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Abstract

Abstract

Polyketides are a structurally highly diverse group of natural products with interesting health-
promoting effects on humans. Despite all structural differences, polyketides are synthesized
from simple CoA-activated carboxylic acid derivatives, such as acetyl-CoA or malonyl-CoA
following a mechanism closely related to fatty acid biosynthesis. Unfortunately, polyketides are
only synthesized in small quantities by the respective native organism. In contrast, microbial
polyketide synthesis using engineered bacteria is a promising approach to get access to the
desired products. Against this background, Corynebacterium glutamicum strains for the
production of different plant polyketides such as stilbenes and flavonoids have been
constructed recently. However, it soon became evident that the intracellular availability of
malonyl-CoA is limiting the overall product formation in these strains. Hence, the main goal of
this thesis was to optimize the intracellular malonyl-CoA availability in C. glutamicum by
metabolic engineering. Additionally, the tailored strains should be used for establishing
synthesis of biotechnological interesting polyketides. The following results were obtained:

1) Reduction of the citrate synthase activity to 5.5 % compared to the C. glutamicum wild type
by exchanging the promotor of the encoding g/fA gene, reduced acetyl-CoA consumption via
the tricarboxylic acid cycle, which in turn improved malonyl-CoA availability. Upon
transcriptional deregulation of accBC and accD1 encoding the two subunits of acetyl-CoA
carboxylase, malonyl-CoA synthesis from acetyl-CoA was drastically improved allowing for the
synthesis of 65 mg/L (0.24 mM) naringenin und 450 mg/L (1.97 mM) resveratrol. Furthermore,
improving the glucose uptake and elimination of anaplerotic pyruvate carboxylation reaction
further contributed to an improved intracellular malonyl-CoA availability in the ultimately
constructed strain C. glutamicum M-CoA.

2) Through episomal expression of genes encoding heterologous type Il polyketide synthases
from various plant species in the constructed strain C. glutamicum M-CoA, microbial synthesis
of a pentaketide (noreugenin) but also phenylbutanoids (raspberry ketone, zingerone,
benzylacetone) with a ldhA-deficient variant could be established. The respective strains
allowed for the synthesis of up to 53.3 mg/L (0.28 mM) noreugenin, 100 mg/L (0.61 mM)
raspberry ketone, 70 mg/L (0.36 mM) zingerone and 10.5 mg/L (0.07 mM) benzylacetone from
simple precursor molecules, respectively.

3) Hitherto, only type lll polyketides can be synthesized by engineered C. glutamicum strains.
In the context of this study, functional expression of a codon-optimized gene variant encoding
the type | polyketide synthase 6-methylsalicylic acid synthase ChiB1 from
Streptomyces antibioticus of 1,756 amino acids size was achieved. This allowed for the
synthesis of up to 41 mg/L (0.27 mM) 6-methylsalicylic acid. It was found that C. glutamicum
has an endogenous phosphopantetheinyltransferase activity, which can post-translationally
activate ChIB1. This makes C. glutamicum a promising host for the production of other
interesting type | polyketides.
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Zusammenfassung

Zusammenfassung

Polyketide sind eine Gruppe strukturell vielfaltiger Naturprodukte mit interessanten
gesundheitsférdernden  Eigenschaften fir den Menschen. Trotz aller strukturellen
Unterschiede werden Polyketide aus einfachen CoA-aktivierten Carbonsaurederivaten wie
Acetyl-CoA oder Malonyl-CoA nach einem mit der Fettsdurebiosynthese eng verwandten
Mechanismus synthetisiert. Leider werden Polyketide im jeweiligen nativen Organismus nur in
geringen Mengen produziert. Im Gegensatz dazu ist die heterologe mikrobielle Synthese mit
entwickelten Bakterienstdmmen ein vielversprechender Ansatz, um Zugang zu den
gewunschten Produkten zu erhalten. In diesem Zusammenhang wurden Kkarzlich
Corynebacterium glutamicum Stamme zur Synthese verschiedener pflanzlicher Polyketide wie
Stilbene und Flavonoide konstruiert. Es zeigte sich jedoch bald, dass die intrazellulare
Verflgbarkeit von Malonyl-CoA die gesamte Produktbildung in diesen Stdmmen limitiert.
Daher war das Hauptziel dieser Arbeit die Optimierung der intrazellularen Malonyl-CoA
Verfugbarkeit in C. glutamicum durch metabolic engineering. Dartber hinaus sollten die
maBgeschneiderten Stamme fiir die Etablierung der Synthese biotechnologisch interessanter
Polyketide verwendet werden. Folgende Ergebnisse wurden erzielt:

1) Die Verringerung der Citrat-Synthase Aktivitat auf 5,5 % im Vergleich zum C. glutamicum
Wildtyp durch Promotoraustausch des kodierenden gltA-Gens, reduzierte den Verbrauch von
Acetyl-CoA durch den Tricarbonsaurezyklus und verbesserte damit die Malonyl-CoA
Verfugbarkeit. Durch die transkriptionelle Deregulierung von accBC und accD1, die fur die zwei
Untereinheiten der Acetyl-CoA Carboxylase kodieren, wurde die Malonyl-CoA-Synthese
ausgehend von Acetyl-CoA drastisch verbessert, sodass letztendlich 65 mg/L (0,24 mM)
Naringenin und 450 mg/L (1,97 mM) Resveratrol synthetisiert werden konnten. Dartber hinaus
trugen die Verbesserung der Glukoseaufnahme und die Beseitigung der anaplerotischen
Pyruvatcarboxylierungsreaktion weiterhin zu einer verbesserten Malonyl-CoA Verfligbarkeit im
konstruierten Stamm C. glutamicum M-CoA bei.

2) Durch episomale Expression von Genen, die fir heterologe Typ Il Polyketid Synthasen aus
verschiedenen Pflanzenarten im konstruierten Stamm C. glutamicum M-CoA, konnte die
mikrobielle Synthese eines Pentaketids (Noreugenin) aber auch von Phenylbutanoiden
(Himbeerketon, Zingeron, Benzylaceton) mit einer ldhA-defizienten Variante nachgewiesen
werden. Die jeweiligen Stdmme erlaubten die Synthese von bis zu 53,32 mg/L (0,28 mM)
Noreugenin, 100 mg/L (0,61 mM) Himbeerketon, 70,03 mg/L (0,36 mM) Zingeron und
10,5 mg/L (0,07 mM) Benzylaceton aus einfachen Vorldufermolekilen.

3) Bisher kénnen nur Typ Il Polyketide mit C. glutamicum-Stammen synthetisiert werden. Im
Rahmen dieser Studie wurde die funktionelle Expression einer codon-optimierten Genvariante
erreicht, die fir die Typ | Polyketid Synthase 6-Methylsalicylsdure Synthase ChIB1 aus
Streptomyces antibioticus von 1756 Aminosauren GroBe kodiert. Dies ermoéglichte die
Synthese von 41 mg/L (0,27 mM) 6-Methylsalicylsaure. Weiterhin wurde festgestellt, dass
C. glutamicum eine endogene Phosphopantetheinyliransferase besitzt, die ChIB1 post-
translational aktivieren kann. Dies macht C. glutamicum zu einem vielversprechenden
mikrobiellen Wirt fiir die Synthese weiterer interessanter Typ | Polyketide.
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Abbreviations

Abbreviations

4CL 4-coumarate: CoA ligase
6-MSA 6-methylsalicylic acid

aa Amino acids

ACC Acetyl-CoA carboxylase
ACP Acyl carrier protein

asRNA Antisense RNA

AT Acyl transferase

BAR Benzalacetone reductase
BAS Benzalacetone synthase

BC Biotin carboxylase

BCCP Biotin carboxyl carrier protein
BHI Brain heart infusion

C4H Cinnamic acid-4-hydroxylase
CHI Chalcone isomerase

CHS Chalcone synthase

CoA Coenzyme A

CRISPR Clustered regularly interspaced short palindromic repeats
CRISPRI CRISPR interference

CS Citrate synthase

CT Carboxyltransferase

DAHP 3-deoxy-D-arabinoheptulosonate 7-phosphate

DH Dehydratase

DMSO Dimethyl sulfoxide

DS DAHP synthase

ER Enoyl reductase

ESI Electrospray ionization

FACS Fluorescence activated cell sorting

FAS Fatty acid synthase

GAPDH NAD+dependent glyceraldehyde 3-phophate dehydrogenase
HPLC High-performance liquid chromatography

ICs0 half maximal inhibitory concentration of a specific compound
IPTG Isopropyl-B-D-thiogalactopyranosid

kDa Kilodalton

KR Keto reductase

KS B-keto synthase

LB Lysogeny broth

LC-MS Liquid chromatography with mass spectrometry coupling

LC-MS/MS Liquid chromatography with tandem mass spectrometry coupling
m/z Mass-to-charge ratio

MDa Megadalton
MOPS 3-morpholino propanesulfonic acid
NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate
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NMR
NRPS
OD600
ORF
PAL
pCA
PCS
PEP
PEPC
pHBA
Phe
PKS
PPTase
PYC
RK
RPM
RZS1
SAM
SDH
SIM
sRNA
STS
TAL
TCA
TPBD
Tyr
XAL

Nuclear magnetic resonance
Nonribosomal peptide synthetases
Optical density at 600 nm

Open reading frame

Phenylalanine ammonia lyase
p-coumaric acid

Pentaketide chromone synthase
Phosphoenolpyruvate

PEP carboxylase
p-hydroxybenzalacetone
L-phenylalanine

Polyketide synthase
Phosphopantetheinyltransferase
Pyruvate carboxylase

Raspberry ketone
Rounds per minute

Raspberry ketone/zingerone synthase
S-adenosyl methionine

Succinate dehydrogenase

Selected ion monitoring

Small regulatory RNA

Stilbene synthase

Tyrosine ammonia lyase
Tricarboxylic acid
1-(2,4,6-trinydroxyphenyl)butane-1,3-dione
L-tyrosine

Aromatic amino acid ammonia lyase






Scientific context and key results of this thesis

1 Scientific context and key results of this thesis

1.1 Polyketides — a highly diverse group of natural products with
pharmacological relevance

Even though more than 200,000 plant natural products are currently known — and probably
many more are to be identified in the future — the group of polyketides is outstanding with
regard to their structural diversity and the number of their clinical applications (Hopwood, 2009;
Osbourn & Lanzotti, 2009; Robertsen & Musiol-Kroll, 2019; Wink, 2010). Polyketides comprise
antibiotics (erythromycin A, azithromycin), anticancer drugs (enediynes), drugs for
cardiovascular diseases (statins) and immunosuppressants (rapamycin) (Figure 1). Amongst
known polyketides, more than 20 have been marketed, resembling a success rate of 0.3 %
compared to standard pharmaceutical screenings (<0.001 %). In total, polyketide-derived
pharmaceuticals make up 20 % of the top-selling drugs, generating a worldwide revenue of
over 14 billion €, annually (Weissman & Leadlay, 2005).
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Figure 1: Chemical structure of various polyketides.
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Despite their broad structural variety, all polyketides are synthesized by a mechanism closely
related to fatty acid biosynthesis using simple CoA-activated carboxylic acid derivatives.
Although first predictions on the synthesis mechanism of polyphenols, a major subgroup of
polyketides, by the chemist James Collie around 1900 were accurate, Arthur Birch confirmed
Collie’s predictions not before the 1950s (Birch et al., 1955; Birch & Donovan, 1953; Staunton
& Weissman, 2001). By using the at that time novel technique of radionuclear labelling, he
could demonstrate that 6-methylsalicylic acid (6-MSA) synthesis in Penicillium patulum
originates from the head-to-tail linkage of acetic acid units. With the advent of NMR technology,
scientist gained detailed insights into polyketide biosynthesis so that currently over 10,000
structures have been elucidated.

Soon it became clear, that the formed B-ketoacyl chain must be folded in vivo under enzymatic
control to prevent premature cyclization at early stages of chain elongation (Harris & Harris,
1977; Harris & Wittek, 1975). In fact, with regard to the overall enzyme architecture, there are
remarkable homologies between polyketides synthases (PKSs) and fatty acid synthases
(FASs) as involved enzymes. Thus, proceedings in one field often had immediate effects on
the other (Smith & Tsai, 2007).

Due to the similarities to fatty acid synthesis, the same nomenclature was adopted to classify
PKSs (Austin & Noel, 2003). Based on the architecture and respective assembly lines, PKSs
are classified into type |, Il and Il families. Mutuality of all PKSs is a B-keto synthase (KS)
activity that catalyzes the sequential head-to-tail incorporation of two-carbon acetate units into
a growing polyketide chain. Whereas the type | family comprises giant multifunctional
polypeptides with multiple domains catalyzing the individual reaction steps, type Il PKSs are
enzyme complexes of dissociable, usually monofunctional enzymes (Hertweck, 2009). In
accordance to FAS classification, type | PKSs predominantly occur in fungi and animals,

whereas type || PKSs are commonly found in prokaryotes, especially actinomycetes.

The general reaction scheme of type | and Il PKSs involves a priming substrate, usually an
acetyl or propionyl moiety derived from the respective CoA-thioester. The acyl group is
transferred from the CoA moiety to the prosthetic phosphopantetheine group of the acyl carrier
protein (ACP) domain by an acyl transferase (AT) domain (Figure 2). The essential post-
translational phosphopantetheinylation of the ACP domain is catalyzed by a
phosphopantetheinyl transferase (PPTase), also required for the activation of fatty acid
synthases (Beld et al., 2014). This phosphopantetheinyl residue serves as a flexible arm that
moves the substrates and intermediates between the different the individual active sites of the
PKS (Staunton & Weissman, 2001).
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Figure 2: Schematic representation of the individual reaction steps of a typical type | polyketide
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carrier protein, AT: acyl transferase, DH: dehydratase, KR: ketoreductase, KS: B-keto synthase. The
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Subsequently, the ACP-bound starter unit is transferred to the active site cysteine of the KS
domain by the inherent transferase function of this domain leaving a free phosphopantetheinyl
residue of the ACP domain. This starter substrate is subsequently elongated by repetitive
decarboxylative Claisen condensations of malonyl or methylmalonyl extender units, creating a
growing B-ketoacyl chain. In detail, the AT transfers a malonyl extender moiety from the
thioester onto the free ACP. The KS domain catalyzes the Claisen condensation of the loaded
starter and the delivered extender unit, driven by decarboxylation of the latter, resulting in a
B-ketoacyl product bound to the ACP. Subsequently, optional processing of the B-carbon by
ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) domains generates a
saturated B-ketoacyl backbone incorporating complexity into the growing polyketide chain
(Hertweck, 2009). After the first round of elongation is completed, these steps are repeated
until a defined B-ketoacyl chain length is reached. Finally, the B-ketoacyl chain is released by

a thioesterase (TE) domain from the enzyme complex and may be further modified.

In contrast to large and multi-domain type | and Il PKSs, homodimeric type Ill PKSs manage
to define starter unit selection, chain elongation and cyclization patterns — despite their
structural simplicity — solely by enzyme cavities and the architecture of a single KS-like active
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site (Austin & Noel, 2003; Hopwood, 2009). Interestingly, type Ill PKSs show a much broader
acceptance of CoA-activated starter units, for instance phenylpropanoid thioesters such as
p-coumaroyl-CoA, allowing for the generation of considerably great structural diversity.
Type Il PKSs are usually found in plants, but also bacterial and fungal enzymes have been
identified in the past decade (Moore & Hopke, 2001; Pfeifer et al., 2001; Seshime et al., 2005).

As this dissertation focusses on the application of type | and Ill PKSs, relevant examples and

peculiarities are described in more detail in the following chapters.
1.2 Polyketide synthases
1.2.1 Type | polyketide synthases are large multi-domain enzymes

The family of type | PKSs is subdivided into iterative and non-iterative or modular PKSs. In
iterative PKSs, the KS domain catalyzes more than one round of chain elongation. Depending
on the presence of B-ketoacyl processing domains, type | PKSs can be further classified into
non-reducing, partially reducing and highly reducing subfamilies. Although typically found in
fungi, there are examples of bacterial iterative type | PKSs such as the 6-methylsalicylic acid
synthase ChIB1 from Streptomyces antibioticus harboring characteristic KS, AT, DH, KR and
ACP domains in a single polypeptide chain of 1,756 amino acids (Shao et al., 2006). It has
been shown that this enzyme synthesizes 6-MSA from one molecule of acetyl-CoA and three

malonyl-CoA extender units, also partially reducing the nascent polyketide chain (Figure 2).

In contrast, non-iterative so called megasynthases of bacterial origin consist of several
individual elongation modules, each harboring KS, AT and ACP and optional B-keto processing
domains (Hertweck, 2009). According to the principle of colinearity, one module catalyzes only
a single elongation step, allowing for deducing the polyketide structure from the enzyme
architecture and vice versa. These class of PKSs is notorious for harboring gigantic enzyme
complexes such as the erythromycin PKS from Saccharopolyspora erythraea, which consists
of three individual multienzyme polypeptides each of ~350 kDa size (Staunton & Weissman,
2001). Even this PKS is easily surpassed by the size of the PKS machinery involved in the
biosynthesis of the immunosuppressant rapamycin in Streptomyces hygroscopicus
(Schwecke et al., 1995). In total, 70 active sites divided into 14 modules with a total size of
2.63 MDa make this PKS one of the largest enzyme complexes known to date.

1.2.2 Small but versatile — type lll polyketide synthases

Type lll PKSs, also known as the chalcone synthase (CHS) / stilbene synthase (STS)
superfamily, resemble a class of ubiquitous enzymes found in higher plants. CHSs catalyze
the initial step in flavonoid biosynthesis, resembling a major subfamiliy of polyphenols besides
stilbenoids, which are synthesized by STSs (Austin & Noel, 2003).

4
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Derived from the aromatic amino acid metabolism, L-phenylalanine or L-tyrosine are initially
non-oxidatively deaminated in planta (Figure 3). Catalyzed by phenylalanine ammonia lyases
(PAL) or tyrosine ammonia lyases (TAL), the phenylpropanoids cinnamic acid or p-coumaric
acid are yielded, respectively. In plants however, this reaction is often catalyzed by a
bifunctional enzyme, where PAL activity dominates (Barros et al., 2016). Following
deamination of L-phenylalanine, cinnamic acid is hydroxylated by a cytochrome
P450-dependent cinnamic acid-4-hydroxylase (C4H) generating p-coumaric acid (Rodrigues
et al., 2015; Watts ef al., 2004). Subsequently, phenylpropanoids are CoA-activated in an
ATP-dependent reaction by a 4-coumarate: CoA ligase (4CL). Finally, by iterative
decarboxylation and condensation of three malonyl-CoA extender units with a starting
p-coumaroyl-CoA, the bicyclic naringenin chalcone is formed by CHS, which is subsequently
cyclized to the tricyclic (2S)-flavanone naringenin by a chalcone isomerase (CHI) (Jez & Noel,
2002).
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Figure 3: Synthesis of p-coumaric acid from aromatic amino acids L-tyrosine and
L-phenylalanine and subsequent synthesis of stilbenes and chalcones catalyzed by type Il
PKSs. The intramolecular C6-C1 Claisen condensation catalyzed by CHS is indicated by an orange
arrow; the intramolecular C2-C7 Aldol condensation catalyzed by an STS is indicated by a green arrow.
4CL: 4-coumarate: CoA ligase, C4H: cinnamic acid 4-hydroxylase (cytochrome P450 monooxygenase),
CHI: chalcone isomerase, CHS: chalcone synthase, PAL: phenylalanine ammonia lyase, STS: stilbene
synthase, TAL: tyrosine ammonia lyase.
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From here, flavonoids branch into the different subgroups, which are utilized by plants for the
purpose of antimicrobial defense, protection against UV radiation, petal pigmentation and also
induction of symbiotic root nodulation with Rhizobium bacteria (Austin & Noel, 2003). Due to
their antioxidant characteristics, polyphenols in general demonstrate a plethora of beneficial
effects on human health including anti-inflammatory or anti-cancerous traits, prevention or
treatment of cardiovascular and neurodegenerative diseases, diabetes but also obesity
(Khurana et al., 2013; Pandey & Rizvi, 2009). In this context, naringenin in particular is a
promising therapeutic agent as demonstrated by in vitro and in vivo animal studies but also
first clinical trials (Salehi et al., 2019; Zaidun et al., 2018).

Type Il PKSs strictly differ from their large type | and Il counterparts, not only by their unique
architecture, but also by the absence of phosphopantetheinylation required for enzymatic
activity or even ACP domains (Abe & Morita, 2010; Austin & Noel, 2003). It is assumed that
the CHS/STS superfamily originates from a gain of function mutation from a homodimeric KS
domain of modular type Il FAS, originally catalyzing the initial chain elongation generating
Cs4 intermediates (Austin & Noel, 2003; Jaworski et al., 1989; Walsh et al., 1990). Besides the
catalytic cysteine, an asparagine and a histidine residue are involved in the characteristic
formation of a catalytic C-N-H triad (Ferrer et al., 1999). The reaction sequence is initiated by
binding of the p-coumaroyl moiety to the nucleophilic cysteine. Subsequently, the asparagine
and histidine residues facilitate correct orientation and decarboxylation of malonyl-CoA
providing the prerequisite for following chain elongation. This reaction is repeated until a
tetraketide intermediate is formed, which is subsequently cyclized by intramolecular C6-C1
Claisen condensation yielding naringenin chalcone (Figure 3) (Ferrer et al., 1999; Jez et al.,
2000).

Despite producing the same tetraketide intermediate from p-coumaroyl-CoA and three
molecules of malonyl-CoA, STSs generate structurally clearly different molecules than CHSs.
In contrast to CHSs, STSs catalyze an intramolecular C2-C7 aldol cyclization yielding bicyclic
stilbenes such as resveratrol (Figure 3) (Austin et al., 2004; Shomura et al., 2005). Unlike
predicted to be under steric control, aldol cyclization was demonstrated to be rather
electronically mediated. Whereas C6-C1 cyclization automatically results in the cleavage of
the C1 thioester bond, C2-C7 cyclization requires not only a thioesterase-like hydrolysis step
to cleave the C1 thioester linkage from the catalytically active cysteine but also an additional
decarboxylation. In STSs, a hydrogen bonding network generating a hydroxide anion — termed
as aldol switch — was shown to have a thioesterase-like activity promoting the hydrolytic

cleavage of the C1 thioester bond.

Resveratrol is a good example for the pharmacological potential of polyphenols. Besides

mentioned anti-cancerous and antidiabetic characteristics, antioxidant properties of resveratrol
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have been used to explain the ‘French paradox’, which links the moderate consumption of red
wine, usually characterized by a high resveratrol content (1 — 5 mg/L), to low mortality caused
by cardiovascular diseases of the South European population (Frankel et al., 1993; Renaud &
De Lorgeril, 1992; Vestergaard & Ingmer, 2019). However, subsequent research queried this
explanation as the consumed dose of resveratrol seems to be insufficient to explain this
paradox. In general, it is doubtful whether the French paradox exists or if it is actually a
statistical illusion. (Goldberg et al., 2003; Law & Wald, 1999; Rimm et al., 1996) Nonetheless,
this led to a successful marketing of resveratrol as a dietary supplement (Catalgol et al., 2012).

Besides STSs, additional functionally divergent type Ill PKSs emerged from CHSs during
evolution (Abe & Morita, 2010). Not only the number of iterative elongation cycles, but also the
range of accepted CoA-thioester starter units has evolved. Among these emerged type Il
PKSs are the benzalacetone synthase (BAS) from Chinese rhubarb (Rheum palmatum) as
well as the pentaketide chromone synthase (PCS) from the medicinal plant Aloe arborescens.
The following examples illustrate the importance of the active site cavity architecture for starter
unit selection, chain elongation and cyclization patterns.

BAS from R. palmatum was demonstrated to catalyze the condensation of p-coumaroyl-CoA
and one molecule of malonyl-CoA generating the diketide p-hydroxybenzalacetone (pHBA),
which is the precursor for phenylbutanoids such as raspberry ketone (Figure 1) (Abe et al.,
2001; Borejsza-Wysocki & Hrazdina, 1996, 1994). Raspberry ketone has not only gained
commercial relevance as a natural flavoring agent providing the typical scent and flavor of ripe
raspberries, but also as a dietary and cosmetic supplement (Beekwilder et al., 2007; Kim et
al., 2016; Morimoto et al., 2005). Low abundance in raspberries and legal regulations are the
reason for the high costs of natural raspberry ketone creating a potential market value of 6 to
10 million € (European Council, 2008; Hakkinen et al., 2015; Vandamme & Soetaert, 2002).
Opposed to all known CHSs, a gatekeeping phenylalanine residue probably involved in
p-coumaroyl-CoA orientation and facilitating decarboxylation is uniquely replaced by leucine
(F208L) in BAS from R. palmatum (T. Abe et al., 2007). This impedes proper locking of
p-coumaroyl-CoA in the traditional binding pocket. Instead, a novel active site pocket locks the
aromatic moiety. Mutagenesis studies of this particular phenylalanine residue demonstrated
restoration of CHS activity, suggesting to be involved in the termination of chain elongation at
the diketide stage (T. Abe et al., 2007; Shimokawa et al., 2010).

Yet another interesting example for the evolutionary divergence of type Ill PKS is the PCS from
A. arborescens, catalyzing the iterative decarboxylative condensation of five malonyl-CoA
molecules yielding one molecule of the pentaketide noreugenin, which serves as precursor for
the synthesis of the antiasthmatic furochromones khellin and visnagin (Figure 1) (Abe et al.,
2005; Dewick, 2002). Although the catalytic C-N-H triad is conserved in PCS and
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p-coumaroyl-CoA is accepted in vitro as CoA-thioester starter unit, PCS only produces triketide
and tetraketide a—pyrones bisnoryangionin and p-coumaroyl triacetic acid lactone in contrast
to naringenin chalcone synthesized by CHSs (Abe et al., 2005). Extensive elucidation of the
PCS active site cavity not only demonstrated a three-fold smaller cavity volume compared to
the CHS from Medicago sativa, but also a glycine to leucine amino acid substitution (G266L)
appearing to be specific for utilizing acetyl- or malonyl-CoA starter units (Morita et al., 2007).
Moreover, amino acid substitutions drastically expanding the active site cavity volume were
demonstrated to allow for the synthesis octaketides and a nonaketide (I. Abe et al., 2007).
These findings clearly support the idea that enzyme cavities and architectures of type 11l PKSs,
often drastically influenced by single amino acid substitutions, are of utter importance for starter

unit selection, chain elongation and cyclization.

1.3 Access to polyketides

Common limitation for further pharmacological investigations and/or marketing of type | - and
[l polyketides is often the extraction of the respective compound from its natural sources such
as plants (Chemler & Koffas, 2008). Polyketides tend to accumulate to low quantities, which
are further subject to seasonal and regional changes. A further complication is that the desired
polyketide must be separated from a large number of structurally similar molecules. On the
other hand, total chemical synthesis routes exist, but are typically commercially unfeasible
considering the increasing complexity of polyketide structures (Marienhagen & Bott, 2013).

A promising third route to obtain polyketides of interest, is the synthesis with engineered
microbial hosts. Microbial synthesis is not only based on inexpensive renewable feedstocks, it
furthermore profits from rapid microbial growth, which drastically reduces the overall process
time. In addition, microbial synthesis is usually more environmentally friendly opposed to
chemical synthesis, as it avoids using organic solvents, heavy metal catalysts and strong acids
or bases (Marienhagen & Bott, 2013).

1.4 Current status of microbial polyketide synthesis

Despite having numerous advantages over traditional extraction from plant material and
chemical synthesis, microbial polyketide production features its own challenges. These are
either specific for certain PKS subfamilies, but can also be limiting for polyketide synthesis in
general. This includes the construction of biosynthetic pathways in the microbial host as well
as tailoring the metabolism of this host towards desired needs, such as improved precursor
availability (Lussier et al., 2012).

Type Il PKS such as CHS, STS and BAS, rely on phenylpropanoid-derived CoA-thioester
starter units. In plants, p-coumaric acid is mainly derived from deamination and hydroxylation
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of L-phenylalanine by PAL and C4H. Currently, no C4H enzyme has been functionally
expressed in prokaryotic organisms (Rodrigues et al., 2015; Watts et al., 2004). Hence,
heterologous TAL activity for the formation of p-coumaric acid by deaminating L-tyrosine has
been established in microorganisms (Kallscheuer et al., 2016b; Leonard et al., 2008; Wu et
al., 2014b; Xu et al., 2011). Here, prerequisite for enabling efficient p-coumaric acid supply by
a TAL activity, is to ensure availability of free L-tyrosine. Similar to other amino acid biosynthetic
pathways, the shikimate pathway generating aromatic amino acids is mostly feedback-
regulated by inhibition of the 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase,
which catalyzes the initial step of the shikimate pathway (Herrmann & Weaver, 1999; lkeda,
2006). This regulation is usually circumvented by the application of feedback-resistant
isoenzymes, which allow for high fluxes through the desired pathways (Kallscheuer et al.,
2016b; Luttik et al, 2008; Ray et al, 1988). Unfortunately, even upon L-tyrosine
supplementation, low enzymatic activity of both heterologous PALs and TALs is regarded as
a bottleneck in the production of phenylpropanoid-derived polyketides (Eudes et al., 2013;
Kallscheuer et al.,, 2016b; Lin & Yan, 2012; Zhou et al., 2016). To overcome this, directed
evolution of an aromatic amino acid ammonia lyase (XAL) by combination of transcriptional
biosensors and fluorescence activated cell sorting (FACS) was performed to isolate PAL
variants with improved activity in Escherichia coli and in vitro (Flachbart et al., 2019). The
advent of such techniques enables fast identification of muteins with desired characteristics.
To date, these two bottlenecks are usually circumvented by the supplementation of p-coumaric

acid.

In general, metabolization of pathway intermediates by the host organism is detrimental for
product synthesis. In this context, the phd gene cluster, enabling utilization of
phenylpropanoids such as p-coumaric acid or ferulic acid as sole carbon and energy source in
C. glutamicum, was identified during metabolic engineering towards polyphenolic polyketide
synthesis (Kallscheuer et al., 2016a). Deletion of this catabolic pathway was prerequisite for
enabling polyphenolic polyketide synthesis using this bacterium (Kallscheuer et al., 2016b). In
E. coli the transport of phenylpropanoid precursors is considered to be subject to catabolic
repression (Watts et al., 2006).

In contrast to type Il PKSs, type | PKSs feature a distinct ACP domain, that requires to be
post-translationally phosphopantetheinylated by a PPTase for activity (Pfeifer & Khosla, 2001).
Although PPTases are present in all domains of life, perhaps with exception of archaea, the
individual enzymes have different specific configurations or act on a varying range of
polypeptides (Beld et al., 2014). Whereas the PPTase from E. coli has a relatively tight
selectivity, PPTase Sfp from Bacillus subtilis can activate a broad spectrum of PKSs as well
as nonribosomal peptide synthetases (Lambalot et al., 1996; Pfeifer & Khosla, 2001).
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Therefore, choice of the PPTase is often crucial for heterologous PKS activity. In addition, the
size of type | PKSs appears to be challenging for the respective host’s gene expression

machinery as often only insoluble protein aggregates are formed.

Despite significant differences in enzyme architecture and resulting characteristics of different
PKSs types, the scope of extender units is rather small with malonyl-CoA, whose synthesis
resembles the first committed step of fatty acid synthesis, being the most prominent (Chan et
al., 2009). Studies have shown that a low intracellular malonyl-CoA availability is the decisive
bottleneck for the efficient synthesis of polyketides (Marienhagen & Bott, 2013; Palmer & Alper,
2018; Pandey et al., 2016; van Summeren-Wesenhagen & Marienhagen, 2015). In bacteria
and yeast, malonyl-CoA is almost exclusively used for fatty acid synthesis and therefore its
intracellular availability is strictly regulated (Brownsey et al., 2006; Cronan & Thomas, 2009;
Tehlivets et al., 2007). In general, metabolic engineering strategies to increase malonyl-CoA
availability either aim for improving its formation or at decreasing its consumption in fatty acid
biosynthesis.

In order to reduce undesired malonyl-CoA consumption, supplementation of the potent FAS
inhibitor cerulenin can be used, which allows for an increased synthesis of polyphenolic
polyketides in E. coli and C. glutamicum (Kallscheuer et al., 2016b; Leonard et al., 2008;
Santos et al., 2011; van Summeren-Wesenhagen & Marienhagen, 2015). Although efficiently
improving malonyl-CoA availability, the high costs (23 € per mg) as well as a pronounced
growth-inhibiting effect of cerulenin due to rapid depletion of fatty acids render this strategy
unsuitable for large-scale applications. Alternatively, post-transcriptional downregulation of
genes involved in fatty acid synthesis in E. coli using antisense RNAs, small regulatory RNAs
or CRISPR interference were demonstrated to improve naringenin, resveratrol and pinosylvin
synthesis (Cress et al., 2015; Liang et al., 2016; Wu et al., 2015, 2014a; Yang et al., 2018,
2015).

In most organisms, malonyl-CoA is exclusively synthesized by the carboxylation of acetyl-CoA
catalyzed by the acetyl-CoA carboxylase (ACC). Hence, increasing both, the substrate
availability by tailoring the central carbon metabolism as well as ACC activity, contributed to
increased synthesis of malonyl-CoA-dependent products. Increasing flux through the glycolytic
pathway by genes encoding the phosphoglycerate kinase and pyruvate dehydrogenase added
to the almost 6-fold increased final volumetric production of 474 mg/L (1.74 mM) naringenin
using E. coli (Xu et al., 2011). With the advent of computational metabolic models, various
gene knock-out combinations were predicted and verified to increase availability of acetyl-CoA
and ultimately malonyl-CoA. In both, E. coliand C. glutamicum, interruption of the tricarboxylic
acid (TCA) cycle by deletion of succinate dehydrogenase complex encoding genes was shown

to reduce the consumption of acetyl-CoA allowing for the 2-fold increased naringenin synthesis
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in both organisms (Fowler et al., 2009; Hartmann et al., 2017). Combinatorial deletion of
predicted target genes adhE, brnQ and citE in the particular sdhA-deficient E. coli strain led to
an overall 3-fold increased synthesis of 215 mg/L (0.79 mM) naringenin over the parental

strain.

Increasing ACC activity is mandatory to unleash synergistic effects of increased acetyl-CoA
availability for improved malonyl-CoA supply. In this context, expression of ACC encoding
genes of various origin was demonstrated to contribute to an increased intracellular
malonyl-CoA availability (Leonard et al., 2007; Miyahisa et al., 2005; Shi et al., 2014; Shin et
al., 2012). Here, streamlining the carbon flux in E. coli towards acetyl-CoA by abolishing
formation of by-products acetate and ethanol in combination with improving ACC activity was
demonstrated to contribute to the 15-fold increased malonyl-CoA availability, ultimately
allowing for a 2.5-fold increase in phloroglucinol synthesis (Zha et al., 2009). Alternatively, the
ACC independent formation of malonyl-CoA by exploiting a malonate assimilation pathway
from Rhizobium trifolii increased microbial synthesis of the polyphenolic polyketide
pinocembrin up to 15-fold (final titer 480 mg/L, 1.88 mM) using E. coli (An & Kim, 1998;
Leonard et al., 2008; Wu et al., 2013).

One successful example for the relevance of microbial synthesis for the supply of polyketides
is the commercialization of resveratrol obtained from engineered yeast (Evolva, 2019).
Furthermore, cultivation of Streptomyces natalensis for the synthesis of the antifungal agent
natamycin, which is used as food preservative for cheese and sausages (Farid et al., 2000).
The blood cholesterol lowering lovastatin is mainly obtained by submerged cultivation of
filamentous fungi including Asperqgillus terreus, Monascus ruber and various Penicillium

species (Manzoni & Rollini, 2002).
1.5 Corynebacterium glutamicum— a promising host for polyketide synthesis?
1.5.1 Industrial relevance of C. glutamicum

C. glutamicum was isolated 1956 from soil samples in a research project aiming for the
identification of glutamic acid-secreting microorganisms and was subsequently applied in an
industrial setting for amino acid production by Kyowa Hakko Kogyo Ltd (Kinoshita et al., 1957;
Yukawa & Inui, 2013). The Gram-positive, non-motile and biotin-auxotrophic actinobacterium,
is a non-pathogenic representative of Corynebacterineae serving as model organism for
studying closely related pathogenic species Mpycobacterium tuberculosis,
Mycobacterium leprae or Corynebacterium diphtheriae (Stackebrandt ef al, 1997).
Characteristic property of this actinobacterial suborder is its unique cell wall structure. In
addition to N-acetylmuraminic acid and N-acetylglucosamine, the cell wall consists of
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arabinogalactan and mycolic acids, forming a lipid monolayer similar to the outer membrane
of Gram-negative bacteria (Brennan & Nikaido, 1995; McNeil et al., 1990).

Several features, such as comparatively high growth rates or the possibility to reach high cell
densities in defined media helped to make C. glutamicum a relevant industrial microbial host
of white biotechnology since its isolation (Eggeling & Bott, 2005; Kalinowski et al., 2003;
Yukawa & Inui, 2013). Genetic accessibility, availability of plasmids and strong promoters
allowed for tailoring this microorganism towards industrial scale synthesis of commercial
products. Additionally, C. glutamicum does not produce endotoxins, thus fermentation
products are generally recognized as safe (GRAS status) (Baritugo et al., 2018). Today,
C. glutamicum has become a workhorse for the production of several proteinogenic amino
acids (Yukawa & Inui, 2013). Currently, optimized strains are used for the production of up to
3.1 million tons L-glutamate, 2.4 million tons L-lysine and 1 million tons D,L-methionine (Lee &
Wendisch, 2017). Extensive metabolic engineering of C. glutamicum led to the availability of
additional strains for the synthesis of L-leucine, L-valine, L-arginine but also D,L-serine
(Hirasawa & Shimizu, 2016; Stabler et al., 2011; Vogt et al., 2014).

Beyond that, the product portfolio of C. glutamicum has been expanded in the past decade to
alcohols (ethanol, butanol, isobutanol, 2-methyl-1-butanol and 3-methyl-1-butanol) and
organic acids (xylonate, a-ketoglutarate, succinate, hydroxybenzoic acids) (Blombach et al.,
2011; Kallscheuer & Marienhagen, 2018; Litsanov et al., 2012; Tenhaef et al., 2018; Vogt et
al., 2016; Yukawa & Inui, 2013). To date, approximately 70 natural and non-natural compounds
can be synthesized with engineered C. glutamicum cell factories (Becker et al., 2018).

1.5.2 Malonyl-CoA-dependent synthesis of polyphenolic polyketides with
C. glutamicum

Naturally, C. glutamicum shows high resistance to a variety of aromatics, partly due to the
activity of a catabolic network for such compounds (Palmer & Alper, 2018; Shen et al., 2012).
Despite of being devoid of said aromatic degradation pathways, the constructed platform strain
C. glutamicum DelAro* Pr7-4clpecy still tolerates the supplementation of at least 5 mM
p-coumaric acid in shaking flask cultivations during the synthesis of polyphenolic polyketides
such as naringenin, resveratrol, pterostilbene and kaempferol (Kallscheuer et al., 2017, 20164,
2016b). This is in the range of supplemented p-coumaric acid concentrations reported for other
microbial hosts such as Streptomyces venezulae (1.2 mM), E.coli (2.6 mM) and
Saccharomyces cerevisiae (5 mM) (Beekwilder et al., 2006; Park et al., 2009; Xu et al., 2011).
Expression of plant-derived codon-optimized genes encoding 4CL and STS enabled the
synthesis of 12 mg/L resveratrol (Kallscheuer et al., 2016b). As observed for other microbial
hosts, synthesis of polyketides was limited by the intracellular availability of malonyl-CoA. To
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improve malonyl-CoA accessibility, its consumption via fatty acid synthesis was inhibited by
addition of 25 uM cerulenin. As a result, up to 158 mg/L resveratrol accumulated during
cultivations of the engineered C. glutamicum production strain. Utilizing the same strategy for
the synthesis of naringenin, up to 35 mg/L naringenin were produced upon heterologous
expression of genes encoding 4CL-, CHS- and CHI- activities.

Under physiological conditions, the sole fate of malonyl-CoA in the metabolism of
C. glutamicum is the incorporation as extender unit for de novo fatty acid synthesis (Gago et
al., 2011). Opposed to bacteria in general and interestingly also opposed to the closely related
Mycobacteria and Streptomyces, all Corynebacteria lack functional type Il FAS systems.
Instead, they exclusively feature functional type | fatty acid synthases (Gago et al., 2011;
Radmacher et al., 2005). C. glutamicum harbors an essential (FasA) and a supplementary
(FasB) FAS that are both required to generate the characteristic lipid environment. Here,
absence of FasA was shown to result in oleate auxotrophy, whereas FasB deficiency reduces
synthesis of palmitate and causes the absence of thereof derived mycolic acids (Radmacher
et al., 2005).

The initial step of fatty acid synthesis is the carboxylation of acetyl-CoA yielding malonyl-CoA.
Here, the key enzyme is the ACC comprised of three different domains catalyzing two distinct
reaction steps (Cronan & Waldrop, 2002). An ATP-dependent biotin carboxylase (BC) domain
catalyzes the transfer of a carboxyl group to biotin, which is covalently attached to the biotin
carboxyl carrier protein (BCCP) domain over a lysine residue, forming carboxybiotin and
finishing the first reaction (Figure 4). The flexible arm of biotin transports CO. between the BC
domain and the carboxyltransferase (CT) domain, which catalyzes the second half reaction
where the carboxygroup is transferred to acetyl-CoA eventually forming malonyl-CoA.

acetyl-CoA

malonyl-CoA
) (o]

\ )j\
05,0 c°As/ OH

CoA

HCO,. +ATP

. ADP + PP,
/Cﬁx

biotin carboxylation carboxyltransfer

Figure 4: Schematic representation of the two-step mechanism catalyzed by the acetyl-CoA
carboxylase from C. glutamicum. BC: biotin carboxylase, BCCP: biotin carboxyl carrier protein, CT:
carboxyltransferase.
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Similar to the enzymatic architecture of FAS, mammalian, fungal and plant cytosolic ACCs are
single polypeptide chains possessing the three domains. In contrast, bacterial and plant
chloroplastic ACCs are organized as complexes of distinct dissociable polypeptides (Cronan
& Waldrop, 2002). The ACC complex of E. coli consists of four separate polypeptides AccC
(BC domain), AccB (BCCP domain), AccA and AccD (CT-a and CT- domain) providing the
three domains (Guchhait et al., 1974; Li et al., 1992; Li & Cronan, 1992a, 1992b). Not only in
Mycobacteria and Streptomyces, but also in C. glutamicum BC and BCCP domains are
organized as a single polypeptide (a-subunit), a separate CT domain polypeptide (B-subunit)
and a small e-peptide (Gande et al., 2007). In C. glutamicum, accBC (cg0802), accD1 (cg0812)
and accE (cg0810) encode the a-, B- and e-subunit, respectively (Nickel et al., 2010).

Interestingly, accE is not essential for ACC activity in this bacterium (Miyahisa et al., 2005).

In addition to accD1, C. glutamicum harbors three additional genes (accD2-4) encoding
B-subunits with CT activity (Gande et al., 2007, 2004). In combination with the same AccBC
and AccE of the ACC complex, AccD2 and AccD3 constitute an acyl carboxylase essential for
the corynomycolic acid synthesis. Although cell extract assays point towards AccD4 having a
carboxylase activity, the absence of a phenotype of an accD4 mutant led to the suggestion
that AccD4 is not directly involved in lipid biosynthesis (Gande et al., 2004).

As in other organisms, fatty acid synthesis is transcriptionally regulated in C. glutamicum
(Nickel et al., 2010; Schujman et al., 2006). The TetR-type transcriptional repressor FasR binds
to a highly conserved fasO motif upstream of accBC, accD1, fasA and fasB, thus preventing
transcription of fatty acid synthesis key genes. Here, acyl-CoA thioesters (oleoyl-CoA and
palmitoyl-CoA) are regarded as effectors interacting with FasR (Irzik et al, 2014). A
FasR-S20N mutant, characterized by increased transcript levels of accD1, fasA and fasB was
shown to drastically improve fatty acid production, mainly oleic acid (Takeno et al., 2013). The
amino acid substitution was postulated to either interfere with formation of the FasR-acyl-CoA
complex or binding of the repressor-effector complex to the fasO motifs, both resulting in the
derepression of controlled genes. Furthermore, extensive mutational studies of the fasO motif
revealed essential nucleotides for the interaction with FasR (Nickel et al., 2010).

In S. cerevisiae, phosphorylation of the single polypeptide ACC was demonstrated to
post-translationally regulate enzyme activity (Shi et al., 2014). Interestingly, generation of a
C. glutamicum phosphoproteome map revealed phosphorylation of the o-subunit AccBC
(Bendt et al., 2003). However, there is no experimental data whether this modification affects
ACC activity.
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1.6 Aims of this thesis

The major objective of this thesis is to unleash the potential of C. glutamicum platform strains
for the microbial synthesis of polyketides by increasing the intracellular malonyl-CoA
availability. By following strategies of rational metabolic engineering, including deletion,
overexpression, de- and downregulation of genes encoding key enzymes in the central carbon
and fatty acid metabolism, C. glutamicum should be tailored towards the cerulenin-
independent increased supply of malonyl-CoA. Furthermore, the product portfolio synthesized
with the engineered C. glutamicum cell factory should be expanded to additional
biotechnologically interesting type Il polyketides such as phenylbutanoids and chromonones,
but also to yet untapped type | polyketides.

1.7 Key results on engineering C. glutamicum for increased malonyl-CoA
availability for polyketide synthesis

1.7.1 Increasing acetyl-CoA supply is essential for improving intracellular
malonyl-CoA availability

(Milke et al. 2019a, cf. chapter 2.2; Milke et al. 2019b, cf. chapter 2.3)

Starting point for this thesis was the previously constructed C. glutamicum DelAro* P17-4clpccg
platform strain, harboring a chromosomally integrated codon-optimized gene variant encoding
4CL from Petroselinum crispum under control of the inducible T7 promotor (Pt7-4cClpccg). In
order to improve the established synthesis of plant polyphenolic polyketides resveratrol and
naringenin, efforts aimed for increasing malonyl-CoA availability by rational modulation of the
central carbon metabolism. To evaluate a modifications impact on malonyl-CoA availability,
naringenin as a malonyl-CoA dependent polyphenolic polyketide was chosen as a reporter
molecule. Therefore, engineered strains were transformed using the existing plasmid
PMKEX2-chspncg-chipncg providing codon-optimized genes encoding CHS and CHI from
Petunia x hybrida, organized as a synthetic operon under control of the inducible T7 promotor
(chspncg-chipncg). Subsequently, constructed strains were cultivated in defined CGXIl medium
with 4 % glucose supplemented with 5 mM p-coumaric acid as well as 1 mM isopropyl-B-D-
thiogalactopyranoside (IPTG). Naringenin was extracted from the cultivation broth using ethyl
acetate and subsequently analyzed by LC-MS. When the titer was increased compared to the
control strain, a beneficial impact on malonyl-CoA supply was attributed to a particular

modification.

Initially, the sdhCAB operon encoding the subunits of the succinate dehydrogenase complex
was deleted, which had only a neglectable positive effect on naringenin synthesis. However,
since both, growth rate and in particular biomass formation were reduced upon loss of this
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operon, this deletion can be regarded as rather disadvantageous. Nevertheless, these results
indicated that the TCA cycle indeed represents a promising target to increase acetyl-CoA and

ultimately malonyl-CoA availability.

fatty acid synthesis
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Figure 5: Metabolic engineering of the central carbon metabolism of C. glutamicum towards
increased malonyl-CoA availability for polyketide synthesis. ACC: acetyl-CoA carboxylase; CS:
citrate synthase; FAS: fatty acid synthase; FasR: transcriptional repressor of accBC, accD1, fasIA and
fasiB, all involved in fatty acid synthesis; IoIR: transcriptional repressor of genes involved in myo-inositol
catabolism; IoIT1: glucose/myo-inositol permease; PDHC: pyruvate dehydrogenase complex; PKS:
polyketide synthase; PYC: pyruvate carboxylase; TCA: tricarboxylic acid, Eliminated enzymatic
reactions (black) or regulatory circuits (red): crossed out; reduced enzyme/pathway activity: grey.

In contrast to closely related Mycobacteria, C. glutamicum harbors only a single citrate
synthase (CS) as the pace-making enzyme of the TCA cycle, which is encoded by the essential
gltA gene (cg0949). CS catalyzes the condensation of acetyl-CoA and oxaloacetate yielding
citrate (Figure 5). Therefore, a reduced CS activity could be beneficial to enhance acetyl-CoA
availability to ultimately also improve malonyl-CoA biosynthesis. Previously, it was
demonstrated that exchanging the promotor of the gltA gene with three candidates from a set
of synthetic promotor variants of the dihydrodipicinolate synthase gene dapA (Paaps) decreased
CS activity and in turn increased acetyl-CoA supply. (van Ooyen et al., 2012). Thus,
exchanging the promotor of the gltA gene might also improve malonyl-CoA availability and
ultimately polyphenolic polyketide synthesis.

Individual exchange of the native gltA promotor Pgza against the three variants Pgapa-A16,
Paapa-L1 and Pyzp4-C7 reduced CS activity to 32 %, 16 % and 10 % compared to C. glutamicum
wild-type CS activity, respectively. Further characterization with regard to growth rate and
biomass formation demonstrated that C. glutamicum DelAro* Pr7-4clpccy reacts quite robust to
reduced CS activities. Biomass formation in all constructed strains was barely distinguishable
from the parental strain (ODeoo = 55.2 + 1.7). Even the strain with only 10 % residual CS activity
(C. glutamicum DelAro* Pr7-4cClpccg Pgita::Paapa-C7)  still maintained a growth rate of
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0.24 + 0.02 h' compared to the parental strain’s growth rate (u = 0.32 + 0.01 h"). Whereas the
parental strain produced only 2 mg/L (0.007 mM) naringenin, the engineered strains with 32 %
and 16 % residual CS activity already produced 5 mg/L (0.018 mM) and 12 mg/L (0.044 mM)
naringenin. Using the constructed strain C. glutamicum DelAro* Pr7-4clpecg Pgita::Paapa-C7 with
10 % residual CS activity, naringenin synthesis was improved almost ten-fold to 19 mg/L
(0.07 mM). Summarizing, LC-MS analysis showed antiproportional correlation of residual CS

activities and naringenin titers.

However, since the assessment of malonyl-CoA availability by the synthesis of reporter
molecules such as naringenin is a well-established but only an indirect method, an
LC-MS/MS-based method for direct quantification of the intracellular malonyl-CoA pool was
established. As malonyl-CoA spontaneously hydrolyses under the experimental conditions
yielding malonate, the free acid was used to determine malonyl-CoA availability. In
consideration of current knowledge, C. glutamicum is not capable of synthesizing or degrading
malonate, suggesting that detected malonate solely originates from spontaneous decay of
malonyl-CoA as a consequence of the sample treatment during LC-MS/MS analysis. Indeed,
the engineered strains either harboring the Pgapa-L1 or Paapa-C7 promotor variant controlling
gltA expression showed 1.6- and 1.9-fold increased integrated malonate signals compared the
parental strain (Figure 6).

R?=0.9801

o 60,000' *k
T L ' C. glutamicum DelAro * P1r-4clp,cg

1
2 40,000+ @ P, wild type
£ .
© . PgItA::PdapA'L1
% 20,000+

. PgItA::PdapA'C7
0 —T r

0 5 10 15 20 25
naringenin [mg/L]
Figure 6: LC-MS/MS analysis of intracellular malonate concentrations. Areas for malonate
acquired by LC-MS/MS analysis of cytoplasmatic extracts are plotted against the determined naringenin
concentration during cultivation of the respective strains. The plotted naringenin concentrations
represent mean values with standard deviations from biological triplicates, whereas the obtained
malonate areas represent mean values with standard deviations from biological duplicates with three

technical replicates each (six samples in total). Asterisks represent the level of significance of an
unpaired two-tailed t test (p < 0.05).

Furthermore, a strong linear relationship between naringenin titers and malonate areas could
be observed, indicating that the developed methods for extraction and LC-MS/MS analysis of

the cytoplasmic malonyl-CoA and malonate indeed reflect intracellular concentrations.
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For large-scale fermentations, microbial naringenin production with C. glutamicum would be
much  more economical when starting from cheap glucose. Therefore,
C. glutamicum DelAro* Pr7-4clpccg Pgira::Paapa-C7 not only harboring pMKEXx2-chsprcg-Chipncg
but also pEKEx3-aroHec-talricy was constructed. The latter plasmid contains genes encoding
DAHP synthase from E. coli and TAL from Flavobacterium johnsoniae, whose episomal
heterologous expression was demonstrated previously to be sufficient for the synthesis of
naringenin from glucose (Kallscheuer et al., 2016b). Cultivation of the constructed
C. glutamicum strain in a bioreactor generated up to 24 mg/L (0.09 mM) naringenin exclusively

from glucose.

To emphasize the versatility of the constructed
C. glutamicum DelAro* Pr7-4cClpccg Pgia::Paapa-C7 strain, the naringenin-specific production
plasmid was replaced by the plasmid pMKEX2-stsancs4Clrccg for enabling resveratrol
synthesis. Ultimately, the constructed strain harboring PMKEX2-stsancg-4Clrccg and
PEKExX3-aroHec-talricg produced up to 112 mg/L (0.49 mM) resveratrol directly from glucose,
which is a ten-fold increase to the parental strain (Braga et al., 2018). Moreover, dependency

on the costly fatty acid synthesis inhibitor cerulenin has been abolished.

This particular strain was tailored towards increased ACC activity to further improve
malonyl-CoA  availability  (C. glutamicum DelAro* Pr7-4clpccg Pgita::Pdapa-C7 mufasOgepr,
cf. chapter 1.7.2). Building on this variant, the integrated Pg4sp4-C7 promotor was replaced by
the Paapa-C5 variant, further reducing the CS activity to 5.5 %. This allowed to improve the
newly established synthesis of the plant pentaketide noreugenin, which is produced by
condensation of five molecules of malonyl-CoA and was therefore used as a sensor molecule
for this very purpose, more than 2-fold from 1.98 mg/L (0.01 mM) to 4.13 mg/L (0.22 mM)
(cf. chapter 1.7.2 and 1.7.3).

In addition to improving acetyl-CoA availability by reducing its consumption via the TCA cycle,
strategies to increase its biosynthesis were also followed. Usually, acetyl-CoA is generated by
oxidative decarboxylation of pyruvate. Streamlining the cellular glucose metabolism towards
pyruvate should therefore be advantageous to ultimately improve acetyl-CoA and malonyl-CoA

availability for polyketide synthesis (Figure 5).

Recently, deregulated expression of iolT1 (cg0223) encoding the glucose permease/myo-
inositol transporter lolT1 was demonstrated to promote D-xylose utilization by engineered
C. glutamicum (BrUsseler et al., 2018). As glucose uptake should also benefit from increased
abundance of |IolT1, the respective nucleotide substitutions were introduced
into the promotor sequence of iolT1 resulting in the strain

C. glutamicum DelAro* Pr17-4cClpccg Pgia::P dapa-C5 mufasOgscpr Pos-iolT1. When characterized
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with regard to noreugenin synthesis, only minor positive effects on the absolute product titer
could be observed during shake flask cultivations (4.4 mg/L, 0.02 mM noreugenin).
Nevertheless, growth rate, negatively influenced by downregulated CS activity, was partly
restored. Thus, bearing important parameters of large-scale applications such as space-time
yield in mind, this modification was regarded as beneficial.

Beyond increasing glucose uptake, withdrawal of phosphoenolpyruvate and pyruvate from
glycolysis by the anaplerotic reactions generating oxaloacetate was targeted. In contrast to
most microorganisms, C. glutamicum is able to catalyze the carboxylation of both
phosphoenolpyruvate and pyruvate. Previously, it was demonstrated that only one of the two
enzymes needs to be present to enable growth on glucose. In fact, 90 % of total oxaloacetate
synthesis is ascribed to the activity of pyruvate carboxylase (PYC) encoded by pyc (cg0791).
Construction of C. glutamicum DelAro* Pr7-4clpccg Pgita::Paapa-C5 mufasOscpr Pos-iol T1 Apyc
(later termed C. glutamicum M-CoA, cf. chapter 2.5) and subsequent cultivation for the
synthesis of noreugenin demonstrated the accumulation of 5.63 mg/L (0.03 mM) noreugenin
within 72 hours. Thus, pyc deficiency was regarded to promote malonyl-CoA availability in the

constructed strain.

It can be concluded that increasing acetyl-CoA availability is prerequisite for improving
malonyl-CoA availability in C. glutamicum. The metabolic strategies successfully implemented
in the context of this study can possibly be also transferred to other microbial hosts.

1.7.2 Increasing ACC activity through modulation of FasR-mediated gene regulation
improves malonyl-CoA availability

(Milke et al. 2019a, cf. chapter 2.2; Milke et al. 2019b, cf. chapter 2.3)

As malonyl-CoA is solely derived from the carboxylation of acetyl-CoA in C. glutamicum,
increasing ACC activity with the aim to improve malonyl-CoA availability is a promising
approach. Here, a widely used strategy is the episomal expression of genes encoding the ACC
from C. glutamicum as the protein synthesis of only two subunits needs to be coordinated to
form a functional enzyme. Whereas this strategy was applied multiple times in the context of
engineering E. colifor polyphenolic polyketide synthesis, no effects on naringenin formation in
C. glutamicum itself were discernible. It turned out that an increasing supply of acetyl-CoA,
being the substrate of ACC, is mandatory in order to increase intracellular malonyl-CoA
availability for efficient naringenin synthesis. Episomal expression of accBC and accD1
increased naringenin production by 40 % to 26 mg/L (0.095 mM) compared to the reference
strain  C. glutamicum DelAro* Pr7-4clpccg Pgita::Paapa-C7. This demonstrated the general
benefits of enhanced ACC activity on malonyl-CoA supply in C. glutamicum.
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In general, use of multiple plasmids might increase the metabolic burden for the cells as well
as overall process costs during production due to the required supplementation of additional
antibiotics (Glick, 1995; Wu et al., 2016). Thus, increasing the genomic expression of accBC
and accD1 was targeted to increase overall ACC activity. With the aim to improve the synthesis
of malonyl-CoA-derived fatty acids with C. glutamicum, fasR, encoding the transcriptional
repressor of fatty acid synthesis, was previously deleted (Takeno et al., 2013). Application of
this strategy in C. glutamicum DelAro* Pr7-4clrccg hardly improved naringenin synthesis, but
drastically decreased the growth rate from 0.32 + 0.01 h' to 0.22 + 0.02 h-'. Deletion of fasR
in  C. glutamicum DelAro* Pr7-4Clpccg Pgita::Paapa-C7  further reduced the growth rate to
0.19+0.02h' and also reduced naringenin synthesis by 40 % (12 mg/L, 0.044 mM),
rendering this strategy unsuitable for the synthesis of polyketides with C. glutamicum.
Presumably, absence of the transcriptional repressor FasR not only relieves repression of
accBC and accD1 but also of the genes fasA (cg0957) and fasB (cg2743) encoding the
malonyl-CoA consuming fatty acid synthases FasA and FasB. Thus, this modification does not
necessarily promote accumulation of malonyl-CoA for polyketide synthesis and was therefore
discarded.

Mutational studies of the operator regions of accBC and accD1 revealed essential nucleotides
in the fasO sites for binding of FasR (Nickel et al., 2010). Based on these findings, the fasO
motifs upstream of the open reading frames (ORFs) of accBC and accD1 were mutated in the
C. glutamicum DelAro* Pt7-4Clpccg Pgia::Paapa-C7  strain  background, both individually
(mufasOgc, mufasOp;) and in combination (mufasOscps). Important to note in this context,
since the FasR binding site of accD1 overlaps with the ORF of this gene, only nucleotide
substitutions were introduced that do not alter the amino acid sequence of AccD1 (Figure 7).

nat. CCCCAGAATATGAGTAAGTCCTCATATCT

mut. CCCCAGAATAGTCGTAAGTAAGCATATCT

nat. TTTCAAAACATGACCATTTCCTCACCTTT

fasO accD1
_ mut. TTTCAAAACATGACCATTAGTAGCCCTTT

Figure 7: Schematic representation and relative postion of the fasO sites of accBC and accD1.
In both cases, the mutated (mut.) fasO sites are aligned with the respective native (nat.) fasO sites.
Grey-backed nucleotides are conserved in all known C. glutamicum fasO-sites essential for FasR
binding. Mutated nucleotides are highlighted by bold letters. The start codon of accD1 is underlined.

The engineered strains were transformed using the plasmid pMKEX2-pcsaacge-short providing
a codon-optimized gene variant encoding a N-terminally truncated PCS from A. arborescens

under control of the inducible T7 promotor (pcSaace-short) to allow for the synthesis of
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noreugenin (cf. chapter 1.7.3). Subsequently, the constructed strains were cultivated in defined
CGXIl medium with 4 % glucose and 1 mM IPTG. Noreugenin was extracted from the
cultivation broth using ethyl acetate for LC-MS analysis. Again, an increased product titer over

the control strain was regarded to reflect increased malonyl-CoA availability.

Whereas C. glutamicum strains with the individually mutated fasO sites even
showed reduced noreugenin synthesis, the constructed strain
C. glutamicum DelAro* Pr7-4cClpccg Pgia::Pdapa-C7 mufasOgcps, harboring both mutated fasO
sites, carrying pMKEx2-pcsaacg-short generated 1.98 mg/L (0.01 mM) noreugenin within
72 hours indicating an increased malonyl-CoA supply. In comparison, the parental strain with
wild-type FasR-mediated regulation accumulated only 0.8 mg/L (0.004 mM) noreugenin. To
confirm the assumption of increased malonyl-CoA availability upon mutation of both fasO sites,
the intracellular malonyl-CoA pool was quantified in form of its free acid malonate by
LC-MS/MS. The obtained malonate signals showed a 2.8-fold increase upon deregulated
expression of both, accBC and accD1, in comparison to the parental strain. Using a calibration
curve, an intracellular malonate concentration of 1.8 mM was determined, the isotope ratio of

the parental strain was below the linear range of the calibration curve.

This novel approach to specifically increase intracellular ACC activity by repealing FasR-
mediated regulation of genome-encoded ACC genes in C. glutamicum, turned out to be the
least intrusive but most effective, allowing to efficiently increase malonyl-CoA
availability. When equipped with the respective plasmids,
C. glutamicum DelAro* Pr7-4c¢lpccg Pgita::Pdapa-C7 mufasOgscpr  accumulated up to 65 mg/L
(0.24 mM) naringenin and 450 mg/L (1.97 mM) resveratrol from 5 mM supplemented
p-coumaric acid using standard cultivation conditions (unpublished data). In general, this
strategy should be applicable to all microbial hosts, in which the ACC activity is controlled on
the transcriptional level.

1.7.3 C. glutamicum as a microbial host for the synthesis of the pentaketide

noreugenin
(Milke et al. 2019b, cf. chapter 2.3)

In close interdependence with the projects to increase intracellular malonyl-CoA availability,
the establishment of further relevant product classes was also aimed at. One of these novel
compounds is the plant pentaketide noreugenin from the medicinal plant A. arborescens.
Noreugenin belongs to the class of chromones, which are gaining attention due to their
ascribed health-promoting effects (Gaspar et al., 2014). Beyond that, noreugenin resembles a

very suitable reporter molecule for intracellular malonyl-CoA availability, as it is exclusively
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produced from just this metabolite (Yang et al., 2018). Opposed to naringenin or resveratrol

synthesis, the number of enzymatic reaction steps is reduced to a single enzyme (Figure 8).

5x CoA +5x CO2

H,0
OH O o) OH O
Ho\n/\n/sc°A ? /@(U\)‘\ 2 ) /@6‘]\
o) o) spontaneous/ |
PCS HO OH b o

HCl catalyzed HO
malonyl-CoA TPBD y noreugenin

Figure 8: Biosynthetic noreugenin pathway. PCS: pentaketide chromone synthase, TPBD:
1-(2,4,6-tri-hydroxyphenyl)butane-1,3-dione

In order to establish noreugenin synthesis in C. glutamicum, a codon-optimized variant of the
pcs gene originating from A. arborescens (pcsaacg) encoding a pentaketide chromone
synthase was subcloned into the pMKEx2 plasmid allowing for the IPTG inducible gene
expression under control of the T7 promotor. Initial cultivation experiments in CGXII medium
with 4 % glucose and 1 mM IPTG yielded only traces of noreugenin close to the LC-MS
detection limit.

Amino acid sequence alignments to similar type Ill PKS enzymes, which were already
functionally implemented into C. glutamicum for the synthesis of resveratrol (STS from
Arachis hypogea, STSan) or naringenin (CHS from Petunia x hybrida, CHSpn) revealed that the
first ten amino acid residues in PCSa, have no equivalent in the other two enzymes despite
their overall sequence identity of 70 - 80 %. Interestingly, residues M11 and V14 of PCSa,
aligned with M1 and V4 of both, CHSp, and STSas, suggesting a simple misannotation of the
translational start of the protein sequence deposited in UniProt (ID: Q58VP7). To exclude a
possible function of the ten N-terminal amino acids of PCSa, as signal sequence for protein
localization in the plant cell, three algorithms to detect signal and targeting peptide sequences
were consulted. None of them proposed such a function for the ten first amino acids. However,
a truncated variant pcsaacg-short lacking the first 30 nucleotides was constructed and cloned
into pMKEx2. Indeed, expression of the truncated gene variant significantly improved
noreugenin synthesis with C. glutamicum yielding 0.8 mg/L (0.004 mM) after 72 hours under
standard cultivation conditions.

Ensuing metabolic engineering of C. glutamicum and LC-MS/MS based quantification of the
intracellular malonyl-CoA pool demonstrated that an increased precursor availability is
reflected by the noreugenin titer (cf. chapter 1.7.2). This allows to regard noreugenin as a
reliable reporter molecule to evaluate the impact of genetic modifications on the intracellular
availability of malonyl-CoA in C. glutamicum, circumventing the laborious extraction and
LC-MS/MS quantification method.
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Over the course of tailoring C. glutamicum towards improved malonyl-CoA availability for
noreugenin synthesis, all constructed strains showed continuous noreugenin synthesis over
prolonged process times, even when the cultures already had reached the stationary growth
phase after 24 hours. This observation is contrary to the current believe assuming a strict
exponential growth phase-dependent malonyl-CoA supply in C. glutamicum. This means that
noreugenin synthesis should have stopped upon reaching the stationary growth phase. As
such a phenomenon had never been observed for the synthesis of naringenin or resveratrol,
the reason for this observation was rather assumed to be connected to the product formation
of noreugenin than the engineered C. glutamicum strain background.

In silico reconstruction of the PCSa, reaction mechanism postulated a C6-C1 cyclized
pentaketide intermediate (1-(2,4,6-tri-hydroxyphenyl)butane-1,3-dione; TPBD,
M = 210,05 g/mol, Figure 8), which subsequently undergoes spontaneous isomerization and
dehydration forming a pyrone moiety eventually yielding noreugenin. In fact, a corresponding
TPBD signal was detected in extracted cultivation samples during LC-MS analysis that
decreases over time, whereas the noreugenin signal gains abundance (Figure 9A+B). Further
analysis revealed that the malonyl-CoA dependent synthesis of the TPBD intermediate is
indeed coupled to the exponential growth phase, whereas the seemingly continuous
noreugenin synthesis was resolved to arise solely from the slow spontaneous formation of the

pyrone moiety (Figure 9C).
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Figure 9: Detection of the noreugenin synthesis intermediate 1-(2,4,6-trihydroxyphenyl)butane-
1,3-dione (TPBD) in extracted cultivation samples. (A) Exemplary chromatogramm of an extracted
cultivation sample both as total ion current and the individual m/z ratios. (B) Total ion current
chromatograms of extracted samples resembling the spontaneous cyclization of TPBD towards
noreugenin over the cultivation time. For better visualization, the benzoic acid signal was removed from
the chromatogram. (C) Growth curve and product abundance for the strain C. glutamicum M-CoA
pPMKEX2-pcsaacg-short. Unavailability of an authentic TPBD standard prevented quantification of this
particular molecule. To evaluate product formation over time, the normalized signal areas of the
molecules of interest (Areamsi) TPBD and noreugenin were added up. Signal area of the internal
standard (Areais) benzoic acid was used for normalization. The calculated ratios are depicted on the
primary Y-axis. At the given sampling time points, ODeoo of the cultures was also determined (filled
circles, shown on secondary Y-axis). The obtained data represent mean values with standard deviations
from biological triplicates.

1.7.4 C. glutamicum as a microbial host for the synthesis of the phenylbutanoids

raspberry ketone, zingerone and benzylacetone
(Milke et al. 2020, cf. chapter 2.5)

The phenylbutanoid raspberry ketone, characteristic for the scent and flavor of ripe
raspberries, is used as a natural flavoring agent in food and beverages. Unfortunately,
abundance of raspberry ketone in raspberries is low, rendering the extraction of this molecule
from raspberries very costly. Although chemical routes allow for the economical synthesis,
raspberry ketone produced by such processes cannot be marketed as natural flavoring
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substance in accordance with food regulations (European Council, 2008; Smith, 1996;
Vandamme & Soetaert, 2002). Contrary to this, RK obtained from microbial synthesis is
regarded as natural. As the biosynthetic pathway resembles naringenin and resveratrol
synthesis and thus requires 4CL and type Il PKS activity with inherent malonyl-CoA
dependency, the already available platform strain C. glutamicum M-CoA was selected as a
promising host for raspberry ketone synthesis (Figure 10). The phenylpropanoid precursor
p-coumaric acid is CoA-activated by a 4CL and subsequently condensed with one molecule of
malonyl-CoA, catalyzed by a BAS, yielding p-hydroxybenzalacetone. Ultimately, the
biosynthetic pathway features a dedicated reduction of the diketide intermediate
p-hydroxybenzalacetone catalyzed by BAR yielding raspberry ketone.

R’ R! 1 1
phenylpropanoid phenylpropanoyl-CoA phenylbutenone phenylbutanone
R'=H, R?=0H; p-coumaric acid R'=H, R?*=OH; p-coumaroyl-CoA R'=H, R?=0H; p-hydroxybenzalacetone R'=H, R?=OH; raspberry ketone
R'=0CH3, R?*=OH; ferulic acid R'=0CH3, R=0H; feruloyl-CoA R'=0CH3, R?=0H; vanillylidenacetone R'=0CH3, R=0H; zingerone
R'=H, R?=H; cinnamic acid R'=H, R?=H; cinnamoyl-CoA R'=H, R?=H; benzalacetone R'=H, R?=H; benzylacetone

Figure 10: Biosynthetic pathway for phenylbutanoids from phenylpropanoids. 4CL: 4-coumarate:
CoA ligase, BAR: benzalacetone reductase, BAS: benzalacetone synthase.

In preceding experiments to evaluate cytotoxicity of the pathway intermediates and raspberry
ketone itself, C. glutamicum was cultivated in the presence of p-hydroxybenzalacetone and
raspberry ketone. Here, C. glutamicum showed a superior resistance against both compounds
in comparison to E. coli and S. cerevisiae, which are already used for microbial raspberry
ketone synthesis. Furthermore, it was found that C. glutamicum possesses a hitherto unknown
endogenous BAR activity allowing for the reduction of p-hydroxybenzalacetone yielding
raspberry ketone.

To further increase intracellular BAR activity, codon-optimized gene variants encoding the
NADPH-dependent raspberry ketone/zingerone reductase RZS1 from Rubus idaeus were
tested for the reduction of 500 mg/L (3.09 mM) p-hydroxybenzalacetone. Unfortunately, both
variants failed to increase BAR activity in C. glutamicum. Additionally, the NADPH-dependent
curcumin/dinydrocurcumin reductase CurA from E. coli (CurAg;) was investigated for BAR
activity, as the close structural resemblance of curcumin and p-hydroxybenzalacetone
suggests a potential activity of CurAg. with the latter compound. Indeed, heterologous
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expression of curAe:. from E. coliMG1655 increased BAR activity, which could be further
improved upon expression of the codon-optimized variant curAec.cy yielding 68.67 mg/L

(0.42 mM) raspberry ketone.

To further improve intracellular BAR activity, efforts were made to improve the availability of
the cofactor NADPH. In this context, heterologous expression of a codon-optimized gene
encoding the cytosolic transhydrogenase UdhA from E. coli (udhAecg) in a lactate
dehydrogenase deficient strain (C. glutamicum M-CoA AldhA) further improved raspberry

ketone synthesis from supplemented p-hydroxybenzalacetone by 25 %.

With the aim of enabling the p-coumaric acid-derived synthesis of raspberry ketone, codon-
optimized genes of different plant origin encoding type Il PKSs with BAS activity were tested
for the formation of p-hydroxybenzalacetone from p-coumaric acid or more precisely,
p-coumaroyl-CoA. The bifunctional chalcone synthases PKS1 and PKS4 from raspberry
turned out unsuitable for p-hydroxybenzalacetone and ultimately raspberry ketone synthesis.
However, a monofunctional BAS from R. palmatum enabled synthesis of 14.03 mg/L
(0.09 mM) raspberry ketone and 9.43 mg/L (0.06 mM) p-hydroxybenzalacetone from
supplemented p-coumaric acid (5 mM) in the absence of udhAeccg. As expression of udhAeccy
surprisingly reduced the cumulated synthesis of p-hydroxybenzalacetone and raspberry
ketone, the strain C. glutamicum M-CoA AldhA harboring pMKEX2-basrcg-CUrAeccg and
PEKEX3-udhAe.cq was regarded as the most suitable strain for the synthesis of raspberry
ketone from supplemented p-hydroxybenzalacetone, whereas additional udhAeccy expression
was not suitable for synthesis from p-coumaric acid.

In addition to raspberry ketone, other phenylbutanoids such as the ferulic acid-derived
zingerone or the cinnamic acid-derived benzylacetone are of commercial interest drawn by
their flavoring traits (Figure 10). Zingerone provides the flavor of cooked ginger, whereas
benzylacetone has a strawberry and jasmine flavor. Motivated by the discovered enzyme
promiscuity of CurAg; also accepting p-hydroxybenzalcetone, the enzymes of the established
pathway for raspberry ketone synthesis were challenged with the other
precursors / intermediates to see whether the constructed C. glutamicum strain could also be
used for the synthesis of other phenylbutanoids. Resembling the strategy for establishing
raspberry ketone synthesis, a potential reductase activity with the respective intermediates
vanillylidenacetone (zingerone) and benzalacetone (benzylacetone) was elucidated first. The
findings indicated that both intermediates are accepted by the endogenous reductase of
C. glutamicum, whereas only vanillylidenacetone is also accepted by CurAg, which is
resembled by an increased accumulation of zingerone upon expression of curAeccg.
Investigation of 4CL and BAS activity with the alternative phenylpropanoid substrates ferulic
acid and caffeic acid, the synthesis of both intermediates, vanillylidenacetone and

26



Scientific context and key results of this thesis

benzalacetone, was verified by HPLC analysis. Probably due to the lower ability to reduce
benzalacetone, no benzylacetone could be detected during cultivations with supplemented
caffeic acid, although all individual reaction steps in general are feasible. Contrary, the
established pathway allowed for the synthesis of 14.14 mg/L (0.07 mM) zingerone from 5 mM
ferulic acid.

1.7.5 C. glutamicum as a microbial host for the synthesis of the type | polyketide
6-methylsalicylic acid

(Kallscheuer et al., 2019, cf. chapter 2.4)

Establishing novel type lll PKS dependent biosynthetic pathways for the microbial production
of pentaketides and phenylbutanoids in engineered C. glutamicum strains demonstrated the
versatility of the constructed cell factory. To explore the limitations of the engineered platform
strain, the synthesis of type | polyketides, e.g. 6-MSA, was examined. In case of type | PKSs,
proper folding of the large polypeptide chains and the required post-transiational
phosphopantetheinylation by a dedicated PTTase are challenging in the respective microbial
host system.

As expected, the strain C. glutamicum DelAro* Pr7-4clpccg Pgita::Paapa-C5 mufasOscpr was
neither able to catabolize nor modify supplemented 6-MSA due to the deletion of 21 genes
involved in the degradation of multiple aromatic compounds. Instead, toxicity experiments
demonstrated C. glutamicum and S. cerevisiae to be more a suitable host than E. coli for
6-MSA production. Furthermore, the provoked improved availability of acetyl-CoA and
malonyl-CoA, which are required as substrates for the synthesis of 6-MSA, made this
C. glutamicum strain a promising starting point for this particular project. Unfortunately, no
accumulation of detectable amounts of 6-MSA upon co-expression of codon-optimized genes
encoding the 6-MSA synthase ChIB1 from Streptomyces antibioticus (ChlB1sz) and the broad-
spectrum PPTase Svp from Streptomyces verticillus (Svpsy) could be determined. Having the
difficulties with regard to proper folding of type | PKSs in mind, a translational fusion of ChIB1s,
to the C-terminus of the maltose binding protein from E. coli (MalEg:) was constructed. Despite
being even larger, the fusion protein MalE-ChIB1 s, allowed for the synthesis of up to 6 mg/L
(0.039 mM) 6-MSA in defined CGXIl medium with 4 % glucose and 1 mM IPTG.

Heterologous expression of svps, was assumed to cause rapid depletion of Mg?+ ions, which
are required for PPTase activity, which would explain the observed limited biomass formation.
Hence, standard CGXIl medium only containing 1 mM MgSO; as sole source of Mg?* ions was
supplemented with different Mg?+ ion concentrations ranging from 15 to 200 mM. Although all
tested concentrations restored the reduced growth phenotype, 50 mM MgSO. turned out to be
optimal for 6-MSA synthesis (20 mg/L, 0.13 mM).
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In order to improve 6-MSA synthesis, additional PPTases were screened to find a better suited
enzyme for the required ChIB1s; activation. Unexpectedly, the constructed strain
C. glutamicum DelAro* Pr7-4cClpccg P gia::P dapa-C5 mufasOgscor pPMKEX2-malEgc-chlB1s, without
any heterologous PPTase activity turned out to accumulate the highest 6-MSA concentrations
(41 mg/L, 0.27 mM), indicating that C. glutamicum provides endogenous PPTase activity
enabling ChiB1s, activation. Genome analysis revealed two genes encoding the known
PPTases in C. glutamicum, pptAcg (cg2171) and acpScy (cg2738) (lkeda & Nakagawa, 2003;
Kalinowski et al., 2003). Amino acid sequence alignments with Svps, suggested that PptAcy is
more likely to activate ChiB1s, than AcpScy as both, Svps, and PptAcg, belong to the EntD
superfamily of PPTases. The deletion of pptAcy made little sense since a serious growth
phenotype is known that would prevent a reliable assessment of the influence on 6-MSA
production (Chalut et al., 2006). Here, the putative in vivo function of PptAc, is the activation
of the sole type | PKS13, which is involved in the synthesis of corynomycolic acids in
C. glutamicum. Instead, an overexpression of pptAcy was performed to evaluate whether this
PPTase contributes to 6-MSA synthesis. Similarly to the episomal expression of heterologous
PPTases, overexpression of pptAcy reduced the final 6-MSA titer (18 mg/L, 0.12 mM).
Eventually, the reduced titers upon episomal expression of PPTase-encoding genes were
demonstrated to be due to an increased metabolic burden. It was concluded that the native
expression level of the genomically enconded pptAcy, gene is most suitable for ChIB1s,

activation.

In addition to type | PKSs, nonribosomal peptide synthases (NRPSs) also require post-
translational phosphopantetheinylation for catalytic activity. In E. coli, the NRPSs EntB and
EntF, both activated by the PPTase EntD, are involved in the synthesis of enterobactin. To
characterize the spectrum of PKSs and NRPS activated by PptAc, it was investigated whether
PptAcy from C. glutamicum could compensate for the loss of EntD in E. coli. Indeed,
enterobactin synthesis was restored upon expression of pptAcg. This suggests that PptAcy is
a broad spectrum PPTase capable of activating both PKSs in C. glutamicum and NRPSs in

E. coli.
1.8 Conclusion and outlook

In the course of this thesis, C. glutamicum was tailored towards improved malonyl-CoA
availability by rational metabolic engineering. In this context, modulation of the central carbon
metabolism and transcriptional deregulation of accBC and accD1 encoding the two subunits
of ACC were demonstrated to be promising strategies for efficiently increasing malonyl-CoA
availability without relying on the addition of cerulenin. This allowed for increasing the microbial
synthesis of polyphenolic polyketides naringenin (65 mg/L, 0.24 mM) and resveratrol

(450 mg/L; 1.97 mM) even beyond reported product titers obtained when supplementing
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cerulenin during the production phase (Figure 11). Considering of this performance,
C. glutamicum M-CoA was established as the third host for the microbial synthesis of these

compounds alongside E. coliand S. cerevisiae.
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Figure 11: Overview of the different malonyl-CoA dependent polyketides microbially synthesized
with C. glutamicum in this thesis. 6MSAS: 6-methylsalicylic acid synthase, BAR: benzalacetone
reductase, BAS: benzalacetone synthase, CHI: chalcone isomerase, CHS: chalcone synthase, PCS:
pentaketide chromone synthase, STS: stilbene synthase, TPBD: 1-(2,4,6-tri-hydroxyphenyl)butane-1,3-
dione.

Additionally, the type lll PKS catalyzed biosynthesis of a pentaketide and phenylbutanoids
was established in this microorganism using the extensively engineered variant
C. glutamicum M-CoA. Upon expression of a codon-optimized gene variant encoding a
truncated PCS from A. arborescens, 53.3 mg/L (0.28 mM) noreugenin accumulated in defined
CGXIl medium supplemented with casamino acids within 24 hours. Furthermore, 100 mg/L
(0.61 mM) raspberry ketone, 70 mg/L (0.36 mM) zingerone and 10.5mg/L (0.07 mM)
benzylacetone were synthesized using a IdhA-deficient variant of C. glutamicum M-CoA. In the
context of this study, a codon-optimized gene variant encoding BAS from R. palmatum was
functionally expressed. Not only an endogenous BAR activity of C. glutamicum was

demonstrated, but also a yet unknown substrate promiscuity of CurA from E. coli.
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Establishing the synthesis of the type | polyketide 6-MSA in C. glutamicum is of particular
significance as the functional expression of large genes encoding for the required type | PKS
is generally regarded to be very challenging. Furthermore, an endogenous PPTase of
C. glutamicum indicated activity with a broad range of substrates. This could significantly
accelerate the functional expression of future type | PKS genes compared to other host
organisms. Often, these genes originate from the genus of Streptomyces, characterized by a
high GC-content. As C. glutamicum belongs to the common order of Actinomycetales, a
general compatibility with Streptomyces genes can be expected. Moreover, the close structural
similarity between type | FAS of C. glutamicum and type | PKSs suggests that the expression
machinery of C. glutamicum in general is capable of synthesizing such large multi-domain
polypeptides, which could prove to be advantageous. Therefore, the constructed strain
C. glutamicum M-CoA represents a promising platform for future studies aiming at the
microbial synthesis of type | PKS-derived polyketides.
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Abstract

Plants synthesize several thousand different polyphenols of which many have the potential to aid in preventing or treating cancer,
cardiovascular, and neurodegenerative diseases. However, plants usually contain complex polyphenol mixtures impeding access
to individual compounds in larger quantities. In contrast, functional integration of biosynthetic plant polyphenol pathways into
microorganisms allows for the production of individual polyphenols as chemically distinct compounds, which can be synthesized
in large amounts and can be more easily isolated. Over the last decade, microbial synthesis of many plant polyphenols could be
achieved, and along the way, many decisive bottlenecks in the endogenous microbial host metabolism as well as in the heter-
ologous plant pathways could be identified. In this review, we present recent advancements in metabolic engineering of micro-
organisms for the production of plant polyphenols and discuss how current challenges could be addressed in the future.

Keywords Polyphenols - Metabolic engineering - Phenylpropanoids - Resveratrol - Naringenin - Malonyl-CoA

Introduction

In addition to alkaloids and isoprenoids, polyphenols consti-
tute the third class of plant secondary metabolites (Bourgaud
et al. 2001). By definition, polyphenols are characterized by
two or more aromatic rings and at least two phenolic hydroxy
groups, but a few hydroxylated one-ring aromatics such as
gallic acid or pyrogallol have been also added to this group
(Badhani et al. 2015; Tinh et al. 2016). Typically, polypheno-
lic compounds are not directly involved in plant growth and
propagation. Instead, they counteract microbial infections or
are involved in protecting the plant against UV radiation, i.e.,
by neutralizing reactive oxygen species in light-exposed plant
tissues (Bennett and Wallsgrove 1994; Kootstra 1994).
Furthermore, polyphenols can also confer coloration, attract
pollinators, or provide protection from herbivores (Crozier
et al. 2006; Holton and Cornish 1995).
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Due to their natural function as antioxidants and radical-
scavenging agents, some polyphenols demonstrate health-
promoting effects in humans and thus have the potential to
help in preventing or treating of certain types of cancer, car-
diovascular and neurodegenerative diseases, diabetes, and
obesity (Khurana et al. 2013; Landete 2012; Pandey and
Rizvi 2009). It is assumed that the described positive effects
strongly depend on the bioavailability and the consumed
amount of polyphenols (Saura-Calixto et al. 2007). In this
context, access to individual polyphenolic compounds is of
great interest for studying the presumed health-promoting ef-
fects in more detail. Unfortunately, only low amounts of indi-
vidual polyphenols accumulate in plants and not all of these
compounds are produced at all times as their biosynthesis
often requires environmental triggers. Polyphenol composi-
tions in plants strongly vary among different plant species
and plant tissues, and are also subjected to seasonal and geo-
graphical variation. Thus, polyphenol extraction from the na-
tive plant is in most cases economically not feasible. Only in
rare cases plant-extracted polyphenols made it to commercial-
ization as dietary supplements, e.g., in case of the stilbene
resveratrol or the flavonol quercetin. In most cases, chemical
polyphenol synthesis is also not profitable as it involves com-
plex reaction cascades, utilization or accumulation of toxic
chemicals, and laborious purification (Quideau et al. 2011).
Alternatively, functional introduction of plant-derived
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pathways in genetically engineered microbial host strains rep-
resents a promising strategy towards a more environmentally
friendly polyphenol production from renewable and inexpen-
sive resources.

In plants, the two major classes of polyphenols, stilbenoids
and flavonoids, are derived from the ubiquitous aromatic ami-
no acids L-phenylalanine (Phe) or L-tyrosine (Tyr). Both ami-
no acids are initially converted to phenylpropanoids by non-
oxidative deamination. In this reaction, phenylalanine ammo-
nia lyases (PAL) and tyrosine ammonia lyases (TAL) convert
Phe and Tyr to the phenylpropanoid cinnamic acid and p-
coumaric acid, respectively (MacDonald and D’Cunha 2007,
Rosler et al. 1997) (Fig. 1). Both phenylpropanoids can be
further modified by hydroxylation- or O-methylation reac-
tions, which gives rise to additional phenylpropanoids such
as caffeic acid, ferulic acid, hydroxyferulic acid, and sinapic
acid (Hahlbrock and Scheel 1989) (Fig. 1). For the synthesis
of stilbenoids and flavonoids, phenylpropanoids as direct
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Fig. 1 Pathways for phenylpropanoid, stilbenoid, and flavonoid
synthesis starting from aromatic amino acids. For the sake of simplicity,
only the stilbenoids and flavonoids derived from p-coumaric acid are
depicted. PAL phenylalanine ammonia lyase, C4H cinnamate 4-
hydroxylase, TAL tyrosine ammonia lyase, C3H coumarate 3-
hydroxylase, COMT caffeate O-methyltransferase, FSH ferulate 5-
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precursor molecules are first converted to their respective co-
enzyme A (CoA) thioesters. These ATP-dependent CoA liga-
tion reactions are catalyzed by 4-coumarate: CoA ligases
(4CL). Subsequently, two different type III polyketide
synthases (stilbene synthases, STS or chalcone synthases,
CHS) consume the phenylpropanoid CoA thioesters as starter
units and catalyze three malonyl-CoA-dependent chain elon-
gation steps yielding identical tetraketide intermediates, which
are subsequently converted either into a stilbene (STS-
catalyzed reaction) or into a chalcone (CHS-catalyzed
reaction) (Tropf et al. 1994) (Fig. 1). Chalcone isomerases
catalyze the subsequent isomerization of chalcones to (25)-
flavanones. The (2S)-flavanone naringenin is the first com-
pound in the flavonoid pathway constituting the “flavonoid
core”, and represents the most important precursor molecule
for almost all flavonoids. Naringenin can be further converted
to dihydroflavonols, flavonols, isoflavones, and
anthocyanidins (all belonging to the class of flavonoids) by

N

hydroxylase, 4CL 4-coumarate: CoA ligase, STS stilbene synthase,
ROMT resveratrol-di-O-methyltransferase, CHS chalcone synthase,
CHI chalcone isomerase, IFS 2-hydroxyisoflavanone synthase, HID 2-
hydroxyisoflavanone dehydratase, F3H flavanone 3-hydroxylase, FLS
flavonol synthase, DFR dihydroflavonol reductase, ANS anthocyanidin
synthase, 3GT anthocyanidin 3-glycosyltransferase
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2-oxoglutarate dioxygenases and reductases (Fig. 1).
Flavonoids as well as stilbenes can be decorated with glyco-
syl, methyl, acetyl or other acyl groups forming a large set of
different stilbenoids and flavonoids with different chemical
properties (Ibrahim et al. 1998; Vogt and Jones 2000).
Polyphenol decoration is typically associated with an increase
in water solubility, bioavailability, or molecule stability (Xiao
and Hogger 2015).

Plants and microorganisms share a similar primary metab-
olism, which means that the microbial metabolism can in
principle also provide aromatic amino acids and malonyl-
CoA as polyphenol precursor molecules. This also applies
for relevant cosubstrates used for decoration, e.g., the methyl
donor S-adenosyl methionine (SAM) and the glycosyl donor
UDP-glucose. Hence, microorganisms represent an attractive
alternative production platform for polyphenols when the re-
spective plant pathways consuming these precursor molecules
can be functionally introduced.

In this review article, we summarize key advancements in
engineering microorganisms towards polyphenol production
of'the last 15 years. During these years, researchers focused on
the functional introduction of plant-derived enzymes into the
microbial hosts and on the optimal connection of the respec-
tive microbial carbon metabolism to the heterologous poly-
phenol pathways. In some organisms also competing path-
ways, consuming polyphenol precursor metabolites had to
be identified and abolished.

Functional introduction of plant-derived pathways
enables polyphenol production in microorganisms

The first plant-derived polyphenols produced in a microorgan-
ism were the (25)-flavanones naringenin and pinocembrin,
which are derived from the phenylpropanoids p-coumaric acid
and cinnamic acid, respectively. In one of the first studies,
expression of heterologous genes coding for TAL from the
yeast Rhodotorula rubra, 4CL from Streptomyces coelicolor
and CHS from Glycyrrhiza echinata in Escherichia coli
allowed for the accumulation of 0.5 mg/L naringenin and
0.8 mg/L pinocembrin from supplemented Tyr and Phe, re-
spectively (Hwang et al. 2003). The product titer could be
considerably increased in 2004, when genes coding for a
TAL from Rhodobacter sphaeroides and for 4CL and CHS
from Arabidopsis thaliana were expressed in E. coli. The
obtained strain produced 21 mg/L naringenin starting from
Tyr (Watts et al. 2004). The same group also reported produc-
tion of 105 mg/L resveratrol from p-coumaric acid in an
E. coli strain expressing an STS-encoding gene from peanut
(Arachis hypogaea) (Watts et al. 2006). In 2003, it could be
shown that Saccharomyces cerevisiae can also serve as host
organism for polyphenol production. By expressing a 4c/ gene
from Populus sp. in combination with an sts gene from grape
(Vitis vinifera) 0.001 mg/L resveratrol could be produced

(Becker et al. 2003). Starting from 2005, other compound
classes of the large flavonoid family were tapped by demon-
strating production of flavones and flavonols in E. coli and
S. cerevisiae for the first time (Leonard et al. 2005; Leonard
et al. 2006a; Leonard et al. 2006b).

Since 2009, other microbial host organisms such as
Corynebacterium glutamicum, Lactococcus lactis, and
Streptomyces venezuelae were successfully introduced as al-
ternative hosts for the microbial production of polyphenols
(Donnez et al. 2009; Kallscheuer et al. 2016¢; Park et al.
2009). In case of C. glutamicum, the natural competence for
degrading phenylpropanoid precursor molecules needed to be
eliminated before the organism could be successfully
employed for polyphenol synthesis (Kallscheuer et al.
20164a; Kallscheuer et al. 2016¢).

Increasing the supply of malonyl-CoA for improved
polyphenol production

In these first studies, it became obvious that supplemented
aromatic amino acids or phenylpropanoids were never
completely converted to the corresponding polyphenols.
This finding was attributed to the low intracellular availability
of malonyl-CoA, which was identified as major bottleneck
during polyphenol production in engineered microorganisms
(Miyahisa et al. 2005). Malonyl-CoA, produced from acetyl-
CoA by an acetyl-CoA carboxylase (ACC), is for the most
part endogenously consumed during chain elongation reac-
tions in fatty acid biosynthesis. Hence, the intracellular level
of malonyl-CoA is strictly regulated at the level of ACC ac-
tivity to prevent any fatty acid overproduction (Brownsey
et al. 2006; Tehlivets et al. 2007). Metabolic engineering of
polyphenol-producing microorganisms aimed at enhancing
the malonyl-CoA supply by increasing its biosynthesis and
by decreasing its conversion during fatty acid biosynthesis.
A considerable increase in the obtained polyphenol titers
could be observed in the presence of fatty acid biosynthesis in-
hibitors. In most studies, the natural fatty acid synthase-inhibiting
antibiotic cerulenin was supplemented, which increased the pro-
duction of polyphenols in engineered E. coli 3- to 20-fold
(Leonard et al. 2008; Santos et al. 2011; van Summeren-
Wesenhagen and Marienhagen 2015). A constructed E. coli
strain expressing heterologous genes coding for a 4CL from
A. thaliana and for an STS from V. vinifera produced 2.3 g/L
of the stilbene resveratrol by a two-step biotransformation from
p-coumaric acid in presence of cerulenin (Lim et al. 2011). This
is the highest reported resveratrol titer obtained from the precur-
sor p-coumaric acid in a microorganism to date. In
C. glutamicum, the production of resveratrol increased 13-fold
(final titer 158 mg/L) in presence of cerulenin (Kallscheuer et al.
2016c). Cerulenin is very expensive (20 € per mg), and thus,
cannot be used in large-scale fermentations. Alternatively, fatty
acid synthesis was down-regulated by posttranscriptional gene
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silencing using antisense RNA (asRNA). Expression of an
asRNA targeting the mRNA of the malonyl-CoA-acyl carrier
protein (ACP) transacylase gene fadD resulted in a 4.5-fold in-
crease of the intracellular malonyl-CoA concentration in E. coli
(Yang et al. 2015). This in turn allowed for a 1.5-fold increase of
the naringenin titer (91 mg/L) and a 1.7-fold increase of the
resveratrol titer (268 mg/L). In a similar study, an increase of
the naringenin titer from 91 to 391 mg/L (more than fourfold
increase) was observed when the expression of the genes fabH
and fapB was downregulated by posttranscriptional gene silenc-
ing (Wu et al. 2014a). FabH and FabB are 3-oxoacyl-ACP
synthases, which catalyze the initial malonyl-CoA-dependent
elongation reaction of the iterative fatty acid synthesis (Tsay
et al. 1992). More recently, expression of genes involved in fatty
acid biosynthesis was down-regulated by using CRISPRi, which
increased the obtained polyphenol titer of naringenin sevenfold
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(final titer 422 mg/L) and of the stilbene pinosylvin twofold (final
titer 47 mg/L) (Cress et al. 2015; Liang et al. 2016; Wu et al.
2015).

Improved supply of malonyl-CoA typically relies on in-
creasing the ACC activity for enhancing the conversion of
acetyl-CoA to malonyl-CoA. Alternatively, a malonate assim-
ilation pathway from Rhizobium trifolii was used, in which
malonate is initially converted to malonyl-CoA by CoA-
ligation (An and Kim 1998). Two of the involved genes cod-
ing for a malonate carrier protein (matC) and a malonyl-CoA
synthetase (matB) were exploited for increased polyphenol
production from supplemented malonate (Fig. 2). By follow-
ing this strategy in E. coli, the production of the (25)-flava-
none pinocembrin was increased up to 15-fold (final titer
480 mg/L) (Leonard et al. 2008; Wu et al. 2013). This ap-
proach requires the supplementation of malonate as precursor
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Fig. 2 Overview of engineered natural and non-natural pathways
supplying p-coumaroyl-CoA and malonyl-CoA as polyphenol precursor
molecules. The relevant natural pathways for the synthesis of aromatic
amino acids (shikimate pathway), phenylpropanoids (ammonia-lyase
reaction), and malonyl-CoA (carboxylation of acetyl-CoA) are indicated
by gray arrows. Red arrows indicate competing reactions consuming
acetyl-CoA, which are either abolished or downregulated in engineered
microbial producer strains. The orthogonal pathway for malonyl-CoA
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(malonic acid assimilation pathway from Rhizobium trifolii) and the
functional non-natural pathways leading to cinnamic acid or p-
coumaroyl-CoA are indicated by blue arrows. ACC acetyl-CoA
carboxylase, MatC malonate carrier protein, MatB malonyl-CoA
synthetase, DS 3-Deoxy-D-arabinoheptulosonate 7-phosphate (DAHP)
synthase, CM chorismate mutase, PAL phenylalanine ammonia lyase,
TAL tyrosine ammonia lyase, C4H cinnamate 4-hydroxylase, 4CL 4-
coumarate: CoA ligase
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and was also functionally implemented in other organisms
such as S. venezuelae (Park et al. 2011).

Alternatively, for an increased ACC activity, four genes
encoding a heterotetrameric ACC along with a gene for a
necessary biotin ligase from Photorhabdus luminescens were
heterologously expressed in E. coli (Leonard et al. 2007). This
strategy allowed for a sevenfold increase of the microbial
pinocembrin production from supplemented cinnamic acid
with a maximal product titer of 196 mg/L (Leonard et al.
2007). Alternatively, the heterodimeric enzyme AccBC-
AccD1 of C. glutamicum was employed as a functional
ACC in E. coli as it only requires expression of two genes
(Gande et al. 2007; Miyahisa et al. 2005). This strategy
boosted the intracellular malonyl-CoA concentration in
E. coli 15-fold and allowed for the accumulation of 1.3 g/L
phloroglucinol (Zha et al. 2009). In contrast, the monomeric
ACC of S. cerevisiae is a multi-domain protein encoded by the
gene accl. Overexpression of accl improved the resveratrol
production in S. cerevisiae twofold to 6 mg/L (Shin et al.
2012). ACCI activity was found to be repressed by protein
kinase-dependent phosphorylation of two serine side chains.
Substitution of serine for alanine at both positions abolished
the posttranslational regulation and led to increased levels of
malonyl-CoA (Shi et al. 2014).

The central carbon metabolism of polyphenol-producing
E. coli strains was additionally engineered towards increased
acetyl-CoA supply. The elimination of pathways for acetate
and ethanol formation, interruption of the citric acid cycle, and
an increased flux from glucose to pyruvate proved to be suit-
able strategies for increasing acetyl-CoA supply (Fowler et al.
2009; Xuetal. 2011; Zha et al. 2009) (Fig. 2). Combination of
genetic modifications ensuring increased ACC activity and
higher intracellular acetyl-CoA availability yielded an E. coli
strain capable of producing 470 mg/L naringenin from sup-
plemented p-coumaric acid (Xu et al. 2011).

Engineering of the microbial aromatic amino acid
metabolism enables phenylpropanoid
and polyphenol synthesis from glucose

In initial studies, engineered microorganisms typically pro-
duced the desired plant polyphenols from supplemented
phenylpropanoids or amino acids as precursor molecules
(Lussier et al. 2012). However, microbial production from
cheap substrates such as glucose or ethanol would be more
economical. Metabolic engineering into this direction included
two major goals: (i) increasing the carbon flux into the shi-
kimate pathway for the biosynthesis of the aromatic amino
acids Phe or Tyr and (ii) the functional introduction of ammonia
lyases for the efficient conversion of aromatic amino acids to
the respective phenylpropanoids (Fig. 2). Similar to other ami-
no acid biosynthetic pathways, the shikimate pathway is mainly
regulated by feedback inhibition of allosterically controlled key

enzymes (Herrmann and Weaver 1999; Ikeda 2006). In most
microorganisms, the aromatic amino acids inhibit the activity of
the 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) syn-
thase (DS), which catalyzes the initial committed step of the
pathway (Fig. 2). In E. coli, an increased flux into the shikimate
pathway was achieved by employing feedback-resistant DS
variants (Ger et al. 1994; Jossek et al. 2001; Ray et al. 1988).
Introduction of a feedback-resistant DS in combination with a
feedback-resistant chorismate mutase/prephenate dehydroge-
nase (catalyzing the reaction at the metabolic branch leading
to Tyr) and a TAL enabled coupling of the endogenous primary
metabolism to the heterologous polyphenol pathway. In E. coli,
naringenin was produced from glucose with maximal titers of
80-100 mg/L (Santos et al. 2011; Wu et al. 2014b). By follow-
ing the same strategy for elevated intracellular Phe availability,
production of 40 mg/L pinocembrin from glucose could be
established (Wu et al. 2013). The production of sakuranetin
(7-O-methylnaringenin) and ponciretin (4'-O-methy
Inaringenin) as more complex flavonoids from glucose in
E. coli required heterologous expression of altogether eight
genes (Kim et al. 2013). In this study, synthesis of 40 mg/L
sakuranetin and 43 mg/L ponciretin could be observed. In
C. glutamicum, deregulation of the shikimate pathway and in-
troduction of a heterologous TAL from Flavobacterium
Jjohnsoniae enabled the production of 60 mg/L resveratrol and
32 mg/L naringenin from glucose (Kallscheuer et al. 2016c¢). In
S. cerevisiae, the same strategy as in bacteria could be success-
fully adopted for overproducing aromatic amino acids as poly-
phenol precursor molecules (Rodriguez et al. 2015). In addition
to these genetic modifications, the Ehrlich pathway competing
for aromatic amino acids was abolished. The resulting yeast
strain proved to be a suitable platform for the production of
phenylpropanoid-derived compounds from glucose as accumu-
lation of 2 g/L p-coumaric acid could be observed. In a follow-
up study, S. cerevisiae was further engineered for the produc-
tion of resveratrol by introducing genes for 4CL and STS en-
zyme activities and by increasing the malonyl-CoA supply (Li
et al. 2016). The best-performing strain accumulated 800 mg/L
resveratrol, which is the highest reported polyphenol titer ob-
tained from glucose in an engineered microorganism to date.
Especially in bacterial production strains, low activity of
the heterologously introduced PALs or TALs was found to
be another bottleneck limiting overall polyphenol produc-
tion from glucose (Eudes et al. 2013; Kallscheuer et al.
2016¢; Lin and Yan 2012). This is most probably related
to the enzyme-catalyzed reaction mechanism, which in-
cludes elimination of the non-acidic proton at the C3 car-
bon and was proposed to be associated with a
dearomatization of the aromatic ring of the substrate
(MacDonald and D’Cunha 2007). In a comparative
in vivo study, ammonia lyases from various donor organ-
isms were evaluated in the three microbial platform organ-
isms E. coli, S. cerevisiae, and L. lactis, and several
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enzymes exhibiting high activity and substrate specificity
could be identified (Jendresen et al. 2015). In plants, no
ammonia lyase-independent route to phenylpropanoids is
known. More recently, bio-inspired, synthetic pathways
leading to these polyphenol precursor molecules were de-
signed in silico and successfully implemented into micro-
bial production strains (Fig. 2). In C. glutamicum, the use
of a CoA-dependent, (3-oxidative phenylpropanoid cata-
bolic pathway from Azoarcus sp. EbN1 was exploited in
the non-natural anabolic direction for conversion of sup-
plemented 4-hydroxybenzoic acid to p-coumaroyl-CoA,
which was subsequently used for the microbial production
of resveratrol (Kallscheuer et al. 2016b). In E. coli, a PAL-
independent o-reductive pathway starting from
phenylpyruvate yielded cinnamic acid via the pathway in-
termediate phenyllactate (Masuo et al. 2016) (Fig. 2).

Decoration of polyphenols in microbial production
strains

Plants synthesize a large diversity of several thousand
polyphenols by decoration of only a few stilbenoid and
flavonoid backbone molecules. Decoration of polyphenols
results from hydroxylation and subsequent O-methylation,
O-acylation, or glycosylation reactions, which give rise to
polyphenols with altered chemical properties influencing,
e.g., water solubility and overall molecule stability (Tsao
2010). Initially, metabolic engineering of microorganisms
for polyphenol production focused on the synthesis of
stilbenoid and flavonoid backbone molecules, but scien-
tists also started to tap the large natural polyphenol diver-
sity by implementing downstream reactions for polyphe-
nol decoration in the microbial production strains.
Depending on the pathway and the hydroxy group to be
decorated, required reactions can either be included at the
earlier stage of phenylpropanoid precursor synthesis or at
a later stage when the polyphenol core structure is
available.

At the stage of phenylpropanoids, engineering efforts focused
on the synthesis of O-methylated compounds such as ferulic acid
and sinapic acid (Fig. 1) as these phenylpropanoids also serve as
precursors for other compounds related to polyphenols (e.g.,
lignans, coumarins, and curcumins) (Marienhagen and Bott
2013). For this purpose, the phenylpropanoid p-coumaric acid
was hydroxylated to caffeic acid in E. coli (Furuya and Kino
2014; Huang et al. 2013). Depending on the amount of supple-
mented p-coumaric acid, up to 10.2 g/L caffeic acid could be
produced, whereas the highest product titer obtained from glu-
cose was 0.8 g/L. With an additional caffeate O-methyltransfer-
ase, 0.2 g/L ferulic acid could be produced from glucose (Kang
etal. 2012), while sinapic acid synthesis could not be achieved in
microorganisms yet.
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Hydroxylation of polyphenol core structures in plants
is mediated by membrane-bound cytochrome P450-
dependent monooxygenases, which are difficult to func-
tionally introduce into microorganisms (Rodrigues et al.
2015). In E. coli, translational fusion of a flavonoid 3',5'-
hydroxylase with a P450 reductase enabled production of
flavonols with different hydroxylation patterns (Leonard
et al. 2006b). The same group also published the func-
tional introduction of a P450-dependent isoflavone syn-
thase in E. coli and S. cerevisiae and demonstrated the
production of the isoflavone genistein in both organisms
(Leonard and Koffas 2007). Furthermore, the pathway for
the flavonol fisetin, in which the intermediate
resokaempferol is hydroxylated to fisetin in the last step,
was reconstructed in E. coli (Stahlhut et al. 2015). In this
study, the translational fusion of a truncated version of a
flavonoid 3’-monooxygenase from A. thaliana with a
truncated version of a cytochrome P450 reductase from
Catharanthus roseus allowed for a fisetin titer of
1.2 mg/L. C. glutamicum was found to be a suitable mi-
crobial host organism for the production of flavonols. The
functional introduction of two 2-oxoglutarate-dependent
dioxygenases (flavanone 3-hydroxylase and flavonol syn-
thase) in a (25)-flavanone-producing C. glutamicum strain
was key for developing a strain capable of accumulating
the highest reported flavonol concentrations of 23 mg/L
kaempferol and 10 mg/L quercetin from supplemented p-
coumaric acid and caffeic acid, respectively, in the culture
medium (Kallscheuer et al. 2017).

O-methylation of the stilbene resveratrol was achieved in
E. coli and C. glutamicum by functional introduction of dif-
ferent O-methyltransferases. This allowed for the production
of the mono-, di-, and tri-O-methylated resveratrol derivatives
with maximal titers of 50 mg/L (Heo et al. 2017; Jeong et al.
2014; Kallscheuer et al. 2017; Kang et al. 2014; Wang et al.
2015b). In a similar manner, the introduction of glycosyltrans-
ferases from various donor organisms enabled production of
glycosylated resveratrol derivatives comprising the 4'-O-glu-
coside and the 3-O-glucoside in E. coli (Choi et al. 2014;
Ozaki et al. 2012). Anthocyanins, the most abundant flavo-
noids in fruits and vegetables, are glycosylated as this deco-
ration improves the molecule stability compared to the very
unstable anthocyanin agylcones referred to as anthocyanidins
(Vogt and Jones 2000). For the production of anthocyanins in
E. coli, genes coding for a UDP-glucose: flavonoid 3-O-
glucosyltransferase from Petunia hybrida and A. thaliana
were expressed and cultivations were performed under acidic
conditions as anthocyanins show higher stability at a lower pH
(Yan et al. 2008). Under optimized conditions, anthocyanin
titers of 70-80 mg/L could be achieved. Very recently, more
complex anthocyanins such as peonidin 3-O-glucoside were
produced (Cress et al. 2017), while production of 10 mg/L
pelargonidin-3-O-glucoside from glucose was demonstrated
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using a four-strain E. coli polyculture collectively expressing
15 heterologous genes (Jones et al. 2017).

E. coli was used as a glycosylation platform supplying
different UDP- or TDP-activated sugars. By using this strate-
gy, several glycosylated flavonol derivatives were produced
when the respective aglycone was supplemented (De Bruyn
et al. 2015; Pandey et al. 2013; Simkhada et al. 2010; Yang
et al. 2014). For the glycosylation of various flavonoids also
bacterial glycosyltransferases from Bacillus cereus or
Xanthomonas campestris were successfully employed, e.g.,
for the synthesis of kaempferol 7-O-glucoside, quercetin 3-
O-glucoside, and luteolin-3'-O-glucoside (Hyung Ko et al.
2006; Kim et al. 2007). In a recent study, the glycosyl donor
metabolite dTDP-glucose was modified by an additional
dehydratase and an aminotransferase, which enabled synthesis

of the non-natural compound fisetin 3-0O-4-amino-4,6-
dideoxy-galactoside (Pandey et al. 2016). This recent study
demonstrates that manipulation of pathways for the respective
sugar donors can be used to carry out tailor-made decorations,
which eventually lead to synthetic polyphenol glycosides. In
parallel, supplementation of different precursor metabolites
enabled synthesis of nearly 100 different polyphenol agly-
cones and half of these represent non-natural compounds
(Chemler et al. 2007; Katsuyama et al. 2007). Taken together,
the great natural diversity of polyphenols can even be
surpassed by combining non-natural polyphenols with modi-
fied sugar residues. When considering that polyphenols can
carry several decorations, one can imagine that a very large
variety of compounds with different properties can be made
accessible by this approach.

Table 1 Production of phenylpropanoids, stilbenoids and flavonoids in engineered microorganisms
Product Product titer ~ Precursor Precursor titer ~ Organism Special conditions ~ Reference
[mg/L] [mM] [mg/L] [mM]
Phenylpropanoids
p-Coumaric acid 1930 11.8  None, from glucose — — S. cerevisiae Rodriguez et al. 2015
Caffeic acid 767 42 None, from glucose — = E. coli Huang et al. 2013
Caffeic acid 10,200 56.6  p-Coumaric acid 16,400 100  E. coli Furuya and Kino 2014
Ferulic acid 196 1.0 None, from glucose — - E. coli Kang et al. 2012
Stilbenoids
Pinosylvin 91 0.43  Phenylalanine 496 3 E. coli Addition of cerulenin  van Summeren-Wesenhagen
and Marienhagen 2015
Pinosylvin 121 0.57  Cinnamic acid 741 -] C. glutamicum ~ Addition of cerulenin ~ Kallscheuer et al. 2016¢
Resveratrol 2340 103 p-Coumaric acid 2462 15 E. coli Addition of cerulenin  Lim et al. 2011
Resveratrol 812 3.6 None, from glucose — - S. cerevisiae Lietal. 2016
Piceatannol 65 0.27  Resveratrol 100 044  E. coli Wang et al. 2015a
Piceatannol 56 0.23  Caffeic acid 900 5 C. glutamicum Addition of cerulenin  Kallscheuer et al. 2016¢
Pinostilbene 34 0.14  Resveratrol 228 1 E. coli Jeong et al. 2014
Pterostilbene 34 0.13  None, from glucose — = E. coli Heo et al. 2017
Pterostilbene 170 0.66  Resveratrol 228 1 E. coli Wang et al. 2015b
(2S)-Flavanones
Pinocembrin 710 2.8 Cinnamic acid 296 2 E. coli Addition of cerulenin  Leonard et al. 2008
Pinocembrin 432 1.7 None, from glucose — - E. coli Malonate assimilation Wu et al. 2016
Naringenin 474 17 p-Coumaric acid 426 2.6 E. coli Xu et al. 2011
Naringenin 391 1.4 L-Tyrosine 543 3 E. coli Malonate assimilation Wu et al. 2014a
Naringenin 84 0.31  None, from glucose - - E. coli Addition of cerulenin  Santos et al. 2011
Eriodictyol 107 0.37  L-Tyrosine 181 1 E. coli Zhu et al. 2014
Flavones
Chrysin 9 0.04  L-Phenylalanine 543 3 E. coli Miyahisa et al. 2006
Chrysin 31 0.12  Cinnamic acid 178 12 S. venezuelae  Malonate assimilation Park et al. 2011
Apigenin 30 0.11  p-Coumaric acid 49 0.3 E. coli Lee et al. 2015
Apigenin 15 0.06  p-Coumaric acid 197 1.2 S. venezuelae  Malonate assimilation Park et al. 2011
Flavonols
Kaempferol 66 023  p-Coumaric acid 164 1 S. cerevisiae  Fed-batch cultivation  Duan et al. 2017
Kaempferol 23 0.08  p-Coumaric acid 820 ] C. glutamicum Addition of cerulenin ~ Kallscheuer et al. 2017
Quercetin 10 0.03  Caffeic acid 900 5 C. glutamicum Addition of cerulenin  Kallscheuer et al. 2017
Isoflavones
Genistein 8 0.03  Naringenin 136 0.5 S. cerevisiae Trantas et al. 2009
Anthocyanins
Pelargonidin-3-O-glucoside 79 0.18  (+)-Afzelechin 206 0.75 E. coli Yan et al. 2008
Cyanidin-3-O-glucoside 350 0.78  (+)-Catechin 1016 3.5 E. coli Lim et al. 2015
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Conclusion and outlook

Major breakthroughs in this field allowed for the construction
of microbial cell factories for a broad range of different plant-
derived polyphenols in the last 15 years. However, whereas
flavonoid and stilbene core structures can now be produced at
(almost) gram-scale from cheap glucose (Table 1), microbial
synthesis of more complex polyphenol structures remains
challenging. In such cases, accumulation of only low product
concentrations usually impedes any commercial production.
At least a tenfold increase in the current polyphenol titers
would be necessary to render microbial production of these
compounds economically feasible. Major limitations are (still)
insufficient supply of precursor molecules by the microbial
metabolism and low activity of plant-derived enzymes in het-
erologous hosts. However, recent technological innovations
such as the development of biosensor-driven directed evolu-
tion approaches could enable rapid engineering of microbial
host strains for providing more precursor molecules to in-
crease polyphenol synthesis (Schallmey et al. 2014; Siedler
etal. 2017). New molecular techniques for the rapid assembly
of biosynthetic pathways and balancing of (heterologous)
gene expression in the metabolic context of the microbial host
could improve rerouting of carbon fluxes to and through
polyphenol-providing pathways of interest (van Summeren-
Wesenhagen et al. 2015). Similarly, approaches and concepts
from synthetic biology allowing for dynamic pathway regula-
tion and metabolic control could be also employed to harmo-
nize endogenous and heterologous pathways for maximizing
product titers (Xu et al. 2014). First examples of new path-
ways for polyphenol synthesis, not found in nature, have been
presented and more functional synthetic routes from the sci-
entist’s drawing board are expected to become available in the
future (Kallscheuer et al. 2016b). Furthermore, protein engi-
neering strategies might help to improve the performance of
plant enzymes in the respective microbial host and chemical
diversification of precursor molecules or the final polyphenol
products might give rise to compounds with new properties.
No less important than the genetic design of the microbial cell
factories is the aspect of process engineering as optimization
and balancing of microbial growth and product formation are
decisive for success. In addition, in situ product removal for
preventing undesired oxidation of the target compounds and
for minimizing potentially toxic effects of the polyphenols on
the microbial host will be of increasing importance as the
obtained product titers also increase (Braga et al. 2017).

Future developments require joint efforts of multiple disci-
plines such as biology, biochemistry, chemistry, process engi-
neering, and other disciplines (Dudnik et al. 2017). For this
reason, collaborative projects in which scientists with different
backgrounds and ideas work on the goal of an economically
feasible microbial polyphenol production are of great
importance.
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1 | INTRODUCTION

Across all domains of life, malonyl-CoA serves as building block for
chain elongation steps during fatty acid biosynthesis. Beyond that,
mostly in bacteria, fungi, and plants, malonyl-CoA is also required for
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Abstract

In recent years microorganisms have been engineered towards synthesizing interesting
plant polyphenols such as flavonoids and stilbenes from glucose. Currently, the low
endogenous supply of malonyl-CoA, indispensable for plant polyphenol synthesis,
impedes high product titers. Usually, limited malonyl-CoA availability during plant
polyphenol production is avoided by supplementing fatty acid synthesis-inhibiting
antibiotics such as cerulenin, which are known to increase the intracellular malonyl-
CoA pool as a side effect. Motivated by the goal of microbial polyphenol synthesis
being independent of such expensive additives, we used rational metabolic engineering
approaches to modulate regulation of fatty acid synthesis and flux into the tricarboxylic
acid cycle (TCA cycle) in Corynebacterium glutamicum strains capable of flavonoid and
stilbene synthesis. Initial experiments showed that sole overexpression of genes coding
for the native malonyl-CoA-forming acetyl-CoA carboxylase is not sufficient for
increasing polyphenol production in C. glutamicum. Hence, the intracellular acetyl-CoA
availability was also increased by reducing the flux into the TCA cycle through
reduction of citrate synthase activity. In defined cultivation medium, the constructed C.
glutamicum strains accumulated 24mg:L™* (0.088 mM) naringenin or 112mg-L™*
(0.49 mM) resveratrol from glucose without supplementation of phenylpropanoid
precursor molecules or any inhibitors of fatty acid synthesis.

KEYWORDS
citrate synthase, Corynebacterium glutamicum, malonyl-CoA, naringenin, polyphenols, resveratrol

the synthesis of polyketides, a large class of secondary metabolites
with a multitude of functions (Han et al, 2000; van Summeren-
Wesenhagen & Marienhagen, 2015; Zabala, Brana, Salas, & Méndez,
2015). In plants, polyphenols such as stilbenes and chalcones are
produced from a phenylpropanoyl-CoA starter molecule (derived from
the aromatic amino acids L-phenylalanine or L-tyrosine) and three
molecules of malonyl-CoA (Figure 1). In this context, plant-derived

1380 l © 2019 Wiley Periodicals, Inc.
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FIGURE 1 Metabolic pathways involved in the synthesis of the polyphenol precursors p-coumaroyl-CoA and malonyl-CoA. p-Coumaroyl-
CoA and malonyl-CoA are key precursor molecules for the synthesis of the plant polyphenols naringenin and resveratrol. p-Coumaroyl-CoA is
the CoA thioester of p-coumaric acid, which in turn is obtained from L-tyrosine by nonoxidative deamination. Malonyl-CoA is synthesized by
carboxylation of acetyl-CoA. Metabolic pathways involved in the synthesis or consumption of the mentioned polyphenol precursors include the
pentose phosphate pathway (supply of the shikimate pathways substrate erythrose 4-phosphate), the shikimate pathway (synthesis of
L-tyrosine), glycolysis (pyruvate synthesis), and the TCA cycle (oxidation of acetyl-CoA). In the course of this study, several genetic modifications
were introduced in to C. glutamicum and evaluated for their effect on polyphenol synthesis. 4CL: 4-coumarate: CoA ligase; ACC: acetyl-CoA
carboxylase; CHI: chalcone isomerase; CHS: chalcone synthase; CS: citrate synthase; DAHP: 3-deoxy-p-arabino-heptulosonic acid; DS: 3-deoxy-
p-arabino-heptulosonic acid 7-phosphate synthase; E4P: erythrose 4-phosphate; FAS: fatty acid synthase; FasR: repressor of accBC-, accD1-,
fas-IA- and fas-IB-expression; PPP: pentose phosphate pathway; SDH: succinate dehydrogenase; STS: stilbene synthase; TAL: tyrosine ammonia
lyase. Abolished enzymes/transcriptional regulators: crossed out; increased enzyme activity: green arrow upwards, reduced enzyme activity:
red arrow downwards [Color figure can be viewed at wileyonlinelibrary.com]

Type Ill polyketide synthases, either stilbene synthases (STS) or
chalcone synthases (CHS), catalyze the malonyl-CoA-dependent chain
elongation reaction of the phenylpropanoyl-CoA starter unit and the
subsequent formation of a second aromatic ring (Ferrer, Jez, Bowman,
Dixon, & Noel, 1999). Stilbenes act as phytoalexins in plants, whereas
chalcones are precursor molecules of more than 5,000 flavonoids
known today (Ross & Kasum, 2002). In general, polyphenols are of
commercial interest because of the manifold of health-promoting
effects including antioxidative, antibiotic, anti-inflammatory, antialler-
gic, and anticancer activities (Daglia, 2012).

Unfortunately, plants produce polyphenols only at very low rates
and the overall polyphenol content is always subject to incalculable
seasonal and climatic variations. Microorganisms, genetically engi-
neered for plant polyphenol production, represent a promising
alternative for the production of these valuable compounds (Milke,
Aschenbrenner, Marienhagen, & Kallscheuer, 2018). However, tight
regulation of the endogenous malonyl-CoA synthesis with the aim to
maintain only low levels of this fatty acid precursor in microorganisms,
turned out to be the decisive bottleneck during microbial polyphenol
production utilizing Escherichia coli and Saccharomyces cerevisiae (Kim &
Ahn, 2014; Leonard, Lim, Saw, & Koffas, 2007; M. Li, Schneider,

Kristensen, Borodina, & Nielsen, 2016; Lim, Fowler, Hueller, Schaffer, &
Koffas, 2011; Yang, Lin, Li, Linhardt, & Yan, 2015). Hitherto, metabolic
engineering of the microbial central carbon metabolism focused on
increasing the metabolic flux towards malonyl-CoA formation (Zha,
Rubin-Pitel, Shao, & Zhao, 2009). The ATP-dependent carboxylation of
acetyl-CoA, catalyzed by acetyl-CoA carboxylases (ACC) compromised
up to four different subunits is the sole natural source of malonyl-CoA
(S.-). Li & Cronan, 1992). To this end, genes coding for ACC subunits
from various sources were heterologously expressed for increasing the
intracellular malonyl-CoA availability during plant polyphenol produc-
tion; a strategy, which was not always successful (Katsuyama, Funa,
Miyahisa, & Horinouchi, 2007; Miyahisa et al., 2005; van Summeren-
Wesenhagen & Marienhagen, 2015; Zha et al., 2009). Interestingly, in
the context of these efforts, the ACC of Corynebacterium glutamicum
has often been exploited in various species as this enzyme consists only
of two instead of four different subunits (Gande et al, 2007).
Expression of heterologous acc genes was often combined with
deletion or downregulation of native genes coding for enzymes
involved in competing pathways, for example, for acetate or ethanol
formation from acetyl-CoA (Zha et al., 2009). However, primary fate of
acetyl-CoA is its oxidation in the tricarboxylic acid cycle (TCA cycle).
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Here, deletion of the sdhCDAB operon coding for the succinate
dehydrogenase complex of the TCA cycle of E. coli resulted in increased
production of chalcone-derived (25)-flavanones with this organism
(Fowler, Gikandi, & Koffas, 2009). A substantial increase in polyphenol
titers in engineered microbial production strains can also be achieved
by the addition of the antibiotic cerulenin (Leonard et al., 2008).
Cerulenin acts as a nonselective, irreversibly-inhibiting agent on fatty
acid synthases by covalent binding to the active site's cysteine and
occupation of the 3-ketoacyl-ACP synthase domain (Johansson et al.,
2008; Price et al., 2000). This blocks fatty acid synthesis as the major
“competing” pathway for malonyl-CoA consumption and thus increases
the microbial production of polyphenols (Lim et al., 2011). Unfortu-
nately, fatty acid biosynthesis-inhibiting agents such as cerulenin are
very expensive and usually inhibit microbial growth as a result of rapid
fatty acid depletion. Therefore, use of such antibiotics is not an option
for larger-scale microbial polyphenol production.

C. glutamicum is already used for decades for the multimillion ton-
scale biotechnological production of amino acids and has been
recently engineered towards producing plant polyphenols such as
stilbenes, (25)-flavanones, flavonols, and flavanonols, either from
supplemented precursors or directly from glucose using natural or
nonnatural pathways (Kallscheuer, Vogt, Bott, & Marienhagen, 2017;
Kallscheuer, Vogt, & Marienhagen, 2016; Kallscheuer, Vogt, Stenzel
et al, 2016). Similar to other microorganisms engineered for
polyphenol production, low availability of malonyl-CoA also prohibits
synthesis of higher polyphenol concentrations in C. glutamicum
(Kallscheuer, Vogt, Stenzel et al., 2016).

We here addressed this challenge and followed several rational
metabolic engineering strategies to modulate the central carbon
metabolism of C. glutamicum with the aim to increase the intracellular
malonyl-CoA availability for microbial plant polyphenol synthesis.

2 | MATERIAL AND METHODS

2.1 | Bacterial strains, plasmids, media, and growth
conditions

All bacterial strains and plasmids used in this study along with their
respective relevant characteristics are listed in Table 1. C. glutamicum
strains were routinely cultivated aerobically at 30°C in brain heart
infusion (BHI) medium (Difco Laboratories, Detroit, Ml) or defined
CGXIl medium with glucose as sole carbon and energy source
(Keilhauer, Eggeling, & Sahm, 1993). E. coli DH5a was used for
plasmid constructions and was cultivated in LB medium (Bertani,
1951) at 37°C. Where appropriate, kanamycin (50 pg-ml~* for E. coli
or 25 ug:ml~t for C. glutamicum) or spectinomycin (100 pg-ml™?* for
E. coli and C. glutamicum) was added to the medium. Bacterial growth
was followed by measuring the optical density at 600 nm (ODggo).
For cultivation of C. glutamicum, a single colony was picked from
an agar plate and grown for six-eight hours in a test tube with 5ml
BHI medium on a rotary shaker at 170 rpm (first preculture). This
culture was used to inoculate 50 ml defined CGXIl medium with 4%
glucose in 500 ml baffled Erlenmeyer flasks (second preculture). The
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cell suspensions were cultivated overnight on a rotary shaker at
130 rpm. The main culture was inoculated to an ODggo of 5 in CGXII
medium with 4% glucose. For optimizing the production of the (25)-
flavanone naringenin and the stilbene resveratrol, p-coumaric acid
(solved in dimethyl sulfoxide) was added to a final concentration of
5mM. Heterologous gene expression was induced one hour after
inoculation of the main culture using 1 mM isopropyl p-p-thiogalac-
topyranoside (IPTG). Where indicated, 25 uM cerulenin was added to
the main culture at an ODgqp of 18-20. 1 ml of the culture broth was
collected at defined time points and stored at —20°C until extraction.

2.2 | Plasmid and strain construction

Standard protocols of molecular cloning, such as polymerase chain
reaction (PCR), DNA restriction, and ligation were carried out for
recombinant DNA work (Sambrook & Russell, 2001). Techniques
specific for C. glutamicum, for example, electroporation for the
transformation of strains, were done as described previously
(Eggeling & Bott, 2005). All enzymes were obtained from Thermo
Fisher Scientific (Schwerte, Germany). Codon-optimized synthetic
genes for C. glutamicum ATCC13032 were obtained from Life
Technologies (Darmstadt, Germany). Genes were amplified by PCR
from genomic DNA or synthetic genes as a template using primers
containing unique restriction sites (Table 2). PCR products were used
for cloning of genes into plasmid vectors using the introduced
restrictions site. For plasmids containing more than one insert, genes
were cloned sequentially. In-frame gene deletions or integration of
DNA into the genome of C. glutamicum were performed using the
pK19mobsacB system (Schifer et al., 1994) by a two-step homo-
logous recombination method described previously (Niebisch & Bott,
2001). All constructed plasmids were finally verified by DNA
sequencing at Eurofins MWG Operon (Ebersberg, Germany).

2.3 | Bioreactor cultivations of
polyphenol-producing C. glutamicum strains

All bioreactor experiments were performed in a 2L bioreactor
(Eppendorf, Hamburg, Germany) with 1L of working volume. CGXII
medium supplemented with 4% glucose but without urea and without
3-morpholino propanesulfonic acid (MOPS) was used in all bioreactor
experiments. The pH was maintained at 7.0 by automatic addition of
either HCI (3 M) or NaOH (2 M). Dissolved oxygen was kept above 30%
saturation by feedback control of the stirring speed from 650 rpm until
a maximum of 1,200 rpm and an air-flow rate of 1 vvm (volume air per
volume medium and minute). The foam was disrupted by addition of
antifoaming agent Antifoam 204 (Sigma-Aldrich, Schnelldorf, Germany).
Bacterial growth was followed by measuring the ODgoo (Synergy HT
Multi-Detection Microplate Reader; BioTek Instruments, Winooski, VT)
and obtained values were converted to biomass dry weight using a
calibration curve. Heterologous gene expression was induced at
biomass concentrations ranging from 0.9 to 1.4 g-L™* using 1 mM IPTG.
One milliliter of the culture broth was collected at defined time points
and stored at -20°C until further processing.
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid
Strains

C. glutamicum
DelAro*-4clp,

Nar1

Nar1 AfasR

Nar1 AsdhCAB

Nar1 AfasR AsdhCAB
Nar1_A16

Nar1l_ L1

Nar1_C7

Nar1_C7 AfasR
Res1 C7

E. coli

DH5a

Plasmids

pK19mobsacB

pK19mobsacBAsdhCAB
pK19mobsacBAfasR

pK19mobsacB_gltA_A16

pK19mobsacB_gltA_L1

pK19mobsacB_glItA_C7

pMKExX2

pPMKEXx2_chspp_chipy,

PMKEX2_stsan_4clp.

pEKEX3

pEKEx3_accBC_accD1

PEKEX3_aroHg_talg;

Characteristics

C. glutamicum DelAro® derivative with a chromosomally encoded
4clp. gene coding for 4-coumarate: CoA ligase under control of the
T7 promoter (Acg0344-47::Pr7-4clp.)

DelAro*-4clp. strain harboring pMKEX2_chspy,_chipp,

Nar1 derivative with in-frame deletion of fasR (cg2737)

Nar1 derivative with in-frame deletion of sdhCAB (cg0445-47)
Nar1 derivative with an in-frame deletion of fasR and sdhCAB

Nar1 derivative with the replacement of the native gltA promotor
with the dapA promotor variant A1é

Nar1 derivative with the replacement of the native gltA promotor
with the dapA promotor variant L1

Nar1 derivative with the replacement of the native gltA promotor
with the dapA promotor variant C7

Nar1_C7 derivative with an in-frame deletion of fasR

DelAro*-4clp, strain harboring pMKEx2_stsp,_4clp. and replacement
of the native gltA promotor with the dapA promotor variant C7

F* ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17
(r, mi") phoA supE44 thi-1 gyrA96 relA1 A

kan"; vector for allelic exchange in C. glutamicum (pK18, oriVg,, sacB,
lacZa)

Vector for in-frame deletion of sdhCAB

Vector for in-frame deletion of fasR

Vector for exchanging the native promoter of gltA against the dapA
promotor variant A16

Vector for exchanging the native promoter of gltA against the dapA
promotor variant L1

Vector for exchanging the native promotor of gltA against the dapA
promotor variant C7

kan"; E. coli-C. glutamicum shuttle vector (lacl, Py, lacO1, pHM1519
oricg; PACYC177 orig)

kan"; pMKEXx2 derivative with genes coding for chalcone synthase
and chalcone isomerase from Petunia x hybrida (codon-optimized)

kan"; pMKEx2 derivative with genes coding for stilbene synthase
from Arachis hypogaea and 4-coumarate:CoA ligase from
Petroselinum crispum (codon-optimized)

spec”; E. coli-C. glutamicum shuttle vector (lacl, Pg,, lacO1, pBL1 oricg;
pUC orig.)

spec”; pEKEx3 derivative containing accBC and accD1 genes from C.
glutamicum

spec”; pEKEx3 derivative containing native aroH from Escherichia coli
and a codon-optimized gene encoding tyrosine ammonia lyase
from Flavobacterium johnsoniae

kan": kanamycin resistance, spec”: spectinomycin resistance

T
D10 NEERIN

Source or reference

Kallscheuer, Vogt, Stenzel
et al. (2016)

This study
This study
This study
This study
This study

This study
This study

This study
This study

Invitrogen (Karlsruhe, Germany)

Schafer et al. (1994)

This study

Nickel, Irzik, Van Ooyen,
and Eggeling (2010)

van Ooyen et al. (2012)
van Ooyen et al. (2012)
van Ooyen et al. (2012)
Kortmann, Kuhl, Klaffl, and

Bott (2015)

Kallscheuer, Vogt, Stenzel
et al. (2016)

Kallscheuer, Vogt, Stenzel
et al. (2016)
Gande et al. (2007)

This study

Kallscheuer, Vogt, Stenzel
et al. (2016)
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TABLE 2 Oligonucleotides used in this study

Primer name Sequence (5'>3')

Relevant site

Sbfl-accBC-s ACACCTGCAGGAAGGAGGACTGCTATGTCAGTCGAGACTAGGAAGATCACCAAGGTTCTTGTCGCTAAC  Sbfl
Kpnl-accBC-as TTCGGTACCTTACTTGATCTCGAGGAGAACAACGCCCTTG Kpnl
Kpnl-accD1-s ATAGGTACCTCTAAGGAGGCGTTCGATGACCATTTCCTCACCTTTGATTGACGTC Kpnl

BamHl-accD1-as
chk-pEKEX3-s
chk-pEKEx3-as
chk-sdhCAB-s
chk-sdhCAB-as

GATTTACATAACTTGCAGATAAGCC
CGAGGTCAGAGGTCACAATCTC

chk-fasR-s GCGTGCCACTGCGCTACTCCTG
chk-fasR-as CCGTCCCCGACAACATGTACGGCC
chk-gltA-s ATCGTTAACGATCTGACCCAACAA
chk-gltA-as CGTAAGCAGCCTCTGGCGGAA

Note. Restriction sites relevant for cloning are underlined.

2.4 | Polyphenol extraction and LC-MS
quantification

Polyphenols (naringenin or resveratrol) were extracted from cultivation
broth for subsequent LC-MS analysis by mixing 1 ml of the culture
broth with 1 ml ethyl acetate and vigorous shaking (1,400 rpm, 10 min,
20°C) in a Thermomixer (Eppendorf). The suspension was centrifuged
for 5min at 13,000 rpm and the ethyl acetate layer (800 pul) was
transferred to an organic solvent resistant deep-well plate (Eppendorf).
After evaporation of the ethyl acetate overnight, dried extracts were
resuspended in the same volume of acetonitrile and directly used for
LC-MS analysis. Polyphenols were quantified using an Agilent ultrahigh-
performance LC (uHPLC) 1290 Infinity System coupled to a 6130
Quadrupole LC-MS System (Agilent Technologies, Waldbronn,
Germany). LC separation was carried out with a Kinetex 1.7 um Cig
100A pore size column (2.1x50 mm; Phenomenex, Torrance, CA) at
50°C. For elution, 0.1% acetic acid (solvent A) and acetonitrile
supplemented with 0.1% acetic acid (solvent B) were applied as the
mobile phases at a flow rate of 0.5ml-min™%. A gradient was used,
where the amount of solvent B was increased stepwise: minute 0-6:
10-30%, minute 6-7: 30-50%, minute 7-8: 50-100%, and minute
8-8.5: 100-10%. The mass spectrometer was operated in the negative
electrospray ionization (ESI) mode, and data acquisition was performed
in selected ion monitoring mode. Authentic naringenin and resveratrol
standards were purchased from Sigma-Aldrich. Area values for [M-H]
mass signals were linear up to metabolite concentrations of at least
250 mg-L%. Benzoic acid (final concentration 100 mg:L™%) was used as
internal standard. Calibration curves were calculated based on analyte/
internal standard ratios for the obtained area values.

2.5 | Extraction of malonyl-CoA as free acid
malonate and quantification using LC-MS/MS

Quenching, metabolite extraction, and sampling for intracellular
quantification of malonyl-CoA in form of the free acid malonate were
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CGTGGATCCTTACAGTGGCATGTTGCCGTGCTTG
GCAAATATTCTGAAATGAGCTGTTGACAATTAATCATC =
CGTTCTGATTTAATCTGTATCAGGCTGAAAATCTTCTC =

BamHlI

performed as described previously for phenylpropanoid CoA-
thioesters (Kallscheuer, Vogt, Kappelmann et al., 2016). Briefly,
5ml culture broth of each biological replicate were quenched in
15ml ice-cold 60% MeOH in ddH,O (v/v) in triplicates. After
centrifugation of the quenched biomass, one part of the quenching
supernatant was passed through a 0.2 um cellulose acetate filter and
subsequently stored at -20°C until analysis of malonate concentra-
tion. The residual quenching supernatant was carefully discarded
from the pelleted biomass. The cell pellet was stored at -80°C until
preparation of the cell extract samples. In addition, one part of the
culture broth was filtrated as described above of which 250 ul were
diluted with 750 pul 60% MeOH. This culture supernatant sample was
used to quantify extracellular malonate, which was intentionally
allowed to lyse from CoA. Cell extracts, culture supernatant and
quenching supernatant samples were separated on an Agilent 1260
Infinity HPLC system (Agilent Technologies) equipped with a Sequant
ZIC-pHILIC column (2.1x150 mm) with 5um particle size and an
appropriate 20 mm guard column (internal diameter 2.1 mm; Merck,
Darmstadt, Germany) which were both maintained at 40°C. For LC
separation, 10 mM ammonium acetate buffer (pH 9.2, buffer A) and
acetonitrile (buffer B) were used. Before each injection, the column
was equilibrated for 15 min at 90% B. After 5 pl of each sample was
injected, the following gradient was applied: O min: 90% B, 1 min:
90% B, 10 min: 70% B, 25 min: 65% B, 35 min: 10% B, 45 min: 10% B,
55min: 10% B. The LC-eluent was coupled to an ESI-QqTOF MS
(TripleTOF 6600; AB Sciex, Darmstadt, Germany) equipped with an
lonDrive ion source. Data acquisition was performed using Analyst
TF 1.7 (AB Sciex, Concord, ON, Canada).

For quantification, a fully 13C.labeled cell extract of E. coli was
spiked with [Malonyl-**C3]-malonyl-CoA to attain a concentration
of approximately 12.5uM (based on the molar weight of the free
acid). The latter contained [U-'3C3]-malonate as contamination
(data not shown). This compound most probably originates from the
spontaneous thioester lysis of [Malonyl-**C3]-malonyl-CoA and
served as the internal standard for quantification of malonate.
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The internal standard solution was spiked to an equal volume of
each sample and an external standard series spanning malonate
concentrations from 0.01 to 100 pM in 50% MeOH/ddH,O was
used. A separate external standard series for malonyl-CoA was
prepared analogously from the tetra lithium salt of malonyl-CoA
acquired from Sigma-Aldrich.

The optimal collision energies for the most intense transitions of
malonyl-CoA (852.1 > 79) as well as malonate (103 > 59) were -130
and -11 eV, respectively. These energies were determined from a
direct infusion of authentic standards. During the elution, these
transitions as well as those of their internal standards (855.1>79
and 106 > 61, respectively) were targeted in MS/MS High Sensitivity
Mode using the optimal collision energy.

For both metabolites the 2C-'3C isotope ratio was used for
quantification. The obtained ratios for malonate were below the
linear dynamic range of the calibration curve and no intracellular
malonate concentrations could be calculated. Nevertheless, the
intensity of the malonate signals with regard to the overall area
allowed for a direct comparison of the different strains analyzed.
Obtained areas for intracellular malonate were calculated as mean
values with standard deviation from six samples in total per strain
(two biological replicates with technical triplicates each).

3 | RESULTS

3.1 | Modulation of the endogenous ACC activity
alone does not increase polyphenol synthesis

The parental strain C. glutamicum DelAro*-4clp. pMKEX2_chspn_chipp
(designated C. glutamicum Nar1) is devoid of catabolic pathways for
phenylpropanoids and benzoic acids and was previously engineered to
produce naringenin from supplemented p-coumaric acid in presence of
the fatty acid synthesis inhibitor cerulenin (Kallscheuer, Vogt, Stenzel
et al.,, 2016). For this purpose, genes for the 4-coumarate: CoA ligase
(4CL) from parsley (Petroselinum crispum) and for the CHS and the
chalcone isomerase (CHI) from Petunia x hybrida are heterologously
expressed. First efforts towards increasing the intracellular malonyl-
CoA availability focused on increasing acetyl-CoA carboxylation
yielding malonyl-CoA. The native ACC of C. glutamicum is a heterodimer
consisting of the two subunits AccBC (a-subunit) and AccD1 (B-subunit;
Gande et al., 2007). The respective genes accBC (cg0802) and accD1
(dtsR1, cg0812) were separately amplified from genomic DNA of
C. glutamicum and cloned as synthetic operon under control of the tac
promoter in the expression plasmid pEKEx3 yielding pEKEx3_accB-
C_accD1. The strain C. glutamicum Narl pEKEx3_accBC accD1 was
cultivated in comparison to the initial strain C. glutamicum Nar1.
However, in the absence of cerulenin, no difference to the control
strain with regard to naringenin titers was observable when accBC and
accD1 were overexpressed. Both strains accumulated 2mg-L™t
(0.007 mM) naringenin (data not shown). However, in the presence of
25 pM cerulenin, a naringenin concentration of 26 mg~L'1 (0.095 mM)
could be determined for C. glutamicum Narl pEKEx3_accBC_accD1,
whereas the control strain C. glutamicum Nar1 accumulated 22 mg-L™*
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(0.081 mM) (data not shown). Noteworthy, because the presence of
cerulenin inhibits fatty acid synthesis, cell growth stopped one hour
after addition of this compound to the culture broth.

In C. glutamicum, the transcriptional repressor FasR controls the
expression of genes coding for enzymes of the fatty acid synthesis
machinery, namely the two fatty acid synthases Fas-lIA (cg2743) and
Fas-IB (cg0957) as well as AccBC and AccD1 (Nickel et al., 2010). In
presence of increased long-chain acyl-CoA concentrations, expression
of the FasR target genes is inhibited (Irzik et al., 2014). Hence, it was
assumed that deletion of fasR (cg2737) would increase accBC and
accD1 expression levels and thus also increases the intracellular
malonyl-CoA pool. Compared with the attempted plasmid-based
overexpression of accBC and accD1, this could be more beneficial
with regard to a balanced expression level of both genes. Interestingly,
when cultivated in CGXII medium with 4% glucose, the resulting strain
C. glutamicum Narl AfasR showed a 35% reduced growth rate
(0.22 hr™Y) in comparison to the reference strain C. glutamicum Nar1
(0.34hr™%). However, both strain strains reached the same final
biomass as determined by the optical density of the cultures (Table 3).
When comparing the polyphenol concentrations, differences between
both strains were less clear as deletion of fasR increased naringenin
production from 2 to 4 mg-L™* (0.007-0.015 mM).

3.2 | Reduced acetyl-CoA consumption in the
central carbon metabolism increases malonyl-CoA
availability

At this stage, we speculated that an increased ACC activity would have
a more pronounced effect on the malonyl-CoA pool, and ultimately on
polyphenol production, when the availability of ACC substrate acetyl-
CoA would be also increased. This can be achieved by decreasing the
overall activity of the TCA cycle in C. glutamicum in which acetyl-CoA is
oxidized. The citrate synthase (CS) as the pace-making enzyme of the
TCA cycle, condensing acetyl-CoA and oxaloacetate to yield citrate,
represents a promising target. In contrast to the closely related
mycobacteria, C. glutamicum has only a single CS, which is encoded by
the essential gene gltA (cg0949; van Ooyen, Noack, Bott, Reth, &
Eggeling, 2012). Hence, deletion of this gene is not a feasible strategy
for reducing TCA cycle activity. Instead, expression of gltA can be
downregulated by exchanging its native promoter to weaker promoter
variants. This strategy was already followed previously when gitA-
promoter engineering in C. glutamicum improved oxaloacetate supply,
ultimately leading to increased L-lysine titers (van Ooyen et al., 2012). In
this particular study, eight synthetic promoter variants of the
dihydrodipicolinate synthase gene dapA were constructed (Vasicova,
Patek, Nedvera, Sahm, & Eikmanns, 1999). Three of these promoter
variants, A16, L1, and C7 reducing CS activity to 32%, 16%, and 10%
compared to wild-type CS activity, respectively, were individually
introduced into C. glutamicum Nar1. The resulting strains C. glutamicum
Nar1_A16, C. glutamicum Narl_L1 and C. glutamicum Nar1l C7 were
further characterized with regard to growth behavior and naringenin
production. C. glutamicum Nar1_A16 with 32% residual CS activity
reached the same growth rate and final biomass as the reference strain
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TABLE 3 Growth properties and naringenin titers of C. glutamicum strains engineered for naringenin production

Strain Growth rate
hrt
C. glutamicum Nar1 0.32+0.01
C. glutamicum Nar1 AfasR 0.22+0.02
C. glutamicum Nar1 AsdhCAB 0.27 +0.02
C. glutamicum Nar1 AfasR AsdhCAB 0.14+0.02
C. glutamicum Nar1_A16 0.32+0.01
C. glutamicum Nar1_L1 0.29+0.01
C. glutamicum Nar1_C7 0.24+0.02
C. glutamicum Nar1_C7 AfasR 0.19+0.02

Final biomass

Naringenin titer

Normalized naringenin titer

ODg¢o0 mg-L™? mg:L 20Dgoo*
552+17 21+0.5 0.04
49.6+1.5 3.3+0.2 0.07
28.1+0.7 3.8+0.2 0.13

7.6+0.6 1.9+0.9 0.25
51.2+21 45+1.2 0.09
50.8+1.8 10.3+24 0.20
48.0+0.1 185+25 0.39
452+1.8 124+17 0.27

The strains were cultivated in 50 ml CGXIlI medium with 4% glucose and in the presence of 5mM p-coumaric acid. Heterologous gene expression was
induced with 1 mM IPTG. All cultivations were performed in baffled shaking flasks, and all data represent average values and standard deviations from

three biological replicates.

C. glutamicum Nar1 (Table 3), but showed only a small increase of the
overall polyphenol titer (5 mg-L™* [0.018 mM] naringenin compared with
2mg:L™? [0.007 mM] obtained with C. glutamicum Narl; Table 3).
Further reduction of CS activity directly correlated with an increased
naringenin production. C. glutamicum Nar1_L1 (16% residual CS activity)
and C. glutamicum Nar1_C7 (10% residual activity) were capable of
producing 12 mg-L™* (0.044 mM) and 19 mg-L™* (0.07 mM) naringenin,
respectively (Table 3). All strains with altered gltA expression levels
reached the same final biomass (ODgyo of 48-52). C. glutamicum
Nar1_C7 with 10% residual CS activity was characterized by a growth
rate of 0.24 hr'%, which is 70% of the growth rate of the reference strain,
while production of naringenin was increased 10-fold to 19 mg-L™!
(0.07 mM). The strain also showed the highest naringenin titer of
0.39 mg-L™ 0D * when normalized to biomass (Table 3).

Alternatively, we followed the strategy of deleting the sdhCAB
(cg0445-47) operon encoding the succinate dehydrogenase complex
(SDH) in C. glutamicum. This enzyme is not essential for growth of
C. glutamicum and deletion of this operon was also predicted to have
a positive impact on polyphenol synthesis in a recent bioinformatics
study using a genome-scale model of this bacterium (Hartmann et al.,
2017). As a result of the deletion of sdhCAB, growth rate and final
biomass of C. glutamicum Nar1 AsdhCAB were reduced by 20% and
50%, respectively, in comparison to the reference strain (Table 3).
Although reaching only half of the maximal biomass, C. glutamicum
Nar1 AsdhCAB accumulated twice as much naringenin (C. glutamicum
Nar1: 2 mg-L™* [0.007 mM]; C. glutamicum Nar1 AsdhCAB: 4 mg-L™*
[0.015 mM]). However, additional plasmid-based expression of accBC
and accD1 in the engineered strain C. glutamicum Narl AsdhCAB
pEKEx3_accBC_accD1 only moderately increased the naringenin titer
to 5mg-L™! (0.018 mM) after 48 hr of cultivation.

3.3 | Combination of different metabolic
engineering strategies

With the aim of ascertaining whether a combination of individual
strategies is suitable to further increase the production of naringenin,
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several genetic modifications were combined in one strain. To this end,
the double deletion strain C. glutamicum Narl AfasRAsdhCAB was
constructed to check if simultaneous deregulation of the ACC-encoding
genes and reduced activity of the TCA cycle show a synergistic effect on
naringenin production. Unfortunately, growth rate, final ODgoo and
naringenin titer of C. glutamicum AfasRAsdhCAB were drastically reduced,
while the normalized naringenin titer of 0.25 mg-L™*0ODgqo* was higher
compared with the parental strain C. glutamicum Nar1 (Table 3). The gene
fasR was also deleted in the best-performing strain C. glutamicum
Nar1_C7, resulting in a growth rate reduction from 0.24 (C. glutamicum
Nar1_C7) to 0.19 hr™* (C. glutamicum Nar1_C7 AfasR). Unfortunately, also
in this strain the naringenin production was negatively affected.
C. glutamicum Narl_C7 AfasR accumulated 40% less naringenin
(12 mg-L™* [0.044 mM)) compared with C. glutamicum Nar1_C7, whereas
final biomass concentrations (ODgoo of 45-48) were similar (Table 3). In
contrast, plasmid-based expression of the ACC-encoding genes in the
constructed strain  C. glutamicum Nar1_C7 pEKEx3_accBC_accD1
increased the naringenin production by 40% to 26 mg:L™* (0.095 mM)
compared with C. glutamicum Nar1_C7.

3.4 | Quantification of the intracellular malonyl-
CoA pool by LC-MS/MS analysis

Hitherto, changes in the intracellular malonyl-CoA levels in the
constructed strains could be only evaluated indirectly by determina-
tion of the naringenin titer. To confirm that the constructed strains
indeed generate higher amounts of malonyl-CoA, we evaluated several
reported methods for intracellular malonyl-CoA extraction and
quantification. However, in case of C. glutamicum these did either
not work at all or delivered unreliable results. As a consequence, we
established a method for extraction and LC-MS/MS quantification of
the intracellular malonyl-CoA pools in the engineered C. glutamicum
variants, which is based on a method we used earlier for quantifying
phenylpropanoid-CoA thioesters (Kallscheuer, Vogt, Kappelmann et al.,
2016). On the basis of our calibration curve for quantification, we
estimate the limit of detection to be 0.1 uM. Given this sensitivity, we



Peer-reviewed publications

MILKE et AL k 1387
T W1 LEY
B10O N RIN
N 00001 intracellular concentrations of these important polyphenol precursor
o 60,000+ l . . molecules.
c ey
2 40,0001 :
£ 3.5 | Polyphenol production from glucose and
g 20,000- upscaling
©
The strain C. glutamicum Nar1 C7 was chosen for bioreactor
0 v -

0o 5 10 15 20 25
naringenin [mg/L]
@ C. glutamicum DelAro*-4clp,
@ C. glutamicum DelAro®*-4clp-L1
® C. glutamicum DelAro*-4clp-C7

FIGURE 2 LC-MS/MS analysis of intracellular malonate
concentrations. Areas for malonate acquired by LC-MS/MS analysis of
cytoplasmatic extracts are plotted against the determined naringenin
concentration during cultivation of the respective strains. The plotted
naringenin concentrations represent mean values with standard
deviations from biological triplicates, whereas the obtained malonate
areas represent mean values with standard deviations from biological
duplicates with three technical replicates each (six samples in total).
Asterisks represent the level of significance of an unpaired two-tailed t
test (p < 0.05) [Color figure can be viewed at wileyonlinelibrary.com]

could not detect any malonyl-CoA directly in cell extracts. Interest-
ingly, larger amounts of malonate were detectable. This acid was also
present in authentic malonyl-CoA standards, due to spontaneous
degradation. To the best of our knowledge, C. glutamicum is not
capable of synthesizing or degrading malonate. Therefore, we expect
that all malonate detectable in the analyzed samples, solely originates
from such spontaneous hydrolysis of malonyl-CoA, and we also
assume that higher malonate concentrations are a reflection of
intracellular malonyl-CoA levels.

For all experiments, strains without the plasmid pMKEx2_chspy,_chipy,
were used as any CHS activity would consume malonyl-CoA, thereby
distorting the metabolite quantification (Figure 1). Due to the laborious
extraction method of intracellular metabolites, only C. glutamicum strains
L1 and C7 with reduced CS activity, in which corresponding naringenin
titers indicated the biggest improvement in malonyl-CoA supply were
compared with the reference strain C. glutamicum DelAro®-4clp.. Because
the obtained *2C-3C isotope ratios for the C. glutamicum DelAro*-4clp,
and L1 strain were below the limit of quantification, no intracellular
malonate concentration could be calculated. Subsequently, the inte-
grated areas of the '?C-malonate signal of the extracted samples were
adduced to allow for the comparison of all strains. The integrated areas
of the malonate signals were plotted against the naringenin titers of the
tested C. glutamicum strains (Figure 2). For the parental strain
C. glutamicum DelAro®-4clp, the measured area was 22,566 + 6,966,
whereas malonate signals for the engineered C. glutamicum strains L1
and C7 were determined to be 35,426 + 6,337 (1.6-fold increase) and
43,065 + 757 (1.9-fold increase), respectively. A strong linear relationship
between naringenin titers and malonate areas could be observed,
indicating that the developed methods for extraction and LC-MS/MS
analysis of the cytoplasmic malonyl-CoA and malonate indeed reflect the

cultivations as this strain accumulated the highest naringenin
concentrations during shake flask cultivations. During strain engineer-
ing for improved malonyl-CoA availability, the naringenin precursor
p-coumaric acid was always supplemented to exclude any possible
limitation of the CHS substrate p-coumaroyl-CoA. However, for large-
scale fermentations, microbial naringenin production with C. glutami-
cum would be much more economical when starting from cheap
glucose. We demonstrated earlier that the plasmid-borne hetero-
logous expression of two additional genes is sufficient for enabling
naringenin synthesis from glucose in C. glutamicum (Kallscheuer, Vogt,
Stenzel et al., 2016). These genes include aroH from E. coli and tal from
Flavobacterium johnsoniae coding for 3-deoxy-p-arabinoheptulosonate
7-phosphate synthase (the first enzyme of the shikimate pathway) and
tyrosine ammonia lyase (TAL), respectively. Expression of aroH allows
for the production of moderate amounts of L-tyrosine, as AroH of
E. coli is not feedback-inhibited by this aromatic amino acid, whereas
the heterologous TAL catalyzes the subsequent nonoxidative deami-
nation of L-tyrosine yielding p-coumaric acid (Kallscheuer, Vogt,
Stenzel et al., 2016).

C. glutamicum Nar1_C7 pEKEx3_aroHg. tals; was cultivated in a
bioreactor without supplementation of p-coumaric acid. Naringenin
production started 3hr after induction of heterologous gene
expression. Until 28 hr of cultivation, the product titer increased
only slowly and remained below 5mg-L™* (0.018 mM; Figure 3a).
During the transition from the late exponential growth phase to the
stationary phase (hours 28-35), the naringenin titer increased rapidly
from 4 to 20 mg-L™* (0.015-0.073 mM). The final titer of 24 mg-L™*
(0.088 mM) was reached at the end of the cultivation, 52 hr after
inoculation (Figure 3a). In shaking flasks with the same defined
medium (only MOPS-buffered), a maximum growth rate of only
0.08 hr™* and a naringenin titer of 1.7 mg-L™* (0.006 mM) could be
determined (data not shown).

In principle, flavonoids and stilbenes share the same metabolic
route, which is also reflected in the requirement of three mol
malonyl-CoA/mol product for both compound classes (Figure 1).
With the aim to demonstrate that the improvements with regard to
intracellular malonyl-CoA availability are transferable from flavonoid
synthesis to stilbene synthesis, additional bioreactor cultivations
were performed. In this context, C. glutamicum Res1_C7 pEKEx3_ar-
OHg_talg; as the engineered variant with the largest intracellular
malonyl-CoA pool was constructed using the plasmid pMKEx2_st-
san_4clp. conferring the capability to produce the stilbene resveratrol
(Kallscheuer, Vogt, Stenzel et al., 2016). In performed bioreactor
cultivations the strain reached a final biomass concentration of
8.7 g.L™* and exhibited a specific growth rate of 0.20 hr™* (Figure 3b).
Resveratrol synthesis set in 3 hr after induction of heterologous gene

49



Peer-reviewed publications

1388 Wl LEY B IOTECHNOLOGY] MILKE €T AL.
B10 NEERIN
(@) (b)
60 10 140 10
- § = 3 120 $ =
— L -3 .
§§ - 3 & 10 3
9 £ (6 @ 23 80 [0 o
88 s 8 88 e 4 E
2c 2 o 29 4 o
o l, © o 7 , 3
c ¢ 20
0 -0 0 -0
0 20 40 60 0 20 40 60
time [h] time [h]

@ glucose [g/L]

8- biomass [g/L]

=&~ polyphenol [mg/L]

FIGURE 3 Microbial production of naringenin and resveratrol from glucose during bioreactor cultivations with engineered C. glutamicum
strains. (a) Naringenin production from glucose: concentration of glucose and biomass and naringenin titers during batch cultivation of

C. glutamicum Nar1_C7 pEKEx3_aroHg,_talg;. (b) Resveratrol production from glucose: concentration of glucose and biomass and resveratrol
titers during batch cultivation of C. glutamicum Res1_C7 pEKEx3_aroHg._talr;. The data represent average values and standard deviations from
three independent experiments [Color figure can be viewed at wileyonlinelibrary.com]

expression and a final maximum resveratrol concentration of
112mg-L™! (0.491mM) could be determined (Figure 3b). These
experiments show that the improvements achieved with regard to
the intracellular malonyl-CoA availability are beneficial for flavonoid-
as well as stilbene production with C. glutamicum, emphasizing the
versatility of this platform organism for plant polyphenol synthesis.

4 | DISCUSSION

Currently, microbial synthesis of polyphenols with C. glutamicum, as
well as with other microorganisms engineered towards producing
these compounds, relies on the supplementation of cerulenin, which
acts as an inhibitor of fatty acid synthesis (Kallscheuer, Vogt, Stenzel
et al., 2016). Although this strategy is often successfully applied in the
context of microbial synthesis of various stilbenes, (25)-flavanones,
flavones, and flavonols at lab scale, it was early recognized that any
large-scale microbial polyphenol production using cerulenin would be
uneconomical due to the high costs of this compound (Milke
et al., 2018).

The expression of genes coding for ACCs is a reasonable strategy
to increase the endogenous pool of malonyl-CoA, which is the rate-
limiting metabolite for polyketide-derived compounds in engineered
bacteria. Streptomyces venezuelae, an actinobacterium related to
C. glutamicum, is a natural producer of the antibiotic jadomycin, which
requires altogether nine molecules of malonyl-CoA per mol product
(Jakeman et al., 2009). Interestingly, in the gene cluster essential for
jadomycin synthesis, the gene jadJ codes for an ACC a-subunit (Han
et al., 2000). Deletion of this gene in S. venezuelae severely affected
jadomycin production, which underlines the significance of high ACC
activity for sufficient malonyl-CoA levels. In the context of engineering
microorganisms for polyphenol production, the heterodimeric ACC
from C. glutamicum was used several times to overcome the tight
regulation of endogenous malonyl-CoA synthesis in E. coli (Miyahisa
et al., 2005; van Summeren-Wesenhagen & Marienhagen, 2015; Zha
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et al.,, 2009; Zhao, Wu, Liu, Qiao, & Zhao, 2018). In C. glutamicum, the
presence of long-chain acyl-CoA molecules or transition from the
exponential phase to the stationary phase leads to downregulation of
accBC and accD1 expression (Irzik et al., 2014; Larisch, Nakunst, Hiser,
Tauch, & Kalinowski, 2007). In our study, both genes were put under
control of the IPTG-inducible tac promoter and expressed as a
bicistronic transcript with the aim to circumvent this regulation.
Alternatively, the gene coding for the fatty acid repressor FasR was
deleted, a strategy, which proved to be successful in the past when
C. glutamicum was engineered for the overproduction of fatty acids
(Takeno et al., 2013). Unfortunately, both approaches resulted only in
a moderate increase of naringenin biosynthesis. The limited effect of
the deletion of fasR on naringenin synthesis could be explained by the
previous finding that absence of the transcriptional repressor fasR in
C. glutamicum also relieves repression of both genes encoding for the
fatty acid synthases Fas-IA and Fas-IB, which consume malonyl-CoA
(Nickel et al., 2010). Presumably, this leads to increased fatty acid
synthesis and does not necessarily provide more malonyl-CoA for
plant polyphenol synthesis.

From the data obtained to this point, we concluded that increased
expression of the ACC-encoding genes only leads to an increase in
malonyl-CoA synthesis when the acetyl-CoA-level is also increased. In
E. coli, deletion of the sdh-operon was performed to increase acetyl-
CoA availability for polyphenol synthesis (Fowler et al., 2009). As a
result, naringenin titers increased 1.5-fold. In case of C. glutamicum, it
has already been described that loss of SDH activity interrupting the
TCA cycle results in reduced growth and accumulation of succinate
and acetate up to titers of 40 and 125 mM, respectively (Litsanov,
Kabus, Brocker, & Bott, 2012). Nonetheless, an SDH-deficient
C. glutamicum variant was constructed to find out how the loss of
SDH activity impacts polyphenol synthesis. Interestingly, naringenin
production increased 1.8-fold, but growth rate and overall biomass
formation were drastically reduced, rendering this strain unsuitable
for further engineering towards microbial polyphenol synthesis. In
contrast, reduction of the endogenous CS activity turned out to be
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more beneficial as the growth of C. glutamicum was less negatively
affected and polyphenol concentrations were increased. Reduction of
the CS activity already proved to be successful during metabolic
engineering of a C. glutamicum strain towards microbial L-lysine
production (van Ooyen et al., 2012). In this study, reduction of the CS
activity increased L-lysine concentration in the culture supernatant
from 7.51 to 13.19 g-.L ™. The same C. glutamicum strain, only differing
in the genetic constitution related to product synthesis, was found to
produce different naringenin (24 mg:L™%) and resveratrol (112 mg-L™%)
concentrations from glucose, although both molecules are derived
from the same precursor molecules. This observation is in consistency
with a preceding study from our lab, in which synthesis of resveratrol
seemed to be more efficient compared with the synthesis of
naringenin (Kallscheuer, Vogt, Stenzel et al., 2016).

When comparing microbial resveratrol and naringenin production in
C. glutamicum, E. coli or S. cerevisiae, either from supplemented
precursors or directly from glucose, resveratrol titers generally seem
to exceed the ones of naringenin independent from the utilized host or
the heterologous genes used (Chouhan, Sharma, Zha, Guleria, & Koffas,
2017; Jeandet et al., 2018; Milke et al., 2018). Similar observations have
also been made for two very similar E. coli strains also engineered
towards naringenin and resveratrol synthesis (Yang et al., 2015). This
suggests that the difference in product concentrations observed might
be due to the chemical reactions catalyzed by STS and CHS/CHI,
respectively. We calculated the change of the Gibbs free energy for the
final reaction of resveratrol and naringenin biosynthesis using
the BioCYC database (Caspi et al., 2007; Caspi et al., 2015) to obtain
the free energy for all metabolites (substrates and products) involved.
Indeed, we found that the final step of the resveratrol biosynthesis
appears to be thermodynamically more favorable compared to the last
step of naringenin biosynthesis (AG® =-70 kJ-mol™ for resveratrol
compared with AG® =+46 kJ-mol™* for naringenin). This difference is
due to an additional molecule of CO, released during resveratrol
synthesis and might help to explain this interesting observation.

Taken together, by reducing the CS activity in the parental strain
C. glutamicum DelAro*-4clp., dependency on the costly antibiotic
cerulenin for efficient polyphenol synthesis could be overcome. As
demonstrated by the applicability of the best performing
C. glutamicum DelAro*-4clp. C7 strain for both, flavonoid and
resveratrol synthesis, it can be excluded that the observed improve-
ments regarding malonyl-CoA availability are for any reason limited
to naringenin synthesis only. Thus, the C. glutamicum DelAro®*-
4clp._C7 strain constructed in this study represents a promising
starting point for further tailoring this bacterium towards increased
microbial plant polyphenol synthesis.
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Abstract

Background: In the last years, different biotechnologically relevant microorganisms have been engineered for the
synthesis of plant polyphenols such as flavonoids and stilbenes. However, low intracellular availability of malonyl-CoA
as essential precursor for most plant polyphenols of interest is regarded as the decisive bottleneck preventing high
product titers.

Results: In this study, Corynebacterium glutamicum, which emerged as promising cell factory for plant polyphenol
production, was tailored by rational metabolic engineering towards providing significantly more malonyl-CoA for
product synthesis. This was achieved by improving carbon source uptake, transcriptional deregulation of accBC and
accD1 encoding the two subunits of the acetyl-CoA carboxylase (ACC), reduced flux into the tricarboxylic acid (TCA)
cycle, and elimination of anaplerotic carboxylation of pyruvate. The constructed strains were used for the synthesis of
the pharmacologically interesting plant pentaketide noreugenin, which is produced by plants such as Aloe arbores-
cens from five molecules of malonyl-CoA. In this context, accumulation of the C,/C, cyclized intermediate 1-(2,4,6-tri-
hydroxyphenyl)butane-1,3-dione (TPBD) was observed, which could be fully cyclized to the bicyclic product noreu-
genin by acidification.

Conclusion: The best strain C. glutamicum Nor2 C5 mufasOgcp; Pog-iolT1 Apyc allowed for synthesis of 53.32 mg/L
(0.278 mM) noreugenin in CGXIl medium supplemented with casamino acids within 24 h.

Keywords: Malonyl-CoA, Corynebacterium glutamicum, Noreugenin, Metabolic engineering, Acetyl-CoA carboxylase

Background

Besides alkaloids and isoprenoids, polyphenols constitute
the third large group of plant secondary metabolites [1].
In plants, polyphenols such as flavonoids, stilbenes or
lignans do not contribute directly to growth or propaga-
tion, they rather protect the plant from UV radiation, aid
in the defense against pathogens or herbivores, and color
petals and fruits to attract animals [2, 3]. Due to anti-oxi-
dative, anti-depressive, anti-hepatotoxic, anti-cancerous
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as well anti-inflammatory effects described for many
polyphenols, these compounds received a lot of attention
over the last years [4—8].

Recently, the Gram-positive soil bacterium Corynebac-
terium glutamicum was engineered towards plant poly-
phenols synthesis [9, 10]. Important prerequisite for
establishing C. glutamicum as polyphenol producing
cell factory was the identification and abolishment of a
catabolic phenylpropanoid pathway. To date, several stil-
benes (e.g. resveratrol and its O-methylated derivatives)
as well as flavonoids (e.g. naringenin, kaempferol and
quercetin) could be produced with C. glutamicum from
supplemented phenylpropanoid precursors or directly
from glucose [10, 11]. In the context of these studies, low

©The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
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intracellular availability of malonyl-CoA provided by the
central metabolism could be identified as major bottle-
neck impeding higher product titers [2]. When consider-
ing the stoichiometry of flavonoid and stilbene synthesis,
however, the importance of larger amounts of malonyl-
CoA for plant polyphenol synthesis is not surprising as
three moles of malonyl-CoA are consumed by chalcone
synthases (CHS) and stilbene synthases (STS) during
condensation with a CoA-activated phenylpropanoid
thioester yielding chalcones (as flavonoid precursors)
and stilbenes, respectively [12]. Similar to engineered
polyphenol production in other microorganisms, the
observed limitation at the stage of malonyl-CoA could
be overcome in C. glutamicum at lab-scale by supple-
menting the antibiotic cerulenin, which selectively inhib-
its fatty acid synthesis as main malonyl-CoA sink in the
microbial carbon metabolism [10, 13, 14]. Very recently,
dependency on cerulenin for plant polyphenol synthesis
could be repealed by rationally engineering the central
metabolism yielding the C. glutamicum C7 strain, which
enabled the accumulation of 24 mg/L (0.088 mM) narin-
genin or 112 mg/L (0.49 mM) resveratrol from glucose
[15]. Key to success was a reduction of the flux into the
tricarboxylic acid (TCA) cycle, whereas episomal overex-
pression of accBC (cg0802) and accD1 (cg0812) encoding
the two subunits of the acetyl-CoA carboxylase complex
(ACC) hardly increased product titers. In C. glutamicum,
transcription of accBC and accDI is controlled by the
transcriptional repressor FasR [16]. Hence, fasR (cg2737)
was also deleted to deregulate expression of accBC and
accD1, but the observed positive effect on malonyl-CoA
availability and accumulation of the flavonoid naringenin
was very limited [15]. This was explained by the previ-
ous finding that FasR also represses expression of fas-IA
(cg2743) and fas-IB (cg0957) coding for the two fatty acid
synthases of C. glutamicum, which consume malonyl-
CoA provided by the ACC for fatty acid biosynthesis [16].

About a decade ago, the pentaketide chromone syn-
thase (PCS,,, EC 2.3.1.216, UniProt ID: Q58VP7) was
identified in the medicinal plant Aloe arborescens [17].
Like CHS- and STS-enzymes, PCS,,, is a type III polyke-
tide synthase (PKS), but instead of catalyzing the con-
densation of three malonyl-CoA extender units with a
CoA-activated phenylpropanoid thioester, this enzyme
catalyzes the iterative decarboxylation and condensation
of five malonyl-CoA molecules yielding the chromone
noreugenin (Fig. 1). Plant-derived chromones such as
noreugenin are gaining attention drawn by their benefi-
cial impacts on human health including anti-inflamma-
tory, anti-cancerous, anti-diabetic but also antimicrobial
traits [18]. Thus, the chromone scaffold is considered to
be a promising lead structure for medicinal chemistry.
Noteworthy, the furochromones khellin and visnagin,
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both regarded to have anti-asthmatic effects, are derived
from the pentaketide noreugenin [19]. Chemical routes
for the synthesis of noreugenin include acid- or base-
catalyzed reactions, microwave irradiation and solid-sup-
port catalysts [20, 21]. In addition to chemical synthesis,
noreugenin could also be obtained by extraction from the
producing plant material. However, typically, chemical
synthesis of more complex secondary plant metabolites
is economically not feasible and product concentrations
in the naturally producing plants are usually quite low.
In this context, microbial production of secondary plant
metabolites has emerged as true alternative [22]. In case
of noreugenin, synthesis of this compound has been first
described in in vitro enzyme assays with purified PCS,,
[17]. Recently, microbial noreugenin synthesis in Escheri-
chia coli using PCS ,, has been reported for the first time
as proof of principle, but no product titer was deter-
mined [23].

Here, we present rational engineering of the central
carbon metabolism and of fatty acid synthesis in C. glu-
tamicum towards further increasing malonyl-CoA avail-
ability. Furthermore, we demonstrate the functional
integration of PCS,, into these engineered C. glutami-
cum strains and the microbial synthesis of noreugenin.

Results

Establishing a heterologous pathway for the synthesis

of noreugenin

For establishing noreugenin synthesis in C. glutamicum,
a codon-optimized, synthetic variant of the pcs gene
(pCSpacy) originating from A. arborescens was cloned
into the vector pMKEx2 yielding pMKEX2-pcsy,c,
which allows for isopropyl B-p-thiogalactopyranoside
(IPTG) inducible gene expression of pcsy,q, from the
strong T7 promoter [24]. After transformation of C.
glutamicum C7 selected as production strain due to its
improved capability to supply malonyl-CoA, the resulting
strain C. glutamicum C7 pMKEX2-pcs ¢, (designated C.
glutamicum Norl C7) was cultivated in defined CGXII
minimal medium with 4% glucose and 1 mM IPTG.
However, these initial experiments yielded only traces
of noreugenin close to the detection limit of our LC-MS
system (Fig. 2).

Detailed comparison of the amino acid sequence of
PCS,, to similar type III PKS such as the STS from
Arachis hypogea (STS,;,) and CHS from Petunia x
hybrida (CHSp;,) revealed that the first ten amino acids
of PCS,, have no equivalent sequence in any of the two
other enzymes, despite their otherwise high sequence
identity of 70-80% over the whole amino acid sequence
(Additional file 1: Figure S1). Surprisingly, residues M11
and V14 of PCS,, align with the starting methionine M1
and V4 of both enzymes, CHS;, and STS,. This pointed
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Fig. 1 Metabolic engineering of the central carbon metabolism of C. glutamicum for increased malonyl-CoA availability and noreugenin synthesis.
ACC: acetyl-CoA carboxylase; CS: citrate synthase; FAS: fatty acid synthase; FasR: transcriptional repressor of accBC, accD1, faslA and fasiB, all involved
in fatty acid synthesis; lolR: transcriptional repressor of genes involved in myo-inositol catabolism; loIT1: glucose/myo-inositol permease; PCS:
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either to a simple misannotation of the translational
start or to the ten N-terminal amino acids of PCS ,,, func-
tioning as signal sequence for protein localization in the
plant cell. Three algorithms (SignalP [25], TargetP [26]
and WoLF PSORT [27]) developed to detect signal- and
targeting peptide sequences were used to interpret this
sequence, but none proposed a possible function for
this short amino acid stretch. However, a pMKEx2 plas-
mid harboring a truncated pcs ¢, variant (pcs,,¢,-short,
PMKEX2-pcs 4 ,¢,-short) without the first 30 nucleotides
encoding the ten N-terminal amino acids in question was
constructed. Expression of the truncated pcs,, ¢, gene in
the strain C. glutamicum C7 (designated C. glutamicum
Nor2 C7) under aforementioned conditions, significantly
improved noreugenin synthesis leading to a product titer
of 0.8 mg/L (0.004 mM) after 72 h (Fig. 2). Hence, most
likely the pcs,, was simply not annotated correctly, likely
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reducing the activity of the enzyme or preventing the for-
mation of the active PCS,, dimer under the described
conditions.

Deregulation of genes involved in fatty acid synthesis
increases malonyl-CoA availability

In order to further improve noreugenin synthesis, fatty
acid metabolism of C. glutamicum Nor2 C7 was engi-
neered aiming for increased malonyl-CoA supply. The
fatty acid regulator protein FasR acts as transcriptional
repressor of the genes accBC, accD1, fasIA and fasIB, all
involved in fatty acid biosynthesis [16]. Deletion of fasR
in C. glutamicum C7 was shown to negatively affect flavo-
noid synthesis, presumably due to an also increased fatty
acid synthase (FAS) activity consuming malonyl-CoA
again [15]. In contrast, episomal overexpression of ACC
subunit genes accBC and accD1 increased the polyphenol
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production by 40%, which shows that acetyl-CoA car-
boxylation is indeed a promising target for further meta-
bolic engineering. Therefore, fatty acid metabolism of C.
glutamicum should be tailored towards increased endog-
enous ACC activity yielding more malonyl-CoA without
simultaneously increasing FAS activity consuming this
noreugenin precursor. Mutational analysis of the opera-
tor regions of both acc genes identified the fasO motifs
essential for FasR binding [16]. Based on these findings,
the fasO motifs upstream of the accBC- and accDI-
open reading frames were mutated in the C. glutami-
cum C7 strain background, both individually (mufasOg,
mufasOp;) and in combination (mufasOpp;). Important
to note in this context, since the FasR binding site of
accD1 overlaps with the open reading frame of this gene,
only nucleotide substitutions were introduced that do not
alter the amino acid sequence of AccD1 (Fig. 3). Subse-
quently, the resulting strains C. glutamicum Nor2 C7

mufasOp, C. glutamicum Nor2 C7 mufasOp,; and C. glu-
tamicum Nor2 C7 mufasOpqp; were cultivated to com-
pare their ability to produce noreugenin (Fig. 2). Whereas
the strains with individually mutated fasO sites accumu-
lated 0.31 mg/L (0.002 mM) and 0.06 mg/L (0.0003 mM),
respectively, did C. glutamicum Nor2 C7 mufasOpqp,
generate 1.98 mg/L (0.010 mM) noreugenin after 72 h of
cultivation in CGXII medium with 4% glucose.

With the aim of verifying that C. glutamicum C7
mufasOpcp; indeed provides more malonyl-CoA com-
pared to C. glutamicum C7, intracellular malonyl-CoA
was quantified in form of its free acid malonate by LC—
MS/MS as previously described [15]. As the expression
of pcs4,c,-short would lead to malonyl-CoA consump-
tion and thus distort intracellular metabolite concen-
trations, the strains without the pMKEx2-pcs ¢, -short
plasmid were examined. Since the obtained isotope
ratio for the parental C. glutamicum C7 strain was
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below the limit of quantification, obtained signal areas
themselves were used for comparison (Fig. 4). The
malonate area for the parental strain C. glutamicum
C7 was determined to be 43,065 =+ 3090, whereas the
malonate signal for C. glutamicum C7 mufasOpqp,
was increased 2.8-fold (102,304 +4495). As the iso-
tope ratio corresponding to the latter area was within
the linear range of the calibration curve, an intracellu-
lar malonate concentration of 1.8 mM for C. glutami-
cum C7 mufasOpgcp,; could be calculated. These findings
show that noreugenin synthesis can be used to quickly
report differences in intracellular malonyl-CoA pools
of constructed C. glutamicum strains, instead of always
using the laborious LC-MS/MS-based method. This
allows considering noreugenin as a reliable reporter
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molecule to evaluate the impact of metabolic engineer-
ing on intracellular malonyl-CoA availability in addi-
tion to the relevance of the product itself.

Increased glucose uptake and reduced flux

into the tricarboxylic acid cycle increase

the malonyl-CoA-pool

Previously, reduction of the activity of citrate synthase
(CS, encoded by the gene gitA, cg0949) to 10% com-
pared to wild-type CS activity by promoter replacement
enabled increased plant polyphenol production with
C. glutamicum due to a reduced flux of acetyl-CoA in
the TCA cycle and thus increased malonyl-CoA avail-
ability [15]. Further reduction of CS activity to 5.5% was
achieved by exchanging the P,,,-C7 promoter upstream
of gitA by the even weaker P,,,-C5 variant [15, 28]. The
constructed strain C. glutamicum Nor2 C5 mufasOpgcp,;
showed reduced growth, but accumulated two times
more noreugenin after 72 h of cultivation (4.13 mg/L,
0.022 mM) compared to C. glutamicum Nor2 C7
mufasOgcp,; (1.98 mg/L, 0.010 mM, Fig. 2).

The dependency of noreugenin synthesis on the avail-
ability of the glucose-derived metabolite malonyl-CoA
suggests that an improved glucose uptake of C. glu-
tamicum might further increase the intracellular mal-
onyl-CoA pool. Recently, we reported that relieve of
IolR-mediated repression of the iolT1 gene encoding the
glucose/myo-inositol permease IolT1 by promoter engi-
neering increases D-xylose and D-glucose uptake in C.
glutamicum [29, 30]. Hence, two point mutations in the
iolT1 promoter (Py4-iolTI) were also introduced into C.
glutamicum Nor2 C5 mufasOpcp,; vielding C. glutami-
cum Nor2 C5 mufasOgcp; Pog-iolT1. Interestingly, this
modification appears to have only a minor positive effect
on noreugenin synthesis (4.40 mg/L, 0023 mM, Fig. 2),
but growth, negatively influenced by downregulation of
gltA expression, was partly improved.

To further increase acetyl-CoA availability for malo-
nyl-CoA synthesis, anaplerotic reactions withdrawing
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phosphoenolpyruvate (PEP) and pyruvate as glycolytic
acetyl-CoA precursors were targeted. Interestingly, C.
glutamicum is capable of catalyzing the carboxylation of
both PEP and pyruvate during growth on glucose, which
is rather uncommon for most microorganisms [31]. It
was demonstrated, that PEP carboxylase (PEPC) and
pyruvate carboxylase (PYC) could replace each other as
anaplerotic enzymes when glucose is used as sole carbon
and energy source [32]. This means that at least one of
the two enzymes needs to be present for enabling growth
on glucose. In fact, 90% of total oxaloacetate synthesis is
ascribed to the activity of PYC encoded by pyc (cg0791)
in C. glutamicum [33]. Therefore, we decided to delete
pyc. The strain C. glutamicum Nor2 C5 mufasOpcp,
Poe-iolT1 Apyc was constructed, cultivated and charac-
terized with regard to noreugenin synthesis. Deletion of
the pyc gene in this strain increased noreugenin synthe-
sis and enabled accumulation of 5.63 mg/L (0.029 mM)
noreugenin within 72 h (Fig. 2).

Identification and acid-catalyzed cyclization

of the intermediate 1-(2,4,6-trihydroxyphenyl)
butane-1,3-dione

To our surprise, synthesis of noreugenin continued over
the whole process time in all C. glutamicum strains con-
structed in this study, although the cells reached the sta-
tionary growth phase already after 24 h. To the best of
our knowledge, malonyl-CoA supply in C. glutamicum is
strictly coupled to the exponential growth phase, imply-
ing that noreugenin synthesis should cease when the
cultures reach the stationary growth phase. In preced-
ing studies focusing on the synthesis of malonyl-CoA-
dependent polyphenols naringenin and resveratrol with
C. glutamicum C7-based strains, continuous production
of the respective polyphenols was never observed [15].
Even when prolonging the cultivation times from 72 to
192 h, noreugenin formation continued and did not reach
a plateau (Additional file 1: Figure S2). We assumed that
this phenomenon was unlikely to be due to the engi-
neered C. glutamicum strain background, instead we
concluded that the reason for this finding must be con-
nected to the product noreugenin itself. As noreugenin
synthesis from malonyl-CoA is catalyzed by a single
enzyme, further investigations focused on PCS,, and
its reaction mechanism. PCS,, is described to catalyze
a C,/Cg Claisen-type cyclization of the enzyme-bound
pentaketide followed by spontaneous pyrone ring forma-
tion yielding noreugenin [34]. In silico reconstruction of
the PCS,, reaction mechanism suggested 1-(2,4,6-tri-
hydroxyphenyl)butane-1,3-dione (TPBD, M =210,05 g/
mol) to be the C,/Cy cyclized pentaketide intermediate
that subsequently undergoes spontaneous isomerization
and dehydration (Fig. 1). When the mass spectrometer
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was operated in negative electrospray ionization (ESI)
mode and data acquisition was performed in selected
ion monitoring (SIM) mode, an additional mass signal at
m/z 209 (retention time=1.33 min) was detected in all
prepared samples representing the [M—H]™ mass sig-
nal for the presumed intermediate TPBD (Fig. 5a). Over
the cultivation time, a decreasing TPBD signal could
be observed whereas the noreugenin signal increased
(Fig. 5b). Unfortunately, unavailability of an authentic
TPBD standard rendered quantification of this intermedi-
ate impossible. To evaluate product formation over time,
we added up the signal areas of TPBD and noreugenin,
both normalized to the area of the internal standard ben-
zoic acid ((AreaNoreugenin/AreaBenzoic acid) + (AreaTPBD/
Areag,,oic acia)) (Fig. 5¢). Here, no net change of summed
ratios beyond 24 h of cultivation could be observed. We
concluded, that the synthesized TPBD circularizes spon-
taneously after this time point, forming the pyrone moi-
ety yielding noreugenin. This would explain the observed
decreasing  TPBD concentration and an increasing
noreugenin concentration over time. However, since the
summed ratio of TPBD and noreugenin does not change
after 24 h, no more TPBD is synthesized when the cells
have reached the stationary growth phase and malonyl-
CoA supply stopped after 24 h when glucose is depleted.
Therefore, the observed continuous noreugenin synthesis
can solely be ascribed to slow, spontaneous TPBD con-
version and is not due to any unlikely growth-decoupled
supply of malonyl-CoA.

As the slow, spontaneous cyclization of the pyrone
moiety limits the absolute noreugenin titer and need-
lessly prolongs the overall process time, speeding up
TPBD conversion was targeted to fully convert TPBD to
noreugenin. For this purpose, acetonitrile extracts pre-
pared for LC—MS analysis were acidified with methanolic
HCI at various concentrations. After evaporation to dry-
ness and subsequent resuspension in acetonitrile, conver-
sion of TPBD to noreugenin was quantified using LC-MS
analysis. These experiments showed, that a concentration
of at least 142 mM HCIl was required to achieve full con-
version of TPBD to noreugenin (data not shown). Here,
we proposed an acid-catalyzed mechanism for the cycli-
zation of TPBD (Additional file 1: Figure S3). Applica-
tion of this method for samples obtained from standard
cultivation of the best performing strain C. glutamicum
Nor2 C5 mufasOpcp; Pog-iolT1 Apyc increased the total
noreugenin titer to 23.99 mg/L (0.125 mM, Fig. 2).

Supplementation of defined CGXIl medium with casamino
acids

Recently, standard CGXII medium was described to
be insufficient to support heterologous expression
of the plant-derived genes ans and 3gt encoding an
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Fig. 5 Detection of the noreugenin synthesis intermediate
1-(2,/4,6-trihydroxyphenyl)butane-1,3-dione (TPBD) in extracted
cultivation samples. a Exemplary chromatogramm of an extracted
cultivation sample both as total ion current and the individual m/z
ratios. b Total ion current chromatogramms of extracted samples
resembling the spontaneous cyclization of TPBD towards noreugenin
over the cultivation time. For better visualization, the benzoic acid
signal was removed from the chromatogramm. ¢ Growth curve and
product abundance for the strain C. glutamicum C5 fasOgp,; Pog-iolT1
Apyc pMKEX2-pcs 4,c,-short. Unavailability of an authentic TPBD
standard prevented duantiﬁcation of this particular molecule. To
evaluate product formation over time, the normalized signal areas of
the molecules of interest (Area,,.,) TPBD and noreugenin were added
up. Signal area of the internal standard (Area;,) benzoic acid was used
for normalization. The calculated ratios are depicted on the primary
Y-axis. At the given sampling time points, ODg, of the cultures

was also determined (filled circles, shown on secondary Y-axis). The

values with standard deviations from
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anthocyanidin synthase and an anthocyanidin 3-O-glu-
cosyltransferase required for anthocyanin biosynthe-
sis in C. glutamicum [35]. In this context, utilization of
Andrew’s magic medium (AMM), described as a rich
medium for E. coli already containing 2 g/L casamino
acids, was tested [36]. Additional supplementation of
2 g/L casamino acids for improving the functional expres-
sion of these genes allowed for higher anthocyanin titers
with C. glutamicum from supplemented catechin. With
the aim to exclude that microbial noreugenin synthe-
sis with C. glutamicum Nor2 C5 mufasOpgcp; Pog-iolT1
Apyc suffers from poor expression of pcs,,c,-short due
to an unfavorable medium composition, standard CGXII
medium with 4% glucose was additionally supplemented
with 2 g/L casamino acids. By doing so, noreugenin syn-
thesis could be doubled yielding 53.32 mg/L (0.278 mM)
after 72 h of cultivation and subsequent HCl-based cycli-
zation of the TPBD intermediate (Fig. 2).

Discussion

In this study, we describe engineering of C. glutamicum
for increased malonyl-CoA availability and microbial
synthesis of the plant pentaketide noreugenin originally
found in the medicinal plant A. arborescens. Key to suc-
cess was the N-terminal truncation of the type III PKS
enabling noreugenin synthesis. Originally, the ten N-ter-
minal residues of PCS,, were believed to contribute to
the formation of an expanded surface-exposed loop [34].
However, since this short amino acid stretch is not pre-
sent in closely related CHS- and STS-enzymes, which
could be already functionally implemented in C. glutami-
cum, we deleted the first 30 nucleotides of the pcs,, gene.
Eventually, this modification drastically improved noreu-
genin synthesis.

A common approach in the context of improving malo-
nyl-CoA availability for product synthesis aims at increas-
ing ACC activity in the respective microbial workhorse
[2]. Previously, by abolishing Snfl-dependent posttrans-
lational regulation of Accl, malonyl-CoA availability in
Saccharomyces cerevisiae could be increased for the syn-
thesis of fatty acid ethyl esters and 3-hydroxypropionic
acid [37]. Another strategy for increasing ACC activity is
overexpression of genes encoding for the respective subu-
nits of this enzyme complex. For example, episomal over-
expression of four genes coding for a heterotetrameric
ACC from Photorhabdus luminescens in E. coli increased
the titer of the malonyl-CoA-derived polyphenol
pinocembrin sevenfold, yielding 196 mg/L of this product
[38]. Furthermore, the active AccBC-AccD1 heterodimer
of C. glutamicum could be functionally introduced into
E. coli [39]. By following this strategy, the intracellular
malonyl-CoA availability in E. coli was increased 15-fold
allowing for the synthesis of 1.3 g/L phloroglucinol [40].
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In this study, we developed a different strategy aiming for
an increased expression of the genomically encoded ACC
genes in C. glutamicum, instead of following the more
traditional approach of episomal overexpression of (het-
erologous) genes. By mutation of the fasO-sites upstream
of accBC and accDI, repression of gene expression
mediated by the transcription regulator FasR could be
repealed, which almost tripled intracellular malonyl-CoA
availability and thus enabled increased product forma-
tion. Important to note, mutation of both FasR binding
sites was required to increase ACC activity, probably
because a functional ACC requires both subunits, AccBC
and AccD1, in equimolar amounts [39, 41]. Furthermore,
the intracellular malonyl-CoA availability was positively
influenced by increasing glucose uptake through deregu-
lation of the gene for the glucose/myo-inositol permease
IolT1. However, this had only limited beneficial effects
on noreugenin synthesis at shaking flask scale, but might
be beneficial for large-scale applications when consider-
ing important process criteria such as space—time yield.
Efficacy of this strain modification was already demon-
strated for the de novo synthesis of hydroxybenzoic acids
in C. glutamicum from glucose [30]. Potential other strat-
egies for increasing the intracellular malonyl-CoA avail-
ability include establishing an ACC-independent pathway
for malonyl-CoA synthesis from supplied malonate
through heterologous expression of genes for malonate
uptake and CoA-activation of malonate originating from
the malonate assimilation pathway in Rhizobium trifolii
[42]. This particular approach enabled a 15-fold increase
of pinocembrin production using E. coli [13, 43]. Fur-
thermore, state-of-the-art techniques for gene silenc-
ing or downregulation such as CRISPR interference
(CRISPRI) or methods employing synthetic small regu-
latory RNA (sRNA) libraries or synthetic antisense RNA
(asRNA) could be used to specifically knock down genes
encoding for malonyl-CoA consuming enzymes [23, 44,
45].

Moreover, we predicted and detected the TPBD inter-
mediate as the actual product of PCS,, and could show
that formation of TPBD is strictly limited to the expo-
nential growth phase in C. glutamicum in which malo-
nyl-CoA is exclusively supplied. This is in line with our
observations regarding flavonoid- and stilbene synthesis
with C. glutamicum [10, 15]. Through HCI acidification
of acetonitrile extracts we achieved full conversion of
TPBD to noreugenin within 3 h allowing to significantly
reduce the overall cultivation time.

Very recently, it could be demonstrated that compo-
sition of the defined CGXII medium might not be opti-
mal for the expression of plant-derived genes involved
in anthocyanin synthesis in C. glutamicum [35]. In
this particular study, supplementation of the defined
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AMM medium with 2 g/L casamino acids significantly
improved heterologous gene expression and thus antho-
cyanin synthesis. Casamino acids, obtained through acid
hydrolysis of casein, represent a valuable source of all
proteinogenic amino acids except tryptophan [46, 47].
Although it could be shown here that supplementation
of casamino acids also promotes noreugenin synthesis,
we prefer the simplicity of defined CGXII medium, espe-
cially as the composition of casamino acids varies from
supplier to supplier. Nevertheless, this supplementation
strategy is helpful to meet possible future challenges con-
nected to heterologous gene expression. Alternatively,
translational fusions of the target protein with the malt-
ose-binding protein MalE from E. coli can be generated.
This strategy already proved to be beneficial for the func-
tional expression of a plant-derived O-methyltransferase
gene from Vitis vinifera in C. glutamicum [11].

Conclusion

In the present work, we applied the knowledge of the
well-characterized central carbon metabolism to tailor
C. glutamicum towards increased malonyl-CoA avail-
ability by rational metabolic engineering. Additionally,
our work contributes to a better understanding of the
PCS,, reaction mechanism as we could detect the inter-
mediate TPBD, which spontaneously cyclizes to noreu-
genin. Acidification accelerated TPBD conversion to the
product allowing for a titer of 53.32 mg/L (0.278 mM)
noreugenin. Taken together, the constructed strain C.
glutamicum C5 mufasOpcp; Pog-iolT1 Apyc represents a
promising strain for the microbial production of noreu-
genin and other malonyl-CoA derived products.

Materials and methods

Bacterial strains, plasmids, media and growth conditions
All bacterial strains and plasmids with their respective
characteristics used in this study are listed in Table 1.
C. glutamicum strains were routinely cultivated aero-
bically at 30 °C in brain heart infusion (BHI) medium
(Difco Laboratories, Detroit, USA) or defined CGXII
medium with glucose as sole carbon and energy source
[48]. When indicated, 2 g/L casamino acids were supple-
mented (Becton—Dickinson, Franklin Lakes, USA). E. coli
DH5a was used for plasmid constructions and was cul-
tivated in LB medium [49] at 37 °C. Where appropriate,
kanamycin (E. coli 50 pg/mL, C. glutamicum 25 pg/mL)
was added to the medium. Bacterial growth was followed
by measuring the optical density at 600 nm (ODy).

To cultivate C. glutamicum, a test tube with 5 mL BHI
medium was inoculated with a single colony from an agar
plate and grown for 6-8 h on a rotary shaker at 170 rpm
(first preculture). This first preculture was used to inocu-
late 50 mL of defined CGXII medium with 4% glucose in
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Table 1 Strains and plasmids used in this study
Strain or plasmid Characteristics Source
C. glutamicum strains
DelAro*-4cl,. C7 C. glutamicum derivative with in-frame deletions of cg0344-47, cg0502, cg1226 and [15]
€g2625-40, harboring a chromosomally encoded codon-optimized 4cl,. gene coding
for 4-coumarate:CoA ligase from Petroselinum crispum under control of the T7 promoter
(Acg0344-47::P;-4cl,,.) and replacement of the native gltA promoter with the dapA promoter
variant C7 (P 4P gopa~C7)
Nor1 C7 DelAro*-4cl,. C7 strain harboring PMKEX2-pCS 55c, This work
Nor2 C7 DelAro*-4cl,, C7 strain harboring PMKEX2-pCs soc,-short This work
Nor2 C7 mufasOg- Nor2 C7 derivative with mutated fasO binding site upstream of accBC This work
Nor2 C7 mufasOp, Nor2 C7 derivative with mutated fasO binding site upstream of accD1 This work
Nor2 C7 mufasOgp, Nor2 C7 derivative with mutated fasO binding site upstream of accBC and accD1 This work
Nor2 C5 mufasOgcp; Nor2 C7 mufasOgp,; derivative with replacement of the dapA promoter variant C7 with the This work

dapA promoter variant C5
Nor2 C5 mufasOgcp; Pog-iolT1

Nor2 C5 mufasOgcp, derivative with two nucleotide exchanges in the iolT1 promoter at position  This work

-113 (A—G) and -112 (C—G) relative to the start codon

Nor2 C5 mufasOgcp; Pog-iolTT Apyc  Nor2 C5 mufasOgcp; Pog-iolTT derivative with in-frame deletion of pyc This work
E. coli strains
DH5a F-080 lacZAM15 A(lacZYA-argF)U169 recAl endA1 hsdR17 Invitrogen
(rK=mKp)phoA supE44h-thi-1 gyrA96relAl (Karlsruhe,
Germany)
Plasmids
pK19mobsacB kan'; vector for allelic exchange in C. glutamicum (pK18, oriVy,, sacB, lacZa) [52]
pK19mobsacB-mufasOy- Vector for mutation of the fasO binding site upstream of accBC This work
pK19mobsacB-mufasOp, Vector for mutation of the fasO binding site upstream of accD1 This work
pK19mobsacB-P y4:P 4qps-C5 Vector for exchanging the Py,,,-C7 variant upstream of gltA against the P,,,-C5 variant [28]
pK19mobsacB-Pqg-iolT1 Vector for mutation of the iolTT promoter [29]
pK19mobsacB-Apyc Vector for in-frame deletion of pyc This work
pMKEx2 kan'; E. coli-C. glutamicum shuttle vector (lacl, Py, lacO1, pHM1519 Oricg; PACYC177 orig,) [24]
PMKEX2-pCS pacy PMKEX2 derivative with gene coding for pentaketide chromone synthase from Aloe arborescens ~ This work
(codon-optimized)
PMKEX2-pCs sqc,-short pPMKEx2 derivative with truncated gene coding for pentaketide chromone synthase from Aloe  This work

arborescens (codon-optimized)

a 500 mL baffled Erlenmeyer flask (second preculture).
The second preculture was cultivated overnight on a
rotary shaker at 130 rpm. The main culture was subse-
quently inoculated from the second preculture to an
ODg of 5 in defined CGXII medium with 4% glucose.
For synthesis of noreugenin, heterologous gene expres-
sion was induced 90 min after inoculation of the main
culture using 1 mM IPTG. 1 mL of the culture broth was
sampled at defined time points and stored at —20 °C
until ethyl acetate extraction and LC-MS analysis.

Plasmid and strain construction

Standard protocols of molecular cloning, such as PCR,
restriction and ligation of DNA were carried out for
recombinant DNA work [50]. All enzymes were obtained
from Thermo Fisher Scientific (Schwerte, Germany).
Codon-optimized synthetic genes for C. glutamicum
ATCC13032 were obtained from Life Technologies
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(Darmstadt, Germany). Genes and chromosomal frag-
ments were amplified by PCR from synthetic genes or
genomic C. glutamicum DNA as template using the listed
oligonucleotides (Table 2). PCR products were subse-
quently used for cloning of genes and genomic frag-
ments into plasmid vectors using Gibson Assembly [51].
In-frame gene deletions and introduction of genomic
mutations in C. glutamicum were performed using the
pK19mobsacB system [52] by a two-step homologous
recombination method described previously [53]. Integ-
rity of all constructed plasmids was verified by colony
PCR, restriction analysis, and DNA sequencing at Euro-
fins MWG Operon (Ebersberg, Germany) Techniques
specific for C. glutamicum, e.g. electroporation of cells,
were performed as described previously [54].
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Table 2 Oligonucleotides used in this study
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Primer

PCS-s

PCS-as

PCS-short-s
mu-accBC-up-s
mu-accBC-up-as
mu-accBC-down-s
mu-accBC-down-as
chk-accBC-s
chk-accBC-as
mu-accD1-up-s
mu-accD1-up-as
mu-accD1-down-s
mu-accD1-down-as
chk-accD1-s
chk-accD1-as
chk-gltA-s
chk-gltA-as
chk-Pog-iolT1-s
chk-Pyg-iolT1-as
pyc-up-s
pyc-up-as
pyc-down-s
pyc-down-as
chk-pyc-s
chk-pyc-as
chk-pMKEx2-s
chk-pMKEx2-as

rsp

univ

Sequence (5'->3)

ACTTTAAGAAGGAGATATACCATGGTAAGGAGGACAGCTATGTCCTCCTTGTCCAAC
CCAGGACTAGTTTCCAGAGTACTATTACATGAGTGGCAGGGAG
ACTTTAAGAAGGAGATATACCATGGTAAGGAGGACAGCTATGGAAGATGTGCAGGGC
ATCCCCGGGTACCGAGCTCGAACCAGCGCGCGTTCGTG
TTACGACTATTCTGGGGGAATTCTTCTGTTTTAGGCAGGAAATATGGCTTATG
AGAAGAATTCCCCCAGAATAGTCGTAAGTAAGCATATCTGGTTGAGTTCTTCGGGGTTG
TTGTAAAACGACGGCCAGTGGCCTTGGCGGTATCTGCG
GTTCGGCCACTCCGATGTCCGCCTG

GCCTTGATGGCGATTGGGAGACC
ATCCCCGGGTACCGAGCTCGTCATTCAACGCATCCATGACAGC
CTAATGGTCATGTTTTGAAATCGTAGCGGTAGGCGGGG
ACCGCTACGATTTCAAAACATGACCATTAGTAGCCCTTTGATTGACGTCGCCAACCTTC
TTGTAAAACGACGGCCAGTGCGCCAGAAGCCTGAATGTTTTG
GGCTGATATTAGTGCCCCAACCGATGAC

GATCACGTCTGGGCCGGTAACGAAC

ATCGTTAACGATCTGACCCAACAA

CGTAAGCAGCCTCTGGCGGAA

TACGAATGCCCACTTCGCACCCTT

CAACTCATTACGGCCAGCCAGTGAGC
ATCCCCGGGTACCGAGCTCGAATTCCTGATACCTTCGCGGTGTAC
CACCTTCCACAGATGTGTGAGTCGACAC

TCACACATCTGTGGAAGGTGGCGACTTG
TTGTAAAACGACGGCCAGTGAATTCCCTGAAAGTGCAGAATGTCTTTTTC
GCCGTAACTCTGGCCTGATC

CTGGCAACCACATCTGCACTGCG

CCCTCAAGACCCGTTTAGAGGC

TTAATACGACTCACTATAGGGGAATTGTGAGC

CACAGGAAACAGCTATGACCATG

CGCCAGGGTTTTCCCAGTCACGAC

Noreugenin extraction and LC-MS quantification

Noreugenin extraction was performed by mixing 1 mL of
the culture broth with 1 mL ethyl acetate and subsequent
vigorous shaking (1400 rpm, 10 min, 20 °C) in a thermo-
mixer (Eppendorf, Hamburg, Germany). The suspension
was centrifuged for 5 min at 13,300 rpm and the upper,
organic layer (800 puL) was transferred to an organic sol-
vent resistant deep-well plate (Eppendorf, Hamburg, Ger-
many). After evaporation of the ethyl acetate overnight,
the same volume of acetonitrile was used to resuspend
the dried extracts for LC—MS analysis. Noreugenin was
quantified using an Agilent ultra-high-performance LC
(uHPLC) 1290 Infinity System coupled to a 6130 Quad-
rupole LC-MS System (Agilent Technologies, Wald-
bronn, Germany). LC separation was carried out with a
Kinetex 1.7 um C,g 100 A pore size column (2.1 * 50 mm;
Phenomenex, Torrance, CA, USA) at 50 °C. For elution,
0.1% acetic acid (solvent A) and acetonitrile supple-
mented with 0.1% acetic acid (solvent B) were applied as

the mobile phases at a flow rate of 0.5 mL/min. A gradi-
ent elution was used, where the amount of solvent B was
increased stepwise: minute 0 to 6: 10% to 30%, minute 6
to 7: 30% to 50%, minute 7 to 8: 50% to 100% and minute
8 to 8.5: 100% to 10%. The mass spectrometer was oper-
ated in the negative electrospray ionization (ESI) mode,
and data were acquired using the selected ion moni-
toring (SIM) mode. An authentic noreugenin standard
was purchased from Carbosynth (Compton, Newbury,
United Kingdom). Area values for [M—H]™ mass signals
were linear up to metabolite concentrations of at least
50 mg/L. Benzoic acid (final concentration 100 mg/L)
was used as internal standard. A calibration curve was
calculated based on analyte/internal standard ratios for
the obtained area values.
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Acid-catalyzed cyclization of 1-(2,4,6-trihydroxyphenyl)
butane-1,3-dione

For the cyclization of 1-(2,4,6-trihydroxyphenyl)butane-
1,3-dione, a 250 pL aliquot of the ethyl acetate-extracted
acetonitrile samples prepared for LC-MS was acidified
by addition of 100 uL 0.5 M HCl in MeOH (final concen-
tration 0.15 M). The samples were incubated (700 rpm,
3 h, 50 °C) in a thermomixer (Eppendorf, Hamburg,
Germany), evaporated to dryness and subsequently
resuspended in 250 pL acetonitrile. LC-MS analysis of
obtained samples was performed as described above.

Additional file

Additional file 1. Additional information containing detailed alignment
of amino acid sequences, further results and a proposed mechanism for
the acid-catalyzed cyclization of TPBD.
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Figure S2: Microbial production of noreugenin from glucose during shake flask
cultivations with engineered C. glutamicum strains harboring pMKEXx2-pcsaacg-short

during extended cultivation times. The data represent values from single replicate
experiments.
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Abstract

Type I polyketide synthases (PKSs) are large multi-domain proteins converting simple acyl-CoA thioesters such as acetyl-CoA
and malonyl-CoA to a large diversity of biotechnologically interesting molecules. Such multi-step reaction cascades are of
particular interest for applications in engineered microbial cell factories, as the introduction of a single protein with many
enzymatic activities does not require balancing of several individual enzymatic activities. However, functional introduction of
type I PKSs into heterologous hosts is very challenging as the large polypeptide chains often do not fold properly. In addition,
PKS usually require post-translational activation by dedicated 4'-phosphopantetheiny] transferases (PPTases). Here, we introduce
an engineered Corynebacterium glutamicum strain as a novel microbial cell factory for type I PKS-derived products. Suitability
of C. glutamicum for polyketide synthesis could be demonstrated by the functional introduction of the 6-methylsalicylic acid
synthase ChIB1 from Streptomyces antibioticus. Challenges related to protein folding could be overcome by translation fusion of
ChiBl1g, to the C-terminus of the maltose-binding protein MalE from Escherichia coli. Surprisingly, ChlB1, was also active in
the absence of a heterologous PPTase, which finally led to the discovery that the endogenous PPTase PptA , of C. glutamicum
can also activate ChlB1g,. The best strain, engineered to provide increased levels of acetyl-CoA and malonyl-CoA, accumulated
up to 41 mg/L (0.27 mM) 6-methylsalicylic acid within 48 h of cultivation. Further experiments showed that PptAc, of
C. glutamicum can also activate nonribosomal peptide synthetases (NRPSs), rendering C. glutamicum a promising microbial
cell factory for the production of several fine chemicals and medicinal drugs.

Keywords Polyketide - 6-methylsalicylate - Type I polyketide synthase - Phosphopantetheinyl transferase - Corynebacterium
glutamicum - Malonyl-CoA

Introduction

In microorganisms and plants, polyketide synthases (PKSs)
synthesize a broad range of chemically diverse secondary me-
tabolites, including aromatics, macrolides, polyenes, and

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/500253-019-10121-9) contains supplementary
material, which is available to authorized users.

>4 Jan Marienhagen
j.-marienhagen@ fz-juelich.de

Institute of Bio- and Geosciences, IBG-1: Biotechnology,
Forschungszentrum Jiilich GmbH, 52425 Julich, Germany

Department of Biochemical and Chemical Engineering, TU
Dortmund University, 44227 Dortmund, Germany

Institute of Biotechnology, RWTH Aachen University, Worringer
Weg 3, 52074 Aachen, Germany

polyethers (Shen 2003). Due to their potent bioactivities,
e.g., as antibiotics or antioxidants, polyketide-derived prod-
ucts are of interest for the development of pharmaceuticals
or nutraceuticals (Kallscheuer et al. 2019; Shi et al. 2018;
Yin et al. 2015). In bacteria, PKSs are typically involved in
the synthesis of antibiotics or secondary lipids, whereas in
plants, PKSs are essential for the production of polyphenols
such as stilbenes and flavonoids (Schroder 1997).

As a common feature, PKSs catalyze the condensa-
tion of coenzyme A (CoA)-activated starter units and, in
most cases, consume 3-12 malonyl-CoA molecules as
building blocks during repetitive chain elongation reac-
tions (Abe and Morita 2010; Hertweck 2009; Ray and
Moore 2016; Shen 2003). This assembly process is of-
ten accompanied by defined (-keto processing reactions.
The resulting intermediate is subsequently converted to
the final product by an intrinsic cyclase activity of the
PKS or, alternatively, subject to hydrolysis or
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lactonization. Once released from the PKS, the polyke-
tide can be further modified by decorating enzymes
such as methyltransferases or glycosyltransferases or it
serves as a starter molecule for the synthesis of more
complex compounds (Schmidlin et al. 2008; Wang et al.
2014). The architecture of PKSs is reflected by the
presence of different catalytically active domains re-
sponsible for substrate selection, chain elongation, re-
ductive processing, and product release. Of particular
interest are iterative type I PKSs, in which the catalyt-
ically active domains are combined in a single polypep-
tide chain. These domains bear acyltransferase (AT),
ketosynthase (KS), ketoreductase (KR), dehydratase
(DH), enoylreductase (ER), and thioesterase (TE) activ-
ities (Cox 2007; Kage et al. 2015). During polyketide
synthesis, the growing carbon chain is bound to an acyl
carrier protein (ACP) domain, which must have under-
gone a post-translational modification to provide an ac-
tive thiol group for the required thioesterification
(Hertweck 2009). This activation step is catalyzed by
discrete 4'-phosphopantetheinyl transferases (PPTases),
which transfer a 4'-phosphopantetheine residue from
CoA to a conserved serine residue in the ACP domain,
thereby converting the inactive apo form of the PKS to
the active holo-PKS (Lambalot et al. 1996).

In recent years, an increasing interest in using PKSs
for the production of high value compounds in heterol-
ogous microorganisms arose. However, functional ex-
pression of genes coding for type I PKSs in such hosts
is challenging (Yuzawa et al. 2012). In particular, cor-
rect folding of PKS enzymes characterized by a typical
length ranging from 1500 to 4000 amino acids and
post-translational phosphopantetheinylation were identi-
fied as key issues. Nevertheless, functional introduction
of several PKSs was achieved, e.g., in Escherichia coli
and Streptomyces spp., by using strategies for improved
protein folding and by co-expression of PPTase-
encoding genes (Baltz 2010; Liu et al. 2015; Ugai
et al. 2015).

Since decades, Corynebacterium glutamicum is used at
industrial scale for the production of amino acids, in particular
of L-glutamate and L-lysine (Eggeling and Bott 2015), but this
bacterium was also engineered for the synthesis of other bio-
technologically interesting compounds, e.g., alcohols, di-
amines, dicarboxylic acids, aromatic compounds, and second-
ary metabolites (Heider et al. 2014; Kallscheuer and
Marienhagen 2018; Kallscheuer et al. 2016a; Litsanov et al.
2012; Nguyen et al. 2015; Vogt et al. 2016). In previous stud-
ies, we already established the functional introduction of
plant-derived type III PKSs with a typically length of 300—
400 amino acids into C. glutamicum, which enabled plant
polyphenol synthesis with this bacterium (Kallscheuer et al.
2016b; Milke et al. 2019b).
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In this study, we introduce C. glutamicum as a prom-
ising microbial host for polyketide production as we
could functionally introduce the type I PKS 6-
methylsalicylic acid synthase ChIB1 from Streptomyces
antibioticus (ChlBlg,, 1756 aa, 186 kDa, UniProt ID
QOR4P8) into this bacterium (Jia et al. 2006; Shao
et al. 2006). ChIBlg, catalyzes the conversion of the
starter unit acetyl-CoA and three molecules of
malonyl-CoA into the aromatic compound 6-
methylsalicylic acid (6-MSA) (Fig. 1) (Parascandolo
et al. 2016). The latter is an important building block
in the biosynthesis of several antibiotics, including
chlorothricin, maduropeptin, pactamycin, and
polyketomycin (Daum et al. 2009; Ito et al. 2009; Jia
et al. 2006; Van Lanen et al. 2007).

Material and methods

Bacterial strains, plasmids, media, and growth
conditions

All bacterial strains and plasmids used in this study and
their relevant characteristics are listed in Table 1.
C. glutamicum was routinely cultivated aerobically at
30 °C in brain heart infusion (BHI) medium (Difco
Laboratories, Detroit, USA) or in defined CGXII medium
with 4% (w/v) glucose as sole carbon and energy source
(Keilhauer et al. 1993). E. coli DH5« used for plasmid
constructions was cultivated in LB medium (Bertani
1951) at 37 °C. For maintenance of plasmids, kanamycin
(50 pg/mL for E. coli or 25 pg/mL for C. glutamicum),
chloramphenicol (25 pg/mL for E. coli), or spectinomy-
cin (100 pg/mL for E. coli and C. glutamicum) was
added to the medium. Bacterial growth was followed by
measuring the optical density at 600 nm (ODggo).
C. glutamicum was grown for 6-8 h in test tubes with
5 mL BHI medium on a rotary shaker at 170 rpm (first
preculture) and was subsequently inoculated into 50 mL
defined CGXII medium with 4% (w/v) glucose in
500-mL baffled Erlenmeyer flasks (second preculture).
Cell suspensions were cultivated overnight on a rotary
shaker at 130 rpm. The main culture was inoculated to
an ODg(o of 5 in defined CGXII medium with 4% (w/v)
glucose, and heterologous gene expression was induced
1 h after inoculation using the indicated amount of iso-
propyl (-D-1-thiogalactopyranoside (IPTG).

For comparison of different heterologously expressed inac-
tive PPTase gene variants, microbioreactor cultivations were
performed. Multiple 48-well Flowerplates containing
1000 uL CGXII medium with 4% (w/v) glucose, S0 mM
MgSO,, and 1 mM IPTG were inoculated from a preculture
to an ODgg of 5 and cultivated at 30 °C, 1200 rpm, and a
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Fig. 1 6-Methylsalicylic acid formation by the type I PKS ChiBlsg,. The
depicted steps follow a previously established reaction sequence. 6-
Methylsalicylic acid is produced from acetyl-CoA and three molecules
of malonyl-CoA. Acetyl-CoA as starter unit is consumed in step 1,
whereas three malonyl-CoA molecules are consumed in steps 1, 4, and

humidity of 85% in a BioLector microbioreactor (m2p-labs
GmbH, Baesweiler, Germany). At indicated time points, cells
of individual wells were harvested for determination of cell
growth and 6-MSA analysis by LC-MS.

Construction of plasmids and strains

Plasmids and strains used in this study are listed in
Table 1. Standard protocols of molecular cloning, such
as PCR, DNA restriction, and ligation (Sambrook and
Russell 2001), were carried out for recombinant DNA
work. Techniques specific for C. glutamicum, e.g.,

NADP* .
KS AT DH KR AcCP
S

KS AT DH KR ACP . 4

NADPH+H* XS AT DH KR acp 5

s O? KS
6 o
KR °

0
OH

{o]

9, respectively. The required domains involved in the respective reaction
steps are highlighted by different colors. ACP: acyl carrier protein
domain, AT acyltransferase domain, KS ketosynthase domain, KR
ketoreductase domain, DH dehydratase domain, 6-MSA 6-
methylsalicylic acid

electroporation for transformation of strains, were per-
formed as described previously (Eggeling and Bott
2005). Synthetic genes were obtained from Thermo
Fisher Scientific, formerly GeneArt (Darmstadt,
Germany). Genes were amplified by PCR using oligo-
nucleotides with unique restriction sites for cloning
(Table 2). All constructed plasmids were finally verified
by DNA sequencing at Eurofins Genomics (Ebersberg,
Germany). The PPTase gene entD in E. coli BW25113
was inactivated by A/Red recombineering (Datsenko and
Wanner 2000). For this purpose, the ampicillin resis-
tance gene from pUCI9 was furnished with entD

@ Springer

71



Peer-reviewed publications

9622

Appl Microbiol Biotechnol (2019) 103:9619-9631

Table 1 Strains and plasmids

used in this study

homologous arms by PCR using oligonucleotides entD-s
and entD-as. The 1.3-kb sized amplicon was introduced
into E. coli BW25113/plJ790 by electroporation after
induction of A red genes following a previously
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Strain or plasmid  Relevant characteristics Source or
reference
E. coli strains
DHS5«x F— ®80lacZAMI5 A(lacZYA-argF)U169 recAl endAl hsdR17 (fK—,  Invitrogen
mK+) phoA supE44 A— thi-1 gyrA96 relAl (Karlsruhe,
Germany)
BW25113 A(araD-araB)567 A(rhaD-rhaB)568 AlacZ4787 (::rrB-3) Grenier et al.
hsdR514 rph-1 (2014)
BW25113 entD insertional mutant of BW25113 This study
entD::amp”
BL21(DE3) F ompT hsdSB(rg mp ) gal dem (DE3) Merck KGaA
(Darmstadt,
Germany)
C. glutamicum strains
DelAro* C5 derivative of prophage-free C. glutamicum MB001(DE3) with the Milke et al.
mufasOpcp; following modifications: Acg0344-cg0347, Acg0502, Acgl1226, (2019b)

S. cerevisiae strains
CEN.PK 2-1C

Plasmids
pMKEx2

pMKEX2
("1/31&,

pMKEX2
malEg-chl-
Bl

PEKEX3

pEKEX3_svpg,
PEKEX3_sfpa;

pEKEX3
sfpps-D107N

pEKEx3_
npgAnn

pEKEX3

npgAs,~-

D148N
pEKEX3_

PPACe
pl1790

Acg2625-40 (DelAro*); exchange of the native promoter of the
citrate synthase gene g/tA by the dapA promoter variant C5;
climination of the fatty acid biosynthesis regulator (FasR) operator
sites in accBC and aceD1 encoding the heterodimeric acetyl-CoA
carboxylase (mufasOpcp;)

MATa leu2-3,112 ura3-52 trp1-289 his3-Al MAL2-8° SUC2

kan"; E. coli-C. glutamicum shuttle vector (lacl, Pt7, lacOl,
pHM1519 oricg; pACYC177 orig,)

pMKEX2 derivative for expression of a codon-optimized gene coding
for the 6-methylsalicylate synthase ChIB1 from S. antibioticus
(GenBank: MN342166)

pMKEX2 derivative harboring the genes malE from E. coli (native
gene) and chiBI g, for obtaining fusion of the maltose-binding
protein MalE to the N-terminus of ChIB1, (GenBank:
MN342167)

spec’; E. coli-C. glutamicum shuttle vector (lacl, Py, lacO1,
pBLloricg: pUCorig.)

pEKEX3 derivative for expression of the PPTase gene svp from
S. verticillus (GenBank: AF210311)

pEKExX3 derivative for expression of the PPTase gene sfp from
B. subtilis (GenBank: X63158)

pEKEX3 derivative for expression of the gene variant sfp-D107N
encoding the PPTase from B. subtilis

pEKEX3 derivative for expression of the PPTase gene npgA from
A. nidulans (GenBank: AF198117)

pEKEX3 derivative for expression of the gene variant npgA-D148N
encoding the PPTase from A. nidulans

pEKEX3 derivative for overexpression of the endogenous PPTase
gene pptA (GenBank: BAB99373)
cm'”, Red recombination vector (gam, bet, exo, araC, pSC101" orig,)

Entian and Kotter
(2007)

Kortmann et al.
(2015)

This study

This study

Gande et al.
(2007)

This study
This study
This study
This study

This study

This study

Gust et al. (2003)

kan" kanamycin resistance, spec” spectinomycin resistance, cm” chloramphenicol resistance

reported procedure (Kreutzer et al. 2011). The resulting
transformants were incubated overnight at 37 °C on LB
agar containing ampicillin (50 pg/mL). To identify
recombinants with the desired mutation, PCRs using
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Table 2 Oligonucleotides used in

Restriction

this study Oligonucleotide Sequence (5'-3") }
site
chiB1Sa-s TTCGCTCTTCAAAGCTGCTTAAGGAGGCTATCTA Sapl
TGCAGTCGCACGACGTGG
chiB1Sa-as TACGCTCTTCTTCGTTAGGCGGTGGCGGCCGGCT Sapl
CGGCC
entD-s TAAGCGTAGCGCATCAGGCAGTTTTGCGTTTGTCATCA -
GTCTCGAATATGCATTCAAATATGTATCCGCTC
entD-as TGCGGGCGAATCGTACCAGATGTTGTCAATTAATCGTG -
TTGGCACAGCGTAGAGTTGGTAGCTCTTGATC
entDSQ-s CGGCCTACAAAAATCTTGCC -
entDSQ-as AGGCGTCGCATTCTTCAGAT -
malEEc-s TTCGCTCTTCAAAGTATACCATGGTAAGGAGGTT Sapl
CAGCATGAAAACTGAAGAAGGTAAACTGGTAATCTG
GATTAACGGCGATAAAGGCTATAAC
malEEc-as TACGCTICTTCTTCGGAGCCGGAACCGGAAGAGGA Sapl
AGTCTG
svpSv-s CTCCTGCAGAAGGAGGCTGTCTATGATCGCCGCCC Pstl
TCCTGC
svpSv-as CACGGATCCTTACGGGACGGCGGTCCGGT BamHI
sfpBs-s CTCGGATCCAAGGAGGCTGTCTATGAAGATTTACG BamHI
GAATTTATATGGACCGCCCGCTTTC
sfpBs-as CACGAATTCTTATAAAAGCTCTTCGTACGAGACCA EcoRI
TTGTGATATCCTC
stpBs-D107N-up-s CCTGCAGGTCGACTCTAGAGGATCCAAGG BamHI
AGGCTGTCTATGAAGATTTAC
sfpBs-D107N-up-as ITTTTTCGATGTTTATGCCGATCGGCTGTGAATC -
sfpBs-D107N-down-s CGGCATAAACATCGAAAAAACGAAACCG -
sfpBs-D107N-down-as CTGTAAAACGACGGCCAGTGAATTCTTATAAAAGCTCTT  EcoRl
CGTACG
npgAAn-s CCTGCAGGTCGACTCTAGAGAAGGAGGCTGTCTATGGT — —
GCAAGACACATCAAG
npgAAn-as ATTCGAGCTCGGTACCCGGGTTAGGATAGGCAATTACA -
CAC
npgAAn-D148N-up-s GCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGAA Shl
GGAG
npgAAn-D148N-up-as ACGTAATGTTAATTCCGACTTCGGGTTTG -
npgAAn-D148N-down-s ~ AGTCGGAATTAACATTACGTGCGTAAACGAG -
npgAAn-D148N-down-as  AGTGAATTCGAGCTCGGTACCCGGGTTAGGATAGGCAAT — Xmal
TACAC
pptACg-s CTCGGATCCAAGGAGGCTGTCTATGCTGGATGAGT BamHI
CTTTGTTTCCAAATTCGGCAAAG
pptACg-as CACGAATTCTCAAGTCACTGCAGTCGCAGCTATGA EcoRI

CATAACCATC

Relevant restriction sites are underlined; Sapl cuts outside of its recognition site; the obtained 5'-overhangs after
Sapl cleavage used for Electra Cloning are shown in bold. Due to the presence of internal restriction sites, the
npgAa, gene was cloned using Gibson assembly. Mutant variants npgA,,-D148N and sfpp-D107N were also

constructed using Gibson assembly

oligonucleotides entDSQ-s and entDSQ-as were con-
ducted. The mutation in E. coli BW25113 entD::amp"
was confirmed by DNA sequencing.

LC-MS analysis for quantification of 6-MSA in culture
supernatants

6-MSA was quantified in culture supernatants by LC-MS
using an Agilent ultra-high-performance LC 1290 Infinity

System coupled to a 6130 Quadrupole LC-MS System
(Waldbronn, Germany). LC separation was carried out using
a Kinetex 1.7 um C,g 100-A pore size column (50 mm by
2.1 mm (internal diameter)) (Phenomenex, Torrance, CA,
USA) at 50 °C. For elution, 0.1% (v/v) acetic acid (solvent
A) and acetonitrile supplemented with 0.1% (v/v) acetic acid
(solvent B) were applied as the mobile phases at a flow rate of
0.3 mL/min. A gradient was used, where the amount of sol-
vent B was increased stepwise: minutes 0 to 6, 5 to 30%;
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minutes 6 to 7, 30 to 50%; minutes 7 to 8, 50 to 100%; and
minutes 8 to 8.5, 100 to 5%. The mass spectrometer was
operated in the negative electrospray ionization (ESI) mode,
and data acquisition was performed in selected-ion-
monitoring (SIM) mode. Authentic metabolite standards were
purchased from Thermo Fisher Scientific, formerly Acros
Chemicals (Geel, Belgium). Area values for [M-H] mass
signals were linear up to metabolite concentrations of at least
250 mg/L. Benzoic acid (final concentration 100 mg/L) was
used as internal standard. Calibration curves were calculated
based on analyte/internal standard ratios for the obtained area
values.

PPTase complementation in an entD-deficient E. coli
variant

The promiscuity of PptAc, was tested through the restoration
of enterobactin biosynthesis by complementing the
inactivated entD gene. For this, E. coli BW25113
entD::amp" was transformed either with the empty vector
pEKEX3 or with the vector pEKEX3_pptA, harboring the
PPIA ¢, gene from C. glutamicum. For analysis of enterobactin
production, the two resulting E. coli strains were cultivated in
50 mL M9 mineral medium without iron supplementation at
37 °C to an ODgg of 0.6. At this time, expression of the
PPtAc, gene was induced with 1 mM IPTG. Afterwards, the
incubation was continued overnight at 37 °C. To verify the
production of enterobactin, the cultures were acidified with
hydrochloric acid (pH 2) and exhaustively extracted with ethyl
acetate. After removal of the organic solvent, the crude ex-
tracts were dissolved in methanol. The extracts were analyzed
by HPLC-MS using an Agilent 1260 Infinity System (Agilent,
Waldbronn, Germany) coupled to a Bruker Compact ESI-Q-
TOF mass spectrometer (Bruker, Bremen, Germany)
equipped with a Nucleoshell RP-C;g column (100 mm x
2 mm, 2.7 um, Macherey Nagel, Diiren, Germany). A linear
gradient of acetonitrile in water with 0.1% (v/v) formic acid
(from 5% to 98% acetonitrile within 10 min; flow rate,
0.4 mL/min) was used for metabolic profiling. UV chromato-
grams were recorded at 316 nm.

6-MSA toxicity tests

With the aim to analyze cytotoxic effects of 6-MSA on growth
of C. glutamicum and E. coli, both organisms were cultivated
in the presence of increasing 6-MSA concentrations (0, 5, 10,
20, 30, 40, 50 mM), which was dissolved in DMSO. Forty-
eight-well Flowerplates (m2p-labs GmbH, Baesweiler,
Germany) containing 1000 pl BHI medium were inoculated
from an overnight preculture to an ODgq of 1 and cultivated
at 30 °C (C. glutamicum) or 37 °C (E. coli), 1200 rpm, and a
humidity of 85% in a BioLector microbioreactor (m2p-labs
GmbH, Baesweiler, Germany). Formation of biomass was
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followed by measuring the backscattered light intensity at a
wavelength of 620 nm (signal gain factor 15).

For 6-MSA toxicity tests with yeast, Saccharomyces
cerevisiae CEN.PK 2-1C was grown overnight in 50 mL
HPD (10 g/L yeast extract, 20 g/L peptone, 20 g/L D-glucose)
in 250-mL shake flasks at 180 rpm and 30 °C. This preculture
was used to inoculate 20 mL HPD + 5% (v/v) ethanol in
100-mL shake flasks with baffles, supplemented with differ-
ent concentrations of 6-MSA (0, 5, 10, 20, 30, 40, 50 mM).
The 6-MSA cultures were incubated at 180 rpm and 30 °C for
24 h. All experiments were carried out in two biological rep-
licates. The maximum growth rate was determined during the
exponential growth phase for all experiments. For an easier
comparison, growth rates, relative to cultivations in the ab-
sence of 6-MSA, were calculated for each organism.

Results

Functional introduction of ch/B1s, into C. glutamicum
enables 6-MSA synthesis

In the course of developing a C. glutamicum platform
strain for plant polyphenol synthesis, the central carbon
metabolism was engineered towards increased availabil-
ity of the PKS substrates acetyl-CoA and malonyl-CoA,
and the entire catabolic network for aromatic com-
pounds was eliminated to avoid any product degradation
(Kallscheuer et al. 2016b; Milke et al. 2019a; Milke
et al. 2019b). Against this background, C. glutamicum
DelAro* C5 mufasOpcp;, characterized by (I) deletion
of 21 genes involved in the degradation of various aro-
matic compounds, (II) reduction of the citrate synthase
activity and (III) deregulation of genes encoding the
acetyl-CoA carboxylase, was selected as parent strain
for further experiments (Fig. 2). Initially, it was tested
if C. glutamicum DelAro* C5 mufasOpgcp; can metabo-
lize supplemented 6-MSA. However, cultivations in the
presence of 200 mg/L (1.3 mM) 6-MSA and analysis of
culture supernatants by LC-MS confirmed that
C. glutamicum DelAro* C5 mufasOgcp; is neither capa-
ble of catabolizing nor unspecifically modifying this
compound (data not shown).

For heterologous expression of the 6-MSA synthase gene
from S. antibioticus, the codon-optimized chiBls, gene was
cloned into the expression plasmid pMKEx2, which allows
for an IPTG-inducible gene expression under the control of
the strong T7 promoter (Kortmann et al. 2015). In addition, a
gene coding for the broad-spectrum PPTase Svp from
Streptomyces verticillus (Svps,, UniProt ID Q9F0Q6) was
co-expressed from the plasmid pEKEx3 svpg, for
phosphopantetheinylation of ChlB1g, (Sanchez et al. 2001).
Unfortunately, the constructed strain C. glutamicum DelAro*
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Fig. 2 Metabolic engineering of C. glutamicum for 6-MSA production.
The engineered central carbon metabolism of C. glutamicum and the
ChIB1 and PPTase-catalyzed reactions are shown. During the
construction of C. glutamicum DelAro* C5 mufasOgcp, used for 6-
MSA production, the following genomic modifications were
introduced: (I) Replacement of the native g/tA promoter by the
constitutive dapA promoter variant CS for reducing the overall citrate
synthase (GItA) activity to 5% (compared to the GItA activity in the
C. glutamicum wild type); (II) mutation of regulator binding sites for

CS mufasOpcp; pMKEX2 _chiBlg, pEKEX3 svpg, failed to
produce any LC-MS-detectable amounts of 6-MSA when cul-
tivated in defined CGXII medium with 4% (w/v) glucose and
two different IPTG concentrations (20 uM or 1 mM).
However, problems related to folding of “challenging” pro-
teins such as ChlB1, were not unexpected when considering
its protein size of 186 kDa. Thus, we decided to test transla-
tional fusion of ChlBlg, to the C-terminus of the maltose
binding protein MalE of E. coli. Although being even larger
than ChIB1g, (1756 aa, 186 kDa), the MalE;.-ChIB 1, fusion
protein (2139 aa, 228 kDa) appeared to be active in
C. glutamicum as accumulation of 2 mg/L (0.013 mM) and
6 mg/L 6-MSA (0.039 mM) after induction with 20 uM or
1 mM IPTG, respectively, could be detected (Fig. 3a, b).
Neither under non-inducing conditions (no IPTG) nor in case
of cultivation of a control strain harboring only the two empty
plasmids, 6-MSA synthesis could be observed.

Formation of 6-MSA suggested that ChlBlg, can be
successfully activated by the PPTase Svpg,. However,
the svpg,-expressing C. glutamicum strain only reached
a drastically reduced final biomass (ODgoo=30-33) dur-
ing the cultivation and 6-MSA production experiments.
Considering that standard CGXII medium contains only

the transcriptional repressor FasR upstream of the open reading frames
of aceBC and accDI (coding for the heterodimeric acetyl-CoA
carboxylase AccBCD1) to abolish gene repression; (III) deletion of
genes coding for enzymes involved in the degradation of aromatic
compounds to avoid any potential 6-MSA consumption by
C. glutamicum. PTSg,. glucose-specific phosphotransferase system,
PPTase 4'-phosphopantetheinyl transferase, TCA cycle tricarboxylic
acid cycle

1 mM MgSO, as sole source of Mg**-ions required as
metal cofactor for PPTase activity, we assumed that het-
erologous expression of svpg, leads to rapid depletion of
Mg2+ ions, which in turn would limit overall cell
growth. Hence, different MgSO, concentrations ranging
from 15 to 200 mM were tested in cultivations of the
engineered C. glutamicum strain (Fig. 4). These experi-
ments revealed that limited Mg®* availability was indeed
the reason for the observed reduced growth phenotype
since all cultures with MgSO, concentrations >1 mM
reached a final ODggo between 50 and 55, typical for
shake flask cultivations of C. glutamicum. In this con-
text, it was not surprising that low Mg”* concentrations
also limited 6-MSA synthesis as cultivations with
15 mM MgSO, doubled product titers, reaching
14 mg/L (0.09 mM) 6-MSA. The highest product titer
of 20 mg/L (0.13 mM) at this stage was determined in
cultivations with supplementation of 50 mM MgSOy,,
whereas supplementation of 100 mM MgSO, and above
had a negative effect on product formation (Fig. 4). All
subsequent cultivations for 6-MSA production were thus
performed in defined CGXII medium containing 50 mM
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Fig. 3 Analysis of 6-MSA production with C. glutamicum and
enterobactin synthesis in E. coli. a Chromatogram of an authentic 6-
MSA/benzoic acid standard, both as total ion current and as individual
m/z ratios for 6-MSA and benzoic acid, respectively. b Total ion current
chromatograms of a typical sample obtained from the cultivation of
C. glutamicum DelAro* C5 mufasOpcp; pMKEX2 malEg.-chlBl,
pEKEX3_svpg, producing 6-MSA and an authentic 6-MSA standard for
comparison. A slight shift in the retention time of the 6-MSA peak in
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Fig. 4 Variation of the Mg”* concentration in the culture medium for
optimizing PPTase activity in C. glutamicum. MgSO, concentrations
ranging from 1 to 200 mM were tested during the microbial production
of 6-MSA in defined CGXII medium with 4% glucose and 1 mM IPTG
using C. glutamicum DelAro* C5 mufasOpzcp; pMKEX2 chiBlg,
pEKEX3 swps,. Notably, the standard MgSO, concentration in defined
CGXII medium is 1 mM (first column). Data represent average values
and standard deviations of three biological replicates
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culture supernatants of C. glutamicum in comparison to the metabolite
standard was observed. Integrity of the shifted 6-MSA peak was verified
by addition of 6-MSA to the culture supernatant (spiking). ¢ UV-
chromatograms of culture supernatants from E. coli BW25113
entD::amp" harboring either an empty plasmid (pEKEx3) or a plasmid
featuring pptAc, from C. glutamicum (pEKEX3_pptAc,). Both
chromatograms were recorded at 316 nm. The enterobactin peak at a
retention time of 6 min was identified by ESI-MS analysis

An endogenous PPTase of C. glutamicum can activate
ChiB1s,

In microbial host systems engineered for polyketide syn-
thesis involving type I PKSs, PPTase-mediated PKS acti-
vation is essential for product formation, but not every
PPTase is capable of activating every PKS (Cox et al.
1997; Shen et al. 1992). The PPTase Svpg, from
S. verticillus was initially selected due to its well-
described ability to activate a broad range of different
type I PKSs and the close relationship of S. verticillus to
S. antibioticus, from which ChlBlg, originates (Sanchez
et al. 2001). With the aim to identify an even more suit-
able PPTase for ChlBlg, activation in C. glutamicum, we
evaluated the performance of other broad-spectrum
PPTases such as Sfpg, (UniProt ID P39135) from
Bacillus subtilis and NpgA,,, (UniProt ID G5EBS87) from
Aspergillus nidulans (Oberegger et al. 2003; Quadri et al.
1998). Interestingly, C. glutamicum DelAro* C5
mufasOpcp; PMKEX2 malEg.-chlBls, pEKEX3 npgAy,



Peer-reviewed publications

Appl Microbiol Biotechnol (2019) 103:9619-9631

9627

expressing the gene for the PPTase from A. nidulans did
not grow at all and thus also failed to produce 6-MSA. At
this stage, we could only speculate that the npgA,, gene
product is toxic for C. glutamicum. In contrast,
coexpression of sfpp, enabled accumulation of 28 mg/L
(0.18 mM) 6-MSA. To our surprise, the highest product
titer was obtained in cultivations of a constructed
C. glutamicum DelAro* C5 mufusOpcp,; variant without
any heterologous expression of a PPTase-encoding gene,
which was originally supposed to serve as negative con-
trol. This strain, C. glutamicum DelAro* C5 mufasOpcp;
pMKEx2 malEg.-chiBlg,, accumulated 41 mg/L
(0.27 mM) 6-MSA, indicating that C. glutamicum harbors
an endogenous enzyme capable of activating ChiB1g,. At
this point, we speculated that this endogenous PPTase
activity is present in all constructed strains and that lower
6-MSA concentrations determined in cultivations of
C. glutamicum strains expressing heterologous PPTase
genes are due to the metabolic burden of the plasmid-
based expression of additional genes from a second plas-
mid also requiring supplementation of an additional anti-
biotic. To elucidate this, gene variants of sfpBs and
npgAAn, both encoding for inactive PPTases, were de-
signed and constructed by Gibson assembly (Quadri et
al. 1998; Vickery et al. 2014). Both genes carry an aspar-
agine instread of a highly conserved aspartate residue
close to the essential Mg2+ binding site. The resulting
strains expressing either npgAAn-D148N or sfpBs-
D107N as well as strains expressing their wild-type coun-
terparts and the best 6-MSA producer strain only carrying
the empty pEKEx3 vector, were cultivated using the
BioLector microbioreactor. Over the course of cultivation,
cell growth and 6-MSA synthesis were followed (Supp.
Fig. 2). In general, 6-MSA titers are reduced in
microbioreactor cultivations compared to baffled flasks,
but ratios of titers between the respective strains are sim-
ilar and the control strain only harboring the empty
pEKEX3 vector still accumulated the most 6-MSA. As
expected from previous experiments, the strain expressing
npgA, neither grew in the BioLector cultivation nor pro-
duced any 6-MSA. Interestingly, inactivation of NpgA,,
restored both microbial growth and 6-MSA synthesis
supporting the speculation that the gene product of
npgA,, is toxic for C. glutamicum. In direct comparison
to the wild-type enzyme, expression of the sfpp-D107N
did not significantly affect 6-MSA synthesis. These find-
ings support the presumption that the metabolic burden of
episomal gene expression from a second plasmid is detri-
mental for the microbial synthesis of 6-MSA in
C. glutamicum.

Analysis of the genome sequence of C. glutamicum ATCC
13032 identified two genes encoding PPTases, namely pptA
(cg2171) and acpS (cg2738). AcpSc, (UniProt ID QSNMS4)

was shown to be crucial for the activation of the fatty acid
synthases Fasl-A and FasI-B in this bacterium (Chalut et al.
2006). The putative function of PptA, (UniProt ID Q8NP45)
is the activation of the sole type I PKS13 in C. glutamicum
(Cg3178, 1610 aa, 172 kDa), which is required for the syn-
thesis of corynomycolic acids as important building blocks for
cell wall synthesis in coryneform bacteria (Gande et al. 2004).

Motivated by the finding that an endogenous PPTase of
C. glutamicum is capable of activating ChlB1g,, we compared
the sequence of the two endogenous PPTase candidates
PptA¢, and AcpSc, to Svpg,. PptAc, and Svpg, share a se-
quence identity of 34% (sequence similarity 58%), whereas
AcpSc, appears to be unrelated to Svpg, (sequence identity
8%; sequence similarity 19%) (Fig. S1). Hence, it appears to
be more likely that PptAc, rather than AcpSc, can activate
ChiBlg, in C. glutamicum. This notion is also supported by
the domain architecture as both enzymes, PptAc, and Svpg,,
belong to the EntD superfamily of PPTases (NCBI domain
cl27525), whereas AcpSc, is a PPTase of the ACPS super-
family (NCBI domain c100500). In order to confirm the rele-
vance of PptA¢, for ChlBlg, activation, deletion of the re-
spective gene pptA was planned. However, a pptA deletion
mutant was previously shown to exhibit a severe growth phe-
notype reflected in cell aggregation during cultivation in lig-
uid medium (Chalut et al. 2006). For this reason, the idea of
deleting pptA was abandoned as discrimination between lack-
ing 6-MSA production due to missing PptA,-mediated
ChlBlg, activation or poor growth is not possible. Instead, it
was tested whether overexpression of pptA could further im-
prove 6-MSA production with C. glutamicum. The strain
C. glutamicum DelAro* C5 mufasOgcp; pMKEX2 malEp,-
chlBls, pEKEX3_pptAc, accumulated only 18 mg/L
(0.12 mM) 6-MSA, which further supports the notion that
reduced 6-MSA titers in the strains additionally expressing
PPTase-encoding genes are due to an increased metabolic
burden and that the native expression level of pptA ¢, expres-
sion is already sufficient for ChlB1g, activation.

To judge the suitability of C. glutamicum as host for
6-MSA synthesis in comparison to the other well-
established biotechnological workhorses E. coli and
S. cerevisiae, toxicity experiments were performed. In
this context, C. glutamicum DelAro* C5 mufasOpcpy,
E. coli DH5«, and S. cerevisiae CEN.PK 2-1C were
cultivated in the presence of different 6-MSA concen-
trations (0-50 mM). Maximum growth rates were deter-
mined during exponential growth and subsequently nor-
malized for comparability of results (Supp. Fig. S3). For
a better comparison, the growth rate determined in the
absence of 6-MSA (0 mM) was set to 100% for each
organism. Whereas E. coli did not grow in the presence
of 10 mM 6-MSA, the relative growth rate of
C. glutamicum was higher than 50%. In contrast, the
presence of 10 mM 6-MSA in the growth medium did

@ Springer

77



Peer-reviewed publications

9628

Appl Microbiol Biotechnol (2019) 103:9619-9631

not affect growth of S. cerevisiae as 85% of the growth
rate was retained. However, at concentrations of 20 mM
6-MSA or above, the relative growth of C. glutamicum
and S. cerevisiae could not be distinguished, which
makes both microorganisms equally good 6-MSA pro-
duction hosts.

PptA of C. glutamicum is a broad-spectrum PPTase

To interrogate a possible broad-spectrum PPTase activity
of PptAc,, further experiments were performed in
E. coli. This bacterium is in general capable of produc-
ing the catecholate siderophore enterobactin under iron-
limited conditions (Grass 2006). Biosynthesis of
enterobactin involves six proteins of which two, EntB
and EntF, feature carrier protein domains (Gehring et al.
1998). Analogous to PKS systems, both EntB and EntF
are phosphopantetheinylated by a PPTase named EntD
(UniProt ID P19925) encoded in the enterobactin locus
(Gehring et al. 1997; Lambalot et al. 1996). While in-
activation of entD abolishes production of enterobactin
in E. coli (Cox et al. 1970), this phenotype can be
rescued by complementation with an exogenous
PPTase (Barekzi et al. 2004). To test whether PptAc,
is similarly capable to act as a substitute for the
enterobactin PPTase, an entD mutation was introduced
into the E. coli strain BW25113, which was previously
reported as enterobactin producer (Ma and Payne 2012).
Comparative LC-MS analyses with the wild type con-
firmed the loss of enterobactin in the E. coli BW25113
entD::amp” strain (data not shown). Hence, it was evi-
dent that E. coli BW25113 does not possess another
PPTase, which could compensate for the functional loss
of EntD. Following the expression of pptAc, in E. coli
BW25113 entD::amp’, the mutant resumed the produc-
tion of enterobactin, which strongly suggests that
PptAc, is capable to phosphopantetheinylate the two
carrier protein domains in EntB and EntF (Fig. 3c).
This experiment indicates that PptAc, of
C. glutamicum can indeed activate various carrier pro-
tein domains and can thus be regarded as broad-
spectrum PPTase with many possible applications in mi-
crobial natural product synthesis.

Discussion

Iterative type I PKS biocatalysts are particularly appealing for
the production of high-value molecules from simple CoA-
activated precursors derived from the central carbon metabo-
lism. Once an iterative PKS is activated, all reaction steps are
catalyzed by individual domains; in that sense, the PKS itself
represents a biochemical “assembly line” within a microbial
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cell factory. This avoids to a large degree any engineered
deregulation of natural biosynthetic pathways and thereby cir-
cumvents the accumulation of undesired side-products. In
consequence, iterative PKSs can be considered as ideal targets
for the production of chemical building blocks as well as me-
dicinal drugs in engineered microbial cell factories.

Here, we functionally integrated the 6-MSA synthase
ChIB1 from S. antibioticus into C. glutamicum and demon-
strated its suitability as a cell factory for 6-MSA synthesis.
Production of related hydroxybenzoic acids in engineered mi-
croorganism such as salicylic acid (a derivative of 6-MSA
lacking the methyl group) requires deregulation and engineer-
ing of the shikimate pathway and can lead to metabolic im-
balances, auxotrophic strains, or undesired accumulation of
side products (Kallscheuer and Marienhagen 2018; Lin et al.
2014). In contrast, after introduction of ChIBlg, in
C. glutamicum, no significant accumulation of side products
could be observed.

Microbial production of 6-MSA using the 6-MSA synthase
from Penicillium patulum was already demonstrated earlier
using E. coli and Saccharomyces cerevisiae as production
hosts (Kealey et al. 1998; Wattanachaisaereekul et al. 2007;
Wattanachaisaereekul et al. 2008). For the essential PPTase-
mediated activation of the heterologous PKS, co-expression
of a broad spectrum PPTase gene, such as sfp from B. subtilis,
was mandatory in both hosts. In the direct comparison,
S. cerevisiae was more suitable for 6-MSA production as titers
from 0.2 to 1.7 g/L (1.3-11.2 mM) 6-MSA were reported,
whereas E. coli accumulated only 75 mg/L (0.49 mM)
(Kealey et al. 1998; Wattanachaisaereekul et al. 2008). The
determined product concentrations in E. coli are comparable
to 6-MSA titers obtained using engineered Streptomyces
coelicolor strains (Bedford et al. 1995) and with
C. glutamicum in this study. The performance of the different
production hosts, however, is difficult to compare as we de-
cided to use ChIB1 from S. antibioticus in this study instead of
the enzyme from P. patulum.

In both organisms, C. glutamicum and E. coli, challenges
related to protein insolubility are needed to be addressed. In
our study, improved folding was achieved by translation fu-
sion of the PKS to the maltose-binding protein MalE, whereas
co-expression of chaperone-encoding genes from
S. coelicolor improved folding and solubility of different type
I PKSs in E. coli (Betancor et al. 2008). In case of the essential
PPTase-mediated activation of PKSs, we could show that
C. glutamicum harbors a broad-spectrum PPTase (PptAc,),
which is not only capable of activating ChlB1g,, but also
activates the enterobactin biosynthesis enzymes EntB and
EntF in E. coli. 1t is thus likely that expression of a heterolo-
gous PPTase gene can be omitted in future PKS- and NRPS-
related applications using C. glutamicum, which will signifi-
cantly simplify and shorten strain development times as only
the core biosynthesis gene needs to be functionally expressed.
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This important property of C. glutamicum cannot be valued
highly enough as phosphopantetheinylation in heterologous
hosts often fails due to the unavailability of a suitable
PPTase (Crosby et al. 1995; Li and Neubauer 2014; Roberts
etal. 1993; Shen et al. 1992).

Taken together, we consider C. glutamicum as a promising
host organism for microbial polyketide production using type
I PKSs. C. glutamicum is an actinomycete and thus closely
related to Streptomycetes, which are a valuable source of
many interesting type I PKSs (including ChIB1g,). Access to
C. glutamicum variants with increased acetyl-CoA and
malonyl-CoA availability and easy-to-handle production plas-
mids enabling the expression of soluble MalE-fusion proteins
further underlines the potential of this microorganism for
polyketide synthesis.
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Figure S1. Sequence alignment of different PPTases evaluated for an application in C.
glutamicum. (a) Sequence comparison of the native PPTase PptA of C. glutamicum and Svp
from Streptomyces verticillus; (b) Sequence comparison of the native PPTase AcpS of C.
glutamicum and Svp from Streptomyces verticillus. Alignments were performed at the UniProt
database website using Clusal Omega (Sievers et al. 2011).
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Figure S2. Microbial synthesis of 6-MSA with C. glutamicum DelAro* C5 mufasOgcp1
PMKEXx2_malEge.-chIB1s, expressing different gene variants of npgAa, and sfbss encoding
inactive PPTases using the BioLector microbioreactor system. At indicated time points,
samples were taken to determine cell growth and the 6-MSA titer by LC-MS. (a) Microbial growth
of indicated strains (b) 6-MSA titers. In general, product titers are lower compared to 6-MSA
concentrations obtained during flask cultivations, but ratios between different strains are similar.
Depicted data represents mean values and standard deviations from biological triplicates
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Figure S3. Determination of 6-MSA toxicity for C. glutamicum, E. coli and S. cerevisiae. All
three different organisms were cultivated in the presence of different 6-MSA concentrations
ranging from 0 - 50 mM 6-MSA. Growth rates were determined during exponential growth phase
and subsequently normalized. Here, the growth rate determined in the absence of 6-MSA (0 mM)
was set to 100 %. Data for C. glutamicum and E. coli represents mean values and standard

deviations from biological triplicates, whereas data for S. cerevisiae is calculated on the basis of
biological duplicates.
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Abstract

Background: The phenylbutanoid 4-(4-hydroxyphenyl)butan-2-one, commonly known as raspberry ketone, is
responsible for the typical scent and flavor of ripe raspberries. Chemical production of nature-identical raspberry
ketone is well established as this compound is frequently used to flavor food, beverages and perfumes. However, high
demand for natural raspberry ketone, but low natural abundance in raspberries, render raspberry ketone one of the
most expensive natural flavoring components.

Results: In this study, Corynebacterium glutamicum was engineered for the microbial synthesis of the character
impact compound raspberry ketone from supplemented p-coumaric acid. In this context, the NADPH-dependent
curcumin/dihydrocurcumin reductase CurA from Escherichia coli was employed to catalyze the final step of raspberry
ketone synthesis as it provides a hitherto unknown benzalacetone reductase activity. In combination with a 4-cou-
marate: CoA ligase from parsley (Petroselinum crispum) and a monofunctional benzalacetone synthase from Chinese
rhubarb (Rheum palmatum), CurA constitutes the synthetic pathway for raspberry ketone synthesis in C. glutamicum.
The resulting strain accumulated up to 99.8 mg/L (0.61 mM) raspberry ketone. In addition, supplementation of other
phenylpropanoids allowed for the synthesis of two other naturally-occurring and flavoring phenylbutanoids, zinge-
rone (70 mg/L, 0.36 mM) and benzylacetone (10.5 mg/L, 0.07 mM).

Conclusion: The aromatic product portfolio of C. glutamicum was extended towards the synthesis of the flavoring
phenylbutanoids raspberry ketone, zingerone and benzylacetone. Key to success was the identification of CurA from
E. coli having a benzalacetone reductase activity. We believe, that the constructed C. glutamicum strain represents a
versatile platform for the production of natural flavoring phenylbutanoids at larger scale.

Keywords: NADPH-dependent curcumin reductase, Benzalacetone reductase, Corynebacterium glutamicum,
Raspberry ketone, Metabolic engineering, Character impact compound

Introduction

The phenylbutanoid character impact compound rasp-

berry ketone (4-(4-hydroxyphenyl)butan-2-one, RK)

defines the typical scent and taste of raspberries. Thus, it

is utilized by food and beverage industries to flavor bev-
- hecpandence: |marienhagene uelichde erages and foods, e.g. pudding, yogurt or sweets [1, 2]. In
" Institute of Bio- and Geosciences, IBG-1: Biotechnology, g ) ) » €8 P o & Y08 . . 5 -
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany addition, its presumed activity as an anti-obesity or skin-
Full list of author information is available at the end of the article whitening agent, drew consumers interest, although a

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http/creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (httpr//creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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potential toxicity of this compound for humans has not
yet been clarified [2-6].

Different strategies can be followed to obtain RK,
e.g. extraction from natural plant material or chemi-
cal synthesis. Adversely, the natural concentration of
RK in raspberries is not only very low (1-4 mg/kg), but
also subject to seasonal and regional fluctuations, lead-
ing to high product costs of 3000-20,000 US$ per kg of
natural, extracted RK [1, 7, 8]. Alternatively, RK can be
chemically synthesized, but any RK produced by such
processes is only considered as a nature-identical flavor-
ing substance according to EU and US regulations, which
no longer meets customers’ demands [9-11]. Contrary
to this, RK obtained from microbial synthesis is regarded
as natural. Thus, microbial synthesis represents a prom-
ising approach for the sustainable production of natural
RK. Prerequisite for establishing a microbial RK produc-
tion process is the functional introduction of the natural
biosynthesis pathway from the plant into a heterologous
host.

In raspberry plants, RK synthesis starts from L-phe-
nylalanine, which is provided by the shikimate pathway
[12]. From there, L-phenylalanine is non-oxidatively
deaminated by a phenylalanine ammonia lyase (PAL),
yielding the phenylpropanoid cinnamic acid, which is
subsequently hydroxylated towards p-coumaric acid
(pCA). This compound in turn undergoes CoA-activation
catalyzed by a 4-coumarate: CoA ligase (4CL, Fig. 1). The
activated thioester is then condensed with one molecule
of malonyl-CoA by a benzalacetone synthase (BAS), a
type III polyketide synthase (PKS), yielding the diketide
intermediate p-hydroxybenzalacetone (pHBA). Finally,
a NADPH-dependent benzalacetone reductase (BAR)
reduces pHBA to RK.

First studies on microbial RK production from sup-
plemented pCA using BAS from Chinese rhubarb
(Rheum palmatum) and CHS from raspberry (Rubus
idaeus), respectively, reported product titers below
10 mg/L (0.06 mM) when using Escherichia coli or Sac-
charomyces cerevisiae as host strains [1, 13]. Interest-
ingly, both studies relied on endogenous BAR activities
by unknown endogenous reductase(s) in the respective
host, rendering heterologous expression of a BAR-encod-
ing gene unnecessary. Only recently, synthesis of up to
91 mg/L (0.55 mM) RK was demonstrated using E. coli
BL21(DE3), which was developed for the expression of
bas from R. palmatum and rzsl from raspberry [8, 14].
The latter gene codes for the raspberry ketone/zingerone
synthase RZS1 (RZS1y, UniProt ID: GIFCGO), which
provides the required BAR activity.

Since various type III PKS-encoding genes of plant
origin (encoding for stilbene synthases, chalcone syn-
thases and a pentaketide chromone synthase) have
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Fig. 1 Synthesis of different phenylbutanoids from
phenylpropanoids. 4CL: 4-coumarate: CoA ligase, BAS: benzalacetone
synthase, BAR: benzalacetone reductase, CoA: coenzyme A. Particular
enzymes used in this study are assigned below the respective general
enzyme activities. For further information on the individual enzymes

used, the reader is referred to the text

been functionally expressed in Corynebacterium glu-
tamicum previously, it is reasonable to assume that this
is also true for a type III PKS gene providing BAS activ-
ity [15, 16).

In this context, C. glutamicum strains have been
tailored towards increased malonyl-CoA supply for
efficient synthesis of plant polyphenols and polyke-
tides [16—18]. This was necessary, as typically only low
intracellular concentrations of the unstable fatty acid
precursor malonyl-CoA are maintained in microorgan-
isms as its synthesis is strictly regulated, limiting over-
all product formation [19]. Although only one molecule
of malonyl-CoA is required for the synthesis of one RK
molecule, a C. glutamicum strain with increased malo-
nyl-CoA availability is predestined for also establishing
a heterologous pathway for the synthesis of RK.
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In this study, we present the construction of a micro-
bial C. glutamicum cell factory for the synthesis of the
flavoring phenylbutanoids RK, zingerone and benzylac-
etone. Additionally, we identified a hitherto unknown
BAR activity of the NADPH-dependent curcumin/dihy-
drocurcumin reductase CurA from E. coli allowing for
the reduction of diketide intermediates.

Results

Cytotoxicity of p-hydroxybenzalacetone and raspberry
ketone

In preparation of establishing a heterologous RK biosyn-
thesis pathway from supplemented pCA, intermediate
(pHBA) and product (RK) cytotoxicity on the designated
host C. glutamicum was investigated. For this purpose,
the strain C. glutamicum M-CoA, previously constructed
for providing increased malonyl-CoA levels [16], was
cultivated in CGXII medium with 4% glucose supple-
mented with different concentrations ranging from 0
to 1 g/L (6.17 mM) pHBA and RK (6.1 mM) using the
BioLector microbioreactor system (Fig. 2). Concentra-
tions>125 mg/L (0.77 mM) pHBA negatively affected
microbial growth up to complete growth inhibition in the
presence of 1 g/L (6.17 mM) pHBA. Bearing the desig-
nated supplementation of 5 mM pCA as precursor for RK
synthesis in mind, resembling the standard production
conditions for the synthesis of pCA-derived plant poly-
phenols using C. glutamicum, such toxic concentrations
cannot be reached [18]. In contrast, no significant nega-
tive impact on growth could be observed upon supple-
mentation of up to 1 g/L (6.1 mM) RK.
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Previous studies utilizing either E. coli or S. cerevi-
siae for microbial RK synthesis demonstrated that both
hosts provide an endogenous BAR activity [1, 13]. Hence,
supernatants from the C. glutamicum microbioreactor
cultivations performed in the context of the pHBA cyto-
toxicity experiments, were analyzed by HPLC for the
presence of potentially accumulating RK. Indeed, RK was
detected in all samples from cultivations supplemented
with>125 mg/L (0.77 mM) pHBA reaching a maximum
of 15.4 mg/L (0.094 mM) RK when 500 mg/L (3.09 mM)
pHBA was present in the microbioreactor cultivations.
Interestingly, even though the C. glutamicum cells did
not grow in the presence of 1 g/L (6.17 mM) pHBA,
up to 9.3 mg/L (0.057 mM) RK were formed. This par-
ticular experiment was repeated without cells to verify
that pHBA reduction yielding RK is due to the presence
of the C. glutamicum cells conferring an endogenous
BAR activity and not the result of a spontaneous reduc-
tion under the selected cultivation conditions in CGXII
medium. This control experiment showed that RK forma-
tion was only detectable in the presence of C. glutami-
cum cells. Therefore, a yet unknown endogenous BAR
activity can also be ascribed to C. glutamicum.

The curcumin reductase CurA from E. coli improves

the BAR activity in C. glutamicum

With the aim to increase the endogenous BAR activity
and to establish the full RK pathway in C. glutamicum,
heterologous genes coding for BAS and BAR enzymes
were episomally introduced into this bacterium. For this
purpose, a codon-optimized gene variant encoding BAS
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Fig. 2 Cytotoxic effects of a p-hydroxybenzalacetone and b raspberry ketone on growth of C. glutamicum. C. glutamicum M-CoA was cultivated in
CGXIl medium with 4% glucose supplemented with increasing concentrations of either p-hydroxybenzalacetone or raspberry ketone dissolved in
DMSO using a BioLector microbioreactor. Biomass formation was followed by measuring the backscattered light intensity (gain 10) at a wavelength

of 620 nm. The depicted data represent mean values from biological triplicates
LR
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from Rheum palmatum (bastCg, UniProt ID: Q94FV7)
was combined with a gene for different BAR variants. A
codon-optimized gene variant of RZS1y; (rzslpc, Uni-
Prot ID: GIFCGO) was used as this particular enzyme
has already been successfully applied for the microbial
synthesis of RK in E. coli [8]. Previously, cofactor speci-
ficity in a RZS1,-G191D mutant was reported to be
relaxed resulting in the acceptance of NADH as reduc-
ing agent [14]. Based on this observation, the same amino
acid substitution was also introduced into rzslpc, (rzs-
1picgG191D). Additionally, available scientific data was
analyzed to identify endogenous reductases involved in
pHBA reduction in E. coli and C. glutamicum. In case of
E. coli, the NADPH-dependent curcumin/dihydrocur-
cumin reductase CurA involved in the degradation of this
polyphenol (CurAg, UniProt ID: P76113) was identified
as a promising candidate. Its natural substrate curcumin
is a dimer of pHBA and thus the enzyme might also be
active on the monomers (Additional file 1: Figure S1)
[20]. Therefore, the native curA gene was amplified from
the genome of E. coli MG1655 (curAg,) but also ordered
as codon-optimized variant (curAg.,) for a possible
application in C. glutamicum. To enable IPTG-inducible
heterologous gene expression from the strong T7 pro-
motor, the plasmid pMKEx2 was selected [21]. The con-
structed plasmids were used for the transformation of C.
glutamicum M-CoA. For evaluation of reductase activity,
the generated strains were cultivated for 72 h in 50 mL
defined CGXII medium with 4% glucose and 1 mM IPTG
supplemented with 500 mg/L (3.09 mM) pHBA. Taken
samples were extracted with ethyl acetate and analyzed
for the synthesis of RK by HPLC (Fig. 3).

Surprisingly, both strains harboring an episomally
encoded rzslpc, gene variant did not synthesize more
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RK from supplemented pHBA compared to C. glutami-
cum M-CoA harboring the empty vector (12.9 mg/L,
0.08 mM). This indicates that both rzsly, variants are
not functionally expressed in C. glutamicum. However, in
presence of the curAg,, 49.4 mg/L (0.3 mM) RK were syn-
thesized, indicating not only its functional expression in
C. glutamicum but also the capability of CurAg, to reduce
pHBA. When utilizing the codon-optimized curAg,
gene, RK synthesis was increased further to 68.7 mg/L
(0.42 mM). Hence, the pMKExX2-basg,c,-curAg.c, plas-
mid was selected for all subsequent experiments. Note-
worthy, at least one additional reductase conferring
pHBA reducing abilities must be present in E. coli, since
E. coli BL21 strains, previously also utilized for microbial
RK synthesis, do not have the curA gene [1].

Increased NADPH availability improves pHBA reduction

The observed incomplete conversion of pHBA to RK
suggested intracellular NADPH supply to be a limiting
factor during phenylbutanoid synthesis. With the aim
to improve pHBA reduction, previously described strat-
egies for increasing NADPH availability were followed
[22]. In particular, elimination of the endogenous lac-
tate dehydrogenase activity, especially in combination
with the heterologous expression of the transhydroge-
nase genes pntAB from E. coli, was shown to contribute
to increased NADPH availability in C. glutamicum. The
constructed strain C. glutamicum M-CoA AldhA was
transformed using the plasmid pMKExX2-basg,¢,-curAg.
«cg To evaluate, if the deletion of /dhA also increases
NADPH availability and thus improves pHBA reduc-
tion of C. glutamicum, strains were cultivated both,
absence or presence of pMKEX2-basg,c,-curAg.c,
Strain cultivation and analysis of taken samples were
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Fig. 3 Characterization of different heterologous benzalacetone reductases with regard to their suitability for raspberry ketone synthesis using C.
glutamicum. Different C. glutamicum M-CoA variants harboring one of the indicated expression plasmids were cultivated in 50 mL CGXII medium
with 4% glucose and 500 mg/L supplemented p-hydroxybenzalacetone in baffled flasks at 30 °C and 130 rpm for 72 h. The depicted data represent
mean values with standard deviations from biological triplicates

80

89



Peer-reviewed publications

Milke et al. Microb Cell Fact (2020) 19:92

conducted as described above (Additional file 1: Figure
S2). Under standard cultivation conditions, sole ldhA
deletion did not affect growth, but did also not improve
RK synthesis. However, the approach of deleting ldhA
was not abandoned although no positive effect on abso-
lute RK titers was observed at this stage. Obviously,
limited effects on NADPH-dependent pHBA reduc-
tion generating RK are not surprising when taking
into consideration that the abolished lactate-forming
reaction is NADH-dependent, consequently increas-
ing NADH availability. For increasing NADPH supply
from NADH (NADH+NADP'— NAD"+NADPH),
the membrane-bound transhydrogenase PntAB from
E. coli (UniProt IDs: P07001 and POAB67) described
earlier was tested [22]. E. coli harbors two transhy-
drogenase isoforms. Whereas the energy-dependent
PntAB enzyme catalyzes the transfer of a hydride ion
from NADH to NADP* under physiological conditions,
the energy-independent cytoplasmatic variant UdhA
(UniProt ID: P27306) operates in the reverse direction,
when an excess of NADPH is present in the cell [23,
24]. However, in principal, both enzymes are capable of
catalyzing both reactions.

The expression plasmids pEKEx3-pntABr, and
PEKEx3-udhAp.c, either harboring the native pntAB
genes from E. coli (pntABg,) or a codon-optimized udhA
variant (udhAg.,), each under control of the tac pro-
moter, were constructed. Subsequently, these plasmids
were used for transformation of C. glutamicum M-CoA
AldhA harboring pMKEX2-basg,c,-curAg.c,. The result-
ing strains were cultivated under the same conditions as
described before. As heterologous expression of genes
encoding for integral membrane proteins often cause
growth defects, multiple IPTG concentrations ranging
from 10 to 1000 uM were tested for the heterologous
expression of pntABg,. These experiments showed that
an increasing IPTG concentration was always associated
with an increasing growth defect up to a complete arrest
of growth (Additional file 1: Figure S3). HPLC analysis
indicated a drastically impaired RK synthesis for all IPTG
concentrations compared to the reference strain with
1 mM IPTG, rendering the heterologous expression of
pntAB unsuitable for RK synthesis in C. glutamicum.

Contrary, episomal expression of udhAp, barely
affected microbial growth but increased RK titers up
to 25% (Additional file 1: Figure S4). This indicates that
the functional expression of udhAr., in C. glutami-
cum allows for the hydride ion transfer from NADH
to NADP™. Interestingly, functional expression of
udhA from E. coli in C. glutamicum has already been
demonstrated earlier, though utilized for the oppo-
site hydride ion transfer [25]. Thus, C. glutamicum
M-CoA AldhA harboring the two expression plasmids
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PMKEX2-basy,c,-curAg., and pEKEx3-udhAg., pro-
vides the highest BAR activity, resembling a promising
candidate for establishing (4CL and) BAS activity to com-
plete the heterologous pathway for RK synthesis from
supplemented pCA.

Raspberry ketone synthesis from p-coumaric acid

So far, RK synthesis in C. glutamicum was only achieved
by supplementation of the diketide intermediate pHBA.
As C. glutamicum M-CoA provides increased amounts
of malonyl-CoA, synthesis of pHBA from pCA should
be also possible. In addition to BAS from Chinese rhu-
barb (R. palmatum), which was shown to feature a novel
catalytic mechanism allowing for the sole synthesis of
pHBA, the bifunctional chalcone synthases PKS1 (Uni-
Prot ID: Q9AU11l) and PKS4 (UniProt ID: BOLDUS5)
from raspberry (R. idaeus) were tested for pHBA synthe-
sis from supplemented pCA in C. glutamicum [26-29].
Both enzymes were described to have a BAS side activ-
ity in addition to their CHS activity. Codon-optimized
gene variants pkslp, and pksdp, were used to con-
struct pMKEX2-pksly;c-curAp., and pMKEx2-pksdp.
rcgCUrAg.cp For evaluation of (4CL and) BAS activity,
the constructed strains were cultivated and analyzed as
described above with supplementation of 5 mM pCA
instead of 3.09 mM pHBA. Stacked concentrations of
pHBA and RK were used to assess the (4CL and) BAS
activity (Fig. 4).

Utilization of the already applied bas gene from R.
palmatum enabled RK synthesis from pCA in C. glu-
tamicum. After 72 h of cultivation in the absence
of udhAg.c, 14 mg/L (0.09 mM) RK and 9.4 mg/L
(0.06 mM) pHBA were detected by HPLC. In contrast to
the previous experiments, udhAp, expression reduced
pHBA- and RK synthesis. In addition, neither expres-
sion of pksl nor pks4 in combination with curA enabled
RK synthesis, suggesting that both genes were not func-
tionally expressed in C. glutamicum. Since both enzymes
are primarily chalcone synthases, it was also tested
whether naringenin chalcone, or more precisely, narin-
genin was formed. However, also no detectable amounts
of naringenin were synthesized, indicating that PKS1 and
PKS4 might be incorrectly folded in C. glutamicum. Pre-
viously, N-terminal translational fusion with the maltose
binding protein from E. coli (MalEg,) was demonstrated
to efficiently increase functional expression of heterolo-
gous plant genes in C. glutamicum [30]. To test whether
functional expression of pks genes could be achieved by
mimicking this strategy, C. glutamicum strains harbor-
ing the plasmids pMKEX2-malEy -pks1pc,-curAg,c, and
PMKEX2-malE-pksd pc,-curAg.c, were constructed and
cultivated. Although, general applicability of this strategy
was indicated by the formation of RK when expressing
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Determined concentrations for p-hydroxybenzalacetone and raspberry ketone in cell extracts were stacked for a better visualization. The depicted
data represent mean values with standard deviations from biological triplicates

malEg-pks1pc, and malEg-pksdp;c, significantly less RK
was formed in comparison to BASg,

Taken together, C. glutamicum M-CoA AldhA harbor-
ing pMKEX2-basy,c,-curAg.c, and pEKEX3-udhAg.,
is regarded as the most suitable strain for the synthesis
of RK from supplemented diketide intermediate pHBA,
whereas additional udhAr,c, expression was not benefi-
cial for the synthesis from pCA.

Microbial synthesis of zingerone and benzylacetone

Besides RK, other phenylbutanoids such as the ferulic
acid-derived zingerone or the cinnamic acid-derived
benzylacetone are of commercial interest as well.
Zingerone is regarded as the molecule providing the
characteristic flavor of cooked ginger, whereas benzy-
lacetone is described to contribute to the characteristic
taste of strawberries and jasmine [31-34]. The respec-
tive molecules differ from RK only in their hydroxyla-
tion/methoxylation pattern of the aromatic ring (Fig. 1).
Thus, it is reasonable to assume that the enzymes of
the RK pathway also accept ferulic acid and cinnamic
acid (and their derivatives) as substrates, which would
offer the opportunity for a combinatorial biosynthe-
sis of zingerone or benzylacetone using the very same
C. glutamicum strain (Fig. 1). First, confirmation of
reductase activity with the respective diketide inter-
mediates of zingerone and benzylacetone synthe-
sis was addressed as formation of the diketide pHBA
from pCA by 4CLp, and BASg, was rather inefficient
and might be even more challenging with alternative

phenylpropanoids as substrates. To this end, CGXII
medium was supplemented with the respective diketide
precursors (3.09 mM) during cultivations of C. glutami-
cum M-CoA AldhA, optionally harboring pMKEx2-
basg,cycurAg.c, HPLC analysis of extracted samples
demonstrated synthesis of 40.2 mg/L (0.21 mM) zin-
gerone upon curAg.c, expression whereas the synthesis
of benzylacetone was unaffected (0.6 mg/L, 0.01 mM)
indicating that CurAj., cannot reduce benzalacetone
(Additional file 1: Figure S5). Therefore, benzalacetone
appears to be solely reduced by the unknown endog-
enous reductase activity of C. glutamicum yielding
benzylacetone. Interestingly, less zingerone (70 mg/L,
0.36 mM) compared to RK (99.8 mg/L, 0.61 mM) was
produced from the respective diketide intermediate
despite an even higher similarity to the curcumin struc-
ture (Fig. 5b).

Nevertheless, reductase activity of the constructed
strain C. glutamicum M-CoA AldhA carrying pMKEx2-
basp,cy-curAg.c, and pEKEx3-udhA g, was verified for
all tested substitution patterns of the aromatic ring.

To evaluate substrate promiscuity of the diketide
forming enzymes 4CL,. and BASg, C. glutamicum
M-CoA AldhA harboring pMKEX2-basp,c,-curAg.c,
and pEKEx3-udhAg., was cultivated using standard
conditions with supplementation of the respective
phenylpropanoids (5 mM). Extracted samples were
analyzed by HPLC for the presence of respective dike-
tides and ketones (Fig. 5d). After 72 h of cultivation,
7.9 mg/L (0.05 mM) pHBA and 4.7 mg/L (0.05 mM) RK
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were formed from pCA. When supplementing either
ferulic acid or cinnamic acid, 0.8 mg/L (0.01 mM) vanil-
lylidenacetone and 14.1 mg/L (0.07 mM) zingerone or
0.4 mg/L (0.01 mM) benzalacetone but no detectable
benzylacetone was formed, respectively.

In principle, the precursors and intermediates of zinge-
rone and benzylacetone synthesis can be converted also
by the heterologous pathway for RK synthesis established
in C. glutamicum. Nevertheless, benzylacetone could not
be produced from cinnamic acid, probably due to the
insufficient synthesis of the diketide intermediate benza-
lacetone. Contrary to previous results obtained from cul-
tivations with supplemented diketide intermediates, the
reduction of vanillylidenacetone appears to be more effi-
cient compared to pHBA reduction, as almost all vanil-
lylidenacetone synthesized was converted to zingerone.

Discussion

In this study, we constructed a C. glutamicum vari-
ant for the microbial synthesis of the flavoring phe-
nylbutanoids RK, zingerone and benzylacetone. Initial

92

cytotoxicity experiments of pHBA and RK suggested C.
glutamicum to be more resistant to these compounds
compared to E. coli and S. cerevisiae. For the latter two
microorganisms, half maximal inhibitory concentra-
tions (IC;)) have been calculated for both S. cerevisiae
and E. coli [1]. Here, concentrations of 100 mg/L or
300 mg/L pHBA and 500 mg/L or 900 mg/L were deter-
mined for S. cerevisiae and E. coli to reduce biomass
formation by 50%, respectively. Since the calculation
of IC;, values for C. glutamicum would be impre-
cise due to insufficient data for higher concentrations
of both molecules, we cannot provide exact concen-
trations. Nevertheless, the cytotoxicity experiments
allow to consider C. glutamicum to be more resistant
to both pHBA and RK as the IC, concentrations have
to be>500 mg/L and>1000 mg/L, respectively. More
importantly, the constructed strain C. glutamicum
M-CoA AldhA pMKEX2-basp,c,-curAp.c, accumulates
up to 14 mg/L (0.09 mM) RK from supplemented pCA,
which is comparable to the product titer determined
for a S. cerevisiae strain (7.5 mg/L RK (0.05 mM)) [13].
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However, synthesis of 91 mg/L (0.55 mM) RK from
pCA using an engineered E. coli BL21(DE3) variant was
recently reported [8].

Moreover, a yet unknown substrate promiscuity of
the NADPH-dependent curcumin/dihydrocurcumin
reductase CurA from E. coli MG1655 allowing for the
efficient reduction of pHBA and vanillylidenacetone,
respectively, was identified. Although E. coli BL21 has
been previously reported to possess an endogenous BAR
activity, this activity presumably cannot be traced back
to CurA as this particular gene is not present in the uti-
lized strain background [1]. Thus, it is likely that at least
one additional reductase also features BAR activity in E.
coli BL21. We presumed a possible enzymatic activity
of CurA with pHBA due to structural similarities with
its natural substrate curcumin (Additional file 1: Figure
S1). As the additional methoxy group of vanillylidenac-
etone increases structural similarity to curcumin even
more, a more efficient conversion to the correspond-
ing ketone compared to the RK branch was expected
prior to the conducted experiments. Indeed, when pro-
ducing flavoring phenylbutanoids from supplemented
phenylpropanoids, an almost complete conversion of
vanillylidenacetone to zingerone was observed, whereas
pHBA reduction was less efficient.

Furthermore, a hitherto unknown endogenous BAR
activity must be also present in C. glutamicum as dem-
onstrated by the reduction of the three tested diketide
intermediates in the absence of curAg.c, Apart from E.
coli and C. glutamicum, such an activity has already been
described for S. cerevisiae [13].

To increase NADPH supply for the efficient reduction
of diketide intermediates, heterologous expression of
genes encoding the membrane-bound as well as the cyto-
plasmatic transhydrogenases from E. coli was evaluated.
Despite already being used to increase NADPH availabil-
ity in an isobutanol producing C. glutamicum variant, the
membrane-bound transhydrogenase PntAB turned out
to be unsuitable for RK synthesis with the same bacte-
rium [22]. With increasing induction strength, a severe
growth defect in C. glutamicum was observed upon
pntAB expression. This might indicate cytotoxic effects
of the transhydrogenase itself, but also the absence of
chaperones supporting folding or an altered membrane
composition could be the cause [35]. Contrary, the cyto-
plasmatic transhydrogenase UdhA was beneficial for RK
synthesis resembling a promising alternative to the mem-
brane-bound PntAB. Despite being rather involved in the
energy-independent hydride ion transfer from NADPH
to NAD" in vivo, UdhA can still catalyze the transfer
in the reverse direction [23]. Nevertheless, the equilib-
rium of the transhydrogenation reaction could be shifted
towards NADPH, when NADPH is constantly withdrawn
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by the reduction of pHBA to RK. Furthermore, dele-
tion of ldhA increases NADH availability, which in turn
also shifts the equilibrium of the transhydrogenase reac-
tion towards NADPH. Further strategies for increased
NADPH supply in C. glutamicum involve altering the
coenzyme specificity of the NAD"-dependent glyceral-
dehyde 3-phophate dehydrogenase (GAPDH) to NADP™,
which was done in the context of L-lysine production
with C. glutamicum [36]. It should be noted, that an
imbalanced NADH/NADPH distribution could perturb
the cellular metabolism and might even inhibit cellular
growth or glucose consumption [36].

Interestingly, expression of udhAg, ¢, appears to be dis-
advantageous for the synthesis of pHBA and RK from
pCA. NADPH availability could not be limiting for the
small amounts of pHBA produced from pCA, so that the
described positive effect of additional NADPH supply
only become significant at higher pHBA concentrations.
The reduced cumulated titer of pHBA and RK might be
due to the increased metabolic burden of the cell due to
maintenance of the pEKEx3-udhAg, ¢, plasmid (requiring
supplementation of a second antibiotic and expression of
an additional antibiotic resistance gene) [37, 38].

Conclusion

In the present work, we extended the product portfolio
of C. glutamicum towards flavoring phenylbutanoids. We
identified an endogenous BAR activity of C. glutamicum
and a yet unknown substrate promiscuity of CurA from
E. coli that turned out to be a promising BAR. Moreo-
ver, the cytoplasmatic transhydrogenase UdhA from E.
coli allowed for increased NADPH supply and ultimately
improved RK synthesis. Taken together, the constructed
strain C. glutamicum M-CoA AldhA harboring pMKEx2-
basp,c,-curAg.c, and pEKEx3-udhAg,, represents a ver-
satile host for the synthesis of up to 99.8 mg/L (0.61 mM)
RK, 70 mg/L (0.36 mM) zingerone and 10.5 mg/L
(0.07 mM) benzylacetone.

Materials and methods

Bacterial strains, plasmids, media and growth conditions
All bacterial strains and plasmids with their respective
characteristics used in this study are listed in Table 1. C.
glutamicum strains were routinely cultivated aerobically
at 30 °C in brain heart infusion (BHI) medium (Difco
Laboratories, Detroit, USA) or defined CGXII medium
with 4% (w/v) glucose as sole carbon and energy source
[39]. E. coli DH5a, used solely for plasmid construc-
tions, was cultivated in LB medium at 37 °C [40]. Where
appropriate, kanamycin (E. coli 50 pg/mL, C. glutamicum
25 pg/mL) and/or spectinomycin (100 pug/mL for E. coli
and C. glutamicum) was added to the respective medium.
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Table 1 Strains and plasmids used in this study
Strain or plasmid Characteristics Source

C. glutamicum strains

DelAro*-4clp. C5 mufasOgcp,
Pos-iolT1 Apyc (M-CoA)

C. glutamicum derivative with in-frame deletions of cg0344-47, cg0503 cg2625-40 and cg1226; [16]
harboring a chromosomally encoded codon-optimized 4c/,. gene coding for 4-coumarate:CoA

ligase from P, crispum under control of the T7 promoter and replacement of the native gltA pro-
motor with the dapA promotor variant C5, mutated fasO binding sites upstream of accBC and
accD1, two nucleotide exchanges in the iolTT promotor and in-frame deletion of pyc

M-CoA AldhA C. glutamicum M-CoA derivative with in-frame deletion of IdhA This work
E. coli strains
DH5a F-080/acZAM15 AllacZYA-argPU169 recAT endAT hsdR17 (rgmy) phoA supE44 X thi-1 gyrA96 relAT  Invitrogen
(Karlsruhe,
Germany)
Plasmids
pK19mobsacB-AldhA Vector for in-frame deletion of IdhA [46]
PMKEX2 kan"; E. coli-C. glutamicum shuttle vector (lacl, P15, lacO1, pHM1519 Oric,; PACYC177 orig) [21]
PMKEX2-basg, 51251 icq kan'; pMKEX2 derivative containing codon-optimized genes encoding benzalacetone synthase This work

from R. palmatum (basg,c,) and NADPH-dependent raspberry ketone/zingerone reductase from

R.idaeus (rzs1gc,)
PMKEX2-ba5g, 51751 4ic"G191D

kan'; pMKEX2-basg,, ;71251 5ic, derivative with mutations in the rzs1 g, nucleotide sequence leading  This work

to amino acid substitution G191D in RZS1,,

PMKEX2-basg,,c;-CurAg,

kan"; pMKEx2 derivative containing a codon-optimized gene encoding benzalacetone synthase

This work

from R. palmatum (basg,,) and the native gene encoding NADPH-dependent curcumin/dihy-
drocurcumin reductase CurA from E. coli (curAg,)

PMKEX2-basg,cq-CurAg.c,

kan"; pMKEx2 derivative containing codon-optimized genes encoding benzalacetone synthase

This work

from R. palmatum (basg,c,) and NADPH-dependent curcumin/dihydrocurcumin reductase CurA

from E. colli (curAg.c,)
PMKEX2-pks 1 gicg=CUurAgec,

kan'; pMKEx2 derivative containing codon-optimized genes encoding PKS1 from R. idaeus

This work

(pksTgicy) and NADPH-dependent curcumin/dihydrocurcumin reductase CurA from £. coli

(curAeec,)
pMKExZ-pksz#R,(g-curAEC(—g

kan"; pMKEx2 derivative containing codon-optimized genes encoding PKS4 from R. idaeus

This work

(pks4pc,) and NADPH-dependent curcumin/dihydrocurcumin reductase CurA from £ coli

(curAg.c,)

PMKEX2-malg-pks1 gicg-curAg.c, - kan'; pMKEx2 derivative containing the native malE gene from E. coli fused to the codon-opti-

This work

mized gene encoding PKS1 from R. idaeus (malE-pks1 ) and a codon-optimized gene encod-
ing NADPH-dependent curcumin/dihydrocurcumin reductase CurA from E. coli (curAgc,)

PMKEX2-mal g -pksdgicy-curAg .y kan'; pMKEx2 derivative containing the native malE gene from E. coli fused to the codon-opti-

This work

mized gene encoding PKS4 from R. idaeus (malEg.-pksdgc,) and a codon-optimized gene encod-
ing NADPH-dependent curcumin/dihydrocurcumin reductase CurA from £. coli (curAg.c,)

PEKEX3

PEKEX3-pntAB;.
brane-bound transhydrogenase

PEKEX3-udhAr ¢,

spec’; pEKEx3 derivative containing native pntAB genes from E. coli (pntABy,) encoding a mem-

spec’; pEKEx3 derivative containing codon-optimized udhA gene variant from E. coli (udhAg.,)

spec’; E. coli-C. glutamicum shuttle vector (laclPy., lacO1, pBL1orig,; pUCorig) [47]

This work

This work

encoding a cytoplasmatic transhydrogenase

pEKEX3-malEg-omty,

spec’; pEKEx3 derivative containing malf gene from E. coli (malE;,) fused to the codon-optimized ~ [30]

gene coding for resveratrol-di-O-methyltransferase from V. vinifera (omt,)

Bacterial growth was followed by measuring the optical
density at 600 nm (ODg).

To cultivate C. glutamicum, a test tube with 5 mL BHI
medium was inoculated with a single colony from an agar
plate and grown for 6-8 h on a rotary shaker at 170 rpm
(first preculture). This first preculture was used to inoc-
ulate 50 mL of defined CGXII medium with 4% (w/v)
glucose in a 500 mL baffled Erlenmeyer flask (second pre-
culture). The second preculture was cultivated overnight
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on a rotary shaker at 130 rpm. The main culture was sub-
sequently inoculated from the second preculture to the
indicated ODy, in defined CGXII medium with 4% (w/v)
glucose. For microbial synthesis of phenylbutanoids, the
main culture was inoculated to an ODg, of 5 in defined
CGXII medium with 4% glucose and heterologous gene
expression was induced 90 min after inoculation using
1 mM IPTG. 1 mL of the culture broth was sampled at
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defined time points and stored at — 20 °C until ethyl ace-
tate extraction and HPLC analysis.

For evaluating cytotoxicity of pHBA and RK, C. glu-
tamicum M-CoA was cultivated at 30 °C, 900 rpm and a
humidity of 85% in 48-well Flowerplates containing 800
pL CGXII medium with 4% (w/v) glucose inoculated
to an ODg,, of 1, using the BioLector microbioreactor
(m2p-labs, Baesweiler, Germany). Increasing concen-
trations of both pHBA and RK (final concentrations 0,
15.625, 31.25, 62.5, 125, 250, 500 and 1000 mg/L), dis-
solved in 10 pL DMSO were added. Online measure-
ment of the backscattered light intensity (620 nm, gain
10) was used for evaluation of cellular growth. To esti-
mate IC;, values, obtained backscattered light intensities
after 72 h were plotted against the respective pHBA- and
RK concentrations and subsequently analyzed using the
GraphPad Prism 8.1.2 software (San Diego, CA, USA).
The nonlinear regression [inhibitor] vs. response — Vari-
able slope (four parameters) with the following specifica-
tions was used: top =165, bottom =15, as well as IC,>0.
The values for top and bottom correspond to the mean
values for the determined backscatter values after 72 h
in the absence of pHBA or RK, or the average value for
the backscatter after 72 h in the presence of 1000 mg/L
(6.17 mM) pHBA.

Plasmid and strain construction

Standard protocols of molecular cloning, such as PCR,
restriction and ligation of DNA were carried out for
recombinant DNA work [41]. All enzymes were obtained
from Thermo Fisher Scientific (Schwerte, Germany).
Codon-optimized synthetic genes for C. glutamicum
ATCC13032 were obtained from Thermo Fisher Scien-
tific (formerly GeneArt, Darmstadt, Germany). Genes
and chromosomal fragments were amplified by PCR from
synthetic genes or genomic E. coli DNA as template using
the listed oligonucleotides (Additional file 1: Table S1).
PCR products were subsequently used to clone genes and
genomic fragments into plasmid vectors using Gibson
assembly [42]. In-frame gene deletions in the C. glutami-
cum genome were performed using the pK19mobsacB
system by a two-step homologous recombination method
described previously [43, 44]. Integrity of all constructed
plasmids was verified by colony PCR, restriction analysis,
and DNA sequencing at Eurofins MWG Operon (Ebers-
berg, Germany) Techniques specific for C. glutamicum,
e.g. electroporation of cells, were performed as described
previously [45].
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Ethyl acetate extraction and HPLC quantification
Phenylbutanoids and pathway intermediates were
extracted from cultivation broth for subsequent HPLC
analysis by mixing 1 mL of the culture broth with 1 mL
ethyl acetate and vigorous shaking (1400 rpm, 10 min,
20 °C) in a Thermomixer (Eppendorf, Hamburg, Ger-
many). The suspension was centrifuged for 5 min at
13,000 rpm and the upper ethyl acetate layer (800 pL)
was transferred to an organic solvent resistant deep-
well plate (Eppendorf, Hamburg, Germany). After
evaporation to dryness, extracts were resuspended in
the same volume of acetonitrile and subsequently used
for HPLC analysis.

Metabolites were quantified using an Agilent
high-performance liquid chromatography (HPLC)
1260 Infinity System equipped with a 1260 Infinity
DAD (Agilent Technologies, Waldbronn, Germany).
Authentic standards of benzalacetone, benzylacetone,
cinnamic acid, ferulic acid, p-coumaric acid, vanil-
lylidenacetone and zingerone were purchased from
Sigma-Aldrich (Taufkirchen, Germany), p-hydroxy-
benzalacetone was obtained from Alfa Aesar (Kandel,
Germany) and raspberry ketone from Acros Organics
(Geel, Belgium). LC separation was carried out with
an InfinityLab Poroshell 120 2.7 pm EC-C,g column
(3.0x 150 mm; Agilent Technologies, Waldbronn,
Germany) at 50 °C. For elution, 0.1% acetic acid (sol-
vent A) and acetonitrile supplemented with 0.1% acetic
acid (solvent B) were applied as the mobile phases at a
flow rate of 0.7 mL/min. Depending on the analyte, a
different elution gradient was used, where the amount
of solvent B was increased stepwise. Raspberry ketone:
minute 0-10: 10%, minute 10-11: 10-90%, minute
11-13: 90%, minute 13—15: 90-10% and minute 15-17:
10%. Absorption was determined at 275 nm (rasp-
berry ketone), 310 nm (p-coumaric acid) and 320 nm
(p-hydroxybenzalacetone). Zingerone: minute 0-15:
10%, minute 15-16: 10-90%, minute 16—18: 90%, min-
ute 18-20: 90-10% and minute 20-22: 10%. Absorp-
tion was determined at 275 nm (zingerone) and 320 nm
(ferulic acid and vanillylidenacetone). Benzylacetone:
minute 0-13: 10-50%, minute 13-15: 50%, minute
15-17: 50-10% and minute 17-19: 10%. Absorption
was determined at 260 nm (benzylacetone) and 320 nm
(cinnamic acid and benzalacetone). Area values of inte-
grated signals were linear up to metabolite concentra-
tions of at least 83.3 mg/L.
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Table S1: Oligonucleotides used in this study.

Primer Sequence (5'2>3')

basrpcg-s ATTGTGAGCGGATAACAATTCCCCTICTAGAAAGGAGGTCGAAGATGGCA
ACCGAAGAAATG

basrpcg-as CTCCTTTAGCACCATGGTTAGGAGATCACTGGCAC

rzs1ricg-s AGTGATCTCCTAACCATGGTGCTAAAGGAGGTCGAAGATGGCATCCGGT
GGCGAA

rzs1ricg-as TCTGCGGCCGCGTCGACTTGTACAGGATCCTTATTCACGGGACACCACC

rzs1ricg-G191D-s
rzs1ric-G191D-as

CUrAgc-s

curAgc-as
CurAeccg-S

curAeccg-as
pntAec-s

pntAec-as

pntBec-s

pntBec-as
udhAeccg-s

udhAeccg-as

pks1ricg-S

pks1ricg-as
pks4ricg-s

pks4ricg-as
malEgc-s

malEec-as
malEec-pks1ricg-s
malEec-pkséricg-s
chk-pMKEXx2-s
chk-pMKEx2-as
chk-ldhA-s
chk-ldhA-as

AC
CCTTTTCTTTGGAATCTGCGGAGCCCACCACGTA
GGTGGGCTCCGCAGATTCCAAAGAAAAGGTGGATC

CGTGCCAGTGATCTCCTAACCATGGTGCTAAAGGAGGTCGAAGATGGGG
CAACAAAAGCAG

GGCCGCGTCGACTTGTACAGGATCCTTAATCATCACCCGCCAC

GATCTCCTAACCATGGTGCTAAAGGAGGTCGAAGATGGGCCAGCAGAAG
CAG

GGCCGCGTCGACTTGTACAGGATCCTTAATCGTCGCCAGCCAC

CCTGCAGGTCGACTCTAGAGGATCCAAGGAGGTCATATCATGGAAGGGA
ATATCATGC

ACGATTCCTCCTTGTACATTCACGGCCAGATTTAATTTTTGCGGAACATTT
TC

ATCTGGCCGTGAATGTACAAGGAGGAATCGTATGTCTGGAGGATTAGTTA
CAGCT

CTGTAAAACGACGGCCAGTGAATTCTTACAGAGCTTTCAGGATTG

CCTGCAGGTCGACTCTAGAGGATCCAAGGAGGTCATATCATGGGCCTGG
TGAAGCAG

CTGTAAAACGACGGCCAGTGAATTCTTAGATATCTTCGATCAGGTGTGC

GAGCGGATAACAATTCCCCTCTAGAAAGGAGGTCGAAGATGGTGACCGT
GGATGAAG

CTTCGACCTCCTTTAGCACCATGGTTAGGTGGATGCTGCCAC

GAGCGGATAACAATTCCCCTCTAGAAAGGAGGTCGAAGATGGTGACCGT
GGAAGAAG

CTTCGACCTCCTTTAGCACCATGGTTACACCAGGGAGAACAG

GAGCGGATAACAATTCCCCTCTAGAAAGGAGGTCGAAGATGAAAACTGA
AGAAGGTAAACTGGTAATCTG

CCACGGTCACGCCGGAACCGGAAGAGGA
CGGTTCCGGCGTGACCGTGGAAGAAGTG
CGGTTCCGGCGTGACCGTGGATGAAGTG
CCCTCAAGACCCGTTTAGAGGC
TTAATACGACTCACTATAGGGGAATTGTGAGC
GTGCGATGCCTGATCAATCCCACAACCG
GGTTTCATCGTCGTGTGCACAGTTG

C. glutamicum ribosome binding sites are highlighted in bold, relevant restriction sites are

underlined.
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Additional file

Curcumin

Figure S1: Chemical structure of curcumin. The structure of p-hydroxybenzalacetone can
be found twice in the curcumin structure as highlighted by the red coloration and dashed line.
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Figure S2: Effect of /dhA deletion on microbial (A) growth of C. glutamicum and (B)
benzalacetone reductase activity. Indicated strains were cultivated for 72 hours in 50 ml
defined CGXIl medium with 4 % glucose and 1 mM IPTG supplemented with 500 mg/L (3.09
mM) pHBA. Taken samples were extracted with ethyl acetate and analyzed for the synthesis
of RK by HPLC. All data presented are mean values including standard deviations from
biological triplicates.
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Figure S3: Effect of heterologous expression of pntABec encoding the membrane bound
transhydrogenase from E. coli on (A) growth of C. glutamicum and (B) raspberry ketone
synthesis. C. glutamicum M-CoA AldhA harboring the indicated expression plasmids was
cultivated in 50 mL CGXIl medium with 4 % glucose and 500 mg/L supplemented p-
hydroxybenzalacetone in baffled flasks at 30 °C and 130 rpm for 72 h. The depicted data for
the strain solely harboring pMKEX2-basryce-curAeccy (black) represents mean values with
standard deviations from biological triplicates. The coloured data points indicating the varying
IPTG concentrations (10 - 1000 uM) were obtained from single cultivations.
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Figure S4: Effect of heterologous expression of a codon-optimized udhAec.cy gene
variant encoding the cytosolic transhydrogenase from E. coli on (A) growth of C.
glutamicum and (B) raspberry ketone synthesis. C. glutamicum M-CoA AldhA harboring
the indicated expression plasmids was cultivated in 50 mL CGXIl medium with 4 % glucose
and 500 mg/L supplemented p-hydroxybenzalacetone in baffled flasks at 30 °C and 130 rpm
for 72 h. The depicted data represent mean values with standard deviations from biological

triplicates.
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Figure S5: Effect of curAe.c; expression on the reduction of diketide intermediates in C.
glutamicum. C. glutamicum M-CoA AldhA optionally harboring one of the indicated expression
plasmids was cultivated in 50 mL CGXIl medium with 4 % glucose and 3.09 mM supplemented
diketides vanillylidenacetone (VA) and benzalacetone (BA) in baffled flasks at 30 °C and 130
rem for 72 h. Microbial growth (A) and phenylbutanoid synthesis (B) were followed over the
process time. The depicted data represent mean values with standard deviations from
biological triplicates.
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