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Summary

C. SUMMARY

Natural products (NPs) are a valuable source of potentially useful pharmaceutical compounds
and have been a focus of scientific research for a long time. Obtaining these compounds from
the native producer is often limited or even impossible, which highlights the significance of
recombinant production in appropriate microbial hosts. As Pseudomonas putida has already
demonstrated to be a promising heterologous host, this thesis aimed to establish strategies for
harnessing the potential of P. putida as a robust production platform for several NPs.

First, the criteria identified by prior research for generating a robust Pseudomonas chassis
were reviewed and applied in subsequent studies. For stable and straightforward strain
generation, a fully modular genetic toolbox was established, which enables the random as well
as site-specific chromosomal integration in different genomic loci. This toolbox could be used for
the integration of genes encoding biosynthetic pathways and other bioprocess-relevant features
in subsequent studies. Pathway engineering was then carried out using the established vector
series to genomically introduce genes involved in precursor supply or entire additional precursor
biosynthetic pathways.

Further, the release and extracellular storage of the produced NP was pursued with different
strategies. For the first time, engineering the formation of outer membrane vesicles, a native
stress response in Gram-negative bacteria, was explored to support NP biosynthesis in
P. putida. Using a two-phase cultivation with polyurethane foam cubes as an adsorbent resulted
in the extracellular accumulation of the major part of produced prodiginines and arcyriaflavin A,
with over 95% of each compound recovered from the cubes. Finally, access to diverse NPs and
their derivatives was enabled by combining biology with classical chemistry to build tailored
biosynthetic pathways. Namely, production of new-to-nature hydroxylated and cyclic
prodiginines was achieved through a hybrid synthesis route that involves adding chemically
prepared building blocks as well as artificial biosynthetic pathway expansion or late-stage
chemical conversion of the bioproduct, respectively. This showcase underlined the value of
combining different biosynthetic concepts like (combinatorial) biosynthesis, muta-, and
semisynthesis. By applying all mentioned strategies, the recombinant production of several NP
classes was realized in P. putida KT2440, which include rhamnolipids, terpenes, and especially

alkaloids such as prodiginines, violacein, and arcyriaflavin A.

In conclusion, genetic as well as biosynthetic tools were established, and engineering strategies
were investigated to help to ensure strain stability, to access diverse NPs, and to enhance
bioprocess productivity of the chosen host organism. These findings contribute to research
aimed at harnessing the potential of P. putida as a recombinant production host and may
significantly minimize the effort required to generate an optimal chassis organism hosting novel

biosynthetic pathways in the future.

v



Zusammenfassung

D. ZUSAMMENFASSUNG

Naturstoffe stellen eine bedeutende Ressource flr die Entwicklung wichtiger Pharmazeutika dar
und befinden sich schon seit langerer Zeit im Fokus der wissenschaftlichen Forschung. Der
natlrliche Produzent dieser Naturstoffe kann jedoch haufig nicht als Quelle dieser Stoffe
dienen, weshalb sich die rekombinante Produktion in einem geeigneten mikrobiellen Wirt als
vielversprechende Alternative erwiesen hat. Das Ziel dieser Arbeit bestand darin, verschiedene
Strategien zu entwickeln, um Pseudomonas putida, der bereits zuvor als vielversprechender
heterologer Wirt beschrieben wurde, als eine robuste Produktionsplattform fir diverse
Naturstoffe zu etablieren.

Hierfir wurden wesentliche Kriterien, die aus der bisherigen Forschung zur Erzeugung
robuster Chassis bekannt sind, zusammengetragen und in unterschiedlichen Studien
angewandt. Eine modulare Toolbox wurde entwickelt, die sowohl eine zufallige als auch
gezielte genomische Integration von Genen, die Biosynthesewege oder andere Bioprozess-
relevante Funktionen kodieren, in verschiedene Genom-Loci erméglicht. Dies wurde in weiteren
Studien erfolgreich zur Stammerzeugung eingesetzt. So konnten auch Gene, die an der
Synthese von Vorstufenmolekiilen beteiligt sind oder sogar ganze alternative Synthesewege
kodieren, in das Genom integriert werden, um die Biosynthese der jeweiligen Naturstoffe zu
optimieren.

Im weiteren Verlauf wurde die Produktivitdt durch Freisetzung und extrazellulare
Anreicherung des Naturstoffs optimiert, woflir verschiedene Strategien untersucht wurden.
Erstmals wurde in P. putida die Bildung von sogenannten outer membrane vesicles, eine
naturliche Stressantwort von Gram-negativen Bakterien, gezielt genetisch beeinflusst und ein
Einfluss auf die Naturstoffproduktion beobachtet. AuRerdem fiihrte eine Zweiphasenkultivierung
mit Polyurethanschaumwiirfeln als Adsorbens dazu, dass die extrazellulare Akkumulation von
Prodigininen und Arcyriaflavin A erhdht wurde und Uber 95% der produzierten Menge aller
untersuchten Naturstoffe in den Schwammen zu finden war. AbschlieRend konnten mithilfe der
Kombination aus Biologie und klassischer Chemie malgeschneiderte Biosynthesewege
entwickelt und damit ein Zugang zu verschiedenen Naturstoffen und deren Derivaten erméglicht
werden. Es konnte durch eine hybride Syntheseroute, welche sowohl die Zugabe chemisch
hergestellter Vorstufen als auch eine artifizielle Erweiterung des Biosyntheseweges
beziehungsweise eine spate chemische Umsetzung des Bioprodukts beinhaltet, die Bildung
neuartiger hydroxylierter und zyklischer Prodiginine erreicht werden. Anhand dieses Beispiels
konnte verdeutlicht werden, wie vielversprechend die Kombination unterschiedlicher
Biosynthesekonzepte wie die (kombinatorische) Biosynthese, Muta- und Semisynthese ist.
Durch Anwendung all dieser Strategien konnte die rekombinante Produktion mehrerer

Naturstoffklassen in P. putida KT2440 realisiet werden. Diese Klassen umfassen
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Rhamnolipide, Terpene sowie insbesondere Alkaloide, wie Prodiginine, Violacein und

Arcyriaflavin A.

Zusammenfassend wurden in dieser Arbeit genetische und biosynthetische Werkzeuge
entwickelt sowie engineering-Strategien untersucht, die fir die Gewahrleistung der genetischen
Stabilitat der erzeugten Stamme, den Zugang zu verschiedenen Naturstoffen und die
Verbesserung der Produktivitdt des Bioprozesses von zentraler Bedeutung sind. Diese
Ergebnisse tragen zur Weiterentwicklung des Potenzials von P. putida als rekombinantem Wirt
fur die Naturstoffproduktion bei. Die so entwickelten Werkzeuge koénnen helfen, den Aufwand,
der fur die Entwicklung eines optimalen Chassis-Organismus flr neue Biosynthesewege

erforderlich ist, erheblich zu reduzieren.

\



Natural products

l. INTRODUCTION

Since ancient times, nature has been a source of remedies for a wide variety of diseases and
ailments. The documentation reaches back to c. 1600 BCE when the knowledge of ancient
Egyptian medicine was summarized in the Ebers Papyrus. This 20-meter-long papyrus
documents an understanding of versatile topics spanning wound treatment to contraception,
with early mentions of narcotics such as opium and cannabis!'l. Since then, natural products
(NPs) have served as powerful therapeutics and inspiration for drug design, culminating in the
‘golden era’ of antibiotics (1940s to 1960s)23], which gave mankind one of the biggest medical
breakthroughs of the 20" century®5l. While NPs find application in the treatment of diverse
diseases, the field of antibiotics perhaps most prominently demonstrates their utmost relevance.
Most classes of antibiotics currently in use were developed during these years, and to date,
more than three-quarters of the approved antibiotics are based on NPs or their derivatives,
again underlining the value of these compounds as antibiotic scaffolds®’l. However, the
research pipeline for new antibiotics is depleted, while the urgency to discover new antimicrobial
agents has grown due to increased antibiotic resistances!®. In fact, deaths associated with
infections by multidrug-resistant bacteria are expected to further increase in the coming years
and could overtake cancer as the leading cause of death by 20501, Therefore, research in this
field must be intensified in order to combat this threat!'®'"l, Biotechnology can make valuable
contributions to the discovery and production of relevant compounds. To do so, it requires an in-

depth understanding of the molecular framework and biosynthesis of NPs['2.131,

.1. Natural products

In the broadest sense, NPs are defined as any chemical compounds that occur naturally in
biological organisms. These compounds can be derived from primary metabolism, from building
blocks such as sugars, amino acids (AAs), lipids, and nucleic acids. However, the term ‘natural
product’ typically refers to secondary metabolites which are basically derivatives of primary
metabolites, but often synthesized through more complex pathways. Unlike primary metabolites,
these molecules are not essential for the organism’s basic metabolism and reproduction('.,
They often exhibit various biological effects, including antibacterial, antifungal, anticancer, and
immunosuppressive properties®'516 as well as promoting cell survival or adaptability to
changing environmental conditions!'7-291,

NPs are produced from a limited number of primary metabolites (e.g., D-glucose, isopentyl
diphosphates, L-tryptophan, L-phenylalanine, acetyl-CoA, malonyl-CoA) as building blocks.
Their structural architectures are generated by a limited number of enzyme classes (e.g.,
oxidoreductases, decarboxylases, transferases, isoprenoid synthases) in conjunction with
certain chemical reactions (e.g., Aldol- and Claisen condensation, C-N condensation, Mannich

reaction)?'l. The combination of precursors, reactions and enzymes results in the formation of a

1
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diverse range of NPs, which comprise approximately 200 000 to 350 000 compounds, with the
estimations based on the compounds listed in various NP databases, such as the Dictionary of
Natural Products® (DNP)22-241. According to the DNP, the majority of the representatives are
produced by plants (67%), animals (13%), fungi (10%), and bacteria (9%) (Figure 1-1)i25].
Although plants have been reported to have the highest number of NPs with terpenoids as their
largest group!'®25-271 bacteria exhibit the highest percentage of bioactive products in a medically
relevant context. The relative amount is three- to seven-fold higher compared to plants or
animals!?526l, More than 50% of antibacterial agents which were approved by the FDA (Food
and Drug Administration) are of bacterial origini?®l. Furthermore, bacterial NPs exhibit additional
activities besides their use as antibacterial agents?>29, In particular, they are utilized as
antineoplasticl®®31, antifungall®233, antiviral®4, and anti-inflammatory agents!®l.

The bacterial divisions with the highest number of (bioactive) NPs are actinobacteria (or
actinomycetota), including Streptomyces or Mycobacterium, proteobacteria, such as
Pseudomonas!?®36-38 and cyanobacteria (Figure 1-1)%l. The discovery of streptothricin? and
streptomycinl*l in the 1940s brought special attention to the Streptomyces species and today it
is estimated that 30 to 45% of the compounds described as originating from microorganisms
actually derive from these species®>2%. These include antibiotic classes such as B-lactams,
aminoglycosides, peptides, and tetracyclines®. Additionally, rare actinomycetes biosynthesize
other frequently utilized antibiotics, such as gentamicin produced by Micromonospora purpurea,
erythromycin by Saccharopolyspora erythraea, and vancomycin by Amycolatopsis orientalist*'l.
Besides the already mentioned divisions and species, Bacillus species also serve as a source
of NPs, predominantly producing peptide antibiotics like lantibiotics!*>-431,

The genes responsible for the biosynthesis, regulation, protection from, or export of NPs are
typically arranged in close proximity to each other and are encoded in so-called biosynthetic
gene clusters (BGC). These BGCs can vary in size from a few kilobases (kb) to over
100 kbl46:471,

Regarding the structural architecture, NPs are often described as chemically intricatel*®l. In
the early 2000s, structural studies demonstrated that these compounds contain more sp®-
hybridized bridgehead atoms and multiple chiral centers compared to small molecules of
synthetic origin#®-%". The classification and categorization of molecular structures of these
products provides valuable data and enables the development of sophisticated tools for NP
research. Besides the DNP, other NP-specific databases have been created to simplify the
study of NPs[P2-561,
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Figure I-1: Distribution of NPs in six different kingdoms of life.

Overview of the distribution of NPs derived from different primary metabolites (f.l.t.r., AAs, fatty acids, sugars, and
nucleobases) into six kingdoms based on the categorization of the Dictionary of Natural Products (DNP)
(http://dnp.chemnetbase.com) (top). For bacterial NPs, the most prominent producers are shown (middle). More than
half are produced by Streptomyces and rare actinomycetes. However, cyanobacteria, Bacillus and Pseudomonas
species are also known producers of bioactive NPs!?%l. The most promising bioactivities of the bacterial NPs, for
which they are frequently applied, are for example antibacterial, antifungal, or anti-inflammatory effects (bottom).

A widely accepted NP classification, determined by their structural scaffold, their enzymatic
biochemistry, and by the starting precursors, was introduced by Walsh and Tang, leading to six
general groups of NPsi?'l: polyketides, peptides, phenylpropanoids, isoprenoids and terpenoids,
purines and pyrimidines, as well as alkaloids. Polyketides, peptides, and alkaloids constitute the

largest groups in bacteria and account for over half of the bacterial NPs[?3l. Alkaloids, in
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particular, are highly intriguing due to the large number of bioactive compounds found within this

class.

.2. Alkaloids

Alkaloids are a large group of bioactive natural products with about 40000 compounds listed in
the Dictionary of Alkaloids®®). They are found in many organisms like plants, animals, and
different microorganisms!®8-621, Most of the overall isolated alkaloids thus far are in fact from
plants but as already mentioned above, they also occur in bacteria.

Alkaloids are essentially natural nitrogen-containing organic compounds that often have
complex heterocyclic structures. Due to their structural scaffold containing one or more nitrogen
as heteroatoms, alkaloids readily form hydrogen bonds with proteins, enzymes, and
receptors®l. In the presence of other functional groups, this explains the extraordinary
bioactivity of alkaloids. The broad activity spectrum comprises antimicrobial, anticancer,
antimalaria, and anti-inflammatory properties!'6-64-61, Due to their high bioactivities, they play an
important role in both traditional and modern medicine and are being studied intensively to
better understand their usage and effects['66467-69 Based on the scaffold, alkaloids can be
divided into several classes, including pyridines, pyrimidines, pyrrolidines, pyrroles, indoles,

(iso-)quinolines, and quinolones (Figure 1-2)'61,

SN C IO IN

N

pyridine pyrimidine pyrrolidine pyrrole
$) )
> O >
N N N
H H H
indole carbazole p-carboline
N N_ _o
A X |
% =N =
quinoline isoquinoline quinolone

Figure 1-2: Scaffolds of different classes of alkaloids (adapted from Cushnie et al. 2014'81),

Eight scaffolds of heterocyclic alkaloids are exemplarily shown in black. The gray structures represent important
subclasses of the indole alkaloids such as the indolocarbazoles. Other classes of bioactive alkaloids whose scaffolds
are not shown here are aaptamines, acridines, imidazoles, indolizidines, 1,3,4-oxadiazoles, piperazines, piperidines,
2-pyridones, and thiazoles.
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.2.1. Three representatives of the bacterial alkaloids

Based on the structural classification outlined in the previous chapter, this section will delve into
three classes of bacterial alkaloids in more detail which were the focus of this thesis: the pyrrole

alkaloids, the indole alkaloids, and the quinoline alkaloids.

Pyrrole alkaloids: An intriguing class, which is widespread in both terrestrial and marine
environments, are the pyrrole alkaloids. One of the very notable members is the prodiginine
family, which consists of tripyrrolic and bright red NPs produced by various marine and
terrestrial bacterial’?l. The three rings of the basic structure are typically referred to as ring A, B,
and C (Figure I-3, A). Prodiginines can be divided into two categories: one group includes
prodiginines with alkyl chain substituents, such as prodigiosin and undecylprodigiosinl’!l. The
other category encompasses cyclized derivatives like butyl-meta-cycloheptylprodigiosin and
cycloprodigiosinl’273l. The latter, in contrast to the straight-chain variants, contains a hexane ring
between the third and fourth positions of the pyrrole ring C, with a methyl group attached to this
ringl’4. Marine species from different genera, such as Pseudoalteromonast’>""1, Vibriol’8-80  or
Zooshikella species®'-®2, produce the cyclic prodiginines usually in a mixture with the straight-
chain variant(72.80.82],

However, the most widely recognized compound among the prodiginine family is the straight-
chain prodigiosin (14), which possesses a pentyl chain on the pyrrole ring C. It occurs in
Serratia  species such as  Serratia marcescens®3-86,  in  Hahella chejuensist®’ 8,
Streptomyces coelicolor, and S. griseoviridis®®-°1.  The well-described S. marcescens
prodigiosin BGC, known as the ‘pig cluster’, is comprised of 14 unidirectionally arranged genes
(pigA to pigN) stretched over 21 kb (Figure I-3, B)®2. The associated enzymes participate in the
biosynthesis of the tripyrrole structure of prodigiosin (14). Specifically, the enzymes PigB, PigD,
and PigE are responsible for the synthesis of the monopyrrole MAP (2-methyl-3-n-amylpyrrole,
4). The enzymes PigA, PigF to PigJ, as well as PigM and PigN are responsible for the synthesis
of MBC, also known as 4-methoxy-2,2'-bipyrrole-5-carbaldehyde (13). The final condensation
reaction between MAP and MBC is catalyzed by the ligase PigC (Figure I-3, C)®3%1. The
current understanding of the functions of PigK and PigL remains vague. Pigk may serve as a
chaperon assisting in the folding of other Pig enzymes!®®. The gene pigL encodes for a 4'-
phosphopantetheinyl transferase, thus an involvement in the phosphopantetheinylation reaction
in the MBC pathway has been suggested®. Based on the localization at the inner membrane, it
has been postulated that the last biosynthetic enzymes of the precursor pathways, PigB and
PigN/F, as well as the enzyme PigC form a membrane-associated protein complex for the

condensation reaction(94.96.97],
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Figure 1-3: The biosynthetic pathway of the tripyrrole prodigiosin (adapted from Williamson et al. 2005,
2006°3%4 and N. Bitzenhofer 2018[81),

A: The typical red color of prodiginines is shown by a prodigiosin-producing bacterium (Pseudomonas putida
pig211®9). The basic structure of prodiginines is given, consisting of three pyrrole rings, labeled A, B, and C. The
structural diversity of the prodiginine family is due to the varying substituents at the 2-(R?) and 3-(R®) positions of the
C-ring. B: The BGC responsible for the biosynthesis of prodigiosin (14) in Serratia marcescens is displayed. This so-
called ‘pig gene cluster’ contains 14 unidirectional genes (about 21 kb). Enzymes for the MAP (4) synthesis are
encoded by pigB, pigD and pigE, which are represented by horizontally striped arrows. The associated enzymes of
the genes pigA, pigF to pigJ, pigM and pigN are responsible for the production of MBC (13) (genes are indicated by
blank arrows). The vertical striped arrow indicates the pigC gene, which encodes for the ligase PigC responsible for
the terminal reaction. C: The biosynthesis of prodigiosin is based on a bifurcated pathway utilizing 2-octenal (1) and
proline (5) as precursors. The final condensation reaction between MAP (4) and MBC (13) ultimately results in the
tripyrrole prodigiosin (14), which is intensively red colored. TTP: thiamin pyrophosphate; PLP: pyridoxal phosphate;
AA: amino acids; ATP: adenosine triphosphate; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide;
NAD(P): nicotinamide adenine dinucleotide (phosphate); SAM: S-adenosyl methionine.

Numerous scientific studies have revealed the bioactive properties of prodigiosin and its
derivatives, which makes them prospective drug candidates!®>'%. On the one hand, prodigiosin
is considered to exert an anticancer effect by inducing apoptosis in specific cancer cells!'0'-105],

Prodigiosin-triggered destruction of cancer cells can be attributed to its function as an anion

transporter that binds to biologically significant anions, causing a shift in the pH gradient and
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leading to the acidification of the cancer cells['%:1%7]. On the other hand, these tripyrroles have
been reported to be antibacterial agents. Four mechanisms of action have been proposed: as
mitogen-activated protein kinase regulators, pH modulators, bacterial DNA cleavage agents and
cell cycle inhibitors['%8, Several bacterial species are sensitive to the antagonistic effects of
prodigiosint'0-112_ Notably, the cyclic derivatives appear to exhibit greater antimicrobial activity
against certain Gram-positive and -negative bacteria compared to the straight-chain variants!®.
Furthermore, prodiginines demonstrated antimalarial®®'3  antivirall''¥l, and immunosuppressive
activities!''®. A comparison of straight-chain and cyclic variants revealed higher antifungal
activity for the latter(82.116],

Since prodigiosin and its derivatives exhibit a range of properties, which are relevant for the
potential use as therapeutic drugs, there is great interest in gaining access to these compounds
via high-level production as well as novel structural variants. Thus, this class is still widely

studied in NP research.

Indole alkaloids: Among the alkaloids, the indole-containing alkaloids are highly abundant in
nature and show a range of structural and therapeutic properties, which include antimicrobial,
anticancer and anti-inflammatory activities(''”. Two examples of this wide field are the
bisindoles violacein and rebeccamycin. Both are biosynthesized by oxidative dimerization of two
L-tryptophan units, and both demonstrated great potential as therapeutic agents.

Violacein (19) and its byproduct deoxyviolacein (20), which both exhibit striking purple hues
(Figure 1-4, A), are produced by the Gram-negative bacterium Chromobacterium violaceum!18.
In addition, other species have been described to produce these types of compoundsl!'®-124],
The biosynthesis of these bisindole alkaloids in C. violaceum involves five enzymes, VioA to
VioE. The corresponding genes are all located within the unidirectional vioABCDE operon
(about 7 kb) (Figure 1-4, B)L'25.126],

The indolocarbazole bisindole rebeccamycin (23) or its derivatives rebeccamycin aglycon
(21) and arcyriaflavin A (deschloro-rebeccamycin aglycon) share all an indolo[2,3-a]carbazole
scaffold!'?”l, Rebeccamycin shows a yellow coloration and is naturally produced by the
actinomycete Lentzea aerocolonigenes (formerly referred to as
Lechevalieria aerocolonigenes)!'?2-1301 For the biosynthesis of the indolocarbazole several
catalytic steps are required. The associated bidirectional gene cluster contains 11 genes (about
26 kb), whereby eight genes encode enzymes directly involved in the biosynthesis
(RebG,0,D,C,P,M,F,H). Two genes (rebU and rebT) seem to be involved in resistance and
secretion of the compound as they encode for putative antibiotic transporters!'3'.132, In addition,
the reb cluster contains a regulator-encoding gene (rebR) which belongs to the LuxR family and
might be functioning as a transcription activator similar to the regulatory mechanism of the vio

genes!131133,134]
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Figure I-4: The biosynthetic pathways of the bisindoles violacein and rebeccamycin (adapted from Fller
et al. 2016['39]),

A: Violacein-producing bacterium (P. putida vio12['%]) with the typical purple color. B: Representation of the vio
(purple) and reb (orange) BGCs from C. violaceum and L. aerocolonigenes, respectively. Regarding the reb cluster,
genes essential for the synthesis of both rebeccamycin (rebGODCPMRFUHT) and its derivative arcyriaflavin A
(rebODCP), which are indicated by horizontally striped arrows, are shown. C: The initial formation of the indole-3-
pyruvic acid (IPA) imine dimer (17a,b) is comparable for violacein and rebeccamycin catalyzed by the homologous
enzymes VioA,B and RebO,D, respectively (gray box). Further synthesis of violacein (19) is performed by VioE, VioC,
and VioD. In addition, the byproduct deoxyviolacein (20) can be produced without the involvement of VioD. For
rebeccamycin (23) biosynthesis, an initial chlorination of L-tryptophan is necessary (15a = 15b). The terminal steps
are catalyzed by RebP, RebC, RebG, and RebM. FAD: flavin adenine dinucleotide; NAD(P): nicotinamide adenine
dinucleotide (phosphate); SAM: S-adenosyl methionine; NDP: nucleoside diphosphate.
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The syntheses of violacein and rebeccamycin are based on closely related initial enzymatic
steps catalyzing the oxidation of an L-tryptophan unit to the indole-3-pyruvic acid (IPA) imine
(16a,b) (Figure I-4, C)['3%. In the case of rebeccamycin biosynthesis (23), this step is preceded
by chlorination of L-tryptophan (15a > 15b). In both cases, the imine formation is followed by
oxidative coupling of two imines to the IPA imine dimer (17a,b). At this stage, the synthesis
pathways diverge to form the respective end products. The (deoxy-)violacein synthesis involves
an intramolecular rearrangement by VioE, which results in the formation of protodeoxyviolaceic
acid (18). VioD and VioC can then convert 18 to violacein (19) and deoxyviolacein (20),
respectively('?6.1371 Typically, these two compounds exist in a mixture. In contrast, for the
biosynthesis of rebeccamycin, 17b is spontaneously converted into chlorinated chromopyrrolic
acid (21), followed by the formation of the rebeccamycin aglycon (22), which is enzymatically
catalyzed by RebC and RebO. RebG and RebM perform the final steps to yield rebeccamycin
(23) which include the introduction of a D-glucose moiety by a B-glycosidic linkage and a
methylation stepl31.138],

Both groups of compounds exhibit several promising biological activities for therapeutical
use. For violacein, these activities include antibacterial, antiviral, and antitumoral effects!139-141],
Several studies have demonstrated its impact on both pathogenic and non-pathogenic
bacterial’#2-1441. |In addition, extensive research has been dedicated to examining the underlying
mechanism regarding anti-cancer properties. These efforts have shown that violacein
modulates important processes in cancer, such as inhibiting proliferative signaling, inducing cell
death, and preventing metastasis and invasionl'45-1%01, |ike violacein, rebeccamycin and its
derivatives have also demonstrated antibacterial effects against Gram-positive bacterial'28151],
However, their potential in cancer treatment is of greater interest since rebeccamycin is a DNA
intercalating agent and functions as a topoisomerase | inhibitor(?8.152 Becatecarin, a water-
soluble variant of rebeccamycin, has even undergone phase | and Il in clinical trials, e.g., for the
treatment of lung and breast cancer('53-1%6]  Derivatives of the indolocarbazole, such as
arcyriaflavin A, have further been investigated in the context of treating human cytomegalovirus
infections and, more recently, endometriosis!'57-15%,

The diverse and highly relevant bioactivities of the violacein and rebeccamycin-type
compounds illustrate the potential and importance of indole alkaloids. Thus, targeted

biotechnological production of these compounds holds significant value.
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Quinoline alkaloids: In recent years, the class of quinoline and quinolone alkaloids has
attracted significant attention in the pharmaceutical research due to their diverse bioactivities
ranging from antimalaria to anticancer aspects['6%-164. Although quinoline alkaloids are mostly
abundant in plants, bacteria also represent promising sources for the discovery of such
compounds. The Pseudomonas quinolone signal (PQS), a quorum sensing modulator in the
Pseudomonas genus, and the aurachins, a group of farnesylated quinoline alkaloids are well-
known examples of this class!'%],

Aurachins have been first described in the myxobacterium Stigmatella aurantiacal'®®l, before
other producer species have been found including S. erectal'®’l as well as actinomycetes like
Rhodococcus and Streptomyces species!'®®-170, The compounds in this class can be
categorized into two structural types based on the position of the farnesyl chain: the C-type
aurachins possess the farnesyl chain at the C3 position and the A-type aurachins at the C4
position of the quinolone motif. Major aurachins which belong to these categories are aurachin
C and D (C-type), and aurachin A and B (A-type). The BGCs for the biosynthesis of these four
compounds is divided into three different loci in S. aurantica, referred to as gene locus I-lll.
Locus | contains the genes responsible for the formation of aurachin D and then C (Figure
I-5, A). The genes in gene loci Il and Ill are responsible for the formation of aurachins B and A,
respectively'’"l. For a more detailed description of the biosynthesis, a focus will be given to the
C-type group (aurachin D and aurachin C). In S. aurantiaca, the biosynthesis of aurachin C (28)
involves a type Il polyketide synthase (PKS) in the conversion of anthranilic acid (24) to
4-hydroxy-2-methylquinoline (26a)'72'73l. This intermediate is then farnesylated by the
membrane-bound prenyltransferase AuaA to form aurachin D (27). In a final enzymatic step,
N-hydroxylation occurs catalyzed by the Rieske monooxygenase [2Fe-2S] AuaF (Figure
I-5, B)I171.174],

Aurachins were initially found to possess antimicrobial activity against Gram-positive bacteria
and certain fungil'’®l. The structural similarity between aurachins and the known electron
transport inhibitor, 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO), suggested the same cellular
targets. This was confirmed in various studies!'66177.178]  Moreover, further investigations
revealed cytotoxic effects on different mammalian cell lines, especially for aurachin DI'76.179],
Antiparasitic activity has been demonstrated in the malarian pathogen Plasmodium falciparum
FcB1 and Trypanosoma brucei gambiense, causing African sleeping sickness. A direct
comparison indicated significantly higher antiparasitic activity of aurachins B, C and E over

aurachin DU167.176.180],
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Figure I-5: The biosynthetic pathway of the farnesylated quinoline aurachin C (adapted from Pistorius et
al. 2011071; Sester et al. 20201'79]).

A: Architecture of the aua gene cluster for aurachin C biosynthesis. In S. aurantiaca, genes encoding for enzymes
responsible for the synthesis of aurachins are divided into three gene loci (I to lll). Gene locus | contains the seven
genes auaA-Ell (green arrows) necessary for aurachin C production. This locus also contains genes responsible for
aurachin transport (gray arrows) and genes with yet unknown function (white arrows). B: Aurachin C (28) is
synthesized from anthranilic acid (24). The initial steps involve a type-ll PKS (enzymes are highlighted by gray
boxes). It results in the production of 4-hydroxy-2-methylquinoline (26a) which undergoes tautomerization into 2-
methyl-1H-quinolin-4-one (26b). AuaA is responsible for transferring the farnesyl side chain from FPP to 26b, thereby
leading to the formation of aurachin D (27). The final catalytic step in the biosynthesis of aurachin C (28) involves the
N-hydroxylation by AuaF. CoA: coenzyme A; ATP: adenosine triphosphate; FPP: farnesyl pyrophosphate.

The overview of NPs, particularly the detailed review of some bacterial alkaloids, underlines the
great potential of these compounds. However, a major challenge is obtaining the natural
products in sufficient amounts for further characterization studies and applications. One
approach to address this issue is to use the native producers for large-scale biosynthesis.
However, under standard cultivation conditions, the expression of biosynthetic genes and
product yields are often low. Therefore, one strategy can be to activate BGCs within the
producer, for example, utilizing a library of diverse activator genesl'®'l. Since other aspects such
as pathogenicity or difficult handling in the laboratory may render the native producers

unattractive for a biotechnological application, another commonly employed strategy is therefore
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to facilitate NP formation by the heterologous expression of the BGCs in alternative microbial

hOStS“ 82,183]'

.3. Recombinant NP biosynthesis

Over the past 40 years, the significance of NPs has increased, with 50 to 70% of approved
drugs being NPs, derivatives, or NP biosimilars!6.184.18% Because of their intricacy and complex
stereochemistry, these compounds are challenging to synthesize chemically. Extracting them
from their natural hosts, such as plants or fungi, is often environmentally impractical and time-
consuming. Moreover, a fungal or bacterial producer may be pathogenic, not cultivable under
laboratory conditions, or may show insufficient growth or product titers!26.186l,

Therefore, expressing a BGC heterologously in a genetically accessible, non-harmful and
highly productive host presents a promising alternative for NP production (Figure 1-6)182.183.187-
89, Notably, this approach also presents opportunities to incorporate novel engineering
techniques in NP biosynthesis, leading to increased production titers or to structurally modified
compounds. The initial step in recombinant NP production is always the identification and
selection of known or novel BGCs. In particular, the search for novel gene clusters has been
facilitated and expedited by bioinformatics developments in recent years, as genome mining
can be used to screen genome sequences for the presence of new BGCs®6:190-1951  After (in
silico) identification of suitable biosynthetic genes, recombinant host selection and its
manipulation including stable integration of often large BGCs and, if necessary, engineering of
metabolic fluxes need to be realized. A further challenge that should not be underestimated is
the analytical detection, isolation, and structural elucidation of the produced compound,
especially for novel NPs using, for instance, high-performance liquid chromatography (HPLC),
mass spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy. Once all
necessary procedures are completed, NPs can be employed to investigate the biological effects

and determine their mechanism of action!'%!.
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Figure 1-6: Procedure of bioactive NP production in heterologous hosts (adapted from Brétz-Oesterhelt et
al. 202301%8]),

Several steps are necessary for the biosynthetic NP production in recombinant hosts. These include identifying and
cloning BGCs e.g., using bioinformatic approaches such as genome mining. Selecting a suitable organism is critical
for enabling stable expression of biosynthetic genes and achieving high-yield production. The next step involves
conducting bioanalytical methods (e.g., HPLC-MS measurements), isolating the compound via column
chromatography-based techniques, and ultimately determining their structure (e.g., by NMR). Then, the effect of the
produced NP against microbes, viruses, cancer cells, or inflammation can be investigated.

The selection of an optimal production host certainly requires special consideration, as the
recombinant biotransformation of bioactive NPs bears several critical points!'®”l. These include
(i) ensuring effective transfer of biosynthetic genes and stable integration('82.1%8l_(ii) coordinated
and regulated gene expression as well as enzyme activity!'®?, (iii) overcoming non-optimal
metabolic fluxes or low precursor or cofactor supply('88, and (iv) dealing with the NP bioactivities
that can cause stress for the producer resulting in impaired strain stability and reduced growth.
Thus, researchers have turned to various heterologous hosts over time. For terpene production,
these include especially yeasts, such as Saccharomyces cerevisiae, as well as aerobic and
anaerobic phototrophic bacterial'®®-201l, Another common choice is the widely used host E. coli,
and well-studied Streptomyces strains, like S. coelicolor, S. lividans, and S. albus, which are
specifically used for expression of large BGCs[?°22%3 |n addition, the metabolically versatile
bacterial strain Pseudomonas putida is useful for the production of various types of NPs[?%4,
This organism possesses several advantageous inherent properties for recombinant

biosynthesis, which will be elaborated in the following chapter.
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1.3.1. Pseudomonas putida as cell factory

The Gram-negative rod-shaped soil bacterium P. putida has demonstrated biotechnological
potential in the last decades as an appropriate cell factory205-2071, Especially, P. putida KT2440
is an intriguing representative for biotechnological use, due to its HV-1 (host—-vector system
safety level 1) certification[20820%, Qverall, the Pseudomonas genus is a highly heterogeneous
bacterial group, found in various environments and niches?°72'0. P. putida can grow in a range
of diverse and often extreme habitats. Its remarkable capacity to metabolize diverse carbon
sources positions P. putida as a promising candidate for various biotechnological applications.
Additionally, it exhibits the ability to grow in low-nutrient environments, which accounts for its
widespread distribution[?1],

The central carbon metabolism of P. putida features a distinctive circular structure known as
the EDEMP cycle. It is composed of enzymes from the Entner-Doudoroff (ED), the Embden-
Meyerhof-Parnas (EMP), and the pentose phosphate (PP) pathways. Glucose degradation
primarily occurs through the ED pathway. The resulting triose phosphate is then partially
recycled into hexose phosphate through a cycle involving the EMP and PP pathways[?12:213],
Implementing cyclic glycolysis and recycling parts of the triose phosphate enable adjustment of
NADPH synthesis to meet anabolic requirements and increase robustness to oxidative
stressl?'421%. However, most of the triose phosphates generated by the ED pathway are
metabolized through the tricarboxylic acid (TCA) cycle to produce reducing equivalents and
biomass precursors!?'€l, Although P. putida has such a versatile metabolism, it has a rather low
background profile of secondary metabolites, which facilitates the detection of recombinantly
produced onesl?94217.218 |n addition, P. putida has demonstrated its ability to withstand
xenobiotics through different adaptation strategies?'®l, which renders the suitability to produce
bioactive NPs. Furthermore, its relatively high GC-content of approximately 62% suggests it for
the recombinant biosynthesis of NPs from GC-rich species, like actinobacteria or
myxobacterial?20-2231,

Due to these reasons, P. putida has already successfully been applied as a recombinant
host for producing numerous NPs such as AA-derived compounds, biosurfactants (e.g.,
rhamnolipids (RL)), terpenoids, as well as polyketides (PKs) and non-ribosomal peptides
(NRPs)204.211.2241 (Figure 1-7).

The shikimate pathway in bacteria supplies precursor compounds for aromatic AAs which
can all serve as the building blocks for NPs. P. putida strains have thus been developed to
produce various compounds from these precursors, such as chorismate-derived anthranilic acid
(24) at approximately 1.5 g L-"??% and different carbocyclic aromatic secondary metabolites
such as phenazines, in particular phenazine-1-carboxylic acid (PCA) (over 400 mg L-")i226-228]
and the resulting pyocyanin product??®. Besides, those AA-derived compounds include the

bisindole alkaloids deoxyviolacein (20) (up to 1.5 g L-")230 and violacein (19)[9°.136],
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Figure I-7: P. putida as a cell factory for biotechnological applications (adapted from Loeschcke and
Thies 2015, 20201204.2241),

In the field of recombinant biosynthesis of NPs, P. putida has emerged as a widely used heterologous host. The
synthesis of the products is achieved by implementing corresponding BGCs and utilizing intrinsically metabolized
building blocks from the primary metabolism. A diverse range of NP classes has been examined, including amino
acid (AA)-derived compounds, rhamnolipids (RLs), terpenoids, as well as polyketides (PKs) and non-ribosomal
peptides (NRPs). PCA: phenazine-1-carboxylic-acid; HAA: 3-(hydroxyalkanoyloxy)alkanoic acid. BGC: biosynthetic
gene cluster.

In addition to human pathogenic Pseudomonas aeruginosa, a well-studied native RLs
producer?3l. P, putida constitutes a promising alternative for industrial biosurfactant
productioni?®?l, Generally, RLs entail a hydrophobic unit consisting of two molecules of hydroxy
fatty acids (FA) which form 3-(hydroxyalkanoyloxy)alkanoic acid (HAA), and one (mono-RL) or
two rhamnose units (di-RL) that make up the hydrophilic part?33. Upon expressing the rhIAB(C)
operon from P. aeruginosa, P. putida can produce mono- and di-RLs, as well as the precursor
HAALI136.234-2371 " |n g fed-batch bioreactor, nearly 15 g L' of mono-RLs were achieved during

recombinant production!?3l,
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For heterologous terpene biosynthesis, yeasts, like S. cerevisiae, as well as aerobic and
anaerobic bacteria such as Rhodobacter capsulatus have been described as viable hosts([19%.201],
However, the ability to produce terpenoids from isoprenoid precursors has also been
demonstrated in P. putida. Its tolerance towards isoprenoids makes it a promising candidate for
production??3l, To date, P. putida has been successfully employed to synthesize different
terpenoids encompassing carotenoids like lycopene, zeaxanthin, and -carotenel?39-242],

PKs and NRPs comprise the last group of recombinantly produced NPs in P. putida. These
highly diverse compounds are formed by condensation of basic AAs or carboxylic building
blocks?#3l. The functional modification of the acyl-carrier protein (ACP) or peptidyl-carrier protein
(PCP) domains by a phosphopantetheinyl transferase (PPTase) is critical for their performance.
As the genes encoding a PPTase are often not located within the PKS/NRPS gene cluster, an
effective producer of PKs and NRPs has to be additionally equipped with this gene. P. putida
intrinsically possesses a PPTase with a broad substrate spectrum that activates both ACP and
PCP domains?44243 and has been successfully used to recombinantly produce PKs and NRPs
such as flaviolin, coronatin, and serrawetin W1246-248 An interesting PK/NRP hybrid NP is the
tripyrrole prodigiosin (14). P. putida is capable to produce prodigiosin in high titers compared to
other hosts like E. col?*°. Multiple studies have dealt with the production of prodigiosin or
prodiginine derivatives in P. putidal®®23%.250-253] These efforts led to an optimized producer strain
reaching over 1 g L' prodigiosin?%4.,

The above examples of different classes of NPs produced in P. putida species underline the
potential this organism has for the recombinant biosynthesis of bioactive products. However,
specific genetic and metabolic engineering strategies must be considered that enable and

optimize production. These strategies will be discussed in the following chapters.
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1.3.1.1.  Genetic tools for Pseudomonas putida

Since its complete sequencing in 200212%%, the repertoire of genetic tools for engineering
P. putida KT2440 has been continuously expanded, making the bacterium a highly amenable
host for genetic engineering. This toolbox includes elements for genome editing and genetic
regulatory elements such as origins of replication (oriR), promoters, ribosome binding sites
(RBS), and transcriptional terminators(?%6.

The integration of single biosynthetic genes or smaller BGCs is often accomplished by
utilizing plasmids including standardized series such as the Standard European Vector
Architecture (SEVA)25-2601 |ntroduction of respective genes onto plasmids enables efficient
generation of a producer strain and versatile utilization in different strains[?52611. Exchangeable
components like oriR, antibiotic resistance markers (AbR), as well as constitutive and inducible
promoter elements have resulted in a range of recombinant plasmids, making customization
easier. The oriR plays a crucial role in plasmid construction as it determines the copy number,
thereby, affecting the protein yield?®2. Further, there are also temperature-sensitive plasmids
that become unstable at higher temperatures, and integrative plasmids, also known as suicide
vectors, containing an oriR unable to replicate in P. putidal?46:257.263.264] These plasmids are
commonly used for plasmid-curing and genomic recombinant integration strategies,
respectively. The AbR consisting of the antibiotic gene and its native promoter is important for
maintaining plasmids. P. putida has a natural resistance to chloramphenicol and triclosan
(irgasan)i2652¢61 which is frequently utilized in selective medium for the isolation of
Pseudomonas species. Nevertheless, the toolbox for P. putida has several resistance markers
available (e.g., kanamycin, tetracycline, gentamicin, or streptomycin/spectinomycin)257.259,

Promoters are essential for functional gene expression and directly impact expression levels
through their regulation, which can be constitutive, positively, or negatively regulated. Several
constitutive promoters, both native and synthetic, have been utilized in P. putidal?60-2¢7], |n
contrast to constitutive promoters, inducible promoters that respond to external signals, so-
called inducers, provide a better fine-tuning of gene expression (Table [-1)212256.268,269] \\hen
working with inducible expression systems, it is essential to consider the promoter’s leakiness,
known as basal expression, the inducer working concentration as well as the level of induced
expression compared to the basal expression level, which is referred to as the dynamic range.

Other elements influencing the protein yield by affecting the secondary structure and stability
of the messenger RNA (mMRNA) include the RBS spacer, i.e., the distance between the RBS
and the start codon, and the transcriptional terminators?7%271l. The RBS determines translation
rates of the mRNA. Hence, the exact transcription sequence, including all elements such as the
RBS sequence and spacer, can serve as regulatory elements to impact protein production

levels272,
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Table I-1: Widely used inducible expression systems for Pseudomonas species.
DCPK: dicyclopropyl ketone, IPTG: isopropyl-B-D-1-thiogalactopyranoside, 3-MB: 3-menthylbenzoate,
n.d.: not determined; 'names of the promoters are given, preceded by the regulator proteins.

regulator/promoter | . inducer
1 inducer regulation leakiness references
system concentration

short chain alkanes 0.001
AIkS/Paks (e.g. DCPK) positive 0.05% (w/v) [268,273]
ANtR/Panta anthranilate negative 0.01to 10 mM low [274]
AraC/Psap L-arabinose positive 1to 100 mM very low [268,275]
Laclg/Ptrc,Pracuvs IPTG negative up to 3 mM n.d. [276,277]
MHR/Pmie D-mannitol positive 01 "to 1% low [278,279]
(wiv)
NagR/Pnagaa salicylic acid positive 1mM n.d. 279]
NahR/Psal salicylic acid positive 0.001to5mM low [268,280]
RhaRS/Pas L-rhamnose positive 1to 10 mM low 268,274]
TetR/Preta anhydrotetracycline negative approx. 1 uM  low (278]
XyIS/Pm 3-MB positive 8:25mM © ow [268]

Besides the introduction on a replicative plasmid, the genomic integration proves to be a
promising approach as it leads to higher genetic stability and less burden, particularly, for the
expression of large BGCs/[?%¢l, Here, a distinction is made between random chromosomal
integration and site-specific integration, for example, achieved through recombineering
strategies.

Random integration entails incorporating genetic elements into a random location within the
genome using transposons, such as the Tn5 transposon, to generate a strain library[239.281-283],
The suitable strains can be selected by identifying the particular product using visible outputs
(e.g., for prodiginines or violacein, these products themselves can act as color-indicators) or by
utilizing a transcriptional reporter, such as fluorescent proteins[®247.251.2841  For |arger BGCs,
both the transfer and expression (TREX) system and the enhanced yTREX system, which
allows for yeast recombinational cloning, serve as appropriate tools®®23%-251, Using the (y)TREX
system, the gene cluster, flanked by outside ends (OE), is randomly integrated into the genome,
facilitated by the Tn5 transposase. The integrated genes can then be selectively expressed
using either two T7 RNA polymerase (T7RP)-dependent promoters or, in the case of a gene
cluster with unidirectional genes, using a chromosomal promoter?39. In the first case, it is
necessary to integrate a T7/RP-encoding plasmid into P. putida. Instead relying on chromosomal
promoters, recombinant production of prodigiosin has uncovered favored integration loci,
particularly in the rRNA-coding operons of P. putida. This has resulted not only in high
expression and product levels, but also in high genetic stability?>'l. One benefit of utilizing Tn5
transposition is the ability to perform multiple sequential Tn5 integrations, assuming different
selection markers are accessible or implemented.

However, random integration may not be advantageous for all applications and could require

significant effort in screening the resulting strain library, depending on the detectability of the
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biological product. Site-specific integration abolishes the necessity to examine an enormous
library by minimizing variability and instead defining the genomic locus. For example, BGCs can
be embedded into specific locations within the chromosome by addressing attB sequence
motifs within the tRNA-encoding genes via IntB13 site-specific recombinasel?5-287],
Furthermore, CRAGE (chassis-independent recombinase-assisted genome engineering)
permits genomic integration at a previously transposon-based inserted ‘landing pad’?l. In
addition, Tn7 transposition can be considered[?40:267.289.290 Here, the Tn7 transposase inserts a
gene sequence at the atfTn7 site, a specific location in the genome of most bacteria that
appears only once or twicel?°2%2l |n P. putida and other prokaryotes, the recognition site of the
Tn7 proteins is in the g/mS gene, which is essential, making it unlikely for this site to be lost in
bacterial chromosomes?®!l. Since insertion occurs downstream of the essential gene,
transposition events are not lethal but lead to stable strains. Moreover, the atfTn7 site is often
located near the chromosome's replication origin. This implies that the biosynthetic genes are
present in at least two copies throughout bacterial growth due to continuous cell division and
DNA replication enabling efficient transcription[??32%4, As Tn7 transposition can only occur once
in the one available atfTn7 site in P. putida, genetic engineering is limited with this system.
Transposon systems are well suited for introducing BGCs into the genome, but are less ideal
for knockouts, as they can only disrupt genes and not delete them. To address this issue, the
genetic toolbox provides methods that use homologous recombination, which are facilitated by
recombinases like RecET?46:2%%1 An advantage of these methods is that undesired genes can
be deleted and BGCs can be inserted simultaneously. However, the requirement for antibiotic
selection marker could limit some applications. For this purpose, methods for scar- and marker-
less engineering have been expanded by incorporating counter-selection tools, including the
homing endonuclease |-Scell?09286.2%]  the |evansucrase SacB[?%-2%°1 or CRISPR/Cas9[?69.300]
Over the last decades, the presented tools have not only been utilized for the integration and
expression of BGCs but also for engineering strategies to optimize NP production — for example
via gene deletion or introduction, the implementation of sophisticated regulation, or enzyme

engineering.

1.3.1.2. Systems metabolic engineering for recombinant NP biosynthesis

The recombinant NP production depends not only on integrating respective biosynthetic genes
but also on several other factors that influence yield in biosynthesis. To overcome limitations in
productivity, systems metabolic engineering using tools for regulatory and pathway engineering
have been applied to NP production in P. putida, which will be outlined in the following section
(Figure 1-8)!187.301,302],

Regulatory elements have already been described as an important tool in the genetic toolbox
of P. putida in chapter 1.3.1.1. The engineering of regulatory elements, particularly promoters,

has been proven to be an effective approach to enhance production. This has been
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demonstrated for several NPs, such as prodigiosin, glidobactin A, coronatines, and
RLs[247.254.303]  Fyrthermore, the utilization of alternative RBS and start codons has been shown
to impact the titers of prodigiosin and glidobactin A?%4. In addition to these adaptations, protein
assembly regulation and pathway control can also be attained through transcriptional, post-
transcriptional and post-translational regulation?*¢l. The CRISPR system has applications in
genome-editing methods but can also be employed to regulate gene expression using a
catalytically inactive Cas9 enzyme (dead Cas9, dCas9). This edited system can be used to
decrease transcription by obstructing the DNA for the RNA polymerase (RNAP), known as
CRISPR interference (CRISPRI), or to activate transcription (CRISPRa)3%43%] The CRISPRa
complex, in contrast, recruits and stabilizes the RNAP. While CRISPRi is already well-
established for use in metabolic engineering in P. putidal36-3%  for CRISPRa only pioneering
work has been done in P. putida so farl®l, Further widely applied and popular methods for
metabolic engineering are small RNA (sRNA)-based strategies due to their independence from
additional heterologous proteins'%3'. sRNAs can up- or down-regulate target genes through
interaction with their mMRNA. In addition to the strategies that control transcription or translation
rates, another direct approach for controlling protein assembly and enzyme activity is via post-
translational regulation. It enables a more precise control over protein levels, but it is
energetically unfavorable as resources are invested in the production of dispensable
proteinsB'?., The addition of a hybrid Nla/SsrA proteolytic tag at the desired gene enables
protein activation or degradation based on conditional proteolysis. This way, the use of a post-
translational system helped to reduce basal expression and to improve inducibility in
P. putidal33l,

In addition to engineering transcriptional and translational machineries, effective activation of
biosynthetic pathways, especially for PK- and NRP-type compounds, is crucial. Despite
possessing an intrinsic PPTase with the ability to activate a wide range of carrier proteins,
studies have indicated that co-expression of an additional PPTase can result in improved

production titers in P. putida, as recently observed for glidobactin A and docosahexaenoic
acid[254,285,314]_
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Figure 1-8:Strategies and procedures of systems metabolic engineering for recombinant NP production
(adapted from Ko et al. 2020F°", Fernandez-Cabezén and Nikel 20208302]),

Engineering the carbon flux and precursor supply, removal of competing pathways as well as feedback inhibition,
design of (non-natural) biosynthetic pathways for NP production, and engineering of pathway regulation which
includes the change of basic expression elements, transcriptional, post-transcriptional, and post-translation
regulation, are key strategies in metabolic engineering. RBS: ribosome binding site; sgRNA: single guiding RNA,
RNAP: RNA polymerase, NT: non-template; T: template; MCP-SoxS: transcriptional activator; mRNA: messenger
RNA; sRNA: small RNA.

gene of interest

Systems metabolic engineering involves not only regulating biosynthetic enzyme production but
also ensuring that sufficient metabolites are available. Optimizing precursor supply is a major
determinant for achieving high yields. This is typically achieved by overexpressing enzymes
which catalyze rate-limiting steps®'® or integrating new precursor pathways. For instance, the
genes of the mevalonate (MVA) pathway from Myxococcus xanthus have been integrated in
P. putida to enhance flux from acetyl-CoA to the isoprenoid precursor required for geranic acid
production?23. Besides over- and co-expression, intrinsic metabolic networks can be interrupted
to reduce or abolish competing pathways or product degradation enzymes!?25254.316], Feedback-
inhibition loops, which naturally protect cells from wasteful biosynthesis of compounds which

are not needed at high levels, often interfere with productivity. Enzyme engineering strategies,
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such as rational design, can generate feedback-inhibition-resistant mutants to further support
NP production. The combined use of the last two strategies has led to improved titers of
anthranilic acid and p-hydroxy benzoic acid in P. putida??5316l, Rerouting metabolic pathways,
for example, for the generation of alternative sugar catabolic routes or improvement of the
carbon flux towards a desired product and rewiring pathways for the production of non-native
products are strategies that result in optimized production or even in the generation of new-to-

nature compounds(303.317.318],

1.3.2. Biosynthetic concepts for NPs and derivatives

Regarding the recombinant production of NPs, the last chapters emphasized the selection of an
appropriate organism, genetic tools as well as engineering strategies to obtain desirable titers of
the target compound. In the following, a summary will be given on the biosynthetic concepts
available to reach the final product. This will shed light on how to access derivatives and non-
native products, which are of great interest in NP research. The following chapter will present
different concepts involved in converting a precursor into a highly valuable product (Figure 1-9)
and give examples for recombinant production of bacterial alkaloids mentioned in chapter 1.2.1.

In vitro biocatalysis using isolated enzymes has gained popularity as a sustainable and
greener manufacturing process compared to traditional chemical approaches (Figure 1-9,i)31%-
3211 |t also offers advantages over in vivo biotransformation, such as direct substrate availability
for the enzymes, which may be hampered in vivo by transport limitations due to poor cellular
uptake. Further, an easier and less expensive product recovery and downstream processing is
expected since no cells need to be disrupted and no separation is required from a multitude of
cellular components. In vitro conversion of chemically synthesized MAP and MBC analogs with
the enzyme PigC and other ligating enzymes, such as TamQ and ThreaP from
Pseudoalteromonadaceae strains, showcased the promiscuous properties of these enzymes
and led to a variety of prodiginine derivatives including cyclic variantsl?52.322-324],

On the other hand, whole-cell biotransformation is a promising approach, especially for the
production of complex products derived from multi-step biosynthetic cascades. So far, classic
biosynthesis is the most frequently applied method (Figure 1-9, ii) and has been used for the
recombinant production of a multitude of NPs[?%4224]. Combinatorial biosynthesis is an expanded
form of classical biosynthesis (Figure I-9, iii). This method involves combining biosynthetic
pathways or catalytical parts, to end up with a more efficient biosynthesis or with new and
modified NP structuresi®2%. Combination of the violacein pathway with the tryptophan
halogenase RebH and the flavin reductase RebF has resulted in chlorinated derivatives of
violacein and deoxyviolacein[326:3271, Combinatorial biosynthesis has also been applied for the

production of cycloprodigiosin in preliminary studies. For this, the pig gene cluster was
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integrated in P. putida and the gene encoding for the enzyme Prub680, a cyclase from P. rubra,

was co-expressed?7],
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Figure 1-9: Biosynthetic concepts to produce a diversity of NPs in heterologous hosts.

Different biosynthetic concepts for the synthesis of NPs or their derivatives are shown. These include in vitro
biocatalysis (i), biosynthesis (ii), combinatorial biosynthesis (iii), semisynthesis with late-stage chemical derivatization
(iv), as well as mutational synthesis (precursor-directed biosynthesis (PDB, v) and mutasynthesis (MBS, vi)). The
geometric shapes represent precursors, biosynthetic intermediates, and final products. Shapes of the same color
belong to the same synthesis pathways. The capital letters denote the enzymes involved.

Biosynthesis and combinatorial biosynthesis rely on naturally occurring pathways or catalytic
reactions which restricts the diversity of accessible compounds. Approaches combining biology
with classical synthetic chemistry allow access to a more diverse portfolio of xenobiotic
compounds. Minor variations (e.g., halogenations or esterifications) are often introduced by
chemical derivatization of a biologically produced NP. This method is referred to as
semisynthesis (Figure 1-9, iv)328-331 Prominent examples include the synthesis of artemisinin
from biosynthesized artemisic acid, or the synthesis of englerin A from biosynthesized guaia-

6,10(14)dienel3%, As the semisynthetic approaches are often hampered by poor
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stereoselectivity>32, another focus is laid on the conversion of a chemically synthesized artificial
precursor leading to structurally modified products. The precursor-directed biosynthesis (PDB)
and mutational biosynthesis (MBS), also known as mutasynthesis, are two methods applicable
for this purpose.

PDB is achieved by adding biosynthetic precursor analogs to a non-modified NP producer

(Figure 1-9, v). Thus, the biosynthetic machinery of the producer can be accessed without time-
consuming genetic manipulations. This has been successfully demonstrated for the production
of novel aurachins by feeding halogenated anthranilic acids to S. erectal'’®. However, the yields
of the derivatives produced via PDB are affected by the competition between natural and non-
natural precursors. Low concentrations of the desired compounds often result in difficulties
separating them from the natural variants(®33l,
Mutasynthesis is a promising approach merging chemical synthesis with biosynthesis via
genetically modified producer strains. By generating mutants with blocked key biosynthetic
steps and feeding them with precursor analogs, called mutasynthons, biosynthesis of non-
natural products is possible without formation of the original product (Figure 1-9, vi)334. A
prerequisite for MBS is the availability of genetic and functional information on the biosynthesis
of the targeted NP. An additional issue could arise if the biosynthetic step to be deleted provides
an essential intermediate for the producer's growth. Nonetheless, MBS can be used to
overcome PDB limitations, specifically those involving reactions which result in complex
mixtures of challenging-to-separate products or limit non-natural product formation due to a
competition with natural precursorsi®3¥l. Thus, mutasynthesis proves to be a practical and
effective alternative to produce non-natural NPs. Besides in vitro conversion, prodigiosin
derivatization has also been pursued using MBS. For this purpose, the gene pigD was deleted
to block the synthesis of the monopyrrole MAP in the first catalytic step. As the precursor MBC
is still biosynthesized, pathway manipulation allowed for the establishment of a mutasynthesis
platform in P. putida to produce cyclic and non-cyclic prodiginines by introduction of chemically
synthesized MAP analogs[®52322. The production of novel compounds by PDB and MBS
requires some knowledge concerning the NP’s biosynthetic pathway with several crucial factors
to be considered: the cellular uptake of the artificial precursor by the producer, potential toxic
side-effects of non-native biosynthetic intermediates, and the acceptance of artificial precursors
as well as intermediates by the biosynthetic machinery333l.

The application and potential of different biosynthetic concepts have been shown in this
chapter. However, these concepts do not have to be considered separately, as combinations of
them enable an extended and rapid access to derivatives and NP libraries. The recently coined
term CHEM-BIO-CHEM refers to strategies using a combination of muta- and semisynthesis,
while implementation of MBS and combinatorial biosynthesis can be referred to as CHEM-BIO-

BIO strategies!328:329.332],
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1.4. Stress responses in Pseudomonas

In biotechnological NP production, the associated substrates and biosynthetic products often
cause severe stress to the bacterial hosts, which is why the study of stress response
mechanisms has become relevant in this context.

Bacteria have various strategies to alleviate stress caused by prevailing environmental
conditions in their natural habitat. These stress response mechanisms are advantageous for
survival and can be leveraged for efficient recombinant production by whole-cell
biotransformation, which requires an organism that can cope with the associated stress.
Pseudomonas species are found in different habitats all over the world, exposed to drought,
extreme temperatures, and other factors causing environmental stress*3¢:3%71. To survive such
harsh conditions and to cope with the impact they have on cellular functions, Pseudomonads
have evolved different intrinsic mechanisms against osmotic, desiccation, heat and cold,
oxidative, as well as chemical stress (Figure 1-10)338-341,

The different stressors can occur as single factors, or in combination; in addition, one
stressor can also give rise to additional stress factors. For example, while oxidative stress is
mainly caused by exposure to UV light or hydrogen peroxide®*?>-344 it can also arise in
conjunction with solvent, antibiotic, or osmotic stress®45-348l. While the Pseudomonas clade is
perhaps most famous for a high solvent tolerance, the stress tolerance traits are in fact diverse
and are coming into focus of biotechnological research. These diverse evolved response
strategies can be triggered individually and more specifically in reaction to a certain stress, but
also simultaneously, so resulting stress responses to various stressors often exhibit certain

similarities.
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Figure 1-10: Environmental stresses and evolved response mechanisms in Pseudomonas species.
Schematic overview of stresses caused by different harsh environments. To overcome the harmful effects of the
environmental stresses, Pseudomonas species have evolved diverse response strategies including protection, repair,
detoxification, as well as the prevention of intrusion or the extrusion of the stressor. NAD(P): nicotinamide adenine
dinucleotide (phosphate); Psl: polysaccharide synthesis locus; Pel: pellicle; OMV: outer membrane vesicle.

The mechanisms of this stress response network encompass strategies for protection and
repair, for conversion or extrusion of the stressor, as well as strategies to keep the stressor out
of the cell. From an energetic point of view, these strategies are highly demanding, which is why
proteins involved in energy metabolism are typically upregulated in stress-induced cells[34%-351],

In addition, alternative sigma factors are used for transcription initiation of genes linked to
stress mechanisms, in order to help the cell to respond to physiological changesl®38352,
Compatible solutes, such as the disaccharide trehalose or glutamate and its derivatives, are
small organic molecules protecting the cell from desiccation, due to osmotic stress,
temperature, or oxidative stress®33%4. They accumulate intracellularly to regulate osmotic
pressure and maintain cellular homeostasis!3%5-3571,

As the stressors can cause damages to DNA, proteins, or other cellular components, repair
mechanisms have been developed including the SOS system, chaperons, and proteases. The
SOS system responds to DNA damage and promotes its integrity. It is tightly regulated and
involves induction of multiple proteins, with the proteins LexA and RecA playing key rolesl%8l,

Chaperons and proteases are crucial for any kind of proteotoxic stress, preventing aggregation
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or misfolding, as well as enabling degradation of denatured proteins and proteins that are no
longer required®59-363],

Dealing with the stressor includes the elimination of harmful compounds, especially solvents
or antimicrobials, by redox enzymes or the extrusion of the stressor by efflux transporters. Both
mechanisms play crucial roles in the bacterial stress response helping to decrease the
intracellular stressor concentration®64-3661, Pseudomonas species have a large repertoire of
such detoxifying enzymes(®7-369 and are equipped with many efflux transporters which belong
to the RND (resistance-nodulation-division)-, the SMR (small multidrug resistance)-, and the
MATE (multidrug and toxic compound extrusion)-family, as well as ABC-binding cassette (ABC)-
and major facilitator superfamily (MFS) transporters!351.370-374],

Extreme temperatures, solvents, or hydrophobic antibiotics can also affect the bacterial
membrane and its fluidity. Thus, altering the membrane composition is a further strategy to cope
with the stress-induced effects on the cell envelopel®3375376 The integrity of the inner
membrane (IM) can be maintained by converting cis unsaturated FAs into their trans
configuration by the periplasmic enzyme cis-trans-isomerase (Cti)377378. This response
decreases the membrane fluidity counteracting the effect of destabilizing substances like
solvents. In addition, it is a very fast process independent of transcriptional activation or de novo
synthesis of FAs.

Bacteria growing in biofilms are more resistant to different stressors*®. The secretion of
polysaccharides, which are major components of the biofilm matrix, facilitates its formation28°l
Examples include capsulate polysaccharides such as alginate and levan, as well as the
aggregative polysaccharides Psl (polysaccharide synthesis locus) and pellicle (Pel)8'l. Besides
the polysaccharides, the formation of so-called outer membrane vesicles (OMVs) also supports
biofilm formation by increasing the cell surface hydrophobicity*82. However, vesiculation is not
exclusively involved in biofilm formation, but is a response to different stressors[®3-383_ Their
biogenesis, biological functions and the potential biotechnological exploitation of their formation

are discussed in the next chapter.
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1.4.1. Outer membrane vesicle formation

OMVs are formed from the outer membrane (OM) by Gram-negative bacteria, typically
ranging in sizes from 20 to 300 nm in diameter®.387l. They carry membrane components,
lipopolysaccharides (LPS), peptidoglycan (PG), proteins (membrane-bound, periplasmic,
cytoplasmic), and nucleic acids[®®l. Vesiculation occurs under different conditions including the
exposure to antibiotics or other toxicants, as well as a lack of nutrients®9. Thus, they play a
crucial role in the bacterial stress response network supporting survival. In addition, vesiculation
has also been described in context with release of hydrophobic molecules such as prodigiosin,
violacein, or PQS in the native producers, where OMVs potentially function as a delivery vehicle
and extracellular reservoirl3%0-3921. Besides these compounds, enzymes enabling the catabolism
of otherwise unavailable polymeric substrates were described to be exported in OMVs[E93,

The underlying mechanism of vesiculation is not completely understood. It has been
described as a very fast process which does not involve transcriptional regulation®823%4],
However, over the last years, different models have been proposed and proteins affecting OMV
formation have been described for some Gram-negative bacteria including E. coli,
P. aeruginosa, Salmonella and Vibrio species (Figure 1-11)[386.387.389.395] The models explain the
OMV biogenesis due to decreased linkages between the OM and the PG layer leading to
bulging of the OM. This can be caused by a lack or decreased presence of specific outer
membrane proteins (OMPs), such as Lpp or OmpA, or by the activity of PG degrading
enzymes®87:396.397  Modification of the OM structure is an additional trigger for OMV formation.
Changes in the OM structure result, for example, from LPS modifications or accumulation of
phospholipids in the outer leaflet of the OM due to a non-functional Mla ABC transporter
system, which would usually maintain the asymmetry of the lipid bilayer(395:398-400 Accumulation
of misfolded proteins or other molecules in the periplasm leads to an increase of periplasmic

pressure which can also induce vesicle formation in Gram-negative bacteria#01-4%31,
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Figure I-11: Proposed models for OMV biogenesis in Gram-negative bacteria (adapted from Juodeikis &
Carding 2022[3%9),
Mechanisms activating OMV formation in Gram-negative bacteria include the reduction of local connections between
the outer membrane (OM) and the peptidoglycan (PG), the modification of the OM structure, as well as increasing
periplasmic pressure. Examples of targets which are involved in these mechanisms are shown in the figure. The
underlying regulation of these processes/proteins are presented by arrows. Green arrows indicate upregulation, red
arrows indicate downregulation. IM: inner membrane; LPS: lipopolysaccharide.
The OMV biogenesis thus relies on many different mechanisms which can be naturally affected
by the organism, the growth phase, or the kind of exposed stressi®®l. Recently, OMVs have
gained attention as a target in strain engineering to support the production of NPs0440%51 This
observation is considerably promising for further research, particularly with regards to the

suitability of different genetic targets for OMV biogenesis and the various classes of NPs.
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.5. Outline of this thesis

NPs are widely distributed in nature and have a multitude of biological activities that make them
valuable for pharmaceutical applications. Biosynthesis using heterologous microbial host strains
is a promising approach to access large amounts of NPs in high yields. Many recombinant
hosts suffer from low tolerance against high product concentrations, organic solvents, or
temperature, limiting their overall titers. A suitable host organism may be engineered to facilitate
an effective recombinant NP biosynthesis. Pseudomonads are endowed with remarkable
stress-coping mechanisms, so the HV-1 certified strain Pseudomonas putida KT2440
represents an attractive starting point. This thesis focused on the generation and
characterization of a robust P. putida chassis for recombinant NP biosynthesis.

For this purpose, a general overview about the potential of Pseudomonas species in the
context of intrinsic stress response mechanisms and available engineering tools was given first
(I.11). To evaluate the host capacities of P. putida, the biosynthetic pathways of different
bacterial alkaloids like prodiginines, arcyriaflavin A and violacein were implemented as models
and different tools were applied to harness the host’s potential:

(i A fully modular genetic toolbox was established allowing the stable random as well as

site-specific integration of biosynthetic genes into the P. putida genome (I1.2).

(i) OMV formation was identified as a responsible factor for tolerance towards
production, supporting product yields. The targeted exploitation of this stress
response strategy was investigated for the production of different NP classes (I.3 and
11.4).

(iii) Access to desired NPs and to non-natural derivatives was explored via different

biosynthetic concepts as shown for prodiginine production in P. putida (I1.5).
This way, this thesis investigated different bioprocess and genetic approaches to support the

production of a value compound of interest in P. putida and to further establish this host as a NP

cell factory.

30



Results

Il. RESULTS

The following chapter consists of six manuscripts that built the framework of this thesis: Five
have already been published in peer-reviewed journals and one is about to be published in a
peer-reviewed journal. The present work and publications are based on collaborative projects
within the BMBF project ‘'NO-STRESS’, as part of the innovation lab ‘AutoBioTech’ within the
project "Modellregion, BioRevierPLUS: BiodkonomieREVIER Innovationscluster Biotechnologie
& Kunststofftechnik”, and the interdisciplinary PhD project ‘ARcyria” (Bioeconomy Science
Center). | would like to mention my colleagues Dr. Luzie Kruse, Dr. Robin Weihmann, and
Dr. Sonja Kubicki (Institute of Molecular Enzyme Technology, HHU Diusseldorf), my
collaborators from the Department of Environmental Biotechnology, Helmholtz Center for
Environmental Research (UFZ) (Dr. Hermann Heipieper and Dr. Christian Eberlein), and from
the Institute of Bioorganic Chemistry (HHU Disseldorf) of Prof. Dr. Jorg Pietruszka for the great
and fruitful cooperation. The work of my bachelor and master students, especially of Carolin
Hofel, Anka Sieberichs and Maximilian Spindler, is also worth mentioning. Each publication or

manuscript includes a statement of my own contributions.
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Biotechnological production in bacteria enables access to numerous valuable chemical
compounds. Nowadays, advanced molecular genetic toolsets, enzyme engineering as well
as the combinatorial use of biocatalysts, pathways, and circuits even bring new-to-nature
compounds within reach. However, the associated substrates and biosynthetic products
often cause severe chemical stress to the bacterial hosts. Species of the Pseudomonas
clade thus represent especially valuable chassis as they are endowed with multiple stress
response mechanisms, which allow them to cope with a variety of harmful chemicals. A
built-in cell envelope stress response enables fast adaptations that sustain membrane in-
tegrity under adverse conditions. Further, effective export machineries can prevent intracel-
lular accumulation of diverse harmful compounds. Finally, toxic chemicals such as reactive
aldehydes can be eliminated by oxidation and stress-induced damage can be recovered. Ex-
ploiting and engineering these features will be essential to support an effective production of
natural compounds and new chemicals. In this article, we therefore discuss major resistance
strategies of Pseudomonads along with approaches pursued for their targeted exploitation
and engineering in a biotechnological context. We further highlight strategies for the iden-
tification of yet unknown tolerance-associated genes and their utilisation for engineering
next-generation chassis and finally discuss effective measures for pathway fine-tuning to
establish stable cell factories for the effective production of natural compounds and novel
biochemicals.

Introduction

Microbial biotechnology can provide chemical compounds that are essential for modern societies in mul-
tiple sectors, e.g. as pharmaceuticals and chemical building blocks. However, efficient microbial produc-
tion using whole (living) cells requires a host that can cope with the associated stress. Aside from temper-
ature or osmotic stress, this includes severe chemical stress caused by high concentrations of substrates
and products needed to establish economically viable processes.

1202 AInf GO o Jesn HAwo ya1ne wniuszsBunyosiod Aq Jpd o/ L0-0202-099/8.2916/€L100202083/2101 0 L/10p/pd-ajone/waydoiqsAessa/wod ssaidpueliod;/:dny wolj pspeojumoq

"These authors contributed Bacteria have evolved numerous strategies to alleviate chemical stress and members of the Pseu-
equally to this work. domonas clade are especially well-equipped with such traits [1]. This has likely contributed to the de-
Received: 06 February 2021 velopment of the soil bacterium Pseudomonas putida and its relatives into versatile microbial cell fac-
Revised: 01 May 2021 tories during the past few decades, enabling the biosynthesis of various compounds including secondary
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tend to corrupt enzyme or membrane integrity. The Pseudomonas clade thus appears to provide an intriguing starting
point to shed light on xenobiotic tolerance in the context of biotechnological applications such as plastics upcycling
[5], aromatics production [4], and trans-metabolism [6].

Nowadays, even the production of new-to-nature compounds with potentially advantageous properties is com-
ing into reach via engineering and combinatorial use of enzymes, pathways, and hosts, or hybrid bio- and chemi-
cal synthesis [7,8]. For example, the strain P. putida KT2440 was artificially equipped with parts of the polyketide
synthase-/non-ribosomal peptide synthetase-type pathways for coronatine and prodigiosin biosynthesis to provide
platforms that could incorporate supplemented unnatural amino acids or pyrrole precursors into new small molecules
[9-11]. Another recent example challenged P. putida with xenobiotic organofluorine metabolites by use of a Strepto-
myces fluorinase and purine nucleotide phosphorylase for the synthesis of fluoronucleotides and fluorosugars [12].

The host’s robustness is evidently becoming a central aspect in strain development in the face of increasingly de-
manding production processes and targeted chemistry. Pseudomonads may benefit from their built-in characteristics
when utilised as hosts [13-16]. For example, the solvent-tolerant P. putida S12 outperformed E. coli in the production
of p-hydroxystyrene in biphasic cultures [17]. However, targeted engineering will likewise be necessary, especially for
processes involving new-to-Pseudomonas compounds. The known robustness-associated features of different Pseu-
domonas strains can be assigned to three major strategies: (i) keeping stressors out of the cell by reducing permeability,
(ii) eliminating stressors in the cell by export or conversion, and (iii) recovery of damaged structures. The molecu-
lar bases of these strategies have been comprehensively reviewed before with emphasis on organic solvent tolerance
[18,19]. In this article, we discuss these leading tolerance and resistance strategies against a broader range of chemical
stressors and their targeted exploitation in Pseudomonas platform strains along with future application perspectives
(see Box 1 for key terms and concepts).

Box 1 Key terms and concepts

Chassis, host: A microorganism with specific metabolic and robustness abilities (native or engineered),
which allow functioning and purposeful utilisation.

Cell factory: An engineered chassis, which is utilised for biosynthesis of a product.

Engineering: Targeted or untargeted genetic modification aiming to adapt chassis abilities or cell factory
performance.

Bioproduction: Biosynthesis of a product in an organism.

Pseudomonas bioproduction strains: We focus on P. putida KT2440, P. putida S12, P. putida DOT-T1E,
and P. taiwanensis VLB120 (because these are the hosts most widely described in the literature centred
on chemical stress tolerance as reviewed in this article). Notably, the taxonomic status of P. putida
strains is debated — with implications on their safety status. While strain KT2440 is generally accepted
to be non-pathogenic and has HV1 status certified by the U.S. Food and Drug Administration (FDA)
[20], regulatory matters for all other strains of the species are inconsistent, hampering biotechnological
exploitation. A taxonomic revision of the P. putida clade has been suggested that proposed a new
species P. alloputida [21], which encompasses the above-mentioned strains and distinguishes them
from other species within the P. putida group including clinical isolates. Here, we refer to this proposed
species as P. putida for the sake of consistency with prior literature.

HV1 status: A strain (together with a plasmid), which is certified as host-vector (HV) system safety level
1 (i.e. HV1), can be handled in a P1 (or biosafety level 1) facility.

Resistance, tolerance, robustness: Ability of an organism to withstand adverse conditions (this article’s
focus lies on chemical compounds). The mechanistic differences that can be assigned to the terms
[22] are usually not resolved in biotechnological research; here, we use these terms interchangeably.
Stressor: An environmental condition (pH, temperature, ionic strength etc.) or a chemical compound
(organic solvent, toxic substance etc.), that causes cellular and/or metabolic stress resulting, e.g., in
impaired growth or cell death.

Toxicant: A toxic chemical compound, which can act as a causative agent of chemical stress (i.e. as
stressor) in an organism via diverse mechanisms.

Chemical stress: Summary of adverse effects exerted by chemicals including corruption of membrane
integrity, damage of macromolecules (DNA and proteins), and interference with metabolism (e.g. inhi-
bition of protein biosynthesis).

Xenobiotic: A chemical compound foreign to an organism or an ecological system.

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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New-to-Pseudomonas compound: A xenobiotic to a Pseudomonas host.
New-to-nature compound: A chemical compound, which does not occur naturally.

How Pseudomonads deal with toxic chemicals

In this chapter, we highlight the prominent natural stress responses of Pseudomonads, which allow them to sustain
cell envelope integrity in the presence of toxicants, and to effectively export or eliminate them. We discuss the useful-
ness of these features for biotechnological applications and point out approaches for their targeted exploitation and
engineering.

Built-in cell envelope stress response as support of bioproduction

A key feature of Pseudomonas strains making them so interesting for biotechnological applications is their inher-
ent stress response and resistance to a variety of stress parameters, including antibiotics and solvents. In particular,
solvent resistance has been extensively investigated. Solvents and other (hydrophobic) chemicals mainly affect the
cell envelope by accumulation in the outer membrane or crossing it via porins, thus reaching the cytoplasmic mem-
brane [23,24]. This can lead to the loss of essential membrane functions (cell integrity, enzymatic matrix, barrier for
diffusion and electrochemical gradients) due to impaired membrane stability [25]. To maintain a specific degree of
membrane fluidity, bacteria can adapt their lipid composition by biosynthesis of saturated lipids [26]. Besides, Pseu-
domonas species bear two powerful short-term adaption mechanisms [27] (Figure 1A,B).

A characteristic and almost unique adaptive response to environmental stress is the conversion of cis unsatu-
rated membrane fatty acids into their corresponding trans configuration [28,29]. This very fast process neither
consumes ATP nor involves cofactors [30] and is also independent of de novo protein and fatty acid biosynthe-
sis. The periplasmic enzyme cis-trans-isomerase (Cti) converts the fatty acid residues palmitoleic acid (C16:1A9cis)
and cis-vaccenic acid (C18:1A11cis) of phospholipids in the cytoplasmic membrane [28,29], leaving the position
of the double bond unaltered. The shift from cis- to trans-fatty acids reduces membrane fluidity [23]. The gene
for Cti (PP_2376 for P. putida KT2440) is present in all so far listed 34 Pseudomonas genomes in the Pfam
database and could even be applied as a helpful molecular marker for the upcoming reorganisation of the genus
(http://pfam.xfam.org/family/PF06934). This feature contributes to their inherent robustness [31]. Further engineer-
ing of this feature to improve bioproduction has not been described, although it might be thinkable: In Escherichia
coli, expression of cti improved tolerance and carboxylic acid production [32], and Pseudomonas strains with addi-
tional copies of cti showed an increase in the level of trans-fatty acids [33].

In addition to rapid alteration in the phospholipids, Pseudomonads, like all Gram-negative bacteria, use vesicula-
tion as a defence mechanism against various chemical (and non-chemical) stresses [34]. They release outer membrane
vesicles (OMVs) with a diameter between 20 and 500 nm into the extracellular space, thereby altering the compo-
sition of the lipopolysaccharide (LPS) layer, the most distal part of their bacterial cell envelope. OMV formation
and its numerous functions have been reviewed in detail [27,34-37]. The fast release of OMV's plays a major role in
stress response, leading to a more hydrophobic bacterial surface and thus enhancing biofilm formation [38]. Bacteria
living in biofilms or microcolonies are significantly more tolerant to antibiotics, solvents, and other forms of environ-
mental stress [38,39], and this enhanced tolerance can be exploited in biofilm biocatalysis [40]. Furthermore, OMV's
were shown to be crucial for unlocking otherwise unavailable polymeric substrates by exporting ligninolytic enzymes
[41]. Vesiculation was also described to be naturally associated with the bacterial export of secondary metabolites like
prodigiosin [42], the Pseudomonas quinolone signal (PQS) [43], and violacein [44], where OMV's may function as
delivery vehicles. The mechanism could similarly support biotechnological production processes and even facilitate
downstream processing. Vesiculation may even shield cells from a full toxicant dose, as OMVs were suggested to
serve not only as an extracellular reservoir for a bacterial product but also as a non-cellular target [37,45]. The ge-
netic basis of OMV formation is not yet entirely understood but could be connected to a range of genes [37]. Such
knowledge has already been successfully applied for the engineering of hypervesiculation to support cell viability un-
der stress conditions [46] or protein secretion in E. coli [47], but has not yet been utilised in the context of optimising
Pseudomonas biotechnology and will certainly require fine-tuning to avoid extensive loss of lipids and membrane
integrity [48,49]. The above-mentioned urgent response mechanisms enable Pseudomonas species to react quickly
to emerging adverse conditions, making them robust candidates for whole-cell biotransformation processes and ac-
cessing new-to-nature chemistry.
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Figure 1. Pseudomonas natural stress response mechanisms against harmful chemicals

Bacteria counter chemical stress (blue spheres) with different mechanisms: (A) stabilising membrane adaptation by

cis-trans-isomerase (Cti); (B) release of outer membrane vesicles and concomitant cell surface alteration by removal of hydrophilic
lipopolysaccharides (LPSs); (C) export of chemicals via efflux transporters (RND, resistance-nodulation-division transporter family;
SMR, small multidrug resistance transporter family); (D) damage recovery, e.g. by chaperones (like ClpB and GroEL/ES) that sup-
port correct protein folding and assembly, or DNA repair via the SOS response; (E) aldehyde elimination via oxidation (oxidation
states of carbonyl carbon indicated in red); (F) rerouting of energy and redox metabolism to provide reducing equivalents for re-
sponse mechanisms inactivating reactive oxygen species (ROS) and energy-demanding tolerance mechanisms. While vesiculation
and chaperone-aided protein folding are ubiquitous stress responses in Gram-negative bacteria, cis-trans-isomerisation is a rather
specific feature of Pseudomonads. Here, redox and efflux transporter equipment differs in individual strains. CM, cytoplasmic

membrane; OM, outer membrane.
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Table 1 Resistance-mediating extrusion transporters in Pseudomonas
Name Superfamily Substrate(s)’ Representative host(s) References
TtgABC, ArpABC, RND Antibiotics, heavy metals, mono- and polycyclic aromatics, short- P, putida KT2440, DOT-T1E, [52-58,60,61,70,71]
MexAB-OprM and long-chain alcohoals, polyphenols (e.g. naringenin, quercetin, S12, GS1
phloretin), monoterpenoids, bipyridyls R, taiwanensis VLB120
R aeruginosa PAO1
R, syringae B728a
TtgDEF RND Aromatic solvents (i.e. toluene and styrene), monoterpenoids (i.e. P, putida DOT-T1E, GS1 [65,61,71]
geraniol), long-chain alcohols
TtgGHI, SrpABC RND Mono- and polycyclic aromatics (e.g. toluene and styrene, P, putida DOT-T1E, S12 [65,66,59,70,71]
biphenyls), long-chain alcohols R, taiwanensis VLB120
MexCD-OprJ RND Antibiotics, polyphenals (i.e. phloretin), triclosan, acriflavine, P, aeruginosa PAO1 [54,72]
alkaloids (i.e. berberine) R, syringae B728a
MexEF-OprN RND Antibiotics, polyphenals (i.e. phloretin), triclosan, alkaloids (i.e. R, putida KT2440 [64,62,72-75]
berberine), formaldehyde!, glycolaldehyde, vanillin', 2,2-bipyridyl R aeruginosa PAO1
R, syringae B728a
MexHI-OpmD RND Phenazines (i.e. 5-methylphenazine-1-carboxylate), antibiotics P aeruginosa PAO1, PA14 [65,67]
ParXY-TtgC RND Antibiotics P, putida KT2440 [63,76]
MexXY-OprM R aeruginosa PAO1
TtgK MFS Toluene P, putida DOT-T1E [77]
PP_1271-73" MFS 4-Hydroxybenzoate, vanillin', 3-chlorobenzoate!, propionate, P, putida KT2440, S12 [66,68,69,75,78]
toluene’
PP_3349! MFS Formaldehyde! P, putida KT2440 [73]
PP_3658 MFS Formaldehyde! P, putida KT2440 [73]
Psyr_0228" MFS Antibiotics R, syringae B728a [72]
Ttg2ABC ABC Antibiotics, toluene, p-coumarate, heavy metals, tert-butyl P, putida KT2440, DOT-T1E [15,77]
hydroperoxide
Psyr_0541% SMR Antibiotics, alkaloids (i.e. berberine) R, syringae B728a [72]
EmrE SMR Antibiotics R aeruginosa PAO1 [79]
NorM_PS MATE Antibiotics, 4',6-diamidino-2-phenylindole P, stutzeri ATCC 14405 [80]

This table provides an overview of the most important efflux transporters, their superfamily, substrates, and hosts. It does not provide a complete list
of efflux transporters. Abbreviations: MFS, major facilitator superfamily; RND, resistance-nodulation-division transporter family; SMR, small multidrug
resistance; ABC, ATP-binding cassette; MATE, multidrug and toxic compound extrusion.
“Substrates are representative as many transporters have a broad substrate range. Substrate spectrum can differ between representative hosts.
fSuggested substrate due to a responsive up-regulation of the transporter; an actual contribution to resistance was not investigated.

+Transporter name not available; locus tag of P, putida KT2440 used as reference.
$Transporter name not available; locus tag of P, syringae B728a used as reference.

Chemical export machinery avoids intracellular accumulation of toxicants
The active extrusion of molecules plays a major role in the resistance of bacteria towards various toxic compounds
because the invasion of toxic chemicals cannot be prevented completely by cell envelope stress response mechanisms
(Figure 1C). Implicated efflux transporters are structurally and mechanistically diverse [50] and are categorised into
different families [51] (Table 1).

In Pseudomonads, efflux transporters of the resistance-nodulation-division (RND) family belong to the critical
repertoire conveying resistance towards a broad spectrum of toxicants including antibiotics [52,53], biocides [54],
heavy metals [51], mono- and polycyclic aromatics [55-59], short- and long-chain alcohols [59,60], (cyclo-)alkanes
[59], monoterpenoids [61], and aldehydes [62]. Several different RND efflux pumps are present in Pseudomonas
[63], however, strains commonly used in biotechnological applications differ in their equipment, which may have
direct implications on their suitability as workhorses for specific product categories (Table 1).

The efflux pumps TtgABC, TtgDEF, and TtgGHI were thoroughly studied in the past and they all contribute to
toluene resistance in P. putida DOT-T1E [55]. Unlike TtgDEF and TtgGHI, TtgABC belongs to the core genome
of P. putida [64] and is especially relevant for the extrusion of antibiotics. TtgDEF is genetically co-localised with a
toluene degradation cluster, extrudes toluene and styrene, and is present in P. putida DOT-T1E and P. putida GS1
[18,61]. TtgGHI is a key determinant regarding resistance towards aromatic solvents such as toluene and styrene,
enabling growth in the presence of a second phase of these solvents [18,59]. Consequently, strains harbouring this
efflux pump are considered to be solvent-tolerant, while the absence of TtgDEF and TtgGHI in P. putida KT2440
renders this strain sensitive to solvents.

(©) 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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In addition to RND efflux transporters, ATP-binding cassette (ABC), major facilitator superfamily (MFS), mul-
tidrug and toxic compound extrusion (MATE), and small multidrug resistance (SMR) transporters were also sug-
gested or shown to be involved in resistance to a wide variety of biotechnologically interesting stressors in Pseu-
domonas (Table 1). However, only a few representatives have been identified and sufficiently characterised. Thus, for
many, the substrate spectrum has not been (fully) revealed, yet.

The extrusion of toxicants is likely an ancient mechanism relevant for Pseudomonas (and other bacteria) in their
ecologic niche, e.g. to resist plant antimicrobials and natural antibiotics [51] or to enable growth on natural petroleum
seeps. The large diversity and broad substrate spectrum of efflux transporters enabled an adaptation to many different
anthropogenic substances including synthetic antibiotics [65], solvent contaminants [55], and halogenated aromatics
[54,66]. Furthermore, efflux transporters are not only important for the export of exogenous toxicants but can also
extrude natively produced molecules such as phenazines [67] or heterologous products such as p-hydroxybenzoate
[68] and propionate [69]. Besides, the extrusion of solvents also increases the degree of freedom regarding the ex-
tractant selection in biphasic fermentation for in situ removal of toxic substrates or products and can thus alleviate
the toxic effect of compounds that are not subject to efficient extrusion themselves [19]. Therefore, the microbial
production of bulk chemicals (e.g. butanol or phenol), high-value compounds such as flavonoids (e.g. naringenin)
and alkaloids (e.g. berberine), or even new-to-nature compounds could benefit from the broad substrate spectrum
of efflux transporters in the future.

Dealing with the toxicant: detoxification and damage recovery

In addition to keeping or bringing toxicants out of the cells, bacteria also prevent or repair damage caused by a
stressor (Figure 1D). For instance, DNA damage activates the bacterial SOS system, which maintains DNA integrity
and replication via high- and low-fidelity repair mechanisms [81]. Mutants deficient in DNA repair genes, thus, show
higher sensitivity to reactive compounds [82]. The up-regulation of chaperones from the heat shock protein families,
like GroEL/ES or ClpB, is a ubiquitous response in bacteria to any kind of proteotoxic stress of physical or chemical
nature [83,84], including the presence of solvents or aldehydes [62,85]. Accordingly, chaperone overexpression in
P. putida improved tolerance to reactive wastewater components and enabled the valorisation of those compounds
[62,84].

Furthermore, Pseudomonads are especially well-equipped to eliminate reactive and thus harmful compounds via
conversion by a large set of redox enzymes (Figure 1E). Aldehydes, including the ‘sleeping giant of sustainable chem-
istry’ 5-hydroxymethylfurfural (HMF) [86] or the flavour compound vanillin, bear especially high potential to do
harm as they are very reactive molecular species towards a plethora of nucleophiles, such as amino- or thiol- func-
tionalities in, e.g., proteins or DNA [62]. Pseudomonads can rapidly convert toxic aldehydes into less noxious alcohol
or acid derivatives. In contrast to E. coli, which primarily reduces aldehydes [87], Pseudomonads almost exclusively
rely on oxidative deactivation [88]. This is of particular interest in the context of biotechnological processes where
alcohols and aldehydes are to be oxidised into corresponding acids, such as the production of the plastic monomer
2,5-furandicarboxylic acid (FDCA) from HMF [89-91] or conversion of the monoterpenoid geraniol into geranic
acid [61].

In P. putida KT2440, the periplasmic pyrroloquinoline quinone (PQQ)-dependent alcohol dehydrogenases PedE
and PedH can oxidise a wide range of alcohols and aldehydes [92]. Both enzymes are highly expressed in P. putida
KT2440 even in the absence of aldehydes or alcohols [93]. This high metabolic preparedness suggests that P. putida
regularly encounters such toxicants in its natural habitat. The use of periplasmic enzymes seems logical from a toler-
ance perspective, as it may prevent high concentrations of aldehydes in the cytoplasm. It should be noted that the ped
cluster encoding the above-mentioned dehydrogenases is not well conserved among Pseudomonads, and strains like
P. taiwanensis VLB120 completely lack the cluster (pseudomonas.com [94]). However, Pseudomonads have a large
repertoire of other dehydrogenases, and recent studies point to the involvement of, e.g., molybdenum-dependent
enzymes [95-97].

The Pseudomonas redox equipment is also of particular interest for metabolisation of alternative substrates: Oxi-
dases catalyse the first steps in the utilisation of alcohols as carbon source, including plastic monomers like ethylene
glycol and 1,4-butanediol [93,98,99]. The targeted overexpression of glycolate oxidase was employed to avoid accu-
mulation of the toxic intermediates glycolaldehyde and glyoxal during ethylene glycol metabolisation [99]. Similarly,
Pseudomonas oxidation capacity was enhanced to increase FDCA production by co-expression of recombinant oxi-
dases [91]. Such biotechnological oxidations require very high specific activities, with correspondingly high demand
on the electron transport chain to regenerate redox cofactors. This, and also the use of true oxidases that produce
H,0,, impose significant oxidative stress, which Pseudomonads are also well-equipped to handle [100] (Figure 1F).

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Table 2 Approaches to exploring tolerance features

Aim Approach Examples Application note References
Identification of natural  Identify single key factors ~ Tn5 transposon Potential false positives in loss-of-function approach with [106,107]
genetic tolerance via untargeted mutagenesis; expression  production strain (biosynthesis potentially compromised)
determinants loss/gain-of-function of (meta)genomic library
studies

Identification of Identify single key factors ~ Gene expression after Can ultimately lead to an understanding of networks [70,143]
natural genetic via targeted function screening of geno- and
tolerance determinants  validation phenotypes

Identification of Reveal multifactorial Transcript-/proteomics; Applicable for studies with production strains, except [62,68,103,116]
natural genetic networks by addressing sequence screening; TRMR (biosynthesis potentially compromised)
tolerance determinants  each gene enrichment within TRMR

library

Creation of new Adapt strain via Enrichment of mutants Relevant for new-to-Pseudomonas and new-to-nature [98,113,114]

features untargeted during TALE products; rather only for exposure (in production strain,
tolerance-induction with biosynthesis potentially compromised)
stress

This feature is connected with a metabolic architecture geared towards formation of NADPH, the metabolic currency
to counteract oxidative stress, upon exposure to oxidative agents [101]. Notably, oxidation of alcohols or aldehydes
may also be detrimental when they are the desired end product of synthetic pathways or occur as biosynthetic inter-
mediates, which may require gene inactivation [96,102]. Thus, complete understanding of Pseudomonas’ extensive
oxidative enzymatic repertoire is indispensable to gain insights into ‘tolerance-by-conversion’ mechanisms and to
enable microbial catalysis of new substrates and products.

Perspectives in tolerance and cell factory engineering

In this chapter, we discuss the present toolbox of methods for the identification of tolerance-associated genes and their
utilisation for engineering next-generation chassis with enhanced tolerance. Beyond that, we highlight key emergent
strategies for pathway fine-tuning to establish stable cell factories for the effective production of natural compounds
and novel biochemicals.

Identification and implementation of tolerance-related genes
Identifying the genetic background of tolerant phenotypes is of major interest for developing robust production
strains for industrial applications. So far, various methods have been explored (Table 2).

The most conventional method for linking bacterial phenotypes to genes appears to be random gene inactiva-
tion via transposon mutagenesis. Screening for loss of tolerance and the identification of the transposon integration
site in such clones was foundational in identifying, e.g. solvent pumps [59,103-105]. In contrast, gain of tolerance
can be utilised to identify respective factors in (meta)genomic libraries of tolerant bacteria using susceptible strains
for expression [106,107]. Both strategies are powerful to identify single key factors for tolerance but miss complex
interacting networks.

With the emergence of respective technologies, it became possible to study whole transcriptomes (via microarrays
or RNA-Seq) or proteomes to reveal multifactorial responses to exposure or biosynthesis of the stressor [62,68,103].
Moreover, advanced sequencing technologies facilitated the comparative analysis of complete genomes from related
strains with different phenotypes to deduce tolerance-associated genes by sequence homology analysis or match-
ing conspicuous phenotypes with outstanding genes [70,108-110]. Furthermore, the massive progress in sequencing
technology evoked a reinvigoration of adaptive laboratory evolution (ALE) [111]. The strategy involves exposing a
bacterial strain to a sublethal concentration of the stressor, which is usually increased over subsequential cultivations.
This enables the development of robust strains and the elucidation of the genetic background conveying the tolerance
[111,112]. This approach, designated as tolerance ALE (TALE) [113], is straightforward but rather time-consuming
in dependence on the basic growth rate and the speed of adaption [93,113,114].

To achieve high throughput, recent studies combined the selection methodology of ALE with the ‘targeting each
gene’ concept of transposon libraries and tracked the population dynamics in mixed cultures exposed to stress to
quantify which mutant strains were enriched [15,61,115]. Conceptually similar, trackable multiplex recombineering
(TRMR) of a barcoded cassette with a strong promoter and ribosome-binding site (RBS) upstream of virtually every
gene allowed quantification of each mutant in mixed culture under stress conditions [116]. This strategy has not yet
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been applied in Pseudomonads but was suitable, e.g., to identify several genes contributing to furfural tolerance in E.
coli [116].

Most of the described approaches are suitable for the elucidation of tolerance-associated genes and at the same
time for the implementation of tolerance in a host (Figure 2). However, the typical methodology relies on exposure to
externally applied stressors, although the actual motivation often was the efficient biotechnological production of the
compound. Even though this might be sufficient for many membrane-permeable compounds [69], further studies
directly focusing on production and the associated response [68] will be useful to identify tolerance-related genes with
applicability in bioproduction. Notably, ALE-type strategies are of limited use for this approach, since stress-induced
selection processes are likely to yield suppressor mutations that abolish biosynthesis of the xenobiotic stressor. Here,
the use of ‘omics’ technologies appears favourable to uncover sensory and regulatory networks evoking multilevel
responses to a production.

While major components of the Pseudomonas response to chemical stress could be identified (Figure 1), it is im-
portant to note that many of the mentioned studies suggest tolerance to rely on complex and highly diverse networks
[81,117-119], meaning this feature is generally not trivial to transfer from one organism to another. Moreover, the
formation of resistance determinants such as multicomponent efflux pumps, which have to be operated constantly
to effectively lower the intracellular concentration of a toxicant, is associated with a high energy demand which can
lead to reduced biomass yield, productivity, and even in some cases reduced tolerance [19,25,120-123]. It is therefore
not practical to aim at creating one fully robust strain that can cope with any kind of stressor. For biotechnological
use, it appears more attractive to isolate uniquely adapted [124-126] or to create new strains with distinct properties
enabling the a [a carte selection of the most appropriate chassis for a specific product or process [120].

Since so far, descriptions of the targeted engineering of Pseudomonas chassis with optimised resistance for ef-
fective biotechnological applications are scarce [62,69,99,120,127], conclusions about generally successful strategies
for strain development cannot yet be drawn. Based on studies with other chassis [85,128-130], we propose that due
to the high metabolic costs, removal of dispensable energy-intensive cellular features [120], along with fine-tuning
the expression of the tolerance-conveying gene(s), is essential for the construction of an optimal biotechnological
cell factory. The latter is important for efflux pumps, where too strong expression can destabilise the membrane [60].
This fine-tuning can be achieved through controllable and stable gene expression. For Pseudomonas, a range of
well-characterised, adjustable expression systems is available including inducible promoters with low leakiness (e.g.
XylS/Pm, RhaRS/P,japap> AntR/Pyya, AraC/Py.p) [131-133], or synthetic libraries of constitutive promoters with
defined activities [132,134]. The use of plasmids for gene introduction enables rapid construction of different strains
[135]. Nevertheless, genomic integration is usually preferable for avoiding problems such as plasmid instability or
plasmid-related growth impairment [136-138]. For chromosomal integration, different genetic tools are available
and already summarised in previous reviews [3]. A distinction can be made between randomised (e.g. via transposon
Tn5) [139,140] and site-specific integration. Especially prominent here are transposon Tn7 [132,134] and homologous
recombination facilitated by recombinases (e.g. RecET) [141]. Counterselection strategies for genomic modifications
including gene deletions have also been successfully adapted to Pseudomonas (e.g. by use of sacB, CRISPR-Cas9,
or I-Scel) [142]. This array of tools, together with an increasing understanding of tolerance traits, will facilitate the
generation of chassis with specifically adapted tolerance features in the near future.

Engineering of optimal flux in cell factories with novel pathways
The biosynthetic repertoire of Pseudomonas together with implementation of heterologous pathways allows the util-
isation of various substrates and synthesis of highly diverse products such as aromatics, glycolipids, and terpenoids
[2-4]. De novo biosynthesis of fluorometabolites from mineral fluoride has recently paved a new way to fluorinated
building blocks [12]. An ideal cell factory for respective biotechnological applications is composed of a chassis that
exhibits inherent or engineered tolerance to the involved substrate and product, and a metabolic pathway with opti-
mal flux between the two. As discussed above, imbalances in a catabolic pathway can lead to accumulation of toxic
compounds such as aldehydes that require elimination [99]. Also for anabolic recombinant pathways like multistep
terpenoid biosynthesis, toxicity of biosynthetic intermediates is discussed as one major challenge for effective pro-
duction [144]. Optimal balancing of intrinsic or recombinant pathways may thus become necessary, especially when
the involved biocatalysts are confronted with non-natural substrates, affecting reaction rates and the overall catalytic
efficiency (Figure 3).

Prominent catabolic routes in Pseudomonas exploited in both the context of bioremediation and the production
of, e.g., muconic acid and derivatives thereof [145], are cleavage pathways involved in the degradation of various

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 2. Engineering Pseudomonas strains with optimised tolerance

Depicted are five approaches to building robust chassis (green cells) with tolerance to chemical stress (blue spheres). (A)
(Meta)genomic libraries, e.g. of strains living in habitats with harsh environmental conditions, are promising to screen for toler-
ance-conveying genes by expression and exposure to a stressor. (B) In TALE, adaptive changes accumulate during long-term
selection under stress-inducing conditions and can be identified by whole-genome sequencing. (C) TRMR facilitates the genomic
integration of a DNA cassette with a sequence barcode for tracking (B), an antibiotic resistance gene (ABR), a strong promoter
(P), and an RBS upstream of virtually every gene. Under stress conditions, the strains overexpressing genes that confer enhanced
tolerance are specifically enriched within the barcoded library. (D) The removal of energy-intensive features during genome reduc-
tion can free capacities (in form of NAD(P)H and ATP) required to sustain tolerance, maximal growth rates and production yields.
(E) Previously identified resistance-associated candidate genes are integrated into the genome of a ‘starting chassis’ by different
genetic tools, e.g. a transposon (Tnp, transposase encoding region; OE, outside end of transposon).
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Figure 3. Key emergent strategies for pathway balancing

At the metabolite level (spheres), an unbalanced biosynthesis can lead to accumulation of toxic intermediates in native or synthetic
biochemical networks. Sophisticated regulation and balancing of metabolic fluxes towards and from the toxic intermediate can sup-
port effective production of targeted end-products. (A) Dynamic control via a transcription regulator activates the reactions leading
to the toxic intermediate strictly under the condition that its reaction partner (orange sphere) is available at sufficient concentra-
tions for effective conversion into the desired product. (B) Tight transcription control can be achieved by CRISPR-interference. (C)
Enzymes with enhanced activity facilitate effective conversion and synthesis of the desired end-product. (D) Synthetic scaffolds
increase local concentrations of pathway enzymes for effective substrate-channelling with decreased diffusion of intermediates.

aromatic chemicals. Extensive studies on the ortho-cleavage pathway’s kinetics revealed that the overall flux is con-
trolled by substrate uptake as well as by the enzymatic reactions forming and consuming the toxic intermediate cate-
chol [146]. Bioproduction of novel building blocks derived from muconic acid requires an in-depth understanding of
pathway regulation. For instance, when exposed to halogenated analogues of the pathway substrates, the cells accu-
mulate halogenated catechols [147-149]. This phenomenon can be attributed to both a significantly reduced activity
of the catechol-1,2-dioxygenases on substituted catechols [150] and a different (or lacking) response of the pathway
regulators, preventing an efficient metabolic flux.

Protein engineering combined with a suitable screening assay can be a viable strategy to adapt a key enzyme towards
accepting alternative substrates. Engineering of the prodigiosin ligase is a successful example of this [151,152]. As
previously discussed, enhancing the expression level of a detoxifying oxidase was key for the utilisation of ethylene
glycol [99]. In another case, accumulation of toxic glycolaldehyde as intermediate of installed xylose catabolism was
avoided by deletion of a regulator leading to derepression of its conversion [127]. In both cases, adjusting the metabolic
flow was thus key for the effective utilisation of both new-to-Pseudomonas substrates.

Balancing the expression of two biosynthetic genes was key to the production of bisdemethoxycurcumin in P
putida KT2440 to avoid the accumulation of undesirable intermediates and toxic effects [153]. Generally, the use
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of promoters with stringently adjustable expression strength and genome integration of expression cassettes ap-
pears favourable to achieve stable and controlled expression of biosynthetic genes, as discussed above in the context
of tolerance-associated genes. Modular cloning methods allow efficient assembly and testing of various constructs
[154-156]. However, adapting the expression of one gene to release enzymatic bottlenecks is not always a feasible
option to avoid the effect of toxic intermediates. The kinetic parameters of certain enzyme-substrate combinations
can be significantly inferior compared with other reactions within the same pathway, even at high concentrations
of the catalyst. In these cases, the upstream enzyme levels need to be adjusted to avoid a metabolic imbalance at
the bottleneck. Using multiple promoter systems, which can control expression of different genes independently,
may be necessary [153,157]. Expression strengths can be further tuned through the use of translation initiation
sequences of defined strengths, designed either with bioinformatic tools like the RBS Calculator for a given gene
(https://salislab.net/software/predict_rbs_calculator) or standardised by balancing elements controlling transcription
and translation initiation (bicistronic designs) [158].

Furthermore, a dynamic regulation approach can be employed to balance the biochemical activities based on
metabolite concentrations: CRISPR-interference [159-161] as well as conditional proteolysis systems [162] have been
implemented in Pseudomonas and can be used to down-regulate biochemical functions leading up to the toxic in-
termediate (e.g. by coupling the output to a suitable expression system, biosensor or riboswitch). For enhancing E.
coli-based biodiesel production, where the desired product consists of precursors originating from two indepen-
dent pathways that include a toxic intermediate, metabolite-inducible expression systems could be developed to al-
low a conditional activation of the toxicity-generating reactions only when the availability of the second precursor
reached a threshold [163]. Aside from avoiding stress, such mechanisms are also ideal for avoiding unwanted intrin-
sic down-regulation of biosynthetic networks by key intermediates, which often occurs in biosynthetic pathways and
impairs product yield. Another emerging strategy to achieve a higher and more balanced flux is to spatially organise
enzymes within synthetic scaffolds [164,165] to create high local concentrations of metabolites and enzymes, with
well-defined stoichiometry to support immediate conversion without diffusion of intermediates. All these strategies
(Figure 3) together with an increasing understanding of tolerance traits will be instrumental for effective production
applications and expanding the catalytic landscape of Pseudomonas towards novel chemistries [12,166].

Conclusion

Proof-of-principle studies on the microbial production of many different compounds of interest are abundant in
current literature. However, efficient high-level production of such compounds is relatively rare, because often the
producer microbes typically applied to this end encounter challenging chemistries at multiple levels. Construction
of robust cell factories will therefore be critical to take the next steps on the path towards sustainable bioproduc-
tion. Based on the current state of research, bacteria from the Pseudomonas clade represent especially promising
chassis organisms in that respect. Here, unlocking new strains with unique tolerance features and knowledge-guided
improvement of established chassis based on the biochemical characterisation of such traits will play an important
role. This approach can enable the rapid construction of new synthetic hosts to finally establish a ‘chassis a la carte’
selection with specifically adapted tolerance features for any biotechnological application.

Summary

e Efficient bioproduction of chemical compounds using whole cells as biocatalysts is often ham-
pered by the limited ability of microbial hosts to cope with the stress linked to production.

e Pseudomonads are endowed with effective stress responses to many chemicals of biotechnolog-
ical relevance.

e Understanding of the underlying tolerance mechanisms is increasing but their targeted exploitation
and engineering is only just starting.
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e A powerful molecular genetic toolbox will aid the construction of chassis with specific tolerance
features to obtain optimised hosts for biotechnology.

e Pathway balancing strategies can further improve effective bioproduction of natural and
new-to-nature compounds.
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Abstract

The expression of biosynthetic genes in bacterial hosts can enable access to high-value compounds, for which appropriate molecular
genetic tools are essential. Therefore, we developed a toolbox of modular vectors, which facilitate chromosomal gene integration and
expression in Pseudomonas putida KT2440. To this end, we designed an integrative sequence, allowing customisation regarding the
modes of integration (random, at attTn7, or into the 16S rRNA gene), promoters, antibiotic resistance markers as well as fluorescent
proteins and enzymes as transcription reporters. We thus established a toolbox of vectors carrying integrative sequences, designated
as pYT series, of which we present 27 ready-to-use variants along with a set of strains equipped with unique ‘landing pads’ for
directing a pYT interposon into one specific copy of the 16S rRNA gene. We used genes of the well-described violacein biosynthesis
as reporter to showcase random Tn5-based chromosomal integration leading to constitutive expression and production of violacein
and deoxyviolacein. Deoxyviolacein was likewise produced after gene integration into the 16S rRNA gene of rrn operons. Integration
in the attTn7 site was used to characterise the suitability of different inducible promoters and successive strain development for the
metabolically challenging production of mono-rhamnolipids. Finally, to establish arcyriaflavin A production in P. putida for the first
time, we compared different integration and expression modes, revealing integration at attTn7 and expression with NagR/Ppggaq to
be most suitable. In summary, the new toolbox can be utilised for the rapid generation of various types of P. putida expression and
production strains.

Keywords: toolbox, chromosomal gene integration, synthetic biology, Pseudomonas putida, carbazoles, glycolipids

Introduction addition, HV1 certified (Kampers, Volkers and Martins dos Santos

Natural products represent a rich source for valuable chemical
compounds. Heterologous expression of the respective biosyn-
thetic genes is one key technology for studying the intriguing
biochemical synthesis pathways or bioactivities of these natural
products.

Aside from many other microbes (Ke and Yoshikuni 2020), the
Gram-negative soil bacterium Pseudomonas putida has been es-
tablished as a remarkable host for natural product biosynthe-
sis (Loeschcke and Thies 2020, Weimer et al. 2020). While a truly
wide range of applications has been reported, production of rham-
nolipids and aromatic building blocks are counted to the most
prominent ones (Loeschcke and Thies 2020, Schwanemann et al.
2020, Weimer et al. 2020). The bacterium’s potential in this regard
is linked to specific advantageous features, including simple cul-
tivation, a versatile metabolism but low background of intrinsic
natural products and a remarkable xenobiotic tolerance (Thor-
wall et al. 2020, Bitzenhofer et al. 2021). The strain KT2440 is, in

2019).

The rising number of studies in the field has shown that the
cloning and expression strategy is decisive for the effectivity in the
construction of expression strains. The previously common gene
expression from plasmids typically requires the use of antibiotics
and can come with growth defects and issues in the reproducibil-
ity of results (Mi et al. 2016, Cook et al. 2018). Therefore, integra-
tive vectors, which are applicable in P. putida, have been built and
multiple distinct tools targeting different integration sites have
been eslablished (Loeschcke and Thies 2020, Marlin-Pascual el
al. 2021). Here, the chosen site of integration might be a crucial
factor to yield effective production strains. In previous studies,
transposon integration at random chromosomal positions (Fu et
al. 2008, Nikel and de Lorenzo 2013, Martinez-Garcia et al. 2014,
Domrose et al. 2017, Gemperlein et al. 2017, Thompson et al. 2020)
or at the attTn7 site (Choi and Schweizer 2006, Zobel et al. 2015,
Hernandez-Arranz et al. 2019, Bator et al. 2020), as well as gene
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integration at specific integration sites, which is realised by re-
combineering and rendered especially effective, e.g. by recombi-
nases like RecET and aided by SacB, I-Scel or Cas9 (Elmore et al.
2017, Choi and Lee 2020, 2020, Cook et al. 2021), have emerged as
particularly relevant. Among others, the ribosomal RNA encoding
regions, have been identified as especially suitable for the integra-
tion and expression of biosynthetic gene clusters (Domrdse et al.
2019, Otto et al. 2019, Nazareno, Acharya and Dumenyo 2021).

Modular concepts can facilitate effectivity in cloning proce-
dures and minimise the effort for testing different strain con-
struction strategies. Hence, the development of modular systems,
which allow a standardised combination of DNA elements, rep-
resents a central aspect of the methodology in the field of Syn-
thetic Biology and Biotechnology (Nora et al. 2019). The modular-
ity of such systems can bring about full flexibility for the compila-
tion of functional DNA ‘parts’, allowing re-usage of constructs and
their effective usability upon exchange among researchers. The
key concept implies that a variation of one component creates a
new construct, but leaves the structure unimpaired in its change-
ability with regard to the same component or other components,
thus retaining the construct’s amenability to further changes.

In this sense, the design principles of the BioBrick standards
were developed (Knight 2003), which have since accelerated re-
search advances. Among others, the SEVA (Standard European
Vector Architecture) plasmid series in particular is widely applied
by the Pseudomonas research community (Martinez-Garcia et al.
2020, Schuster and Reisch 2021, Valenzuela-Ortega and French
2021). In this context, target sequence independent cloning meth-
ods emerged that facilitated the effective cloning of parts in the
desired sequence. The use of type IIS restriction enzymes rep-
resents one option to introduce standard coupling sequences of
DNA parts for effective gene cluster cloning from multiple parts
(Engler, Kandzia and Marillonnet 2008, van Dolleweerd et al. 2018,
Valenzuela-Ortega and French 2021). These endonucleases catal-
yse DNA hydrolysis adjacent to their recognition site and can
thus generate freely defined overhangs at the ends of DNA frag-
ments, which can be employed as couplers (Yan et al. 2018). More-
over, ligation-independent methods, like commercially available
In-Fusion® cloning, which are based on the annealing of comple-
mentary ends of DNA fragments, likewise enables the assembly
of individual parts with standard coupling sequences (Bird et al.
2014). In addition, yeast-mediated recombineering, which is also
independent of endonuclease recognition sequences, has proven
to be useful for the assembly of plasmid constructs carrying larger
gene clusters (Montiel et al. 2015, Weihmann et al. 2020, Alam et
al. 2021).

For P. putida in particular, a series of plasmids with standardised
architecture have been established (Calero, Jensen and Nielsen
2016, Martinez-Garcia et al. 2020). In addition, we report here a
toolkit for the effective standardised and ligase-independent as-
sembly as well as chromosomal integration of larger gene clusters
via a mode of choice and their expression, which can be useful for
production strain construction.

We aimed to construct a designated set of vectors as a ver-
satile toolbox for the effective construction of P. putida expres-
sion strains, which facilitates standardised cloning procedures
and offers different chromosomal integration methods (trans-
posons TnS or Tn7, and rm interposon). Applications are demon-
strated by establishing different biosyntheses: we employed the
well-described violacein biosynthesis, which has been commonly
used as reporter pathway before, for the validation of constitutive
expression via Tn5-mediated integration aiming to exploit strong
host promoters, and expression via specifically targeted rm in-

terposon integration. For metabolically challenging rhamnolipid
biosynthesis, tight control of expression has been described as
crucial for strain stability, hence it appeared most suitable to vali-
date inducible expression modules introduced by Tn7 integrative
elements. Finally, we used arcyriaflavin A biosynthesis, which has
not been introduced in P. putida before, to compare all three inte-
gration and expression modes to identify the most suitable pro-
cedure for this case. We thus present the construction of strains
constitutively producing violaceins, optimisation of a rhamnolipid
expression module and first-time construction of an arcyriaflavin
A producing strain.

Material and methods

Bacterial strains and standard cultivation media
Escherichia coli strains DH5« (Grant et al. 1990) and S17-1 (Simon,
Priefer and Piihler 1983) as well as P. putida KT2440 (Bagdasarian et
al. 1981, Nelson et al. 2002) and derived strains (all P. putida strains
used for expression studies are listed in Table S6) were cultivated
in LB (lysogeny broth) medium (10 g L~! tryptone, 5 g L~! yeast
extract, 10 g L~* NaCl, Carl Roth, Karlsruhe, Germany) or in TB
medium (Terrific broth, modified, Carl-Roth Karlsruhe, Germany:
12 g L' Casein, enzymatically digested, 24 g L~! yeast extract,
9.4 g L-* dipotassium phosphate, 2.2 g L' monopotassium phos-
phate, 4 mL L~ glycerol). LB agar plates were prepared with 15 g
L~ Agar-Agar, Kobe I, Carl Roth®, Karlsruhe, Germany. If appro-
priate, antibiotics were added at the following concentrations [ug
mL~1): ampicillin (Ap), 100 (E. coli); kanamycin (Km), 50 (E. coli) or
25 (P. putida); streptomycin (Sm), 25 (E. coli); chloramphenicol (Cm),
25 (E. coli); gentamicin, 4 (E. coli) or 25 (P. putida); tetracycline, 10
(E. coli) or 50 (P. putida). Irgasan (25 1g mL~") was exclusively sup-
plemented to agar plates after conjugation. E. coli was cultivated
at 37°C, P. putida at 30°C. If not specified otherwise, cell densities
given as OD (optical density) refer to measurements of liquid cul-
tures in a Spectrophotometer (Genesys 20, ThermoFisher Scien-
tific, Waltham, MA, USA) using 1 mL samples in cuvettes with 1 cm
path length.

General molecular genetic methods

Standard molecular genetic methods were basically conducted
as described previously (Green and Sambrook 2012). After am-
plification in E. coli DHSe, plasmid DNA was isolated with the in-
nuPREP Plasmid Mini Kit (Analytik Jena AG, Jena, Germany). The
DNeasy Blood & Tissue Kit (Quiagen® GmbH, Hilden, Germany)
was used to isolate genomic DNA of bacterial strains. We utilised
restriction endonuclease enzymes and phosphatase FastAP (Ther-
moFisher Scientific GmbH, Walkham, USA), as well as I-Scel (New
England Biolabs, Ipswich, MA, US) according to the instructions
given by manufacturers. The innuPREP DOUBLEpure Kit (Ana-
lytik Jena AG, Jena, Germany) was used to purify DNA fragments.
Commercial services were employed for the synthesis of oligonu-
cleotide primers as well as the sequences ‘pYT_core’ and ‘16S
landing site’, and moreover for sequencing of cloned vectors (Eu-
rofins Genomics GmbH, Ebersberg, Germany). All used plasmids
and oligonucleotides are listed in Tables S4 and S5.

Design of random DNA sequences

The YT_core sequence was generated in silico and obtained by
gene synthesis. To create random DNA sequences as coupling re-
gions for assembly cloning in pYT vectors, we used the Random
DNA Sequence generator of the Sequence Manipulation Suite
(Stothard 2000). In addition, we excluded canonical RBS sequences
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Table 1. Ready-to-use pYT vector and strain sets.

Weihmannetal. | 3

pYT vector toolbox

Integrating
Backbone resistance Transcription Integration

Vector resistance marker reporter elements Reference/GenBank ID
PYTRW10K_0 x 5 Km? - - TnS This study/ON366562
pPYTRWO7K_0G5 Km? Gm® TnS This study/ON366565
PYTRWOSK_0C5 Km? Cm? - TnS This study/ON366564
PYTRWO9K_0T5 Km? Tck - TnS This study/ON366563
pPYTRW11K_0S5 Km? Sm® - TnS This study/ON366561
pYTRW13K_3G5 Km? Gm® mCherry TnS This study/ON366560
PYTRW14K_7G5 Km? Gm? LacZ TnS This study/ON366559
PYTRW15K_2G5 Km? Gm® mTagBFP2 Tn5 This study/ON366558
PYTRW16K_1G5 Km? Gm® eYFP TnS This study/ON366557
PYTRW17K_6G5 Km? Gm® PE-H TnS This study/ON366556
pYTRW18K_3T5 Km? Tck mCherry TnS This study/ON366555
PYTRW20K_0Til Km? TcR - LP-L/R This study/ON366554
PYTRW28K_0Til KmR TcR - LP-L/R_SacB This study/ON366549
PYTRW21K_1Til Km? Tck eYFP LP-L/R This study/ON366553
PYTRW26K_1Ti1 Km? Tk eYFP LP-L/R_SacB This study/ON366551
PYTRW22K_7Til Km? TcR LacZ LP-L/R This study/ON366552
PYTRW27K_7Til Km? Tck LacZ LP-L/R_SacB This study/ON366550
PYTSKO0K_O x 7 Km? - - Tn7 This study/ON366548
pPYTSKO1K_0G7 Km? Gm® - Tn7 Tiso et al. 2020/MT522186
PYTSK02A_0G7 Ap® Gm?* - Tn7 This study/ON366547
PYTSK31K_1G7 Km? Gm® eYFP Tn7 This study/ON366546
PYTSKS4K_7G7 Km? Gm® LacZ Tn7 This study/ON366545
PYTSK55K_2G7 Km? Gm? mTagBFP2 Tn7 This study/ON366544
PYTSKS6K_3G7 Km? Gm® mCherry Tn7 This study/ON366543
DYTSK58K_6G7 Km? GmR PE-H Tn7 This study/ON366542
PYTSK65K_8G7 Km? Gm? GUS Tn7 This study/ON366541
PYTNBO1K_1G7 Km? GmR NagR/Prggaq-eYFP Tn7 This study/ON366566

DPSEVAS5125-16S-pad
Strains for pYT application

Vector carries the landing pad with Gm® and homology arms to 16S genes

This study/ON366567

Strain Resistance Characteristics Reference
P. putida RW16SA GmR carries landing pad for pYT interposon in 16S gene of rmA This study
P. putida RW16SB Gm? carries landing pad for pYT interposon in 16S gene of rmB This study
P. putida RW16SC Gm? carries landing pad for pYT interposon in 16S gene of rmC This study
P. putida RW16SD GmR carries landing pad for pYT interposon in 16S gene of rmD This study
P. putida RW16SE Gm? carries landing pad for pYT interposon in 16S gene of rmE This study
P. putida RW16SF Gm?R carries landing pad for pYT interposon in 16S gene of rmF This study
P. putida RW16SG Gm? carries landing pad for pYT interposon in 16S gene of rmG This study

and used prediction tools to exclude promoters [BPROM, (Solovyev
and Salamov 2011)], and terminators [ARNold (Naville et al. 2011)],
that could interfere with gene expression. Sequences with start
or stop codons were excluded or they were removed manually.
The recognition sites of restriction endonucleases (I-Ppol, PI-Scel,
AsiSI, EcoRl, I-Scel, MauBI, I-Ceul, Sall, PI-PspI, Mlul, Ncol, Xhol, Sacl,
Kpnl) were likewise excluded. Finally, the generated sequences
were compared via BLASTN with the entire NCBI database and to
each other to exclude similarity to known sequences to prevent
unwanted recombination events.

Yeast recombinational cloning and in vitro
cloning procedures

Specific cloning procedures for the construction of the ready-
to-use pYT vector and strain sets (Table 1) are detailed in the
supplementary material. In brief, yeast recombinational cloning
was used for multiple cloning steps including the construction
of the three basic vectors pYTRWO010K_0 x 5, pY TRW020K_OTi1,
PYTSKOOK_O x 7 (as detailed in Fig. S2), and subsequently for
the integration of biosynthesis, marker or reporter modules into

these. To this end, pYT vectors were linearised by restriction en-
donuclease digestion with I-Scel (biosynthesis modules), MauBI
(reporters) or Sall (markers), depending on the modules to be
cloned, followed by dephosphorylation with FastAP. Respective
DNA inserts were obtained by PCR, during which ca. 30 bp suit-
able homology arms were added (see Table S5). Promoter elements
and rhamnolipid biosynthetic genes rhlAB were introduced in one
reaction at the I-Scel site of the vector and therefore designed
to overlap with each other. Preparation of competent cells of
uracil auxotrophic Saccharomyces cerevisiae VL6-48 (ATCC® MYA-
3666, LGC Standards GmbH, Wesel, Germany) (Kouprina et al.
1998, Noskov et al. 2002) and vector assembly by recombina-
tional cloning was performed in the yeast cells as described be-
fore (Gietz and Schiestl 2007, Domrése et al. 2017, Weihmann et
al. 2020). Yeast cultures were grown in 1 mL of SD'U"® medium to
isolate assembled plasmids with the innuPREP Plasmid Mini-Kit
according to the corresponding manual—with exception of cell
lysis, which was performed by incubation of the cells with 200 U
mL-1 Arthrobacter luteus Lyticase (Sigma-Aldrich Chemie GmbH,
Hamburg, Germany) in the kit's resuspension buffer at 37°C for
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2-5 h). For various cloning steps, including the integration of vio
or reb biosynthetic genes, a promoter, reporters or markers in pYT
vectors, the in vitro In-Fusion® HD cloning kit (Takara Bio. Inc.,
Kusatsu, Japan) was used, which facilitates the ligase-free assem-
bly based on the annealing of complementary single-stranded 5’
overhangs, which are generated by a 3’ exonuclease. To this end,
pYT vectors were linearised by digestion with the endonuclease I-
Scel (or other nucleases as appropriate) and the DNA inserts were
amplified by PCR using primers with 20 bp overhangs to other
fragments or the linear pYT vector. The parts were combined for
the assembly reaction as defined by the manufacturer. All PCR
templates are summarised in Table S4.

Plasmid transfer and genomic integration in P.
putida

Bacterial conjugation was used to transfer vectors to the P. putida
KT2440 wild type or derivatives thereof. For standard mating, E. coli
S17-1 was first transformed with the respective vector. The donor
was then incubated together with the P. putida recipient for 5-16 h
at 30°C in 200 uL of LB medium on a cellulose acetate membrane
on LB-agar. The mixture was finally plated on LB-agar (supple-
mented with Irg and an appropriate antibiotic depending on the
used construct) and incubated at 30°C overnight. After transfer of
constructs for Tn5-based genomic integration in P. putida KT2440,
clones carrying the transposon were selected with different an-
tibiotics depending on the pYT marker. Clones expressing biosyn-
thetic genes or reporter genes were selected on LB-agar based on
specific phenotypes. For clones, which were further characterised
in terms of metabolite production, loss of the Km* backbone resis-
tance was verified by plating on accordingly supplemented agar
to exclude spontaneous plasmid co-integration. For rm integra-
tion, seven P putida strains were constructed, each possessing
an appropriate landing pad in one of the seven 16S genes. The
landing pad cassette was obtained from commercial gene syn-
thesis services, cloned into pSEVA512S and the resulting plasmid
PSEVAS512S-16S-pad was transferred to P. putida KT2440. Clones
were selected on LB-agar with Gm/Irg, followed by replica-plating
on Gm (landing pad marker) and Tc (vector backbone marker)
to identify double crossover variants. PCR analyses with forward
primers binding in the upstream region of individual rm operons
and a reverse primer binding in the GmR-conveying aacC1 gene,
followed by sequencing of PCR products, identified seven strains
(RW16-A to RW16S-G) with correct integration in the seven differ-
ent 16S genes (see details in Fig. S3). For gene integration at the
landing pads, appropriate pYT vectors were transferred to these
strains via conjugation. Either, the conjugation mix was trans-
ferred in liquid LB medium containing Tc and 250 g L~* sucrose for
2 days before a sample was plated on LB selection medium (Tc/Irg)
containing 250 g L~* sucrose to directly obtain single colonies re-
sulling [rom a double crossover evenl. Allernalively, cells were
plated and incubated on selection medium (Tc/Irg), before sev-
eral single colonies were re-streaked on antibiotic-containing LB-
agar and incubated overnight. For SacB-based counter-selection,
single colonies from these plates were then streaked on YT agar
plates (10 g L-! yeast extract, 20 g L~ tryptone, 250 g L~* sucrose,
and 36 gL-! agar) containing 25% (w/V) sucrose and incubated for
2 days. Resulting colonies (about 10-100) were screened for Km
(vector backbone marker) and Gm (landing pad marker) sensitiv-
ity (Elmore et al. 2017). Successful integration of the gene cluster
was corroborated by PCR using forward primers, which bind in the
upstream regions of rrm operons and reverse primers in the intro-
duced biosynthetic vio genes. Successful integration of the Tn7

transposon into the attTn7 site was confirmed by colony PCR us-
ing previously established primers, which are designed to bind to
the glmS region and Tn7 ends (Choi et al. 2005).

Detection of hydrolytic enzyme reporter activity
For qualitative detection of pB-galactosidase (LacZ) or B-
glucuronidase (GUS) activity in P. putida clones, strains were
incubated on LB-agar supplemented with 40 mg L X-Gal (5-
Bromo-4-chloro-3-indolyl-3-p-galactopyranoside; Sigma-Aldrich)
or with 75 mg L' X-Gluc (5-Bromo-4-chloro-3-indolyl-3-p-
glucuronide; Sigma-Aldrich) (Horwitz et al. 1964, Frampton,
Restaino and Blaszko 1988). Polyester hydrolase activity (PE-
H) was detected on LB-agar containing 8.8 mL L~! Impranil®
DLN-SD (COVESTRO, Leverkusen, Germany) (Molitor et al. 2020).
If appropriate, sodium salicylate in a final concentration of
S mM and antibiotics were supplemented. For the quantita-
tive determination of LacZ, GUS and PE-H activity in P. putida,
assays with chromogenic substrates ONPG (o-nitrophenyl-g-p-
galactopyranosid) (Miller 1972, Weihmann et al. 2020), pNPG
(p-nitrophenyl-g-p-glucuronosid) (Cui et al. 2016) and pNP ester
(here p-nitrophenyl-g-p-octanoat) (Bollinger et al. 2020) were
used. For the ONPG assay, cell extracts were prepared following
previously established protocols (Miller 1972, Weihmann et al.
2020) by mixing 10 L samples of P. putida cultures with 390 L of
diluted Z-buffer; 25 uL chloroform and 25 L Z-buffer were added,
and the mix was incubated for 3 min at 30°C. For the ONPG assay,
400 L. ONPG substrate solution (0.8 mg L~ in diluted Z-buffer)
were added to the cell extract. The mixture was incubated for
2 min at 30°C. Afterwards, 400 L stop solution (1 M Na,COs)
was added and cell debris was removed by centrifugation (22°C,
15 min, 3000 g). The o-nitrophenol absorption of the samples
was finally measured at 420 nm in the microplate reader TECAN
Infinite M1000 PRO (Tecan Deutschland GmbH, Crailsheim,
Germany). To calculate p-galactosidase activities as Miller units,
cell densities of the bacterial cultures (measured at 580 nm in
the same device), were taken into account. To prepare the pNPG
and pNPO assays, the cells were diluted 1:10 and pellets (1 min,
18000 g) were suspended in 100 mM PBS (pH 6.8) or 100 mM KP;
(pH 7.2) buffer containing 0.1 mg mL~* polymixin B (incubation:
1 h, 37°C). For the pNPG assay, 50 uL substrate solution (PBS
buffer containing 0.5 g L= pNPG (0.793 mM)) was added to 50 uL
of the whole cell extract in a microtiter plate (incubation: 2 min,
37°C). The reaction was stopped by adding 100 uL of stop solution
(1 M Na,COs). For the pNPO assay, 180 uL substrate solution
(100 mM KP;-buffer containing 20 mM pNPO) was added to 20 uL
of the whole cell extract in a microtiter plate. The p-nitrophenol
absorption of samples at 410 nm was measured in the microplate
reader, allowing calculation of g-glucuronidase and esterase
activities in U mL~'. These were divided by the corresponding cell
densities, also measured with the TECAN Infinite M1000 PRO at
580 nm.

Detection of fluorescence reporters
For qualitative detection of fluorescence reporters in P. putida,
corresponding strains were streaked on LB-agar supplemented
with salicylate (5 mM final concentration), if necessary, and incu-
bated at 30°C overnight. Subsequently, fluorescence of eYFP and
mCherry was documented on a Blue/Green LED transilluminator
(Nippon Genetics Europe GmbH; 430-530 nm) and of mTagBFP2 on
the CAMAG TLC® Visualizer 2 (CAMAG AG & Co. GmbH 366 nm).
For the determination of in vivo fluorescence intensity in the
context of reporter validation, samples of P. putida expression
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cultures were pelleted (1 mL, 1 min, 18000 g) and washed three
times in 1 mL Tris-HCl buffer (100 mM; pH 8; 1 min; 18000 g).
For fluorescence measurements in a TECAN Infinite M1000 PRO,
200 pL of this suspension were transferred to microtiter plates
(Greiner Bio-One International GmbH; MTP 96-well). The excita-
tion and emission wavelengths were matched to the fluorescence
reporters mTagBFP2 (Amaxex = 399 NM, Amaxem = 454 nm) (Subach
et al. 2011), €YFP (Amaxex = 513 NM; Amaxem = 527 nm) (Spiess et al.
2005) and mCherry (Amaxex = 587 NM; Amaxem = 610 nm) (Shaner
et al. 2004). In addition, the measured fluorescence intensities
were divided by the corresponding cell densities, also measured
with the TECAN Infinite M1000 PRO at 580 nm. In the context of
rhamnolipid production, fluorescence of P. putida was measured in
cultures grown in Flowerplates® (m2p-labs GmbH; Flowerplate®
MTP-B) in a BioLector® I (m2p-labs GmbH) equipped with an eYFP
filter module (Agx = 508 nm; Apm = 532 nm) and BioLection 2 soft-
ware. For cell density normalisation of fluorescence, the biomass
(measured as scattered light at 620 nm by the same instrument)
was used.

Expression of violacein biosynthetic genes and
product analysis

Precultures of P. putida strains carrying vio biosynthetic genes
were inoculated in 0.8 mL TB medium and incubated overnight
in FlowerPlates® at 30°C under constant shaking at 1400 rpm in
a ThermoMixer® C (Eppendorf AG, Hamburg, Germany). These
cultures were used to inoculate main cultures in 0.8 mL TB
to ODssonm = 0.05 as starting cell density in FlowerPlates®.
After shaking incubation (1400 rpm) of cultures at 30°C in a
ThermoMixer® C or in a Biolector System (m2p-labs GmbH), cells
from 500 uL culture were harvested for analysis of violacein pro-
duction. Cell samples were extracted with 0.5 mL ethanol (p.a.)
and crude extracts were cleared by centrifugation. For a qualita-
tive determination of the composition of violaceins, 10 uL sam-
ples were subjected to HPLC-PDA analysis using an Accucore™
C18 Column (50 x 4.6 mm, 2.6 um particle size, 80 A pores)
equipped with a guard column filled with the same material
(Thermo Fisher Scientific GmbH, Walkham, USA) and previously
developed methods (Sanchez et al. 2006, Lee et al. 2013, Dom-
rose et al. 2017). The column oven temperature was set to 30°C,
and the flow rate to 1 mL min~!. The mobile phase was com-
posed of dH,O with 0.1% (V/V) formic acid (A) and acetonitrile
with 0.1% (V/V) formic acid (B) and applied for gradient elution
as previously described (Domrose et al. 2017). Peaks obtained in
chromatograms (recorded at 600 nm) were evaluated regarding
the retention times and PDA spectra, using previously published
data for reference (Sanchez et al. 2006, Lee et al. 2013, Domrose
et al. 2017) (violacein, 5.9 min, Amax = 374, 571 nm; deoxyviola-
cein, 6.3 min, Amax = 372, 562 nm; prodeoxyviolacein, 5.6 min,
Amax = 418,610 nm). To estimate violacein concentrations in crude
extracts, the absorption at 575 nm was measured with a Spec-
trophotometer (Genesys 20, ThermoFisher Scientific, Waltham,
MA, USA) using 1 mL 1:10 diluted samples. Accumulation of the
typical violacein/deoxyviolacein mixture or (almost) exclusively
deoxyviolacein was evaluated using the molar extinction coeffi-
cients of violacein (es7s [M~! cm~!] = 25400) and deoxyviolacein
(es75 [M~! cm~?] = 15700), respectively (Rodrigues et al. 2012).

Expression of rhamnolipid biosynthetic genes
and product analysis

Precultures of P. putida strains carrying rhamnolipid biosynthetic
genes were prepared in 1 mL LB medium in FlowerPlates® at 30°C
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shaking at 1200 rpm in a ThermoMixer® C (Eppendorf AG, Ham-
burg, Germany). Main cultures in sterile 48-well FlowerPlates®
were inoculated to an ODsgypy = 0.05 in 1.2 mL LB medium
supplemented with 10 g L~ glucose and appropriate antibiotics.
They were incubated in a BioLector I system at 30°C shaking at
1200 rpm. If appropriate, inducers were added after 3.5 h to a fi-
nal concentration of 10 mM (r-arabinose or L-rhamnose), 2 mM
(sodium salicylate or p-mannitol), or 0.5 uM (anhydrotetracy-
cline). After 24 h, 500 nL samples of the culture broth (cell-free)
were taken, and 500 uL acetonitrile were added. After incubation
at 4°C overnight and subsequent centrifugation (2 min, 11000 g),
the samples were filtrated (Phenex RC syringe filters, 0.2 um, @
4 mm (Phenomenex, Torrance, USA). To determine rhamnolipid
and HAA concentrations, 5 uL samples were subjected to HPLC-
CAD analyses using previously developed methods (Behrens et al.
2016, Tiso et al. 2016). We employed a NUCLEODUR C18 Gravity
column (150 x 4.6 mm, 3 um particle size, 110 A pores; Macherey-
Nagel GmbH & Co. KG, Diiren, Germany), a column oven tempera-
ture of 40°C, a flow rate of 1 mL min~*, and a mobile phase of ace-
tonitrile (A) and ultra-pure water with 0.2% (V/V) formic acid (B),
which were applied for gradient elution as previously described.
The stated amounts of rhamnolipids represent the sum of all de-
tectable congeners, which were quantified in samples using chro-
matographically purified compounds as references as previously
described (Behrens et al. 2016) The main congeners showed sig-
nals at retention times of 9.4 min (C10-C10) and 7.1 min (Rha-
C10-C10).

Expression of arcyriaflavin A biosynthetic genes
and product analysis

Precultures were prepared for P. putida strains with rebODCP genes
in 100 mL Erlenmeyer flasks containing 10 mL LB medium and
incubated at 30°C and 130 rpm for 16 h. Main cultures were inoc-
ulated from precultures in 10 mL LB medium to an optical den-
sity of ODsgonm = 0.05 using 100 mL flasks. Cells were cultivated
at 30°C and 130 rpm for 4 h and were then supplemented with
1 mM L-trytophan (stock prepared in dH,0). Additionally, expres-
sion of arcyriaflavin A genes was induced with 2 mM sodium sali-
cylate (stock prepared in 70% (V/V) EtOH) in the strain carrying the
respective expression cassette in the attTn7 site. Cells were har-
vested after a total incubation time of 48 h by centrifugation for
15 min at 5000 rpm and 4°C. Arcyriaflavin A was extracted from
the cell pellet with 1 mL ethanol (p.a.) and crude extracts were
analysed by HPLC-PDA as described above for the other indolocar-
bazole (deoxy)violacein (Domrdse et al. 2017). The arcyriaflavin A
signal was assigned by comparative evaluation of retention times
and PDA spectra (6.7 min, Amax = 282, 316 nm) with a reference
(purity >98% (HPLC); Tocris Bioscience, Bristol, United Kingdom)
(Fig. S6). Based on a calibration curve (0 to 0.33 mg mL~1), arcyri-
aflavin A titres were thus calculated from peaks areas obtained in
the chromatograms recorded at 316 nm.

Analysis of rhl transcript levels

Pseudomonas putida cell material equivalent to ODsgo nm =2in 1 mL
was harvested after 6 h of cultivation by centrifugation. Total RNA
isolation, DNase treatment, RT-qPCR as well as the data quality
control (Bustin et al. 2009) and evaluation were performed as pre-
viously described (Tiso et al. 2020) using the primers PA-rhiB_fw
RT and PA-rhIB_rv RT (Kbressaar et al. 2018). Copy numbers of rhiB
transcript per OD were approximated based on the initially ex-
tracted total RNA from cells equivalent to ODsgynm = 2 in 1 mL.
Quality control and calibration are shown in Fig. S7.
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Results

Conceptualisation of the modular yTREX toolbox
The production of valuable compounds can be implemented in
microbial hosts by heterologous gene expression, for which the
use of effective cloning technologies and chromosomal integra-
tion of expression cassettes represent key success factors. We
therefore set out to construct a fully modular toolbox for the chro-
mosomal integration of target genes or gene clusters in P. putida
KT2440. We designed a DNA cassette that would chromosoma-
lly integrate in three different modes and allow addition or ex-
change of individual elements like target genes, promoters, tran-
scription reporters or resistance markers via designated standard
procedures (Fig. 1). To facilitate yeast recombineering and conju-
gational transfer from Escherichia coli to the host bacterium, we
chose the integrative sequence to be carried in the yTREX vec-
tor backbone, which is equipped with respective genetic elements
(Domrose et al. 2017). We denoted the toolbox as pYT vector series
(YT for yTREX toolbox).

Three chromosomal integration modes: The integrative se-
quence was defined by flanking elements that would convey chro-
mosomal integration with the help of transposons or an interpo-
son for both, untargeted or site-specific integration in genomic
loci via transposition or homologous recombination (Fig. 1). The
first option is the random transposon Tn5, which uses a ‘cut and
paste’ mechanism and has evolved to low frequency genomic in-
tegration (Reznikoff 2008). This transposon requires only one tnp
gene as well as the OE-L and OE-R ('left’ and ‘right’ outer ends) for
effective functioning. It therefore typically facilitates very robust
gene delivery and can yield strains, in which target genes integrate
downstream of a chromosomal promoter and biosynthesis is thus
readily implemented (Martinez-Garcia et al. 2014, Domrose et al.
2017, Nazareno, Acharya and Dumenyo 2021). The identification
of such clones among all clones obtained after random transpo-
sition is dependent on effective screening methods like the use of
transcription reporters that provide an easily detectable readout.

Previously, the use of transposon Tn5 led us to the identifica-
tion of the P. putida ribosomal RNA (rRNA)-encoding genes (also:
rm operons or rDNA) as exceptionally suitable chromosomal loci
for gene cluster integration and expression (Domr&se et al. 2019).
We therefore further aimed to facilitate direct rm targeting via ho-
mologous recombination as a second option. The rRNA is encoded
in seven rrn operons in P. putida KT2440, denoted with A, B,C,D,E, F,
and G (Nelson et al. 2002, Belda et al. 2016). We chose to facilitate
specific integration in one of these seven 16S rRNA genes, which
are the first genes downstream of the respective rm promoters,
followed by 23S and 5S rRNA genes. Since the seven 16S gene se-
quences are 99.93-100% identical, targeting of a specific copy is
ensured by pre-installation of unique sequences as ‘landing pads’
in each 16S gene.

The third option is the site-specific chromosomal integration of
genes with the help of the Tn7 transposase (Peters and Craig 2001).
The transposon Tn7, encoded by the genes tnsABCD and defined
by the transposon outer ends integrates with high efficiency into
the bacterial chromosome. Here, partner proteins direct integra-
tion into the attTn7 site. In P. putida KT2440 and many other bacte-
ria, this site is located near the chromosomal origin of replication,
so the genetic information is present at least in duplicate at most
times of bacterial growth due to ongoing DNA replication (Slager
and Veening 2016). The transposon Tn7 has been used in many
studies for the fast generation of stable expression strains, for ex-
ample, to allow comparison of promoter strengths or biosensor
modules independent of chromosomal positioning effects (Choi

et al. 2005, Choi and Schweizer 2006, Damron et al. 2013, Zobel et
al. 2015).

The transposon-based options are in principle applicable in a
variety of host bacteria since Tn5 integrates randomly and the
attTn7 site occurs (mostly only once) in the genome of most bac-
teria because it is defined by being located adjacent to the es-
sential glmS (glutamine-fructose-6-phosphate aminotransferase)
gene (Peters and Craig 2001). These three integration modes define
three different basic vectors of the pYT series.

Modular adaptability of the integrative sequence: The pYT
vector series shall facilitate delivery of chosen genetic mod-
ules into the bacterial chromosome and is hence designed for
straightforward adaptability. Within the borders of the integrat-
ing sequence, all elements of the cassette, which we denoted as
YT_core, can be freely chosen or exchanged. This modularity is
granted by restriction endonuclease and homing endonuclease
recognition sequences that define ‘slots’, which are framed by ran-
domised sequences (Fig. 1). Elements like target genes, transcrip-
tion reporters or resistance markers can thus be inserted at these
designated positions via restriction and ligation or via assembly
of complementary strands in yeast recombinational cloning or
methods like In-Fusion® cloning, for which the framing sequences
next to the ‘slots’ are utilised as standardised recombination sites.
This shall allow straightforward primer design for appropriate in-
sert amplification and thus easy adaptation to the specific exper-
imental requirements of various research questions: The central
recognition site of homing endonuclease I-Scel facilitates vector
linearisation for the integration of a gene cluster of interest at the
cluster integration site (CIS, see Fig. S1 for details). By linearisa-
tion with AsiSI or PI-Scel, additional elements like promoters can
be added upstream of the target genes. Hydrolysis at the sites for
MauBI or I-Ceul enables the addition of a transcription reporter,
linearisation at the sites for Sall or PI-Pspl the inclusion of a re-
sistance marker gene. We additionally included a set of common
restriction sites as multiple cutter region (Mlul, Ncol, Xhol, Sacl,
Kpnl, and EcoRI). These endonuclease recognition sites do not oc-
cur within the majority of here used transcription reporter or re-
sistance marker genes (encoding eYFP, mCherry, mTagBFP2, LacZ,
GUS, PE-H, GmR, Tc}, SmF, CmPF, see Table S1). This allows cloning
or an exchange of a resistance marker in a construct, in which a
reporter has already been introduced, and vice versa in most cases.
The homing endonuclease sites were additionally included to al-
low cloning or an exchange of elements in constructs already car-
rying larger target gene clusters, which may contain restriction
sites within their sequences, or if new reporter or marker genes
will be used, which contain such sites. Finally, the site for homing
endonuclease I-Ppol allows transfer of fully ‘loaded’ YT_core cas-
settes between the three different vector types for integration via
TnS, Tn7 or into rrm genes.

Construction and validation of the pYT toolbox
modules

Based on the vector designs conveying the three integration
modes, three basic vectors were constructed. To this end, the
YT_core sequence (Fig. S1), which was obtained as a gene synthe-
sis fragment, was assembled with respective flanking sequences
into the backbone of the yTREX vector, which replicates in E. coli
with pMB1 ori to a mid copy number (Domr6se et al. 2017). Cloning
procedures are summarised in Fig. S2. In brief, pYT vectors con-
veying TnS transposition were equipped with the tnp gene and
OE sequences of transposon TnS. To facilitate integration in a 16S
gene, we first introduced synthetic landing pad sequences in the P
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Figure 1. Concept of the modular pYT vector series. First, a suitable vector from an existing library can be selected. Relevant elements defining the
integrative YT_core sequence are depicted schematically. Details are given in Fig. S1. Orange and green regions denote sequences framing the gene
cluster of interest, which is to be expressed. Vectors with different resistance markers, reporter genes and chromosomal integration modes are
available. If necessary, adaptations for other required vector features can be made via standardised procedures. The integration of target genes of
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indicated by black asterisks. Cloned vectors facilitate generation of expression strains via integration at different genomic positions (marked in the
schematic representations of P putida KT2440 chromosomes): Three vector series are available enabling random Tn5 transposition,
recombination-based integration at pre-installed landing pads in one of the 16S rRNA-encoding genes of P. putida KT2440 rrm operons (denoted with A

to G), and targeted transposon Tn7 integration at the attTn7 site.

putida KT2440 genome 630 bp downstream of the 16S promoter P1
(Domrdse et al. 2019) by recombination, thus generating P. putida
strains RW16SA, -B, -C, -D, -E, -F, and -G (carrying the landing pad
in the 16S rRNA gene of the rrn operons A, B, C, D, E, F, or G, respec-
tively) (Figure S3). In respective pYT vectors for gene integration
at this position, 500 bp sequences homologous to landing pad se-
quences were added on each end of the YT_core. Vectors for gene
delivery to attTn7 were equipped with the tnsABCD genes and OE
sequences of transposon Tn7.

Making use of the standardised YT_core cloning slots for ligase-
free module insertion (Fig. S1), different marker and reporter
genes were cloned in the vectors (Table S2).

We verified the functionality of the chosen resistance marker
genes, which were cloned together with the respective promot-
ers to convey GmR, CmR, TR, and SmF (Sutcliffe 1979, Prentki and
Krisch 1984, Antoine and Locht 1992, Schweizer 1993) (Fig. 2A). The
selection marker Km? was additionally included in the plasmid
backbone to be used for the selection of E. coli clones which are
grown for plasmid amplification to ensure they really maintain
the replicative plasmid and not only carry the transposon or in-
terposon in the chromosome. Further, we tested the applicability

of selected reporter genes (eYFP and lacZ) to facilitate identifica-
tion of expressing clones after Tn5 transposition (Fig. 2B). Further
evaluation was performed using the fluorescent proteins eYFP,
mCherry, and mTagBFP2, as well as the enzymes g-galactosidase
(LacZ), p-glucuronidase (GUS), and polyester hydrolase (PE-H)
(Miller 1972; Jefferson, Burgess and Hirsh 1986, Shaner et al. 2004,
Spiess et al. 2005, Subach et al. 2011, Bollinger et al. 2020), after
Tn7 transposition. In addition to qualitative evaluation of reporter
expression after integration at attTn7 (Fig. S4), we validated the
suitability of the established reporters for providing a quantita-
tive read-out. To this end, the previously established nagR-Pnagaq-
PA_rhlAB cassette (consisting of mono-rhamnolipid biosynthetic
genes under control of a salicylate-inducible promoter (Tiso et al.
2020)), was cloned in the I-Scel site of vectors, which were addi-
tionally equipped with different reporter genes. After integration
into the P. putida KT2440 chromosome, a differential read-out over
a wide range of inducer concentrations could be verified (Fig. 2C).

Therefore, a collection of 27 pYT vectors along with landing pad
carrying strains for rm integration was established as ready-to-
use and easily expandable toolbox (Table 1). The cloning proce-
dures are detailed in the supplementary information. All vectors

£20z Idy €1 U0 15anB Aq ZZ86E69/0E0BIX/OWSWYEE0 L0 |/10P/SI0IHE/SEGOIDILISWY/ W00 dNodIWapeoe//:SdRy Woly papeojumod



A genetic toolbox for engineering P. putida

8 | FEMS Microbes, 2023, Vol. 4

(A E. coli DH5a Km Gm Cm
PYTRW 50 10 25

10K_0x5
07K_0G5
08K_0C5
09K_0T5

11K_0S5

©

P. putida SK40
(PYTSK40K_1G7)
eYFP

6000

4000

[a.0.-OD]

2000

Fluorescence
(Ex:513/Em:527)

100

P. putida SK57
80 | (PYTSK57K_3G7)

§ 5 mCherry
g 2a 60
@ a9
&3 40
E-
w 20
0
1500

P. putida SKé1
1200 | (PYTSK61K_2G7)

@
2 g-_.- mTagBFP2
g8 w0
o2 =
g i s 600
* 300

0

o 0.001 0.1 2 5

Salicylate [mM]

B P. putida RW16
[mg-L"] (PYTRW16K_1G5)

Tc Sm
10 25 ( )

eYFP

P. putida RW14
(PYTRW14K_7G5)

LacZ

= & 17 p. putida skeo
2 X g | (pYTSK60K_7G7)
83 LaczZ
- E 6
EE] 4
2
&2 2
©
0
= 3 121 p. putida skes
§ % 10 | (PYTSKE6K_8G7)
83 s | cus
5%
5 ¢
2> 44
c).'% 2
<
0 4
_ 3L 5P purida skes
=% 4 | (pYTSKeak_sG7)
8 * *1pen
o7 3 |
L
72 29
-
2 11
g
o
L] 0
0 0001 o1 2 5

Salicylate [mM]

Figure 2. Functional validation of pYT marker and reporter modules. (A) Selective growth of E. coli DHS« cells after transformation with pYT vectors
carrying different resistance markers. Marker gene indicating characters in vector names are highlighted. (B) Phenotypes of P. putida cells after random
transposon TnS5 integration of pYT cassettes with different transcription reporters. Arrows indicate exemplary expressing clones. (C) Reporter signal
quantified after differential salicylate induction of P. putida strains after integration of pYT cassettes at the attTn7 site. Reporter gene indicating
characters in vector names are highlighted. Data represent the mean of three independent experiments with error bars indicating the corresponding

standard deviations.

and strains can be obtained from the authors upon request. The
sequences were deposited at NCBI GenBank. The applied vector
nomenclature, which includes the initials of the creator as well as
a unique number and further indicates the plasmid backbone re-
sistance (e.g. K for Km®), the reporter (e.g. 1 for eYFP), the marker
(e.g. G for GmF) and the integration mode (e.g. 5 for Tn5) is ex-
plained in Table S3.

Constitutive expression of vio genes by Tn5
transposition and rrn-integration

The transposon Tn5 has been successfully used for integration
and expression of multiple genes in various hosts including P.

putida (de Lorenzo et al. 1998, Nikel and de Lorenzo 2013, Martinez-
Garcia et al. 2014, Domrése et al. 2017). To verify functionality of
transposon Tn5 elements in the new vector setup of our present
study, we used the well-described vio genes encoding the biosyn-
thesis of violacein and deoxyviolacein. Accumulation of these vio-
let pigments served as easy-to-detect reporter for expression tool
development for P. putida before (Domrdse et al. 2017, Choi et al.
2018). In our own previous work, random Tn5 transposition facil-
itated the integration of vio genes downstream of chromosomal
promoters leading to metabolite production in a fraction of clones
(Domrdse et al. 2017). We therefore sought to benchmark the new
setup against those previous findings on strain construction and
violacein production.

€20z Iudy g1 uo 3senb Aq Zz86£69/0£00IX/OWSWSY/EE0 | 0 L/10P/3|01HE/SSGOIILSWSY/UW0d dNo-dlWwaepese//:sdiy Wwol papeojumoq

59



Results

60

(A) M
VioA vioB vioC " vioD Vviol

PYT vector
Tn5

RW19

violacein 370

Weihmannetal. | 9

PDA spectra
Deoxy- [ 562 |

150 E Ret) o S~
H s Violacein
&= 100 ° (R=0H) | 373
23 g 250650 nm
32 2
xX = =
g 50 8 N RW19-
e 2| = 5 <
LT g 4
0 L JENE 24
Tns 1 2 3 4 5 6 o 1 2 3 4 5 6 7 8 9 10 M1
Ti )
P. putida RW19- ime[min]
(B)
VioA vioB vioC 'vioD viol
RW25 pYT vector
m »
150 PDA spectrum
£ § Deoxy- 563
'g — 100 u§ violacein |371 M~
o g 250-650 nm
2 g 3
£E 50 s
8 a F
° < i %
0 78

Q.
-

m A B Cc D E F

P. putida RW25-

2 3 4 5 6 7 8 9 10 N
Time[min]

Figure 3. Violacein and deoxyviolacein production of P. putida after pYT-mediated vio gene integration via Tn5 transposition or into rrm operons. (A)
Cloning scheme of pYT construct as well as product titres and corresponding HPLC-PDA analyses obtained after random transposon Tn5 integration
of the vioABCDE gene cluster. (B) Cloning scheme of pYT construct as well as product titres and corresponding HPLC-PDA analyses obtained after
interposon integration of vioABCDE into the landing pads within rm operons of P. putida RW16SA-F. Biosynthesis of (deoxy)violacein was verified by
HPLC-PDA analyses of extracts. PDA spectra of product peaks in chromatograms (recorded at 600 nm) are shown. Titres were estimated by
spectrophotometrical measurements. Data represent the mean of three independent experiments with error bars indicating the corresponding

standard deviations.

We selected the vector pYTRWO9K_OTS, which carries Tc? as
integrating resistance marker. The genes vioA, vioB, vioC, vioD, vioE
(7.3 kb) from Chromobacterium violaceum ATCC 12472 were PCR-
amplified adding homologous cloning overhangs and assembled
into the vector, which was linearised with I-Scel, by In-Fusion®
cloning generating vector pY TRW19K_0TS_vioABCDE.

The vector was transferred into P. putida KT2440 by conjuga-
tion to insert vio genes in the chromosome via Tn5 transposition.
Plating on Tc-containing agar plates yielded hundreds of clones,
as we expected from previous work with the TnS transposon in
the host (Domr6se et al. 2017, 2019). Among these, about 15% ex-
hibited a violet-blueish colour. Six selected clones designated as
RW19-1, -2, -3, -4, -5, and -6 produced violacein and deoxyviola-
cein at titres between 10 and 123 mg L~*, as determined by estab-
lished spectrophotometry and HPLC-PDA analysis (Domrose et al.
2017) (Fig. 3A). The (almost) exclusive production of deoxyviola-
cein in two clones was traced back to nucleotide deletions in the
vioD-encoded oxygenase (Fig. S5). The titres are in the same range
as previously obtained with the yTREX tool (Domrdse et al. 2017).
Therefore, the transposon TnS version of the pYT vector series is
functional and suitable for rapid generation of recombinant ex-
pression strains.

Targeted gene integration at defined positions was addressed
as next step. The integration of biosynthetic genes in the P. putida
rDNA was previously shown to promote high-level constitutive
gene expression, especially in rmA, rmC, and rmD (Domrdse et al.
2019). To verify functionality of the pYT interposon elements for
gene integration into P. putida rm genes with pre-installed land-
ing pads (see Fig. 2; Fig. S3), we again used the vio genes of C.
violaceum. To assess the benefit of levansucrase-encoding sacB as
counter selection marker (Gay et al. 1985), we cloned the genes
VI0ABCDE in the I-Scel site of vector pYTRW21K_1Til (without the
sacB gene), yielding pYTRW24K_1Ti1, and also generated the anal-
ogous pYTRW25K_1Til (with the sacB gene). Both vectors were
equipped with the Tc? integrating resistance marker.

The vectors were transferred into the landing pad-carrying P.
putida RW16SA, -B, -C, -D, -E, -F, and -G by conjugation. After trans-
fer of pYTRW024K_1Ti1 (without the sacB gene), plating on Tc-
containing agar plates yielded several clones, among which, how-
ever, almost all tested clones showed resistance against Tc and
Gm, which indicated single crossover integration. After transfer
of pYTRW25K_1Ti1 (with the sacB gene), only 5-15 clones were ob-
tained on Tc- and sucrose-containing agar plates. These showed a
typical colour-phenotype of vio-expressing colonies. Further, they
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exhibited only resistance to Tc, but sensitivity to Gm, indicating
a double crossover event that led to the intended deletion of the
resistance cassette GmF at the landing pad. Finally, PCR analyses
and sequencing confirmed that six strains carrying the vio genes
in the 16S gene of rA, rmB, rmC, rmD, rmE, or rmF could be ob-
tained as expected. These were denoted as P. putida RW25-A, -B,
-C, -D, -E, and -F. Despite several attempts, we were not able to in-
tegrate the vio genes in the rm operon G. Notably, this rrm operon
is in contrast to all others located on the (-) strand (Domrdse et
al. 2019). However, we have no hypothesis as to why gene clus-
ter integration into this landing pad was unsuccessful, after the
installation of the landing pad posed no difficulties.

The six strains produced deoxyviolacein at titres between 66
and 100 mg L7, as determined spectrophotometrically and by
HPLC-PDA analysis Fig. 3B. The production of deoxyviolacein was
again caused by nucleotide deletions in the vioD-encoded oxyge-
nase (Fig. S5). Since the vioD sequence on plasmids was intact,
the deletions must have taken place during or after chromoso-
mal integration. The specific occurrence of mutations in vioD—
presumably upon expressions—suggests a distinct toxicity of vi-
olacein, which is not exerted by deoxyviolacein. Higher antibac-
terial activity of violacein compared to deoxyviolacein has been
observed before (Wang et al. 2012). Since the MIC (minimal in-
hibitory concentration) of violacein has been described to be in
the range of 18.5 mg L~ (Pseudomonas aeruginosa) (Subramaniam,
Ravi and Sivasubramanian 2014) and 28.7 mg L~* (E. coli) (Priya,
Srinivasa and Mariappan 2018), growth of P. putida may be im-
paired at higher production titres. While the compound has pre-
viously been successfully produced in several heterologous hosts
including P. putida (Fang et al. 2015, Domrése et al. 2017, Zhang et
al. 2017, Choi et al. 2021), genetic instability of some E. coli and P.
putida production strains was noted in this context (Sarovich and
Pemberton 2007, Philip, Sarovich and Pemberton 2009, Domrdse
et al. 2017).

Taken together, our results suggest that violacein production is
problematic, but the host P. putida is suitable for the constitutive
and stable production of deoxyviolacein. Interestingly, the previ-
ously described clean deletion of vioD led to much lower titres of
deoxyviolacein (10 and 21 mg L~!) (Domrdse et al. 2017) compared
to the here presented results, which might suggest a beneficial
effect of partial gene deletion. The deoxyviolacein titres, which
were obtained after use of the rDNA interposon, being in the range
of the best producers after transposon Tn5 integration, corrobo-
rates the suitability of the rm loci for gene integration and expres-
sion. Moreover, the tendencies of production-to-rm operon corre-
lation were similar to previous observations: While previously re-
ported tendencies of lower production after integration in rmB,
rmE, and rmF (Domrdse et al. 2019) are partly matched by viola-
cein titres (rmE does not match), the integration into rmaA, rmcC
and rmD, which previously led to highest pig gene expression and
prodigiosin production (Domrdse et al. 2019), was also especially
suitable for violacein production. Therefore, the TDNA interposon
version of the pYT vector series is functional and suitable for the
generation of recombinant expression strains.

Optimisation of rhl expression modules at the
attTn7 site

In previous studies, the transposon Tn7 has been applied to in-
troduce genes reliably into the genome of different organisms.
The introduction of genes in one defined chromosomal position is
particularly suitable for comparative studies of expression mod-
ules (e.g. varying the promoter, the RBS, the biosynthetic or acces-

sory genes). For rhamnolipids, the specific expression mode has
already been shown to be important in the optimisation of pro-
duction strains and can contribute to increasing production sta-
bility without loss of titres (Tiso et al. 2020, Sathesh-Prabu et al.
2021). We hence chose to apply our toolbox for the integration and
expression of rhl genes encoding biosynthesis of rhamnolipids at
the attTn7 site.

To compare different regulatory elements to drive the expres-
sion of the rhamnolipid biosynthetic genes rhlA and rhiB of Pseu-
domonas aeruginosa PAO1, they were assembled into pYT vectors
along with a constitutive or one of five inducible promoters: Py,
araC-Pgap, rhaRS-ThaPsap, NagR-Pnogaa, MHR-Pyye, tetR-Pra. The E.
coli Py, of the lactose-inducible operon without its repressor gene
lacl was chosen as constitutive expression system (de Lorenzo et
al. 1993). The araC-Pzap module from E. coli was used to facilitate -
arabinose-inducible expression (Calero, Jensen and Nielsen 2016).
The E. coli rthaRS-P rhaPsap module was chosen for L-rhamnose-
inducible expression (Calero, Jensen and Nielsen 2016). For these
systems, the transporter genes arakE and rhaT were additionally in-
cluded under the control of the Py, promoter to improve the trans-
port of the inducers L-arabinose and L-rhamnose, respectively,
into the cells (Calero, Jensen and Nielsen 2016). The Pyafrom E.
coli was used for anhydrotetracycline-inducible expression (Chai
et al. 2012). The mtlR-P,yr module from Pseudomonas protegens
Pf-5 was chosen as p-mannitol-inducible system (Hoffmann and
Altenbuchner 2015) and the nagR-Pragaqa from Comamonas testos-
teroni for salicylate-inducible expression (Verhoef et al. 2010). All
templates used for PCR amplification of the named elements are
summarised in Table S4. The expression system modules and the
genes rhlA and rhiB were assembled in the I-Scel-linearised vec-
tor pYTSKO01K_0G7, which provides GmR® as integrating marker,
via in vivo recombination in Saccharomyces cerevisiae VL6-48. The
BCD2 (BiCistronic Design) element, which consists of two Shine-
Dalgarno sequences and a small leader peptide (Mutalik et al.
2013), was employed for translation initiation of rhlA and utilised
as standardised cloning linkage between biosynthetic genes and
expression system modules; accordingly, the respective sequence
was integrated into corresponding oligonucleotide primers (Ta-
ble S5). The resulting vectors (pYTSK03,08,09,10,12,13K_0G7) were
subsequently equipped with the eYFP reporter gene (Aymoz et
al. 2016), generating vectors pYTSK33,38,39,40,42,43K_1G7 which
carry the promoters Py, araC-Psap, rhaRS-rhaPzap, nagR-Pragaa,
MtIR-Ppye, and tetR-Pra, respectively (Fig. 4A).

The vectors were transferred into P. putida by conjugation re-
sulting in high numbers of Gm-resistant clones. Integration of the
recombinant transposon at the attTn7 site was verified by colony
PCR using previously established primers (Choi et al. 2005) in all
respective strains P. putida SK33, SK38, SK39, SK40 (Tiso et al. 2020),
SK42, and SK43.

We comparatively assessed the performance of the strains
with different expression system modules on the levels of tran-
scription and expression as well as production. First, the tran-
scription and expression levels of the biosynthetic operon rhlAB
and downstream encoded eYFP reporter were determined by RT-
gPCR as transcript copies of rhiB as well as via eYFP fluorescence
(Fig. 4A). Stronger expression of rhlAB genes seemed to be ac-
companied by likewise higher eYFP fluorescence after 24 h, most
prominently in case of the p-mannitol-inducible mtlR-Pye sys-
tem (SK42), followed by the group of araC-Psap, nagR-Pregaq. and
tetR-Pa (SK38, SK40, and SK43). Finally, P, showed weakest ex-
pression. Our findings of an overall correlation of the eYFP re-
porter fluorescence with rhiB transcript levels indicate the use-
fulness of the reporter. However, it should be noted, that both
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Figure 4. Evaluation of different attTn7-integrated expression modules for rhamnolipid production in P. putida. (A) Cloning schemes of pYT constructs
as well as rhiB transcript levels, eYFP reporter fluorescence, and titres of mono-rhamnolipids obtained after Tn7 integration and expression of rhlAB
with different promoters. The fraction (g/g) of HAA per total surfactant, i.e. the sum of mono-rhamnolipids and HAA, is shown as inset. The commonly
dominant C10-C10 mono-rhamnolipid congener is depicted. (B) Correlation of reporter signals (Le. fluorescence or enzyme activity) and
mono-rhamnolipid titres depending on different salicylate inducer concentrations in strains carrying rhlAB and reporter genes under control of
nagR-Ppegaq. Increasing salicylate concentrations (0, 0.001, 0.1, 2, and 5 mM) correspond to increasing mono-rhamnolipid titres with the exception of
the PE-H-expressing strain (where salicylate concentrations are indicated for each data point). (C) Titre of mono-rhamnolipids and HAA fraction upon
biosynthetic module expansion with rmIBDAC and algC genes for improved supply of the precursor dTDP-L-rhamnose to reduce HAA accumulation.
Biosynthetic products were quantified by HPLC-CAD analyses. Data represent the mean of three independent experiments with error bars indicating
the corresponding standard deviations.
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were determined as end point measurements: thus, putative dy-
namic underlying processes remain undiscovered. For example,
the araC-Pgap and rhaRS-rhaPgap-driven systems (SK38 and 39)
yielded a fluorescence comparable to nagR-Pyggaq, and tetR-Prea
(SK40 and SK43) despite a lower initial expression. Both parame-
ters are generally influenced by different factors including post-
translational oxygen-dependent maturation of eYFP required for
fluorescence, which can take significant time during fast bacte-
rial growth (Drepper et al. 2007, 2010). Furthermore, RT-qPCR de-
picts an equilibrium of transcript levels at a given time and val-
ues are thus not only indicative of transcription strength but also
result from previously discussed RNA degradation mechanisms
(Pearson, Pesci and Iglewski 1997) that have not been fully elu-
cidated for the natively adopted rhlAB operon from P. aeruginosa
until now. Therefore, a correlation of reporter fluorescence and
transcript levels should be interpreted cautiously.

Constitutive strong expression can be problematic for the sta-
bility of rhamnolipid production (Tiso et al. 2020). For a promoter
system similar to the very strong mtlR-Pyyz (from the related Pseu-
domonas fluorescens DSM50106), a high basal expression in P. putida
KT2440 has already been reported (Hoffmann and Altenbuchner
2015). We therefore also analysed expression under non-inducing
conditions revealing a very high basal expression without addition
of the inducer p-mannitol for strain SK42. Hence, the respective
promoter system may not be attractive for production purposes.

To assess the promoters’ suitability for production, the super-
natants of all cultures were analysed with regard to the achieved
titres of mono-rhamnolipids and their aglycon precursor 3-(3-
hydroxyalkanoyloxy) alkanoic acid (HAA), which typically accu-
mulates as unwanted side product due to incomplete conversion,
by established HPLC-CAD analysis (Tiso et al. 2020). Strains with
Piac, araC-Pgap, and tetR-Pra (SK33, SK38, and SK43) showed only
low mono-rhamnolipid titres (ca. 0.02-0.1 g L=1), presumably be-
cause the expression of rhlAB is too weak. On the other hand, in
the stronger nagR-Prggaq-based (SK40) and mtlR-Py,e-based (SK42)
expression strains, high mono-rhamnolipid titres of ca. 1 and
1.4 g L7, respectively, were found. However, a large amount of
the aglycon HAA (25%—38% (2/Ziotal surfactant)) accumulated, espe-
cially in strain SK42 with mtlR-Ppe. This may be due to a lim-
ited availability of the precursor dTDP-L-rhamnose, which is gen-
erated from the central carbon metabolism in P. putida, at times of
strong expression. In summary, the salicylate-inducible promoter
nagR-Pragaq facilitated strong gene expression with relatively low
background without induction as well as relatively high mono-
rhamnolipid production with lower levels of the aglycon interme-
diate, so we chose this promoter system for further studies.

To further elucidate the usefulness of the transcription re-
porters in our toolbox collection, we next analysed how the
salicylate-induced production of rhamnolipids correlates with
the output of different transcriptional reporters (eYFP, mCherry,
mTagBFP2, LacZ, GUS, PE-H; see Fig. 2) at different induc-
tion strength. To this end, the respective pYT vectors were
cloned by yeast-mediated recombineering of reporter genes into
PYTSK10_0G7 (Tiso et al. 2020) and the P. putida strains SK57, SK61,
SK60, SK66, and SK64 were constructed. Expression was induced
during cultivation with different salicylate concentrations (0.001-
5 mM), reporter fluorescence and enzyme activities were deter-
mined after 24 h and correlated with the mono-rhamnolipid titres
for each inducer concentration (Fig. 4B). Interestingly, despite po-
tential influences of chromophore maturation dynamics in GFP
variants (Drepper et al. 2007, 2010) or the amplifying effect in
enzyme-based assays (Iyer et al. 2001), the reporter signals (with
the exception of PE-H) correlated remarkably well with the mono-

rhamnolipid titres (R? = 0.92-0.99). Only the PE-H activity does
not correlate with product levels, which might be related to the
enzyme'’s influence on the P. putida metabolism or even rhamno-
lipid stability. Our results indicate that tracking the expression of
the rhlAB operon via transcriptional reporters could in principle
provide an indication of mono-rhamnolipids production. However,
the determination of the rhamnolipid titres should not solely be
based on reporter readout; nevertheless, the use of transcriptional
reporters is certainly a powerful tool to indicate expression levels
and, in the presented case as well as in previous studies (Weih-
mann et al. 2020), it may serve to estimate product titres.

To finally showcase the utilisation and recycling of homing en-
donuclease site I-Scel for successive addition of expression mod-
ules, we chose to expand the rhl expression cassette by dTDP-L-
rhamnose biosynthetic genes to reduce accumulation of the agly-
con HAA and thus optimise nagR-Pyga.-based mono-rhamnolipid
production (Fig. 4C). To this end, the P. aeruginosa genes encod-
ing for the enzymes RmlA, B, C, and D and the phosphogluco-
mutase AlgC, which are required for the conversion of glucose-6-
phosphate to dTDP-L-rhamnose, were cloned downstream of the
rhlAB genes in vector pYTSK10_0G7. In line with the toolbox con-
cept of modularity, we could make use of the I-Scel site, which
was not destroyed but recycled in the previous cloning step of
rhl genes, multiple times. The resulting vectors pYTSK51_0G7 and
pYTSK62_0G7 were used to generate strains P. putida SK51 (addi-
tionally equipped with rml genes) and SK62 (additionally equipped
with rml genes and algC), respectively. These strains showed a re-
duced HAA level upon coexpression of rml genes and even com-
plete conversion of HAA to mono-rhamnolipid upon additional
algC coexpression, respectively, with a mono-rhamnolipid titre of
1.45 g L1, Thus, a qualitative improvement in the production of
mono-rhamnolipids by expression of associated genes could be
achieved.

The here presented maximal titres of mono-rhamnolipids
match previously reported levels, which were obtained under sim-
ilar cultivation conditions with especially strong constitutive pro-
moters (Tiso et al. 2020). However, the amount of unconverted
HAA was massively decreased with the approach presented here.
Since the delivery of reactants through the additional expres-
sion of heterologous genes has proven useful for an optimisation
of biosynthetic flux and product titres in particular for P. putida
and rhamnolipid biosynthesis but also beyond that (Cabrera-
Valladares et al. 2006, Zhang et al. 2012, Sanchez-Pascuala et
al. 2019, Troost et al. 2019), the demonstrated method of hom-
ing endonuclease I-Scel utilisation and recycling of the site can
be helpful for various applications. Occurrence of this nuclease
recognition site in biosynthetic genes is highly unlikely, so it can
be used, recycled, and re-used for modular extensions multiple
times. In summary, our toolbox facilitated the construction of dif-
ferent mono-rhamnolipid production strains, the identification of
a most suitable promoter, evaluation of diverse transcription re-
porters, and the quantitative and qualitative optimisation of pro-
duction.

Comparison of integration and expression
modes for reb gene expression

Since the pYT series was proven applicable for all three integra-
tion modes (Tn5, rm, Tn7), we aimed to challenge our toolbox with
the expression of biosynthetic genes of a compound which has not
been produced in P. putida before, and to investigate how differ-
ent modes of expression affect production. For this purpose, the
biosynthetic genes of the indolocarbazole arcyriaflavin A, which
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Figure 5. Comparison of different gene integration and expression modes for the production of arcyriaflavin A in P. putida. (A) Cloning schemes of pYT
constructs facilitating different integration and expression modes of the arcyriaflavin A biosynthetic genes rebODCP in P. putida. (B) Arcyriaflavin A
titres quantified by HPLC-PDA analyses of crude cell extracts using commercial arcyriaflavin A as reference. Data represent the mean of three
independent experiments with error bars indicating the corresponding standard deviations.

occurs in the rebeccamycin pathway (Sanchez et al. 2002, 2005),
were chosen.

The genes rebO, rebD, rebC, and rebP (7.4 kb) derived from
the actinomycete Lentzea aerocolonigenes (ATCC 39243) (Bush et
al. 1987, Sanchez et al. 2006) were integrated via In-Fusion®
cloning into the I-Scel-linearised pYT vectors pYTRW18K_3T5
and pYTRW26K_1Til for TnS transposition and integration into
the 16S rRNA genes, respectively. As nagR-Pnygaqs was favourable
for rhamnolipid production, we equipped vector pYTSK31K_1G7,
which carries Tn7 elements, with this expression system module
using the AsiSI site of the YT_core sequence (Fig. S1). In the re-
sulting vector pYTNBO1K_1G7, the promoter is placed upstream
of the I-Scel site, therefore allowing integration of a gene cluster
here with suitable homology arms to the upstream and down-
stream sequences (CIS_up/dn). Hence, the same PCR product used
for reb gene integration in the other two pYT vectors, could now
be used for this third version (Fig. SA). The resulting vectors
PYTNBO2K_3T5, pYTNBO3K_1Ti1, and pYTNB04K_1G7 were trans-
ferred into the P. putida KT2440 wild type or strains RW-16SA-G
carrying the landing pad in 16S rRNA genes by conjugation.

Interestingly, the implementation of a constitutive rebODCP
gene expression by TnS transposition was more difficult
than for violacein production. Here, conjugational transfer
of pYTNB02K_3T5 had to be performed several times to obtain
100 to 200 clones. In contrast to the identification of strains
readily expressing violacein biosynthetic genes after random
transposition downstream of a chromosomal promoter, the
expression of reb genes could not be visually detected by the for-
mation of a colored biosynthetic product. Therefore, the clones
obtained after conjugation were first analysed for mCherry
reporter fluorescence under a Blue/Green transilluminator (i
= 450-530 nm). The mCherry fluorescence results from ex-
pression of the respective gene, which is located downstream
of the reb genes as reporter for complete transcription of the
rebODCP cluster. Based on the fluorescence signal, five clones
(designated as P putida KT2440 NB02-1,-2,-3,-4,-5) were finally
selected for production studies. Moreover, with the rm inter-
poson, no double crossover integration could be identified in
multiple attempts although counter selection using SacB was
implemented, so that a clone with single crossover (in the 16S
gene of rmB; P. putida NB0O3-B) was selected for production stud-
ies. In contrast, a high number of clones with gene integration
at attTn7 was obtained without difficulties, providing strain
NBO4.

Production of arcyriaflavin A was verified in all expression
strains after cultivation in liquid medium (and induction with sal-
icylate after an initial growth period in case of the NB04 strain
carrying rebODCP under nagR-Pyqgaq control at the attTn?7 site) by
HPLC-PDA analysis using a commercial reference for compari-
son (Fig. S6). Compared with the other indolocarbazole, deoxyvi-
olacein, which could be produced with high titres in Tn5- and
rm-based strains (more than 100 mg L), a constitutive expres-
sion in analogously constructed strains was apparently less ap-
propriate for arcyriaflavin A production (titres of about 60 ug L)
(Fig. 5B). The difficulties encountered in the construction of these
two strains as well as their low production titres suggest that
the constitutive production of arcyriaflavin A in P. putida is un-
favourable. It is already known that arcyriaflavin A derivatives
can act as antimicrobial compounds (Sdnchez, Méndez and Salas
2006, Schmidt, Reddy and Kndlker 2012). This is also supported
by the fact that the production titre with the inducible system
is eightfold higher. The calculated titre of about 500 pug L~* (ap-
proximately 0.25 mg L~* day~?) is comparable to concentrations
of arcyriaflavin derivatives already achieved in E. coli (Hyun et al.
2003, Casini et al. 2018).

Thus, integration into the attTn7 site under control of the
salicylate inducible promoter nagR Pnga. was found to be most
suitable for the production of arcyriaflavin A. At present, the titres
of the two L-tryptophan-derived indolocarbazoles deoxyviolacein
and arcyriaflavin A cannot be expected to be in a comparable
range since the oxidase RebO has a clear preference for 7-chloro-
L-tryptophan, which is the native substrate of the rebeccamycin
pathway (Nishizawa, Aldrich and Sherman 2005). However, re-
sults obtained for deoxyviolacein production indicate that P. putida
should be metabolically equipped for future optimisation towards
higher arcyriaflavin A titres. In summary, the construction of the
different arcyriaflavin A production strains again demonstrated
the usefulness of the toolbox presented in this work, in that stan-
dardised procedures facilitated comparative evaluation of differ-
ent integration and expression modes without requiring a new
cloning strategy for each case.

In conclusion, the presented ready-to-use series of pYT vectors
enabled the efficient construction of secondary metabolite pro-
ducing P. putida strains by transfer and activation of heterologous
gene clusters. Its modular architecture allowed standardisation of
experimental workflows and the straightforward construction of
different strains in parallel, facilitating the selection of the most
promising ones.
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The toolbox described here complements the available set of
tools for the transfer and genomic integration of genes for the con-
struction of P. putida expression strains (Loeschcke and Thies 2020,
Martin-Pascual et al. 2021). These comprise highly effective tools
applying random transposition (Fu et al. 2008, Martinez-Garcia et
al. 2014, Domrdse et al. 2017), or site-specific integration realised
via transposase-, integrase- or recombination-based strategies to
construct stable and controllable expression strains (Hernandez-
Arranz et al. 2019, Bator et al. 2020, Choi and Lee 2020, Zhang
et al. 2020, Cook et al. 2021). In contrast to the named specific
toolsets, the yTREX toolbox, combines the utilisation of three dif-
ferent favorable modes of genomic integration for biosynthesis
gene clusters (Loeschcke and Thies 2020) with a fully modular
design, which allows effective ligase-independent vector assem-
bly (Domrdse et al. 2017). The latter facilitates rapid construc-
tion of different strains and the exchange of modules between
the toolbox vectors, thereby matching the current developments
in synthetic Pseudomonas strain engineering towards standardised
and modular genetic tools (de Lorenzo and Schmidt 2018, Martin-
Pascual et al. 2021). Straightforward parallel cloning of different
transposon or interposon constructs can be especially useful in
recombinant production strain development. As illustrated here
and in previous studies, the most promising locus for gene inte-
gration and mode of expression for a metabolic pathway cannot
always be predicted beforehand (Domrése et al. 2015, Giefselmann
et al. 2019, Tiso et al. 2020), so that only a comparative evaluation
may help. In principle, the presented toolbox should be applica-
ble with Gram-negative hosts other than P. putida for which pro-
tocols for conjugational transfer, Tn7 and TnS transposition are
well established. The latter has been elegantly employed for the
integration of landing pads to enable subsequent specific recom-
binational integration of biosynthetic gene clusters in diverse y-
Proteobacteria in an effective manner (Wang et al. 2019). The rm
integrative variant requires, of course, also the equipment of the
target strain with landing pads. Notably, considering the high de-
gree of conservation of 16S rRNA-encoding genes, the constructs
used here to deliver landing pads to P. putida KT2440 should also be
applicable in other Pseudomonas (Otto et al. 2019) and most prob-
ably in other Proteobacteria as well.
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Abstract

Pseudomonas species have become promising cell factories for the produc-
tion of natural products due to their inherent robustness. Although these bac-
teria have naturally evolved strategies to cope with different kinds of stress,
many biotechnological applications benefit from engineering of optimised
chassis strains with specially adapted tolerance traits. Here, we explored
the formation of outer membrane vesicles (OMV) of Pseudomonas putida
KT2440. We found OMV production to correlate with the recombinant pro-
duction of a natural compound with versatile beneficial properties, the tripy-
rrole prodigiosin. Further, several P.putida genes were identified, whose
up- or down-regulated expression allowed controlling OMV formation. Finally,
genetically triggering vesiculation in production strains of the different alka-
loids prodigiosin, violacein, and phenazine-1-carboxylic acid, as well as the
carotenoid zeaxanthin, resulted in up to three-fold increased product yields.
Consequently, our findings suggest that the construction of robust strains by
genetic manipulation of OMV formation might be developed into a useful tool
which may contribute to improving limited biotechnological applications.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Microbial Biotechnology published by Applied Microbiology International and John Wiley & Sons Ltd.
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INTRODUCTION

Secondary metabolites of microorganisms exhibit a va-
riety of biological activities which make them applicable
as pharmaceuticals, ingredients in cosmetics, and food
additives. One approach to accessing these natural
products is the biosynthesis in heterologous strains,
which are engineered as whole-cell biocatalysts (Lin
& Tao, 2017). In the last decades, Pseudomonas spe-
cies have become promising bacterial cell factories for
such bioproduction processes. One prominent repre-
sentative of this group is Pseudomonas putida, mainly
due to its inherent robustness as reviewed in detail in
the last years (Bitzenhofer et al., 2021; Loeschcke &
Thies, 2015, 2020; Nikel & de Lorenzo, 2018; Weimer
et al.,, 2020).

The compounds which have been produced in
P. putida include toxic aromatic acids like p-coumarate
or cinnamate (Calero et al, 2018; Molina-Santiago
et al., 2016; Schwanemann et al., 2020), antimicrobial
compounds like violaceins and phenazines (Askitosari
et al.,, 2019; Domrose et al., 2017; Zhang et al., 2017),
or prodiginines and glidobactins (Cook et al., 2021;
Domrése et al, 2015; Loeschcke & Thies, 2020),
as well as different terpenoids including zeaxan-
thin, p-carotene, and lycopene (Beuttler et al., 2011;
Hernandez-Arranz et al., 2019; Sanchez-Pascuala
etal., 2019).

Despite these success stories, the high-level
production of natural compounds is still challeng-
ing, amongst other reasons, due to chemical stress
caused by high product and substrate concentra-
tions, respectively, which can damage biomolecules
or membranes, ultimately compromising the biopro-
cess (Nicolaou et al., 2010). It is thus intriguing to un-
derstand how bacteria have naturally evolved different
strategies to respond and adapt to chemical stress.
In Pseudomonads, an active extrusion of a chemical
stressor via efflux transporters to avoid its intracellular
accumulation or damage recovery/prevention mecha-
nisms (e.g., the use of chaperones or redox enzymes)
are prominent strategies to deal with chemical stress
(Bitzenhofer et al., 2021; Blanco et al., 2016; Bosl
et al., 2006; Hartl et al., 2011; Henderson et al., 2021;
Nicolaou et al., 2010; Roca et al., 2008). Further,
a Pseudomonas-characteristic and quite unique
stress response is the conversion of cis- unsaturated
fatty acids (FA) of the inner membrane (IM) to their
trans-configuration by the cis-trans-isomerase (Cti)
(Bitzenhofer et al., 2021; Heipieper et al., 2003; Tan
et al., 2016). The Cti exerts an immediate response:
The enzyme is described to be constitutively present
in the periplasm and as soon as the membrane is suffi-
ciently perturbed, it can access the cis-unsaturated FA
in the membrane phospholipid bilayer and isomerises
them to the corresponding trans-configuration (Mauger
et al., 2021). Additionally, P. putida can also respond

by vesiculation to chemical stresses, i.e., releasing
outer membrane vesicles (OMVs) into the extracellu-
lar space. This can be caused by structural changes
in the cell envelope (Juodeikis & Carding, 2022). The
two processes, cis-trans-isomerisation and OMV re-
lease, can be employed synchronously in response
to the same stresses, but not obligatory so (Eberlein
et al., 2018). The OMVs are mainly composed of phos-
pholipids, lipopolysaccharides (LPS), and proteins
(Avila-Calderén et al.,, 2021). Their release can lead
to @ more hydrophobic bacterial cell surface and thus
enhance biofilm formation, which in turn increases
bacterial resistance to chemical stressors (Atashgahi
etal., 2018; Baumgarten et al., 2012). In addition, vesic-
ulation can help to bring and/or keep the stressors out
of the cell (Eberlein et al., 2019; Mozaheb & Mingeot-
Leclercq, 2020) and OMVs may serve as an extra-
cellular reservoir for chemical compounds, effectively
reducing the concentration in or surrounding the cell
(Domrése et al., 2015; Schwechheimer & Kuehn, 2015).
An association of OMV release with natural bacterial
export of secondary metabolites has been proposed
(Batista et al., 2020; Choi et al., 2020; Mashburn &
Whiteley, 2005; Tan et al., 2020). Recently, the engi-
neering of such membrane structures was shown to
enhance the recombinant production of hydrophobic
metabolites in Escherichia coli (Yang et al., 2021).

To alleviate the difficulties of high-level microbial
production, the construction of robust cell factories
with specifically adapted tolerance features seems to
be crucial. Here, we assess OMV formation as a bio-
technologically exploitable tolerance trait. We present
genetic engineering strategies to increase vesiculation
and the production of different secondary metabolites
in Pseudomonas putida KT2440.

EXPERIMENTAL PROCEDURE
Cultivation of P. putida

Pseudomonas putida wild-type KT2440 (Nelson
et al., 2002) and the derived strains P. putida pig21,
vio12, and PCA1 (Domrése et al., 2017), P. putida pig-
r11, -43, and -r44 (Domrése et al.,, 2019), as well as
P. putida crtAX, which was constructed as previously
described (Loeschcke et al., 2013; see Table S4), were
cultivated under continuous shaking (130rpm) at 30°C
in 10mL LB (lysogeny broth) medium (10gL™ tryp-
tone, 5gL7" yeast extract, 10gL™" sodium chloride; Carl
Roth®). Antibiotics were added to the culture medium
when appropriate to the following final concentrations:
25pgmL" kanamycin, 25pgmL" irgasan, 25pgmL
gentamicin, and 50pgmL" tetracycline. For chemi-
cal induction of OMV formation, P. putida KT2440
was exposed to 1mM 1-octanol (Acros organics, part
of Thermo Fisher Scientific), 50pM PQS in DMSO
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(Biomol GmbH), or 0.6 mM prodigiosin (in DMSO, final
concentration 3%; for extraction and purification see
Figure S15 and M5 in Appendix S1) after reaching the
logarithmic growth phase. To induce gene expression
or to manipulate gene expression, respectively, 10 mM
L-arabinose was added.

Plasmid and strain construction

Oligonucleotides, plasmids, and strains, which were
generated based on P. putida KT2440, are summa-
rised in Tables S3 and S4.

All recombinant DNA techniques were essentially
performed as described by Sambrook et al. (1989),
using Escherichia coli strains DH5«a (Hanahan, 1983)
and Stellar™ cells (Takara Bio, Cat# 636763, see
Table S4). Assembly procedures for vectors facilitating
overexpression or repression of candidate genes are
detailed in M1 in Appendix S1.

Plasmids were introduced into P. putida KT2440 by
electroporation (Tu et al., 2016). Briefly, 1mL of over-
night cultures of P. putida strains was harvested by
centrifugation (2min, 11,000g) and washed with 1mL
H,O (MilliQ®) twice. The cells were resuspended in
80pL H,O (MilliQ®) and supplemented with 50ng
plasmid DNA. Electroporation was performed in a
MicroPulser (25pF, 200Q, 4.5-5ms, 20kVem™; Bio-
Budget Technologies GmbH). Cells were incubated in
0.7 mL LB medium under continuous shaking (300rpm)
for 2h before plating on LB agar plates with an appro-
priate antibiotic.

Determination of cis-trans-isomerase
(Cti) activity

Fatty acid extraction and methylation were adapted
from previous studies (Bligh & Dyer, 1959; Morrison
& Smith, 1964). Briefly, cell samples corresponding
to an optical density (OD,, ) of 1 in 1TmL were har-
vested from P. putida cultures by centrifugation. Fatty
acid methyl esters (FAME) were prepared by incubat-
ing the samples in 1 mL methanol and 1.75mL chloro-
form under continuous shaking (1000rpm) for 3min.
Then, 0.5mL dH,O was added, and the suspension
was thoroughly mixed for 30s. Centrifugation (10min,
1000g) facilitated clear phase separation. Finally,
the chloroform phase was transferred to a new glass
vial (CS), and the solvent was removed by evapora-
tion (Concentrator 5301; Eppendorf). For the meth-
ylation of fatty acids (FA), samples were incubated in
BF3-methanol (Merck) for 15min at 95°C (Morrison &
Smith, 1964). Lastly, FAME were extracted with hexane
and stored at 4°C. FAME analysis was performed using
gas chromatography with a flame ionisation detector
(GC-FID, 6890N Network GC System, 7683B Series

3 U oer HEy
Injector; Agilent Technologies). The instrument used a
CP-Sil 88 column (CP7488; Varian) in stationary phase
and helium as carrier gas. The temperature program
was 40°C, 2min isothermal, followed by a gradient-
increase up to 220°C (8°C min™"), and 10 min at 220°C.
The FAME peak areas were used to determine their
relative amounts. The FA was identified by co-injection
of authentic reference compounds obtained from
Supelco. Trans/cis ratio was calculated taking the sum
of the FAME of cis-palmitoleic acid (C16:1A9cis) and
cis-vaccenic acid (C18:1A11cis) as divisor and the sum
of their corresponding trans configuration as dividend
(Heipieper et al., 1992).

Isolation of OMVs

Procedures were based on already published protocols
by Heipieper and coworkers (Eberlein et al., 2019). After
7 h of cultivation (24 h for some experiments), P. putida
cells were pelleted by centrifugation (at 5000g and 4°C
for 15min) and to ensure that all cells were removed,
the supernatant was filtered through a membrane with
0.45um pore size (Sarstedt). As we did not see any
cells in either the TEM or the (MA)DLS analyses (see
below), we consider the 0.45 um-filter to be appropriate.
For final isolation, OMVs were sedimented by ultracen-
trifugation (at 100,000g and 4°C for 3 h; rotor 50.2 Ti;
Beckman Coulter). The obtained vesicle pellet was re-
suspended in 100 pL 10 mM HEPES buffer (pH6.8) and
used for characterisation. For TEM analysis, OMVs ob-
tained from one isolation batch were further purified by
ultracentrifugation using a density gradient (2%, 15%,
40%, and 50% glucose) at 100,000g and 4°C for 18h
(rotor SW32 Ti; Beckman Coulter). OMV fractions were
collected at sugar concentrations of approximately 10%
and 30%, respectively (determined with a refractom-
eter (OPTEC, Optimal Technology)). Vesicle bands at
higher sugar concentrations (glucose concentration of
about 40%—-50%) were not collected due to accumula-
tion of other impurities. Here, a larger batch of 50 mL
LB medium was used, and the further procedure was
applied unchanged.

OMV characterisation
Bradford assay

For an approximation of relative OMV quantity, the
amount of proteins within the OMV fraction was de-
termined by the Bradford assay as described before
(Eberlein et al,, 2019). For this purpose, 75uL of a
10-fold (or 30-fold) OMV dilution (in 10mM HEPES
buffer, pH6.8) were mixed with 75uL Bradford reagent
(20mg Coomassie Brilliant Blue G-250, 10 mL ethanol,
20mL phosphoric acid, ad 200mL) in a microtiter plate
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RCE:
(MTP), and the absorption was measured at 595nm
using a plate reader (Tecan) after 5min of incubation.
Bovine serum albumin (BSA) solutions were used for
calibration (0 to 0.25mgmL"™"). Notably, other large cel-
lular surface structures like flagellar components that
co-sediment with OMVs would influence the Bradford
results (Bauman & Kuehn, 2006). For prodigiosin-
containing OMVs, the Bradford readout was corrected
to take the absorption of the red pigment into account
(see Figure S1 and M2 in Appendix S1).

Nile red assay

The lipophilic fluorescent dye Nile red was used as an
indicator preferentially staining membranes to analyse
OMV fractions. In an MTP, 2 uL of a 2% solution of Nile
red (in DMSO; Sigma-Aldrich) was mixed with a 10-
fold diluted OMV sample in a total volume of 150pL.
Fluorescence was measured using a plate reader
(Tecan) with an excitation wavelength 4, =543nm, an
emission wavelength 4, of 598nm, a bandwidth of
5nm, and a gain of 150.

Biofilm formation assay

Quantification of biofilm formation as an indirect meas-
urement of surface hydrophobicity was conducted ac-
cording to O'Toole (2011). Cells were cultivated in an
MTP in presence of the stressor 1-octanol (1mM) or
inducer for manipulation of gene expression (10 mM L-
arabinose) at 30°C for 24 h. The supernatant was used
to measure the optical density (ODgg ) Of the plank-
tonic cells. For quantification, the wells were washed,
dried, and supplemented with 150 uL of a 0.1% crystal
violet (CV) solution. The MTP was incubated at room
temperature for 10min, washed and dried again. To
solubilise the CV, 150 uL 40% acetic acid was used and
the absorption of the samples was measured at 550 nm
in a fresh MTP (diluted with H,0) using a plate reader
(Tecan).

To correct for differences in growth behaviour, the
data of all direct or indirect OMV assays were nor-
malised to the respective cell density at 580nm (or
700nm in case of prodigiosin-containing samples).

DLS analysis

The average size of isolated OMVs was analysed by
dynamic light scattering (DLS) using a SpectroSize 300
(Xtal Concepts) with a 660nm laser at a fixed angle.
Isolated OMVs were diluted to a corresponding optical
density (ODggq,,,) Of 0.2. DLS does not allow straight-
forward determination of the exact amount of OMVs in
a solution. However, the intensity of the scattered light

depends on the concentration, diameter, and refractive
index of the scatterer in relation to the refractive index of
the solution (Makra et al., 2015). As the OMV samples
were isolated at the same cultivation time, processed
identically and the OMVs had a similar size distribu-
tion, the measured intensity of the signal (i.e. count rate
in kHz) can be indicative of the vesicle concentration.
To test this correlation, the signal intensity of a vesicle
sample diluted to different concentrations was deter-
mined by DLS and the dilutions were plotted against
the signal intensity, which showed a linear correlation
(see Figure S7). Hence, DLS data were evaluated as
size distribution (diameter in nm) and signal strength (of
the count rate in kHz).

For MADLS, a Zetasizer Ultra (Malvern Panalytical
GmbH, Herrenberg, Germany) was used, operating
at three different scattering angles (9=15°, 90°, 175°)
and a temperature of 25°C. The isolated vesicle frac-
tions (after 7 or 24h) were diluted 10-fold in HEPES
buffer (10mM, pH6.8) for measurements in triplicates
and analysed using a DTS0012 cuvette. The software
ZSxplorer was used to analyse the results.

TEM analysis

For imaging, isolated OMV samples (3 L) were added
to a glow-discharged Formvar—carbon film, hexagonal,
300-mesh copper grid, washed two times with H,O
(MilliQ®; 15s) and stained with 2% uranyl acetate solu-
tion for 30s. Surplus uranyl acetate was removed with
a filter paper. Prepared grids were analysed using a
TALOS L120C G2 transmission electron microscope
(ThermoFisher Scientific) operated at 120keV. Images
were taken using the TEM Imaging & Analysis software
(TIA; Thermo Fisher Scientific) on a 4kx4k Ceta M16
CEMOS camera.

Transcriptome analysis

For transcriptome analysis, cells were cultivated as de-
scribed above, the cell pellet was harvested after 7h,
adjusted to an optical density (OD,,,,,,,) of 1 and flash
frozen.

Total RNA was isolated from three biological rep-
licates using Quick-RNA Miniprep Plus kit (Zymo
Research). The samples were treated with DNAse
(Zymo Research), and RNA was again purified with
an RNA Clean&Concentrator-5 kit (Zymo Research).
Ribosomal rRNA was removed with a riboPOOL for
bacteria (siTOOLs Biotech GmbH). The purity of RNA
and removal of rRNA was tested with an Agilent RNA
Pico 6000 kit and an Agilent 2100 Bioanalyzer (Agilent
Technologies). TruSeq Stranded mRNA Sample
Preparation guide (lllumina) was then used to construct
the cDNA library. The constructed cDNA library was
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then sequenced with lllumina NextSeq500 high output
mode paired-end using a read length of 75 bases.

Transcriptomics sequencing raw data files are avail-
able at the ArrayExpress database (www.ebi.ac.uk/
arrayexpress) under accession no. E-MTAB-12470.

The paired-end cDNA reads were mapped to the P.
putida KT2440 genome sequence (accession number
AE015451.2; Belda et al., 2016; Nelson et al., 2002)
using bowtie2 v2.2.7 (Langmead & Salzberg, 2012)
with default settings for paired-end read mapping. All
mapped sequence data were converted from SAM to
BAM format with SAMtools v1.3 (Li et al., 2009) and
imported to the software ReadXplorer v.2.2 (Hilker
et al, 2016). Differential gene expression analysis
of three biological replicates was performed using
DESeq2 (Love et al., 2014) with ReadXplorer v2.2
(Hilker et al., 2016).

For significance of differentially transcribed genes,
we used an adjusted p-value cutoff of <0.01 and a sig-
nal intensity ratio (M-value) cutoff of 22 or <=-2.

Natural compound production in P.
putida KT2440

Pseudomonas putida KT2440-derived previously gen-
erated strains, which carried the different biosynthetic
gene clusters in the genome under a constitutive pro-
moter (see Table S4), were transformed with plasmids
for manipulation of the expression of candidate genes
by electroporation. The cells were cultivated in 1mL
LB medium and incubated overnight in FlowerPlates®
(Beckman Coulter GmbH (formerly m2p-labs GmbH))
at 30°C and shaking at 1200rpm in a ThermoMixer® C
(Eppendorf AG). For P. putida PCA1, Round Well Plates
(Beckman Coulter GmbH (formerly m2p-labs GmbH))
were used instead of FlowerPlates® to lower oxygen
transfer rates (culture volume: 750puL). Main cultures
were inoculated to an optical density (0D, ) of 0.05
in LB medium already containing 10 mM L-arabinose as
inducer for gene overexpression or for the implementa-
tion of the CRISPRI system. The cells were incubated
under above-described conditions for 48 h.

Extraction of natural products

Samples from cultivation of the producers were frac-
tionated into cell pellet and supernatant by centrifuga-
tion (at 15,0009 and 4°C for 5min). The pellets were
extracted with 1 mL ethanol (p.a.; for prodigiosin: acidi-
fied ethanol (4% 1M HCI) was used). The extracts were
cleared by centrifugation (15,000 g, 10 min). Additionally,
compounds were extracted from the supernatant by
two-phase-extraction with ethyl acetate (2x500pL;
for PCA, the supernatant was acidified with 100pL 6 M
HCI) and evaporated afterwards (Concentrator 5301,

BT oonr ey
Eppendorf). After evaporation, products (except of
PCA samples) were dissolved in 150 L ethanol (p.a.;
for prodigiosin, acidified ethanol was used). As PCA
mainly accumulates in the supernatant, extracts from

the supernatant were dissolved in 1 mL ethanol (p.a.)
after evaporation.

Determination of product
titres and analytics

Prodigiosin, (deoxy)violacein,andzeaxanthinwerequan-
tified spectrophotometrically based on theirmolarextinc-
tion coefficients (prodigiosin: e, =139,800M ™" cm™;
(deoxy)violacein: 8575nT:25,400M‘1cm'1; zeaxan-
thin: e,50,m=144,500M" cm™ (Domrése et al., 2015;
Loeschcke et al., 2013; Rodrigues et al., 2012)) in acidi-
fied (prodigiosin) or pure (zeaxanthin, (deoxy)violacein)
ethanol, respectively, using a plate reader (Tecan,
Maennedorf, Switzerland).

Phenazine-1-carboxylic acid (PCA) was quanti-
fied via HPLC-PDA analysis using an LC-10Ai series
(Shimadzu GmbH), equipped with an SPD-M10Avp
photodiode array detector (PDA). The column oven
temperature and the flow rate were set to 30°C and
1mLmin~'. As mobile phase water (A) and acetoni-
trile (B), both supplemented with 0.1% formic acid,
were used. A C30-reverse-phase HPLC column
(250 % 4.6 mm, 5mm particle size, YMC-Europe GmbH)
was applied and 10pL of extracted samples were in-
jected onto the column. Analyses started at 5% B for
2.5min, before a gradient was used for 16.5min to
reach 98% B. This ratio was maintained for 2min and
then decreased again to 5% B within 1min. For re-
equilibration, the last condition was again maintained
for 5min (Domroése et al., 2017). Chromatograms were
recorded at 366 nm. To identify and quantify the PCA
signal, a reference (Apollo Scientific) was used for cal-
ibration (0-400mgL™"). PCA signals were observed at
a retention time of 18.1min.

RESULTS AND DISCUSSION

OMV release is a natural response of
P. putida KT2440 to chemical stress

To identify a tolerance trait that might provide a use-
ful starting point for the engineering of robust pro-
duction chassis strains, the native stress response of
P. putida KT2440 were examined first. We chose to focus
on the characteristic membrane adaptation responses
of Pseudomonas species to environmental stress (i.e.,
Cti activity and vesiculation), especially triggered by
hydrophobic compounds. The established method to
assess the activity of Cti relies on the determination
of the ratio of trans- to cis-unsaturated membrane FAs
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RCE:
via GC—-MS using common protocols for extraction and
derivatisation (Heipieper et al., 1995). One common
method to indirectly detect OMV formation is the quan-
tification of proteins in the vesicle fraction which can be
obtained by ultracentrifugation of culture supernatants
(Eberlein et al., 2019). Positive controls for both assays
were derived from previous studies: P. putida KT2440
wild type was treated with 1-octanol, which is known to
trigger both Cti activity and vesiculation (Baumgarten
et al., 2012; Eberlein et al., 2018, 2019; Heipieper
et al., 1995), and with the Pseudomonas quinolone sig-
nal (PQS), a quorum sensing-associated compound
that is known to induce vesiculation (Mashburn-Warren
et al., 2009). In addition, we analysed the effect of the
hydrophobic antimicrobial tripyrrole prodigiosin on the
cell envelope stress response since P. putida KT2440
has been shown to be especially suitable for the produc-
tion of this compound (Domrése et al., 2015, 2019). For
this, we tested the effects of both, the external addition
of prodigiosin to the wild type bacteria and the intrinsic
prodigiosin production by P. putida pig21, which was
previously established by chromosomal integration of

the prodigiosin biosynthetic pig gene cluster (Domrése
etal., 2017).

Cell samples were subjected to analyses regarding
changes in the trans/cis ratio of unsaturated membrane
FA. In addition, vesicle fractions were isolated from the
supernatant (see Figure 1A) and their protein content
was determined as an estimation of produced vesicles.
The untreated wild type was used as reference for the
evaluation of all other samples (see Figure 1B,C).

As expected for the positive control, 1-octanol trig-
gered both Cti activity and vesiculation. Interestingly,
PQS only caused vesicle formation but no change in
the trans/cis ratio of FA, while prodigiosin treatment
caused the opposite response. External addition of pro-
digiosin resulted in a significant increase in Cti activity
but did not induce hypervesiculation. The production
strain P. putida pig21, like the PQS-treated wild type,
showed again no Cti response but strong vesiculation.
Interestingly, the isolated vesicle fraction of this strain
exhibited the characteristic bright red colour of prodigi-
osin, suggesting that the compound had accumulated
in these structures (see Figure 1A).

(A)
supernatan{. = filtration
centrifugation ultracentrifugation resuspension '
> 4 E——
v A
‘ cellpellet ™ vesicle pellet
1 3 4
addition © it
(B) (c) nca addition
o 54 - o 57
e 1 . 3 1 .
) o
5 * - . :
€z 1 . ? < 1
S E 3 . ° E 3
c % ] ) A .
2 £ £g 'I'
o g 27 S & 24
L w0 < w»n
s e A
c
5 1 Bz N & 1 *
“? ] g ] D D
x
0 T T T T T ;E 0 T T T T T
o 3 3 >
&9 & & D 8 IPORNC I
& oF Q¥ x & & @Y
o [N © O AN
Y & e £ &
14 @Q N
© & ©
&
prodigiosin prodigiosin

FIGURE 1

Cell envelope stress response of Pseudomonas putida after treatment with different stressors. (A) Procedure of OMV

isolation using the prodigiosin producing strain P. putida pig21 as an example. Starting from a production culture (step 1), cells were
harvested (step 2) and the supernatant was filtered (0.45pum pore size). Vesicle isolation was performed by ultracentrifugation (step 3).
Subsequently, the obtained vesicle pellet was resuspended in buffer (step 4). (B) Increase in trans/cis ratio of membrane FA (indicative

of Cti activity) of different P. putida samples. (C) Increase in protein-vesicle signal calculated from Bradford assay of different P. putida
samples (correction for prodigiosin-containing samples had to be applied (see Figure S1)). The samples are taken after 7 h of cultivation
(logarithmic phase) and the data are normalised to the cell density of the cell culture. Data are shown as x-fold increase of values of treated
P. putida KT2440 wild type cells (1mM 1-octanol, 50 M PQS or 0.6 mM prodigiosin) or the prodigiosin producer strain P. putida pig21
compared with the wild type sample without any treatment (w/o; indicated by the dashed line). The data are mean values of independent
triplicate measurements with their respective standard deviation. Significant differences in comparison to the untreated wild type (w/o) are

indicated by asterisks (determined by T-test; *p<0.05, **p<0.01).
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Hence, we find that the tested compounds, which
share a relatively high value for the partition coefficient
logP (1-octanol=3.0; PQS =4.74, prodigiosin=4.07 (cal-
culated using XLOGP3 software (Cheng et al., 2007)))
cause a membrane stress response. Interestingly, the
quality of membrane adaptation clearly depends on the
type of chemical stress. Further, the membrane adap-
tations appear to be influenced by the compound loca-
tion and concentration dynamics (“shock treatment” of
prodigiosin applied externally as a single full dose ap-
plication versus steady increase of internally produced
compound over the time of cultivation). External “shock
treatment” might perturb the membrane to cause fatty
acid conversion by Cti, while the production might be
accompanied by the general vesiculation stress re-
sponse which prevents Cti-critical concentrations at
the IM. However, the validation of such hypotheses will
require further analyses since any potential dynamic
responses were not resolved in the end point measure-
ments of the present study. Importantly, our data indi-
cate that the meaningfulness of results obtained from
examining cell responses after external application of a
chemical stressor as a proxy for a production scenario
can be limited and it is useful to analyse production
strains themselves.

The observation of enhanced vesiculation in a
P. putida production strain prompted us to investigate
the OMV formation in this context in more detail. The
quantification of OMVs by Bradford-based protein
quantification as applied here is widely established
(Eberlein et al., 2019; Rodriguez & Kuehn, 2020; Roier
et al., 2016). However, potential changes in the protein
content of OMVs in response to different conditions
may influence the results (Bitto et al.,, 2021). Hence,
the vesicle fraction of strain pig21 was additionally sub-
jected to particle analysis by multi angle dynamic light
scattering (MADLS), which validated enhanced vesicle
formation in comparison to the wild type (see Table S1).
We further characterised the OMVs produced by
P. putida pig21 in comparison to the OMV-triggering
controls by fixed angle dynamic light scattering (DLS)
and transmission electron microscopy (TEM; see
Figure 2). The OMV diameters determined by DLS
ranged between 135 and 170nm (comparable to the
MADLS results), which is in the same range as pre-
viously described for P. putida OMVs (Baumgarten
etal., 2012; Roier et al., 2016). Further, qualitative TEM
analyses revealed that both OMVs from PQS-treated
cells and P. putida pig21 producer cells apparently
formed clustered agglomerates.

The formation of OMVs thus appears to be a native
response of P. putida KT2440 to the production of the
bioactive compound prodigiosin. We next evaluated
whether vesiculation and compound production are
quantitatively correlated. To this end, three previously
established P. putida strains, pig-r43, pig-r11, and
pig-r44, which produce prodigiosin at different levels

3 U oer HEny
(Domrose et al., 2019), were subjected to OMV char-
acterisation. Here, low, moderate, and strong OMV
formation were found to correlate with the low, moder-
ate, and high-level prodigiosin titres of the respective
strains (see Figure 3A).

Additionally, the effect of OMV release triggered
by chemical treatment with PQS and 1-octanol on the
prodigiosin production levels of P. putida pig21 was in-
vestigated. Here, we also observed a correlation be-
tween OMV formation and compound production (see
Figure 3B). An effect of the chemical stress on the pig
gene transcription levels was excluded via RT-qPCR
(see Figure S3). Hence, we deduced that the pro-
cess of vesicle release itself may positively influence
prodigiosin production titres and, therefore, both pro-
cesses appear to influence each other: An increase in
the amount of intracellularly produced prodigiosin in-
creases the formation of OMVs and vice versa.

By measuring product concentration in the differ-
ent fractions (pellet and OMV fraction; Figure 3), we
demonstrate prodigiosin accumulation not only in the
pellet but also in the vesicles. This confirms our initial
visual observation (see Figure 1A). It is also consistent
with the compound's hydrophobicity, based on which it
was expected that prodigiosin would interact with the
OMVs rather than accumulate in the agueous medium.

Vesiculation can be triggered by genetic
manipulation of P. putida

As a next step, we aimed to identify candidate genes
associated with vesiculation that might allow targeted
genetic manipulation of the process.

We first approached this question in an attempt to
uncover the specific adaptations in vesiculating strains
— based on the above-described observations. To this
end, we analysed transcriptomic data of the prodigi-
osin producing strain P. putida pig21 in comparison to
the wild type strain and the wild type triggered to form
OMVs by addition of PQS or 1-octanol. Interestingly,
both prodigiosin production and 1-octanol addition
caused higher changes in the overall number of up- or
down-regulated genes than PQS addition (see Table 1,
see also Figure S4). This observation, along with the
finding that PQS treatment did not increase Cti activity,
is consistent with the fact that PQS cannot readily cross
the outer membrane (OM) (Florez et al., 2017). Among
the sample sets of strain pig21 and 1-octanol-treated
wild type cells, we identified six common genes, which
were highly up- or down-regulated compared to the un-
treated wild type (PP_2805 (ethA), PP_2807, PP_3494,
PP_3533, PP_0710, and PP_4524; see Figure 4), which
were thus selected as candidate genes presumably as-
sociated with OMV formation.

Interestingly, we detected the Cti transcript in all
of the samples in comparable copies. It was thus not
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FIGURE 2 Pseudomonas putida wild type and prodigiosin producer strain OMVs. (A) Diameter of isolated OMVs of differently treated
P. putida KT2440 wild type samples (1 mM 1-octanol or 50 uM PQS; w/o: without addition of a stressor) and the prodigiosin producer strain
P. putida pig21 determined by DLS measurements (diameter plot: intensity is normalised to maximum). Here, OMVs were isolated by a
single ultracentrifugation step (one-step isolation). (B) TEM analysis of negatively stained OMVs of the above measured samples. Left
side: for higher background purity, the OMV samples were additionally purified using a glucose density gradient (2%—-50%) after the first
ultracentrifugation step (two-step isolation). Here, only smaller types of vesicles were collected (20-90nm). Right side: vesicles from the
producer P. putida pig21 are shown after one-step isolation (identical to DLS sample preparation). Vesicles showed diameters of about
~143.9+45nm, comparable to the results from DLS measurements (see A and Table S1). White arrows indicate vesicles, black arrows
clustered agglomerates. For every OMV sample, TEM images of three different grid squares are shown (see also Figure S2). Magnification:

92,000%. Scale: 100nm.

regulated, although 1-octanol treatment was shown to
enhance the trans/cis ratio of unsaturated membrane
FA. This is in accordance with previous descriptions
of the enzyme being constitutively expressed and
constantly present in the periplasm, from where it can
slide into a perturbed membrane to reduce fluidity and
increase cell stability (Eberlein et al., 2018; Mauger
et al.,, 2021).

As a second approach, additional candidate genes
were identified based on existing knowledge. The re-
lease of OMVs can be caused by (i) a reduction of local
connections between the OM and the peptidoglycan
layer (PG), (ii) an increase in local OM curvature, or
(iiiy an increase in periplasmic pressure (Juodeikis &
Carding, 2022). We looked for different genetic targets
whose native function is connected to one of the potential

OMV generation mechanisms and whose manipula-
tion can thus affect vesiculation. Several genes have
been identified as putative candidates involved in OMV
formation in Gram-negative bacteria (see Table S2;
Avila-Calderén et al., 2021; Juodeikis & Carding, 2022;
Kulp & Kuehn, 2010; Schwechheimer & Kuehn, 2015).
While P. putida features similar genes or respective
proteins, which could be identified by sequence ho-
mology searches (see M6 in Appendix S1), their role in
OMV formation has never been described or examined.
Based on the results of the literature- and sequence-
based searches as well as transcriptome analysis, we
selected a set of 21 candidate genes potentially asso-
ciated with vesiculation, which encode inner and outer
membrane proteins (IMPs and OMPs), regulatory ele-
ments, periplasmic proteins, PG-degrading enzymes,
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FIGURE 3 Correlation between prodigiosin production and OMV formation in P. putida producer strains. (A) Investigation of the effect
of prodigiosin production (grey) on vesicle formation (blue) using a low (pig-r43), a moderate (pig-r11), and a high (pig-r44) prodigiosin
producer strain. (B) Investigation of the effect of OMV formation (blue) on the prodigiosin titres (grey) of the producer strain P. putida

pig21. For this, vesiculation is triggered by addition of different vesiculation-inducing stressors (1mM 1-octanol or 50 pM PQS; w/o: without
addition of a stressor). OMV amount was analysed by Bradford assay (correction for prodigiosin containing samples had to be applied (see
Figure S1)). The prodigiosin concentration was determined in both fractions, the pellet fraction (dark grey) and the isolated OMV fraction
(light grey). All samples were taken after 24 h of cultivation, and the data are normalised to the cell density of the cell culture. The data are
mean values of independent triplicate measurements with their respective standard deviation. Bars are sorted in ascending order.

TABLE 1 Overall number of up- or down-regulated genes
(identified by transcriptome analysis).

Pseudomonas Putida KT2440

Wild
Number of Strain  type +
regulated genes®  pig21 1-octanol  Wild type + PQS
Up 53 29 2
Down 74 7 -

@For significance of differentially transcribed genes as compared to the
untreated wild type, we used an adjusted p-value cutoff of <0.01 and a
signal intensity ratio (M-value) cutoff of 22 or <-2.

or enzymes involved in iron homeostasis (see Table 2).
For each gene, a manipulation strategy to either up- or
down-regulate the expression was chosen, depending
on the previous findings.

Thus far, knockout strains have been generated and
described in the literature for many of the chosen tar-
gets. To conveniently test a range of candidate genes in
the present study, we chose to implement repression of
the target gene expression (i.e., respective protein pro-
duction) by CRISPR interference (CRISPRI; Batianis
et al., 2020; Qi et al,, 2013; Tan et al., 2018). With this
method, the repression is ‘portable on a plasmid’ and
can be easily implemented and tested in several strain
backgrounds, as has been done before to manipulate
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FIGURE 4 Transcriptome analysis of differently stressed
Pseudomonas putida cells. Highly up- or down-regulated genes

of 1-octanol treated P. putida KT2440 and P. putida pig21 cells as
compared to the untreated wild type. Filled bars show M-values for
1-octanol-treated cells, hatched bars the prodigiosin producer. The
data are mean values of independent triplicate measurements with
their respective standard deviation.

OMVs (Yu et al., 2023). We further regarded repres-
sion advantageous over complete deletion since it
should also allow addressing rather essential genes.
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Therefore, we assembled a broad-host-range CRISPRi
vector (PBTBX-2-CRISPRI, see Figure S5A) based ona
catalytically inactive variant of the endonuclease Cas9
from Streptococcus pyogenes (SpCas9 D10A H840A).
We first evaluated the effect of the newly constructed
system on both prodigiosin and pyoverdine production.
Here, we could verify the functionality of the CRISPRI
system in dependence on the guidingRNA (gRNA) tar-
get DNA strand (template (T) or non-template (NT)),
on the distance from the translational start codon, as
well as on the concentration of the inducer L-arabinose
(see Figure S5B). Due to the most effective down-
regulation, gRNAs targeted to the NT DNA strand
close to the translational start codon were selected
for down-regulation of the expression of candidate
genes. However, the efficiency of down-regulation was
dependent on the addressed gene (see Figure S5B).
Accepting the limitation that gene-to-gene differences
in down-regulation efficiency may occur, we deemed
the system applicable to conveniently screen the can-
didate genes, for which respective gRNA-encoding se-
quences were cloned.

Candidate genes, whose up-regulation appeared
promising, were cloned in the vector pBTBX-2-mcs
(Prior et al., 2010), which facilitates L-arabinose-
dependent expression (see Figure S6; Hogenkamp
et al., 2022). Using both strategies, plasmids for the
manipulation of 18 targets could be cloned (for tonB,
PP_3533, and PP_4524, which were also regarded as
promising, cloning was not successful) and introduced
into P. putida KT2440 to test whether a hypervesicula-
tion phenotype could be implemented.

It is unknow which aspect of vesiculation in terms of
quality and quantity might be relevant for supportive ef-
fects of natural compound production. Hence, we per-
formed different assays: Bradford and Nile red assay
were applied for protein- or lipid-quantification in iso-
lated vesicle fractions as these are also the commonly
addressed components for quantifying OMV yields
(Klimentova & Stulik, 2015). Further, we analysed the
particles via DLS to investigate vesicle sizes; more-
over, as the DLS signal intensity may be correlated to
the scatterer concentration (see Figure S7), the signal
strength was evaluated as potential indicator of rela-
tive OMV concentrations. In addition, we measured
biofilm formation using crystal violet (CV; Baumgarten
et al., 2012; Kulp & Kuehn, 2010) as a measure for
vesiculation-induced, increased cell surface hydropho-
bicity and aggregation (see Figure 5). For all assays,
1-octanol treatment was again used as a positive con-
trol. To exclude any effect by dcas9 expression on the
vesiculation response, a CRIPSRi empty vector control
(ev (Ci)) was used in all assays.

The different assays for analysis of vesiculation gave
comparable results for down- or up-regulated expres-
sion of most target genes. Since OMV features may
well change upon manipulations, we did not expect to

ST boor ey

find the exact same outcome in all assays for all strains.
Around a third of the manipulations had no or only a
minor impact. Notably, in the cases where manipula-
tion relied on CRISPRI, the screening approach cannot
distinguish between a manipulation having no effect
and a guide RNA failing to implement repression of
target gene expression. Around two thirds of the ma-
nipulations gave moderately to significantly increased
signals. Interestingly, manipulation of OMPs barely
caused a change in vesiculation in samples taken from
the logarithmic growth phase, however, a stronger ef-
fect became apparent after 24 h (see also Figure S8).
We also observed differences in the vesiculation phe-
notype of bacteria examined during the logarithmic and
stationary growth phases e.g., upon overexpression of
sigma factor rpoE, which regulates cell envelope integ-
rity (Rouviere et al., 1995; Schwechheimer et al., 2013).
In contrast, the sizes of vesicles produced by differently
engineered hypervesiculating strains did not vary sig-
nificantly (see Figure 5D and Figure S9). In summary,
we could identify a range of genes, whose manipulation
led to the implementation of hypervesiculation pheno-
types in P. putida KT2440.

For validation, we aimed to delete the two CRISPRIi-
downregulated genes, pvdQ and hIdE. However, hidE
could not be deleted despite several attempts. This
underlines the usefulness of a CRISPRi-based down-
regulation of genes of interest. The pvdQ mutant, which
was obtained without difficulties, showed a similarly in-
creased protein and lipid signal in the vesicle fraction
as the respective CRISPRI strain (see Figure S10). A
limited number of manipulations were chosen for an
assessment of tolerance engineering in the generation
of robust chassis for natural compound production. We
selected the target genes PP_2087 (up), ethA (up), hIdE
(down), mitA (up), and pvdQ (down) because their ma-
nipulation led to effects across all assays, which was
achieved by both, up- and downregulation approaches.
Moreover, these included different types of proteins
with different cellular localisations, which are associ-
ated with different vesiculation mechanisms.

PP_0287 encodes a protein with sequence-
similarity to E. coli AsmA, which is predicted to be
localised at the IM and to play a role in the assem-
bly of OMPs, LPS biogenesis, OM fluidity, and the
tolerance towards hydrophobic antibiotics (Deng &
Misra, 1996; Levine, 2019; Misra & Miao, 1995; Xiong
et al., 1996). EthA is a cytoplasmatic FAD-containing
monooxygenase exhibiting the consensus motifs of
Baeyer-Villiger monooxygenases, which was up-
regulated in both, 1-octanol-treated and prodigiosin-
producing cells and might naturally be involved in the
degradation of alkanes and other xenobiotics (Blum
et al., 2021; Minerdi et al., 2012; Rehdorf et al., 2007,
Van Bogaert et al., 2011; Winsor et al., 2016).
However, the association of this monooxygenase with
cell envelope properties and vesiculation is unclear.
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FIGURE 5 Characterisation of OMVs formed by engineered Pseudomonas putida strains. (A) Amount of protein in the OMV fraction
isolated from engineered P. putida strains calculated by Bradford assay (based on 4., =595nm) after growth for 7h (logarithmic phase).
The data are normalised to the cell density of the cell culture. (B) Amount of lipid in the OMV fraction formed by engineered P. putida

strains calculated by Nile red assay (based on 4, =543nm; 4,

=598nm) after growth for 7 h (logarithmic phase). The data are normalised
to the cell density of the cell culture. (C) Quantification of biofilm formation using crystal violet (CV) (based on 4

=550nm). The data are

max

normalised to the cell density of the planktonic cells in each sample (after growth for 24 h). (D) Characterisation of OMV particles formed by
engineered P. putida strains by determination of diameters (d) and the signal strength of count rates with DLS (see also Figure S7 showing a
correlation of the sample concentration with signal intensity). Bars and DLS data are sorted in ascending order. Putative cellular localisation
of proteins is indicated by different colours (OM: dark blue; PP: light blue; IM: orange; CP: yellow; unknown localisation: grey). Implemented
manipulation of gene expression is indicated by arrows (empty arrows: up-regulation; filled arrows: down-regulation). ev (Ci): CRISPRIi
empty vector control; The data are mean values of independent triplicate measurements with their respective standard deviation. Significant
differences in comparison to the untreated wild type are indicated by asterisks (determined by T-test; *p<0.05, **p<0.01, ***p<0.001).

HIdE is a bifunctional enzyme involved in the biosyn-
thesis of the LPS component L-glycero-b-manno-
heptose (L,D-Hep) and localised in the cytoplasm, as
reported for E. coli (Kneidinger et al., 2002; McArthur
et al., 2005; Valvano et al., 2000). In a study with this
organism, HIJE, together with other enzymes from
LPS biosynthesis, was identified as involved in the
formation of OMVs (Yang et al., 2021). MItA is a con-
served lytic transglycosylase which is presumably

anchored in the OM and cleaves linkages between
N-acetylglucosamine and N-acetylmuramic acid
in the PG layer, thus far described for E. coli and
P. aeruginosa (Chen et al, 2022; Lommatzsch
et al., 1997; Mueller & Levin, 2020). PvdQ is a peri-
plasmic (de)acetylase conserved in fluorescent
Pseudomonads. In P. putida KT2440, it is involved in
pyoverdine biosynthesis, where it catalyses the deac-
ylation of the ferribactin precursor in the periplasm as
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a maturation step to release the peptide from the IM
(Koch et al., 2010; Ringel & Bruser, 2018).

Engineered vesiculation can help to
improve the production of diverse
natural products

Our results suggested that hypervesiculation could
support biosynthetic compound production by P.
putida KT2440. To verify this hypothesis, we chose
the tripyrrolic compound prodigiosin (1), the indolo-
carbazoles violacein (2), and deoxyviolacein (3) that
are co-produced by the respective biosynthetic path-
way, phenazine-1-carboxylic acid (PCA) (4), and the
carotenoid zeaxanthin (5). These are all relatively
hydrophobic but chemically rather diverse bioac-
tive compounds, for which previously characterised
P. putida KT2440-derived production strains (and
product analysis assays) were readily available. The
expression vectors to up- or down-regulate the ex-
pression of the identified genes PP_2087, ethA, hidE,
mltA and pvdQ were introduced in the four previously
constructed strains P. putida pig21, vio12, PCA1,
and crtAX, which carried the respective biosynthetic
gene clusters in the genome where they were consti-
tutively expressed (Domrose et al., 2017; Loeschcke
et al., 2013). Compound production was assessed
by spectrophotometry or HPLC-PDA analyses (see

Figure 6).
(A) HyCO (B) N (9]
O N CsHiy 0
NH  N= HN-
. H H H
prodigiosin, 1 violacein, 2 deoxyviolacein, 3
(R=OH)  (R=H)
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Production titres of the natural compounds increased
to different levels depending on the used engineered
producer strain. While for violaceins and zeaxanthin,
a smaller increase of titres was observed upon ma-
nipulation of some target genes, prodigiosin and PCA
titres were more clearly enhanced. Interestingly, this
overall trend is not correlated with the hydrophobicity of
the compounds (logP values: prodigiosin=4.07; viola-
cein=1.88; deoxyviolacein=2.24; PCA=1.79; zeaxan-
thin=10.91; calculated by XLOGP3 software (Cheng
etal., 2007)).

Previous reports on membrane or vesicle association
of some compounds might explain the overall trends in
parts: It is known that the final reaction of prodigiosin
biosynthesis occurs at the membrane, and the release
of prodigiosin or related structures by vesicles or un-
known mechanisms has been suggested (Domrose
et al., 2015; Matsuyama et al., 1986; Schrempf &
Merling, 2015; Tan et al., 2020). A transporter has not
yet been described. Similarly, release of violacein via
OMVs has been described (Batista et al., 2020; Choi
et al,, 2020). Phenazines also end up in the culture
broth of producing bacteria via unknown mechanisms
(Bator et al., 2020; Jin et al., 2015; Sakhtah et al., 2016;
Schmitz et al., 2015; Sporer et al., 2018). To our knowl-
edge, a membrane association is not known. In con-
trast, carotenoids like zeaxanthin are thought to be
associated with whole cells and to span the lipid dou-
ble layer (Gruszecki & Strzatka, 2005). In this context,
we evaluated the distribution of compounds between
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FIGURE 6 Recombinant natural compound production by Pseudomonas putida engineered for OMV release. Natural product titres
were determined after extraction from both pellet fraction (dark grey) and supernatant (light grey) of the engineered P. putida strains (genetic
targets addressed by up- (empty arrows) or down-regulation (filled arrows) are indicated) and compared to the respective producer strains
(indicated as ‘-’). (A) Prodigiosin (1) produced by P. putida pig21. (B) Violacein (2)/deoxyviolacein (3) produced by P. putida vio12. (C) PCA
(4) produced by P. putida PCA1. (D) Zeaxanthin (5) produced by P. putida crtAX. Implemented manipulation of gene expression is indicated
by arrows (empty arrows: up-regulation; filled arrows: down-regulation). Bars are sorted in ascending order. Cell densities reached at the
end of the cultivation (after 48 h) are given below graphs. The data are mean values of independent triplicate measurements with their

respective standard deviation.
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the supernatant and cell pellet fractions. Here, we ob-
served that vesiculation did not exclusively support the
accumulation of compounds in the OMV-containing
supernatant fraction, but that the engineered strains
showed an increase of compound levels also in the cell
pellet fraction (see Figure 6). However, we cannot ex-
clude that OMVs may also be present in the cell pellet
fraction.

The specific genetic manipulations had rather differ-
ential effects: While expression of ethA led to enhanced
titres only in the zeaxanthin producer, repression of
pvdQ increased those of all other products. In the pro-
digiosin producer, hldE repression was most effective.
An increase in vesiculation upon manipulation of these
targets (hldE, pvdQ, and ethA) in the production strains
was verified by MADLS analysis (see Figure S11). The
effect was not very pronounced in all cases, which
might be due to the fact that the production can already
cause relatively strong vesiculation (as demonstrated
for prodigiosin, see Figure 1 and Table S1). OMV forma-
tion might be naturally limited by lipid supply and cellu-
lar integrity. Since excessive vesiculation must perturb
cell envelope integrity, we tested cell viability by propid-
ium iodide (PI) staining and found the engineered cells
to be more damaged (see Figure S12). This indicates
that vesiculation engineering may require careful fine-
tuning for each case in order to achieve best results.

Notably, some of the engineered strains also did not
reach the same cell densities as the parental production
strains, which influenced the titres in the cultures (see
Figure 6). Therefore, in terms of product yields [mg per
gDCW], the manipulations had a higher (by up to 1.5- to
3-fold) and in parts a different effect (see Figure S13).

Our findings did not reveal a single outstanding ge-
netic target which would allow improving production of
all compounds. This cannot be expected as also sug-
gested by findings reported for membrane engineer-
ing with E. coli (Yang et al., 2021). Differential effects
may be caused, for example, by the temporal dynam-
ics of vesiculation and biosyntheses. It was interesting
to note that the ratio of violacein/deoxyviolacein was
slightly changed by the manipulations (see Figure S14).
Compared to the parental strain, cell pellet extracts
of the manipulated strains showed a decrease of de-
oxyviolacein relative to violacein (except for pvdQ re-
pression). Compared to these samples, supernatant
extracts showed an increase in the relative deoxyvio-
lacein levels (except for ethA expression). This might
indicate that the more hydrophobic compound deoxyvi-
olacein is more amenable to being excreted or to accu-
mulate in vesicles.

Apart from optimising compound release by vesicu-
lation, limitations in the biosynthetic pathways must also
be considered. An example is zeaxanthin biosynthesis
which is limited by the pool of available precursors
(Hernandez-Arranz et al,, 2019; Sanchez-Pascuala
etal., 2019). Concerted efforts encompassing metabolic

engineering and a fine-tuned engineering of the host
tolerance shall boost production yields and allow to
implement the biosynthetic production of highly toxic
compounds which would otherwise be inaccessible.

CONCLUSION

In summary, we show that OMV formation is a natu-
ral response of P. putida KT2440 not only to external
chemical stressors but also to the production of small
molecules. Moreover, we demonstrate that this phe-
notype can be genetically engineered, which can im-
prove production yields. In the future, the engineering
of OMV formation may help to create robust chassis
strains and serve as a potential tool to improve hitherto
limited yields of natural products for biotechnological
applications.
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Biotransformation Of L-Tryptophan To Produce
Arcyriaflavin A With Pseudomonas putida KT2440

Nora Lisa Bitzenhofer,”” Thomas Classen,” Karl-Erich Jaeger,'

Natural products such as indolocarbazoles are a valuable source
of highly bioactive compounds with numerous potential
applications in the pharmaceutical industry. Arcyriaflavin A,
isolated from marine invertebrates and slime molds, is one
representative of this group and acts as a cyclin D1-cyclin-
dependent kinase 4 inhibitor. To date, access to this compound
has mostly relied on multi-step total synthesis. In this study,
biosynthetic access to arcyriaflavin A was explored using
recombinant Pseudomonas putida KT2440 based on a previously
generated producer strain. We used a Design of Experiment
approach to analyze four key parameters, which led to the

Introduction

Indolocarbazole alkaloids are an important class of natural
products (NP) due to the potential therapeutic applications
based on their biological activities, e.g., antibacterial, antifungal,
antitumor, antiviral, and neuroprotective properties.” The
indolocarbazole bisindoles, belonging to this group consist of
an indolo[2,3-a]carbazole scaffold (5) as a common building
block®? (see Figure S1). Several natural compounds with differ-
ent types of five-membered rings fused to the indolocarbazole
(e.g., pyrroles, pyrrolinones, maleimides) have been described,
but also variants containing a glycosylation motif attached to
either both (e.g., staurosporine (6)) or one of the nitrogen
atoms (e.g., rebeccamycin (7)®) in the indolocarbazole back-
bone.

Arcyriaflavin A (4), also known as deschloro-rebeccamycin
aglycon, is an example of a maleimide indolocarbazole lacking
the sugar moiety, which is biosynthesized from L-tryptophan
(1). It has been isolated from marine invertebrates and slime
molds'®” but can also be formed by the implementation of four
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optimization of the bioprocess. By engineering the formation of
outer membrane vesicles and using an adsorbent in the culture
broth, we succeeded to increase the yield of arcyriaflavin A in
the cell-free supernatant, resulting in a nearly eight-fold
increase in the overall production titers. Finally, we managed to
scale up the bioprocess leading to a final yield of 4.7 mg
arcyriaflavin A product isolated from 1L of bacterial culture.
Thus, this study showcases an integrative approach to improve
biotransformation and moreover also provides starting points
for further optimization of indolocarbazole production in
P. putida.

genes of the rebeccamycin pathway (rebO, rebD, rebC, and rebP)
from the actinomycete Lentzea aerocolonigenes (see
Scheme 1).5'% In contrast to related compounds such as
rebeccamycin (see Figure S1), arcyriaflavin A showed little

antimicrobial activity, but appeared to be a potent inhibitor of

Ho—¢°
HoN
4
N
H
1
JRebO
o)
HO
R RebD
J (2x)
N
H
2a:R=NH 3
+H,0
RebC
N RebP
2b:R=0
H
o N0

Scheme 1. Arcyriaflavin A (4) can be synthesized from L-tryptophan (1) by
the enzymes RebO, RebD, RebC, and RebP. This pathway is based on the
rebeccamycin pathway of L. aerocolonigenes. Indole-3-pyruvic acid (IPA)
imine (2a), which exists in equilibrium with IPA (2b), and chromopyrrolic
acid (CPA, 3) are formed as intermediates.®
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human cytomegalovirus replication."""" In addition, this com-

pound is an inhibitor of cyclin D1-cyclin-dependent kinase 4
(CDK4), a promising property in the context of endometriosis
treatment." To date, arcyriaflavin A and derivatives have
mostly been produced by total synthesis."*'* As a complement
to chemical synthesis, such compounds can be produced by
whole-cell biotransformation in a more environmentally friendly
process. Some examples of recombinant biosynthetic arcyria-
flavin A production have been described in the bacteria
Escherichia coli and Streptomyces albus.*'°*" Recently, we
reported the construction of a recombinant Pseudomonas
putida KT2440 strain for the production of arcyriaflavin A using
a newly developed toolbox for chromosomal gene integration
and expression.””’ However, the biotransformation in P. putida
resulted in rather low titers of about 500 ug arcyriaflavin A per
liter. Since P. putida is a promising host for NP synthesis due to
its high tolerance to xenobiotics, its low intrinsic NP back-
ground, and its versatile metabolism,*? these results
prompted us to investigate different strategies to optimize this
bioprocess.

Results and Discussion

In our previous study, arcyriaflavin A was produced in the
P. putida KT2440-derived strain NB04, which carries the genes
rebODCP from L. aerocolonigenes integrated into the chromo-
some at the attTn7 site and under the control of the salicylic
acid-inducible promoter nagR-P,,.,.>" Under standard condi-
tions (30°C; shaking in 10 mL LB medium; addition of 1 mM L-
tryptophan as precursor and 2 mM salicylic acid as inducer after
4 h; total incubation time 48 h), a titer of about 500 pgL™" was
obtained. Since growth of P. putida KT2440 is not affected by
addition of higher concentrations (up to 33mgmL") of
arcyriaflavin A to the medium (see Figure S2), the production
does not appear to be limited by toxicity. To increase the
production yield, we first investigated the influence of a set of
basic cultivation conditions. For multifactorial, statistics-based
optimization, we used the Design of Experiment (DoE)
approach. For this purpose, we analyzed the influence of four
factors, i.e., temperature (18-33°C), incubation time (14-48 h),
time of L-tryptophan addition (0-34 h), and L-tryptophan
concentration (0-5 mM) on the product titer [mgL™"] and the
specific productivity per g dry cell weight (DCW) and hour
[uggDCW 'h™"] in 10 mL LB medium cultures. The time point
for the induction of gene expression (4 h after inoculation of a
test culture) and the concentration of the inducer salicylic acid
(2mM) were kept constant over all experiments.?” The
optimization of the bioprocess was done using a four-factor
response surface (central composite) design with a quadratic
model fit (see Equations ST and S2). Based on an experimental
data set, the production under non-tested conditions could
hence be predicted (see Figure 1 and S3).

The obtained design model provided a good prediction of
the influence of the selected parameters on the bioprocess
(productivity: R*=0.8707; titer: R*=0.9287) (see Table S1 and
S2). The evaluation showed that the temperature and culti-

ChemBioChem 2023, €202300576 (2 of 7)

vation time had a strong influence on the bioprocess. With
regard to the precursor, the time of L-tryptophan addition had
a stronger influence on the process than the added concen-
tration (see Figure 1). By applying predicted conditions that
would lead to enhanced productivity, a twofold increase in
product yield was experimentally obtained. Therefore, opti-
mized cultivation conditions were defined as 30°C; addition of
4.9 mM L-tryptophan after 18 h; total incubation time of 72 h. In
summary, the approach allowed to increase specific productiv-
ity and titers, however, the DoE also showed that there appears
to be an upper limit for the productivity (see Figure S5),
possibly caused by the intracellular accumulation of the product
and/or by metabolic limitations.

As excess intracellular accumulation may lead to inhibition
of product formation, we first focused on different strategies
resulting in removal of the hydrophobic compound from the
cell. We investigated (i) co-expression of the RebUT-encoding
genes for active transport by a rebeccamycin transporter as well
as extracellular accumulation of the compound by (ii) release of
outer membrane vesicles (OMVs), and (iii) addition of an
extracellular hydrophobic adsorbent to the culture broth (see
Figure 2A).

RebU and RebT are putative antibiotic transporters, that
share sequence similarities with transporters of the Major
Facilitator Superfamily (MFS) (according to a BLASTp
analysis?’?®). The respective genes occur naturally in the
rebeccamycin biosynthetic gene cluster of L. aerocolonigenes.”’
The transporter genes were also previously implemented in
recombinant strains for the production of the rebeccamycin
aglycon.”'” However, these studies did not compare strains
without and with transporter to describe the impact of co-
expression of the transporters on the production of rebeccamy-
cin aglycons. Thus, it is unknown if or how well the aglycone or
the dechlorinated variants are transported. Applying the
adapted cultivation conditions, we tested plasmid-based ex-
pression of rebU and rebT with two different constitutive
promoters (P, and Pz (see Figure 2B). This approach of co-
expressing rebUT did not result in higher specific productivity.
We did not further investigate whether the transporter accepts
the aglycon as a substrate at all.

The release of OMVs, which are small lipid-particles, by the
cells may serve as an alternative mechanism for product release
and, in addition, the vesicles may providean extracellular
storage space for the product. OMVs are produced by Gram-
negative bacteria in adaptation to different types of stress'**"!
and it is known that native producers of hydrophobic
compounds, such as prodigiosin or violacein, release these
compounds encapsulated in/attached to OMVs.'?* It has
recently been shown that OMV release by hosts like E. coli and
P. putida can be genetically engineered thereby supporting the
recombinant production of hydrophobic natural
compounds. One approach to such engineering is the
downregulation or deletion of genes with an essential function
in the formation of the cell envelope.**>** Thus, two strains with
knocked-out genes mlaE and pvdQ, respectively, previously
identified as suitable targets for engineering of vesiculation (see

34,35]
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Figure 1. Arcyriaflavin A production in P. putida expressing genes rebODCP dependent on cultivation conditions and precursor supply. The specific
productivity [uggDCW "h "] of rebODCP expressing P. putida (P. putida NB04) for arcyriaflavin A is shown upon L-tryptophan addition (L-Trp addition [h]) at
different concentrations (L-Trp conc. [mM]) plotted in contour plots for three different temperatures (20, 25, 30°C) and four total cultivation times until
sampling and analysis (14, 24, 34, 48 h). For statistical analysis of the performed DoE see Figure S4, Tables S1 and S2).

Figure $6),°" were tested for arcyriaflavin A production (Fig-
ure 2Q).

The deletion of mlaE, which provides a part of the Mla
phospholipid transporter system relevant for maintaining outer
membrane lipid asymmetry, did not affect arcyriaflavin A
production. However, deletion of pvdQ, which is essential for
pyoverdine release from the inner membrane of P. putida
KT2440, resulted in an increased production yield.

We next tested the addition of a hydrophobic adsorbent to
the culture medium, which was previously shown to effectively
bind hydrophobic prodigiosin and elevate product levels in
P. putida.®® To this end, we added polyurethane (PU) foam
cubes and subsequently extracted the compound from this
material, as previously established. This led to an almost
complete accumulation of arcyriaflavin A in the PU cubes
instead of the cell pellet (see Figure S7).

ChemBioChem 2023, €202300576 (3 of 7)

While the combined use of PU as an adsorbent and the
expression of the rebeccamycin transporter did not support
production, PU addition and ApvdQ-based engineering in-
creased productivity by 1.4-fold as compared to the unaltered
strain without added PU (Figure 2D).

After optimization of both, culture conditions and physio-
logical framework requirements, we set out to test the potential
of precursor availability. To do this, we used the ApvdQ strain
expressing the rebODCP genes for cultivation with PU foam and
tested the effect of feeding of 4.9 mM L-tryptophan each time
after 18 h, and again after 43 h (Figure 3A). We found that
productivity tripled with the second feeding compared to single
feeding, suggesting that alternative strategies to enhance L-
tryptophan uptake or intrinsic biosynthesis may serve to further
increase production.**" The fact that the overall productivity
was still relatively low despite offering high precursor concen-
trations may be due to the enzyme RebO having a strong

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 2. Arcyriaflavin A production in engineered P. putida KT2440 producer strains. A: Schematic presentation of three strategies for product enrichment
outside of the producer cell: (i) co-expression of the transporter encoding genes rebU and rebT; (i) engineering of OMV release; (iii) addition of polyurethane
(PU) foam cubes as a hydrophobic adsorbent to the culture broth. B: Relative specific productivity upon co-expression of rebUT transporter genes (using
constitutive promoters Py,. or Py.q), shown in relation to the result of the unmodified strain P. putida NB04 (n.a.=not altered). The product was quantified in
the cell pellet and supernatant fraction. C: Relative specific productivity of strains with deleted vesiculation-associated genes mlaE or pvdQ, shown in relation
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to the unmodified strain P. putida NBO4 (n.a.). The product was quantified in the cell pellet and supernatant fraction. D: Relative specific productivity of P.
putida NB04 and two engineered strains (P,,.-rebUT and ApvdQ) cultivated with PU foam cubes to increase productivity and facilitate the isolation of
arcyriaflavin A (see Figure S7), shown in relation to the result of the producer strain P. putida NB04 (n.a.) cultivated without PU cubes. The product was
quantified in the pellet and PU fraction. The data are means of biological triplicates with their respective standard deviations. Significant differences in
comparison to the unmodified strain (n.a.) are indicated by asterisks (determined by T-test; *=P <0.05).

preference for C7-substituted tryptophan like its natural sub-
strate 7-chloro-L-tryptophan.****) In the future, it may be
interesting to generate hybrid pathways with homologous
enzymes (e.g., VioA, VioB) that also produce CPA (3) but have a
higher preference for L-tryptophan, which could lead to an
increased production of arcyriaflavin A% In addition, it could
be relevant to investigate the production of arcyriaflavin
derivatives by conversion of unnatural substrates (e.g., 5-fluoro-
, 5-bromo- or 1-methyl-L-tryptophan'***¥) in such hybrid path-
ways. Overall, almost six-fold enhanced productivity (from
57ugDCW'h™! to 322 ugDCW 'h™") and an eight-fold in-
crease in product titer (from 0.49 mgL™' to 3.71 mgL™') were
achieved in the present study (Figure 3B).

ChemBioChem 2023, €202300576 (4 of 7)

Based on these results, the bioprocess was scaled up to
yield 4.69mg of arcyriaflavin from 1L culture (Figure 3C).
Previous studies reported 0.7 mgL™' in a recombinant E. coli
strain for the chlorinated derivative (rebeccamycin aglycon)."”

Conclusions

Effective recombinant production of a natural product ideally
requires the integration of multiple aspects, including gene
expression, cultivation conditions, metabolic flux, and product
storage or release. DoE can be a powerful tool to address
multifactorial optimization approaches, as shown here for the

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Optimized P. putida-based production and isolation of arcyriaflavin
A. A: Specific productivity of arcyriaflavin A upon double feeding of -
tryptophan (4.9 mM feed each time after 18 h and 43 h) using P. putida NB04
(ApvdQ) as producer strain and PU cubes as hydrophobic adsorbent
(cultivation for 72 h at 30°C). The product was quantified as the sum of
product amount in the pellet and in the PU foam cubes. Data are means of
biological triplicates with their respective standard deviations. B: Total
increase in arcyriaflavin A production after all optimization steps. Here, the
specific productivity and titer obtained after optimization (cultivation of
NBO4 (ApvdQ) for 72 h at 30°C with PU foam; supplementation of 4.9 mM L-
tryptophan each time after 18 h and 43 h) are shown and compared to the
productivity and titer of the initial bioprocess before optimization
(cultivation of NB04 for 48 h at 30°C; supplementation of T mM L-tryptophan
after 4 h).2" C: Schematic presentation of the isolation of arcyriaflavin A in
an upscaling approach (cultivation of NB04 (ApvdQ)). Isolation with PU foam
cubes from 1 L culture and extraction with a Soxhlet extractor resulted in
the recovery of 4.69 mg arcyriaflavin A calculated based on HPLC-PDA (high
performance liquid chromatography with photodiode array detection)
analysis. Significant differences are indicated by asterisks (determined by T-
test; *=P <0.05, **=P <0.01, ***=P <0.001).

evaluation of cultivation conditions. Furthermore, the showcase
of arcyriaflavin A production in P. putida KT2440 presented in
this study demonstrates that product release and adsorption
can be a key to increased productivity, as this presumably
prevents accumulation of the hydrophobic compound at the
cell membrane. Comparing the previously reported production
titer with the upscaled arcyriaflavin A production in presence of
elevated precursor concentrations established here, the com-
bined efforts resulted in an almost ten-fold increase.

ChemBioChem 2023, €202300576 (5 of 7)

Experimental Section

Bacterial strains and cultivation condition

Escherichia coli strains DH5a,“" DH5a Apir,*? Stellar (Takara Bio,
Cat# 636763), and S17-1,*”" used for cloning and conjugational
transfer, were cultivated in LB (lysogeny broth) medium (10 gL'
tryptone, 5 gL' yeast extract, 10 gL' sodium chloride; Carl Roth®,
Karlsruhe, Germany) under continuous shaking (130 rpm) or on
agar plates at 37°C. Standard conditions for Pseudomonas putida
KT2440 (wild-type)*” were 30°C with continuous shaking (130 rpm)
in 10 mL, 50 mL (PU experiments) or 500 mL (upscaling experiment)
LB medium respectively. Procedures for online growth monitoring
experiments are detailed in SI-M1. Antibiotics, if used, were added
to the culture medium to the following final concentrations: E. coli:
50 ugmL " kanamycin (Km), 100 pgmL ™" ampicillin (Amp); P. putida:
25 pgmL~" irgasan (Irg), 25 pgmL~" gentamicin (Gm), 25 pgmL™"
kanamycin (Km).

Cloning and strain construction

Oligonucleotides, plasmids, and strains, used or constructed in this
study, are summarized in Tables S3 and S4 in the SI.

For the assembly of plasmids for co-expression of the transporter
genes, the vector pJT'Tmcs™” was linearized by Xhol digestion and
rebU and rebT were amplified by PCR using the oligonucleotides 1
to 4 and the L. agerocolonigenes (DSM 44217) genome as the
template. Backbone and insert were assembled by using InFusion®
Snap Assembly (Takara Bio Europe, St Germain en Laye, France)
generating pJT'TrebUT. To replace the antibiotic resistance gene,
the plasmid pJT'TrebUT was linearized by PCR using oligos 5 and 6
and the aphil gene was amplified from pVLT33"" (using primers 7
and 8). InFusion® Snap Assembly was again used to construct
pJT TrebUT-KmR.

To generate pBTBX-2-mcs-KmR-rebUT, the empty vector pBTBX-2-
mcs (pBTBX-2 was a gift from Ryan Gill, Addgene plasmid
# 26068"") was amplified by PCR (using primers 9 and 10). The
rebU and rebT genes were amplified using the previously
constructed plasmid as template and oligos 11 and 12, and both
fragments were assembled.

The newly constructed plasmids were confirmed by Sanger
sequencing (Eurofins Genomics, Ebersberg, Germany) using the
sequencing primers 19 to 21.

P. putida KT2440 was transformed with the plasmids by plate
mating (for genomic integration of rebODCP) using E. coli S17-1 as
donor?” or by electroporation as previously described.”**? Con-
struction of seamless deletion mutants was based on the SacB
system using the suicide vector pNTPS138-R6KT."? For detailed
description see SI-M2 in the SI.

Arcyriaflavin A production and extraction

For the DoE approach Design Expert, (StatEase, Minneapolis, MN,
USA) has been used to evaluate the influence of different
cultivation parameters (temperature, time, addition time and
concentration of the precursor) in 10 mL LB cultures under
continuous shaking (130 rpm) (see SI-M3). As a result of the DoE
prediction, the arcyriaflavin A producer strains were finally
cultivated at 30°C for 72 h and supplemented with 4.9 mM L-
tryptophan (stock: 62.5 mM in dH,0) after 18 h. Gene expression
was induced by the addition of 2 mM salicylic acid (1 M stock
concentration, prepared in ethanol) in the logarithmic growth
phase (after 4 h). PU experiments were performed as previously

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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described.*® The P. putida producer strains were cultivated in
50 mL LB medium in a 500 mL baffled flask, supplemented with
500 mg PU foam cubes (Bornewasser, Gollheim, Germany; softpur,
25 kgm’ density, 4 kPa compression hardness; each approximately
1cm?® using the above cultivation parameters. For upscaling,
arcyriaflavin A production was performed using two 3 L Fernbach
flasks each filled with 500 mL LB medium and 5 g PU foam cubes.
Cultures were incubated under the same conditions, with L-
tryptophan (4.9 mM) added each time after 18 and 43 hours. All
cultures were inoculated to an optical density of ODsg ,, = 0.05.

For extraction, samples were fractionated into pellet and super-
natant by centrifugation (5000 rpm, 20 min, 4°C). The pellets were
extracted with ethanol (p.a.) using a volume equivalent to 10% (v/
v) of the total culture volume. The extracts were incubated at 45°C
for 10 min and then cleared of cell debris by centrifugation (max
speed, 10 min). In addition, arcyriaflavin A was extracted from the
supernatant by two-phase extraction (not for DoE). Ethyl acetate
(volume =25% of the culture volume) was added and the mixture
was vortexed for 2 min. The extraction was repeated. The organic
phases were combined and evaporated under reduced pressure.
Arcyriaflavin A was then dissolved in ethanol (volume =10% of the
culture volume). For extraction of PU from 50 mL cultures, the foam
cubes were sieved from the culture, washed twice with water
(2x50 mL), and extracted with 25 mL ethanol by wringing. The
extract was then evaporated under reduced pressure and the
residue (approximately 500 uL) was resuspended in 5 mL ethanol.
For upscaling, the PU foam cubes were extracted using a Soxhlet
extractor.”” PU foam cubes from both 500 mL cultures were
combined. After washing (2x1000 mL water), the PU foam cubes
were loaded into a Soxhlet apparatus equipped with a reflux
condenser and a 500 mL round bottom flask and filled with 400 mL
ethanol. Arcyriaflavin A was continuously extracted by heating
overnight.

Analysis of arcyriaflavin A was performed by HPLC-PDA as
previously described based on the retention time (6.7 min) and
PDA spectrum (A, =282nm, 316 nm).?" For quantification, a
calibration curve (0 to 33 mgmL ') was measured with a reference
(purity >98% (HPLC); Tocris Bioscience, Bristol, United Kingdom)
and specific productivity and titer as well as the yield of upscaled
production were calculated from the areas obtained.

Supporting Information

Figure S1: Indolocarbazole basic scaffold and specific examples;
Figure S2: Growth of P. putida KT2440 in the presence of
arcyriaflavin A; Figure S3: DoE contour plots for arcyriaflavin A
titers; Figure S4: Statistical analysis of the DoE; Figure S5: DoE
model validation; Figure S6: Function of PvdQ and MIaE and
their role in OMV formation; Figure S7: Accumulation of
arcyriaflavin A; Eq. S1: Equation titer; Eq. S2: Equation specific
productivity; Table S1: ANOVA (analysis of variance) and fit
statistics for specific productivity; Table S2: ANOVA (analysis of
variance) and fit statistics for titer; Table S3: Oligonucleotides
used in this study; Table S4: Plasmids and bacterial strains used
in this study; Table S5: Cultivation parameters for DoE. The
authors have described additional experimental procedures and
cited additional  references  within the  Supporting
Information.®**¢
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Results

I.L5. Combining biosynthetic concepts to produce non-natural
prodiginines

1.5.1. Hybrid synthesis of a hydroxylated prodiginine
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Bacterial secondary metabolites exhibit diverse remarkable bioactivities and
are thus the subject of study for different applications. Recently, the individual
effectivenessof tripyrrolic prodigininesand rhamnolipids against the plant-parasitic
nematode Heterodera schachtii, which causes tremendous losses in crop plants,
was described. Notably, rhamnolipid production in engineered Pseudomonas
putida strains has already reached industrial implementation. However, the non-
natural hydroxyl-decorated prodiginines, which are of particular interest in this
study due to a previously described particularly good plant compatibility and low
toxicity, are not as readily accessible. In the present study, a new effective hybrid
synthetic route was established. This included the engineering of a novel P. putida
strain to provide enhanced levels of a bipyrrole precursor and an optimization of
mutasynthesis, i.e., the conversion of chemically synthesized and supplemented
monopyrroles to tripyrrolic compounds. Subsequent semisynthesis provided
the hydroxylated prodiginine. The prodiginines caused reduced infectiousness
of H. schachtii for Arabidopsis thaliana plants resulting from impaired motility
and stylet thrusting, providing the first insights on the mode of action in this
context. Furthermore, the combined application with rhamnolipids was assessed
for the first time and found to be more effective against nematode parasitism
than the individual compounds. To obtain, for instance, 50% nematode control,
it was sufficient to apply 7.8 pM hydroxylated prodiginine together with 0.7 pg/
ml (~1.1 pM) di-rhamnolipids, which corresponded to ca. ¥ of the individual ECsq
values. In summary, a hybrid synthetic route toward a hydroxylated prodiginine
was established and its effects and combinatorial activity with rhamnolipids on
plant-parasitic nematode H. schachtii are presented, demonstrating potential
application as antinematodal agents.

Prodiginines, plant-parasitic nematodes, plant protection, mutasynthesis and
semisynthesis, Pseudomonas putida, combinatorial activity, rhamnolipids
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1. Introduction

Prodiginines are a group of bacterial secondary metabolites
with diverse remarkable bioactivities, among which anticancer and
antimicrobial effects have perhaps been described in most detail
thus far (Fiirstner, 2003; Stankovic et al., 2014; Hu et al., 2016;
Sakai-Kawada et al., 2019; Yip et al., 2019; Berning et al., 2021; Li
et al., 2022). Notably, prodiginine-producing bacteria such as
Streptomyces and Serratia species also dwell in the rhizosphere, the
dynamic micro-biosphere around the plant roots and site of
manifold chemical interactions between the bacteria and plants
(Berg, 2009; Lugtenberg and Kamilova, 2009; Meschke et al., 2012).
Here, direct interactions can result in hormonal stimulation,
increased stress tolerance and improved nutrient availability and
uptake by plant roots. In addition, indirect beneficial effects for the
plant can result from the suppression of pathogens. Although the
ecophysiological role of prodiginines is still poorly understood,
various bioactivities of prodigiosin (1) and related tripyrrolic
analogs against several plant pathogens have already been reported
(Someya et al.,, 2001; Meschke et al., 2012; Rahul et al.,, 2014;
Roberts et al.,, 2021). Recently, their effectiveness against the plant-
parasitic nematode (PPN) Heterodera schachtii, the causative agent
of tremendous losses in crop plants, was described (Habash et al.,
2020). Moreover, naturally-occurring bacterial secondary
metabolites with surfactant properties, namely rhamnolipids, were
recently reported to act against H. schachtii (Bredenbruch et al.,
2023). It has further been shown that prodigiosin (1) possesses
combinatorial antibacterial activities when applied together with
biosurfactants, such as the lipopeptide serrawettin W1 and
rhamnolipids (Hage-Hiilsmann et al., 2018). It has been postulated
that the pigment can only exert its full antimicrobial activity in
combination with biosurfactants (Williamson et al., 2008; Roberts
etal.,, 2021).

The aim of the present interdisciplinary study was to facilitate
access to the relevant compounds and to investigate their
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combinatorial activities against H. schachtii. Pseudomonas putida has
become a widely established biotechnological host for natural product
biosynthesis (Nikel et al., 2016; Loeschcke and Thies, 2020; Weimer
et al,, 2020) including heterologous prodigiosin and rhamnolipid
production (Domrése et al., 2015; Tiso et al., 2020; Cook et al., 2021).
The rhamnolipid bioprocess has already been industrially
implemented by Evonik Industries AG while research to improve
accessing prodiginine derivatives is ongoing: recent studies showed
heterologous expression of the pig gene cluster of Serratia marcescens
via chromosomal integration, which established the biosynthesis of
prodigiosin (1) (Domrose et al., 2015, 2019; Cook et al., 2021).
Further, a mutasynthesis approach enabled the generation of new
prodiginines (Klein et al., 2017, 2018). This procedure was based on
the partial disruption of the native biosynthesis pathway and feeding
of monopyrrole precursor analogs, which were incorporated into new
tripyrrolic compounds. A limitation of this mutasynthesis approach
was a relatively low product yield of 2-12% (Klein et al., 2017).
Therefore, the development of a novel mutasynthesis chassis with
enhanced bipyrrole production capacity and an optimization of
mutasynthesis were identified as promising strategies to obtain target
prodiginines more efficiently.

In previous work, a prodiginine bearing a terminal allylalcohol
group (2) was reported to show remarkable plant growth promoting
properties. In addition, it was not toxic for Caenorhabditis elegans
at concentrations where prodigiosin (1) was lethal for this non-target
organism (Habash et al., 2020). Based on these findings, the focus of
the present study is the development of a feasible synthetic approach
to hydroxylated prodiginines for investigations of anti-nematode
activity. This study thus reports a mutasynthesis approach in a novel,
efficient bipyrrole-producing P. putida strain and subsequent
chemical conversion, ie., semisynthesis, toward hydroxylated
prodiginine 3 (Figure 1). The mode of action against H. schachtii as
well as combinatorial activity with di-rhamnolipids (4) were
investigated for the first time, demonstrating potential application
as antinematodal agents.
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Bioactive compounds assessed in this study. The synthesis of prodigiosin (1) and hydroxylated derivative (2) has been established in previous studies
A synthesis route to hydroxylated prodiginine (3) is presented in this study, enabling the compound’s application together with di-rhamnolipids (4),
which can be obtained via microbial biosynthesis as a mixture of congeners as indicated

2. Results

2.1. Development of an enhanced
Pseudomonas putida chassis for optimized
mutasynthesis

In natural prodigiosin (1) biosynthesis, the monopyrrole MAP
(2-methyl-3-amylpyrrole, 5) and the bipyrrole MBC (4-methoxy-2,2"-
bipyrrole-5-carbaldchyde, 6) arc condensed by a ligase (PigC in
S. marcescens) to a tripyrrolic scaffold. The mutasynthesis approach
has previously been established successfully in P. putida pig-r2 ApigD
(Klein etal., 2017, 2018). The strain harbored the entire S. marcescens
pig gene cluster—with the exception of the first MAP biosynthetic
gene pigD, which was replaced by an antibiotic resistance gene. By
feeding chemically synthesized monopyrroles to this MAP-deficient
P, putida pig-r2 ApigD strain, the PigC-catalyzed condensation with
MBC (6) led to novel tripyrrolic compounds in these previous studies.

Since mutasynthesis might be limited by biosynthetic provision of
the bipyrrole precursor MBC (6), we aimed to establish a streamlined
MBC-producing chassis preferentially lacking genetic and metabolic
burdens. As a new strategy, a truncated pig gene cluster specifically
designed to facilitate the biosynthesis of the bipyrrole 6 was integrated
in the host. To this end, the artificial pigAFGHIJKLMN gene cluster
(excluding the MAP (5) biosynthesis-encoding genes pigBDE and the
ligase-encoding pigC, see Supplementary Figure S1) was assembled
by PCR and yeast recombinational cloning into the yTREX vector
following established protocols (Domrose et al., 2017; Weihmann
etal., 2020). In this process, the promotor-less lacZ gene was inserted
downstream of pigN (Figure 2A). The resulting vector was used for
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random transposon Tn5-based integration of the recombinant operon
in the P. putida bacterial chromosome and LacZ was utilized as
transcription reporter. Based on that, clones with strong gene
expression were indicated by blue coloration as a result of X-gal
conversion. Of these clones, 19 were selected and subjected to small
scale cultivation, metabolite extraction and LC-MS analysis to verify
bipyrrole product accumulation. Results were comparatively evaluated
in relation to the previously established mutasynthesis chassis
P, putida pig-r2 ApigD (Figure 2B). While four strains did not produce
any detectable amounts of MBC (6), one clone (MBC17) produced a
lower amount of MBC (6) than P. putida pig-r2 ApigD, and 14
accumulated the bipyrrole at higher levels (up to 8-fold increased).
The best producer (MBC18) showed likewise elevated transcript levels
(approx. 4-fold), indicating that a higher expression level could
be reached in the new strain, which in turn contributed to higher
bipyrrole synthesis. The enhanced MBC (6) level was verified for
MBC18 in larger scale as applied in preparative mutasynthesis: Both
strains, P. putida pig-r2 ApigD and MBC18, were cultivated in TB
medium and polyurethane (PU) foam cubes were added as adsorbent
for the hydrophobic compound, as previously established for
prodigiosin (1) recovery (Domrose et al., 2015). Extracts from PU of
the cultures with the newly constructed strain MBC18 contained
about 12-fold more MBC (6) than those of the previously reported
strain P. putida pig-r2 ApigD — a promising precondition
for mutasynthesis.

The next step was to evaluate the capacity of the new strains for
mutasynthesis with MBC17, MBC13, and MBC18 representing a low,
an intermediate, and a high MBC level producer, respectively. The
ligase PigC was thus introduced into these strains by plasmid-based
expression from the IPTG-inducible P,,. promoter in pVLT33-pigC
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FIGURE 2

Construction of a Pseudomonas putida mutasynthesis chassis. (A) The artificial 4-methoxy-2,2"-bipyrrole-5-carbaldehyde (MBC) biosynthesis-
encoding gene cluster was assembled by yeast-cloning and integrated in the bacterial chromosome via Th5 transposition. After that, expressing clones
were selected based on LacZ reporter activity. (B) Relative MBC production in small scale cultivation of engineered P. putida shown as x-fold increase
relative to the signal of P. putida pig-r2 ApigD. Left Inset: Evaluation in preparative mutasynthesis setup (100 ml scale, MBC18 with pVLT33-pigC-pigB).
Right inset: Relative pigN mRNA levels. (C) Dependence of the condensation of biosynthesized MBC (6) with supplemented MAP (5) on co-expression
of PigB in P. putida stains MBC17, —13, —18 with plasmids pVLT33-pigC or pVLT33-pigC-pigB, respectively, in small scale cultivation. (D) Genetic setup
of the new mutasynthesis chassis carrying the MBC (6) biosynthetic genes in the chromosome and expressing pigC and pigB from a plasmid.

(E) Mutasynthesis performance of the newly established chassis P. putida MBC18/pVLT33-pigC-pigB in comparison with hitherto used P. putida pig-r2
ApigD in small scale cultivation at 25 or 30°C. The product was detected in extracts via spectrophotometry. Shown are mean values of independently
replicated measurements (min. triplicates) with the respective standard deviation. (F) Optimization of preparative mutasynthesis in 5100 ml scale with
P. putida MBC18/pVLT33-pigC-pigB. The amount of substrate MAP (5) was varied from 1,000 uM to 100 pM to optimize conditions with respect to
isolated prodigiosin (1) and corresponding yields (% mol of product relative to the substance amount of substrate)
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(Brands etal., 2020). After small scale cultivation with supplementation
of MAP (5, 1mm), cells were extracted and prodi