric acid, 4-hydroxyoctanoic acid, and glucose. Media with levulinic acid or
4-hydroxyvaleric acid would reveal if the mammalian ACADs could complement portions

of levulinic acid catabolism. Adding 4-hydroxyoctanoic acid as a carbon source would
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Figure 7.2: Complementing knockout strains of genes in levulinic acid catabolism with
ACAD10 and ACADI11. Cells were grown on minimal agar with the stated carbon source (left
panel). The gene knockout is indicated by the right panel. The top and bottom panels state the expres-
sion vector in the corresponding strain. lvaX - expression vector contains the same gene that is deleted
in the host strain. All plasmids were on the pBAD35 backbone.
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reveal if the enzymes have different enzymatic activities on a longer-chain substrate. In
most cases, knockout strains with complementary expression vectors grew on levulinic
acid and 4-hydroxyvaleric acid. However, complementation of the lvaC knockout with
plasmid expression resulted in poor growth compared to the other knockout strains (Fig-
ure 7.2). Notably, ACAD10 expression was able to restore growth on levulinic acid and
4-hydroxyvalerate in the lvaA and lvaB knockout strains. The D463A mutant was not
able to confer growth, demonstrating that ACAD10 was restoring growth through kinase
activity. The D48A mutant also grew in these conditions, so it is unlikely that the hy-
drolase domain is involved levulinic acid catabolism in these experiments. ACAD11 did
not restore growth on levulinic acid and 4-hydroxyvalerate in any knockout strain, and
neither ACAD restored growth in the lvaC knockout strains, suggesting that the ACAD
domains are not functional in P. putida.

P. putida can natively catabolize 4-

hydroxoctanoic acid using a pathway in- & VO\Q v@vo
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dependent of the [va genes, so minimal & & & &
. . . AlvaC
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] : : AlvaABC
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domain led to a noticeable growth de-

Figure 7.3: Complementation of lvaC knock-
out strains with secondary expression plas-
mids for lva operon when growing on lev-
ulinic acid. The labels in the left panel indicate
the gene(s) knocked out in the host strain and the
genes from the [va operon expressed on the sec-
ondary plasmid. The letters in parentheses list
the genes expressed either chromosomally or on the
plasmid. Lower case - the genes are expressed on
the chromosome only. Upper case - the genes are
expressed on the secondary plasmid. The pBAD35-
based expression vectors are described in the top
panel. An equivalent agar plate with glucose as the
carbon source showed growth from all strains.

fect on 4-hydroxyoctanoic acid. ACAD10
is likely catalyzing the formation of 4-
phosphooctanoyl-CoA, and the observed
growth defect could be from P. putida be-
ing unable to catabolize this product. Ex-
pression of any ACADI1 construct pre-
vented growth, so the growth defect is not

due to enzymatic activity and suggests that
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ACADI11 expression is not leading to functional or properly folded enzyme. Considering
that soluble ACAD11 was purified from E. coli production cultures, growth-rescue ex-
periments with an F. coli host may be more likely to show kinase activity from ACADI11.
A derivative strain of E. coli LS5218 is able to grow on levulinic acid when express-
ing the lva operon and could be an alternative host to P. putida for complementation
experiments [476]. These results demonstrate that the kinase domain of ACADI0 is ac-
tive in P. putida, and it is confirmed to be active on 4-hydroxyvalerate and potentially
4-hydroxyoctanoate.

So far, the ACAD domains of both mammalian enzymes do not appear functional.
However, The relatively poor complementation of the lvaC knockout by the gene itself
suggested that the lack of growth could be explained by something other than lack of
activity. The [va operon has a gene upstream of lvaA encoding the transcriptional reg-
ulator, LvaR. This protein represses [va expression, and appears to be antagonized by
4-phosphovaleryl-CoA [488]. The lva operon may have evolved so that this metabolite
accumulates so that gene expression is induced, but overexpressing LvaC or an equivalent
enzyme may increase the rate of consumption, leading to poor expression of the operon.
To account for this possibility, we constructed secondary expression plasmids containing
either lvaABDFE or lvaDE. We introduced these plasmids along with the ACAD10 and
ACADI11 expression vectors to P. putida AlvaC and tested growth of the resulting strains
on minimal agar with levulinic acid. Complementation of the lvaC knockout by pBAD35-
lvaC was greatly improved, demonstrating that the lva operon was poorly expressed in
earlier experiments (Figure 7.3). Unfortuantely, neither ACAD10 or ACAD11 expres-
sion rescued growth, showing that the ACAD domains are not functional in P. putida.
Mammalian ACADs typically use electron-transferring flavoproteins (ETF) as an elec-
tron carrier [489, 490]. P. putida likely lacked a compatible electron carrier, preventing

ACAD activity.
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7.5 Conclusions

Although the results are limited, there is some evidence that ACAD10 and ACADI11
are capable of processing 4-hydroxy-n-acyl-CoAs in a manner similar to levulinic acid
catabolism in P. putida. Through growth experiments with P. putida and in vitro assays,
we demonstrated that ACAD10 and ACAD11 phosphorylate the hydroxy group in 4-
hydrxyvaleryl-CoA. More experiments are necessary to demonstrate isomerization to 3-
hydroxy-n-acyl-CoAs by the ACAD domains. Future investigations should focus on the
role of electron carriers in ACAD activity. Interactions between ACADs and ETFs are
essential for tying fatty acid metabolism to oxidative phosphorylation in mammalian cells,

which likely limits the utility of bacterial hosts for mammalian ACADs.
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8.1 Summary of Thesis Research

Drug development in the future will continue to depend on natural product discovery,
but new discovery platforms are needed to keep up with modern demands. These new
methods are primarily enabled by increased access to genetic information from next-
generation sequencing technologies. In order to fulfill the metabolic potential of this rela-
tively new resource, researchers will rely on synthetic biology and metabolic engineering.
Modern drug discovery platforms will involve engineering microbial hosts, pathways, and
biosynthetic enzymes to synthesize novel natural products. Throughout this thesis, we
explored all three of these aspects for engineering polyketide and nonribosomal peptide
biosynthesis. Specifically, methods for production host engineering, metabolic pathway
optimization, and modification of enzyme substrate specificity are evaluated for their po-
tential to generate compounds of interest. In the examples discussed below, we aimed
to standardize engineering techniques with well-characterized synthetic biology tools and
with high-throughput selection schemes.

Humans have a long history of manipulating biological systems for their benefit. This
natural ingenuity eventually transformed into the fields of medicinal chemistry and bio-
process engineering, which were instrumental in drug development and distribution in
the twentieth century. This approach relied on the discovery and optimization of existing
compounds and production strains. In Chapter 1, we introduced strategies for drug
discovery based on molecular biology and compared rational and evolutionary techniques
within the fields of synthetic biology and metabolic engineering. Understanding and ma-
nipulating molecular biology processes is essential for constructing production strains.
When a system of interest is well-characterized, rational methods and systems biology
are powerful tools for designing and testing variants. For poorly understood systems,
laboratory evolution allows the processing of large libraries and isolation of variants that
meet the design target. We conclude this chapter by explaining the synthetic biology and
metabolic engineering challenges inherent to natural product biosynthesis.

The major challenges of engineering natural product biosynthesis, particularly for

polyketides and nonribosomal peptides, lie in the lack of a priori knowledge of production
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hosts and biosynthetic pathways. In Chapter 2, we outline attempts to circumvent the
disadvantages of native hosts by engineering heterologous hosts to produce compounds
of interest. Ideal heterologous hosts have a collection of well-characterized genetic tools,
and we highlight efforts to domesticate P. putida as a metabolic engineering chassis.
Heterologous hosts enable the expression and elucidation of uncharacterized biosynthetic
gene clusters (BGCs). Manipulating natural product biosynthesis through protein engi-
neering also requires expression hosts with genetic tools, so heterologous hosts are often
the ideal host for these projects. This review also demonstrated that the application of
cutting-edge genetic tools and metabolic engineering methods towards natural product
biosynthesis has been limited.

Next, we presented several genetic tools that were generated for use in P. putida
KT2440, a popular chassis strain for bioprocesses (Chapter 3). Several inducible pro-
moter systems were compared for heterologous gene expression, and we discovered that
lacl expression needed to be optimized to improve expression from lac promoters. Copy
numbers for three common broad-host range origins were determined, with considerable
implications on future metabolic engineering projects. Two of the three origins were
found to have high copy numbers, which led to a growth defect in P. putida cultures.
Lastly, we implemented a Cas9-assisted homologous recombination method for creating
genomic deletions in P. putida, which out-performed other genome editing methods that
the lab used previously.

The primary motivation for characterizing genetic tools for P. putida was to ap-
ply them towards engineering secondary metabolism. In Chapter 4, we expanded our
genome editing tools for chromosomally integrating large BGCs, which facilitated the het-
erologous production of two natural products, prodigiosin and glidobactin A. Promoter
and RBS optimization was used to improve expression of the heterologous BGCs, result-
ing in the highest prodigiosin titer of 1.1 g/L. We found that media formulations that
elicit a strong response of carbon-catabolite repression to be worse for heterologous pro-
duction. Through chromosomal modifications, we further increased glidobactin A titers

by overexpressing key accessory proteins and deleting a competing pathway. MLP ex-
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pression was crucial for improving production of glidobactin A from the MLP-dependent
pathway from S. brevitalea. Providing a heterologous PPTase also improved production
for both glidobactin BGCs. Lastly, we investigated the influence of PHA biosynthesis
as a competing pathway in production strains. Deleting the PHA synthases slightly im-
proved heterologous production in glycerol-based media if a regulatory protein was also
deleted. These mutations had a greater effect on glidobactin A production and increased
the highest titer to 470 mg/L glidobactin A.

An intriguing avenue for engineering natural product biosynthesis is through modify-
ing substrate specificity in key biosynthetic enzymes. In Chapter 5, we explored various
approaches to engineering substrate activation in NRPSs, the findings of which provided
lessons for future engineering attempts. First, we summarized a collaboration with the
Thomas Lab where we employed directed evolution to study the active-site residues in
the adenylation domain of an NRPS. This work revealed that L-serine-specific adenyla-
tion domains in bacteria share a functional sequence space that extends beyond what has
been observed in Nature, but these domains likely possess a strong bias towards their
native substrate. Attempts to alter substrate specificity of other adenylation domains
based on these findings were not successful. An alternative strategy for modifying adeny-
lation domains is through subdomain swaps, and we briefly investigated this strategy for
engineering the pyoverdine NRPS in P. putida. It was possible to construct functional
chimeric enzymes with this approach, but they performed poorly compared to wild-type.
Optimization of the subdomain boundary locations are needed to fully assess this strategy
for NRPS engineering.

Using our experience in engineering P. putida as a heterologous host, we attempted
to produce an extracellular enzyme (Chapter 6). Expression and secretion of this en-
zyme requires a specific chaperone that is natively expressed in the same operon as the
enzyme. A panel of plasmid-based constructs were compared for heterologous expression
in P. putida, and we found that the combination of the RK2 origin with the trc promoter
resulted in the highest inducible gene expression. Interestingly, the rha promoter had

extremely high basal expression in most cultivation conditions. Next, we showed that
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P. putida secretes some native proteins into the media, and expression of the extracel-
lular enzyme resulted in an increase in the number of proteins in culture supernatants.
SDS-PAGE and Western blot analysis of production strains demonstrated that enzyme
accumulated in the periplasm (in P. putida and in an alternative strain of P. fluorescens),
suggesting that proteins in the Xcp pathway did not optimally recognize heterologous en-
zyme. In Chapter 7, we similarly express two mammalian ACADS in P. putida to deter-
mine if they could functionally replace steps in levulinic acid catabolism. Both ACADs
contain a kinase domain with structural homology to bacterial phosphotransferases, and
one enzyme, ACADI10, was able to complement a knockout of the phosphotranferase

required for levulinic acid catabolism.

8.2 Future Directions

There are several avenues for building upon the work described herein. We discuss these
potential projects in the following sections, with a focus on expected challenges and the

impacts completion would have on their respective fields.

8.2.1 Discovery and Production of Cyanobacterial Natural
Products

The most prudent application of synthetic biology towards producing novel drug can-
didates is the expression of uncharacterized BGCs in heterologous hosts. It is common
for microorganisms to contain multiple BGCs with the potential to produce secondary
metabolites, and it is not always possible to determine the corresponding metabolite
for every BGC [34, 491]. Native hosts can be modified to activate BGCs of interest,
but this strategy is not viable for hosts that are genetically incalcitrant or are difficult
to cultivate in laboratory conditions. This is especially true for marine bacteria and
cyanobacteria, which received attention recently for their secondary metabolite potential
[416]. However, marine bacteria may not be amenable to robust growth in laboratory

media and cyanobacteria typically have longer doubling times compared to heterotrophs,
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Figure 8.1: Fischerella sp. PCC 9431 contains several BGCs encoding PKSs and NRPSs.
a) Fischerella sp. PCC 9431 natively produces the lipopeptide, hapalosin, and has the potential to
produce the sunscreen, shinorine. b) There are five BGCs encoding PKSs and NRPSs, including those
responsible for shinorine and hapalosin biosynthesis. Region numbers refer to the numbering of the
BGCs from output from antiSMASH analysis in Figure E.1.

so elucidating BGCs from marine bacteria often requires heterologous hosts.

One such cyanobacterium is Fischerella sp. PCC 9431 (formerly known as Ha-
palosiphon welwitschii UTEX B1830), a member of filamentous cyanobacteria that con-
tains several orphan BGCs [492]. Analysis of this strain’s genome with antiSMASH [493]
identified seventeen regions with the potential of producing secondary metabolites, five
of which contained genes for PKSs and NRPSs (Figures 8.1, E.1). Two of these BGCs
contain genes likely to produce the UV-absorbing compound, shinorine, and hapalosin,
a drug candidate for chemotherapies [87, 278]. Shinorine biosynthesis involves a single
NRPS module and hapalosin is synthesized by a hybrid PKS/NRPS (Figure 8.1b).

The BGCs illustrated in Figure 8.1b have several features that are relevant to findings
from Chapter 4. The largest BGC is approximately 42 kb, and all BGCs encode genes that
appear to be expressed in the same direction in a single operon, so rapid construction
of production strains through one-step integrations should be possible. Although, a
previous attempt to express the hap BGC identified a likely terminator sequence between
the first two genes of the BGC [87]. No regions encode a PPTase, similar to the two
glidobactin BGCs discussed here. Sfp from B. subtilis has been shown to poorly activate
carrier proteins from a Fischerella species compared to cyanobacterial PPTases [250],
so alternative PPTases will likely need to be investigated for optimizing heterologous

production. The largest BGC also encodes an MLP that is likely required for activity of
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some of the seven adenylation domains in the pathway. This is the only MLP encoded
in the genome of Fischerella sp. PCC 9431, so interactions between this MLP and other
NRPSs in the native host can also be investigated.

This proposed work could lead to the discovery of novel natural products and would
establish P. putida as an alternative host for producing cyanobacterial natural prod-
ucts. There is considerable interest in developing heterotrophic hosts to produce these
compounds because their faster growth rates allow for higher productivity compared to
cyanobacterial hosts. Researchers have achieved modest titers engineering both FE. coli
and S. cerevisiae as heterologous hosts for cyanobacterial natural products [494, 495].
The various NRPSs encoded among these BGCs will also provide valuable information
on substrate specificity, as several of the encoded A domains do not have strong predic-

tions for their preferred substrate.

8.2.2 Systematic evaluation of chromosomal loci for
heterologous expression

Future metabolic engineering projects with P. putida will require chromosomal integra-
tions due to issues with plasmid stability and plasmid-induced growth defects. Multiple
techniques have been used to integrate genetic constructs into the P. putida chromo-
some, and each one enables a different level of control over the location. Tnb transpo-
sition integrates DNA into random positions [230], Tn7 transposition integrates directly
downstream of the conserved gene glmsS [383], and homologous recombination allows the
user to choose the location by designing regions of homology in the integration construct
[231]. Recently, Chaves and colleagues showed that heterologous expression can vary at
different chromosomal loci by comparing seven integration sites throughout the P. putida
chromosome [496]. However, due to the diversity in integration techniques available for
P. putida, researchers have often used locations that were not evaluated in this study. A
higher-resolution analysis of heterologous expression across the chromosome is needed to
evaluate common integration loci and determine if more optimal loci exist.

Tnb transposition is a powerful tool for generating libraries where each mutant has
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Figure 8.2: Location of chromosomal integration affects heterologous expression in P. putida
a) A sample of P. putide Tn5 mutants expressing sfGFP shows variable levels of fluorescence, including
locations for glmS and the pvd operon. b) Circular representation of the data presented in panel
A. ¢) Fluorescence-activated cell sorting (FACS) with pooled libraries of strains containing barcoded
expression constructs would provide more statistically significant data on heterologous protein production
throughout the P. putida chromosome. d) Alternatively, NGS technologies can provide information on
the effect of integration loci on transcription.
a transposon inserted into a unique location on the chromosome [22, 497]. We used this
technique to create a modest library of P. putida strains expressing sfGFP at various
chromosomal loci. Next, mutants were evaluated in 96-well plates, and 14 representative
mutants were sequenced to determine their integration site (Figure 8.2a). We also ob-
served variability in expression among the mutants, and heterologous expression was gen-
erally lower near the replication terminus (ter) of the chromosome. Sequencing individual
mutants required a two-step PCR method that is not easily scaled for high-throughput
analysis [384], so alternative methods are necessary to analyze larger libraries.

A solution for scaling up analysis of Tnb mutants is to create pooled libraries with bar-
coded transposons, where each mutant has a short (approx. 15 bp) and unique sequence
included with the expression construct. The barcodes can be linked to the chromosomal

locus and to the transposon performance. For example, a pooled library can be analyzed

by fluorescence-activate cell sorting (FACS) (Figure 8.2¢). Individual cells can be binned
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based on their fluorescence intensity, and next-gen sequencing would then provide the
location of each mutant, link it to a barcode, and finally reveal the prevalence of each
barcode in each bin. This method is advantageous because it captures how location can
affect protein production, but the readout resolution is limited by the size and number
of bins that are technically feasible.

Another pooled library approach that would allow for high-resolution evaluation of
individual mutants is to use only next-gen sequencing technologies. DNA sequencing
would again link each barcode to a chromosomal locus, but afterwards, DNA sequencing
and RNA sequencing can be used in parallel to determine the amount of transcript relative
to the amount of corresponding DNA (Figure 8.2d). This is a powerful technique that

revealed several chromosomal features affecting heterologous expression in E. coli [497).

8.2.3 Modifying the Substrate Specificity of a Bi-specific
NRPS Module

While there are some successes among NRPS engineering strategies, most still have con-
siderable limitations. For example, domain substitution strategies are often limited by
the substrate specificity of neighboring domains or require sequence identity between
alternative domains. However, the A domain swap strategy reported by Calcott and
co-workers appears to be the most versatile so far [126]. The authors discovered that
the N-terminus of the C-A linker was the optimal N-terminal boundary for A domain
substitutions (Figure 8.3a), resulting in chimeras that outperformed those constructed
from C-A di-domain and A subdomain substitutions. Furthermore, they demonstrated
that this strategy yielded functional chimeras from parent enzymes with relatively low
homology.

This strategy could be applied towards the NRPS responsible for capreomycin biosyn-
thesis, which involves a bi-specific module that activates both L-serine and L-alanine
[437]. The L-serine derivative (capreomycin [A) has stronger antibiotic activity against
Muycobacterium tuberculosis, so the activity of capreomycin extracts could be improved

through A domain substitutions. There is an abundance of L-serine-specific NRPSs across
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Figure 8.3: An adenylation domain substitution would enable directed evolution of bi-specific
domain in capreomycin biosynthesis. a) The N-terminus of the C-A linker has been found to be
the optimal boundary for generating functional NRPS chimeras. Protein structure shows the C (light
blue) and A (light green) domains of EntF, with the A domain bound to its cognate MLP (pink). The
A-PCP linker is not shown in the structure. b) Two homologous A domains in each of the capreomycin
and viomycine NRPSs have similar specificity codes to L-serine-specific A domains. The first A domain
(VioA_A1/CmnA_A1) recognizes L-2,3-diaminopropionate (L-Dap), and only differs in one residue in its
specificity code compared to EntF. The second A domain (VioA_A2/CmnA_A2), recognizes L-serine and
L-alanine, and has four different residues in its specificity code.

mutiple genera, including Pseudomonas and Streptomyces, that would provide candidate
A domains for chimeric enzymes.

Alternatively, A domain substitutions could provide an opportunity to investigate
substrate specificity of bi-specific A domains via directed evolution. As demonstrated
in Chapter 5, enterobactin synthesis is a powerful selection platform for evolving L-
serine-specific A domains. Capreomycin and viomycin biosynthesis contain homologous
A domains that activate L-serine and L-alanine (VioA_A2/CmnA_A2), and a chimeric
EntF containing either of these A domains would enable the isolation of mutants with
increased specificity towards L-serine. The specificity codes of these domains resemble
that of EntF and other L-serine codes rather than L-alanine codes, and they differ from
the EntF code by four residues (Figure 8.3b). Initial directed evolution experiments
would focus on these four residues, but mutations throughout the remainder of the A

domain may also be necessary for evolving specificity.

Intriguingly, the first A domains in VioA and CmnA have a specificity code that
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more closely resembles L-serine codes, with only one residue differing from the code of
EntF (Figure 8.3b). Notably, no variants with the VioA_A1/CmnA_A1 specificity code
appeared in the EntF libraries discussed in Chapter 5. Both of these domains activate L-
2,3-diaminopropionate, which is structurally similar to L-serine, and have a small amount
of activity on L-serine in vitro. Directed evolution on these A domains in EntF chimeras
would lead to the discovery of mutations that confer altered specificity towards L-serine.
Due to the similar specificity codes of these domains and L-serine-specific domains, these
mutations would likely appear outside of the active site residues.

Regardless of which A domains are targeted, directed evolution in EntF chimeras is a
versatile approach to isolate rare mutations that alter substrate specificity in NRPSs. The
EntF scaffold limits directed evolution studies to L-serine activation, but this approach
could be applied to other siderophore systems containing NRPSs, such as bacillibactin
from B. subtilis and the pyoverdines from fluorescent Pseudomonads. Expanding this
strategy to other siderophore systems will be crucial to improving our understanding of
A domain specificity. While in the short term, A domain substitutions appear to be a
versatile approach to engineering NRPSs to synthesize natural product derivatives, the
directed evolution of important residues in A domains will provide fundamental knowledge

on A domain activity.

8.3 Grand Challenges

Natural product discovery is in a new phase that is dependent on metagenomics and
genome mining to find new BGCs. In order to access the novel drug candidates encoded
in these sequences, researchers need tools for synthetic biology and metabolic engineering.
Adoption of cutting-edge techniques within these fields towards natural product biosyn-
thesis has been limited, primarily because most bacterial hosts capable of producing
these compounds have relatively fewer genetic tools. Significant efforts have been made
towards the domestication of non-model organisms, which can be applied towards native

and heterologous hosts for producing secondary metabolites. Future projects should focus
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on rapidly developing hosts for producing target compounds, as ideal hosts for products
from various genera still have not been identified [498]. Researchers should also take
advantage of the natural diversity available in microbiology and metagenomics by sam-
pling various production hosts or biosynthetic pathways for accessing novel compounds
[499, 309]. These approaches will be necessary to identify new classes of medically-relevant
compounds, which are more impactful for providing drug candidates for clinical trials,
similar to how the discovery of lipopeptides and arylomyicins has led to new classes of
antibiotics in recent years [500, 407].

While enzyme engineering is a more academically fascinating approach to producing
natural product derivatives, considerable progress is needed before an impact is made
towards clinical trials and beyond. Modular enzymes often show product plasticity, and
successful attempts to engineer substrate specificity are rare and have caveats that prevent
wide-spread application. In the case of building chimeric enzymes, systematic approaches
to determine the optimal domain boundaries are necessary to develop universal strategies
for enzyme engineering [126]. Alternatively, mutating the specificity-conferring residues of
gatekeeper domains will require laboratory evolution in order to isolate desired mutants.
Bacterial PKSs and NRPSs have primarily evolved through domain and module substi-
tutions, duplications and deletions [128, 458], so the natural diversity present in these
enzymes will not provide the information required to guide these efforts. Switching sub-
strate specificity through random mutations will likely require a significant restructuring
of the active site, and this process may resemble “walking bac” towards a sequence that
is similar to an ancestral generalist before re-evolving towards a desired specificity [501].
Lastly, a major limitation in attempts to engineer PKSs and NRPSs is that strategies for
improving protein solubility and activity are virtually non-existant, and improving func-
tional expression of these enzymes when scaling-up production cultures would improve

bioprocesses centered around natural products.
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Appendix A

Genetic Tools for Reliable Gene
Expression and Recombineering in
P. putida

A.1 Supplementary Figures and Tables
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Table A.1: Copy numbers of broad host range plasmids in E. coli MG1655 and P. putida KT2440 in
stationary phase. Values were calculated on a per-cell basis.

Origin E. coli copy number P. putida copy number
BBR1 3.0+ 0.6 120 + 20
BBR1-UP 24 +3 370 + 70
BBR1-B5 32 +1.6 230 + 60
RK2 1.7+ 0.5 100 + 20
RSF1010 4.4+ 22 280 + 50
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Figure A.3: P..p expression in the presence of AraE and flow cytometry analysis of P,..p
expression in P. putida. a) Fluorescence of P. putida populations replicating pBb(B5)8k-
sfGFP with and without araF expression from pRK2-AraE. Error bars represent one stan-
dard deviation. b) Histogram of P. putida populations replicating pBBR8k-GFPuv with
different arabinose concentrations. Number of events is plotted as a running average with
a window of 40 data points.
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Figure A.4: Colony PCR screens used to determine editing efficiency of four P. putida
knockouts using the 2-step ARed/Cas9 recombineering protocol. Positive screens detected
presence of the deletion. Negative screens detected presence of the wild type sequence.
NT = no template control. WT = wild type control. All sample lanes not labelled as NT
or WT are colonies picked from the indicated recombineering experiment.
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Figure A.5: Colony PCR screens used to track loss of deletion when isolating colonies from
transformants. The pvdJ knockout is used here as an example. Most transformants initially
test positive for deletion, but after re-streaking, colonies lose the deletion genotype. Most
colonies do not retain the wild type sequence. NT = no template control. WT = wild type

control. DC = deletion control.
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Appendix B

Heterologous expression of
biosynthetic gene clusters in P.
putida

B.1 Supplementary Figures and Tables
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Figure B.1: Verification of prodigiosin quantification. a) Absorbance spectrum of prodigiosin ex-
tracted from P. putida in acidified ethanol. b) Determination of molar extinction coefficient with various
“contaminants” in solvent. A prodigiosin standard was diluted in acidified ethanol containing either no
contaminant, 1% (v/v) dodecane, or 1% (v/v) RK media. The addition of dodecane or RK media did not
have a noticeable effect on prodigiosin quantification. The slopes of the standard curves correspond to
the molar extinction coefficient of prodigiosin at 535 nm for each condition. Prodigiosin titers reported
in this manuscript were calculated using the reported value of 139,800 M cm™. ¢) Demonstration of
consistent production titers from independently cloned prodigiosin producers (all equivalent to PIGO01).
The two-step protocol for integrating the pig cluster with P,;, was repeated three times and a verified
colony from each attempt was isolated. Each strain had a similar production titers.

Figure B.2: Silica gel chromatography for glidobactin purification and thin-layer chromatog-
raphy (TLC) analysis. Select fractions from chromatography purification of crude glidobactins were
analyzed by TLC. Fractions F10-F12 had a white solid after the solvent was removed and were the
fractions combined for creating the glidobactin standard. Fractions F25-F27 had a brown solid after
removing the solvent and correspond to a native compound from P. putida. WT=wild-type P. putida
KT2440. FE=full extraction from production strains before purification. F10-F27=fractions collected
from eluent.
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Figure B.3: Additional effects on glidobactin production. a) HPLC traces of glidobactin extracts
from production cultures in RK glycerol vs. glucose. Extracts were created through acetone-ethyl acetate
protocol. b) Changes in MLP expression do not effect glidobactin production in P. putida LUMOL.
Samples in panels (b) and (c) were analyzed on HPLC with a different mobile phase gradient (5% mobile
phase B to 100% B over 15 minutes), hence the different retention time for glidobactin A. Extracts were
created through acetone-ethyl acetate extraction. d) Effect of culture volume on glidobactin production
from strains overexpressing a PPTase. Media was RK glycerol and 25-mL cultures were in 250-mL non-
baffled flasks and 3-ml cultures were in tubes. Extracts were created through butanol extraction.

it - i | || | (| (Sl [ T (e (S

P. putida LUMO1 RT-PCR P. putida GLB01 RT-PCR

RT:

Figure B.4: RT-PCR results from LUMO0O1 and GLBO01 confirming transcription through the
entire operon for each gene cluster. Strains were grown in typical growth conditions (250 mL flasks,
RK glycerol) and cells were harvested for RNA extraction at 24 hours of growth.
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Figure B.5: 'H-NMR spectrum for purified glidobactin A. The doublet peak corresponding to
the methyl group on the L-threonine residue (ppm=1.05) was used to quantify the concentration of
glidobactin in the sample.

Table B.1: Genes and their encoded proteins from the prodigiosin BGC from S. marcescens ATCC274.

Gene Length (aa)

Protein accession Putative encoded protein

number

pigA
pigB
pigC
pigD

pigk
pigh
pigG
pigH
pigl

pigJ

pigK
pigL

pight
pigN

385
671
888
904

853
338

87
648
490
762
104
215
352
242

WP_161545167
WP_161545166
WP _161544455
Q5W251

CAHH5650

WP_004940222
WP_004940224
CAHb55653

CAHbH5654

WP_060444127
WP_004940233
WP_161544452
WP_060444125
WP_016928822

Acyl-CoA /acyl-ACP dehydrogenase
FAD-dependent oxidoreductase
Phosphoenolpyruvate synthase
Thiamine diphosphate dependent
3-acetyloctanal synthase
Aminotransferase
Methyltransferase domain-containing protein
Peptidyl carrier protein
Aminotransferase

L-prolyl-AMP ligase

Polyketide synthase

RedY-like protein
4’-phosphopantetheinyl transferase
Hypothetical protein
Oxidoreductase
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Table B.2: Genes and their encoded proteins from the glidobactin A BGCs from P. luminescens TTO01

S. brevitalea sp. nov. DSM7029.

Gene or ORF Length Protein Amino acid Putative encoded protein
(aa) accession percent
number identity
glbA 337 WP_053013498 N/A LysR-type regulator
N/A N/A N/A
glbB 286  AKJ29081 52.1% Lysine 4-hydroxylase®
PLU_RS09380 272 QTN5HR2
glbC' 4,181 WP_053013497 52.7% Hybrid non-ribosomal
PLU_RS09375 4,160 CAE14173 peptide synthetase and
polyketide synthase
glbD 436 WP_083438241 50.7% Major facilitator superfamily
PLU_RS09370 421 WP_011146144 transporter
glbE 73 WP_047194803 N/A MbtH family protein
N/A N/A N/A
glbF 1,083 WP_083438240 51.0% Non-ribosomal peptide
PLU_RS09365 1,065 WP_011146143 synthetase
glhG 121 WP_047194802 47.9% Nuclear transport factor 2
PLU_RS09360 119 WP_109791494 family protein
glbH 472 AKJ29075 N/A 2-nitropropane dioxygenase
N/A N/A N/A

“Annotated as hypothetical protein, but verified in Amatuni and Renata [502].
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Table B.3: Editing efficiencies of chromosomal deletions and exogenous DNA insertions in P. putida

KT2440
(a) Editing efficiency of chromosomal deletions via ssDNA recombineering in P. putida KT2440
Gene(s) Function Location on Length of Oligo Recovery Correct
chromosome deletion (bp) time clones
sotB Suggar efflux transporter 3,404,994 1,227 Lagging strand 2 hr 4/15 (27%)
Lagging strand 3 hr 6/15 (40%)
Lagging strand 6 hr 8/15 (53%)
Leading strand 2 hr 0/15 (0%)
glpR Transcriptional regulator 4,948,189 714 Lagging strand 3 hr 13/15 (86%)
phaG Hydroxyacyl-ACP:CoA 4,574,340 855 Lagging strand 3 hr 0/15 (0%)
transacylase
phaC1ZC2 PHA polymerases 482,351 4,287 Lagging strand 3 hr 0/31 (0%)
and depolymerase
PP_3808 MbtH family protein 1,846,105 195 Lagging strand 3 hr 6/7 (86%)

(b) Editing efficiency of chromosomal deletions via circular dsDNA recombination in P. putida KT2440

Gene(s) Function Location on Length of Recovery Correct
chromosome deletion (bp) time clones
phaC1ZC2 PHA polymerases 482,351 3 hr 15/30 (50%)
and depolymerase
pvdlJD Non-ribosomal peptide 1,388,034 3 hr 7/7 (100%)

synthetases

(c) Editing efficiency of BGC insertions via circular dsDNA recombination in P. putida KT2440

BGC Product Location on Length of Recovery Correct
chromosome insertion (bp) time clones

pig  Prodigiosin 1,388,034 93,247 3 hr 13/15 (86%)

lum Glidobactin A 1,388,034 22,255 3 hr 15/15 (100%)

glb  Clidobactin A 1,388,034 99,367 3 hr 15/15 (100%)

ant Anthraquinones 1,388,034 12,506 3 hr 15/15 (100%)
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Appendix C

Characterization and manipulation
of bacterial siderophore systems

C.1 Supplementary Figures and Tables
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Figure C.1: A domains in siderophore sys-
tems are dependent on cognate MLPs
for expression and activity. a) In wvitro
activity of the two A domains in DhbF, F1
and F2, both require addition of their cog-
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Figure C.2: PfAgo is a programmable re-
striction enzyme a) Purification of Strep-
tagged PfAgo with Akta Start. b) SDS-
PAGE analysis of fractions from purification
protocol. PfAgo ran slightly over 75 kD. c)
Digestion of linear DNA with purified PfAgo.
Oligos were designed to target the single guide
RNA CDS of pgRNAcm-pvdDShell2. Plasmid
DNA was linearized by ApaLl digest. PfAgo
and oligo concentrations ranged from 0.06-
0.24 pM. Negative control contained 0.24 pM
PfAgo/oligos and linearized pgRNAcm-fpvA.
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Figure C.3: Cas9-assisted LCHR is more efficient with ARed compared to RecET enzymes.
Recombination efficiency of insertion of gentamycin resistance marker (GmR) into target plasmid. GmR
was provided as a linear PCR product with 40, 80, or 200 bp of homology to target plasmid. Cloning
strains were GB05-red (Red) or GB05-dir (RecET), which expressed the recombinases on the chromo-
some. Cas9 was expressed on the plasmid pSC101-Cas9. Double-stranded break (DSB) was induced by
transforming pgRNAcm-RBS, which targeted the target plasmid. “No DSB” samples were transformed
with pgRNAcm-4242; which did not target any plasmid or location in the chromosome. The number of
transformants with the desired GmR insertion was determined by plating on LB agar with gentamycin.
The recombination efficiency is defined as the sample CFU/mL divided by the CFU/mL of the corre-
sponding “DSB” plated without gentamycin.
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Appendix D

Production of a heterologous
extracellular enzyme in P. putida

D.1 Supplementary Figures and Tables
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Figure D.1: Range of predicted translation initiation rates for RBS library. Library was
calculated using the truncated peptide leader. The 5’ untranslated region (UTR) was varied only in
the basepairs corresponding to the Shine-Dalgarno sequence (6-bp sequence ending 8 bp upstream of the
start codon). The library input was gaattcaaaagatcttttaagNNNNNNatatacat. The maximum translation
rate was extraordinarily high. We typically see around 20,000 AU as the maximum translation rate. This
suggests that the codon usage for the 5’ end of the CDS is compatible wit that of P. putida. The Shine-
Dalgarno sequences for RBS1 and RBS2 are GAGGAA and GAGAAC, respectively. RBS1 and RBS2
have a predicted translation initiation rate of 52,100 and 13,000 for the full enzyme leader construct,
and 123,000 and 30,600 for the truncated leader construct.

Table D.1: Predicted secretion signals for various enzyme sequences using SignalP. Leader peptides are
recognized by the Sec pathway, which will recruit proteins to the periplasm.

Protein SignalP Prediction Sec Score Tat Score
Enzyme homolog Sec 0.8075 0.1540
Native enzyme Sec 0.7955 0.1547
Leaderless enzyme None 0.0105 0.0005

Enzyme with truncated leader Sec 0.973 0.185
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Table D.2: P. fluorescens strains from NRRL considered for heterologous expression. Strains listed in
bold were investigated in this project. N/A — strain was isolated after time of publication for source on
enzyme secretion.

Strain Secretes enzyme Notes

B-10 No ATCC 948; no recombinant DNA examples in literature
B-11 Yes ATCC 949; no recombinant DNA examples
B-1029 No NCTC 1385; not much available literature
B-1603 Yes ATCC 14150; no recombinant DNA examples
B-1609  Yes Strain 12; No recombinant DNA examples
B-1796  Yes Not much available literature

B-1800  Yes Strain 35f

B-1801  No Strain 41f

B-1802 No Strain 43f

B-1964  Yes Strain S-177

B-2322  Yes Strain HCCB 29

B-2550 No Strain A3.12; no recombinant DNA examples
B-3178 No ATCC 17926; no recombinant DNA examples
B-4192  No ATCC 25289; no recombinant DNA examples
B-4290  Yes

B-29629 N/A Recent isolate
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Appendix E

Supplementary Information: Future
Directions

E.1 Supplementary Figures and Tables
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