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Abstract

Abstract

Lignans constitute a valuable substance group exhibiting many health-promoting effects on the
human body as potential pharmaceuticals and nutraceuticals. One of the most popular lignans
is (—)-podophyllotoxin, which is applied in its semi-synthetic derivatives for the treatment of
various types of cancer. The industrial demand for alternative production routes remains high,
as the main extraction method still depends on endangered natural plant resources. Thus, the
controlled microbial fermentation could provide the important lignans in sufficient and scalable
amounts in the future. As one of the preconditions, the precursor for lignan synthesis coniferyl
alcohol needs to be produced in industrial bulk. For a foremost cost-efficient and economically
sustainable green synthesis of coniferyl alcohol, the fermentation from inexpensive resources
such as glucose carried out in well-examined production strains like Escherichia coli (E. coli)

can be advantageous also with respect to a possible combinable synthesis of lignans.

The objective of this dissertation was to establish the microbial synthesis of coniferyl alcohol
in E. coli from L-tyrosine or L-phenylalanine according to the plant phenylpropanoid pathway.
In the context of metabolic engineering, different enzyme candidates for crucial central reaction
steps concerning deamination, C3- and C4-hydroxylation and methylation were first evaluated.
By division of the phenylpropanoid pathway into upstream and downstream pathway, the best
enzyme combinations were then investigated for both modules. Furthermore, the complete and
partly plasmid-based expression of the phenylpropanoid pathway was realized in E. coli
BL21(DE3) or its genome-integrated derivatives containing variable gene copies and

promoters. At last, two different cell assays were applied and compared.

This thesis describes the first successful application of the TALs from Flavobacterium
johnsoniae (FjTAL) and Saccharothrix espanaensis (Sesam8), the cytochrome P450 enzyme
from Rhodopseudomonas palustris (CYP199A2) as C3H and the two methyltransferases from
Zea mays for the production of coniferyl alcohol from L-tyrosine in E. coli. Noteworthily,
caffeic acid was obtained from L-phenylalanine by using the bifunctionality of the CYP199A2
F185L mutant as C3- and C4-hydroxylase (C3H/C4H) and the TAL from Rhodotorula glutinis
(RgTAL) for the first time. In the end, the highest amount of coniferyl alcohol (~ 850 uM) was
achieved in growing E. coli cells of a genome-integrated strain. This coniferyl alcohol titer,
produced under non-optimized conditions and in a prototype strain, is comparable to a value in
one literature report, in which an L-tyrosine overproduction strain and adjusted cultivation
conditions were used. Thus, the results from this dissertation lay a substantial foundation for

the further development of a microbial coniferyl alcohol production platform.






Zusammenfassung

Zusammenfassung

Lignane stellen eine wertvolle Substanzgruppe dar, welche viele gesundheitsfordernde Effekte
auf den menschlichen Korper als potenzielle Pharma- und Nutrazeutika besitzen. Eines der
bekanntesten Lignane ist (—)-Podophyllotoxin, das als semisynthetisches Derivat flir die
Behandlung verschiedener Krebsarten eingesetzt wird. Der industrielle Bedarf nach
alternativen Produktionswegen ist weiterhin hoch, da die Hauptmethode der Extraktion immer
noch von gefdhrdeten Pflanzen als Ressource abhingt. Deswegen konnte eine kontrollierte
mikrobielle Fermentation die wichtigen Lignane in ausreichenden und skalierbaren Mengen
zukiinftig bereitstellen. Als eine Voraussetzung muss der Vorldufer der Lignansynthese
Coniferylalkohol als industrielle Massenware produziert werden. Fiir eine vor allem
kosteneffiziente und wirtschaftlich nachhaltige, griine Synthese von Coniferylalkohol kann eine
Fermentation aus giinstigen Rohstoffen wie Glucose, durchgefiihrt in einem gut untersuchten
Produktionsstamm wie Escherichia coli (E. coli) vorteilhaft sein, auch im Hinblick auf eine

mogliche kombinierbare Synthese von Lignanen.

Die Zielsetzung dieser Dissertation war es, eine mikrobielle Synthese von Coniferylalkohol in
E. coli ausgehend von L-Tyrosin oder L-Phenylalanin nach dem pflanzlichen Phenyl-
propanoidweg zu etablieren. Im Rahmen von Metabolic Engineering wurden zuerst
verschiedene Enzymkandidaten fiir die wesentlichen zentralen Reaktionsschritte hinsichtlich
Desaminierung, C3- und C4-Hydroxylierung und Methylierung evaluiert. Durch die Einteilung
des Phenylpropanoidweges in vor- und nachgelagerten Syntheseweg wurden die besten
Enzymkombinationen flir beide Module untersucht. Die gesamte oder teilweise plasmid-
basierte Expression des Phenylpropanoidweges wurde zudem in E. coli BL21(DE3) oder seinen
genomintegrierten AbkOommlingen, welche unterschiedliche Genkopien und Promotoren

enthalten, umgesetzt. Zuletzt wurden zwei verschiedene Zellassays angewandt und verglichen.

Diese Doktorarbeit beschreibt die erste erfolgreiche Anwendung der TALs Flavobacterium
johnsoniae (FjT AL) sowie Saccharothrix espanaensis (Sesam8), des Cytochrom P450 Enzyms
Rhodopseudomonas palustris (CYP199A2) als C3H und den zwei Methyltransferasen aus Zea
mays fiir die Produktion von Coniferylalkohol aus L-Tyrosin in E. coli. Hervorzuheben ist, dass
Kaffeesdure aus L-Phenylalanin zum ersten Mal gewonnen wurde, indem die Bifunktionalitét
der F185L Mutante von CYP199A2 als C3-und C4-Hydroxylase (C3H/C4H) und die TAL von
Rhodotorula glutinis (RgTAL) verwendet wurden. SchlieBlich konnte die hochste Menge an
Coniferylalkohol (~ 850 uM) in wachsenden E. coli-Zellen eines genomintegrierten Stammes

erreicht werden. Dieser Titer an Coniferylalkohol, welcher unter nicht-optimierten

3



Zusammenfassung

Bedingungen und in einem Prototypenstamm erzeugt wurde, ist mit einem Literaturwert
vergleichbar, bei welchem ein L-Tyrosin {iiberproduzierender Stamm und angepasste
Kultivierungsbedingungen eingesetzt wurden. Die Ergebnisse dieser Dissertation schaffen
somit eine substanzielle Basis fiir die Weiterentwicklung einer mikrobiellen Coniferylalkohol-

Produktionsplattform.



Introduction

I. Introduction

In 2019, coronary heart disease and stroke were the leading causes of death in Europe recording
a total of 3.2 million deaths [1]. Further among the top ten causes of death, the incidence for
Alzheimer’s disease, colon cancer, hypertension and diabetes has been rising since the
beginning of the new millennium. One suggestion of causes is supported by the correlation with
the Western life-style and high-fat, high-carb low-fiber diets. In contrast, consumption of the
Mediterranian or Japanese diet is often associated with a low risk of cardiovascular diseases
and a long life expectancy [2]. With regard to that, Adlercreutz and Mazur (1997) compared
phytoestrogen plasma levels of men from America, Finland and Japan and found the highest
concentration of phytoestrogens in Japanese men [3]. Phytoestrogens are polyphenolic
compounds from plant origin which exhibit estrogen-like properties and are assumed to have
many health-promoting effects [4]. One group of such phytoestrogens most abundant in the

Western diets are lignans [5].
I.1 Lignans

Lignans are found in fiber-rich plants such as cereal brans and whole grain cereals, in fruits,
legumes and other vegetables albeit in generally low titers of less than 2 mg per 100 g fresh
weight [6]. The lignan-richest sources are flax and sesame seeds which exceed 130 mg/100 g
[6]. Consumed lignans are converted in the human gut to enterolactone and enterodiol by
intestinal bacteria (Figure 1.1) [3]. These enterolignans are reported to have protective effects
against colon cancer, hormone-dependent cancers like breast and prostate cancer, prevent
oxidative stress and damage, as well as lead to a reduced risk of coronary heart disease and
osteoporosis [4,7]. In an epidemiological study from 2012, elderly patients with diabetes
showed reduced levels of blood plasma glucose and diabetes markers after a three-month long
oral administration of flaxseed lignan complexes [8]. Thus, a lignan-rich diet or lignans as
dietary supplements could serve as important prevention measures for various life-style related

diseases and conditions.

In plants, lignan synthesis is initiated by radical coupling of two coniferyl alcohol moieties by
the action of either peroxidases or laccases with the help of dirigent proteins (Figure 1.1). The
resulting dimeric compound pinoresinol represents the structurally simplest and basal lignan
[9]. Lignans can be divided into eight subgroups according to the way of oxygen incorporation
and their cyclization patterns [10]. For instance, the enantiomer (+)-pinoresinol is hydroxylated
into (+)-sesamin which both belong to the subgroup of the furofurans. Then again,

(+)-pinoresinol can be also converted into (—)-matairesinol, a dibenzylbutyrolactone. Not only
5
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the enterolignans but also the lignans exhibit various biological activities. As another example,
(+)-pinoresinol and (+)-sesamin were demonstrated to have anti-oxidant, anti-inflammatory and
hepatoprotective properties, while (—)-matairesinol was shown to inhibit the growth of fungi,
nematodes and bacteria [11-19]. In accordance with that, lignans are generally considered to
play a role in plant defense against herbivores and pathogenic microorganisms, although their

complete functions in planta have not been elucidated yet [20].

(o]

O
HO HO
O TN \"'A\\:“\/\OH
A = e NS
> .
» #> 0" (+)-sesaminol A, © I/Q o
S *
Ci OH O‘-_—\O' CYP T \»/J\OH &//\OH
S .
oH o Ef]’ (+)-sesamin — (+)-sesamolin enterolactone  enterodiol
S <1 o
~ o ly? cvp -~
CL ! ] (+)-piperitol ----+ (+)-sesamolinol
5
g T HO
OH o*cn; CYP
. DIR : ) -0
2x coniferyl alcohol — (+)-pinoresinol el 2 VNG
PLR HO— N~/ o
(s 2-0DD d d
L 0 .2 -)-deoxypodo-
(+)-lariciresinol = (-)yatein ——= ) ypC
PLR g e / phyllotoxin
+ \
. SDH 'OH . YP : C-YP 2x OMT v
(-)-secoiso- — (-)-matairesinol — (—)-pluviatolide oH
lariciresinol ! :
oMt v STy
- L [ eV |
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X

(—)-isoarctigenin
H-:C_O,'\_f\o_ CHy

O‘CH:

(—)-podophylln".)toxin
Figure 1.1: Biosynthesis and examples of lignans. Several involved enzymes have been identified, but some
remain unknown (dashed arrows). DIR- peroxidase or laccase (possibly with dirigent proteins), CYP- specific
cytochrome P450 enzyme or hydroxylase, PLR- pinoresinol-lariciresinol reductase, SDH- secoisolariciresinol
dehydrogenase, OMT- specific O-methyltransferase, 2-ODD- 2-oxoglutarate/Fe(ll)-dependent dioxygenase.
Adapted from Zalesak et al. (2019), Satake et al. (2015), Lau and Sattely (2015) and Decembrino et a/. (2020)
[7,9,21,22].
One of the most well-known lignan is the aryltetralin (—)-podophyllotoxin, which exhibits
outstanding cytotoxic and antiviral activities [23,24]. Its semi-synthetic derivatives etoposide
and teniposide have been applied for over 20 years against various cancer types such as
lymphomas, leukemia, lung cancer, neuroblastoma, ovarian, testicular and bladder cancers
[7,25,26]. Today, etoposide is on the WHO’s list of essential medicines [21]. Furthermore,
(—)-podophyllotoxin is used under the market names Condylox® and Wartec® for the

dermatological treatment of genital warts in europe [7].

The main natural source of this pharmaceutically interesting compound are the roots and
rhizomes of Podophyllum hexandrum, a Himalayan herb now endangered due to over-
collection and environmental disruption [9,27]. Extraction from the dried plant material using
warm ethanol is applied in industry despite the generally low (—)-podophyllotoxin content

(4-5 % of dry weight) from the source material [28-30]. So far, neither alternative plant
6
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resources (0.47 % of dry weight from Juniperus virginiana) and optimization of extraction
methods nor chemical synthesis or plant cell suspension cultures (0.65 % of dry weight) were
found to be economically competitive compared to extraction from plants [31-35]. Although
many routes of chemical synthesis have been proposed, organic synthesis remains challenging
due to the existence of four chiral centers and a base-sensitive trans-y-lactonic ring in
(—)-podophyllotoxin [23,24]. Thus, biotechnological production of lignans in a heterologous
host such as Escherichia coli (E. coli) constitutes a promising alternative. In view of a future
microbial production from inexpensive resources such as glucose, an important prerequisite is

the stable and efficient supply of the lignan precursor coniferyl alcohol.
I.2 Lignin and the phenylpropanoid pathway

Lignin is part of the secondary plant cell wall apart from cellulose and hemicellulose and
represents the second most abundant biopolymer on earth [36]. This large aromatic
heteropolymer essentially consists of p-hydroxyphenyl, guaiacyl and syringyl units formed
from the respective monolignols p-coumaryl, coniferyl and sinapyl alcohol [36]. Lignin enables
plants to grow vertically and transport water and nutrients by providing strength and rigidity to
the cell wall and hydrophobicity to the vascular bundles [37]. Furthermore, lignin seems to play
arole in plant defense, because biotic (pathogens such as fungi, bacteria and viruses) and abiotic
stress factors (drought, ultraviolet radiation, temperature, mineral deficiency) were found to
correlate with several changes in lignin-associated gene expression and in lignin composition
[38]. It is generally accepted that the monolignols are transported via the plasma membrane into
the apoplast (Figure 1.2). There, the radical polymerization by peroxidases or laccases takes
place generating cross-coupled monolignols with different kinds of ether bonds and resulting
in the lignin heteropolymer [36,39]. As a form of storage, monolignols as well as lignans can

be found as glucosides in the plant vacuoles [40].

Apart from lignin and lignans, other secondary metabolites are produced via enzymes from the
monolignol synthesis pathway as well. Such secondary metabolites are e.g. (iso)flavonoids,
curcuminoids, stilbenes, coumarins and cinnamoyl anthranilates serving as pigments,
antioxidants, UV protectants, signaling agents, antiherbivory and aroma compounds in plants

[41-45].
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and Seegers et al. (2017) [35,40].
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In plants, the synthesis of the monolignols occurs in the phenylpropanoid pathway starting from
L-phenylalanine (Figure 1.3). First, via the action of a phenylalanine ammonia lyase (PAL),
cinnamic acid is formed and further hydroxylated at the C4-position into p-coumaric acid by a
cytochrome P450 monooxygenase (C4H). Subsequently, the intermediate is activated by the
4-coumarate:CoA ligase (4CL) with the simultaneous cleavage of adenosine triphosphate
(ATP) into p-coumaroyl-CoA. The CoA thioester is further reduced by a cinnamoyl-CoA
reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) using nicotinamide adenine
dinucleotide phosphate (NADPH) as cofactor for both enzymes. The resulting p-coumaryl
alcohol constitutes the simplest monolignol. In contrast, coniferyl and sinapyl alcohol differ in
their degree of methoxylation on the phenyl ring. The hydroxylation at the C3-position has been
accepted to occur on the level of quinate or shikimate esters catalyzed by another cytochrome
P450 monooxygenase (C3H) for many years, until the recent discovery of a direct
hydroxylation from p-coumaric acid to caffeic acid by a cytosolic ascorbate peroxidase in
monocots [46—48]. For methylations in the C3-and C5-position of the phenyl ring, two different
types of methyltransferases COMT (caffeic acid O-methyltransferase) and CCoAOMT

(caffeoyl-CoA O-methyltransferase) are responsible for yielding coniferyl and sinapyl alcohol.

Lastly, the ferulate 5-hydroxylase (F5SH) introduces a hydroxyl group at the C5-position
(Figure 1.3). In several studies, the FSH enzyme exhibited superior kinetic properties towards
coniferaldehyde and coniferyl alcohol compared to ferulic acid [49,50]. Also due to the lack of
substrate specificity of FSH towards feruloyl-CoA, the phenylpropanoid pathway is generally
acknowledged to proceed via the aldehyde and alcohol intermediate regarding the F5H
catalyzed reaction [51]. In the end, the phenylpropanoid pathway adopts an overall metabolic
grid-like structure with several possible reaction routes towards the formation of the

monolignols [52].

Usually, the plant cytochrome P450 enzymes (C4H, C3H, F5H) are localized to the ER
membrane and assumed to be associated with the soluble PAL, 4CL, CCR, CAD, COMT and
CCoAOMT enzymes enabling metabolic channeling in planta (Figure 1.2) [53]. Thus, the
production of plant cytochrome P450 monooxygenases in a prokaryotic host such as E. coli
remains challenging due to the hydrophobic N-terminal transmembrane domain and the lack of
an endoplasmic reticulum. Moreover, some specialized enzymes from bacteria and fungi, so-
called tyrosine ammonia lyases (TAL), are able to directly deaminate L-tyrosine into
p-coumaric acid despite the absence of the phenylpropanoid pathway in these organisms
(Figure 1.3). These TAL enzymes together with alternative, soluble C3H candidates could lead
to a simplified synthetic phenylpropanoid pathway in E. coli.
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Figure 1.3: Phenylpropanoid pathway. The synthetic pathway investigated in £ co//in this thesis is encircled by
a green box and further divided into upstream (light yellow) and downstream pathway (light blue). Chemical
structures surrounded by dashed lines indicate the respective starting substances and the final product of the
herein investigated synthetic pathway in £. co/i. Substances and reaction arrows in grey represent theoretical
phenylpropanoid intermediates that are supposed to not occur /n p/anta nowadays. TAL- tyrosine ammonia
lyase, PAL- phenylalanine ammonia lyase, C4H- cinnamate 4-hydroxylase, C3H- p-coumarate 3-hydroxylase/
p-coumaroyl shikimate 3’-hydroxylase, 4CL- 4-coumarate:CoA ligase, CCR- cinnamoyl-CoA reductase, CAD-
cinnamyl alcohol dehydrogenase, HCT- p-hydroxycinnamoyl-CoA:shikimate p-hydroxycinnamoyl-transferase,
CSE- caffeoyl shikimate esterase, COMT- caffeic acid O-methyltransferase, CCOAOMT- caffeoyl-CoA
O-methyltransferase, F5H- ferulate 5-hydroxylase. Adapted from Vanholme et a/. (2019) [47].

I.3 Tyrosine and phenylalanine ammonia lyases

Aromatic amino acid deaminases constitute the enzyme family initiating the phenylpropanoid
pathway and thus connecting primary with secondary metabolism in plants [53,54]. PAL
enzymes are ubiquitous in the plant kingdom and catalyze the specific and non-oxidative
deamination of L-phenylalanine to cinnamic acid [55]. The enzyme family of aromatic amino
acid deaminases also exists in bacteria as TAL enzymes and as histidine ammonia lyases (HAL)
with the latter being absent from plants [53]. Additionally, the PALs from some monocots and
yeasts were characterized as bifunctional enzymes, which not only accept L-phenylalanine but

also L-tyrosine as substrate and thus exhibit a simultaneous TAL activity [56—58].

Regarding the biological function of TAL in the bacterium Rhodobacter capsulatus, the enzyme
is thought to be involved in the synthesis of photoactive yellow protein, which is assumed to
act as light sensor and contains p-coumaric acid as chromophore [59]. Further PAL and TAL
functions in bacteria include the production of the antibiotics saccharomicin and stilbene, the
bacteriostatic agent enterocin and supposedly the antifungicide soraphen A [55,60—62]. Similar
to HALs in bacteria and animals serving as degradative enzymes for the conversion of histidine,
PALs from yeasts play a role in the fungal catabolism of L-phenylalanine and L-tyrosine for

the supply of carbon and nitrogen [59,60,63,64].

With the aim to characterize and compare substrate specificities of an ammonia lyase enzyme,
the PAL/TAL ratio is usually calculated as the quotient of specific activities or catalytic
efficiencies from the individual enzyme reactions towards L-tyrosine and L-phenylalanine as
substrates [58,65]. In general, Barros and Dixon (2020) assigned a PAL/TAL ratio lower than
0.01 to bacterial TAL enzymes and a ratio between 0.2 and 6 for bifunctional PAL enzymes
from monocots and yeast origin [53]. PALs from dicotyledonous plants such as Arabidopsis
thaliana and Petroselinum crispum were found to have a PAL/TAL ratio in the magnitude of

hundreds to several thousands [66—69].
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from a motif consisting of alanine (Ala), serine (Ser) and glycine (Gly) (A). Adapted from Tan et a/. (2020) and

Calabrese et a/. (2004) [70,71].

In general, PAL enzymes are homotetrameric proteins with each subunit containing an active

site with the cofactor 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO), which is formed

posttranslationally by autocatalytic cyclization and dehydration from the active site tripeptide

Ala-Ser-Gly (Figure 1.4 A) [72—74]. For the biocatalytic deamination, two reaction mechanism

have been proposed for ammonia lyases. Several studies discussed and indicated that TAL

enzymes catalyze the conversion of L-tyrosine into p-coumaric acid via an EicB- or

Es-elimination reaction, while the deamination of L-phenylalanine by PAL was reported to

occur via a Friedel-Crafts-type reaction (Figure 1.4 B and C) [53,75]. In an E;cB-elimination

reaction, the amino group of the substrate nucleophilically attacks the potent electrophilic MIO

group (Figure 1.4 B). Then, a general base abstracts the f-proton and generates a carboanion
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which collapses quickly and leads to the elimination of the a-amino group and formation of a
double bond in the product [67]. Lastly, the MIO-bound amine is released as ammonium after
its protonation [70]. Ifa strong base is present in the active site, the elimination can also proceed

as a one-step simultaneous E>-type mechanism [53].

In the alternative Friedel-Crafts mechanism, the MIO group performs an electrophilic attack on
the aromatic ring of the substrate (Figure 1.4 C). The generated delocalized carbocation
increases the acidity of the f-proton, which is thus abstracted by a general base [67,76]. After
electronic rearrangement, the amino group is eliminated and the a,f-unsaturated product

formed.

Eukaryotic PAL enzymes are larger proteins containing a shielding domain over the active site
and an N-terminal extension suspected to function as anchorage to other cell components in
planta [75,77]. By contrast, HALs and prokaryotic TALs lack these characteristics [74]. All
PAL and TAL enzymes are known to have two flexible loops near the active site, which adapt
different conformations among species [74,75]. The inner lid-loop caps the active site and is
reported to be displaced upon substrate entrance [77,78]. In TAL from the bacterium
Rhodobacter sphaeroides (RsTAL), the outer lid-loop seems to press down on the inner lid-
loop. This leads to a shift of a tyrosine residue closer to the substrate probably serving as a
second proton acceptor in an E; reaction mechanism [74,75]. This outer-lid loop was found to
be shorter in PALs from the dicot Petroselinum crispum and the monocot Sorghum bicolor

which questions its function in eukaryotic PALs [75,77].

A few reports aimed at elucidating which amino acid residues determine the substrate
specificity of PAL and TAL enzymes. As a prominent example, the histidine residue His89 in
RsTAL was assumed to form a hydrogen bond to the para-hydroxyl group of L-tyrosine. When
His89 was mutated to a phenylalanine residue, the deamination activity towards L-tyrosine was
lost and the RsTAL enzyme became a PAL enzyme instead [67,74]. An equivalent substrate
selectivity switch was observed for PAL from A. thaliana (AtPAL) and Sorghum bicolor
(SbPAL), when the corresponding phenylalanine residue was changed to a histidine in AfPAL
or vice versa in ShPAL [67,75]. Further, Bartsch and Bornscheuer (2009) mutated a glutamate
residue in PAL from P. crispum, which they suspected to prevent the MIO cofactor from an
attack on the amino group [68]. This yielded an around eight times lower PAL/TAL ratio of the
mutant compared to the wild-type enzyme [68]. Consequently, the substrate specificity of
individual PAL and TAL enzymes seems to be determined by other residues and factors as well

[75,79].
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I.4 Cytochrome P450 monooxygenases (C3H)

Cytochrome P450 monooxygenases (P450 enzymes) form a large superfamily of heme b-
containing enzymes distributed in all three kingdoms of life [80]. P450 enzymes are generally
involved in drug metabolism, the degradation of xenobiotics, the biosynthesis of steroid
hormones and diverse plant secondary metabolites such as lignins and lignans [81]. The enzyme
superfamily is well-known for the regio- and stereospecific oxidation of non-activated C-H
bonds under mild reaction conditions, which remains difficult to perform using chemical
synthesis [80]. Cytochrome P450 monooxygenases are also considered as the most versatile
biocatalysts in nature, as they catalyze a multitude of other reactions including epoxidation,
dealkylation, C-C bond cleavage, deamination, decarboxylation, N-oxidation and several more

[82,83].

A class | B class Il
NAD(P)H + H* — NADPH + H* ——

-
o

NAD(P)" <_r NADP* <=
' __———RH+O
@ — 2
o C

__——RH+0,
B — > R-OH +H,0

ER membrane

(FAD(H,) ----> [Fe-s] ----> heme | ( FAD(H,) — FMN(H,)----> heme |
C class lll
NAD(PJH + H* — —
NAD(P)* <z

( FAD(H,)---- > FMN(H,) ---- > heme |

Figure 1.5: Schematic organization of different classes of cytochrome P450 monooxygenases with their redox
partners. The transfer of electrons between the protein components from reducing equivalents (NADH or
NADPH) to the terminal substrate (RH) is indicated. Each lower box shows the involved cofactors and prosthetic
groups. FdR- ferredoxin/flavodoxin reductase, Fdx- ferredoxin, CPR- cytochrome P450 reductase, Fldx-
flavodoxin. Adapted from Hannemann et a/. (2007) and Girhard et a/. (2010) [84,35].

Most P450 enzymes are external monooxygenases, which implicates that they receive electrons
from the reducing equivalents NADH or NADPH and via the action of an appropriate reductase.
With respect to the composition of the electron transport chain from the reducing equivalent to

the P450 heme center, cytochrome P450 monoxygenases are categorized into different classes
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(Figure 1.5). P450 enzymes of class I consist of an NAD(P)H-dependent flavin adenine
dinucleotide (FAD)-containing ferredoxin reductase and an iron-sulfur [2Fe-2S]-ferredoxin
serving as electron shuttle protein (Figure 1.5 A). While most bacterial cytochrome P450
monooxygenases belong to class I and are soluble three-protein systems, some class I
mitochondrial P450 enzymes exhibit membrane association of the reductase and the P450
protein [84]. However, class II contains the majority of eukaryotic P450 enzymes (Figure
1.5 B). Apart from the P450 protein, a single NADPH-dependent cytochrome P450 reductase
(CPR), containing FAD and flavin mononucleotide (FMN), is responsible for the electron
abstraction and transfer. Furthermore, both P450 system components are N-terminally
integrated into the membrane of the endoplasmic reticulum. In accordance with the
classification by Hannemann and co-workers (2007), an additional class III was characterized,
which comprises a soluble three-protein system with an FAD-containing flavodoxin reductase
and an FMN-containing flavodoxin (Figure 1.5 C) [84]. Another difference between P450
enzymes of class I and class III constitutes the strict one-electron transfer to ferredoxins, while

flavodoxins can accept up to two electrons and thus adopt different redox states [86].

The catalytic center of cytochrome P450 monooxygenases is formed by heme b as prosthetic
group. Heme b is a porphyrin ring with a coordinated iron ion and is coupled to the apoprotein
via a conserved, proximal cysteine residue [80]. In the resting catalytic state, a water molecule
is coordinated to the iron ion as distal sixth ligand, which is displaced upon substrate binding
in the active site cavity (Figure 1.6) [87]. In the ensuing reaction cycle, the ferric, high-spin iron
(Fe*") is reduced by one electron transferred from the redox partner, molecular oxygen binds to
the ferrous ion (Fe?") and the complex is reduced by the second electron forming a ferric-peroxo
intermediate [88]. After a single protonation step forming a ferric-hydroperoxo intermediary
complex known as Compound 0, a second proton leads to the cleavage of the O-O bond
resulting in the release of a water molecule and the generation of the highly reactive ferryl-oxo
species referred to as Compound I [88,89]. In subsequent rapid, irreversible steps, a hydrogen
atom is abstracted from the substrate forming a ferryl-hydroxo complex (Compound II). The
complex-bound hydroxyl group recombines with the substrate radical in accordance with a
rebound mechanism [87,90]. At last, the hydroxylated product is released from the active site

and the heme center returns to its resting state by binding a water molecule.

Some cytochrome P450 monooxygenases also known as peroxygenases are capable of utilizing
hydrogen peroxide to directly form Compound 0 and this reaction is thus referred to as the

peroxide shunt pathway (Figure 1.6) [88]. Uncoupling reactions are another characteristic of
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P450 enzymes. They result from the non-productive decay of cycle intermediates and lead to
the release of water or the generation of reactive oxygen species such as superoxide anion or

hydrogen peroxide [91].
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Figure 1.6: The catalytic cycle of P450 enzymes. Reactions on the schematic heme b prosthetic group are shown
in nine steps (full arrows) and the peroxide shunt pathway as well as uncoupling reactions (dashed arrows) are
indicated. After substrate binding (1) and reduction of the iron ion by one electron (2), dioxygen can bind to the
heme center (3). The second transferred electron (4) leads to a ferric-peroxo complex, which is further
protonated into Compound 0 (5). The highly reactive Compound | is the result of the addition of a second proton
leading to the release of a water molecule from the complex (6). Subsequently, a hydrogen atom is abstracted
(7) forming Compound Il and the substrate radical reacts with the complexed hydroxyl group in an oxygen
rebound mechanism (8). Lastly, the resting state is restored by removal of the oxygenated product and binding
of a water molecule (9). Adapted from Li et a/. (2020), Munro et a/. (2007) and Guengerich (2018) [88,91,92].

Regarding a synthetic phenylpropanoid pathway, one chosen enyzme candidate for the

C3-hydroxylation is a cytochrome P450 monooxygenase.
1.4.1 CYP199A2 from Rhodopseudomonas palustris

For a long time, the enzyme catalyzing the natural hydroxylation in the C3-position of
phenylpropanoids remained unidentified in plants, until Schoch and co-workers (2001)
characterized the first possible C3H from A. thaliana. Enzyme in vitro investigations revealed
that neither free p-coumaric acid nor p-coumaroyl-CoA served as substrates, but the respective
shikimate and quinate esters were shown to be converted (cf. Figure 1.3) [46]. As all plant
cytochrome P450 monooxygenases belong to class Il and contain an N-terminal transmembrane

domain, their functional expression in a bacterial host is challenging. In view of these
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expression obstacles and reduction of necessary pathway enzymes, a bacterial C3H catalyzing

the direct conversion of p-coumaric acid seems more advantageous.

The cytochrome P450 monooxygenase CYP199A2 from the soil and water bacterium
Rhodopseudomonas palustris was first characterized by Bell and co-workers (2006) for the
conversion of aromatic carboxylic acids [93]. Later, Furuya et al. (2012) generated mutants of
the position 185, which equals a phenylalanine residue in the wild-type enzyme and is located
above the heme center [94]. In an E. coli whole-cell biocatalysis, the mutant CYP199A2 F185L
exhibited a 5.5 times higher activity towards the conversion of p-coumaric acid into caffeic acid
than the wild-type and was further able to convert cinnamic acid directly into caffeic acid [94].
With a substrate feed of 20 mM p-coumaric acid and in the prescence of glycerol, the
CYP199A2 F185L mutant (from now on referred to as CYP199A2) produced 15 mM caffeic

acid in resting E. coli whole-cells [94].

The bifunctionality as C3H and C4H of the soluble CYP199A2 makes this enzyme candidate
attractive for the application in the synthetic phenylpropanoid pathway in E. coli starting from
either L-tyrosine or L-phenylalanine. As a class I P450 enzyme, the physiological redox
partners palustrisredoxin (Pux) and the NADH-dependent palustrisredoxin reductase (PuR) will
be used.

Furthermore, alternative redox partners are worth evaluation, such as the redox partner pair
putidaredoxin (Pdx) and the NADH-dependent putidaredoxin reductase (PdR), which is often
used for the investigation of orphaned class I P450 enzymes [95]. In addition, the class I1I redox
pair consisting of the flavodoxin YkuN from Bacillus subtilis and the NADPH-dependent
flavodoxin reductase from E. coli (FpR) has been successfully applied as surrogate redox pair

for the activity of certain P450 enzymes [85,96].

1.4.2 C3H alternative: HpaBC from Escherichia coli

In the genome of E. coli, a non-cytochrome P450 hydroxylase complex has been discovered
several years ago originally being assigned a function in the degradation of 4-hydroxy-
phenylacetate (4-HPA) [97]. The hydroxylase complex consists of a larger FAD-containing
monooxygenase component HpaB and a smaller flavin:NADH oxidoreductase HpaC [98,99].
The HpaBC complex is described to be not natively expressed in E. coli and thus heterologous
overexpression is necessary [100]. Apart from pointing out its general broad substrate
specificity, Lin and Yan (2012) showed that the HpaBC complex also hydroxylated p-coumaric
acid at the C3-position and exhibited a two-fold higher specific activity for p-coumaric acid
over L-tyrosine as substrate [101]. Using the HpaBC complex in growing E. coli cells, almost
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complete conversion of 21.3 mM p-coumaric acid into caffeic acid was achieved [102]. So far
and to the best of the author’s knowledge, a final titer of 56.5 mM caffeic acid constitutes the
highest direct production from p-coumaric acid in a whole-cell biotransformation with the

HpaBC complex from Pseudomonas aeruginosa [103].
.5 O-methyltransferases (OMTs)

The O-methyltransferases (OMTs) involved in the plant phenylpropanoid pathway catalyze the
methylation of the hydroxyl groups at the 3- and 5-positions of the phenolic ring leading to
guaiacyl and syringyl lignin monomers (cf. Figure 1.3) [104]. In general, two different classes
as well as structural types of plant methyltransferases have been characterized: the caffeic acid
O-methyltransferase (COMT) and the caffeoyl-CoA O-methyltransferase (CCoAOMT) [105].
The COMT enzymes belong to type 1 O-methyltransferases and are generally larger proteins
with molecular weights ranging from 38 to 43 kDa compared to the smaller type 2 CCoAOMT
enzymes (23-29 kDa) [106,107]. COMT enzymes are reported to have an N-terminal
dimerization domain and a C-terminal catalytic domain involved in S-adenosyl-L-methionine
(SAM) binding and phenylpropanoid binding [108]. On the other hand, the CCoAOMT proteins
consist of two tightly associated subunits and are similar in structure and function to the
mammalian catechol OMTs, which serve in the metabolism of catecholamine neurotransmitters
in animals [105,109,110]. Like catechol OMTs, the activity of CCoAOMT is dependent on
divalent cations like magnesium, manganese or calcium ions which are not necessary for the

catalytic mechanism of COMT enzymes [105,111].

According to a structural analysis of COMT from Sorghum bicolor, a histidine residue was
identified in the active site, which functions as a general base by abstracting a proton from the
hydroxyl group of the substrate (Figure 1.7 A) [112]. Simultaneously, the oxygen atom
nucleophilically attacks the methyl group from the cofactor SAM generating the methoxylated
product. The abstracted proton bound to the imidazolium ring of histidine is removed by a
bound water molecule afterwards [112]. In contrast, the catalytic residue in the CCoAOMT
from the identical plant origin is a lysine residue which also deprotonates the hydroxyl group
of the substrate (Figure 1.7 B) [105]. The substrate caffeoyl-CoA is thereby coordinated in a
bidentate manner to a calcium ion in the active site and the resulting oxyanion stabilized prior
to its nucleophilic attack on the methyl group from SAM. The loss in coordinating bonds from
the product feruloyl-CoA towards the metal ion drives the release of the product from the

enzyme [105].
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Adapted from and Green et a/. (2014) and Walker et a/. (2016) [105,112].

Naaz and co-workers (2013) performed a sequence analysis of different plant COMTs and
CCoAOMTs and found that many conserved amino acid residues are associated with the
binding of the SAM cofactor. A Rossmann-like fold, which constitutes a common structure
from nucleotide binding proteins, is thereby involved in mediating the binding of SAM
[113,114]. It has been suggested that CCoOAOMTSs act as monomers in solution due to the
absence of N-terminal dimerization domain unlike in COMTSs, where N-terminal residues
participate in the formation of the other monomer’s substrate binding cavity [108,109,114].
Though, crystal structures of CCoAOMT from alfalfa (Medica sativa) and Sorghum bicolor

indicated an association as homodimer as well [105,114].

The substrate specificity represents another difference between both OMT families. COMT
enzymes are reported to accept a broad range of substrates, while CCoAOMTs are more specific
for p-hydroxycinnamoyl-CoA esters, in particular caffeoyl-CoA over 5-hydroxyferuloyl-CoA
as substrate [104,105]. In contrast to the catechol OMTs and COMTs, CCOAOMT enzymes
have an insertion loop in their active site conferring substrate specificity for CoA esters and its
modification showed to alter substrate preference as well as catalytic efficiency [115]. Further,
the N-terminus of CCoAOMT was found to be an essential part of the substrate-binding pocket

[109,114]. Many COMT enzymes exhibited a preference for phenylpropanoid substrates
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following the order of aldehyde over alcohol and both over acids in vitro [108,112]. A high
catalytic efficiency for COMT enyzmes from A. thaliana, aspen (Populus tremuloides), wheat
(Triticum aestivum) and rice (Oryza sativa) was reported for 5-hydroxyconiferaldehyde, which
was also shown to competitively inhibit the methylation of other substrates like

5-hydroxyferulic acid and 5-hydroxyconiferyl alcohol [116-119].

In addition to that, a downregulation of COMT in planta led to a lignin composition almost
absent of syringyl units and only to a small or no reduction in total lignin content (cf. Figure
1.3) [120—-122]. Plants with downregulated CCoAOMT had a reduced total lignin content with
less total G-monomeric units and unchanged S-unit content [120,123]. Furthermore, an OMT
double-knockout A. thaliana plant stopped growth in the plantlet stage where its lignin
consisted mainly of p-hydroxyphenyl units [124]. Taking together the in vitro and in vivo
findings, 5-hydroxyconiferaldehyde is supposed to be the physiological substrate of plant
COMTs [117]. At the same time, the CCoAOMT enzymes primarily act as 3-O-
methyltransferases, while COMTs are suspected to methylate both 3- and 5-hydroxyl positions
in vivo (cf. Figure 1.3) [117].

1.6 Current microbial production of phenylpropanoids

The COMT from A. thaliana (AtCOMT) was shown to accept substrates such as
N-acetylserotonin, the stilbenoid resveratrol and the flavonoids quercetin, myricetin and
luteolin, thus demonstrating broad substrate specificity [117,125—127]. Furthermore, AfCOMT
has been successfully implemented in the microbial production of ferulic acid and vanillin from
L-tyrosine or de novo in E. coli [128—130]. Also, a total concentration of 1.33 mM in the
supernatant constitutes the highest ferulic acid titer to date in growing E. coli cells by using
AtCOMT with TAL from Rhodotorula glutinis (RgTAL), a bacterial C3H and a substrate
supplementation of 3 mM L-tyrosine [131].

Rodrigues and co-workers (2015) have also previously shown that CYP199A2 with RgTAL
can produce 1.56 mM caffeic acid from 3 mM L-tyrosine in a growing cell assay [132]. Using
the HpaBC complex from E. coli, the currently highest de novo production of caffeic acid
(5.7 mM) was achieved in combination with RgTAL in a growing L-tyrosine overproducing

E. coli strain and under optimized fermentation conditions [133].

As first report about an active plant C4H enzyme in E. coli, a fusion protein of C4H from

Lycoris aurea and ATR2 as redox partner was used with PAL1 from 4. thaliana for the de novo
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generation of 156 uM p-coumaric acid from L-phenylalanine after optimization of the

intracellular NADPH pool [134].

Regarding the microbial production of monolignols, Jansen et al. (2014) yielded 146 uM
p-coumaryl alcohol in growing E. coli cells, which heterologously expressed RsTAL, 4CL1
from Petroselinum crispum (Pc4CL) as well as CCR1 and CAD enzymes from Zea mays
(ZmCCR and ZmCAD) [135]. Later, the titer has been increased to 346 uM p-coumaryl alcohol
by engineering the spacing residues between ribosome binding site (RBS) and start codon on a
tetracistronic plasmid [136]. In 2017, Chen and co-workers reported the application of RgTAL
with 4CL1 from A. thaliana and alternative enzyme candidates of CCR and CAD for the
synthesis of 3.3 mM p-coumaryl alcohol de novo in an optimized and L-tyrosine overproducing
E. coli strain [137]. The further addition of HpaBC from E. coli and COMT or CCoOAOMT
from A. thaliana resulted in the production of caffeoyl and coniferyl alcohol with maximal titers
of 5.1 mM and 693 uM, respectively [137]. So far, a higher coniferyl alcohol titer (1.1 mM)
has only been achieved in Saccharomyces cerevisiae with TAL from Herpetosiphon
aurantiacus (HaTAL), an HpaBC complex of mixed components, and with A/fCOMT as well
as 4CL, CCR and CAD isoenzymes from 4. thaliana [138].

I.7  Objectives of the research

High-level precursor amounts of coniferyl alcohol are required in order to meet the demanded
microbial production of valuable lignans purposed to potentially counteract the rising
incidences of life-style related diseases. Hence, the main objective of this thesis is to implement
an efficient synthetic phenylpropanoid pathway towards coniferyl alcohol into E. coli as
expression host. In the course of this, different enzyme candidates for the central steps around
TAL, C3H and OMT as well as 4CL from different bacterial, fungal and plant origins are
selected and evaluated in vivo. As part of a successive concept, the TAL and C3H candidates
with the highest individual activities are combined in the examination for the upstream pathway
(Figure 1.8). The resulting best TAL + C3H combination is united with the separately tested
downstream pathway afterwards. The selectively constructed complete synthetic pathway is
investigated with respect to further optimization. The novel genome-integrated E. coli strains,
which contain the p-coumaryl alcohol pathway and are assumed to have a reduced metabolic
burden, are compared to the original E. coli BL21(DE3) strain in two different in vivo cell

assays.
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Figure 1.8: Schematic overview of the work described in this dissertation. The complete synthetic pathway
(green boxes) is divided into upstream (yellow box) and downstream pathway (blue box), which are first
characterized separately. Different enzyme candidates for TALs/PALs and C3Hs are evaluated individually,
while various OMTs are examined simultanteously with 4CL enzymes. Finally, both pathways are combined and
investigated via two cell assays as well as in two £. co/istrains. The respective chapters (ch.) in this thesis are

depicted in the red boxes.
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I1. Results and Discussion

All used vector constructs in this thesis are summarized in Table 6 (chapter V.1.7) and their
respective performed cloning procedures are described in detail in Table 16 and 17 (Appendix)
including all intermediary plasmids. Most of the constructs were cloned using PCR, restriction
and ligation, for which the applied primer pairs (Table 5, chapter V.1.6) and restriction enzyme
sites for vectors and inserts are depicted as well (Table 16, Appendix). All constructs were
sequenced for correct gene insertions and mutagenesis. Furthermore, colony PCR (cPCR) was
performed for all retransformations of plasmids and co-transformations using gene-specific
primers in order to ensure properly transformed, picked colonies for further investigations

regarding expression and both types of cell assays (chapter V).

In general, whole-cell biotransformation (resting cell assay) is applied for examination of the
upstream and downstream pathway and the composed pathways towards p-coumaryl and
coniferyl alcohol (chapters II.1-I1.5). At first, the single enzyme reactions of the upstream
pathway encompassing TAL/PAL and C3H/C4H are characterized individually (chapters II.1
and I1.2) and together (chapter I1.3). Then, the downstream pathway consisting of 4CL, CCR,
CAD and OMT is evaluated regarding different methyltransferase and 4CL enzyme candidates
(chapter 11.4). The complete synthetic pathways towards p-coumaryl and coniferyl alcohol are
finally examined in chapter I1.5. At last, the growing cell assay is utilized for the production of

coniferyl alcohol from caffeic acid, L-tyrosine and cinnamic acid (chapter 11.6).
II.1 Deamination

As the first reaction step in a multi-enzyme pathway is often crucial, this enzymatic reaction
needs to be fast, efficient and tolerant towards high substrate and product concentrations in
order to prevent early inhibition and inactivation effects in the pathway performance. Thus,
evaluation of enzyme candidates for the TAL and PAL reaction should give the most suitable
enzymes for both entry points of the synthetic pathway. In light of improving the previously
constructed pathway towards p-coumaryl alcohol, the alternative TAL enzymes are tested in
comparison to the TAL from R. sphaeroides [135]. The tyrosine ammonia lyases from
Flavobacterium johnsoniae (FjTAL), Saccharothrix espanaensis (Sesam8) and HaTAL were
chosen due to their higher in vitro catalytic efficiencies and in vivo activities towards L-tyrosine
in E. coli compared to RsTAL [65]. In addition, another TAL from the yeast R. glutinis was
included in the activity screening towards L-tyrosine due to its previous application in many

multi-enzyme pathways and a twelve-fold higher reported catalytic efficiency compared to
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RsTAL [133,139-141]. Also, RgTAL exhibits rather small PAL/TAL activity ratios, which is
why its dual functionality as a PAL is compared to the PAL from Z. mays (ZmPAL) for the
synthetic pathway starting from L-phenylalanine [58,141].

For the determination of in vivo activities of the individual enzymes and also for later combined
enzymatic activities, whole-cell biotransformation was mainly applied. Thereby, the TAL
proteins were expressed from the vector pETM6 TAL in E. coli BL21(DE3) in TB medium,
the cells were harvested after 20 h, washed and resuspended as 70 gwcw/L cell suspension with
2 % (w/v) glucose and 1 mM IPTG prior to substrate addition. In this resting cell assay, glucose
was added to ensure a maintained cell metabolism in order to provide reduced equivalents of
NADPH and NADH as well as ATP for the individual synthetic pathway reactions [142,143].
Furthermore, a neutral pH of 7.5 and a temperature of 26 °C were chosen based on the model

of large-scale industrial fermentations in order to save operational costs.
II.1.1 Tyrosine ammonia lyases

The five investigated tyrosine ammonia lyases (RsTAL, RgTAL, HaTAL, FjTAL, SesamS)
already exhibited deamination activity at 2 h after addition of 1 mM L-tyrosine in the whole-
cell biotransformation (Figure 2.1). Interestingly, no further significant increase in the
production of p-coumaric acid was determined after that time point. The highest measured
concentration of p-coumaric acid was 473.9 + 24.2 uM at 6 h for RgTAL, 128.1 + 8.1 uM at
4 h for HaTAL, 136.9 £ 18.1 uM at 2 h for FjTAL and 102.2 = 4.8 uM at 2 h for Sesam8. The
highest p-coumaric acid concentration for RsTAL was below the standard curve (17.8 + 1.5 uM,
2 h) resulting in the lowest measured TAL activity in the resting cell assay. In Figure 2.1,
RgTAL exhibited an almost five times higher production of p-coumaric acid, whereas the three
enzymes HaTAL, FjTAL and Sesam8 showed comparable in vivo activities in E. coli
BL21(DE3). No production of p-coumaric acid was detected in the activity control consisting

of resting E. coli cells with the empty vector (data not shown).

With the aim to evaluate expression of the individual TAL enzymes in E. coli, 5/OD samples
were used for normalization of cell density during expression. Furthermore, the harvested cell
pellet was divided into a soluble supernatant and an insoluble pellet fraction after sonication in
order to assess the expression behavior of the protein. If the protein is observed in the soluble
fraction, the expressed protein is likely located in the cytosol of E. coli as sonication disrupts
the cell membrane. An accumulation in the insoluble pellet fraction of E. coli lysate can not
only indicate the formation of inclusion bodies as a result of protein overexpression but also

incorrect folding or membrane association of the particular protein [144,145].
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Figure 2.1: /n vivo activities of different TAL enzymes in £ col/i BL21(DE3). Whole-cell biotransformation was
performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM L-tyrosine as substrate added at time to. The
product concentration of p-coumaric acid was measured over time (2 h, 4 h, 6 h, 24 h, 48 h). The TAL enzymes
RSTAL (black), RgTAL (grey), HaTAL (white), F/TAL (blue) or Sesam8 (red) were expressed from the pETM6 vector
prior to application in whole-cell biotransformation. The shown data represent mean values with standard
deviation from biological triplicates.

All TAL enzymes were found to be expressed in both fractions indicating the soluble protein
character of the TALs and the formation of inclusion bodies in the insoluble fraction (Figure
2.2). The production of the individual proteins was stable over time because the band intensities
at4 h and 20 h were equally pronounced. On the SDS-PAGE, the enzymes RgTAL (74.8 kDa),
FiTAL (56.7 kDa) and Sesam8 (54.0 kDa) showed pronounced expression bands, while the
expression bands of HaTAL (60.3 kDa) were less pronounced. For RsTAL, thin expression
bands could be observed around 55.5 kDa, which were not visible in the expression of the empty

vector control.

HaTAL had the third highest measured activity but showed relatively thin expression bands.
Taking into account that both expression and activity evaluation were normalized to cell
density, it could be suggested that HaT AL might be the second most active TAL enzyme among
the tested ones in whole-cell biotransformation. By comparing the pH optima of the TAL
enzymes, FjTAL and Sesam8 are found to have more basic pH optima (pH 10) than RsTAL,
RgTAL and HaTAL (pH 9.0-9.5) [65,141]. It is supposed that the similar deamination activity
of FjTAL and Sesam8 with HaTAL originated from the further distance from their optimal pH.
However, a pH of 7.5 is also not the optimal pH for all TALs. Thus, the measured TAL activities
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are probably a result of improved enzyme stability due to the whole-cell environment compared

to free purified enzymes and reduced activity at pH 7.5 [146,147].
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Figure 2.2: SDS-PAGE analysis of the different TAL enzymes. Expression was performed from pETM6_TAL with
RsTAL, RgTAL, HaTAL, ATAL and Sesam8 in £. co//BL21(DE3) at 26 °C. 5/0D samples were taken at the point
of induction with 1 mM IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were divided
into a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE analysis. An expression of the
empty vector pETM6 served as control. The black arrowheads indicate the relevant expression bands. M1 -
P7712 protein ladder (NEB), M2 - P7719 protein ladder (NEB), S - supernatant, P - pellet fraction, RsTAL -
55.5 kDa, RgTAL - 74.8 kDa, HaTAL - 60.3 kDa, ATAL - 56.7 kDa, Sesam8 - 54.0 kDa.

Nonetheless, expression of multiple pathway enzymes in one host cell might become a
bottleneck later on. Therefore, FjTAL and Sesam8 were chosen for further investigation with
the complete synthetic pathway due to their pronounced expression bands as well as RgTAL

because of its high detected in vivo activity.
I1.1.2 Evaluation of pH change by applied substrates

The whole-cell biotransformation experiments showed that an increasing concentration of
L-phenylalanine or L-tyrosine in KPi buffer led to a significant decrease in pH (Figure 2.3).
With 1 mM L-phenylalanine, the pH decreased from a value of 7.6 to 7.3 and with 3 mM
L-phenylalanine to a pH of 6.9 + 0.2. Using higher concentrations of L-phenylalanine, the pH

dropped more rapidly probably due to the exceedance of the buffer capacity. The addition of
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L-tyrosine showed a similar decrease in pH, while concentrations of p-coumaric acid and
caffeic acid had only negligible effects on the pH. With 10 mM of p-coumaric acid or caffeic

acid, the pH stayed at 7.3 or at 7.4, respectively, in comparison to a pH of 7.8 in the control.
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Figure 2.3: Influence of different substrates on pH. The different substances L-tyrosine (black, filled square),
L-phenylalanine (black, open square), p-coumaric acid (blue, closed triangle) and caffeic acid (blue, open
triangle) were successively added to 10 mL KPi buffer (50 mM, pH 7.5) and the pH measured. Stocks of
substances were prepared as 100 mM in DMSO. Addition of only DMSO served as control (grey, filled circle).
The measurements were performed in triplicates and the error bars indicate the standard deviation from the
mean.

The main reason for the significant decrease in pH with L-tyrosine and L-phenylalanine is their
preparation by acidification with HCI due to insolubility of these substances at a neutral pH
value [148]. Substance preparations through basification using NaOH resulted in an
equivalently strong increase in pH with higher concentrations (data not shown). In the following
enzyme characterizations using whole-cell biotransformation, a maximal concentration of
3 mM for L-tyrosine and L-phenylalanine seemed to be applicable with respect to maintaining
a neutral pH (chapters II.1.3 and II.3). Meanwhile higher concentrations of caffeic acid are

applied in the resting cell assay for evaluation of the downstream pathway (chapter 11.4.3).
I1.1.3 Phenylalanine ammonia lyases

For an economically efficient process low input costs can be a decision-making factor in
industry. Judging from the prices of L-tyrosine (324 €/kg)! and L-phenylalanine (283 €/kg)’,
the latter would be the more preferred substrate [149]. Thus, it is essential to investigate the
production starting from L-phenylalanine as well. In plants, the PAL enzyme constitutes the

entry point for the synthesis of monolignols. Most PAL enzymes are also known to exhibit a

! Calculated from the largest available quantity from L-tyrosine (order number: T207.3) and L-phenylalanine
(order number: 4491.2) from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
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TAL activity probably due to the structural similarity between the substrates L-tyrosine and
L-phenylalanine.

The PAL/TAL ratio has been determined for the TAL from the yeast R. glutinis to be 1.68 using
cell extracts [58]. RgTAL showed the lowest PAL/TAL ratio in that study indicating this
enzyme possessed sufficient PAL activity, too. Indeed, in a whole-cell biotransformation higher
concentrations of cinnamic acid were measured for RgTAL compared to the PAL from Z. mays
with both substrate feeds of 1 mM and 3 mM L-phenylalanine (Figure 2.4). The highest
cinnamic acid productions in whole-cell biotransformation using ZmPAL were 78.9 + 20.2 uM
witha 1 mM feed of L-phenylalanine and 130.7 + 0.7 uM with a 3 mM feed of L-phenylalanine
after 48 h. RgT AL produced around five times higher amounts of cinnamic acid for | mM initial
L-phenylalanine concentration, 382.1 = 61.4 uM (24 h), and around 6.5 times higher for a feed
of 3 mM L-phenylalanine, 853.6 + 90.1 uM (24 h).
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Figure 2.4: /n vivo activities of different PAL enzymes in £. co/i BL21(DE3). Whole-cell biotransformation was
performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM (black) or 3 mM L-phenylalanine (L-Phe,
grey) as substrate added at time to. The product concentration of cinnamic acid was measured after 48 h. ZmPAL
and RgTAL were expressed from the pETM6 vector prior to application in whole-cell biotransformation. The
shown data represent mean values with standard deviation from biological duplicates.

Kinetic properties of RgTAL have been already investigated in the past and the PAL/TAL ratio
was found to be dependent on pH and substrate concentration [58,141]. The PAL/TAL ratio of
1 mM L-tyrosine and L-phenylalanine from the whole-cell biotransformation led to a value
between 0.66-1.02 in vivo and at neutral pH (calculated from 382.1 + 61.4 uM/459.7 +
23.7 uM, at 24 h). Thus, RgTAL seems to be a suitable candidate for catalysis of both
deamination reaction steps and enables synthesis from two pathway entry points.

With regard to expression levels of ZmPAL (78.6 kDa), thin bands were visible on the SDS gel
slightly above 72 kDa at 4 h and 20 h (Figure 2.5). However, the Hiss-tag of the ZmPAL protein

could be distinctly detected in western blot analysis suggesting its sufficient expression. In
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general, western blot analysis applies specific antibodies for detection of a particular protein
and allows detection in a lower protein concentration range in comparison to visible bands in
SDS-PAGE analysis [150]. For this reason, the sensitive detection resulted in pronounced bands
of ZmPAL on the western blot, although the protein bands were only poorly visible on the SDS
gel. It has to be noted that a semi-quantitative comparison of protein bands between SDS-PAGE
and western blot analysis can not be performed because of the above mentioned high sensitivity

of protein detection via antibodies [151].
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Figure 2.5: SDS-PAGE and western blot analysis of PAL from Z mays. Expression was performed from
pETDuet_hise- ZmPAL (ZmPAL) in £. co/iBL21(DE3) at 26 °C. 5/0D samples were taken at the point of induction
with 1 mM IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were divided into a soluble
(S) and an insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in
western blot analysis the anti-His (a-his) and GAM«*" antibodies were used. The black arrowheads indicate the
relevant expression bands. M- P7719 protein ladder (NEB), C— mCherry-hiss as Hiss-tag control (0.5 pg,
27.7 kDa), S - supernatant, P - pellet fraction, hise-ZmPAL - 78.6 kDa.

In conjunction with the presented data, ZmPAL seems to be unsuitable as PAL enzyme in vivo
in E. coli because of its low conversion of L-phenylalanine. Due to the superior in vivo PAL
activity of RgTAL, this tyrosine ammonia lyase is used in the further combination of a PAL
and a C4H enzyme in order to yield p-coumaric acid as central metabolite and complete the

synthetic pathway starting from L-phenylalanine as substrate.
I1.2 C3-hydroxlation

The hydroxylation on the C3 atom represents the second most important reaction step in the
synthetic phenylpropanoid pathway and creates a junction between the simple p-hydroxyphenyl
units and the diversified guaiacyl and syringyl units (Figure 1.3). The C3-hydroxylation step in
the plant phenylpropanoid pathway is assumed to occur mainly on the level of shikimate or
quinate esters of p-coumaric acid. For the generation of these esters, a transferase enzyme

activity such as from a hydroxycinnamoyl-CoA:shikimate hydroxylcinnamoyl transferase
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enzyme is necessary. In the end, three to four enzymes from plant origin are necessary for the

realization of the natural C3-hydroxylation step in a synthetic microbial pathway.

With the intention to generate a facile C3-hydroxylation step, two bacterial enzymes were
chosen, which are known to catalyze the direct conversion of p-coumaric acid into caffeic acid.
These enzymes are the non-P450 hydroxylase complex HpaBC from E. coli and the class |
cytochrome P450 monooxygenase CYP199A2 from R. palustris. The expression and activity

of the bacterial enzymes in E. coli are examined and compared.
I1.2.1 The E. coli hydroxylase complex HpaBC

In contrast to the Duet vectors, the ePathBrick vectors contain four additional restriction sites
that are recognized by so called isocaudamers (Figures A.20 and A.21, Appendix) [152]. These
comprise a group of restriction enzymes that bind to specific individual sequences, but generate
one identical overhang by cutting. Such restricted gene fragments can easily be ligated into a
vector, which has been cut with the same isocaudamers. In the case of the ePathBrick vectors,
the isocaudamer sites are located in a way that allows for unidirectional and successive
assembly of genes in three different gene configurations: monocistronic, pseudo-operon and
operon. Xu et al. (2012) and He et al. (2015) demonstrated that evaluation of the appropriate
configuration for a fixed gene order was crucial for further pathway engineering, because the

performance of multi-enzyme cascades might differ substantially [152,153].

Hence, different configurations for the two components HpaB and HpaC were tested on the
pETMG6 vector in order to evaluate the highest activity of the non-P450 hydroxylase complex
HpaBC towards p-coumaric acid in a resting cell assay. In the monocistronic gene organization,
both HpaB and HpaC contain a T7 promoter, lac operator sequence (lacO) and an RBS in front
of the individual gene sequence and a T7 termination sequence after the gene sequence
(Figure 2.6 A). In comparison, in a pseudo-operon, only a single T7 terminator is located after
the last gene. An operon gene configuration is present if further a single T7 promoter with lacO
is located in front of the first gene. These three gene configurations lead to different levels and

compositions of mRNA und in this way influence protein expression levels in the end [153].

In general, hydroxylation activity of p-coumaric acid into caffeic acid was observed for all
analyzed configurations in whole-cell biotransformations (Figure 2.6 B-D). The highest
concentrations of caffeic acid were located at 308.8 + 211.6 uM for monocistronic, 306.6 +
210.2 uM for pseudo-operon and 515.5 £ 360 uM for operon gene configuration after 24 h.
With regard to mean values, HpaBC exhibited a 1.7 times higher hydroxylation activity, when

organized as an operon (conversion yield 82.5 %) compared to the monocistronic (45.8 %) and
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pseudo-operon configuration (47.1 %), which showed quite comparable in vivo activities. The

high calculated standard deviations may be attributed to the performance of two individual

expression experiments with induction at different ODgoo values probably leading to variations

in protein production of both HpaBC components.
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Figure 2.6: /n vivo C3H activity of the hydroxylase complex HpaBC from E. coli. A Schematic representation of
the three different gene configurations of HpaBC on the pETM6 plasmid. B-E Whole-cell biotransformation was
performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM p-coumaric acid as substrate added at time
to (0 h). The concentration of substances was measured over time (2 h,4 h, 6 h, 24 h, 48 h) (B-D). The expression
of HpaBC was performed at 37 °C from pETM6 in three different configurations: monocistronic (B), pseudo-
operon (C) or operon (D). The shown data represent mean values with standard deviation from biological
triplicates. A single whole-cell biotransformation using the empty vector served as activity control (E).
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In 2012, Lin and Yan were the first group who reported activity of HpaBC towards p-coumaric
acid, which was preferred as substrate over L-tyrosine in vivo and in vitro [101]. The
hydroxylase complex was presumably organized as an operon considering that they cloned the
genes directly from the E. coli genome using a single primer pair and that about half of E. coli
proteins are organized as operons [154]. In another study, pPETM6_HpaBC in the monocistronic
configuration was subjected to random assembly with promoters of different strengths to
potentially improve activity towards the substrate naringenin [100]. But no alternative promoter
arrangement was identified that performed equally to the construct with the two T7 promoters.
These findings together with the activity results support the usage of HpaBC in operon
configuration with the strong T7 promoter for the combined investigation with different TALs

(chapter 11.3).

It has to be noted that HpaBC has been already applied in the in vivo production of caffeoyl
alcohol by using p-coumaryl alcohol as substrate [137]. A single whole-cell biotransformation
with a feed of 1 mM p-coumaryl alcohol resulted in a one-third lower product concentration of
caffeoyl alcohol compared to the production of caffeic acid by HpaBC in operon configuration
(Figure A.1, Appendix). This could indicate that p-coumaric acid is the slightly more preferred

substrate for HpaBC in vivo.

No activity in whole-cell biotransformation using the empty vector control was detected, which
was in accordance with reports that the hydroxylase complex is natively silenced in E. coli
(Figure 2.6 E) [133]. Being consistent with that, no protein bands for the single components
HpaB (58.9 kDa) and HpaC (18.5 kDa) were observed in the SDS-PAGE analysis, either
(Figure 2.7). HpaB and HpaC showed distinct expression bands on the SDS gel, when the
proteins were expressed from the pETM6 vector in operon configuration, while the protein
bands of the pseudo-operon gene organization appeared weaker. For the HpaBC components
expressed from the monocistronic gene configuration, no distinct protein bands for HpaB and
only faint bands for HpaC were observed. In a second expression experiment, the band
intensities for the protein components were similar using the different gene configurations
except that the expression bands of the smaller protein HpaC were more pronounced with regard

to all three constructs (Figure A.2, Appendix).

These results point out that the expression of both protein components is more balanced when
expressed from an operon gene configuration. At last, HpaBC is applied as an operon in the
combined enzyme evaluation with the TAL enzymes also due to the superior hydroxylation

activity using this gene configuration (chapter I1.3).
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Figure 2.7: SDS-PAGE analysis of the HpaBC hydroxylase complex from £. coli. Expression was performed from
pETM6_HpaB_HpaC (HpaBC) in monocistronic (m), pseudo-operon (pso) or operon (op) configuration in £. coli
BL21(DE3) at 37 °C (left). 5/0OD samples were taken at 20 h and divided into a soluble (S) and an insoluble
fraction (P) prior to application in SDS-PAGE analysis. The black arrowheads indicate the relevant expression
bands. The empty vector pETM6 expressed at 26 °C and at 20 h served as control (right). M - P7719 protein
ladder (NEB), S - supernatant, P - pellet fraction, HpaB - 58.9 kDa, HpaC - 18.5 kDa.

I1.2.2 The cytochrome P450 monooxygenase from Rhodopseudomonas palustris

In vivo activity using the native redox partners

Another C3H reported to directly convert p-coumaric acid into caffeic acid is CYP199A2, a
cytochrome P450 monooxygenase from R. palustris. Palustrisredoxin (Pux) and
palustrisredoxin reductase (PuR) were applied as native redox partners to assess the in vivo
activity of CYP199A2 in E. coli BL21(DE3) (Figure 2.8). Expression was performed at
different temperatures and generally higher caffeic acid concentrations were observed in resting

cells, when the proteins were expressed at 26 °C.

At 37 °C and with 1 mM p-coumaric acid, the substrate was left unconverted and caffeic acid
formation did not significantly increase after 6 h of whole-cell biotransformation (Figure 2.8).
The highest measured concentration of caffeic acid was 279.8 = 105 uM after 24 h for the
expression of CYP199A2 at 37 °C. The respective conversion yield was 43.2 %, which equals
the C3H activity ofthe HpaBC complex expressed from monocistronic and pseudo-operon gene
configurations (cf. chapter I1.2.1). When expression was performed at 26 °C, no residual
p-coumaric acid could be detected after 6 h. The caffeic acid titers were found to be higher at
every point of time with an expression temperature at 26 °C instead of 37 °C, with the highest
titer being 658.7 + 181.6 uM caffeic acid after 48 h. So the activity of CYP199A2 towards
p-coumaric acid was increased by 135 % simply by lowering the expression temperature. These
results are comparable to previous studies, in which higher expression temperatures for TAL
and C3H enzymes at 37 °C and 30 °C resulted in lower titers compared to an expression at

26 °C [132].
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Figure 2.8: /n vivo C3H activity of CYP199A2 and its NA7 variant in £ co/i BL21(DE3). Whole-cell
biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM p-coumaric acid as
substrate added at time to. The concentration of substances was measured over time (6 h,24 h, 48 h). CYP199A2
(CYP, black and blue) or NA7-CYP199A2 (NA7-CYP, red) were expressed from the pCDFDuet vector together
with the native redox pair Pux/PuR from pRSFDuet prior to application in whole-cell biotransformation. The
individual expression temperature was either 37 °C or 26 °C and is indicated in brackets. A whole-cell
biotransformation using the empty vectors served as activity control (control, green). The shown data represent
mean values with standard deviation from biological triplicates.

Furthermore, a variant NA7-CYP199A2 without the first seven amino acids at the N-terminus
was constructed as it had been reported to exhibit a higher in vivo activity than the full length
P450 monooxygenase [94,132]. In the resting cell assay, the NA7-CYP199A2 variant produced
the highest measured concentration of caffeic acid at 6 h with a titer of 762.7 + 237.3 uM. In
comparison to the highest mean product concentration of CYP199A2, this value equals a
15.8 % increase in caffeic acid titer. Interestingly, the product concentration decreased after
that time point to lower values in comparison to CYP199A2 (557 + 31.1 uM at 48 h).
Nonetheless, with regard to the standard deviations of the highest mean values of caffeic acid,
it can be stated that both P450 enzymes showed similar activities in vivo in the end. The superior
titers of caffeic acid for NA7-CYP199A2 at 6 h might indicate that this variant catalyzed the
conversion of p-coumaric acid faster compared to the original P450 enzyme. In a previous
comparative analysis of CYP199A2 and NA7-CYP199A2, the latter had demonstrated a higher
in vivo activity, although in co-expression with a TAL enzyme the differences in activity had
been rather small [132]. The empty vector control of E. coli BL21(DE3) did not show any

conversion of p-coumaric acid over time as expected (cf. Figure 2.8).

In single expressions of the individual proteins, it was observed that all proteins were expressed
at 37 °C and 26 °C (data not shown). In the co-expression of all three proteins, CYP199A2 or
NA7-CYP199A2 with Pux and PuR at 26 °C, protein bands were visible around the 43 kDa
band of the protein standard ladder in SDS-PAGE analysis as well as around 43 kDa and 10 kDa
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in western blot analysis (Figure 2.9). Both redox partners Pux and PuR contain an N-terminal
Hiss-tag, which is detectable by antibodies in western blot analysis. The stained bands of Pux
at 12.6 kDa were more pronounced compared to the bands of PuR around 44.5 kDa on the blot.
A similar observation was made for the expression at 37 °C with the exception that bands for
PuR were undetectable (Figure A.3, Appendix). Furthermore, expression bands of Pux at 37 °C
were predominantly detected in the insoluble fraction in western blot analysis, while
pronounced bands for Pux and PuR were mainly located in the soluble fractions, where the

expression was performed at 26 °C (Figure 2.9).
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Figure 2.9: SDS-PAGE and western blot analysis of the cytochrome P450 monooxygenase from R. palustris co-
expressed with Pux and PuR at 26 °C. Co-expression was performed using pRSFDuet_hiss-Pux_hise-PuR and
pCDFDuet_CYP199A2 (CYP) or pCDFDuet_NA7-CYP199A2 (NA7-CYP) in £. coli BL21(DE3) at 26 °C. 5/0D
samples were taken at the point of induction with 1 mM IPTG (0 h) and during the expression (4 h and 20 h).
The harvested cells were divided into a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE
and western blot analysis. For detection in western blot analysis the anti-His (a-his) and GAMe«*" antibodies
were used. The black arrowheads indicate the relevant expression bands. M — P7719 protein ladder (NEB), C -
mCherry-hiss as Hiss-tag control (0.5 pg, 27.7 kDa), S - supernatant, P - pellet fraction, CYP199A2 - 44.6 kDa,
NA7-CYP199A2 - 43.9 kDa, hise-Pux — 12.6 kDa, hiss-PuR - 44.5 kDa.

The similar band intensities at 4 h and 20 h demonstrated that the expression of most proteins
was stable over time and no leaky expression occurred before induction with IPTG (0 h, Figure
2.9). It can be noted that only the band intensities of PuR improved slightly from 4 h to 20 h
probably contributing to the overall expression of the reductase at 26 °C. The unlabeled P450
monooxygenases were probably expressed at 44.6 kDa (CYP199A2) or 43.9 kDa (NA7-
CYP199A2), as the bands for PuR on the blot did not seem as pronounced as the bands in the

SDS-PAGE analysis.

In general, no differences are observed between the co-expressions of Pux/PuR with both P450
enzymes at 26 °C. The expression of the redox partners is found to be more favored at a lower
expression temperature leading to the formation of soluble proteins and an improved expression

of the palustrisredoxin reductase. This probably contributes to the enhanced activity of the
35



Results and Discussion

cytochrome P450 monooxygenase at 26 °C, while the other minor differences in activity may

be attributed to the use of the particular P450 variant (Figure 2.8).
In vivo activity using alternative redox partners

As a consequence to the activity results, CYP199A2 was further investigated with regard to
alternative redox partners to potentially improve the C3-hydroxylation reaction in terms of an
efficient and fast electron transfer chain from reducing equivalents to the P450 reaction center.
A substitution of the native redox pair with the well-known and mostly used surrogate
ferredoxin and ferredoxin reductase from P. putida (Pdx/PdR) was found to exhibit a
comparable in vivo activity (717.9 £ 54.3 uM caffeic acid after 48 h) (Figure 2.10). With view
on an earlier point in time (6 h), the production of caffeic acid was 826 + 9.7 uM and thus
136 % higher compared to CYP199A2 supported by Pux/PuR (350 + 101.1 uM caffeic acid at
6 h, data not shown). Surprisingly, the redox pair Pdx/PdR was found to be insufficient to
sustain the activity of the variant NA7-CYP199A2 (37.6 = 2.6 uM caffeic acid at 48 h) and, at
the same time, exhibited only 5.2 % of the conversion activity of CYP199A2 (Figure 2.10).
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Figure 2.10: /n vivo C3H activity of CYP199A2 in £ co/iBL21(DE3) using alternative redox partners and mixed
combinations. Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with
1 mM p-coumaric acid as substrate. The concentration of substances was measured after 48 h. Expression of
CYP199A2 (CYP) or NA7-CYP199A2 (NA7-CYP) was performed from the pCDFDuet vector at 26 °C. The
different redox partner pairs (Pux/PuR, Pdx/PdR, YkuN/FpR, YkuN/PuR, YkuN/PdR) were co-expressed from
the pRSFDuet vector. The shown data represent mean values with standard deviation from at least biological
duplicates. Pux- palustrisredoxin from R. palustris, PuR- palustrisredoxin reductase from R. palustris, Pdx-
putidaredoxin from P. putida, PdR- putidaredoxin reductase from P. putida, YkuN- flavodoxin from B. subtilis,
FpR- flavodoxin reductase from £. coli.
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Another redox pair involving a flavodoxin from B. subtilis (YkuN) and a flavodoxin reductase
from E. coli (FpR) has been successfully used to improve in vitro P450 activity in former
reports [85,96,155,156]. Application of these redox partners YkuN/FpR with CYP199A2 led
to no efficient conversion of p-coumaric acid (28.4 +£2.7 uM caffeic acid at 48 h) (Figure 2.10).
To identify the redox protein responsible for the ceased activity, YkuN was combined with the
other two reductases PuR and PdR generating mixed redox partner combinations and
reexamined with CYP199A2. The respective resulting caffeic acid concentrations with
YkuN/PuR and YkuN/PdR being 129.2 + 19.5 uM and 154.2 + 133 uM were slightly higher
compared to YkuN/FpR as redox partner pair.

These findings suggest that the flavodoxin YkuN is able to serve as electron shuttle and that the
reductases PdR and PuR are more appropriate to support the activity of the P450
monooxygenase in comparison to the reductase FpR. A potential explanation can be that FpR
uses intracellular NADPH unlike PuR and PdR, which both utilize NADH, and that the
availability of this cofactor could have been more limiting compared to the NADH pool
(cf. chapter 1.4.1). Furthermore, the overall lower concentrations of caffeic acid using YkuN in
a redox pair combination indicate that Pux and Pdx are capable of a more efficient electron
transfer to the P450 enzyme and that the ferredoxins are generally preferred over the flavodoxin
for yielding a high C3H activity of CYP199A2. Other mixed combinations of redox partners
like Pux/PdR have already been applied in initial testings with NA7-CYP199A2 and have been
found to support activity of the P450 enzyme although not as efficient as the native redox pair

[94,132,157].

Examination of the protein expression levels of CYP199A2 and NA7-CYP199A2 with
Pdx/PdR vyielded that all three proteins showed comparable protein band intensities in SDS-
PAGE and western blot analysis (Figure 2.11). Likewise, all proteins were permanently
produced over time after induction. Expression bands around 44 kDa on the SDS gel
demonstrated expression of the cytochrome P450 monooxygenase variants and putidaredoxin
reductase as a result of the similar molecular weights of both proteins. The Hiss-tagged redox
partners were detectable in western blot analysis with bands around 48.3 kDa for PdR and
13.7 kDa for Pdx. As before with Pux, the expression bands of the ferredoxin Pdx could not be
observed on the SDS gel, but were distinctly detected in western blot analysis. Intriguingly,
additional bands of putidaredoxin reductase below 34 kDa and in the pellet fraction on the blot

suggested a slight degradation of PdR possibly resulting from protein overexpression.
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Figure 2.11: SDS-PAGE and western blot analysis of the cytochrome P450 monooxygenase from R. palustris co-
expressed with Pdx and PdR at 26 °C. Co-expression was performed using pRSFDuet_hiss-Pdx_hiss-PdR and
pCDFDuet_CYP199A2 (CYP,A) or pCDFDuet_NA7-CYP199A2 (NA7-CYP,B) in £. co/iBL21(DE3) at 26 °C.5/0D
samples were taken at the point of induction with 1 mM IPTG (0 h) and during the expression (2 h or 4 h and
20 h). The harvested cells were divided into a soluble (S) and an insoluble fraction (P) prior to application in
SDS-PAGE and western blot analysis. For detection in western blot analysis the anti-His (a-his) and GAMg*"
antibodies were used. The black arrowheads indicate the relevant expression bands. M - P7719 protein ladder
(NEB), C - mCherry-hiss as Hiss-tag control (0.5 pg, 27.7 kDa), S - supernatant, P - pellet fraction, CYP199A2 -
44.6 kDa, NA7-CYP199A2 - 43.9 kDa, hiss-Pdx — 13.7 kDa, hiss-PdR - 48.3 kDa.

Due to the similar expression of the redox pair Pdx/PdR in combination with both CYP199A2
enzymes, the significant differences in activity originated from the choice of cytochrome P450
enzyme variant (Figure 2.10). The ferredoxin accepts two electrons from the FADH, of the
ferredoxin reductase and transfers these to the heme b group of the P450 enzyme
(cf. Figure 1.5). Consequently, this interaction between iron-sulfur protein and cytochrome
P450 monooxygenase is probably the limiting step based on previous dissociation constants of
P450 complexes [157]. The binding of the ferredoxin likely occurs around the heme proximal
face of CYP199A2, where the iron is closest to the enzyme surface [158]. It was suspected that
the slightly more positively charged electrostatic potential surface of NA7-CYP199A2 might

influence the binding of Pdx. The introduction of a C-terminal point mutation into Pdx, which
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resembled the position in Pux, was found to be ineffective in improving the interaction with
CYP199A2 [158]. Other efforts from Haslinger and Prather (2020) focused on complex
assembly of all three protein components via individual fusions to different PCNA domains
(Proliferating Cell Nuclear Antigen, from Sulfolobus solfataricus) [157]. These artificial
constructs were able to increase the activity of NA7-CYP199A2 with Pdx/PdR, which could be
attributed to the generated closer proximity of ferredoxin and P450 enzyme [157].

The above presented results point out that the N-terminus of CYP199A2 could be involved in
binding Pdx and reconstituted the P450 activity using the free redox pair Pdx/PdR (Figure 2.10).
One possible explanation might be that the N-terminus contains hydrophobic and polar amino
acids. These residues could facilitate binding of Pdx to the surface of the P450 protein via either
hydrophobic and van der Waals interactions or via hydrogen bonds [159]. Alternatively, Pdx
could bind to CYP199A2 in a different manner compared to Pux, which might also explain the
insignificant differences in activity observed for Pux/PuR with both P450 variants (Figure 2.8).
The N-terminal amino acids of CYP199A2 were found to be disordered and thus not resolved
in the crystal structure [158]. So the distinct effect of the N-terminal seven amino acids on the

surface structure and the involvement in potential binding of Pdx remains unknown.

Concerning the alternative redox pair YkuN/FpR, the flavodoxin reductase FpR exhibited
distinct and pronounced bands around 28.6 kDa in SDS-PAGE and western blot analysis
(Figure 2.12 A). Opposite to the expression of the ferredoxins Pux and Pdx, the flavodoxin
YkuN already showed distinct expression bands at 20.7 kDa on the SDS gel and its Hisjo-tag
was detectable in western blot analysis. However, in both cases the bands were more
pronounced in the insoluble fractions. Due to the different molecular weights between P450
enzyme and reductase, thin expression bands for CYP199A2 were visible around 44.6 kDa in
SDS-PAGE analysis for the first time in co-expression experiments. This observation could be
indicative that CYP199A2 is expressed in all co-expression experiments although in a lower

quantity compared to a single protein expression.

For the detection of cytochrome P450 class I/III activity in vitro, several studies utilized an
excess of ferredoxin or flavodoxin, because the transfer from the electron shuttle to the P450
enzyme is considered rate-limiting [85,86,159,160]. Thus, the dominant overexpression of FpR
may not be ideal for balanced expression of all three components in vivo and may have
contributed to the low activity using the redox pair YkuN/FpR (Figure 2.10). Futhermore,
expression of the flavodoxin could be clearly detected in mixed combinations with PdR or PuR

(Figure 2.12 B). The reductases PdR and PuR showed distinct and pronounced expression bands
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in SDS-PAGE and western blot analysis. As before, the degradation bands for PdR were
detectable on the blot around 34 kDa (cf. Figure 2.11). It generally seems that YkuN may be
incompatible with CYP199A2, although all proteins of the mixed combinations were expressed
and the activity was found to be slightly improved with alternative reductases. Thus, Pdx and

Pux would be more suitable as electron shuttles in vivo.
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Figure 2.12: SDS-PAGE and western blot analysis of CYP199A2 from R. palustris co-expressed with alternative
redox partners (A) and mixed combinations (B). Co-expression was performed using pCDFDuet_CYP199A2 and
pRSFDuet_hisio-YkuN_hiss-FpR (YkuN/FpR, A) or pRSFDuet_hisw-YkuN_hiss-PdR (YkuN/PdR, B) or pRSFDuet_
hisio-YkuN_hiss-PuR (YkuN/PuR, B) in £. co/i BL21(DE3) at 26 °C. 5/0D samples were taken at the point of
induction with 1 mM IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were divided into
a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For
detection in western blot analysis the anti-His (a-his) and GAM«*" antibodies were used. An expression of the
empty vectors served as control (A). The black arrowheads indicate the relevant expression bands. M1 - P7712
protein ladder (NEB), M2 - P7719 protein ladder (NEB), C - mCherry-hiss as Hiss-tag control (0.5 pg, 27.7 kDa),
S - supernatant, P - pellet fraction, CYP199A2 - 44.6 kDa, hiswo-YkuN - 20.7 kDa, hiss-FpR - 28.6 kDa, hiss-PdR -
48.3 kDa, hiss-PuR - 44.5 kDa.

In conclusion, the cytochrome P450 monooxygenase CYP199A2 with Pdx/PdR as redox
partners exhibited the highest in vivo activity. With regard to further pathway engineering,
testing of both cytochrome P450 variants shall be possible. As a consequence, CYP199A2 and
NA7-CYP199A2 are applied with the native redox pair Pux/PuR for the following evaluations.
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In vivo activity towards cinnamic acid

The general phenylpropanoid pathway in plants starts from L-phenylalanine. In order to yield
p-coumaric acid as the central metabolite, a PAL enzyme and a plant cytochrome P450
monooxygenase are utilized with the latter performing the C4-hydroxylation of cinnamic acid.
So far, only a few plant C4H enzymes were demonstrated to be expressed in E. coli and to
catalyze cinnamic acid conversion in vitro and in vivo [134,161]. Still, functional expression of
the C4H enzyme remains a challenge due to the required suitable redox partners to support
activity and anchorage to the endoplasmic reticulum membrane. Thus, a bacterial alternative
such as CYP199A2 could be able to eliminate this obstacle, as its F185L mutant was reported

to accept cinnamic acid as substrate, too [94].
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Figure 2.13: /n vivo C4H activity of CYP199A2 (A) and its NA7 variant (B) in £ co//BL21(DE3) using its native
redox pair Pux/PuR. Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C
with 1 mM cinnamic acid as substrate added at time to. The concentration of substances was measured over
time (6 h,24 h,48 h). CYP199A2 (CYP, A) or NA7-CYP199A2 (NA7-CYP, B) were expressed from the pCDFDuet
vector together with the native redox pair Pux/PuR from pRSFDuet at 26 °C prior to application in whole-cell
biotransformation. A whole-cell biotransformation using the empty vectors served as activity control (control,
C). The shown data represent mean values with standard deviation from biological duplicates.
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Whole-cell biotransformations of E. coli BL21(DE3) with the P450 enzyme from R. palustris
and Pux/PuR, led to the direct production of caffeic acid from 1 mM cinnamic acid without the
accumulation of p-coumaric acid as intermediate (Figure 2.13 A and B). The highest
concentrations of caffeic acid were 421.1 = 67.2 uM for CYP199A2 (48 h) and 3794 +
36.5 uM for NA7-CYP199A2 (24 h). The total titer of caffeic acid for CYP199A2 was slightly
greater, while conversion yields indicated that this full length P450 enzyme showed a lower
yield (82.6 %) in contrast to the NA7 variant (93 %). The empty vector control showed no
consumption of cinnamic acid by resting cells of E. coli BL21(DE3) (Figure 2.13 C). These
results indicate that both P450 monooxygenases have a dual and consecutive activity as
C3H/C4H and are equally suited for application in the monolignol synthetic pathway starting

from L-phenylalanine via cinnamic acid.
Influence of L-phenylalanine on C3H and C4H in vivo activities

It is suspected that the large quantities of L-phenylalanine present in TB medium (6-8 mM)!
may exhibit some kind of inhibiting effect on the enzymes from the phenylpropanoid pathway
(cf. chapter I1.6). In order to pursue the assumption, both cytochrome P450 monooxygenases
variants were evaluated for a possible influence of L-phenylalanine on hydroxylation activities.
By addition of 1 mM L-phenylalanine to whole-cell biotransformations of CYP199A2 and
NA7-CYP199A2 with Pux/PuR using 1 mM p-coumaric acid as substrate, the C3H activities
of both enzymes were found to be intact (Figure 2.14 A). The measured concentrations of
caffeic acid amounted to 726.4 = 11.0 uM for CYP199A2 and 364.4 + 24.9 uM for NA7-
CYP199A2 after 24 h. The caffeic acid production using NA7-CYP199A2 was 39.7 % lower
compared to the value in the absence of L-phenylalanine, while the caffeic acid titer for
CYP199A2 was 18.6 % higher but still within the interval of the previous standard deviation
around the mean (cf. Figure 2.8). Another observation was that the substrate p-coumaric acid
was not completely converted by the NA7 variant, which contradicted the previous results. This

shows that the presence of L-phenylalanine influenced the C3H activity of NA7-CYP199A2.

With view on the C4H activities, CYP199A2 converted the substrate 1 mM cinnamic acid in
the presence of L-phenylalanine completely into a caffeic acid concentration of 415.1 +

13.9 uM, which equaled the activity without addition of L-phenylalanine (Figure 2.14 B, cf.

! Calculated from specifications of three individual tryptones and two yeast extracts [162—166].
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Figure 2.13). For NA7-CYP199A2, the C4H activity was abolished by the addition of 1 mM
L-phenylalanine.
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Figure 2.14: Influence of L-phenylalanine on the C3H (A) and C4H activity (B) of the cytochrome P450
monooxygenase from R. palustris. Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM,
pH 7.5) at 26 °C with 1 mM L-phenylalanine (L-Phe) and either 1 mM p-coumaric acid (A) or 1 mM cinnamic
acid (B) as substrate. The concentration of substances was measured after 24 h. CYP199A2 (CYP, A) or NA7-
CYP199A2 (NA7-CYP, B) were expressed from the pCDFDuet vector together with the native redox pair
Pux/PuR from pRSFDuet at 26 °C prior to application in whole-cell biotransformation. The shown data represent
mean values with standard deviation from at least biological duplicates.

It is noteworthy that Furuya and co-workers (2012) found m-coumaric acid as main
accumulating intermediate apart from p-coumaric acid during the time course of the reaction
with cinnamic acid as substrate [94]. Due to the chemical similarity between p- and m-coumaric
acid, it is possible that both cannot be distinguished with the established HPLC method.
Besides, such intermediates were not observed to accumulate in high concentrations and thus
were efficiently and consecutively converted into caffeic acid. Following notation from the
pathway overview in Figure 1.3, the general activity of the CYP199A2 variants on cinnamic

acid will be referred to as C4H activity.

In the end, the NA7-CYP199A2 variant is found to be susceptible to inhibition by
L-phenylalanine resulting in reduced C3H activity and completely inhibited C4H activity. With
respect to usage of L-phenylalanine as starting substrate in the synthetic pathway and also to
later feeding experiments in complex medium, which contains high amounts of
L-phenylalanine, CYP199A2 is the C3H/C4H candidate of choice, as this enzyme is not

inhibited in the presence of L-phenylalanine.
I1.3 Upstream pathway

The synthetic phenylpropanoid pathway is divided into upstream and downstream synthetic
pathway for separate individual characterizations with regard to the most efficient substrate to

product conversion in FE. coli (Figure 1.3). Both, the bacterial cytochrome P450
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monooxygenase CYP199A2 and the non-P450 hydroxylase HpaBC complex were chosen for
evaluations in the upstream pathway. The direct production of caffeic acid is investigated from
the initial substrates L-tyrosine (chapter 11.3.1) and L-phenylalanine (chapter 11.3.2) using
different TAL/PAL enzymes.

I1.3.1 The combined in vivo activity of TAL and C3H enzymes

Numerous reports had focused on the usage of RgTAL and HpaBC as enzyme combination for
the conversion of L-tyrosine into caffeic acid [102,133,137,167,168]. With the aim to
potentially find a more efficient combined activity of TAL and C3H enzyme, two other TALs,
FiTAL and Sesam8, as well as CYP199A2 with its native redox parnters Pux/PuR were
investigated. For the combination of CYP199A2 with TAL, both proteins were expressed from
separate plasmids, as this setup had shown an improved production of caffeic acid compared to
an expression from a single Duet vector in either pseudo-operon or operon gene configuration
[132]. Thus, the TAL enzymes were expressed from the pETM6 vector and the genes HpaB
and HpaC were transferred to the pCDM4 vector in operon configuration. The pCDM4 vector
as a derivative of pCDFDuet has the same copy plasmid number and presumably yields similar

in vivo expression levels of both C3H enzymes in the end [152,169].

In whole-cell biotransformation with 1 mM L-tyrosine, all six combinations of TAL and C3H
led to the production of caffeic acid although the values with HpaBC were generally 2.6 to 9.5
times lower compared to CYP199A2 (Figure 2.15). After 4 h of substrate addition, the caffeic
acid titer only improved minorily to concentrations of 151.9 + 79.7 uM for RgTAL, 100.9 +
68.9 uM for FjTAL and 131.2 +£27.2 uM for Sesam8 with HpaBC at 24 h. So, the maximal
mean caffeic acid titer when using the HpaBC complex was obtained in combination with

RgTAL.

With CYP199A2 as C3H, the concentration of caffeic acid increased more significantly from
4 hto 48 hin the resting cell assay. The highest titer of caffeic acid for the bacterial cytochrome
P450 monooxygenase was determined in combination with FjTAL after 48 h (858.0 +
301.5 uM), which equaled almost full substrate conversion. The mean -caffeic acid
concentration formed by CYP199A2 and FjTAL was thereby 63.6 % larger than the
corresponding highest measured titer with RgTAL after 4 h (530.6 + 229.8 uM). Sesam8 and
CYP199A2 exhibited a slightly higher production of 568.0 + 329.7 uM caffeic acid after 48 h
in comparison to RgTAL with the P450 enzyme.
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Figure 2.15: Combined /n vivo activity of TAL and C3H enzymes in E co/i BL21(DE3). Whole-cell
biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM L-tyrosine as
substrate added at time to. The product concentration of caffeic acid was measured over time (4 h, 24 h, 48 h).
Co-expression was performed at 26 °C prior to application in whole-cell biotransformation using pETM6 with
TAL (RgTAL, ATAL, Sesam8) and either pCDM4 with HpaBC in operon gene configuration (BC) or pCDFDuet
with CYP199A2 (CYP) and pRSFDuet with Pux/PuR as redox pair. The shown data represent mean values with
standard deviation from biological triplicates.

In contrast to the other two combinations, the caffeic acid titer decreased significantly after 4 h,
when RgTAL was used with CYP199A2, and resulted in values which were similar in the TAL
combinations with HpaBC. A possible explanation for this decrease could be that caffeic acid
was consumed by endogenous enzymes of metabolically active E. coli cells. This hypothesis
originates from the observation in a toxicity test, in which growing cultures of E. coli turned
dark-brown over time in the prescence of 10 mM caffeic acid (Figure A.19 A and F, Appendix).
Interestingly, these cultures were able to grow after 24 h, which was not observed for the
addition of 10 mM p-coumaric or cinnamic acid. As an alternative explanation, RgTAL could
have converted caffeic acid into another side-product such as L-DOPA, which had been
reported as a substrate for some TALs [57,74]. It is noteworthy that p-coumaric acid
accumulated in low amounts exclusively in the combination RgT AL and CYP199A2 after 24 h
and 48 h (Figure A.4, Appendix). This observation indicates residual activity of RgTAL on
L-tyrosine at 24 h. Regarding the final titers at 48 h, the caffeic acid production by CYP199A2
with FjTAL and Sesam8 were 9.4- and 6.2-fold higher with respect to the titers when using
RgTAL.

In the SDS-PAGE analysis from the co-expressions of the cytochrome P450 enzyme with all
three T ALs, distinct protein bands could be observed for RgT AL around 74.8 kDa, for FjTAL
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at 56.7 kDa and for Sesam8 at 54.0 kDa after induction of protein synthesis (Figure 2.16 A).
The expression band slightly above 43 kDa corresponded to the overlay of the proteins
CYP199A2 and the reductase PuR. The latter along with the ferredoxin Pux were detected in
western blot analysis around 44.5 kDa and 12.6 kDa, respectively, but with weak stained bands

for Pux.

A | CYP199A2 + Pux/PuR |
'RgTAL  FTAL | Sesams | 'RgTAL ~ FTAL  Sesam8
SRR SR

[kna]mc\s P|S'P|S P\s Plsp s PVI{kDa]NHc s p

B c

'RgTAL | | FTAL | Sesams |
S S

[kDa] s p

spM splsplsp

95
72
55

43

26

17

Figure 2.16: Co-expression analysis of the TAL enzymes RgTAL, ATAL and Sesam8 in combination with the
C3Hs CYP199A2 (A) and HpaBC (B). Co-expression was performed using pETM6_TAL with RgTAL, ATAL or
Sesam8, pCDFDuet_CYP199A2 and pRSFDuet_hise-Pux_hise-PuR (CYP199A2, A) or with pCDM4_HpaB_

HpaC_op (HpaBC, B) in £ co/iBL21(DE3) at 26 °C. 5/0D samples were taken at the point of induction with
1 mM IPTG (0 h) and at the end of expression (20 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in western blot
analysis the anti-His (a-his) and GAM«*" antibodies were used. An expression of the empty vectors (pETM6,
pCDFDuet, pRSFDuet) served as control (C). The black arrowheads indicate the relevant expression bands. M1 -
P7719 protein ladder (NEB), M2 - P7712 protein ladder (NEB), C — mCherry-hiss as Hiss-tag control (0.5 pg,
27.7 kDa), S - supernatant, P - pellet fraction, RgTAL - 74.8 kDa, ATAL - 56.7 kDa, Sesam8 - 54.0 kDa,
CYP199A2 - 44.6 kDa, hiss-Pux — 12.6 kDa, hiss-PuR - 44.5 kDa, HpaB - 58.9 kDa, HpaC - 18.5 kDa.

In combination with the HpaBC complex, only RgTAL showed weak expression bands in the

SDS-PAGE analysis (Figure 2.16 B). Due to no overexpression bands from Sesam8 and FjTAL
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as in the co-expressions with CYP199A2, it was suspected that the bands around 55 kDa mainly
correspond to HpaB (58.9 kDa) and not FjTAL. Thus, both C3H components HpaB and HpaC
(18.5 kDa) were expressed in pronounced bands, even if the HpaC protein seemed to be less

expressed in the soluble fraction.

Consequently, the HpaBC complex was overexpressed in large quantities, although the plasmid
copy number of the used pCDM4 vector is lower and the resulting T7 promoter strength was
reported to be only 38 % of that of the previously used pETM6 vector [152]. This high
production of the HpaBC complex presumably led to a marginal co-expression of the TAL
enzyme from the pETM6 plasmid. Nonetheless, the transcription efficiency of all genes should
be equal, as all used ePathBrick and Duet vectors solely contain T7 promoters. The observed
significant difference suggest that the translation of mRNA transcripts might have been more

pronounced for HpaBC than for the TAL proteins.

In the end, the imbalance in produced protein amounts between the HpaBC and TALs in co-
expressions is likely to be responsible for the low activity of these combinations in whole-cell
biotransformations. As a result of that, the majority of L-tyrosine was probably not converted
due to the lack of sufficient TAL activity. In the past, the usage of HpaBC as C3H was
accompanied by the enzyme’s side activity to accept L-tyrosine as substrate and convert it into
L-DOPA [101]. Thus, L-tyrosine could have been lost for supply into the synthetic pathway
due to the possible generation of L-DOPA as by-product. There are many reports decribing a
dark brown coloration of growing E. coli cell cultures expressing HpaBC, which is indicative
of polymeric melanin formation as a result of L-DOPA overoxidation [102,133,170-172]. The
mentioned browning of E. coli cultures containing the HpaBC complex has been also observed

in this work and pointed towards side-product formation.

Consequently, the later combined synthetic pathways and growing cell assays focus on
CYP199A2 instead of HpaBC as C3H (chapters I1.5 and I1.6), as the aim is to yield efficient
production levels of caffeic acid, balanced expression levels of TAL and C3H, and to avoid

potential side-products.

In order to evaluate a potential increase in substrate feed, 3 mM of L-tyrosine were added to
the combinations of CYP199A2 with all three TAL enzymes in whole-cell biotransformations
(Figure 2.17). Instead of a further product increase, the concentrations for caffeic acid were
determined to be lower compared to a substrate feed of 1 mM L-tyrosine. The highest
production of caffeic acid using RgTAL was at 469.6 = 1.6 uM after 4 h and for FjTAL at
742.2 £ 11.3 uM after 24 h. Interestingly, the titer of caffeic acid for Sesam8 was highest at 4 h
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with a value of 295.4 + 1.2 uM, which equaled a decrease of 31.8 % compared to a feed of
1 mM L-tyrosine. In contrast to the results of Sesam8 with 1 mM L-tyrosine, the concentration
of caffeic acid decreased after this time point until a final difference in titers of 69.3 % was
reached after 48 h. For both other TALs, the decreases in caffeic acid production were less

pronounced being 11.5 % for RgTAL at 4 h and 12.7 % for FjTAL at 24 h.
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Figure 2.17: Combined /in vivo activity of TAL enzymes with CYP199A2 in £. col/ BL21(DE3) using a higher
substrate feed. Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with
3 mM L-tyrosine as substrate added at time to. The product concentration of caffeic acid was measured over
time (4 h, 24 h, 48 h). Co-expression was performed at 26 °C prior to application in whole-cell biotransformation
using pETM6 with TAL (RgTAL, ATAL, Sesam8), pCDFDuet with CYP199A2 (CYP) and pRSFDuet with the redox
pair Pux/PuR. The shown data represent mean values with standard deviation from biological duplicates.

The results indicate that a higher substrate supply can inhibit the upstream pathway of TAL and
C3H. However, the significant drop in pH, when 3 mM L-tyrosine were applied, might have
contributed to the reduced in vivo enzyme activities (chapter I1.1.2). The intermediate
p-coumaric acid was barely measureable for all three resting cell assays and this could indicate

that the shift in pH resulted in a decreased activity of the TAL enzymes (Figure A.5, Appendix).

In the end, the expression of multiple pathway enyzmes may become a detrimental factor in the
final shake-flask expressions of the complete synthetic pathway, as it was observed with the
above described co-expression of the HpaBC complex and the TALs. Thus, for further
investigations regarding the production towards coniferyl alcohol, CYP199A2 is applied
together with FjTAL or Sesam8 due to the measured high in vivo activities as well as sufficient

and balanced protein production levels in these enzyme combinations.
I1.3.2 The combined in vivo activity of PAL and C3H/C4H enzyme

In the previous results, RgT AL also functioned as PAL in E. coli in vivo (cf. chapter 11.1.3).
Hence, this enzyme candidate was combined with CYP199A2 and NA7-CYP199A2 as
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C3H/C4H with the intention to complete the upstream pathway from L-phenylalanine to caffeic
acid. As a substrate, 3 mM L-phenylalanine were fed in addition to the whole-cell
biotransformation performed with 1 mM L-phenylalanine in order to potentially improve the

production of cinnamic acid by RgTAL.

In general, the accumulation of cinnamic acid and small amounts of p-coumaric acid were
observed over time (Figure 2.18). The cinnamic acid production increased along with a
substrate feed of 3 mM L-phenylalanine instead of 1 mM, as observed before in the PAL in
vivo assay with RgTAL (chapter 11.1.3). But the sum of all product concentrations at a certain
time point gave a less total concentration compared to the previously determined cinnamic acid
concentrations for RgTAL alone. The total product concentration for the combined PAL and
C3H/C4H reactions at 24 h was decreased by 46.9 % with 1 mM L-phenylalanine and by
45.2 % with 3 mM L-phenylalanine using CYP199A2 and by 70.1 % and 11.8 % using NA7-
CYP199A2, respectively (Figure 2.18).

RgTAL in combination with the NA7 variant was notably the sole combination, which equaled
the product concentration of the single RgT AL reaction with 3 mM L-phenylalanine after 48 h
(Figure 2.18 B). At the same time, this combination of enzymes exhibited the only production
of caffeic acid with a value of 105.5 £ 51.0 uM after 6 h and a feed of 1 mM L-phenylalanine.
The total product concentrations at 6 h between CYP199A2 and NA7-CYP199A2 were similar
and thus only the ratio of products was shifted. The titer for caffeic acid decreased after that
time point and probably led to the apparent strong reduction in total product concentrations.
The loss of caffeic acid had been reported before and the observed decrease in titer might be

attributed again to the endogenous metabolization by E. coli (chapter 11.3.1) [173].

As another remark, the measured concentrations for p-coumaric acid with NA7-CYP199A2
were higher than those with the full length P450 enzyme. Apparently, the NA7 variant of
CYP199A2 was able to convert p-coumaric acid partly into caffeic acid, although this enzyme
had been previously identified to be inhibited by 1 mM L-phenylalanine (chapter 11.2.2). It
seems that both P450 enzymes were mainly inactive especially with the higher substrate
concentration, the simultaneous low caffeic acid titer and the pronounced accumulation of
cinnamic acid. This can be a result of unspecific inhibition effects by L-phenylalanine on
CYP199A2 and its NA7 variant. Regarding protein levels of the individual co-expressions, no
differences were observed between TAL, redox partners Pux and PuR and the applied P450
enzyme (cf. Figure 2.16 A, Figure A.6, Appendix).
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Figure 2.18: Combination of RgTAL as PAL and C3H/C4H activities of CYP199A2 (A) and NA7-CYP199A2 (B)
in £ coliBL21(DE3). Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C
with 1 mM (black) or 3 mM L-phenylalanine (blue, L-Phe) as substrate added at time to. The concentration of
substances was measured over time (6 h, 24 h, 48 h). Co-expression was performed at 26 °C prior to application
in whole-cell biotransformation using pETM6 with RgTAL, pCDFDuet with either CYP199A2 (CYP, A) or NA7-
CYP199A2 (NA7-CYP, B) and pRSFDuet with the redox pair Pux/PuR. The shown data represent mean values
with standard deviation from at least biological duplicates.

Taken together, these results show that the combination of RgTAL and the NA7 variant of the
cytochrome P450 monooxygenase performed slightly superior compared to the combination
with CYP199A2 due to higher total product concentrations and the intended formation of
caffeic acid. At the same time, a later synthetic pathway starting from L-phenylalanine seems
unlikely, as insufficient product titers were already attained in the tested upstream pathway of
PAL and C3H/C4H. Consequently, the complete synthetic pathway with cinnamic acid as

starting substance is investigated in chapter I1.6 in growing cells instead.

It is noteworthy that the presented results of RgTAL with NA7-CYP199A2 as bacterial
C3H/C4H constitute the first report of L-phenylalanine conversion into caffeic acid in E. coli

to date and to the best of the author’s knowledge.
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I1.4 Downstream pathway

After evaluation of the upstream module from the synthetic coniferyl alcohol pathway
consisting of TAL and C3H, the downstream module comprising 4CL, CCR, CAD and OMT
is evaluated in more detail. Thereby, the main focus lays on the choice of methyltransferase
regarding plant origin and substrate preference. The caffeic acid O-methyltransferase
(ZmCOMT) and caffeoyl-CoA O-methyltransferase (ZmCCoAOMT) from Z. mays are
investigated, as the applied CCR and CAD enzyme are also from Z. mays and it is supposed
that enzymes from the same plant origin might exhibit a more favorable overall activity. For
comparison, the COMT and CCoAOMT from A. thaliana are evaluated as well, because these
two methyltransferases have been already applied successfully for the production of

phenylpropanoids in E. coli [137].

In general, the enzymes 4CL, CCR and CAD are responsible for the conversion from
phenylpropanoic acid via CoA ester and aldehyde to the alcohol form. The 4CL, CCR and CAD
in combination were not only applied for phenylpropanoic acids but had been also tested for a
multitude of alternative substrates and found to be functionally active [173,174]. Depending on
the individual 4CL enzyme, significant differences in substrate specificity have been observed
before and thus two 4CL enzyme candidates are evaluated in the synthetic downstream pathway

as well.

In the following sections, in vivo production of coniferyl alcohol is examined from caffeic acid

and in two different E. coli strains.

I1.4.1 Different methyltransferases expressed in a genome-integrated E. coli

strain

The E. coli BL21(DE3).G213 strain was a gift from Phytowelt GreenTechnologies GmbH
(Nettetal, Germany) and contains the genome-integrated p-coumaryl alcohol pathway. Thereby,
the genes for RsTAL-Pc4CL and ZmCCR-ZmCAD were integrated as two individual operons
into the genome of E. coli BL21(DE3) and put under the control of weak constitutive promoters.
This E. coli BL21(DE3).G213 strain was used for initial evaluation of the four
methyltransferases. The additional plasmid-based expression of the methyltransferases from the
pCDFDuet vector and the resulting downstream pathway activity were investigated at two

different temperatures.

In the whole-cell biotransformation with 1 mM caffeic acid, all methyltransferases were found

to be active when expressed at 26 °C and generated higher concentrations of coniferyl alcohol
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compared to an expression temperature of 37 °C (Figure 2.19 A). The highest coniferyl alcohol
titer was measured for AfCOMT with a value of 42.7 = 16.7 uM after 24 h, when expression
was performed at 37 °C. Apart from a marginal coniferyl alcohol production when using
AtCCoAOMT and ZmCOMT expressed at 37 °C, no coniferyl alcohol was detected with
ZmCCoAOMT. For an expression at 26 °C, the highest titers for coniferyl alcohol were 61.8 +
8.9 uM for AtCOMT (6 h), 66.5 £ 5.9 uM for AtCCoAOMT (6 h), 42.2 + 13.6 uM for
ZmCOMT (24 h) and 34.9 £ 16.5 uM for ZmCCoAOMT (6 h). As expected, the empty vector
control did not produce any coniferyl alcohol, though 458.8 + 3.3 uM caffeoyl alcohol (6 h)
were generated due to the activity of the genome-integrated enzymes Pc4CL, ZmCCR and

ZmCAD.

Interestingly, caffeoyl alcohol was solely measured for an expression at 26 °C but not at 37 °C
at which caffeic acid accumulated in high titers instead (Figure 2.19 B and C). This observation
was generally made for all tested G213 strains with either empty vector control or expressed
methyltransferase. The accumulation of caffeic acid indicates that the substrate was not
converted and that Pc4CL was probably not expressed as an active enzyme at 37 °C (Figure
2.19 C). Regarding an expression at 26 °C, caffeic acid was completely consumed except for

the G213 strain containing the CCoAOMT enzymes and the empty vector control.

Accordingly, the strains with complete substrate consumption also showed the highest titers for
caffeoyl alcohol with 911.6 £ 79.5 uM for 4tCOMT and 1132.7 = 161.6 uM for ZmCOMT
after 6 h (Figure 2.19 B). In contrast, the G213 strain with /t{CCoAOMT (527.0 + 57.1 uM)
exhibited a 42 % lower caffeoyl alcohol production and with ZmCCoAOMT (427.7 +
203.4 uM) a 63 % lower titer compared to the respective COMT enzymes. All caffeoyl alcohol
titers decreased after 6 h of whole-cell biotransformation and no increase in coniferyl alcohol
concentrations was observed. This indicates that the 4CL enzyme may have become inactive

after 6 h as a result of no further conversion of residual caffeic acid.

With view on the expression of the methyltransferases in the genome-integrated G213 strain,
protein bands were observed for all OMTs at both analyzed expression temperatures
(Figure 2.20). All methyltransferases showed more pronounced expression bands in the soluble
fractions and at 26 °C in the SDS-PAGE analysis. The only exception was formed by AfCOMT,
which seemed to be expressed in similar distinct bands around 39.6 kDa at both temperatures
(OMT 1). The protein bands for ZmCOMT (OMT 3) located at the same molecular weight were
less pronounced compared to the 4#COMT. In general, the CCOAOMT enzymes at 25.9 kDa
(OMT 2) and 29.4 kDa (OMT 4) showed bands of greater intensity than the COMT proteins.
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Figure 2.19: /n vivo activity of different methyltransferases in £ co/i BL21(DE3).G213 at two different
expression temperatures. Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at
26 °C with 1 mM caffeic acid as substrate added at time to. The concentration of coniferyl alcohol (A), caffeoyl
alcohol (B) and caffeic acid (C) were measured over time (6 h, 24 h, 48 h). Expression was performed either at
37 °C (filled) or at 26 °C (pale) prior to application in whole-cell biotransformation using pCDFDuet_OMT with
ACOMT (black), A{CCoAOMT (blue), ZmCOMT (red) or ZmCCoAOMT (green). A whole-cell biotransformation
using the empty vector served as activity control (control, grey). The shown data represent mean values with
standard deviation from at least biological duplicates.
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Figure 2.20: SDS-PAGE analysis of different methyltransferases in the £ co/iBL21(DE3).G213 strain. Expression
was performed from pCDFDuet_OMT with AfCOMT (OMT 1), At{CCoAOMT (OMT 2), ZmCOMT (OMT 3) and
ZmCCoAOMT (OMT 4) in £. coliBL21(DE3).G213 at either 37 °C or 26 °C. 5/0OD samples were taken at 20 h
and divided into a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE analysis. The black
arrowheads indicate the relevant expression bands. M — P7719 protein ladder (NEB), S - supernatant, P - pellet
fraction, AfCOMT - 39.6 kDa, AtCCoAOMT - 25.9 kDa, ZmCOMT - 39.6 kDa, ZmCCoAOMT - 29.4 kDa.

The expression of the genome-integrated enzymes was not visible as distinct protein bands in
the SDS-PAGE analysis and not observed in the empty vector control, either (data not shown).
The results show that 26 °C is the more favorable expression temperature for the majority of
the methyltransferases, regarding both sufficient protein production and combined downstream

pathway activity with 4CL, CCR and CAD.

It has to be noted that coniferaldehyde accumulated in small amounts from 78-360 uM after
24 h to 48 h for expressions performed at 37 °C (data not shown). Control experiments did not
detect any influence of expression temperature on the fast in vivo ZmCAD activity and residual
activity was measureable even after 24 h (data not shown). It is noteworthy that E. coli
possesses endogenous alcohol dehydrogenases (ADH), which are known to exhibit a broad
substrate specificity and function in detoxification reactions including the removal of aldehydes
[175,176]. It has been reported that these ADHs were able to accept coniferaldehyde as well as
cinnamaldehyde and convert these into the corresponding alcohols [177—180]. Consequently,
the general conversion of coniferaldehyde into coniferyl alcohol is considered to be efficient in

E. coli and not pose a primary bottleneck for the later overall synthetic pathway at 26 °C.
11.4.2 Different methyltransferases expressed in E. coli BL21(DE3)

With the intention to increase coniferyl alcohol titers of the downstream pathway, plasmid-
based production of all enzymes was performed under the control of T7 promoters in E. coli
BL21(DE3). Thereby, both 4CL enzyme candidates, Pc4CL and 4CL from A. thaliana

(4t4CL), were examined with all four methyltransferases via expression from the vectors
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pETM6_4CL and pCDFDuet OMT. The two other downstream pathway enzymes ZmCCR and
ZmCAD were codon-optimized for E. coli and co-expressed from a previously constructed

pRSFDuet vector [135].

Indeed, the coniferyl alcohol titers from seven out of eight enzyme combinations of 4CL and
OMT were found to be higher than the concentrations obtained in the G213 strain at 26 °C
before (cf. Figure 2.19). The highest production of coniferyl alcohol was 258.6 + 31.3 uM
yielded by the application of Ar4CL and ZmCOMT, which exhibited a titer at least twice as
high as all other enzyme combinations (Figure 2.21 A). Furthermore, this combination as well
as At4CL with AfCOMT were the only constructs that did consume caffeic acid completely and
showed the highest caffeoyl alcohol productions of 684.4 + 140.2 uM for A4CL + ZmCOMT
and 788.7 = 104.1 uM for At4CL + AtCOMT (Figure 2.21 B and C). At the same time, both
enzyme combinations exhibited the lowest standard deviations for the production of caffeoyl

alcohol indicating a balanced activity of the applied 4CL and OMT enzymes.

In all other enzyme combinations, the substrate caffeic acid was partly left unconverted and the
caffeoyl alcohol titers fluctuated substantially. In accordance with the high standard deviations
for the substrate, the activity performance of the 4CL enzyme might have been suboptimal in
the individual combinations with OMT resulting in different levels of consumption of caffeic
acid. Furthermore, this may indicate sensitivity of both 4CL enzymes to inhibition or instability
of the 4CL activity in particular combinations with OMT over time. Nevertheless, both 4CL
candidates were found to accept caffeic acid as substrate equally well in co-expressions with

OMT.

The subsequent most active combinations regarding coniferyl alcohol production were Pc4CL
+ ZmCCoAOMT (127.1 + 43.1 uM), A4CL + AtCOMT (122.6 + 24.2 uM), Pc4CL +
AtCCoAOMT (120.0 £ 52.3 uM) and A#4CL + ZmCCoAOMT (117.3 £+ 31.4 uM) (Figure
2.21 A). In general, it seemed that the combination of CCoOAOMT with Pc4CL as well as
COMT with A4CL were most productive for generation of coniferyl alcohol in the end.
Interestingly, the combination of ZmCOMT with Pc4CL instead of 414CL exhibited a 8.5-fold
lower coniferyl alcohol concentration and represented the most unproductive of all eight
variations. This result emphasizes that exchange of a single enzyme candidate can have an
enormous impact on the performance of a synthetic pathway. As expected, the empty vector

control exhibited no conversion activity towards caffeic acid (Figure 2.21 C).
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Figure 2.21: Downstream synthetic pathway from caffeic acid towards coniferyl alcohol using plasmid-based
enzyme expression in £ coli BL21(DE3). Whole-cell biotransformation was performed in 10 mL KPi buffer
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(50 mM, pH 7.5) at 26 °C with 1 mM caffeic acid as substrate added at time to. The concentration of coniferyl
alcohol (A), caffeoyl alcohol (B) and caffeic acid (C) were measured after 48 h. Expression was performed at
26 °C prior to application in whole-cell biotransformation. Different OMTs (pCDFDuet_OMT) being A{COMT
(black), AfCCoAOMT (blue), ZmCOMT (red) or ZmCCoAOMT (green) and both 4CL enyzmes (pETM6_4CL) were
combined with the pRSFDuet_ZmCCR_ZmCAD vector. A single whole-cell biotransformation using the empty
vectors served as activity control (control, grey). The shown data represent mean values with standard deviation
from at least biological triplicates.

Regarding the individual in vivo expression levels of the applied enzymes in the eight
combinations, distinct differences between 4CL and OMT proteins could be observed. Firstly,
PcACL was expressed in pronounced bands around 60.3 kDa in co-expression with every
methyltransferase assessing from the SDS-PAGE analysis (Figure 2.22). An additional band
above 46 kDa in the insoluble fractions is observed in expressions with Pc4CL, possibly
indicating partly degradation of this 4CL enzyme candidate. Secondly, co-expressions with
At4CL showed prominent bands at 61.1 kDa for 4CL in combination with both COMT enzymes
and after 20 h on the one hand (Figure 2.22, 1 and 3). On the other hand, thin protein bands for
AtACL were visible on the SDS gel, when the 4CL enzyme was co-expressed with both
CCoAOMT proteins (Figure 2.22, 2 and 4). Thirdly, the COMT enzymes exhibited more
pronounced bands at 39.6 kDa in co-expression with 44CL, while both seemed to be barely
expressed in combination with Pc4CL (Figure 2.22, 1 and 3). A«COMT was thereby expressed
in more prominent bands compared to the COMT enzyme from Z mays. And lastly,
ZmCCoAOMT seemed to be expressed in similar amounts with both 4CL enzymes judging
from the band intensities around 29.4 kDa (Figure 2.22, 4). However, co-expressions with
AtCCoAOMT showed more pronounced bands at 25.9 kDa with A#4CL compared to Pc4CL
(Figure 2.22, 2).

Detection in western blot analysis was performed by using a specific primary antibody for the
N-terminal Hisg-tag of ZmCCR and the C-terminal S-tag of ZmCAD. In general, ZmCCR and
ZmCAD proteins seemed to be produced at similar levels in all eight 4CL and OMT
combinations. Distinct bands were detected in western blot analysis around 41.9 kDa for hise-
ZmCCR and at41.3 kDa for ZmCAD-S-tag, while only thin bands were visible for both proteins
in SDS-PAGE analysis. Additionally, two bands were co-detected around and below 32 kDa in
the insoluble fractions on the blot stained against the S-peptide. These bands suggest protein
degradation of ZmCAD and were found to occur more pronounced in the co-expressions with

PcACL compared to those with 4t4CL.
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Figure 2.22: Co-expression analysis of the downstream pathway using the four methyltransferases (1-4) in
combination with a4CL enzyme (PcACL or AtACL) and ZmCCR and ZmCAD. Co-expression was performed using
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PETM6_4CL (PACL or A#ACL), pRSFDuet_hiss-ZmCCR_ZmCAD-S-tag and pCDFDuet_OMT with A{COMT (1),
AtCCoAOMT (2), ZmCOMT (3) or ZmCCoAOMT (4) in £ co/iBL21(DE3) at 26 °C. 5/0D samples were taken at
the point of induction with 1 mM IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were
divided into a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE and western blot
analysis. For detection in western blot analysis the anti-His (a-his) or S-Peptide Epitope tag (a-S-peptide) and
GAM:* antibodies were used. The black arrowheads indicate the relevant expression bands. M - P7712 protein
ladder (NEB), C - (impure) mCherry-hiss as Hiss-tag control (0.5 pg, 27.7 kDa) or PVX-S-tag as S-tag control
(0.25 pg, 27 kDa), S-supernatant, P — pellet fraction, A{COMT - 39.6 kDa, A{CCoOAOMT - 25.9 kDa,
ZmCOMT - 39.6 kDa, ZmCCoAOMT - 29.4 kDa, PA4CL - 60.3 kDa, At4CL - 61.1 kDa, hiss- ZmCCR - 41.9 kDa,
ZmCAD-S-tag - 41.3 kDa.

It shall be remarked that an impure mCherry-hiss solution was used as Hiss-tag control in some
experiments. This control showed multiple bands assumably resulting from an unpurified cell
lysate containing unspecific degradations of mCherry and protein associations of hiss-tagged
fragments. Nonetheless, this impure protein lysate was found applicable for serving as Hises-tag

control.
11.4.3 Increased substrate feed into the downstream pathway

The plasmid-based production of ZmCCR and ZmCAD in combination with either 4¢4CL and
ZmCOMT or Pc4CL and ZmCCoAOMT in E. coli BL21(DE3) is investigated further with
respect to higher substrate feeds. Both enzyme combinations are tested, because they exhibited
the highest coniferyl alcohol titers in the previous whole-cell biotransformation with 1 mM
caffeic acid (chapter 11.4.2). Furthermore, the evaluation serves for comparison of the two novel
methyltransferases from the same origin, but with different substrate specificities, and of both

4CL enzyme candidates as well.

In comparison to a substrate feed of 1 mM, the coniferyl alcohol concentration dropped three-
fold with 2 mM caffeic acid for A#4CL + ZmCOMT (84.4 +34.2 uM) and 2.6-fold using Pc4CL
+ ZmCCoAOMT (49.8 = 14.8 uM), respectively (Figure 2.23 A). With 5 mM caffeic acid, both
coniferyl alcohol titers decreased even more to values of 36-37 uM, which were slightly below
the standard curve. As before, the downstream pathway containing 4¢4CL in combination with
ZmCOMT consumed the substrate completely for a feed of 2 mM and to a large extent of 5 mM
caffeic acid (Figure 2.23 C). Whereas with Pc4CL and ZmCCoAOMT, caffeic acid was left
unconverted in concentrations of around 0.74 £ 0.57 mM with a 2 mM and of 3.02 + 0.65 mM

with a 5 mM substrate feed.

The enzyme combination with Az4CL and ZmCOMT produced more caffeoyl alcohol compared
to the usage of Pc4CL and ZmCCoAOMT (Figure 2.23 B). The concentration of caffeoyl
alcohol decreased by 43.9 % for Pc4CL + ZmCCoAOMT with an increase in substrate feed
from 2 mM to 5 mM, while the production of caffeoyl alcohol improved by 131.8 % for 414CL
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+ ZmCOMT. A single performed empty vector control with 2 mM and 5 mM caffeic acid did

not lead to any production of pathway products and intermediates (data not shown).
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Figure 2.23: Increase of substrate feed into the downstream synthetic pathway using plasmid-based enzyme
expression in £ coli BL21(DE3). Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM,
pH 7.5) at 26 °Cwith 2 mM and 5 mM caffeic acid as substrate added at time to. The concentration of coniferyl
alcohol (A), caffeoyl alcohol (B) and caffeic acid (C) were measured after 48 h. Expression was performed at
26 °C prior to application in whole-cell biotransformation. The tested enzyme combinations were ZmCCR and
ZmCAD with either A#4CL and ZmCOMT (black) or PAACL and ZmCCoAOMT (grey). The shown data represent
mean values with standard deviation from biological triplicates.

In the end, the consumption of caffeic acid as well as the production of high caffeoyl alcohol
concentrations in the enzyme combination with 4#4CL indicates that this 4CL enzyme
candidate is more stable concerning substrate and product inhibition in vivo compared to
PcACL. Combinations with Pc4CL were found to be unable to convert substrate concentrations
above 2 mM caffeic acid. Contrary to expectations, the amount of coniferyl alcohol decreased
upon addition of higher substrate concentrations. With a parallel accumulation of sufficient
amounts of caffeoyl alcohol, the in vivo activity of both methyltransferases seemed to be low
in whole-cell biotransformation when applying higher substrate feeds. Furthermore, the
possibility that ZmCOMT and ZmCCoAOMT were prone to substrate inhibition by caffeoyl

alcohol cannot be excluded.
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IL.S The synthetic pathway towards monolignols

This chapter deals with the production of monolignols performed in resting cell assays. First
the combined functionality of the four pathway enzymes (TAL, 4CL, CCR, CAD) towards the
synthesis of p-coumaryl alcohol as the simplest monolignol is investigated (chapters I1.5.1).
Thereby, the establishment of a single vector containing the whole basic pathway is intended,
since the subsequent complementation by other enzymes (C3H, OMT) produced from plasmids
is considered to be beneficial for sufficient co-expression levels (chapter I1.5.1, cf. chapter
I1.6.2). At last, upstream and downstream pathways are combined for the production of
coniferyl alcohol in the strains E. coli BL21(DE3).G213 and E. coli BL21(DE3) (chapter
11.5.2).

I1.5.1 From L-tyrosine to p-coumaryl alcohol

The chosen two 4CL enzyme candidates were shown to have varying co-expression levels
depending on the choice of methyltransferase enzyme and are known to exhibit different
substrate specificities (cf. Figure 2.22). The enzyme 4CL1 from A. thaliana demonstrated the
highest catalytic efficiency towards p-coumaric and caffeic acid compared to its other isoforms
and also converted ferulic and 5-hydroxyferulic acid as substrates [181]. On the other hand, the
4CL1 from P. crispum showed stronger activity towards p-coumaric and ferulic acid but low

activity towards caffeic acid [182].

Aiming at an efficient in vivo production of p-coumaryl alcohol, the most appropriate 4CL
candidate as well as TAL and 4CL combination were investigated. For initial characterization,
RgTAL, which had exhibited the highest individual in vivo activity before, was combined with
either the Pc4CL or A4CL enzyme (cf. chapter II.1.1). The pathway towards p-coumaryl
alcohol was completed by the co-expression of ZmCCR and ZmCAD. Via expression from two
separate plasmids in E. coli BL21(DE3), the in vivo production of p-coumaryl alcohol was
24-fold higher with A4CL compared to Pc4CL (data not shown). The superior activity of
AtACL was mostly attributed to the more pronounced co-expression bands of RgTAL in

comparison to Pc4CL (data not shown).

In general, the Duet vectors from Novagen® (Merck KGaA, Darmstadt, Germany) enable facile
expression of up to eight genes using four vectors with different antibiotic selection markers
and compatible replication origins [152,169]. An unspecific side-peak formation was observed
in initial tests, when pACYCDuet was used as an empty vector control in resting cells (data not

shown). In personal communication with Stefan Wohlgemuth (Institute of Biochemistry II,
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HHU Diisseldorf) similar side-products were identified as acetylated products from the
phenylpropanoid pathway by LC-MS (data not shown). Consequently, it was suspected that the
chloramphenicol acetyltransferase from the pACY CDuet backbone might exhibit acetylation
activity on the pathway intermediates. The application of the pACYCDuet was thus omitted
due to this unfavorable side-activity as well as due to the lowest copy number of the

pACYCDuet plasmid in comparison to the other three vectors.

Therefore, an ePathBrick vector pPETM6 with TAL, 4CL, ZmCCR and ZmCAD was constructed
using a monocistronic gene configuration. In the past, a few studies concerning multi-enzyme
pathways had applied the monocistronic configuration based on the model from Xu et al. (2012)
[152,183,184]. Accordingly, each gene on the pPETM6 vector was constructed with its own T7
promoter and T7 terminator. Utilizing less plasmids simultaneously gives the advantage of a

lower metabolic burden for the E. coli host that results from plasmid maintenance and antibiotic

stress [131,185,186].

250 +
200 -
150 -
100 -

50 -

p-coumaryl alcohol [uM]

0 i
4 24 48
time [h]

Bl pETM6 RgTAL_Pc4CL_ZmCCR_ZmCAD
[ ] pETM6_RgTAL_At4CL_ZmCCR_ZmCAD
] pETM6_FjTAL_At4CL_ZmCCR_ZmCAD

I pETM6_Sesam8_AtdCL_ZmCCR_ZmCAD

Figure 2.24: Synthetic pathway towards p-coumaryl alcohol using a single ePathBrick vector in £ coli
BL21(DE3). Whole-cell biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with
1 mM L-tyrosine as substrate added at time to. The product concentration of p-coumaryl alcohol was measured
over time (4 h, 24 h, 48 h). All enzymes were expressed from pETM6 vector in a monocistronic gene
configuration at 26 °C prior to application in whole-cell biotransformation. Three different TAL enzymes being
RgTAL (black, grey), ATAL (white) or Sesam8 (blue) were combined with the 4CL enzyme PACL (black) or A#4CL
(grey, white, blue). The shown data represent mean values with standard deviation from biological triplicates.

In a whole-cell biotransformation with 1 mM L-tyrosine, the application of the ePathBrick
vector with all four enzymes led to the production of 29.8 £ 5.3 uM p-coumaryl alcohol after
4 h, when using RgTAL and Pc4CL, and of 146.0 + 39.7 uM with RgTAL and Ar4CL
(Figure 2.24). In this way, the enzyme combination with 4#4CL exhibited a near five-fold
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higher in vivo activity compared to using the downstream pathway enzyme Pc4CL. The
relatively low titers could be associated with thin expression bands for TAL and 4CL and thus
attributed to poor expression levels of all pathway enzymes, when the proteins were co-
expressed from a single pPETM6 plasmid in the monocistronic gene configuration (Figure A.7,

Appendix).

Moreover, only small amounts for p-coumaric acid were measured as intermediate indicating
an efficient and consecutive conversion into p-coumaryl alcohol by the 4CL, ZmCCR and

ZmCAD enzymes (data not shown).

In addition to RgTAL, the other two TALs, FjTAL and Sesam8, which showed high activities
when co-expressed with CYP199A2 as C3H, were applied in the pETM6 vector with 4#4CL as
well (cf. chapter 11.3.1). In the pathway towards p-coumaryl alcohol, similar titers compared to
RgTAL were yielded using both alternative TALs, in particular 160.8 + 40.6 uM with FjTAL
and 171.8 £ 20.6 uM with Sesam8 after 4 h (Figure 2.24).

No further increases in p-coumaryl alcohol concentration were observed after 4 h for any
enzyme combination. The protein bands for FjTAL and Sesam8 were also found to be less
pronounced compared to the previous single enzyme expressions and co-expressions with
CYP199A2 (Figure A.7, Appendix). Xu ef al. (2012) suggested for a monocistronic gene
configuration that terminator and subsequent promoter regions might interact with each other
so that transcription could be hindered [152]. This may be considered a plausible explanation

for the constructed pETM6 vector in this work as well.

In a growing cell assay, the pathway enzymes RgTAL, A4CL, ZmCCR and ZmCAD expressed
from the single pETM6 plasmid in E. coli BL21(DE3) led to a p-coumaryl alcohol
concentration of 260.7 uM after 6 h without any precursor supplementation (Figure A.S8,
Appendix). This titer of p-coumaryl alcohol was 79 % higher compared to the value in the
corresponding resting cell assay. The higher titer not only indicates that the growing cell assay
provides an environment for improved pathway performance, but also that the L-tyrosine

present in TB medium is sufficiently consumed as substrate.

The findings in this chapter generally support that production of p-coumaryl alcohol can be
improved by applying alternative enzyme candidates for TAL and 4CL reaction steps. Thereby,
the combinations of all three TAL enzymes with At4CL exhibited similar in vivo activities. In
the end, the construct containing FjT AL was chosen for the later growing cell assay due to the

previous high activity in co-expression with CYP199A2 as well as due to its reported superior

63



Results and Discussion

in vivo activity over RgTAL and Sesam8 without substrate supplementation in the past (chapter

I1.3.1, cf. chapter 11.6.2) [157].
I1.5.2 From L-tyrosine to coniferyl alcohol
In a genome-integrated E. coli strain

The G213 strain of E. coli BL21(DE3) showed no conversion of L-tyrosine into p-coumaric
acid in a resting cell assay, although this strain contains the genome-integrated RsTAL (data
not shown). Thus, a plasmid-based gene copy of a TAL enzyme on the pETM6 vector was co-
transformed into the G213 strain in addition to the plasmids pCDFDuet
AtCCoAOMT _CYP199A2 and pRSFDuet Pux PuR. The caffeoyl-CoA methyltransferase
from A. thaliana was chosen, because this enzyme in combination with the G213 strain had led
to the highest production of coniferyl alcohol in the evaluation of the downstream pathway
before (chapter 11.4.1). The construction of C3H and OMT on the same vector was made in
accordance with a previous study, in which co-expression of theses enzymes from a single
plasmid led to an improved ferulic acid titer compared to the expression from separate plasmids

[131].

In whole-cell biotransformations of the G213 strain with 1 mM L-tyrosine, p-coumaric acid
was rapidly produced after 2 h and the concentration stayed at the same level during the first
time (Figure 2.25). This indicated L-tyrosine consumption by TAL enzymes. Besides, small
amounts of caffeic acid measured after 4 h, the titer for caffeic acid was higher after 24 h and
48 h. At the same time, minor amounts of p-coumaryl alcohol were detected and the
concentration of p-coumaric acid decreased, which suggested that p-coumaric acid as

intermediate had been converted further either by the 4CL or CYP199A2 enzyme.

Interestingly, neither coniferyl alcohol nor caffeoyl alcohol were produced in the resting cell
assays. The late accumulation of caffeic acid and no further conversion of p-coumaric acid
indicates that the downstream pathway enzymes in particular the 4CL enzyme became mostly
inactive after 24 h. This can also be supported by the constant concentrations of p-coumaryl
alcohol after 24 h. Furthermore, the only minor increase in caffeic acid titer points towards a
low activity of the CYP199A2 as C3H after 24 h as well. The G213 strain with RgTAL
exhibited the highest production of p-coumaryl alcohol with 124.6 + 16.8 uM at 24 h. This
strain also had the highest titer of caffeic acid with 448.7 +£36.2 uM at 48 h, while caffeic acid
was produced 24 % less with FjTAL (342.7 £ 10.4 uM) and 72 % less with Sesam8 (124.2 +
14.4 uM) after 48 h.
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In general, all three TAL enzymes and the Af{CCoAOMT showed pronounced bands in SDS-
PAGE analysis, when expressed with CYP199A2 and redox partners in the G213 strain (Figure
2.26). The third distinct protein band around 46 kDa on the SDS gel corresponded to the
expression of CYP199A2 and the reductase PuR. The latter protein PuR was detected with faint
bands in western blot analysis, while the small ferredoxin Pux exhibited stronger stained bands
around 12 kDa on the blot. Thus, all proteins produced from plasmids were expressed in the

E. coli BL21(DE3).G213 strain.

A RgTAL B FjTAL
1600 - 1600 -
1400 | I p-coumaric acid 1400 I p-coumaric acid
— [] caffeic acid — 1] caffeic acid
% 1200 1] p-coumaryl alcohol i 1200 1|[] p-coumaryl alcohol
5 1000 ; S 1000 -
S 800 T 800 -
g 600 - © 600 -
&) Q
§ 400 - & 400 -
& [&]
200 | ﬂ*\ 200
o e . - - i 0 4
0 2 24 48 0 2 4 6 24 48
time [h] time [h]
C Sesam8
1600 -
1400 Il p-coumaric acid
— \:I caffeic acid
23 1200 1|[] p-coumaryl alcohol
S 1000
T 800
§ 600 -
Q
S 400 4
[6)
200 -
0
t|me [h]

Figure 2.25: Synthetic pathway towards coniferyl alcohol from L-tyrosine in £ co/iBL21(DE3).G213. Whole-cell
biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM L-tyrosine as
substrate added at time to (O h). The concentration of products and intermediates was measured over time (2 h,
4h, 6h,24h, 48 h). Expression was performed at 26 °C prior to application in whole-cell biotransformation.
Thereby, the constructs pCDFDuet_AfCCoAOMT_CYP199A2 and pRSFDuet_Pux_PuR were combined with one
TAL enzyme expressed from the pETM6 vector: RgTAL (A), ATAL (B) or Sesam8 (C). The shown data represent
mean values with standard deviation from biological duplicates.

For the genome-integrated genes, no expression bands for the untagged RsTAL, Pc4CL,
ZmCCR or ZmCAD could be observed in the SDS-PAGE analysis. Thus, total mRNA was
isolated from the co-transformed G213 strains, subjected to reverse transcription and

qualitatively assessed for the enzymes RsTAL, Pc4CL, ZmCCR and ZmCAD via PCR in order
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to verify the expression of the genome-integrated genes. Specific bands visualized in agarose
gel electrophoresis of the cDNA from the four proteins proved their transcription from
constitutive promoters in the G213 strain and subsequently suggested their expression in vivo
(data not shown). These results indicate that all nine pathway proteins were expressed and

exhibited combined activity to produce caffeic acid and p-coumaryl alcohol.
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Figure 2.26: Co-expression analysis of the synthetic pathway towards coniferyl alcohol using AfCCoAOMT and
CYP199A2 with three different TAL enzymes in £ coli BL21(DE3).G213. Co-expression was performed using
pCDFDuet_A{CCoAOMT_CYP199A2, pRSFDuet_hiss-Pux_hise-PuR and pETM6_TAL with RgTAL (A), ATAL or
Sesam8 (B) in £. co/iBL21(DE3).G213 at 26 °C. 5/0OD samples were taken at the point of induction with 1 mM
IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in western blot
analysis the anti-His (a-his) and GAM«*" antibodies were used. An expression of the empty vectors (pETM6,
pCDFDuet, pRSFDuet) served as control (A). The black arrowheads indicate the relevant expression bands. M1 -
P7712 protein ladder (NEB), M2 - P7719 protein ladder (NEB), C — mCherry-hiss as Hiss-tag control (0.5 pg,
27.7 kDa), S - supernatant, P - pellet fraction, RgTAL - 74.8 kDa, ATAL - 56.7 kDa, Sesam8 - 54.0 kDa,
CYP199A2 - 44.6 kDa, hiss-Pux — 12.6 kDa, hiss-PuR - 44.5 kDa, AtCCoAOMT - 25.9 kDa, RsTAL - 55.5 kDa,
PcACL - 60.3 kDa, ZmCCR - 40.1 kDa, ZmCAD - 38.7 kDa.

As stated above, the downstream pathway enzymes as well as the C3H probably became
inactive over time, which led to the accumulation of p-coumaric and caffeic acid. Regarding

the differences in production of caffeic acid between the applied TAL enzymes, it might be that
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the expression of Sesam8 was too excessive so that less resources were available for the
production of the other enzymes such as the C3H. This would also explain the less distinct
protein bands for CYP199A2 and PuR with Sesam8 compared to the co-expression with
FjTAL, which were performed under the same conditions (Figure 2.26 B). Furthermore, both
TAL proteins RsTAL and HaTAL, which showed weaker expression bands, were evaluated in
the co-transformed G213 strain as well, but the results equaled the above mentioned

observations and the measured p-coumaric acid concentrations were generally lower (Figure

A.9, Appendix).
Two-cells one-pot approach in E. coli BL21(DE3)

Both, the upstream and downstream pathway, were individually evaluated to be functional with
respect to the formation of their end products. Consequently, a two-cells one-pot approach is
evaluated next. This experimental structure offers a solely plasmid-based production of all
pathway enzymes, which had been shown to produce proteins in higher quantity and to be more
beneficial for the performance of the downstream pathway before (cf. chapter 11.4.2). The two-
cells one-pot experiment started with a first set of cells containing TAL + CYP199A2
combinations as 140 gwcw/L cell suspension and the substrate addition of 2 mM L-tyrosine.
After an incubation for 24 h, the second set of cells with the equal cell concentration was mixed
in a 1:1 ratio of volume with the first cell suspension yielding a concentration of 70 gycw/L for
each cell subset. Corresponding to the previous results, 4t4CL and ZmCOMT were used in
combination with ZmCCR and ZmCAD as second set of cells, because these four enzymes had

exhibited the highest production of coniferyl alcohol from caffeic acid (chapter 11.4.2).

In the first time period, caffeic acid was produced at high levels in the resting cell assay and
with low concentrations of p-coumaric acid as intermediate, which is consistent with the
expectations based on TAL + C3H combined activity (Figure 2.27). The measured
concentrations of caffeic acid after 24 h were 968.5 + 397.9 uM with RgTAL, 524.5 +
528.7 uM with FjTAL and 928.8 + 966.2 uM with Sesam8. Like before, when RgTAL was
used with CYP199A2, the produced caffeic acid decreased slightly from 6 h to 24 h (cf. chapter
I1.3.1).

After the addition of the second set of cells, caffeic acid was rapidly consumed within 2 h and
caffeoyl and coniferyl alcohol were produced (Figure 2.27). The coniferyl alcohol titers
between all three experiments were similarly low with 24.9 + 12.1 uM (72 h) using RgTAL,
36.3 £4.8 uM (30 h) with FjTAL and 40.7 = 7.3 uM (48 h) with Sesam8. These values were
6.6- to 10.4-fold lower compared to the previous production of coniferyl alcohol from 1 mM
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caffeic acid by applying the downstream pathway alone (chapter 11.4.2). A prolonged

incubation time beyond 72 h did not lead to improved titers (data not shown).
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Figure 2.27: Two-cells one-pot experiment. Whole-cell biotransformation was performed in 10 mL KPi buffer
(50 mM, pH 7.5) at 26 °Cwith 2 mM L-tyrosine as substrate added at time to (0 h). The concentration of products
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and intermediates was measured over time (from 2 h to 72 h). Expression was performed at 26 °C prior to
application in whole-cell biotransformation. Thereby, the first set of cells expressed proteins from
pCDFDuet_CYP199A2 (CYP), pRSFDuet_Pux_PuR and pETM6_TAL with RgTAL (A), ATAL (B) or Sesam8 (C),
while the second set of cells produced enzymes from pETM6_A#CL, pCDFDuet ZmCOMT and
pRSFDuet_ZmCCR_ZmCAD and were added at 24 h. The shown data represent mean values with standard
deviation from biological triplicates.

Interestingly, a control experiment, in which the first subset of cells containing the empty
vectors was mixed with 2 mM caffeic acid after 24 h and prior to addition of the downstream
pathway cells, produced an equally low concentration of coniferyl alcohol (Figure A.10,
Appendix). With these results being also in contrast to the previous findings, the differences
may be attributed to the experimental setup of the two-cells one-pot approach. The higher cell
concentration of 140 gwcw/L might have favored the dilution of the substrate, as it could

distribute over the doubled amount of cells compared to the original resting cell assay.

Nonetheless, the empty vector control showed that caffeic acid was completely converted into
~ 1.1 mM caffeoyl alcohol (Figure A.10, Appendix). Thus, the downstream pathway enzymes
AtACL, ZmCCR and ZmCAD were active, but the activity of the methyltransferase ZmCOMT
was likely impaired. A possible inhibition of COMT by caffealdehyde or coniferaldehyde can
be ruled out, because no accumulating aldehyde compounds were detected as intermediates
during the two-cells one-pot experiment. Thus, the activity of ZmCOMT was probably affected
by other factors than substrate or product inhibition, because comparable high caffeoyl alcohol
titers had accumulated in the resting cell assay of the downstream pathway before without

disturbing the OMTs’ methylation activity (chapter I1.4.2).

The expected value for caffeic acid in the samples at 24 h, collected prior to addition of the
second set of cells, should be around 2 mM. Instead, mean values around 1 mM caffeic acid
with very high standard deviations were measured for the two-cells one-pot experiments.
Likewise, the caffeoyl alcohol concentrations fluctuated enormously, as it had been observed
in the previous evaluation of the downstream pathway (cf. chapter 11.4.2). However, the high
standard deviations of caffeic acid occured prior to the addition of the second set of cells. This
observation can point towards consumption of caffeic acid by the E. coli cells, which was
indicated in the toxicity test and discussed before (cf. chapter 11.3.1, cf. Figure A.19 A and F,
Appendix). Besides, the aforementioned instable and thus variable activity of the 4CL enzyme
could have influenced the strong deviation of caffeoyl alcohol titers (chapters 11.4.2 and I1.5.2).
It is further noteworthy that the standard solution of caffeoyl alcohol in DMSO was observed

to be susceptible to decomposition due to decreased measured area values in HPLC
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chromatograms with respect to multiple freeze-thaw cycles (data not shown). This observation

implied that caffeoyl alcohol may be generally instable in solution.

By taking these results together, it was possible to produce coniferyl alcohol from L-tyrosine
using the two-cells one-pot approach though only in marginal concentrations. It is suspected
that the experimental setup of two-cells one-pot was responsible for the insufficient
methyltransferase activity of ZmCOMT. As a consequence, a different whole-cell assay is

investigated for the complete synthetic pathway in the final chapter.
II.6 Growing cell assay

In general, it was noticed that the pH became more acidic with the progress of the whole-cell
biotransformations (data not shown). Moreover, Kunjapur and co-workers (2014) supposed that
synthetic pathway enzymes in resting cells lose their activity more rapidly and exhibit a lower
overall productivity compared to growing cells [187]. Thus, a growing cell assay is performed
for evaluation of the downstream pathway (chapter 11.6.1) and different combined pathway

activities for the production of coniferyl alcohol (chapters 11.6.2-6.4).

In this experiment, a culture of E. coli cells was grown in TB medium and induced at an OD oo
of around 2 with 0.5 mM IPTG. At the same time, the substrate was added, so that the
production of enzymes and the pathway activity occurred simultaneously. The lowered
concentration of IPTG was chosen, as higher titers had been achieved from pathway enzymes
in a previous study, when the protein expression was induced with amounts below 1 mM IPTG
[130]. The higher induction ODeoo was adopted in order to avoid a possible reduction of cell
viability at the induction time point and to yield substantial concentrations of all pathway
enzymes concurrently with the addition of the substrate. Furthermore, complex TB medium
was applied because of the higher cell growth and reported superior pathway product titers

compared to the usage of synthetic media [130].
I1.6.1 Downstream pathway

In the resting cell assay, the plasmid-based production of downstream pathway enzymes yielded
higher coniferyl alcohol titers compared to a plasmid-based expression of OMT in the E. coli
BL21(DE3).G213 strain. Thus, the two best performing 4CL and OMT combinations from
chapter 11.4.2 were evaluated in the growing cell assay with 1 mM caffeic acid. The enzyme
combination of 4#4CL + ZmCOMT produced 331.0 £ 12.7 uM coniferyl alcohol after 4 h,
which corresponded to a conversion yield of 50.4 % (Figure 2.28). The second combination of

PcACL + ZmCCoAOMT led to a lower production of 223.2 + 1.7 uM coniferyl alcohol at 4 h
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(conversion yield 34.0 %). Interestingly for this latter enzyme combination, the titer of coniferyl
alcohol increased further to 431.2 + 105.4 uM after 24 h corresponding to a conversion yield
of 65.7 %, while coniferyl alcohol decreased enormously for the other combination A74CL +
ZmCOMT at 24 h. After 48 h in the growing cell assay, almost no coniferyl alcohol was

detected in both strains containing the downstream pathway.
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Figure 2.28: Growing cells of £ co/i BL21(DE3) with the downstream synthetic pathway using plasmid-based
protein expression. The investigated enzyme combinations were A#4CL and ZmCOMT (black) as well as PcACL
and ZmCCoAOMT (grey) together with ZmCCR and ZmCAD. The growing cell assay was performed in 10 mL
TB medium at 26 °Cwith supplementation of 1 mM caffeic acid at time to. The concentration of coniferyl alcohol
was measured over time (4 h, 24 h, 48 h). The shown data represent mean values with standard deviation from
biological duplicates.

Over the time course of the growing cell assay, the substrate caffeic acid was consumed
completely and no caffeoyl alcohol accumulated as intermediate (data not shown), which
contradicted the previous observations in resting cells (cf. chapter 11.4.2). In addition to that,
growing cells without supplemented substrate did not lead to the formation of any intermediates
and confirmed that TB medium does not contain caffeic acid (data not shown). Furthermore,
caffeic acid was not converted into any pathway product in the empty vector control as expected

(data not shown).

Altogether, the production of coniferyl alcohol from caffeic acid by the downstream pathway
was more efficient and led to higher concentrations in growing cells compared to the whole-
cell biotransformation. By comparing the highest individual values of coniferyl alcohol, the
enzyme combination At4CL + ZmCOMT produced 28 % more and Pc4CL + ZmCCoAOMT
generated a 2.4-fold higher titer in growing than in resting cells. With respect to the standard
deviations, both 4CL + OMT combinations exhibited around the same activity in growing cells
in the end. The only exception was the faster conversion of caffeic acid by A4CL + ZmCOMT

in comparison to Pc4CL + ZmCCoAOMT.
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The observed significant decrease in coniferyl alcohol titers over time indicates that coniferyl
alcohol could have been degraded or consumed by the metabolically active cells. It is further
possible that coniferyl alcohol dimerized spontaneously and escaped detection with the applied
HPLC method [179]. As an additional minor experiment, M9 minimal medium was applied for
these growing cells as well, but resulted in no complete substrate consumption, in the
accumulation of caffeoyl alcohol and in two- to six-fold lower concentrations of coniferyl
alcohol (data not shown). Thus, these results confirm that the usage of complex medium leads

to an improved overall performance of the pathway enzymes.

In conclusion, the growing cell assay with the downstream pathway seems to be beneficial for
OMT activity, as no caffeoyl alcohol and instead higher coniferyl alcohol titers were detected

with both classes of methyltransferases from Z. mays.
I1.6.2 Production of coniferyl alcohol in E. coli BL21(DE3)

Growing co-culture

As a growing cell assay equivalent to the two-cells one-pot approach, growing co-cultures using
FjTAL and the NA7-CYP199A2 variant with Pux/PuR in one E. coli BL21(DE3) strain were
performed (cf. chapter I1.5.2). FjTAL was chosen due to its sufficient activity in co-expression
with other pathway enzymes (chapters 11.3.1, I1.5.1 and I1.5.2). Besides, the co-activity of the
NA7 variant of the P450 enzyme was investigated for comparison and because of its equal
activities with regard to CYP199A2 as C3H (chapters 11.2.2). The second E. coli BL21(DE3)
strain consisted of the downstream pathway with either 4¢4CL and ZmCOMT or Pc4CL and
ZmCCoAOMT in combination with ZmCCR and ZmCAD.

In contrast to the two-cells one-pot approach, both strains were inoculated together and at the
same time into 10 mL TB medium for the growing co-culture. Thereby, overnight cultures of
both strains were mixed in a 1:1 ratio with respect to OD prior to inoculation. The induction
with 0.5 mM IPTG was also applied at an ODggo around 2 and without or with the addition of
1 mM L-tyrosine as substrate. Here, the collected samples over time consisted of the whole cell
broth. Such extracted samples containing supernatant and cells had been compared to samples
with only supernatant in the past and no differences in concentrations of substances could be
determined (data not shown). Thus, it is assumed that all measureable intermediates of the
synthetic pathway are well membrane-permeable and that the cells have no influence on

extraction.
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After 24 h and 48 h of the growing co-culture using A#4CL + ZmCOMT, the accumulation of
p-coumaric acid was observed (co-culture 1, Figure 2.29 A). Without substrate, the
concentration of p-coumaric acid was 469.1 £ 19.8 uM after 48 h, while the titer was twice as
high with 1 mM L-tyrosine (978.5 = 44.7 uM). Apart from p-coumaric acid, only p-coumaryl
alcohol was measured as another product in small amounts without substrate (105.7 = 5.0 uM
at 4 h) and in concentrations of 440.7 + 285.8 uM with substrate at 24 h. Interestingly, the titer
for p-coumaryl alcohol decreased greatly to values below the standard curve after 48 h. Neither
coniferyl alcohol nor any C3-hydroxylated phenylpropanoids were detectable in this growing

co-culture experiment (co-culture 1, Figure 2.29 A).
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Figure 2.29: Growing co-culture of £ co/iBL21(DE3) using ATAL and NA7-CYP199A2 in the upstream and two
different 4CL and OMT combinations in the downstream pathway strain. The investigated enzyme
combinations of the downstream pathway were A#4CL and ZmCOMT (A, co-culture 1) as well as PACL and
ZmCCoAOMT (B, co-culture 2) together with ZmCCR and ZmCAD. The growing cell assay was performed in
10 mL TB medium at 26 °C without substrate addition (w/o, black) or with supplementation of 1 mM L-tyrosine
(L-Tyr, blue) at time to. The concentration of products and intermediates was measured over time (4 h, 24 h,
48 h). Caffeic acid (green) was only produced in co-culture 2 (B). The shown data represent mean values with
standard deviation from biological duplicates.
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The formation of p-coumaric acid clearly demonstrates activity of the FjT AL, which was able
to efficiently utilize L-tyrosine from the TB medium. Also, the concentrations of p-coumaric
acid and p-coumaryl alcohol increased further upon an additional feed of 1 mM L-tyrosine,
which can be attributed to the sufficient FjTAL activity as first enzyme in the synthetic
pathway. The observation that the p-coumaryl alcohol titer did not increase after 24 h point
towards inactivity of the downstream pathway enzymes after that point in time. Due to the
further accumulation of p-coumaric acid, the 4CL enzyme was presumably inactive, as it had

been observed in a resting cell assay before (chapter 11.5.2).

In an alternative second strain, the enzyme combination of Pc4CL + ZmCCoAOMT was also
applied in the growing co-culture assay and showed similar results (co-culture 2, Figure 2.29
B). Two exceptions with this strain were that, firstly, p-coumaric acid accumulated in higher
amounts at 4 h and 24 h. This can be explained by the previously mentioned lower performance
and apparent more sensitivity to substrate inhibition of Pc4CL in contrast to A¢4CL in whole-
cell biotransformations (cf. chaptersI1.5.1 and I1.4.3). Secondly, small concentrations of caffeic
acid were detected after 24 h being 146 + 9.4 uM without added substrate and 330 + 6.7 uM
with 1 mM L-tyrosine. The production of caffeic acid in the alternative second strain indicates
that NA7-CYP199A2 as C3H was active in the growing co-culture, but the overall in vivo

activity was low and apparently insufficient.

A possible explanation could be the different growth behavior between upstream and
downstream pathway strain. The upstream pathway strain might have exhibited growth up to
greater cell densities in the combination with Pc4CL + ZmCCoAOMT as the second strain.
This could have resulted in improved and balanced expression levels of TAL and C3H in co-
culture 2, as more p-coumaric acid and the intermediate caffeic acid were produced compared
to the growing co-culture with the other downstream pathway enzymes (co-culture 1). Thus, it
can be suspected that the upstream pathway strain exhibited growth in a possibly lower cell
density with the co-cultured second strain containing A4CL + ZmCOMT. An experimental
evidence of the suggested growth behavior could not be confirmed, as both strains are
indistinguishable from each other with regard to ODsopo measurement and phenotypic

characteristics.

It is noteworthy that the ODsoo of the inoculation culture was slightly larger for the growing co-
culture 2 (Pc4CL + ZmCCoAOMT) compared to co-culture 1 (44CL + ZmCOMT). This may

have influenced the growth behavior of both co-cultured strains, too. Additionally, p-coumaryl
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alcohol and caffeic acid were only marginally present in the samples at 48 h, which suspects

their degradation or consumption in growing E. coli cells.

The previously performed two-cells one-pot approach led to the production of caffeoyl and
coniferyl alcohol, but the tested growing co-culture predominantly produced p-coumaric acid
and p-coumaryl alcohol (cf. chapter I1.5.2). For a possible optimization with respect to efficient
substrate channeling from upstream into the downstream pathway, the whole synthetic pathway

is evaluated in a single strain next.
Production of coniferyl alcohol in a single strain

For the co-expression of the complete synthetic pathway starting from L-tyrosine, the
characterized ePathBrick vector pETM6 containing FjTAL, A4CL, ZmCCR and ZmCAD was
applied in E. coli BL21(DE3) (chapter I1.5.1). The strain was co-transformed further with
pRSFDuet hiss-Pux hiss-PuR and pCDFDuet OMT NA7-CYP199A2 using ZmCOMT or
ZmCCoAOMT, respectively.
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Figure 2.30: Growing cells of £ co/iBL21(DE3) with the combined upstream and downstream synthetic pathway
using plasmid-based enzyme expression. The co-expression of enzymes was performed by combining the single
ePathBrick vector pETM6 containing ATAL, A#4CL, ZmCCR and ZmCAD with pCDFDuet_ZmCOMT_NA7-
CYP199A2 and pRSFDuet_hiss-Pux_hiss-PuR. The growing cell assay was performed in 10 mL TB medium at
26 °C without substrate addition (w/o, black) or with supplementation of 1 mM L-tyrosine (L-Tyr, blue) at time
to. The concentration of products and intermediates was measured over time (4 h, 24 h, 48 h). The shown data
represent mean values with standard deviation from biological triplicates.

The growing cell assay of these E. coli BL21(DE3) strains resulted in the production of
coniferyl alcohol albeit in very low titers. With ZmCOMT (BL21(DE3) strain 1), the maximal
concentrations for coniferyl alcohol were 16.5 £ 5.6 uM (48 h) without added substrate and
43.8 £ 6.1 uM (24 h) with I mM L-tyrosine (Figure 2.30). Despite these values being below

the standard curve, a minor 1.7-fold improvement in coniferyl alcohol titer could be observed
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with an additional substrate feed. Apart from that, p-coumaric acid accumulated in low amounts
after 48 h, while p-coumaryl alcohol started to be measurable earlier in the growing cell assay
and only marginally at 48 h. The determined concentrations of p-coumaryl alcohol were 379.5
+ 12.8 uM (without substrate feed) and 274.5 £ 4.7 uM (with substrate feed) at 4 h. These
results suggest that L-tyrosine from the TB medium was readily converted by TAL, 4CL, CCR
and CAD into p-coumaryl alcohol without any other accumulating intermediates and that the

activity of the 4CL enzyme was probably impaired after 48 h.

At 24 h, extraordinary high concentrations for p-coumaryl alcohol were measured, whose titers
improved from 6.1 mM to 17.7 mM when L-tyrosine was fed to the medium. These calculated
values are assumed to be incorrect, as the concentrations exceed the available amount of
L-tyrosine in TB medium (around 2-3.9 mM)'. This significant increase cannot be explained
by the application of an additional feed of L-tyrosine. As expected, growing cells of E. coli
BL21(DE3), which were co-transformed with the three empty vectors as control, produced no
products or intermediates (data not shown). Furthermore, no unusual peak with a retention time
similar to p-coumaryl alcohol was observed in the HPLC chromatograms as well. Thus, the

possible detection of unspecific product peaks from E. coli is excluded.

It is noteworthy that the HPLC chromatograms of samples at 48 h exhibited a generally low
area value for the internal standard (IS), which led to a considerably high correction of all other
area values. A decrease of the IS area value was also observed in the sample at 24 h though not
as pronounced as at 48 h. However, it is generally assumed that the area correction with IS is
probably not resulting in these pronounced differences observed for p-coumaryl alcohol. In the
end, the measured values for p-coumaryl alcohol cannot be causally explained without any
further investigations. It may be that the increase in area value occured from a possible overlay
of other unidentified product peaks. This hypothesis originates from the fact that some of the
applied enzymes exhibit broad substrate specificities (4CL, CCR, CAD) and that the complex
TB medium may contain many potential alternative substrates. Still, this hypothesis has not

been experimentally confirmed.

The addition of 1 mM L-tyrosine mainly led to an increase of product titers and showed that
higher amounts of coniferyl alcohol could be generated. In general, similar results were
obtained when using ZmCCoAOMT in the E. coli BL21(DE3) strain (Figure A.11, Appendix).

Nevertheless, the low titers of coniferyl alcohol and the high accumulation of p-coumaryl

! Calculated from specifications of three individual tryptones and two yeast extracts [162—166].
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alcohol suggest that the C3H was insufficiently active. The expression of all proteins was
thereby assumed to be low, since none or only thin protein bands had been observed in SDS-

PAGE and western blot analysis (Figure A.12 and A.13 A, Appendix).

A possible obstacle regarding the applied plasmid-based expression is the transcription of all
eight genes using the strong T7 promoters. The plasmid-based simultaneous production of eight
proteins might impose metabolic stress on the E. coli host. Before, rather low expression levels
with respect to the utilized ePathBrick plasmid had been observed in resting cells, too (cf.
Figure A.7, Appendix). In growing cells, the enzymes At4CL, ZmCCR and ZmCAD seemed to
be reasonably active in combination in contrast to the C3H. This suggests their predominant

expression over the applied NA7-CYP199A2 variant, Pux and PuR.

Thus, it can be concluded that the expression levels of all enzymes in E. coli BL21(DE3) were
likely imbalanced for a sufficient synthetic pathway performance towards the production of
coniferyl alcohol. In order to reduce metabolic stress and possibly improve C3H expression,
the two genome-integrated strains of E. coli BL21(DE3), which contain the 4CL, CCR and
CAD downstream pathway enzymes under the control of weak constitutive promoters, are

investigated in the following chapter.
I1.6.3 Production of coniferyl alcohol in genome-integrated E. coli strains

The two applied genome-integrated strains of E. coli BL21(DE3) are E. coli BL21(DE3).G213
and E. coli BL21(DE3).G279. The latter strain contains an additional integrated operon with
the genes of A4CL, ZmCCR and ZmCAD in comparison to the first strain, which is also
controlled by a weak constitutive promoter. In the tested strains, different TAL and OMT
candidates were combined with both variants of the CYP199A2 enzyme and Pux/PuR as redox

partners on expression plasmids.

For assessment of the performance of E. coli BL21(DE3).G279, this strain was co-transformed
with pETM6 FjTAL, pRSFDuet hiss-Pux_hiss-PuR and pCDFDuet OMT NA7-CYP199A2
with ZmCOMT (G279 1) or ZmCCoAOMT (G279 2), respectively. The growing cells of these
co-transformed G279 strains generally led to a marginal production of coniferyl alcohol (Figure
2.31). Instead, the concentration of p-coumaryl alcohol increased with the additional plasmid-
based expression of FjTAL and was found to be higher in both G279 strains compared to the
empty vector control of growing E. coli BL21(DE3).G213 (G213 control) and E. coli
BL21(DE3).G279 cells (G279 control) (Figure A.14 B, Appendix). Also, only minor amounts

of p-coumaric acid accumulated as intermediate in the G279 strains (Figure A.14 A, Appendix).
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Figure 2.31: Growing cells of £ co/i BL21(DE3).G213 and £. col/i BL21(DE3).G279. The growing cell assay was
performed in 10 mL TB medium at 26 °C without substrate addition (w/o, black) or with supplementation of
1 mM L-tyrosine (L-Tyr, grey) at time to. The concentration of coniferyl alcohol was measured at 24 h (A) and
48 h (B). The shown data represent mean values with standard deviation from at least biological duplicates. As
exceptions, the data for G279_1, G279_2, the G213 control and G213_1 (w/o substrate) originated from single
measurements. The investigated enzyme combinations in the G279 strain consisted of ATAL, NA7-CYP199A2
with Pux/PuR and ZmCOMT (G279_1) or ZmCCoAOMT (G279_2). Growing cells using the three empty vectors
served as activity controls (G213/G279 control). In the G213 strain, Pux/PuR was combined with the following:
G213_1 - RgTAL + CYP199A2 + AtCCoAOMT, G213_2 - ATAL + CYP199A2 + A{CCoAOMT, G213_3 - Sesam8
+ CYP199A2 + AtCCoAOMT, G213 4 - ATAL + NA7-CYP199A2 + ZmCOMT, G213 5 - Sesam8 + NA7-
CYP199A2 + ZmCOMT, G213_6 - ATAL + NA7-CYP199A2 + ZmCCoAOMT, G213_7 - Sesam8 + NA7-
CYP199A2 + ZmCCoAOMT.
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Apart from that, significant coniferyl alcohol production was observed in growing cells of
E. coli BL21(DE3).G213. The strains G213 1 to G213 3 correspond to the previously
investigated G213 strains in the resting cell assay, which expressed the enzymes AtCCoAOMT,
CYP199A2, Pux/PuR and either RgTAL (G213 1), F;TAL (G213 2) or Sesam8 (G213 _3) (cf.
chapter 11.5.2). When re-evaluated in the growing cell assay, the G213 2 strain exhibited the
generally highest production of coniferyl alcohol with a concentration of 854.1 +£432.8 uM at
24 h and with the addition of 1 mM L-tyrosine (Figure 2.31 A). The determined high standard
deviation was probably the result of three independently performed growing cell assays, which
differed in induction ODgoo (1.73, 1.80 and 2.37) and could have been also influenced by other

factors.

Differences in coniferyl alcohol titer were observed, even if multiple growing cell assays were
performed simultaneously and their samples extracted and measured under the same conditions
and at the same time (e.g. 902.5 uM and 764.6 uM coniferyl alcohol for G213 2 at 24 h). In
this context, high standard deviations that occur in the following can be attributed to this
variability in assay performance and presumably the overall expression of the individual

pathway enzymes.

Without any added substrate, the coniferyl alcohol titer in the G213 2 strain was found to be
around eight times lower at 24 h (109.7 = 34.8 uM) compared to the addition of 1 mM
L-tyrosine (Figure 2.31 A). But the titer without substrate increased around three-fold to 367.5
+242.6 uM coniferyl alcohol after 48 h (Figure 2.31 B). An even higher production of coniferyl
alcohol without externally added substrate was achieved by G213 3 with a concentration of

749.6 £ 469.8 uM at 48 h.

In contrast to the strains G213 2 and G213 3, the G213 1 strain with RgTAL showed low
coniferyl alcohol titers, although this strain had produced the highest concentration of caffeic
acid in the corresponding whole-cell biotransformation (chapter 11.5.2). A simultaneous low
production of p-coumaryl alcohol suggests further that the in vivo activity of RgTAL was

insufficient in this strain under growing cell assay conditions (Figure A.14 B, Appendix).

FjTAL and Sesam8, which led to improved product titers in the upstream pathway evaluations,
were evaluated in combination with the NA7-CYP199A2 variant and the methyltransferases
from Z. mays ZmCOMT (G213 _4 (FjTAL), G213 5 (Sesam8)) and ZmCCoAOMT (G213 6
(FjTAL), G213 _7 (Sesam8)), respectively (cf. chapter 11.3.1). The G213 4 strain thereby
produced the second highest concentration of coniferyl alcohol (683.5 = 515. uM) under the
supplementation of 1 mM L-tyrosine at 24 h. This value decreased afterwards, which was
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observed for some titers from the growing cell assays of E. coli BL21(DE3).G213, but other
values showed an increase from 24 h to 48 h instead. In this way, the coniferyl alcohol
concentration of 529.6 = 81.9 uM was generated with the G213 5 strain after 48 h and was
found to be the third highest titer for coniferyl alcohol by using growing cells and an additional
feed of 1 mM L-tyrosine (Figure 2.31 B).

In general, p-coumaric acid only accumulated in low amounts and was found to reach higher
concentrations in enzyme combinations, which produced less coniferyl alcohol at 24 h (Figure
A.14 A, Appendix). As another side-product, p-coumaryl alcohol was detected in a wide
concentration range in the different tested strains and similar observations regarding high values
and standard deviations were made again, which had been discussed previously (chapter 11.6.2)
(Figure A.14 B, Appendix). Other intermediates such as caffeoyl alcohol did not accumulate
during the growing cell assays and only traces of caffeic acid were detected with the strains

G213 5-G213_7 (data not shown).

The results indicate that the downstream pathway enzymes comprising 4CL, CCR and CAD
exhibited a combined high activity in the G279 strains and expression of FjTAL generally
favored p-coumaryl alcohol production. With respect to the empty vector control of the G213
strain, which generated marginal p-coumaryl alcohol titers, the low activity of the genome-
integrated RsTAL is assumed to be the bottleneck in this strain. Nonetheless, the overall
pathway performance towards p-coumaryl alcohol was shown to be improved by the
introduction of additional gene copies of 4CL, CCR and CAD in the E. coli BL21(DE3).G279
compared to the G213 strain. However, it is assessed that the co-transformed C3H displayed
insignificant activity in the G279 strains, although SDS-PAGE and western blot analysis
indicated the expression of NA7-CYP199A2, Pux and PuR under growing cell assay conditions
(Figure A.13 B and A.15, Appendix).

The higher titers of coniferyl alcohol with the E. coli BL21(DE3).G213 strains demonstrate that
a total lower expression of the genome-integrated downstream pathway enzymes 4CL, CCR
and CAD favors the production of the intended monolignol. The newly co-transformed G213
strains (G213 _4-G213_7) showed distinct expression bands for the plasmid-based produced
TAL, C3H and OMT enzymes (Figure A.16, Appendix). Thereby, it seemed that the expression
bands of NA7-CYP199A2 and PuR were more pronounced in co-expression with FjTAL
compared to Sesam8. The apparent higher expression level of the used C3H could be a reason
for the superior performance of the strains G213 4 and G213_6, which both expressed FjTAL,
compared to the strains G213 _5 and G213 _7 with Sesam8 at 24 h (Figure 2.31 A). At the end
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of the growing cell assay, G213 4 yielded a 35.1 % higher titer of coniferyl alcohol compared
to G213 6 and G213 5 a 140 % higher concentration compared to G213 7. (Figure 2.31 B).
Thus, a slightly higher production of coniferyl alcohol was achieved after 48 h by utilizing
ZmCOMT instead of ZmCCoAOMT.

Interestingly, the enzyme combination of FjT AL with 4tfCCoAOMT and CYP199A2 (G213 2)
produced a similar concentration of coniferyl alcohol at 24 h as the G213 strain with FjTAL,
NA7-CYP199A2 and ZmCOMT (G213 _4). These observations may imply that 4f{CCoAOMT

and ZmCOMT exhibit equal activities while co-expressed with seven other pathway enzymes

in the E. coli BL21(DE3).G213 strain.

Due to the comparable activites of the CYP199A2 variants in the previous whole-cell
biotransformations, the variants of C3H from R. palustris are not suspected to be the
determining factor for the overall pathway performances (chapter 11.2.2). Though, further
investigations will be necessary for confirmation. The expression of the plasmid-based genes
and the transcription of all genes had been demonstrated for the strains G213 _1-G213_3 before
(cf. chapter 11.5.2). Thus, expression analysis of these strains and mRNA isolation with reverse
transcription and cPCR, in general, were not repeated here. The 4.6-to 10.1-fold lower coniferyl
alcohol titers of the G213 1 strain with 1 mM L-tyrosine at 24 h compared to the strains
G213 3 and G213 2, respectively, demonstrated the insufficient pathway performance when
using RgTAL instead of FjTAL or Sesam8. Regarding an improvement of coniferyl alcohol
titers, the presented growing cell assays are examined with higher substrate feeds in the last

chapter (chapter 11.6.4).
I1.6.4 Increase of coniferyl alcohol production

Evaluation of pH from TB medium

For whole-cell biotransformation, the pH was found to increase or decrease with applied higher
substrate concentrations of L-tyrosine (chapter 11.1.2). With respect to an increased substrate
feed in the growing cell assay, the pH of TB media with simple, doubled (2x) or tripled (3x)
concentration of phosphate buffer salts was determined for different L-tyrosine concentrations
(Figure 2.32). With 5 mM L-tyrosine, the pH dropped from 7.38 to 6.86 in the normal TB
medium, while the pH decreased less in 2x (pH 7.21) or 3x TB medium (pH 7.34). Thus, the
pH drop in simple TB medium was two to four times more pronounced compared to the 2x and
3x TB medium, respectively. Due to the already significant improvement with two-fold salt
concentration compared to the common TB medium, 2x TB medium was used for the growing

cells with 5 mM L-tyrosine.
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Figure 2.32: Influence of L-tyrosine on pH of different TB media. 10 mL of TB medium (black) and TB media with
two-fold (2x) or three-fold (3x) higher salt concentration (blue) were mixed with L-tyrosine (L-Tyr) in different
concentrations and the pH was measured. The stock solutions were prepared as 100 mM L-Tyr in DMSO and
acidified with HCI. As control only DMSO was added to TB medium (black filled square). All individual
experiments were performed in triplicates the error bars indicate the standard deviation from the mean.

Increased substrate feeds

For the investigation of an elevated substrate concentration, the three E. coli BL21(DE3).G213
strains G213 2, G213 4 and G213 _5 were chosen, which had exhibited the highest titers of
coniferyl alcohol in growing cell assays (chapter 11.6.3). In addition to these G213 strains,
G279 1 and G279 2 as well as BL21(DE3) strain 1 were also tested in growing cells for

potentially improved pathway performances towards coniferyl alcohol (cf. chapter 11.6.2).

In growing cells in 2x TB medium, all coniferyl alcohol and most intermediate concentrations
were generally found to be improved from 24 h to 48 h, while some highest measured titers had
been determined at 24 h previously (cf. Figure 2.31). When growing cells were fed 5 mM
L-tyrosine, the highest yielded titers for coniferyl alcohol using the G213 strains were far lower
compared to the former growing cell assay with 1 mM L-tyrosine (Figure 2.33). In this way,
the concentrations for coniferyl alcohol were around five- and seven-fold lower for the strains
G213 2(167.3 £3.2 uM) and G213 4 (104 + 6.4 uM), respectively, compared to the highest
titers with the addition of 1 mM L-tyrosine (cf. Figure 2.31). The production of coniferyl
alcohol was found to be even 15-fold lower for the strain G213 5 (35.6 £0.4 uM) (Figure 2.33).

Without externally added substrate, the coniferyl alcohol titers in growing cells were
determined to be higher compared to the addition of 5 mM L-tyrosine. Thus, the strain G213 _2
produced a three-fold higher amount of coniferyl alcohol (523.5 uM) with no added substrate
compared to the supplementation of 5 mM L-tyrosine. The measured coniferyl alcohol titers
without substrate after 48 h were thereby comparable to the previous results, when simple TB
medium was used as sole substrate source (cf. Figure 2.31).
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Figure 2.33: Growing cells of different £ co/i BL21(DE3) strains with higher L-tyrosine feed. The growing cell
assay was performed in 10 mL 2x TB medium at 26 °C without substrate addition (w/o, black) or with
supplementation of 5 mM L-tyrosine (L-Tyr, grey) at time to. The concentration of coniferyl alcohol was
measured at 48 h. The shown data with added substrate represent mean values with standard deviation from
biological duplicates, while the data w/o substrate originated from a single measurement. The £. co/iBL21(DE3)
strain 1 (BL21(DE3)_1) contained the enzymes ZmCOMT and NA7-CYP199A2 with Pux/PuR and was
co-transformed further with pETM6 containing ATAL, AtACL, ZmCCR and ZmCAD. The investigated enzyme
combinations in the G279 strain consisted of ATAL, NA7-CYP199A2 with Pux/PuR and ZmCOMT (G279_1) or
ZmCCoAOMT (G279_2). In the G213 strain, Pux/PuR was combined with the following: G213_2 - ATAL +
CYP199A2 + AtCCoAOMT, G213_4 - ATAL + NA7-CYP199A2 + ZmCOMT, G213_5 - Sesam8 + NA7-CYP199A2
+ ZmCOMT.

All other strains exhibited low coniferyl alcohol titers, which were below the standard curve
and comparable to the preceding production values. Thus, the strains BL21(DE3) 1 (18.7 +
0.2 uM), G279 1 (17.9 £ 0.5 uM) and G279 2 (43.2 = 6.5 uM) showed no further improved
coniferyl alcohol titer from the addition of 5 mM L-tyrosine. With the higher substrate feed,
p-coumaric acid accumulated in high concentrations instead in these strains, which had not been
observed before (Figure A.17 A, Appendix). Likewise, the titers for p-coumaryl alcohol as
monolignol side-product increased in the strains of E. coli BL21(DE3).G279 in comparison to
the former growing cell assay, while the titer was unchanged for E. coli BL21(DE3) strain 1
(Figure A.17 B, Appendix).

However, the determined p-coumaric acid concentrations were found to be three-fold higher in
the strain G213 2, when 5 mM L-tyrosine was applied as substrate instead of 1 mM (Figure
A.17 A, Appendix). At the same time, the titer for p-coumaric acid increased around eight-fold
for the strains G213 4 and G213 5. The produced amounts of p-coumaryl alcohol without

added substrate were comparable to the previously measured values, while the p-coumaryl
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alcohol titer decreased significantly with the high L-tyrosine supplementation (Figure A.17 B,
Appendix).

These observations indicate that the co-transformed strains of E. col/i BL21(DE3).G279
channeled the substrate L-tyrosine more significantly into the production of p-coumaryl alcohol
rather than coniferyl alcohol. Thus, the activity of the C3H was still impaired in the G279 strains
and likely also in E. coli BL21(DE3) strain 1 as discussed elsewhere (chapters I1.6.2 and 11.6.3).
The high accumulation of p-coumaric acid in all tested strains with 5 mM L-tyrosine not only
demonstrated that the 4CL enzyme was possibly inhibited, but also that C3H was insufficiently
active. With respect to the observed inactivity of 4CL in whole-cell biotransformations, it is
possible that this enzyme also lost its activity after 48 h in growing cells (cf. chapter 11.4.3,
I1.5.2 and 11.6.2).

Furthermore, the low amounts of p-coumaryl alcohol with 5 mM L-tyrosine in the G213 strains
and the simultaneous lower coniferyl alcohol titers suggest an inhibition of the pathway in
general. Neither caffeic acid nor caffeoyl alcohol were detected as intermediates, which leads
to the assumption that the inhibited enzymes are the C3H and the downstream pathway enzyme
4CL. Regarding the decreased product concentrations, a possible inhibition of 4CL and C3H in

vivo by L-tyrosine has not been investigated and can thus not be excluded.

Additionally, a feed of 2 mM cinnamic acid was investigated in the growing cell assay. The
concentration of cinnamic acid was chosen based on the low toxicity on E. coli cells (Figure
A.19 D, Appendix). All cinnamic acid was consumed after 48 h, but only marginal amounts of
coniferyl alcohol and p-coumaric acid as well as low amounts of p-coumaryl alcohol were
detected (Figure A.18, Appendix). All product titers were found to be far lower compared to
any respective concentration in the previous growing cell assays. Consequently, cinnamic acid
could have inhibited all pathway enzymes, as the production of all products and intermediates
was impaired. When applying cinnamic acid as substrate, the highest titers for coniferyl alcohol
were detected with the three G213 strains, which could presumably result from residual activity
of the pathway enzymes using L-tyrosine from the TB medium. The direct conversion of
cinnamic acid into some of the detected products and intermediates could not be confirmed. In
the end, an increase of coniferyl alcohol production with respect to higher substrate

supplementation of L-tyrosine and cinnamic acid was not successful.
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III. General discussion

The microbial production of the lignan precursor coniferyl alcohol necessitates the transfer of
the plant phenylpropanoid pathway into a bacterial host such as E. coli. Some alternative
pathway enzymes are required to be investigated, as a consequence of the adaption to the
bacterial environment and for the purpose of a simplified pathway in order to enable efficient
substrate to product conversions. Thus, different enzyme candidates for the reaction steps of

TAL/PAL, C3H, 4CL and OMT were selected for evaluation.

A successful implementation of this multi-enzyme pathway involves the simultaneous
expression of all pathway enzymes in sufficient individual amounts. The necessary enzymes
encompassed seven to eight proteins for the complete synthetic phenylpropanoid pathway
depending on the choice of enzyme candidates. So, in addition to the analysis of some
individual enzymatic activity and expression patterns (chapter I11.1), the pathway activities and
expression profiles of different enzyme combinations needed to be examined (chapters I11.2-
II1.4). Only in this way, a heterologous E. coli strain could be generated, which efficiently

produces coniferyl alcohol and can serve as a prototype strain for further fermentation studies.
II1.1 Individual enzyme characterizations

In general, whole-cell biotransformation was chosen for evaluation of the in vivo activities, as
it has been applied as a common procedure in several literature reports [22,94]. Also, no
substrates of TAL and PAL such as L-tyrosine and L-phenylalanine are present in the buffer
unlike in a cultivation in TB medium. In the resting cell assay, the E. coli cells are in a non-
growing state and solely survive by the conversion of added glucose. This experimental setup
offers the possibility to investigate in vivo activity of an individual enzyme by using a specific

substrate and with minimalized influence of potential inhibiting compounds.

In some studies, TAL has been identified as bottleneck, which encouraged the search for
alternative TAL candidates with a higher and specific activity [65,135]. Furthermore, both
bacterial C3H candidates HpaBC and CYP199A2 were tested in combination with a chosen
TAL enzyme in the past. But a simultaneous and comparative analysis of multiple TAL and
C3H enzymes individually and combined as upstream pathway was scarce in literature

[132,157].
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II1.1.1 Deamination

The different TAL and PAL candidates were the bacterial enzymes RsTAL, HaTAL, FjTAL
and SesamS8, the fungal RgTAL as well as the plant ZmPAL. According to their PAL/TAL
ratios, the bacterial enzymes were determined to have explicit TAL activities, while the
candidates from fungi and monocot with a low PAL/T AL ratio were shown to accept L-tyrosine
and L-phenylalanine [56,58,65,141]. By comparing the measured TAL in vivo activities,
RgTAL exhibited the highest production of p-coumaric acid followed by the other bacterial
TAL enzymes (chapter I1.1.1). The exception was the performance by RsT AL, which was found
to be the lowest of all tested TALs. These observations were in accordance with other studies,

which reported the poor deamination activity of RsT AL towards L-tyrosine in vivo [65,140].

Interestingly, HaTAL produced a similar concentration of p-coumaric acid in the whole-cell
biotransformation as in a previous growing cell assay in M9 medium supplemented with 2 mM
L-tyrosine (130 uM/ODe0o) [65]. In this particular growing cell assay, FjTAL and Sesam8 also
led to three-fold higher production values of p-coumaric acid in comparison to HaTAL.
Furthermore, Jendresen and co-workers (2015) observed a six- to seven-fold lower in vivo
productivity for HaTAL compared to FjTAL and Sesam8, when L-tyrosine was added in the
late exponential phase [65].

The SDS-PAGE analysis showed the soluble expression of all TAL/PAL enzymes in
pronounced bands except for RsTAL and HaTAL, which had comparably thin protein bands
(Figures 2.2). As a consequence, RsTAL and HaT AL were not further evaluated due to low in

vivo protein amounts and their measured as well as reported low TAL activities.

In another study, RgTAL was applied in a growing cell assay and with an increased substrate
feed (3 mM L-tyrosine) [132]. The determined in vivo activity was moderately higher to the
herein reported p-coumaric acid titer with respect to fed total L-tyrosine (873 uM p-coumaric
acid/ 1 mM L-tyrosine) (cf. Figure 2.1). Though, it has to be noted that Rodrigues et al. (2015)
used the pRSFDuet vector, which has an around 2.5 times higher copy plasmid number
compared to the used pETM6 vector [132]. With the application of the pETDuet vector, their
results were similar to the achieved p-coumaric acid titers in this work (~ 330 uM p-coumaric

acid/ I mM L-tyrosine) [132].

In addition, RgTAL proved to be capable of converting 50 g/l L-tyrosine (276 mM) into
44.4 g/L p-coumaric acid (270 mM) in a whole-cell biotransformation at 30 °C, which equaled

almost complete substrate conversion [141].
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Regarding the PAL activity of the used bifunctional enzymes, an around five to seven times
higher cinnamic acid production was achieved with RgTAL instead of ZmPAL. These results
demonstrated the superior in vivo TAL and PAL functionality of RgTAL (chapter 11.1.3).
Furthermore, the calculated PAL/TAL ratio was around 0.66-1.02 at neutral pH and in vivo,
although the pH optimum of RgTAL had been determined to be more basic (pH 9.0) [141]. In
in vitro studies, Vannelli and co-workers (2007) calculated a PAL/TAL ratio of 0.83 at pH 8.5,
while Xue et al. (2007) determined a PAL/TAL ratio of 10.12 at pH 8.5 and of 0.86 at pH 9.5
for RgTAL. These reported in vitro PAL/TAL ratios for RgTAL partly correspond to the
determined PAL/T AL ratio in vivo, although increased pH values were applied in these studies.
The differences could probably be attributed to the whole-cell environment. This could have
led to the varying results between in vitro and in vivo experiments and likely stabilized the TAL

enzyme at lower pH values in vivo compared to the determined optimal pH value in vitro.

For determination of the in vivo activity, RgTAL had been expressed in LB medium before and
had been capable to produce 630 uM p-coumaric acid and 840 uM cinnamic acid solely from
both amino acids being present in the complex medium and partly from de novo synthesis [58].
These product concentrations were in accordance with the determined values in the above
performed resting cell assays, if the individual concentrations for L-tyrosine (1.0-1.6 mM)! and

L-phenylalanine (3.3-3.8 mM)! in LB medium are taken into account.

Only a few reports characterized the ZmPAL enzyme which was shown to have a lower Ky,
value towards L-tyrosine (41 uM) compared to L-phenylalanine (658 uM), but similar catalytic
efficiencies resulting in a PAL/TAL ratio of 0.78 [56]. The suspected slightly higher activity as
TAL enzyme was demonstrated in growing cells with 1 mM L-tyrosine, which led to the
production of 388 uM p-coumaric acid and only 11 puM cinnamic acid by ZmPAL [188]. In this
study, the resulting p-coumaric acid concentration was also found to be three-fold higher

compared to the value of RsTAL with L-tyrosine as substrate.

These reports illustrated that ZmPAL could rather be considered as a TAL enzyme [56,188].
Moreover, RgTAL was capable of conversion of both substrates with comparably high

efficiency in resting and growing cells [58,141].

! Calculated from specifications of three individual tryptones and two yeast extracts [162—166].
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I11.1.2 C3-hydroxylation

The hydroxylation complex HpaBC from E. coli

The direct C3-hydroxylation of p-coumaric acid into caffeic acid proved to be successful with
the usage of the HpaBC complex from E. coli and the cytochrome P450 monooxygenase
CYP199A2 from R. palustris (chapter I11.2.1 and I1.2.2). An empty vector control demonstrated
that the native HpaBC complex is silenced in E. coli, as no activity towards p-coumaric acid
was detected in resting and growing cells [101]. In a whole-cell biotransformation from Lin and
Yan (2012), the HpaBC complex produced around 241 uM caffeic acid within the first hour
[101]. This apparently constitutes a much higher initial conversion rate compared to the
measured concentrations from the HpaBC activity in this thesis. The discrepancy between these
results can be reasoned with the applied shorter expression time of three hours and the lowered
expression temperature of 30 °C probably leading to an improved enzyme stability [101]. It can
be speculated that the HpaBC complex could exhibit a higher activity at early expression time
points and at a milder expression temperature, as it was demonstrated for CYP199A2. At37 °C,
CYP199A2 with Pux/PuR showed a comparable activity to HpaBC in monocistronic and
pseudo-operon gene configuration, while the conversion of p-coumaric acid was improved,
when the expression temperature had been reduced to 26 °C (cf. Figure 2.6 and 2.8). With
respect to the highest production values and their standard deviations, both bacterial C3H

candidates were found to be equally active and suited for the phenylpropanoid pathway.

The HpaBC complex accepted further p-coumaryl alcohol as substrate, whereby half of the
product concentration was generated compared to p-coumaric acid (cf. Figure Al, Appendix).
These results stand in contrast to the report from Chen ef al. (2017), who found a 1.5 times
higher activity towards p-coumaryl alcohol than p-coumaric acid [137]. The difference to the
here presented study might be attributed to the performance as a growing cell assay. Using

growing cells it was also possible to convert p-coumaric acid completely into a total of21.3 mM

caffeic acid with HpaBC [102].

Nevertheless, in another whole-cell biotransformation using the HpaBC complex from
P. aeruginosa, a caffeic acid titer of 56.6 mM was achieved via successive feeding of 80 mM
p-coumaric acid [103]. This titer constitutes the highest for a direct conversion of p-coumaric

acid into caffeic acid with an HpaBC complex in E. coli to date.

At the same time, the applied large feed of p-coumaric acid puts cytotoxicity effects on E. coli
into question. Regarding cell growth determined by means of ODs0o, a concentration of 10 mM

p-coumaric acid was found to inhibit growth on the one hand, while this effect has been reported
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to occur starting from a value of 21 mM p-coumaric acid in another study [102]. On the other
hand, Xue and co-workers (2007) observed cytotoxicity of p-coumaric acid resulting in cell
death at a value of 61 mM [141]. As demonstrated by Furuya and Kino (2014), successive
feeding can prevent high substrate concentrations in the medium and promote efficient
conversions by HpaBC [103]. Due to the occurrence of comparably lower substrate feeds of up
to 5 mM in this thesis, toxicity of the tested phenylpropanoids (except cinnamic acid) on E. coli

should not be an issue.
The cytochrome P450 monooxygenase from R. palustris

For the P450 enzyme from R. palustris, a full length and a NA7 variant were investigated and
found to exhibit equal conversion values of p-coumaric acid with the native redox partners Pux
and PuR (chapter 11.2.2). However, NA7-CYP199A2 catalyzed the C3-hydroxylation faster
than CYP199A2. In literature, the NA7 variant was capable of converting 1 mM p-coumaric
acid in only 40 min and by using a slightly lower cell concentration of 50 gwcw/L, which
represents an even faster conversion rate compared to the results in this work [94]. A probable
reason for the faster conversion could be a higher proportion of active enzyme due to a lower
expression time of 12 h and the addition of 5-aminolevulinic acid in order to promote heme
synthesis [189]. Notably, Furuya et al. (2012) used the redox partners Pux and PdR. In a later
study, the native redox pair Pux/PuR was shown to support the C3H activity of NA7-
CYP199A2 more efficiently in comparison to Pux/PdR [157]. The production of caffeic acid in
this growing cell assay with respect to total fed substrate (~530 uM caffeic acid/l mM
p-coumaric acid) was comparable to the caffeic acid titers determined by whole-cell

biotransformations of the CYP199A2 variants in this thesis (cf. chapter 11.2.2).

Interestingly, the redox partners Pdx/PdR were able to support the in vivo activity of
CYP199A2, which resulted in a similar caffeic acid concentration compared to the redox pair
Pux/PuR, though supported only marginally the activity of the NA7 variant (chapter 11.2.2).
This observation was in accordance with the report from Haslinger and Prather (2020), who
also failed to determine activity of NA7-CYP199A2 with Pdx/PdR. Taken together, the here
presented analyses of different redox partners and the results from Haslinger and Prather (2020)
with mixed redox partners suggested two possible implications [157]. Firstly, the electron
transfer within the pairs Pdx/PdR and Pux/PuR could occur more efficient in contrast to the
mixed redox pair Pux/PdR. With respect to an in vitro study, this hypothesis was not confirmed,
as the NADH consumption and product formation rate of wildtype CYP199A2 in combination

with Pux/PdR were determined to be considerably higher on the tested alternative substrates
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compared to Pdx/PdR [158]. It was also stated that the superior activity of the P450 enzyme
with Pux originates more likely from its tighter binding rather than from a faster electron
transfer [190]. Secondly, the reductase PdR could be unfavorably oriented in the three protein
complexes 0of NA7-CYP199A2 with either Pux/PdR or Pdx/PdR, which could lead to a reduced
electron transfer efficiency from the FAD cofactor to the heme center (cf. Figure .5). After all,
the cytochrome P450 monooxygenase from R. palustris is dependent on receiving electrons via
an electron transfer chain, which is sensitive to interference either between the reductase and

redoxin or redoxin and the heme center.

The conversion activity of the full length P450 enzyme with Pdx/PdR demonstrated that the
seven additional N-terminal amino acids were likely responsible for binding of the redox
partner pair Pdx/PdR. This restored the electron transfer chain in CYP199A2 and thus its C3H
activity. The exact reason for the activity recovery of CYP199A2 via its N-terminus remains
unknown. It can be speculated that the seven amino acids are involved in van der Waals and
hydrogen bond contacts, which were assumed to be present in interactions of Pdx and its natural
P450 enzyme CYP101 in previous studies [159,191,192]. Consequently, the absence of these
complementary interacting bonds in NA7-CYP199A2 could prevent Pdx from proper binding

to the P450 enzyme’s surface in this case.

The surrogate redox pair YkuN/FpR has been successfully applied with other cytochrome P450
monooxygenases, but was found to be inefficient in supporting activity of CYP199A2 [85,156].
It was suspected that this might have arisen from an impaired electron transfer from the
flavodoxin YkuN to the P450 reaction center and from a possibly low intracellular NADPH
pool (cf. Figure L1.5). If low concentrations of NADPH are the cause, then the repression of
transhydrogenases, which normally convert NADPH to NADH, and the simultaneous
upregulation of such transhydrogenases, that phosphorylate NADH into NADPH, could
improve the caffeic acid production from CYP199A2 with YkuN and the NADPH -dependent
FpR. By applying this strategy, Li ef al. (2018) achieved an eight- to nine-fold increased de
novo titer of p-coumaric acid when using a PAL and a C4H fusion protein with reductase 2
from A. thaliana [134]. In the other mentioned case, the flavodoxin YkuN may be incompatible
with CYP199A2. This could indicate that the P450 enzyme from R. palustris constitutes a true
class I cytochrome P450 monooxygenase and can rather not be assigned to a class III redox
system [84]. The discussed aspects around CYP199A2 emphasize all the more that the

characterization of specific redox partners is necessary for each P450 enzyme individually.
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II1.2 Upstream pathway

In the end, the first enzymatic steps in the upstream pathway have to be efficient with respect
to high substrate to product conversions. As a result, RgTAL, FjTAL and Sesam8 were tested
in combination with the C3H enzyme candidates HpaBC and CYP199A2 in vivo in E. coli
(chapter I1.3.1). This led to the evaluation of the favorable enzyme combination for yielding the
most efficient production of caffeic acid from L-tyrosine. In addition, the upstream pathway
starting from L-phenylalanine has been investigated by using the PAL activity of RgTAL and
the C3H/C4H bifunctionality of CYP199A2 (chapter 11.3.2).

Also, Table 1 summarizes a number of studies, which have already established the in vivo

production of p-coumaric and caffeic acid from different substrates or de novo in E. coli.

Table 1: In vivo production of phenylpropanoic acids in E. coli.

Substrate/

Enzymes

Production conditions

. . . Reference
Strain (organism) - product titer
p-coumaric acid and cinnamic acid

LB medium RgTAL e Growing cells in LB medium at Vannelli et
E. coli W3110 30 °C. al., 2007

- 630 uM p-coumaric acid [58]

- 840 uM cinnamic acid
L-tyrosine (3 mM) RgTAL (a) e Growing cells in M9 medium with Zhou et al.,
E. coli BL21(DE3) RgTAL (mutant, b)' glucose at 28 °C. 2016 [193]

- 1.06 mM p-coumaric acid (a)
- 1.71 mM p-coumaric acid (b)

L-tyrosine (3 mM) RgTAL e Pre-expression in LB medium at Rodrigues et
E. coli K-12 26 °C for 5 h. al., 2015
MG1655(DE3) e Growing cells in M9 medium with [132]
glucose at 26 °C.

= 2.62 mM p-coumaric acid
L-tyrosine (2 mM) FjTAL (a) e Growing cells in M9 medium with Jendresen et
E. coli BL21(DE3) Sesam$ (b) glucose at 30 °C. al., 2015
pLysS - 0.44 mM/ODygqo p-coumaric acid (a) [65]

- 0.54 mM/ODgg p-coumaric acid (b)
de novo RgTAL (a) o Growing cells in M9 medium with Vargas-Tah
E. coli W3110 derivative  PAL2 (4. thaliana, b) glucose at 37 °C. etal., 2015
strain? - 91.5 uM p-coumaric acid [194]

+ 196.2 uM cinnamic acid (a)
- 530 uM cinnamic acid (b)

91



General discussion

de novo PAL (S. maritimus) e Fed-batch cultivation in modified Banget al.,
E. coli W3110 fermentation medium with glucose 2018 [195]
(engineered)? (at 37 °C, pH 6.8) and with casamino
acid feeding solution.
- 46.6 mM cinnamic acid
de novo TAL (S. espanaensis) e Pre-expression in LB medium at Kanget al.,
E. coli C41 (DE3) 37 °C for 6 h. 2015 [196]
ACOS14 e Growing cells in modified synthetic
medium with glucose at 26 °C.
- 4.04 mM p-coumaric acid
de novo TAL (S. espanaensis) o Pre-expression in LB medium at Kanget al.,
E. coli C41 (DE3) 37°C for 5 h. 2012 [129]
(engineered)* e Growing cells in modified M9
medium with glucose at 26 °C.
= 5.94 mM p-coumaric acid
de novo PALI1 (4. thaliana) o Growing cells in fermentation Lietal,
E. coli Rosetta (DE3) + ATR2-LauC4H’ medium with glucose at 30 °C. 2018 [134]
o Intracellular NADPH upregulation.
- 136.5 uM p-coumaric acid
caffeic acid
p-coumaric acid NA7-CYP199A2 e Expression in LB medium at 25 °C. Furuya et
(20 mM, a) + Pux/PdR e Resting cells (50 mM KP;, pH 7.5, al., 2012
cinnamic acid (1 mM, b) 9 gpew/L) with glycerol at 30 °C. [94]
E. coli BL21(DE3) - 15 mM caffeic acid (a)
= 0.72 mM caffeic acid (b)
p-coumaric acid HpaBC e Expression in LB medium at 25 °C. Furuya and
(80 mM) (P. aeruginosa) o Resting cells (200 mM KP;, pH 7.5, Kino, 2014
E. coli BL21Star (DE3) 8 goew/L) with glycerol at 30 °C [103]
were fed 20 mM substrate
successively.
- 56.6 mM caffeic acid
p-coumaric acid HpaBC (E. coli, a) e Growing cells in M9 medium with Huang et al.,
(21.3 mM, a) + RgTAL (b) yeast extract (0.5 %, w/v) and 2013 [102]
de novo (b) glycerol at 37 °C. (a)
E. coli BW25113 (a) e Growing cells in M9 medium with
) glucose and glycerol at 37 °C and
E. coli ATCC31884 .
. supplemented L-phenylalanine. (b)
(engineered, b)° o
- 21.2 mM caffeic acid (a)
- 4.26 mM caffeic acid (b)
p-coumaric acid HpaBC (E. coli) e Growing cells in AMM medium with  Jones et al.,
(24.4 mM) glycerol at 37 °C were fed with 2016 [100]

E. coli BL21 Star (DE3)
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L-tyrosine (3 mM) RgTAL e Pre-expression in LB medium at Rodrigues et
E. coli K-12 + NA7-CYP199A2 26 °C for 5 h. al., 2015
MG1655(DE3) + Pux/PdR e Growing cells in M9 medium with [132]
glucose at 26 °C.

- 1.56 mM caffeic acid
de novo (a, ¢) FjTAL e Pre-culture in LB medium at 37 °C Haslinger
L-tyrosine (3 mM, b) + NA7-CYP199A2 for 4 h. and Prather,
E coli K-12 + Pux/PuR e Growing cells in M9 medium with 2020 [157]
MG1655(DE3) + Pux (c) glucose at 26 °C.

- ~ 0.1 mM caffeic acid (a)

- ~ 1.8 mM caffeic acid (b)

- 0.26 mM caffeic acid (¢)
de novo TAL (S. espanaensis) e Pre-expression in LB medium at Kang et al.,
E. coli C41 (DE3) (a) +C3H 37 °C for 6 h. 2012 [129]
E. coli C41 (DE3) (S. espanaensis) . Grovaing gells in modified synthetic
(engineered, b)* medium with glucose at 26 °C.

- 233 uM caffeic acid (a)

- 833 uM caffeic acid (b)
de novo HpaBC (E. coli) Growing cells in AMM medium with Jones et al.,
E. coli I‘pOA14 (DE3)7 + RgTAL glycerol at 37 °C. 2017 [133]

- 5.7 mM caffeic acid

I'triple mutant containing the mutations SON/A11T/ES18V.

2 strain with inactive phosphoenolenolpyruvate(PEP):sugar phosphotransferase system resulting in increased PEP availability.
Also overexpression of genes from the shikimate pathway (aroG, thtA) to increase the intracellular levels of L-phenylalanine
and L-tyrosine.

3 L-phenylalanine overproducing strain: deletion of various genes for avoiding PEP degradation, increasing precursor PEP pool
and synthesis of L-tryptophan and L-tyrosine. Overexpression of genes from the shikimate pathway as well as genes for
facilitated glucose uptake.

4 L-tyrosine overproducing strain: overexpression of feedback-resistant genes from the shikimate pathway (aroG, tyr4) and
deletion of #yrR (repressor of aromatic amino acid synthesis).

3 fusion protein of ATR2 and C4H from Lycoris aurea without their N-terminal transmembrane domains.

¢ L-phenylalanine overproducing strain was further engineered by disruption of L-phenylalanine synthesis (pheLA) and with
plasmid-based overexpression of certain genes from the shikimate pathway (e.g. feedback-resistant £yr4 and aroG).

7 L-tyrosine overproducing strain: overexpression of feedback-resistant genes from the shikimate pathway (aroG, tyrd),
deletion of #yrR (repressor of aromatic amino acid synthesis) and phed (L-phenylalanine synthesis gene).

I11.2.1 Combined activity of TAL and C3H enzymes

In whole-cell biotransformations with 1 mM L-tyrosine, all three tested TAL enzymes exhibited
generally higher titers of caffeic acid when co-expressed with CYP199A2 instead of the HpaBC
complex as C3H (chapter 11.3.1). The marginal production of caffeic acid using the HpaBC
complex was attributed to the pronounced expression bands of this C3H, which seemed to
suppress the expression of the TAL proteins. In contrast, distinct expression bands for the TAL
enzymes, CYP199A2 as well as the redox partners Pux and PuR were noticed in combinations

with the P450 enzyme from R. palustris indicating sufficient produced amounts of all proteins.
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The observation, that the TAL enzymes exhibited a generally faster conversion of L-tyrosine
compared to the C3Hs CYP199A2 and HpaBC for p-coumaric acid, is consistent with literature
[132]. With view on the different TALs in combination with CYP199A2, the highest caffeic
acid titer was measured when applying FjTAL followed by Sesam8 in whole-cell
biotransformation. In a previous growing cell assay, NA7-CYP199A2 with both mentioned
TALs led to de novo production of caffeic acid, while no caffeic acid was detected with RgTAL
[157]. By applying an additional feed of 3 mM L-tyrosine, equal caffeic acid concentrations
were generated in all three TAL enzyme combinations. These reported caffeic acid titers from
Haslinger and Prather (2020) were around two to three times higher compared to the determined
values in this work [157]. Considering the total feeds of L-tyrosine though, the results from the
herein presented whole-cell biotransformation are in a comparable range with the referenced
growing cell assay in M9 medium [157]. This comparison also emphasizes that the caffeic acid
production in the upstream pathway is independent from the application of the applied

CYP199A2 variant, as has been demonstrated by Rodrigues and co-workers (2015) [132].

A later and separate induction of the P450 redox partners as well as the expression of an
additional gene copy of Pux were found to exhibit optimization potential regarding an increased
production of caffeic acid [132,157]. It is worth mentioning that 5-aminolevulinic acid was
supplemented for the production of the cytochrome P450 enzyme from R. palustris in some
studies [94,157]. However, it can be concluded that the addition of this heme precursor is not
necessary due to the comparability of the presented results in this thesis with the literature. This

will be also advantageous in terms of costs for a later large-scale fermentation.

Both tested C3H enzymes have been applied in several previous studies and partly compared
to the first identified C3H from S. espanaensis (Sam5) [60]. In two reports with growing cells
of E. coli, the activity of Sam5 was determined to be superior over the performance of the
HpaBC complex from E. coli in LB as well as in M9 minimal medium [44,130]. Rodrigues et
al. (2015) compared the production of caffeic acid from p-coumaric acid by Sam5 and NA7-
CYP199A2 in growing cells and found a 1.8 times higher titer for the P450 enzyme, when its
redox partners were induced separately at a later time point [132]. Combining both results
indicated that CYP199A2 would also be the more optimal C3H regarding caffeic acid
production in growing cells compared to the HpaBC complex. Hence, a comparative growing
cell assay of the upstream pathway was not performed in this thesis. Another reason was the
imbalanced expression between TAL and HpaBC and, because of this, it was assumed that the

performance of TAL would not be improved in a combined growing cell assay. With the
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exclusion of the HpaBC complex, the possible formation of other side-product such as
L-DOPA, which originates from the enzyme’s broad substrate specificity, can also be

diminished.

In the whole-cell biotransformation, CYP199A2 with RgT AL produced caffeic acid in the same
range as the other two TALs first, but the titer dropped significantly after 24 h. Two main
reasons can be concluded for this decrease in titer. Firstly, it was suspected that RgTAL is more
prone to product inhibition compared to FjTAL and Sesam8. In a study, RgTAL was
competitively inhibited by p-coumaric acid and this effect had already occurred at a
concentration of 100 uM p-coumaric acid [141]. This can explain the low concentrations of
p-coumaric acid accumulating in the combination with RgTAL and CYP199A2 at 24 h, which
has been observed far less for Fj/TAL and Sesam8. Secondly, RgTAL was shown to accept
L-DOPA as substrate [44]. Consequently, it is possible that caffeic acid was partly converted
into L-DOPA as reverse reaction, which would coincide with the observed decreased
concentrations of caffeic acid with RgTAL. Notably, the extraction of L-DOPA with ethyl
acetate is unlikely, as L-DOPA resembles the chemical structure of L-tyrosine only with an
additional hydroxyl group. Like L-tyrosine, L-DOPA could have escaped detection with the
applied extraction method. It thus remains unclear, whether L-DOPA was generated in the end
and whether FjTAL and Sesam8 exhibit this side-activity as well. Due to these stated possible
complications and to some studies reporting RgTAL as rate-limiting enzyme, eventually,
FjTAL and Sesam8 were chosen for the growing cell assay comprising the complete synthetic

pathway [44,157].
I11.2.2 Combined activity of a PAL and C3H/C4H enzyme

CYP199A2 was examined for its ability to act as C4H and C3H simultaneously and a complete
conversion of cinnamic acid into caffeic acid was observed for both variants of the P450 enzyme
(chapter I1.3.2). Furuya and co-workers (2012) achieved a conversion yield of 72 % for caffeic
acid in 90 min using 1 mM cinnamic acid as substrate in resting cells, which was found to be a
higher conversion yield compared to the earliest measured time point in this work (data not

shown) [94].

Interestingly, the C3H activity of the NA7-CYP199A2 variant was decreased and its C4H
activity completely abolished in the prescence of 1 mM L-phenylalanine, while both substrate
activities remained intact for the full length CYP199A2 (cf. chapter 11.2.2). Hence, it was
suspected that the combination of CYP199A2 and the PAL activity from RgTAL would lead to

a completion of the upstream pathway starting from L-phenylalanine. Surprisingly, low
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concentrations of caffeic acid were solely detected in the enzyme combination of RgTAL and
NA7-CYP199A2 after 6 h and caffeic acid was not determined after 24 h anymore (chapter
I1.3.2). Instead, cinnamic acid accumulated as intermediate and its production values generally

corresponded to the expected concentrations from the in vivo PAL evaluations with RgTAL.

Consequently, the PAL activity of RgTAL was not impaired and both variants of the P450
enzyme were insufficiently active or more likely inhibited. It remains questionable whether
L-phenylalanine could act as inhibitor of the CYP199A2 variants and what type of inhibition is

associated with L-phenylalanine.

According to the mentioned side-activity of RgTAL, it is possible that caffeic acid was
consumed by RgTAL purposed for the generation of L-DOPA [44]. Thereafter, L-DOPA could
have acted as inhibitor of both cytochrome P450 monooxygenase variants. This assumption

was not further investigated and thus not verified in this thesis.

So far, only Li and co-workers (2018) were able to produce 136.5 uM p-coumaric acid de novo
in a wild-type E. coli strain by using AtPAL1 and a C4H from Lycoris aurea [134]. To the best
of the author’s knowledge, direct synthesis of caffeic acid from L-phenylalanine has not yet
been demonstrated in E. coli. Thus, the presented results from whole-cell biotransformation
with RgTAL as PAL and CYP199A2 as bifunctional C3H/C4H enzyme constitute the first

report of in vivo caffeic acid production from the substrate L-phenylalanine in E. coli.
II1.3 Downstream pathway

Methyltransferases from two plant origins and different classes were studied in two E. coli
strains. In the genome-integrated E. coli BL21(DE3).G213 strain, only an expression of 26 °C
led to the complete consumption of the substrate caffeic acid in whole-cell biotransformation,
which indicated that the integrated Pc4CL was rather active at 26 °C than at 37 °C (chapter
I1.4.1). Also, caffeoyl alcohol formed as main product at an expression temperature of 26 °C
and suggested sufficient activity of the genome-integrated enzymes Pc4CL, ZmCCR and
ZmCAD. With the use ofall four tested methyltransferases, the resulting production of coniferyl

alcohol was similarily low in the G213 strain.

Via the plasmid-based expression of the downstream pathway enzymes in E. coli BL21(DE3),
the production of coniferyl alcohol could be significantly improved (chapter 11.4.2). Thereby,
the different methyltransferases were evaluated with two 4CL candidates and varying
expression levels for individual proteins were observed depending on the combination of OMT

and 4CL enzyme. The two combinations yielding the highest coniferyl alcohol titers were
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AtACL and ZmCOMT as well as Pc4CL and ZmCCoAOMT. Apparently, the expression and
the activity of the four downstream enzymes were most balanced in these two combinations.
The subsequent application of higher substrate feeds led to no increases in coniferyl alcohol
titers and was thus unsuccessful (chapter I11.4.3). It was assumed that Pc4CL was more sensitive
to substrate and product inhibition in comparison to A#4CL on the basis of higher accumulating
caffeic acid and low caffeoyl alcohol concentrations. Besides, the titers of coniferyl alcohol
were also lower with the supplemented 2 mM and 5 mM substrate compared to the previous
1 mM substrate. This suggested that the used OMT enzymes could have been inhibited or

inactive as well.

When the two best performing enzyme combinations from the downstream pathway were used
in the growing cell assay, the overall production of coniferyl alcohol was comparable with the
resting cell assay (chapter 11.6.1). Apart from this, caffeic acid was completely consumed, no
caffeoyl alcohol formed as intermediate, and the conversion into coniferyl alcohol was achieved
faster. Therefore, the conditions in the growing cell assay were suspected to be more beneficial
for the activity of the methyltransferases. The most plausible reason for this could be the better
availability of the co-factor SAM in cells with active cell metabolism. Once the methyl group
from SAM is transferred, S-adenosyl-L-homocysteine (SAH) forms and is regenerated into
SAM via four intermediary catalytic steps in the so-called activated methyl cycle [197]. Within
this cycle, the intermediate substance L-homocysteine is methylated into L-methionine and this
subsequently converted into SAM by the SAM synthetase with the consumption of one
molecule of ATP. The SAM co-factor was thus likely the limiting component in the resting cell
assay and ATP-dependent regeneration not efficient suggesting a concomitant lack of ATP, too.
As a result of that, the lower coniferyl alcohol titers with higher substrate feeds in resting cells
could have originated from a shortage of ATP, which is also needed for the activity of the 4CL
enzymes. Furthermore, the demethylated co-factor SAH 1is described to inhibit
methyltransferases [198,199]. This could have additionally contributed to the low coniferyl

alcohol levels in resting cells.

In literature, a few studies were able to boost their in vivo pathways containing
methyltransferases by the external addition of L-methionine and the deregulation and
overexpression of genes from SAM biosynthesis and its regeneration [127,197]. Kunjapur and
co-workers (2016) stated further that methyltransferases are rather influenced by limited SAM
availability than the loss of OMT activity [197]. Hence, the conditions in growing cells

generally seemed to be beneficial for an improved availability of the SAM co-factor.
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It was generally noticed that the mean titers of caffeoyl alcohol and caffeic acid slightly
decreased over time despite the determined high standard deviations (chapter 11.4.2). At least,
for caffeic acid, a consumption effect by E. coli cells was observed. Previously, Jang ef al.
(2018) had investigated the production of allomelanin in E. coli from caffeic acid and observed
melanin formation even without addition of their used pathway enzymes feruloyl-CoA
synthetase and enoyl-CoA hydratase [200]. This supported the mentioned hypothesis that
E. coli can consume or degrade caffeic acid [100]. In addition to that, the decrease of caffeoyl
alcohol has been reported before and was explained to come from degradation or volatilization
of caffeoyl alcohol [137]. In the performed growing cell assays, the products p-coumaryl and
coniferyl alcohol decreased significantly after their highest production points mostly around
24 h and were partly undetectable later (chapter 11.6.1). This observation was consistent with a
few studies, which noted the reduction of phenylpropanoic alcohol concentrations and
attributed the decrease to degradation caused by starvation of the cells [173,201]. Besides,
coniferyl alcohol can dimerize as a result of spontaneously generated radicals or via the action

of endogenous peroxidases in E. coli [179,202,203].

Nevertheless, the produced titers of coniferyl alcohol from supplemented 1 mM caffeic acid in
growing cells were found to be minorily lower compared to literature [137]. In addition, the
corresponding conversion yield using Pc4CL + ZmCCoAOMT was similar to the results from
Chen et al. (2017), who applied A#4CL1 in combination with Af{CCoAOMT (~ 63 % conversion
yield at 15 h).

II1.4 Complete synthetic pathway for monolignol production
I11.4.1 In resting cells

The production of p-coumaryl alcohol as simplest monolignol was achieved in higher titers
with RgTAL and A#4CL instead of Pc4CL in whole-cell biotransformations using the
expression from either two plasmids or a single vector (chapter I1.5.1). These results were
consistent with reports from literature in which 4#4CL exhibited a significant higher activity
compared to Pc4CL in growing cells [184]. Besides, 4t4CL was shown to exhibit higher in
vitro specific activities towards p-coumaric and caffeic acid compared to the Pc4CL2 isoform,

which shows 99 % sequence identity to the used Pc4CL1 isoform in this thesis [139].

With both expression variations, RgTAL was found to be the rate-limiting enzyme, as no
p-coumaric acid was detected as intermediate. An exchange of the RgTAL with FjTAL or

Sesam8 did not lead to any increases in p-coumaryl alcohol titers when applying the ePathBrick
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vector containing the TAL, 4CL, CCR and CAD genes. In one study, Jansen and co-workers
(2014) used RsTAL and Pc4CL in growing E. coli cells and produced 146 uM p-coumaryl
alcohol after 20 h just by using the L-tyrosine from LB medium [135]. This concentration for
p-coumaryl alcohol was in the same range as the titer yielded with the TALs and 44CL in
resting cells in this work (cf. chapter I1.5.1).

With respect to the in vivo synthesis of coniferyl alcohol, no or only marginal amounts of the
intended monolignol were produced in whole-cell biotransformations in E. coli
BL21(DE3).G213 and as two-cells one-pot approach in E. coli BL21(DE3) (chapter 11.5.2). In
the former G213 strain, inactivity of the genome-integrated Pc4CL and of CYP199A2 with
Pux/PuR as C3H were identified as main causes. Despite distinct expression of all three
components of the C3H, the activity seemed to be impaired as accumulating amounts of
p-coumaric acid were not further converted. Consequently, the general deficiency of co-factors
such as ATP for 4CL and NADH for C3H can be regarded as a probable explanation. Furuya
and Kino (2014) reported a significant pH drop in their whole-cell biotransformation with a
buffer capacity of 200 mM [103]. Although E. coli is able to maintain pH homeostasis of the
cytosol, this might not apply for longer time periods [204]. Thus, an acidic pH in whole-cell
biotransformation could lead to cell death and cell lysis in the long term [205]. It would also
pose stress on the cells possibly resulting in gradual depletion of necessary co-factors including

those required for transferred synthetic pathways.

A second reason could be the inhibition of these identified enzymes, which applies to Pc4CL,
as this enzyme was found to be prone to substrate inhibition (cf. chapter 11.4.3). Notably, the
intracellular accumulation of the respective CoA esters cannot be excluded and these
intermediates could have an inhibiting effect on the 4CL enzymes. But, such an inhibition is
considered improbable with regard to the results from the evaluation of the downstream
pathway, in which direct conversion from caffeic acid to the alcohols was generally ensured

(cf. chapter 11.4.2).

In the two-cells one-pot approach, caffeic acid was expectedly generated by the first set of cells
(chapter I1.5.2). The addition of the second set of cells only led to the accumulation of caffeoyl
alcohol as main product with traces of coniferyl alcohol. Thus, the chosen yet uncharacterized
ZmCOMT was attributed to be responsible for the low monolignol product titers. In literature,
COMTs generally accept a rather broad spectrum of substrates with preference for 3,5-
hydroxylated over 3,4-dihydroxy phenylpropanoid compounds in vitro [104,117-119,206]. The
COMT from Z. mays shares a protein sequence identity of 89 % with COMT from Sorgum
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bicolor, which had been reported to convert preferably 5-hydroxyconiferaldehyde in vitro, but
had been sensitive to substrate inhibition at the same time [112]. Due to no available kinetic
data for the methyltransferases of Z. mays, it can be speculated that the substrate preference
may equal that of COMT from Sorghum bicolor and that substrate inhibition can be considered

as a possible explanation, on the one hand.

On the other hand, the control experiment pointed towards the experimental design as the
primary obstacle impeding an efficient pathway performance (cf. Figure A.10, Appendix). It
could be that the overall glucose concentration and the parallel addition of glucose along with
the second cells may have been insufficient for cell survival in the cell suspension of a higher
cell density. As a consequence of possible starvation, the low availability of the co-substrate

SAM could have been limiting the activity of ZmCOMT [197,207].

The degradation of caffeoyl alcohol presumably by E. coli, as mentioned before, represents
another outcome of possible starvation [137,173]. Despite this, the observed huge standard
deviations for the mean caffeoyl alcohol values could have two alternative reasons. Firstly,
decay of caffeoyl alcohol itself was observed in DMSO solution with multiple freeze-thaw
cycles. Secondly, the storage time of the samples and the measurement at different HPLC
devices at different time points could have had an impact, as well. As a reasonable comparison,
it was observed in the control experiment that a relatively short time of storage as well as a
simultaneous extraction of the samples and the performance of a single measurement series

resulted in low standard deviations (Figure A.10, Appendix).
I11.4.2 In growing cells

The assay type was switched from resting to growing cells as a result of occurring limitations
from the whole-cell biotransformation with respect to accelerated inactivity of some synthetic
pathway enzymes (chapter 11.6). With E. coli BL21(DE3), the pathway performance from
L-tyrosine to coniferyl alcohol was assessed in two experiments: a growing co-culture and a
single strain cultivation (chapter 11.6.2). Both experiments showed the high accumulation of
p-coumaryl alcohol and p-coumaric acid and only marginal concentrations of any
3-hydroxylated products. This led to the conclusion that the 4CL enzyme’s activity was
impaired after 24 h and C3H not sufficiently active. In both experimental cases, the bottleneck
regarding the C3H inefficiency was likely attributed to its insufficient expression caused by
reduced strain growth and/or low protein expression levels. It is noteworthy that CYP199A2 as
C3H involves the sufficient expression of its two redox partners Pux and PuR, which makes

expression of all three proteins a prerequisite for an efficient flux towards caffeic acid.
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The performed co-culture in this thesis only represents a first trial, though this strategy generally
holds great optimization potential. In accordance with this, Jones and co-workers (2016)
achieved a 970-fold improved titer of flavan-3-ols compared to their previous monoculture after
multiple rounds of optimization [184]. In another report, a total of 5.1 mM caffeoyl alcohol
could be produced de novo by applying an E. coli fed-batch co-culture [137]. Furthermore, in
the single strain cultivation, the maintenance and expression of the p-coumaryl alcohol
synthesis genes from the ePathBrick vector was suspected to pose metabolic stress on the cells,
as only thin expression bands could be observed in contrast to the previous expression from two

plasmids.

In the light of reduced p-coumaryl alcohol levels and increased C3H expression, two genome-
integrated strains of E. coli were investigated in the growing cell assay (chapter 11.6.3). The
usage of the strain E. coli BL21(DE3).G213 improved flux towards coniferyl alcohol
significantly, while the E. coli BL21(DE3).G279 strain produced exclusively p-coumaryl
alcohol in high amounts. Consequently, a comparably lower constitutive expression of the
downstream pathway enzymes 4CL, CCR and CAD was more beneficial for pathway
performance towards coniferyl alcohol. The highest values for coniferyl alcohol resulted from
the co-expression of FjTAL with Af{CCoAOMT or ZmCOMT in E. coli BL21(DE3).G213. In
comparison, Sesam8 produced slightly lower values with the same methyltransferases. The
highest mean coniferyl alcohol titer of 854.1 £ 432.8 uM (with FjTAL and 41CCoAOMT) in
growing cells with 1 mM externally added L-tyrosine was equal to the highest de novo value
from literature being around 693 uM [137]. Chen and co-workers (2017) achieved this titer by
applying a co-culture strategy, multiple alternative enzyme candidates including RgTAL, the

HpaBC complex and AfCOMT as well as using an L-tyrosine-overproducing E. coli strain.

The most pronounced difference to the production in this thesis, represents the strain
engineering regarding introduced perturbations in the central shikimate and the pentose
phosphate pathway. Such an engineered strain was able to produce 4 mM L-tyrosine de novo
from glycerol and glucose in minimal medium [102]. These concentrations of L-tyrosine are
comparable to the calculated range for L-tyrosine in TB medium (2-3.9 mM), which could be
a reason for the similar production titers of coniferyl alcohol. However, Chen et al. (2017)
additionally supplemented yeast extract to their minimal medium for better growth and
expression of foreign proteins, thereby minorily increasing the total L-tyrosine content [137].

Moreover, AtCOMT was shown to lead to a higher production of coniferyl alcohol compared
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to AtCCoAOMT in this previous study, though 1.4 mM caffeoyl alcohol remained as by-
product when using 4t«COMT [137].

Finally, the potential for increased coniferyl alcohol titers of the synthetic phenylpropanoid
pathway was evaluated with a higher L-tyrosine feed (chapter 11.6.4). The results indicated that
the pathway performance was impaired in the prescence of additional 5 mM L-tyrosine.
Furthermore, the establishment of a synthetic pathway starting from cinnamic acid was not
successful which was also attributed to unknown pathway inhibiting effects of the substrate.
Finally, the comparison to literature shows that the chosen enzyme candidates for TAL, C3H
and OMT 1in this thesis are competitive with alternatively used pathways enzymes in terms of

microbial coniferyl alcohol synthesis from L-tyrosine.
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IV. Conclusion and outlook

In this thesis, the achieved titer of around ~ 850 uM coniferyl alcohol performed in growing
cells of E. coli BL21(DE3).G213 under non-optimized culturing and feeding conditions was
found to be comparable to the highest reported de novo concentration of this monolignol in
E. coli [137]. The constructed prototype strain with the complete synthetic pathway holds great

optimization potential for application in future fermentations.

One of such optimizations includes the efficient supply of substrate into the pathway. In the
case of L-tyrosine, the intracellular concentrations are low and either supplementation to the
medium or the application of an overproduction host is required [132]. So, the introduction of
the enzymes from the synthetic phenylpropanoid pathway in this thesis into an overproduction
strain or the transformation of the used E. coli BL21(DE3).G213 into an L-tyrosine
overproducer could result in further increased titers of coniferyl alcohol. Additionally, a
successive substrate feeding strategy is necessary for future large-scale fermentations, as it was

indicated by the results from the increased substrate supplementation in the growing cell assay.

Another important factor for an efficient pathway performance is represented by the
concomitant, sufficient and balanced expression of all pathway enzymes. Thereby, genetic
engineering of promoters and RBS sequences could yield more ideally designed vectors for
fine-tuning of combined protein levels of all enzymes. Regarding a sole plasmid-based
expressionin E. coli BL21(DE3), the used ePathBrick vector containing the p-coumaryl alcohol
pathway could be subjected to an adjustment of the gene expression. This can be realized by
exchanging the strong T7 promoters with weaker ones or via RBS engineering to influence
translation efficiency. Furthermore, alternative gene orders and gene configurations of this
ePathBrick vector can be examined in a systematic approach as another form of genetic

engineering.

The presented work on a synthetic phenylpropanoid pathway supports a deeper understanding
of substrate flow through the pathway and key bottlenecks. With respect to regulation
mechanisms, an improved insight into inhibition kinetics is necessary. Hence, more detailed
investigations for the determination of possible inhibitions by products and intermediates
should be performed. Foremost, L-DOPA was suspected to occur as intermediate and could act
as an inhibitor of CYP199A2. The verification of this hypothesis necessitates further analyses
such as the evaluation of C3H and C4H activities of CYP199A2 in the prescence of L-DOPA.
Also, a two-cells one-pot approach, in which cells containing CYP199A2 are successively

added to cells containing RgTAL, can provide further insights. The P450 enzyme from
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R. palustris could be additionally investigated for its potential capability to bind
L-phenylalanine and L-tyrosine as substrates and checked for inhibition of its C3H/C4H
activities with higher L-phenylalanine concentrations. Apart from that, various in vitro
characterizations are necessary to elucidate the type of inhibition from L-phenylalanine and to

draw conclusions about the effect of the additional N-terminal amino acids of NA7-CYP199A2.

With regard to the observed differences in in vivo activity between both CYP199A2 variants
and the varying redox partners, a systematic comparable study is required, which aims at
investigating NAD(P)H consumption, coupling efficiency and the rate of uncoupling.
Furthermore, the performance of protein NMR as well as modelling and co-crystallization of
the P450 enzyme with its redox partners could give a more detailed insight into the binding

behavior of Pdx and PdR to the CYP199A2 surface.

As a part of metabolic engineering, different enzyme candidates were evaluated for central
individual reaction steps in this work. Still, some chosen enzymes can be exchanged with a
possibly superior candidate. The utilization of the soluble and bifunctional ascorbate peroxidase
from the monocot B. distachyon may provide an alternative and direct C3H route from
p-coumaric acid to caffeic acid [48]. Moreover, the application of another PAL enzyme, which
exhibits specific and high activity towards cinnamic acid, could alleviate inhibition problems
in the upstream pathway composed of PAL + C3H/C4H and lead to a more efficient production
of caffeic acid starting from L-phenylalanine. The PAL1 enzyme from A. thaliana represents a
probable alternative, which was shown to produce 1.6-fold higher de novo titers of cinnamic
acid compared to RgTAL [134]. Also, PAL from Streptomyces maritimus proved to exhibit

high deamination activity and performed even superior in vitfro than AtPAL1 [208].

The results from the growing cell assays indicate that both classes of methyltransferases from
one origin exhibit comparable overall methylation activities in the complete synthetic pathway
and were shown to correlate with the choice of the TAL enzyme. Nevertheless, with respect to
the highest values of coniferyl alcohol achieved with 4fTCCoAOMT in this thesis, further
investigations using other methyltransferases such as 4#fCOMT can be beneficial. In view of
the later synthesis of complex lignans, the possible unspecific dimerization of coniferyl alcohol
necessitates the fast, subsequent and direct coupling of produced coniferyl alcohol into the basal
lignan (+)-pinoresinol. This may be achieved by applying the laccase CgLl from
Corynebacterium glutamicum or triggering the FE.coli endogenous CueO laccase

[179,201,209].
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The applied co-culture strategy in this work was performed for the demonstration of its
feasibility and led to variable outputs. As possible improvement measures, the cultivation
conditions could be adjusted and variations tested. In addition, a detailed knowledge about the
growth and expression behavior of the individual strains could provide more insights into the

efficient design of a growing co-culture.

Furthermore, the sufficient supply of cofactors represents an important aspect for optimization
approaches of the presented synthetic pathway in this thesis. Thus, engineering of central
metabolic pathways can be beneficial with the aim to increase the intracellular pools of
particularly NAD(P)H and SAM. Likewise, the application of glycerol instead of glucose as
energy source was found to be more effective for NADH generation and beneficial for product

titers in multiple studies [94,103,133,184].

In general, several optimizations concerning the cultivation and expression conditions are
essential for an improved pathway performance, too. In this way, certain parameters can be
examined such as the inoculation ratio, a fine-tuned temperature profile, the IPTG concentration
and the induction ODggo. Alternative cheaper fermentation media can be advantageous for a

scale-up of the coniferyl alcohol production.

At last, the metabolic burden resulting from plasmid maintenance should be reduced by further
integrating all pathway enzymes into the genome of an E. coli strain. The possible usage of
different inducible promoters could give the opportunity of sequential expression of e.g.
upstream and downstream pathway [210]. However, the weak constitutive promoters in the
E. coli BL21(DE3).G213 strain were shown to be beneficial for the overall pathway
performance. As another advantage, these promoters do not necessitate the supplementation of

inducers, which is crucial for an economically feasible industrial fermentation process.

After all completed optimizations, the vision is the establishment of an efficient and high de
novo coniferyl alcohol production in a fermentation strain with balanced expression of all
pathway enzymes and a self-sufficient co-factors regeneration system. With a further successful
scale-up, coniferyl alcohol could be produced in bulk and contribute to a green microbial

production of important health-promoting lignans in the future.
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V. Materials and Methods

V.1 Materials

V.1.1 Instruments

The following table summarizes all used equipment (Table 2).

Table 2: List of instruments.

Model Manufacturer

Agarose gel electrophoresis systems

Mini-Sub® Cell GT Bio-Rad Laboratories GmbH (Hercules, CA, USA)

Wide Mini-Sub® Cell GT Bio-Rad Laboratories GmbH (Hercules, CA, USA)

Autoclaves

Systec DE-45
Systec VX-150

Systec GmbH (Linden, Germany)

Systec GmbH (Linden, Germany)

Camera

Nikon D5300

Nikon Corporation (Tokio, Japan)

Centrifuges

Allegra™ X-15R
Avanti™ 30
Avanti™ J-301
Avanti™ J-E
Centrifuge 5417 R
Centrifuge 5425
Heraeus Pico™ 17
IKA® mini G
Microfuge® 22R
Microfuge® R

Beckman Coulter (Brea, CA, USA)

Beckman Coulter (Brea, CA, USA)

Beckman Coulter (Brea, CA, USA)

Beckman Coulter (Brea, CA, USA)

Eppendorf AG (Hamburg, Germany)

Eppendorf AG (Hamburg, Germany)

Thermo Fisher Scientific Inc. (Waltham, MA, USA)
IKA®-Werke GmbH & Co. KG (Staufen, Germany)
Beckman Coulter (Brea, CA, USA)

Beckman Coulter (Brea, CA, USA)

Clean Benches

HERA®safe HS 9
HERA®safe HS 12
HERA®safe HS 18

Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)

Electroporation device

Multiporator®

Eppendorf AG (Hamburg, Germany)

Fridges and freezers
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Bosch Economic

HER Afreeze™ HFU 586
HER Afreeze™ HFU 686
Liebherr Comfort
Liebherr Gastroline
Liebherr Premium

Miele Electronic

Siemens Electronic KG36E04

Robert Bosch GmbH (Gerlingen-Schillerhdhe,
Germany)

Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Liebherr AG (Bulle, Switzerland)

Liebherr AG (Bulle, Switzerland)

Liebherr AG (Bulle, Switzerland)

Miele & Cie. KG (Giitersloh, Germany)

Siemens AG (Munich, Germany)

HPLC reversed phase columns (length x inner diameter)

Chromolith® Performance RP-18e (100 x 4.6 mm)
IS Aspher 100-5 C-18 BDS (250 x 4.0 mm)

IS Aspher 100-5 C-18 ODS (250 x 4.0 mm)
NUCLEODUR® 100-5 C18 ec (150 x 4.6 mm)

NUCLEOSHELL® EC100/2 RP18, 2,7 um
(100 x 2.0 mm)

Merck KGaA (Darmstadt, Germany)'
ISERA (Diiren, Germany)?

ISERA (Diiren, Germany)?
Macherey-Nagel (Diiren, Germany)*
Macherey-Nagel (Diiren, Germany)®

HPLC systems and detectors

1260 Infinity II LC System

Dionex™ UltiMate™ 3000 Diode Array Detector
EXTREMA UV-4075 (LC-4000 series)

LC/MS 2020

System Gold 168 Diode Array Detector

Agilent Technologies Inc. (Santa Clara, CA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)?
Jasco Inc. (Easton, MD, USA)*

Shimadzu (Kyoto, Japan)'

Beckman Coulter (Brea, CA, USA)?

Ice machine

Scotsman MF 22

Scotsman International (Milan, Italy)

Incubators and shakers

Heraeus B5S060E
Heraeus Function-Line B12
HER Atherm™ OMS 100

Innova™ 4340 Illuminated Refrigerated Incubator
Shaker

Innova™ 4430 Incubator Shaker
INCU-Line®
Lab-Therm LT-X

Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)
Thermo Fisher Scientific Inc. (Waltham, MA, USA)
New Brunswick Scientific (Edison, NJ, USA)

New Brunswick Scientific (Edison, NJ, USA)
VWR International (Radnor, PA, USA)

Kuhner (Birsfelden, Switzerland)

Magnetic stirrers and hot plates

Heidolph MR 3001 K
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IKA® Combimag RET IKA®-Werke GmbH & Co. KG (Staufen, Germany)
IKA® KMO 2 basic IKA®-Werke GmbH & Co. KG (Staufen, Germany)
IKA® RCT basic IKA®-Werke GmbH & Co. KG (Staufen, Germany)
Severin Severin Elektrogerite GmbH (Sundern, Germany)
Microwave
Micromat AEG AG (Berlin, Germany)
Orbital shakers and rotators
GFL®-3017 LAUDA Dr. R. Wobser GmbH & Co. KG (Lauda-

CMV-ROM rotary wheel

Konigshofen, Germany)
Frobel Labortechnik GmbH (Lindau, Germany)

PCR thermocyclers

Primus
Primus 25 advanced®

Primus 96 plus

Mastercycler® nexus gradient

VWR International (Radnor, PA, USA)
VWR International (Radnor, PA, USA)

Eurofins Genomics Germany GmbH (Ebersberg,
Germany)

Eppendorf AG (Hamburg, Germany)

Photometer
BioPhotometer® Eppendorf AG (Hamburg, Germany)
pH meter
HI221 Hanna Instruments Deutschland GmbH (V&hringen,
Germany)
HI 2211 Hanna Instruments Deutschland GmbH (Vohringen,

Germany)

Power supplies

PowerPac™ 200
PowerPac™ 300

PowerPac™ Basic

Bio-Rad Laboratories GmbH (Hercules, CA, USA)
Bio-Rad Laboratories GmbH (Hercules, CA, USA)
Bio-Rad Laboratories GmbH (Hercules, CA, USA)

Scales

Kern PCB 2500-2
Sartorius BL12
Sartorius BP121S
Sartorius BL310

KERN & SOHN GmbH (Balingen, Germany)
Sartorius AG (Gottingen, Germany)
Sartorius AG (Gottingen, Germany)

Sartorius AG (Gottingen, Germany)

SDS-PAGE and western blot systems

Mini-PROTEAN® 3 Cell
Mini Trans-Blot® Cell

Bio-Rad Laboratories GmbH (Hercules, CA, USA)
Bio-Rad Laboratories GmbH (Hercules, CA, USA)

Sonicator and ultrasonic baths
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Sonorex Digitec DT 510 H

Sonorex RK 102

UP200S

BANDELIN electronic GmbH & Co. KG (Berlin,
Germany)?

BANDELIN electronic GmbH & Co. KG (Berlin,
Germany)

Hielscher Ultrasonics GmbH (Teltow, Germany)

Thermomixer

ThermoMixer® C

ThermoMixer® comfort

Eppendorf AG (Hamburg, Germany)
Eppendorf AG (Hamburg, Germany)

Ultrapure water systems

arium® pro UV

arium® pro VF

Sartorius AG (Gottingen, Germany)

Sartorius AG (Géttingen, Germany)?

(UV) transilluminator

Herolab UVT-28 ME

Herolab GmbH (Wiesloch, Germany)

Herolab V-2 Herolab GmbH (Wiesloch, Germany)

REX ‘Leuchtplatte’ Palmed GmbH (Blaustein, Germany)

Vacuum concentrator

Concentrator 5301 Eppendorf AG (Hamburg, Germany)

Vacuum pump

LVS Laboratory Vacuum System Gardner Denver Inc. (Davidson, NC, USA)

Vortex

Vortex-Genie 2 Scientific Industries Inc. (Bohemia, NY, USA)

Vortex-Genie 2 Turbomix™ Scientific Industries Inc. (Bohemia, NY, USA)

! Institute of Biochemistry II, Heinrich-Heine University Diisseldorf (HHU)

2 Institute of Applied Microbiology, RWTH Aachen University

3 Department of Plant Biotechnology, Fraunhofer Institute for Molecular Biology and Applied Ecology (Fraunhofer IME)
4 Institute of Plant Physiology, RWTH Aachen

3> Department of Biochemical and Chemical Engineering, Technical University Dortmund (TU Dortmund University)

V.1.2 Chemicals and consumables

All chemicals and consumables were purchased from A. Hartenstein GmbH (Wiirzburg,
Germany), Beckman-Coulter (Brea, CA, USA), Bio-Budget Technologies GmbH (Krefeld,
Germany), Bio-Rad Laboratories GmbH (Hercules, CA, USA), Carl Roth GmbH & Co. KG
(Karlsruhe, Germany), Cytiva (Marlborough, MA, USA), Cfm Oskar Tropitzsch GmbH
(Marktredwitz, Germany), Diagonal GmbH & Co. KG (Miinster, Germany), Dianova GmbH
(Hamburg, Germany), Eurofins Genomics Germany GmbH (Ebersberg, Germany), Eppendorf
AG (Hamburg, Germany), Hermann Metz GmbH & Co. KG (Quickborn, Germany), ISERA
(Diiren, Germany), Merck KGaA (Darmstadt, Germany), Macherey-Nagel (Diiren, Germany),
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Merck Millipore (Burlington, MA, USA), MicroCombiChem GmbH (Wiesbaden, Germany),
NerbePlus GmbH & Co. KG (Winsen, Germany), New England Biolabs GmbH (Frankfurt am
Main, Germany), Paul Hartmann AG (Heidenheim, Germany), Promega Corporation
(Madison, WI, USA), Qiagen (Hilden, Germany), Sarstedt (Niimbrecht, Germany), Schott AG
(Mainz, Germany), Sigma-Aldrich (St. Louis, MO, USA), Stratagene (La Jolla, CA, USA),
Thermo Fisher Scientific Inc. (Waltham, MA, USA), VWR International (Radnor, PA, USA).

V.1.3 Software

Several types of software were deployed during implementation of this thesis. As agarose gel
documentation software, E.A.S.Y. Win32 (Herolab GmbH, Wiesloch, Germany) was used. The
software Clone Manager Professional Suite 8 (Sci Ed Software, Westminster, CO, USA) and
Chromas (Technelysium Pty. Ltd., Australia) served for virtual demonstration of cloning
procedures, generation of plasmid maps and examination of the sequencing results.
Furthermore, PhotoScape v3.7 (MOOII Tech, Korea) was applied as editing tool for photos and
ACD/ChemSketch (Advanced Chemistry Development Inc., Toronto, ON, Canada) for
drawing of chemical structures. Depending on the utilized HPLC system individual
chromatography data system software was made use of: LabSolutions LCMS (Shimadzu;
Institute of Biochemistry II, HHU Diisseldorf University), 32 Karat Software (Beckman
Coulter; Institute of Applied Microbiology, RWTH Aachen), Dionex™ Chromeleon™ CDS
software (Thermo Fisher Scientific Inc.; Fraunhofer IME), ChromNAV2 (Jasco Inc.; Institute
of Plant Physiology, RWTH Aachen), OpenLab CDS (Agilent Technologies Inc.; Department
of Biochemical and Chemical Engineering, TU Dortmund University). Besides, the software of
NetOGlyc 4.0 Server and NetNGlyc 1.0 Server (Department of Bio and Health Informatics,

Lyngby, Denmark) was applied for identification of possible glycosylation sites.
V.1.4 Media, buffers and solutions

Media, buffers, reagents and solutions were prepared as indicated in Table 3. All prepared
media were autoclaved for sterility. If sterile filtration was performed, a filter with a pore size

0f 0.2 pm was used.

Table 3: List of used media, buffers, solutions and reagents and their respective composition.

Name Composition
Media
LB medium (LB agar) 5 g/L yeast extract
10 g/L tryptone
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10 g/L NaCl

(15 g/L agar-agar)

Dissolved in distilled water and autoclaved.
M9 minimal medium [211] I1x M9 minimal salts (pH 7.5)

0.1 mM CaCl,

1 mM MgSO,

0.05 mM FeCls

0.1 mM citric acid

1x trace elements solution

0.3 % (w/v) glucose

All components individually dissolved in distilled
water and autoclaved or sterile-filtered.

Sterile addition of all components and addition of
sterile distilled water up to 1 L before usage.

SOC medium 5 g/L yeast extract
20 g/L tryptone
10 mM NaCl
25 mM KCl
10 mM MgCl,
10 mM MgSO,
20 mM glucose
Dissolved in distilled water and autoclaved.
Aliquots stored at -20 °C.
TB medium 24 g/L yeast extract
12 g/L tryptone
5 g/L glycerol
Dissolved in 900 mL distilled water and autoclaved.

Sterile addition of 100 mL of 10x TB salts before
usage.

2x/3x TB medium Preparation of 900 mL TB medium.

Sterile addition of 100 mL of 20x/30x TB salts
before usage.

Buffers

AP buffer 100 mM Tris-HC1
100 mM NaCl
5 mM MgCl,

Dissolved in distilled water.
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DNA sample buffer (10x)

KP; buffer

PBS (10x)

Reducing protein loading buffer (5x)

Resuspension buffer

RLT buffer

SDS running buffer (10x)

TAE buffer (50x)

pH adjusted to 9.6 with 37 % (v/v) HCL.

0.1 % (w/v) bromophenol blue

0.1 % (w/v) xylene cyanol

50 % glycerol

Dissolved in 1x TAE buffer and stored at -20 °C.
50 mM phosphate buffer (pH 7.5):

1.27 g/lL KH,PO4

7.09 g/L K,HPO4

Dissolved in distilled water and pH adjusted with
1 % (v/v) HCI.

Filtered, autoclaved and stored at 4 °C.
1.37 M NaCl

27 mM KCl

81 mM Na,HPO,

15 mM KH,PO4

Dissolved in distilled water.

62.5 mM Tris-HCI

30 % (v/v) glycerol

4 % (w/v) SDS

10 % (v/v) B-Mercaptoethanol

0.05 % (w/v) bromophenol blue
Dissolved in distilled water and stored at -20 °C.
50 mM Tris-HCI (pH 8.0)

Dissolved in distilled water and pH adjusted with
1 % HCl.

Sterile-filtered and stored at 4 °C.

25 mM sodium citrate (pH 7.0)

4 M guanidinium isothiocyanate

0.5 % (v/v) sarcosyl

1 % (v/v) B-mercaptoethanol (added before usage)
Dissolved in distilled water.

250 mM Tris

2 M glycine

1 % (w/v) SDS

Dissolved in distilled water.

2 M Tris
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Tank blot buffer (10x)

TB buffer

TB salts (10x)

TB salts (20x)

TB salts (30x)

5.72 % (v/v) acetic acid

50 mM EDTA (pH 8.0)
Dissolved in distilled water.
250 mM Tris

1,92 M glycine

Dissolved in distilled water.

For 1x addition of 20 % (v/v) methanol and stored at
4 °C.

10 mM PIPES
55 mM MnCl,
15 mM CaCl
250 mM KCl

Mixed together from individual sterile stock solutions
with sterile distilled water.

Stored at 4 °C when used for co-transformation.
0.17 M KH,PO,

0.72 M K,HPO4

Dissolved in distilled water, filtered and autoclaved.
0.34 M KH,PO4

1.44 M K,HPO,

Dissolved in distilled water, filtered and autoclaved.
0.51 M KH,PO,

2.16 M K;HPO,

Dissolved in distilled water, filtered and autoclaved.

TE lysis buffer 10 mM Tris-HCl
1 mM EDTA
Dissolved in distilled water and pH adjusted to 8.0.
Solutions and reagents
Acrylamide (30 %) Rotiphorese® Gel 30 (Carl Roth GmbH & Co. KG)

Agarose (1.2 %)
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30 % acrylamide, 0.8 % bisacrylamide (ratio 37.5:1)
Stored at 4 °C.
12 g/L agarose

Dissolved in 1x TAE buffer and autoclaved or heated
up in a microwave.

Ethidium bromide added at a concentration of
0.3 pg/mL.

Stored at 65 °C.
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Ampicillin stock solution

Blocking solution

Chloramphenicol stock solution

Coomassie destaining solution

Coomassie staining solution

Glucose stock solution

Glycerol stock solution

IPTG stock solution

Kanamycin stock solution

NBT/BCIP solution

SDS (10 %)

SDS-PAGE resolving gel buffer

100 mg/mL D-a-Aminobenzylpenicillin sodium salt
Dissolved in 50 % (v/v) ethanol and sterile-filtered.
Stored at -20 °C.

20 % (w/v) ammonium peroxodisulfate

Dissolved in distilled water and filtered.

4 % (w/v) milk powder

Dissolved in 1x PBS.

50 mg/mL chloramphenicol

Dissolved in ethanol and sterile-filtered.

Stored at -20 °C.

5 % (v/v) methanol

7.5 % (v/v) acetic acid

Mixed with distilled water.

2.5 g/ Coomassie Brilliant Blue G-250

50 % (v/v) methanol

10 % (v/v) acetic acid

Mixed with distilled water and stored in the dark.
40 % (w/v) glucose

Dissolved in distilled water and sterile-filtered or
autoclaved.

70 % (v/v) glycerol

Mixed with distilled water and autoclaved.

1 M isopropyl-B-D-thiogalactopyranoside
Dissolved in distilled water and sterile-filtered.
Stored at -20 °C.

100 mg/mL kanamycin sulfate (kanamycin A)
Dissolved in distilled water and sterile-filtered.
Stored at -20 °C.

3.33 % (W/v) nitro blue tetrazolium chloride

1.65 % (w/v) 5-bromo-4-chloro-3-indolyl phosphate
p-toluidine salt

Dissolved in dimethylformamide.
Stored at -20 °C or 4 °C in the dark.
100 g/L sodium dodecyl sulfate
Dissolved in distilled water.

1 M Tris-HCI buffer
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Dissolved in distilled water.

pH adjusted to 8.8 with 37 % (v/v) HCL
SDS-PAGE stacking gel buffer 1 M Tris-HCI buffer

Dissolved in distilled water.

pH adjusted tp 6.8 with 37 % (v/v) HCL.
Streptomycin stock solution 50 mg/mL streptomycin sulfate

Dissolved in distilled water and sterile-filtered.

Stored at -20 °C.

V.1.5 Antibodies

The following table lists the antibodies applied in western blot analysis (Table 4).

Table 4: List of antibodies.

Antibody Type Isolated from  Antigen Characteristics Manufacturer

Primary antibodies

a-his monoclonal mouse His-tag 0.2 mg/mL Qiagen (Hilden,
Germany)
S-peptide monoclonal mouse S-tag 1 mg/mL Thermo Fisher
Epitope Tag Scientific Inc.
Antibody (Waltham, MA,
USA)
Secondary antibody
GAMgc?? polyclonal goat mouse 0.8 mg/mL, Dianova GmbH
IgGrc conjugated with ~ (Hamburg,
AP Germany)

V.1.6 DNA Oligonucleotides (Primers)

The synthetic DNA oligonucleotides were ordered from Eurofins Genomics Germany GmbH
(Ebersberg, Germany) and from IDT Integrated DN A Technologies (Coralville, IA, USA). The

working concentration of all primer stock solutions was 10 uM (Table 5).

Table 5: List of synthetic DNA oligonucleotides.

Primer name Sequence (5°—3°) Application

9 Ndel HpaC fw GGAGATATACATATGCAATTAGATG PCR

10_HpaC Xhol rv CTTTACCAGACTCGAGTTAAATCGCAGCTTCC cPCR, PCR,
RT

29 Mut2 ZmCCR_Sall 557. GTAGTGGACGAGTCGTG cPCR

bp_fw
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30 Mut2 ZmCCR_Sall 557.
bp_rv

31 _Ndel CYP199A2(-7aa) fw

32 Ndel AtCOMT fw

34 Ndel AtCCoAOMT fw
35 AtCCoAOMT Xhol rv
36 Ndel ZmCOMT fw

38 Ndel ZmCCoAOMT fw

40 _EcoRV _hisg-camA_fw

41 his¢-camA_Aatll rv
42 Ndel hiss-FpR_fw
43 his¢-FpR_Xhol rv

ACYCDuet UP1

At4CL end fw
E3 BamHI hise-Pux_fw

E4 Pux Notl rv

E8_CYP199A2 Xhol rv

E9 Ndel hise-PuR_fw2

E10 PuR Xhol rv2

FjTAL Kpnl rv

HaTAL Kpnl rv

HpaB_end fw

HpaB_internal fw
M1 pETM6 fw
M1 pETM6 rv
M1 _RgTAL fw

M1 _RgTAL rv

CTCGTCCACTACCACATC

GATATACATATGCCGGTCACGACTCCGAG
GATATACATATGGGGAGCACCGCAGAAAC
GGAGATATACATATGGCAAAAGACGAAGC
GACTCGAGTTAGTACAGGCGACGACAG
GATATACATATGGGCAGTACGGCCGGTGATG

GATATACATATGGCGACAACAGCCACAG

GCAGATCTCAATTGGATATCGCATCATCATCATCA
TC

GAGGGTACCGACGTCTCAGGCACTACTCAG
GAAGGAGATATACATATGCATCATCATCATC

CTTTACCAGACTCGAGTTACCAGTAATGCTCCGCT
GTC

GGATCTCGACGCTCTCCCT

GTGAAGCAATTCGTGTCGAAACAG
CAGGATCCGCCTAGCATTACCTTTATCCTGC
CATTATGCGGCCGCTTATACTTGGCGGTC

CTTTACCAGACTCGAGTTACGCCGGGGTCAGTTG

GAAGGAGATATACATATGCATCACCATCATCACC
ACAATGATACTGTGCTGATTG

CTTTACCAGACTCGAGTCATGCTGCTGCTTTC

TGGACTCGAGGGTACCTTAATTGTTAATCAGGTG
GTCTTTTACTTTC

AGACTCGAGGGTACCTTAGCGAAACAGAATAATA
CTACGC

GCAGTGTCTGCGCCAGGCACAAAACTC

GTTCGAGCAGAACGCCCGTAACTGG
CTGAAGATGCTGGCATAACTCGAGTCTGGTAAAG
GTCGGGCGAGGCGCCATATGTATATCTCCTTC
GAAGGAGATATACATATGGCGCCTCGCCCGAC

GGTTTCTTTACCAGACTCGAGTTATGCCAGCATCT
TC

cPCR

PCR
cPCR
cPCR

RT, cPCR

cPCR,
sequencing

cPCR,
sequencing

cPCR, PCR

cPCR, PCR
cPCR, PCR
cPCR, PCR

cPCR,
sequencing

cPCR
c¢PCR, PCR

PCR, RT,
cPCR

cPCR, PCR,
RT

cPCR, PCR

cPCR, PCR,
RT

RT, PCR

RT, PCR

cPCR,
sequencing

cPCR
FastCloning
FastCloning

cPCR,
FastCloning

FastCloning,
RT, cPCR
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M2 HpaB fw

M2 HpaB rv

M2 _pETM6_fw

M2 pETM6 rv

M9 At4CL Sall 515.bp_fw

M9 At4CL Sall 515.bp rv

M9 At4CL_Sall 629.bp_fw
M9 At4CL _Sall 629.bp rv
M9 At4CL Sall 776.bp_fw

M9 _At4CL Sall 776.bp rv

MCS!1_fw

MCSI1 _rv

MCS2_fw

MCS2 rv

Ncol FjTAL fw

Ncol HaTAL fw

Ncol Sesam8 fw

Ndel RsTAL fw
Pc4CL end fw
Pc4CL internal fw
Pc4CL fw
Pc4CL rv
pETM6_fw

pETM6_fw2

pETM6 rv
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GAAGGAGATATACATATGAAACCAGAAGATTTC

CTTTACCAGACTCGAGTTATTTCAGCAGCTTATCC
AG

GATAAGCTGCTGAAATAACTCGAGTCTGGTAAAG
AAAC

GGAAATCTTCTGGTTTCATATGTATATCTCCTTCTT
AAAG

GCTCGTTACGTGGACAAAATCAAACCACTTC

GTCCACGTAACGAGCTTCGGTGATTATGAG

CAGTCCACAACCGAGGCATCAGAAGTCATC
GGTTGTGGACTGAGTCAACTCGGTGAAGC
CAGCAAGTGGACGGCGAGAACCCGAATC

CCGTCCACTTGCTGAGCAACGCTCGTGACTAG

ATGCGTCCGGCGTAGA

GATTATGCGGCCGTGTACAA

TTGTACACGGCCGCATAATC

GCTAGTTATTGCTCAGCGG

AACCATGGGCAACACCATCAACGAATATCTGAG

AACCATGGGCAGCACCACCCTGATTCTGACCGGT

G

AACCATGGGCACCCAGGTTGTTGAACGTCAGGCA
G

ATACATATGAGCGCGCAGGATCCGGCTCTGGC
GCAATTCCGAAATCACCATCTGGAAAG
CCTTATTCATCGGGTACTACAGGAC
GTCAAGATCTCATGGGAGATTGTGTAGCACC
TAGCACTCGAGTTTGGGAAGATCACCGGATGC
ATTGTGAGCGGATAACAATTC

GGTGATGTCGGCGATATAGGCGCCAGCAACC

GCTACAGGGCGCGTCCCATTCGCCAATCC

cPCR,
FastCloning

FastCloning

FastCloning

FastCloning

cPCR,
mutagenesis

mutagenesis,
sequencing

mutagenesis
mutagenesis
cPCR,

mutagenesis

cPCR,
mutagenesis

cPCR,
sequencing

cPCR,
sequencing

cPCR,
sequencing

cPCR,
sequencing

cPCR,
sequencing

cPCR

cPCR,
sequencing

cPCR
cPCR
cPCR
cPCR
cPCR, RT

cPCR,
sequencing

cPCR,
sequencing

cPCR,
sequencing
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RgTAL end fw GCATTTGTGCGTGAGGAACTGGGTGTC cPCR

RgTAL internal fw CAAACTGCTGGAGGGCTCGCGCTTCG cPCR

RSTAL EcoRI rv AAGAGCTCGAATTCAACTGGACTCTGTTGCAGCA  RT, cPCR
GATGAGTAG

RSTAL internal fw GCACTGTCTGATCTGCGTCCTC cPCR

RsTAL Kpnl rv AGACTCGAGGGTACCTTAAACTGGACTCTGTTGC  RT, ¢cPCR
AGC

Sesam8 Kpnl rv AGACTCGAGGGTACCTTAGCCAAAATCTTTACCA  RT, ¢cPCR
TCTG

ZmCAD_fw ATATACATATGGGTAGTCTGGCGTCAG cPCR,

sequencing

ZmCAD Xhol TAA rv ACCAGACTCGAGTTAATTCGAGGCTGCATCGGCG  ¢PCR,RT
GCAG

ZmCCR_fw AGGATCCGAATTCGATGACGGTGGTTGATGCG cPCR

ZmCCR end fw GCACCAACGGCGGAAATGCAACAAGG Sequencing

V.1.7 Plasmids

Novagen® Duet vectors from Merck KGaA (Darmstadt, Germany) were pACYCDuet™-1,
pCDFDuet™-1, pETDuet™-1 and pRSFDuet™-1 (Figure A.20, Appendix). The so-called
ePathBrick vectors namely pCDM4, pETM6 and pETM6 RgTAL HpaB HpaC m were
purchased from Addgene (Watertown, MA, USA) (Figure A.21, Appendix). Synthetic genes
were ordered in customized vector backbones from Eurofins Genomics Germany (Ebersberg,
Germany) and GENEWIZ (South Plainfield, NJ, USA). The following table summarizes all
used plasmids (Table 6). Notably, some plasmids applied in this thesis were cloned by Dr.
Christina Dickmeis (Institute for Molecular Biotechnology, RWTH Aachen University) or a
gift from the group of Prof. Dr. Vlada Urlacher (Biochemistry II, HHU Diisseldorf). The codon-
optimized gene sequences of CYP199A2, Pux, PuR and the four OMTs for the expression in

E. coli are summarized in Table 15 (Appendix).

Table 6: List of all plasmids. co- codon-optimized for the expression in E. coli, WT- wild type, I/II- cloned in
MCS I or II, m- monocistronic, pso- pseudo-operon, op- operon, NA7- N-terminal deletion of 7 amino acids.
GenBank accession numbers are indicated in square brackets.

Plasmid Details Source

TAL and PAL enzymes

pETM6_FjTAL TAL enzyme from Flavobacterium Dr. Christina Dickmeis
johnsoniae (co) [KR095306.1] (Institute for Molecular
Biotechnology, RWTH

Aachen University)
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pETM6_HaTAL

pETDuet_hiss-ZmPAL (1)

pETM6_RgTAL

pETM6_RsTAL

pETM6_Sesam8

TALI enzyme from Herpetosiphon
aurantiacus (co) [KR095308.1]

PALI enzyme from Zea mays
[BT054938.1]

TAL enzyme from Rhodotorula glutinis
(co) [AGZ04575.1]

TAL enzyme from Rhodobacter
sphaeroides (co) [ABA81174.1]

TAL enzyme from Saccharothrix
espanaensis (co) [KR095297.1]

Dr. Christina Dickmeis!

Dr. Christina Dickmeis!

This work

Dr. Christina Dickmeis!

Dr. Christina Dickmeis'

4CL enzymes

pCDM4_A#4CL

pETM6_A#4CL

pETM6_A#4CL (WT)

pETM6_Pc4CL

4CL1 from Arabidopsis thaliana, without
internal Sall restriction sites

4CL1 from Arabidopsis thaliana, without
internal Sall restriction sites

4CL1 from Arabidopsis thaliana
[OAP14948.1]

4CL1 from Petroselinum crispum
[X13324.1]

This work

This work

Dr. Christina Dickmeis!

Dr. Christina Dickmeis!

TAL and 4CL enzymes

pETM6_RgTAL Ar4CL m

pETM6_RgTAL Pc4CL m

TAL enzyme from Rhodotorula glutinis
(co) and 4CL from Arabidopsis thaliana,
cloned in a monocistronic gene
configuration

TAL enzyme from Rhodotorula glutinis
(co) and 4CL from Petroselinum crispum,
cloned in a monocistronic gene
configuration

This work

This work

CCR and CAD enzyme

pRSFDuet hiss-ZmCCR _
ZmCAD-S-Tag

pETM6_ZmCCR_ZmCAD_m

CCRI1 enzyme from Zea mays (co)
[Y13734.1] and CAD enzyme from Zea
mays (co) [Y13733.1]

CCRI1 enzyme from Zea mays (co)
[Y13734.1] and CAD enzyme from Zea
mays (co) [Y13733.1], cloned in a
monocistronic gene configuration

Dr. Christina Dickmeis!

Dr. Christina Dickmeis!

C3H enzymes and redox partners

pCDFDuet CYP199A2 (II)

pCDFDuet NA7-CYP199A2 (1)

pCDM4 HpaB HpaC_op
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Cytochrome P450 enzyme from
Rhodopseudomonas palustris (co)

Cytochrome P450 enzyme from
Rhodopseudomonas palustris (co), without
first seven amino acids at the N-terminus

C3H enzyme complex from Escherichia
coli, cloned as an operon

This work

This work

This work
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pET11a his¢-FpR

pET16b_his;o-YkuN

pET28a(+)_hisc-PdR

pET28a(+)_hiss-Pdx

pETM6 HpaB HpaC m

pETM6 HpaB HpaC pso

pETM6 HpaB HpaC op

pETM6_RgTAL HpaB HpaC m

pEX-A258-CYP199A2

pRSFDuet_hiss-Pdx_hiss-PdR

pRSFDuet_hisg-Pux_hiss-PuR

pRSFDuet _hisjo-YkuN_hisg-PdR

pRSFDuet_hisjo-YkuN_hisg-PuR

pRSFDuet_hisjo-YkuN_hisg-FpR

pUC57_PuR

pUC57 Pux

Flavodoxin reductase from Escherichia coli
[AKF70073.1]

Flavodoxin from Bacillus subtilis
[CAA10877.1]

Putidaredoxin reductase from Pseudomonas
putida [BAA00413.1]

Putidaredoxin from Pseudomonas putida
[BAA00414.1]

C3H enzyme complex from Escherichia
coli, cloned in a monocistronic gene
configuration

C3H enzyme complex from Escherichia
coli, cloned in a pseudo-operon gene
configuration

C3H enzyme complex from Escherichia
coli, cloned as an operon

TAL enzyme from Rhodotorula glutinis
(co) and C3H enzyme complex from
Escherichia coli, all genes cloned in a
monocistronic gene configuration

Cytochrome P450 enzyme from

Rhodopseudomonas palustris (co)
[BX572599.1]

Putidaredoxin and putidaredoxin reductase
from Pseudomonas putida

Palustrisredoxin (co) and palustrisredoxin
reductase (co) from Rhodopseudomonas
palustris

Flavodoxin from Bacillus subtilis and
putidaredoxin reductase from Pseudomonas
putida

Flavodoxin from Bacillus subtilis and
palustrisredoxin reductase (co) from
Rhodopseudomonas palustris

Flavodoxin from Bacillus subtilis and
flavodoxin reductase from Escherichia coli

Palustrisredoxin reductase from
Rhodopseudomonas palustris (co)
[BX572605.1]

Palustrisredoxin from Rhodopseudomonas
palustris (co) [BX572599.1]

Gift from Prof. Dr. Vlada
Urlacher (Biochemistry
II, HHU Diisseldorf)

Gift from Prof. Dr. Vlada
Urlacher?

Gift from Prof. Dr. Vlada
Urlacher?

Gift from Prof. Dr. Vlada
Urlacher?

This work

This work

This work

Addgene (Watertown,
MA, USA) [133]

Eurofins Genomics
Germany GmbH
(Ebersberg, Germany)
This work

This work

This work

This work

This work

GENEWIZ Inc. (South
Plainfield, NJ, USA)

GENEWIZ Inc. (South
Plainfield, NJ, USA)

OMT enzymes

pCDFDuet_A4tCCoAOMT (1)

pCDFDuet_4/COMT (1)

Caffeoyl-CoA O-methyltransferase from
Arabidopsis thaliana (co)

Caffeic acid O-methyltransferase from
Arabidopsis thaliana (co)

This work

This work
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pCDFDuet_ZmCCoAOMT (I)

pCDFDuet_ZmCOMT (I)

pRSFDuet ZmCCoAOMT (I)

pRSFDuet_ZmCOMT (1)

pUC57_AtCCoAOMT

pUC57_AtCOMT

pUC57_ZmCCoAOMT

pUCS7 ZmCOMT

Caffeoyl-CoA O-methyltransferase from
Zea mays (co)

Caffeic acid O-methyltransferase from Zea
mays (co)

Caffeoyl-CoA O-methyltransferase from
Zea mays (co)

Caffeic acid O-methyltransferase from Zea
mays (co)

Caffeoyl-CoA O-methyltransferase from
Arabidopsis thaliana (co) [AF360317.1]

Caffeic acid O-methyltransferase from
Arabidopsis thaliana (co) [AY062837.1]

Caffeoyl-CoA O-methyltransferase from
Zea mays (co) [AJ242981.1]

Caffeic acid O-methyltransferase from Zea
mays (co) [M73235.1]

This work

This work

This work

This work

GENEWIZ Inc. (South
Plainfield, NJ, USA)

GENEWIZ Inc. (South
Plainfield, NJ, USA)

GENEWIZ Inc. (South
Plainfield, NJ, USA)

GENEWIZ Inc. (South
Plainfield, NJ, USA)

C3H and OMT enzymes

pCDFDuet_AtCCoAOMT _ Caffeoyl-CoA methyltransferase from This work
CYP199A2 Arabidopsis thaliana (co) and cytochrome

P450 enzyme from Rhodopseudomonas

palustris (co)
pCDFDuet ZmCCoAOMT Caffeoyl-CoA methyltransferase from Zea This work
CYP199A2 mays (co) and cytochrome P450 enzyme

from Rhodopseudomonas palustris (co)
pCDFDuet ZmCCoAOMT NA7-  Caffeoyl-CoA methyltransferase from Zea This work
CYP199A2 mays (co) and cytochrome P450 enzyme

from Rhodopseudomonas palustris (co),

without first seven amino acids at N-

terminus
pCDFDuet ZmCOMT _ Caffeic acid methyltransferase from Zea This work
CYP199A2 mays (co) and cytochrome P450 enzyme

from Rhodopseudomonas palustris (co)
pCDFDuet ZmCOMT NA7- Caffeic acid methyltransferase from Zea This work
CYP199A2 mays (co) and cytochrome P450 enzyme

from Rhodopseudomonas palustris (co),

without first seven amino acids at N-

terminus

Multi-enzyme pathway vectors

pETM6 FjTAL A#ACL All genes cloned in a monocistronic gene This work

ZmCCR_ZmCAD_m
pETM6 RgTAL AtACL
ZmCCR_ZmCAD_m
pETM6 RgTAL PcACL
ZmCCR_ZmCAD_m

pETM6_ Sesam8 A4CL
ZmCCR_ZmCAD m

configuration

All genes cloned in a monocistronic gene
configuration

All genes cloned in a monocistronic gene
configuration

All genes cloned in a monocistronic gene
configuration

Dr. Christina Dickmeis!

Dr. Christina Dickmeis!

This work
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! Institute for Molecular Biotechnology, RWTH Aachen University
2 Biochemistry II, HHU Diisseldorf

V.1.8 Bacterial strains

The following table summarizes all used Escherichia coli strains with their respective genotype,
and application in this thesis (Table 7). The strains E. coli BL21(DE3).G213 and E. coli
BL21(DE3).G279 were gifts from Phytowelt GreenTechnologies GmbH (Nettetal, Germany)
and contained genes of the phenylpropanoid pathway (TAL, 4CL, CCR, CAD), which had been

integrated into the genome and put under the control of weak constitutive promoters.

Table 7: List of all applied strains.

Strain Genotype/Details Application

E. coli F- ompT hsdSg (rsmg’) gal dem (DE3) Expression

BL21(DE3) Resting and growing cell assay
Toxicity test

E. coli F- ompT hsdSg (rs'mg’) gal dem (DE3) Expression

BL21(DE3).G213  44ditional genome-integrated genes: RsTAL-Pc4CL,  Resting and growing cell assay

ZmCCR-ZmCAD
E. coli F- ompT hsdSg (r5'mg’) gal dem (DE3) Expression

BL21(DE3).G279  a4ditional genome-integrated genes: RsTAL-Pc4CL,  Growing cell assay

ZmCCR-ZmCAD, At4CL-ZmCCR-ZmCAD
E. coli DH5a fhuA2 A(argF-lacZ) U169 phoA ginV44 ®80 Cloning
lacZAM15 gyrA96 recAl rel Al endAl thi-1 hsdR17  Retransformation

E. coli TOP10 F- mcrd A( mrr-hsdRMS-mcrBC) ®80 lacZAM15 Cloning (FastCloning,
AlacX74 recAl araD139 A(araleu)7697 galU galK ~ Mutagenesis)
rpsL (StrR) end Al nupG

V.2 Methods
V.2.1 Molecular Biology Methods

Polymerase chain reaction (PCR)

Polymerase chain reaction was used for the in vifro amplification of DNA fragments. Thereby,
a reaction mixture of MQ-HO, buffer, dNTPs, DNA polymerase, and forward and reverse
primer was prepared with a DNA template and put into a thermocycler (Table 8). The
thermostable DN A polymerases were either GoTaq® DNA Polymerase (5 U/uL) with 5x green
GoTaq® reaction buffer or Pfu DNA polymerase (3 U/uL) with 10x Pfi reaction buffer with
MgSO4 (Promega Corporation, Madison, WI, USA). The program in the thermocycler started

with an initial denaturation step at a temperature of 95 °C for 3 min followed by 30
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amplification cycles. One amplification cycle consisted of heating at 95 °C for 30 sec, primer
annealing at 45-55 °C for 30 sec and elongation at 72 °C for 1 min/kb. At last, a final elongation
step at 72 °C for 2 min/kb was performed and the reaction mixture was stored at 10 °C in the

thermocycler. Afterwards, the PCR mixture was applied to an agarose gel electrophoresis.

Table 8: Composition of a single PCR reaction mixture.

Component PCR reaction mixture
MQ-H,O 35.25/40.25 uL

DNA polymerase reaction buffer (5x) /(10x) 10/5uL

dNTPs (10 mM) 1.25 uL

Forward primer (10 pM) 1 uL

Reverse primer (10 uM) 1 uL

DNA template 1 uL

DNA polymerase 0.5 uL

Total volume 50 uL

Restriction and ligation

For the construction of the majority of vectors, classical cloning via restriction endonucleases
followed by ligation was performed in accordance with the standard guidelines from Sambrook
and Russell [212]. The 10x CutSmart® buffer and the various restriction enzymes were
purchased from New England Biolabs GmbH (Frankfurt am Main, Germany). For the
construction of most Duet and all ePathBrick vectors, the reaction mixture of restriction 2 was
used, while restriction 1 was utilized whenever the DNA concentration of 1 pg could not be
reached with restriction 2 (Table 9). Every time when the DNA template was a PCR
amplification product, restriction 1 with a standard amount of 30 uL of PCR product was

chosen.

Table 9: Composition of both reaction mixtures for restriction.

Component Restriction 1 Restriction 2
MQ-H,O 0-13 uL 0-11 puL

DNA 30-43 uL 5-16 uL (1-2 pg)
CutSmart® buffer (10x) 5uL 2 uL

Enzyme 1 (5-20 U/uL) 1 uL 0.5-1 pL
Enzyme 2 (5-20 U/uL) 1 uL 0.5-1 uL

Total volume 50 uL 20 uL
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The reaction mixtures were incubated for 1.5-3 h at 37 °C. Afterwards, 1 uL of calf intestinal
phosphatase (CIP or Quick CIP, New England Biolabs) was added to the restriction mixtures
of the vectors for dephosphorylation of the 5°-ends and a further incubation step at 37 °C for
30 min followed. The restriction reactions were applied to agarose gel electrophoresis and gel
extraction for purification of the cut DNA fragments and vectors (chapter V.2.1). The cut and
purified DNA was used in a ligation reaction consisting of 7 uL MQ-H»0, 4 uL of vector DNA,
6 uL of insert DNA, 2 pL 10x T4 DNA ligase reaction buffer and 1 pL. T4 DNA ligase [213].
Depending on the band intensities of vector and insert in agarose gel electrophoresis, different
amounts of vector and insert were used for individual reaction mixtures to yield at least a 1:1
ratio of amount of insert to amount of vector (Table 10). The ligation reaction was incubated at

16 °C overnight or at 4 °C for three to four days.

Table 10: Composition of a single ligation reaction.

Component Ligation

MQ-H,O 7 pL (0-7 puL)
Vector DNA 4 uL (4-8 uL)
Insert DNA 6 uL (6-13 puL)
T4 DNA ligase reaction buffer (10x) 2 uL

T4 DNA ligase (3 U/uL) 1 uL

Total volume 20 uL

Precipitation of ligation reaction and electrotransformation

Anamount of 1-2 pL glycogen and 65 pL of 100 % ethanol were added to the ligation reaction
mixture for precipitation of DNA. The mixture was centrifuged at 14,000 rpm (18,000 xg) and
4 °C for 2-4 h. Then, the supernatant was discarded, the DNA pellet resuspended in 250 pL of
70 % (v/v) ethanol and centrifuged at 14,000 rpm (18,000 xg) and 4 °C for 40 min again. After
removal of the supernatant, the DNA pellet was dried at 37 °C and dissolved in 5 pL MQ-H,O

for electrotransformation.
FastCloning and Dpnl digestion

For the design of some constructs, FastCloning was used as cloning method [214]. In this
method, individual PCR reactions for insert and vector DNA are performed by using primers
with overlapping sequences and Pfiu DNA polymerase (chapter V.2.1, Table 5). After both PCR
reactions were run with 18 amplification cycles, 4 pL of amplified vector DNA was mixed with

4 uL of amplified insert DNA and 0.5 pL. Dpnl. This reaction mixture was then incubated for
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1 h at 37 °C followed by an inactivation step at 80 °C for 10 min. Afterwards, 2 pL. of the
reaction mixture was directly used for heat shock transformation into £. coli DH5a or TOP10
cells (chapter V.2.2). The enzyme Dpnl digests parental dam-methylated DNA strands, thus
eliminating the DNA template from the PCR reactions. The 3’-exonuclease activity of the high
fidelity DNA polymerase probably creates sticky ends at the position of the overlapping

sequences leading to nicks that are repaired after transformation in E. coli [214].
Site-directed mutagenesis (QuikChange™ method)

Site-directed mutagenesis is performed with a pair of mutagenic primers and Pfu DNA
polymerase (Table 5). A PCR reaction was prepared accordingly and run with 25 amplification
cycles (chapter V.2.1). A volume of 1 uL of Dpnl was added into the 50 uL reaction and
incubated first at 37 °C for 1 h and followed by 10 min at 80 °C. Next, 5 uL of the reaction
mixture was directly transformed into E. col/i DH5a or TOP10 cells via the heat shock method

(chapter V.2.2).
Colony PCR (¢cPCR)

In order to evaluate the proper insertion of gene fragments into vectors and the correct transfer
of plasmids in retransformations and cotransformations colony PCR was performed. The
composition of one reaction mixture is listed in Table 11. In contrast to PCR, the DNA
templates here were E. coli colonies. The colonies were picked from agar plates with a
toothpick, stirred in the reaction mixture and put into a thermocycler for performance of the

cPCR program (Table 12). An agarose gel electrophoresis was applied afterwards.

Table 11: Composition of a single colony PCR reaction mixture.

Component cPCR reaction mixture
MQ-H,O 15 pL

Green GoTaq® reaction buffer (5x) 4 ulL

dNTPs (10 mM) 0.4 uL

Forward primer (10 pM) 0.2 uL

Reverse primer (10 uM) 0.2 uL

GoTagq® DNA polymerase (5 U/uL) 0.2 uL

Total volume 20 uL
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Table 12: Program for a colony PCR.

Step Temperature and time
Initial denaturation 95 °C 5 min
Denaturation 95 °C 30 sec
Primer annealing 30 50 °C 30 sec
Elongation 72 °C 1 min/kb
Final elongation 72 °C 2 min/kb
Storage 10 °C o0

Agarose gel electrophoresis

For separation of DNA fragments agarose gel electrophoresis was applied. Thereby, a 1.2 %
(w/v) agarose gel with 0.3 pg/mL ethidium bromide was prepared and put into an agarose gel
electrophoresis system filled with 1x TAE buffer. DNA samples were mixed with 3-6 uL 10x
DNA sample buffer and a volume of 10-26 uLL were pipetted per gel pocket of the agarose gel.
As molecular weight marker 10 uL of GeneRuler™ 1 kb or GeneRuler™ 100 bp Plus DNA
ladder (Thermo Fisher Scientific Inc., Waltham, MA, USA) was utilized (Figure A.22,
Appendix). The agarose gel electrophoresis was run at 120 V for 20-30 min. Thereafter, the
agarose gel was illuminated under UV light for documentation and excision of individual DNA
bands.

Gel extraction

The Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, Madison, WI, USA)
was used for the purification of individual DNA fragments which resulted from a PCR or
restriction reaction from an agarose gel. The principle process steps of this reaction kit consist
of dissolving the agarose gel, applying the gel solution on a column, washing the column and

eluting the bound DNA with nuclease-free water.
Plasmid isolation

For the isolation of plasmids the PureYield™ Plasmid Miniprep System and PureYield™
Plasmid Midiprep System (Promega Corporation, Madison, WI, USA) were made use of. For
the first system, 5 mL or 20 mL LB culture of E. coli DH5a or TOP10 were incubated
overnight. For the second system, a 100 mL or 200 mL overnight culture in LB medium was
used and also 0.1 mg/mL RNase A was added to the lysis buffer. The elution from the column
in the Miniprep system was performed in 30 pL nuclease-free water and in the Midiprep system

in a volume of 500 puL. The concentration of the eluates was determined at 260 nm assuming
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that 50 ng/pL. dsDNA was equivalent to Axso= 1. The quotient Axso280 describing the purity of
DNA regarding contamination with proteins was documented as well. The value of A2o80
should be in a range between 1.8 to 1.9 [215]. Whereas, the quotient Axe0/230 as an indicator of

other organic contaminants should be above a value of 2.
Sequencing

Sequencing of cloned plasmids was conducted with the Mix2Seq Kit and the Mix2Seq Kit
NightXpress (Eurofins Genomics Germany GmbH, Ebersberg, Germany). Therefore, a volume
of 15 pL containing a plasmid concentration ofat least 50 ng/uL was mixed with 2 uL of primer
working solution (10 uM) and the solution transferred into a sequencing tube. Apart from that,
the sequencing service of IME Fraunhofer Institute for Molecular and Applied Ecology
(Aachen, Germany) was made use of. Here, a plasmid solution of 30 uL with 500 ng vector in
10 mM Tris-HCI buffer (pH 8.0) and 2 pL. of primer working solution (10 uM) was prepared
and submitted for sequencing. The results of both sequencing ways were analyzed in the
software Clone Manager Professional Suite 8 (Sci Ed Software, Westminster, CO, USA) and
in Chromas (Technelysium Pty. Ltd., Australia).

RNA isolation and reverse transcription (RT)

For the isolation of total mRNA from E. coli culture, 10 mL LB medium in a 100 mL shake
flask was inoculated with 100 uL of an overnight culture and incubated for 1 h at 37 °C and
160 rpm. Then, the culture was induced with 1 mM IPTG, grown for 5 h and 4 mL of culture
harvested at 18,000 xg and 4 °C for 5 min. The cell pellet was resuspended 100 pL TE lysis
buffer containing 400 pg/mL lysozyme and incubated for 5 min at room temperature.
Afterwards, a volume of 350 uL RLT buffer was mixed with the suspension, then 250 uL of
100 % (v/v) ethanol added and the solution gently mixed. The total RNA isolation was
performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany). In this respect, 700 uL of
the solution was transferred to an RNeasy column, centrifuged for 1 min at 17,000 xg, the flow
through discarded and the column washed with 700 uL of RW1 washing buffer (Qiagen). After
another centrifugation step, the column was washed three times with 500 pL RPE washing
buffer (Qiagen) and centrifuged longer in the end in order to remove ethanol. The final elution

was performed in 50 pL. DEPC water.

The RNA concentration of the RNA isolation was determined photometrically at 260 nm and
by applying a dilution of 1:25 in DEPC water. The assumption that an OD2s =1 equals
40 png/mL RNA was used for calculations.
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Table 13: Composition of a single RT reaction mixture and incubation procedure.

Incubation temperature and
Component RT reaction mixture P

time
1 DNase digested RNA solution 11 pL 10 min at 80 °C,
Reverse primer (10 uM) 0.5 uL then 5 min on ice.
2 RT buffer (5x) 4 uL 30 min at 40 °C,
dNTPs (10 mM) 1 pL 30 min at 45 °C,
DEPC water 2.5 uL 30 min at 50 °C,
M-MLYV (200 U/uL) 1 uL 30 min at 55 °C,
20 min at 75 °C,
cooking of the reaction mixtures
for 2 min,
then on ice or storage at 4 °C.
Total volume 20 uL

Prior to reverse transcription (RT) the RNA isolate was treated with DNase in a 30 pL reaction
mixture containing 3 pg RNA, 3 uL 10 x DNase buffer and 3 pL DNasel (1 U/uL). This
reaction mixture was incubated at 37 °C for 30 min followed by addition of 3 uL. EDTA
(25 mM) and inactivation at 75 °C for 20 min. The thus prepared RNA solution was subjected
to reverse transcription described in Table 13 using M-MLYV reverse transcriptase and 5x RT

buffer (Promega Corporation, Madison, WI, USA).

Finally, the cDNA samples were analyzed by performing a cPCR reaction with additonal 2 pL

of cDNA solution and a subsequent agarose gel electrophoresis.
V.2.2 Microbiological Methods

Cultivation of E. coli

The different strains of Escherichia coli were generally cultivated in LB medium with
appropriate antibiotics concentration. The pETDuet and pETM6 vectors were supplemented
with 100 pg/mL ampicillin, pRSFDuet with 50 pg/mL kanamycin and pCDFDuet as well as
pCDM4 with 50 pg/mL streptomycin. For the preparation of overnight cultures, either a LB
volume of 5 mL in a test tube or 20 mL LB in a 100 mL shake flask were used. Incubation of

these cultures took place in a rotary incubator at 37 °C or in a shaker at 37 °C and 160 rpm.
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Strain maintenance

In order to store E. coli cultures for a longer period of time, glycerol stocks were prepared and
stored at -80 °C. Therefore, 900 uL of 70 % (v/v) sterile glycerol were mixed with 900 uL of

an E. coli overnight culture in LB medium.
Preparation of competent cells
Chemically competent cells

An overnight culture of the E. coli cells was diluted in a ratio of 1:100 in 100 mL LB medium
in a 1 L shake flask and incubated at 37 °C and 160 rpm. As soon as an ODgoo of 0.5 was
reached, the cells were harvested at 4,000 xg and 4 °C for 15 min. After discarding the
supernatant, the cells were gently washed with 40 mL of cold TB buffer and incubated for at
least 10 min on ice. Then, the cells were centrifuged at 4,000 xg and 4 °C for 15 min and the
supernatant removed again. A volume of 8 mL cold TB buffer added with 560 uL. DMSO was
used for the final resuspension of the cell pellet. Aliquots of 200 uLL were prepared, directly

frozen in liquid nitrogen and stored at -80 °C until further usage.

As a fast preparation of competent cells, 5 mL LB medium was inoculated with the E. coli
overnight culture in a ratio between 1:50 to 1:20 and incubated at 37 °C in a rotary incubator.
When the LB medium turned turbid, 3-4.5 mL of the cells were harvested in an Eppendorf tube
at 18,000 xg and 4 °C for 1 min. Again, the supernatant was discarded and the cells washed in
1 mL cold TB buffer. The thus prepared E. coli cell pellet was resuspended in 50-200 puL of

cold TB buffer and was used for transformation.
Electrocompetent cells

An overnight culture of the E. coli cells was diluted in a ratio of 1:100 in a total of 2 L LB
medium. Thereby, each 2 L shake flask was containing 200 mL of freshly inoculated LB
medium and was incubated at 37 °C and 160 rpm. When an ODsoo of 0.5 was reached, the cells
were harvested at 4,000 xg and 4 °C for 6 min. Like before, the supernatant was removed and
the cells were gently washed with cold 10 % (v/v) glycerol in multiple rounds. In each round,
the cells were either combined from two shake flasks or resuspended in a smaller washing
volume. After 5-8 rounds, the final resuspension was performed in 4 mL of 10 % (v/v) glycerol.
Subsequently, aliquots of 100 uL were prepared, directly frozen in liquid nitrogen and stored

at -80 °C until usage for electroporation.
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Transformation
Electrotransformation

Electrotransformation was applied with all ligation products. Thereby, 100 uL of
electrocompetent E£. coli DH5a were thawed on ice for 10 min and then gently mixed with 5 uL
of precipitated DNA solution. The competent cells were transferred into a cold electroporation
cuvette and treated with an impulse 02500 V for 5 ms in an electroporation device. An amount
of 900 uL of pre-warmed SOC medium was directly mixed with the cells. After that, the
mixture was transferred into a new Eppendorf tube for incubation at 37 °C and 800 rpm for
40 min in a thermoshaker. Then, 100 uL and a concentrate of 900 uL of the cell solution were

plated on antibiotic agar plates. The agar plates were incubated at 37 °C overnight.
Heat shock transformation

In general, heat shock transformation was used for retransformation of plasmids into E. coli
strains and for co-transformations of multiple plasmids as well as for FastCloning and site-
directed mutagenesis. For that, 200 pL of chemically competent cells were thawed on ice for
10 min and gently mixed with 2 puL of plasmid solution. After an incubation period for 30 min
on ice, the cells were subjected to a heat shock in a thermoblock at 42 °C for 45 sec. The cells
were chilled on ice for 5 min, then 800 uL of pre-warmed SOC medium was added and the
cells were incubated at 37 °C and 800 rpm for 40 min in a thermoshaker. Subsequently, 50-
100 pL of the cell suspension was plated on pre-warmed agar plates containing corresponding

antibiotics.

For transformation of multiple plasmids into one E. coli strain, the plasmids were added in
successive rounds of co-transformations and confirmed with cPCR in between. In order to add
the second or third plasmid, the fast preparation protocol for competent cells was followed for
the relevant E. coli strain (chapter V.2.2). The so prepared E. coli cell suspension was directly

used in the transformation procedure described above.
Protein expression

The expression of proteins in different strains of E. coli was performed in TB medium with the
concentration of corresponding antibiotics as described previously (chapter V.2.2). For
investigation of the expression of individual proteins and protein combinations, 50 mL of TB
medium in a 250 mL shake flask or 100 mL of TB medium in a 500 mL shake flask were
inoculated with the relevant E. coli overnight culture in ratios between 1:50 to 1:10. These

shake flasks were incubated at 37 °C with 180 rpm. Once an ODgoo between 0.6-1 was reached,
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the cultures were induced by the addition of 1 mM IPTG and transferred to the appropriate
expression temperature at 180 rpm. At this time point, a 5/ODgoo sample (0 h) was taken.
Further 5/0Dsoo samples were collected over the time of the expression. Predominantly, these

samples were taken at 4 h and 20 h after induction.

With the aim of imitating expression conditions from the growing cell assay, the expression
was performed in 50 mL of TB medium in a 500 mL shake flask. After inoculation with the
overnight culture, the shake flask was incubated at 37 °C and 160 rpm until an ODsgo of around
2 (ODegoo from 1.5 to 2.5) was reached. The cultures were induced with 0.5 mM IPTG and the
expression was performed at 26 °C and 160 rpm for 24 h. 5/0Dsoo samples were collected at

0 h, 4 h and at 24 h of expression.

For large-scale expression and whole-cell biotransformation, 200 mL of TB medium ina 1 L
shake flask or 400 mL of TB medium in a 2 L shake flask were inoculated with an E. coli
overnight culture and incubated at 37 °C and 180 rpm. When an ODggo between 0.6-1 was
reached, the cultures were induced by adding I mM IPTG and put to 180 rpm and either 37 °C
or 26 °C for 20 h. Again 5/0Dsoo samples were collected at 0 h, 4 h and 20 h of expression.
After 20 h, the cells were harvested at 4,000 xg and 4 °C for 15 min in beakers. Then, the cells
were washed twice with 40 mL of cold KP; buffer on ice. All liquid was removed from the
beakers, the wet cell weight gwcw of the cells was determined and the cell pellets stored at -20 °C

until further usage.
Cell disruption

The harvested 5/0Dsoo cell pellets were resuspended in 500 pL resuspension buffer and
sonicated using ultrasonic waves with a cycle of 0.5 (0.5 sec power discharge followed by
0.5 sec pause) and an amplitude of 65 % (~ 170 um) on ice. The procedure consisted of 45 sec
ultrasonic treatment, 30 sec pause and another 45 sec sonication. Afterwards, the samples were
centrifuged at 18,000 xg and 4 °C for 1 min and separated into supernatant (S) and pellet
fraction (P) before their application in SDS-PAGE analysis (chapter V.2.3).

V.2.3 Biochemical Methods

SDS-PAGE

The method of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
applied for separation of proteins according to their molecular weights. Here, a discontinuous
SDS-PAGE was performed using an SDS gel consisting of a 12 % (v/v) resolving gel and a
4 % (v/v) stacking gel (Table 14). When the resolving gel was prepared, the top of the gel was
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covered with isopropanol, which was then removed after gel solidification for subsequent

preparation of the stacking gel.

Table 14: Composition of one SDS gel.

Component 12 % resolving gel 4 % stacking gel

MQ-H;O 1.06 mL 21.1 %, v/v) 1.83 mL (72.9 %, v/v)
1 M Tris-HCI (pH 8.8) 1.88 mL (37.5 %, v/v) -

1 M Tris-HCI (pH 6.8) - 313 uL (12.5 %, v/v)
Acrylamide (30 %, w/v) 2.0 mL (40 %, v/v) 415 uL (16.6 %, v/v)
SDS (10 %, w/v) 50 uL (1 %, v/v) 25ulL (1 %, v/v)
APS (20 %, w/v) 15 uL (0.3 %, v/v) 7.5 uL (0.3 %, v/v)
TEMED 5uL (0.1 %, v/v) 2.5 uL (0.1 %, v/v)
Total volume 5SmL 2.5mL

The disrupted and separated 5/0Dgoo samples were mixed with 5x protein reducing loading
buffer and heated to 95-100 °C for 8 min. Thus, 80 puL of the supernatant was mixed with 20 pL
5x protein reducing loading buffer, while the pellet fraction was resuspended in 200 puL of 1x
protein reducing loading buffer, which had been diluted in resuspension buffer before. 15 pL
of the samples were applied to the SDS gel pockets and 5 uL of P7712 or P7719 Color
Prestained Protein Standards (New England Biolabs) were used (Figure A.22, Appendix). As
controls for western blot analysis, PVX-S-tag (25 pg/mL) and mCherry-hiss (50 pg/mL) were
utilized, of which 10 pL were applied per gel pocket. The thus produced SDS gels were either
used for western blot analysis or dyed with Coomassie staining solution for at least 30 min and
decolorized with Coomassie destaining solution afterwards. In the end, the destained SDS gel

was photographed for documentation.
Western blot

In order to analyze the expression bands of specific proteins, western blot was performed using
the Tankblot system. Therefore, a recently prepared SDS gel and the Amersham™ Hybond™-C
nitrocellulose membrane (Cytiva/GE Healthcare Life Sciences, Marlborough, MA, USA) were
put between several layers of Whatman blotting paper (3.6 mm) and two sponges. All
components had been individually equilibrated in cold 1x Tankblot buffer before and were
sandwiched in blotting casettes. These casettes were assembled with an ice pack into the
blotting chambers, which were further cooled by surrounding ice and filled with 1x Tankblot

buffer. The transfer of proteins from the SDS gel to the nitrocellulose membrane by an electric

133



Materials and Methods

field was carried out at 100 V for 60 min. Afterwards, the membrane was incubated in blocking
solution in order to fill all free binding sites and to avoid later unspecific detection. After short
washing with 1x PBS, the respective primary antibody was added in a dilution of 1:5,000 in 1x
PBS and incubated in an orbital shaker overnight. The applied primary antibodies were ‘a.-his’
for all proteins fused with a His-tag and the ‘S-peptide Epitope Tag Antibody’ for fusion
enzymes with an S-protein tag (Table 4). The next day, the membrane was washed three times
with 1x PBS and incubated with the secondary antibody in a dilution of 1:5,000 in 1x PBS for
at least 3 h. Another three washing steps with 1x PBS were performed, before the membrane
was equilibrated in AP buffer and the substrate solution NBT/BCIP was added in a dilution of
1:100 in AP buffer. Subsequently, the membrane was incubated in the dark, until the formation
of bands was clearly visible, and a photo was taken for documentation. The principle of
detection is based on the activity of the alkaline phosphatase (AP), which is conjugated to the
secondary antibody and dephosphorylates BCIP as substrate. The resulting indoxyl
intermediate oxidizes under formation of an insoluble dimer of blue color. The substrate NBT
is reduced in the process to NBT diformazan, which precipitates with a dark red color as well.

Thus, a dark purple to black staining of specific protein bands is obtained in the end.
Whole-cell biotransformation (resting cell assay)

The stored cell pellets from large-scale expressions were thawed on ice for 30 min (chapter
V.2.2). The final resuspension of the cell pellets was performed in KP; buffer (50 mM, pH 7.5)
with 2 % (w/v) glucose and 1 mM IPTG yielding a cell suspension of 70 gwcw/L. Aliquots of
10 mL were used as individual experiments in 100 mL shake flasks. Substrates prepared in
DMSO in individual substrate concentrations were added to the aliquots and the cell suspension
was incubated at 26 °C and 160 rpm over time. Samples of 500 uL were taken at substrate
addition and at different time points during the whole-cell biotransformation. The collected
samples were centrifuged at 17,000 xg for 1 min and the supernatant was stored at -20 °C until

the extraction process. This procedure was mainly adapted from Ricklefs ef al. (2016) [201].

The two-cells one-pot experiment was performed as a variant of the resting cell assay. Here,
the cell suspensions had a cell concentration of 140 gucw/L and two subsets of cells were added
successively. A volume of 10 mL of the first set of cells was incubated with 2 mM L-tyrosine
added at the start and samples of 500 uL were collected up to 24 h. After that time point, a
second set of cells was mixed with the first subset in a 1:1 ratio of volumes and samples were

taken until 72 h.
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Growing cell assay

An overnight culture of E. coli BL21(DE3) or the genome-integrated strains was inoculated in
a volume of 10 mL TB medium in a 100 mL shake flask and cultivated at 37 °C and 160 rpm.
Once an ODggo of around 2 was reached, the culture was induced by addition of 0.5 mM IPTG
and the substrate L-tyrosine dissolved in DMSO was added in a concentration of I mM unless
indicated otherwise. Then, the cultures were transferred to a temperature of 26 °C at 160 rpm
for 48 h. Samples of 500 puL. were collected at the time point of induction (0 h) and at 4 h, 24 h
and 48 h, centrifuged at 17,000 xg for 1 min and the supernatant stored at -20 °C until further

usage. As control experiment, no substrate was added at the time point of induction.
Toxicity test of substances

For evaluation of the toxicity of different substrates and intermediates of the phenylpropanoid
pathway on E. coli cells, growth curves of individual cultures were recorded. Thus, 20 mL of
LB medium was inoculated with 500 pL of an E. coli BL21(DE3) overnight culture and
supplemented with different concentrations between 0-20 mM of the examined substance. The
cultures were grown at 37 °C and 180 rpm and the ODsoo value was measured over time. All
applied substance stocks were prepared as 1 M in DMSO. As control, growth curves from

E. coli with solely DMSO were performed.
V.2.4 Analytical Methods

Extraction procedure

The samples from the whole-cell biotransformations and growing cell assays were thawed on
ice prior to extraction using ethylacetate with internal standard (IS). A volume of 500 puL of
ethylacetate was added to a sample, both phases mixed by vortexing for 45 sec and then
centrifuged at 4 °C and 14,000 xg for 1 min. The upper ethylacetate phase was collected in a
separate Eppendorf tube and the extraction process repeated twice. The resulting pooled
ethylacetate phases were either placed under a fume cabinet with open lids overnight or put in
a concentrator device for evaporation of the organic ethylacetate phase. The dried extract was
finally dissolved with 300 uL of ROTISOLV® HPLC methanol (Carl Roth GmbH & Co. KG),
centrigued at 17,000 xg for 10 min and analyzed in high performance liquid chromatography
(HPLC). As general internal standard, 100 uM cinnamic acid was utilized. Unless cinnamic

acid was a possible product, then 200 uM coniferaldehyde was used.
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HPLC measurement

The analysis of the extracted and dissolved samples was carried out with different HPLC
systems and their respective reversed phase HPLC column indicated in Table 2. The used
solvents were MQ-H>O with 0.1 % formic acid (A) and HPLC grade methanol (B), which had
been degassed in an ultrasonic waterbath prior to the measurement. The HPLC method started
with a gradient from 20 % to 35 % B from 0-5 min and stayed at 35 % B within 5-10 min. A
second gradient from 35 % to 75 % B followed in minutes 10-25. Afterwards, the concentration
of solvent B was increased to 90 % within one minute, stayed at 90 % B for another minute
before the content of solvent B was reduced to 20 % within one minute again. The HPLC
method was run at 20 % B until 35 min in order to equilibrate the column for the next sample
run. Depending on the HPLC system slight adjustments regarding the HPLC method were
undertaken. In general, a flow rate of 0.5 or 0.8 mL/min, an oven temperature of 30 °C and a

detection at 280 nm were deployed.

At the Department of Biochemical and Chemical Engineering at the Technical University
Dortmund, the HPLC method started with 2 % of solvent B for 2 min and a flow rate of
0.3 mL/min. The amount of B was increased to 25 % from minute 2 to 4 and a gradient was run
from 25 % to 30 % B until minute 15. Afterwards, the concentration of solvent B increased
within 3 min to 90 %, stayed there for 2 min and was decreased within 1 min to 2 %. The

method run finished after a total of 26 min.

Apart from the samples from resting and growing cell assay, standard curves and extraction
samples containing only the internal standard were measured as well. The mean area value of
IS, which was calculated from all IS samples of a single extraction, was applied for
normalization of the other samples from the same extraction run. In order to take into account
the possible different partition coefficients, the samples containing the standard curves were
extracted, too. Thus, the concentration of a specific substance in a sample was calculated by
correction of its area value with the quotient of IS area value in the sample to the mean IS area
value. Subsequently, the division by the slope of the respective standard curve followed
yielding the concentration of a specific substance in the sample. When conversion yields were
calculated, the respective mean product concentration at a certain time point was divided by the

mean substrate concentration at addition time point to (0 h) and multiplied with 100 %.
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VII. Appendix

VII.1 Used gene sequences

Table 15: DNA sequences of cloned genes. All gene sequences were codon-optimized for expression in E. coli.
The 5’- and 3’-ends are indicated in bold as well as start and stop codons. DNA bases colored in orange indicate
the N-terminal deletion sequences (NA7-CYP199A2).

AtCCoAOMT

5—- ATGGCAAAAGACGAAGCTAAAGGCCTGTTGAAGAGCGAGGAACTGTACAAGTACATTCTITG
AAACCAGCGTTTATCCGCGTGAACCGGAAGTGCTGCGTGAATTACGCAATATCACACACAATCA
TCCGCAGGCGGGCATGGCCACGGCGCCTGATGCAGGTCAACTTATGGGCATGTTATTGAACTTG
GTGAACGCCCGCAAAACGATTGAAGTGGGTGTATTTACCGGCTATTCACTCCTGCTTACGGCGCT
GACCTTGCCTGAGGACGGAAAAGTCATTGCAATCGATATGAACCGCGATAGCTACGAGATTGGC
CTGCCAGTCATTAAGAAGGCCGGGGTCGAGCATAAGATTGACTTTAAGGAAAGTGAGGCCCTGC
CGGCGCTGGATGAACTGCTGAATAACAAGGTAAACGAAGGCGGCTTTGATTTTGCCTTCGTTGA
CGCCGATAAACTTAACTACTGGAATTACCACGAACGCCTTATCCGTCTGATTAAAGTCGGTGGCA
TTATTGTATACGACAATACATTATGGGGTGGCTCGGTGGCCGAGCCCGATTCAAGCACCCCAGA
ATGGCGCATTGAGGTTAAGAAGGCGACTCTGGAACTTAATAAGAAGCTGTCAGCGGACCAACGC
GTTCAAATTAGCCAGGCGGCCTTAGGGGACGGGATTACTATCTGTCGTCGCCTGTACTAA -3°

AtCOMT

5~ ATGGGGAGCACCGCAGAAACTCAGCTTACCCCTGTTCAGGTAACCGATGATGAGGCGGCACT
GTTTGCAATGCAGCTGGCAAGCGCCTCTGTCCTGCCTATGGCCTTGAAGTCGGCGCTGGAACTGG
ACCTGCTGGAAATCATGGCGAAGAACGGCTCACCGATGAGCCCCACTGAAATTGCGTCAAAGCT
GCCTACAAAGAACCCAGAGGCGCCCGTTATGCTGGACCGCATTTTGCGCCTGCTGACCAGCTATT
CGGTGCTGACGTGTTCTAATCGCAAGCTGTCGGGAGATGGTGTAGAGCGTATCTATGGTCTGGGC
CCAGTGTGTAAATACCTCACTAAGAATGAGGACGGCGTATCGATTGCAGCCTTATGCCTGATGA
ATCAGGATAAAGTACTGATGGAGTCGTGGTATCACCTTAAAGACGCTATCTTAGACGGCGGCAT
CCCTTTTAATAAAGCCTACGGCATGTCCGCCTTTGAATATCATGGCACAGACCCCCGCTTTAATA
AAGTATTCAATAACGGCATGAGCAATCACTCTACCATTACGATGAAGAAAATCTTAGAAACGTA
CAAAGGCTTCGAGGGTCTGACAAGTTTAGTGGACGTGGGCGGCGGCATCGGCGCGACCCTGAAG
ATGATTGTTTCGAAATATCCGAACTTAAAGGGGATTAATTTCGACCTGCCGCACGTGATTGAGGA
CGCGCCATCACACCCGGGAATCGAACACGTCGGCGGCGACATGTTCGTGTCAGTTCCGAAGGGT
GACGCGATTTTCATGAAATGGATTTGCCACGATTGGAGCGATGAGCACTGTGTTAAGTTTCTGAA
GAATTGTTATGAATCGCTCCCGGAAGATGGTAAGGTCATTCTGGCGGAATGCATTCTGCCGGAA
ACGCCGGATAGTTCATTATCGACTAAGCAGGTGGTGCACGTAGACTGTATCATGTTAGCGCATA
ACCCGGGCGGAAAGGAGCGCACTGAAAAGGAGTTCGAAGCGCTGGCGAAGGCATCCGGTTTTA
AAGGGATTAAGGTCGTGTGTGATGCCTTCGGCGTCAATCTGATTGAACTGCTGAAGAAATTATG
A-3

CYP199A2

5-ATG CCGGTCACGACTCCGAGTCAGCATGGAGCGGGTGTCC
CGCATCTCGGTATCGATCCGTTTGCCCTGGATTACTTTGCAGATCCTTATCCGGAGCAGGAAACC
CTGCGTGAAGCGGGCCCAGTGGTTTACCTGGACAAGTGGAACGTTTATGGCGTTGCACGTTATGC
GGAAGTGTACGCCGTCTTGAACGATCCGCTGACCTTCTGCTCAAGCCGGGGTGTTGGGTTAAGCG
ACTTCAAGAAGGAGAAACCTTGGCGTCCACCGAGCCTGATTCTGGAAGCCGACCCTCCCGCGCA
CACGCGCACTCGGGCCGTGCTGTCGAAAGTCCTGTCCCCAGCGACAATGAAACGCCTGCGCGAT
GGTTTCGCTGCGGCTGCAGACGCCAAAATCGACGAATTGCTCGCCCGTGGTGGCAACATTGATG
CGATTGCAGACCTTGCTGAGGCGTATCCACTGAGCGTGTTTCCGGATGCGATGGGCCTCAAACA
GGAAGGTCGCGAAAACTTGCTCCCTTATGCTGGCCTGGTACTCAATGCGTTTGGCCCTCCCAACG
AACTGCGCCAATCAGCGATTGAGCGTTCTGCTCCGCATCAGGCATACGTTGCCGAACAGTGCCA
ACGCCCGAATTTGGCACCAGGTGGGTTTGGCGCTTGCATTCACGCGTTCAGCGATACCGGAGAA
ATCACGCCAGAAGAAGCGCCGCTGTTAGTACGCAGTCTGTTGAGTGCAGGCCTGGATACCACGG
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TGAATGGCATTGCCGCAGCCGTGTACTGTCTGGCTCGCTTTCCGGACGAATTTGCTCGTTTACGT
GCCGATCCGTCGTTGGCACGCAATGCGTTTGAGGAAGCCGTACGCTTTGAGTCCCCGGTTCAGAC
CTTCTTTCGCACTACCACTCGCGATGTCGAACTGGCGGGTGCCACCATTGGTGAGGGTGAGAAA
GTGCTGATGTTCCTGGGCTCTGCCAATCGTGATCCGCGTCGTTGGGACGATCCCGATCGCTATGA
CATCACGCGGAAAACATCGGGTCATGTTGGGTTCGGATCTGGCGTACACATGTGTGTGGGCCAG
TTAGTGGCGCGCCTGGAAGGGGAAGTCGTGCTTGCGGCTTTAGCGCGCAAAGTGGCCGCCATCG
AAATTGCAGGCCCGCTGAAACGTCGCTTCAACAACACGCTTCGTGGGCTGGAATCCTTACCGATC
CAACTGACCCCGGCGTAA -3’

his¢-Pux

5—- ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGCCTAGCATTACCTTTATCCT
GCCGGACGGTGAACGTCGTACAACAGAAGCGGCCGTAGGGGACACTGCAATGTACGCGGCACT
GTCGCTTGGCCTGGATGGGGTGGTAGCGGAGTGTGGTGGTAACGCGGTTTGTGCCACTTGCCATG
TTTACGTGGAACATGGGTTAGAGAAACTCCCCGCGGTAGCGGCGGACGAAGATGACTTGTTGGA
CGGGACAGCAGCTGAACGTTTACCTAATAGTCGTTTGAGTTGTCAAATTAAACTTAGTAGTGACC
TGGACGGTTTAATCCTTCGCATCCCCGACCGCCAAGTATAA -3’

hisc-PuR

5~ ATGCATCACCATCATCACCACAATGATACTGTGCTGATTGCAGGTGCTGGACATGCGGGTTT
CCAAGTGGCAGTGAGCTTACGTCAAGCAAAATATCCGGGTCGTATTGCCTTAATTAACGATGAA
AAGCACTTACCCTACCAACGTCCACCTCTCAGCAAAGCCTACTTGAAATCGGGTGGCGACCCTA
ATAGCTTAATGTTCCGCCCTGAGAAATTCTTTCAAGACCAAGCAATTGAATTAATCTCTGACCGT
ATGGTCAGTATCGACCGTGAAGGTCGTAAATTATTGCTGGCATCGGGTACAGCAATTGAATATG
GACATCTGGTTCTGGCAACAGGGGCACGTAATCGCATGCTGGATGTTCCGAATGCATCCCTTCCC
GATGTACTGTATCTCCGTACCCTTGATGAAAGCGAGGTCCTTCGCCAACGCATGCCCGATAAGAA
ACACGTTGTCGTTATTGGTGCTGGGTTTATTGGATTAGAGTTCGCGGCGACCGCACGCGCGAAAG
GCCTGGAAGTGGATGTGGTGGAATTAGCACCCCGTGTAATGGCTCGTGTTGTTACCCCCGAAATT
TCTAGCTATTTTCATGACCGTCATTCGGGCGCCGGTATTCGTATGCATTATGGTGTGCGCGCGAC
GGAGATTGCAGCAGAAGGGGACCGTGTGACGGGTGTGGTGTTAAGTGATGGTAATACCTTACCG
TGTGACCTGGTTGTTGTAGGGGTTGGTGTTATCCCTAATGTGGAAATTGCGGCAGCGGCTGGCCT
TCCAACGGCTGCGGGTATTATTGTTGACCAACAATTACTGACGTCCGACCCACATATTAGCGCAA
TTGGAGATTGTGCCCTCTTTGAATCTGTACGTTTTGGTGAAACCATGCGCGTTGAAAGCGTTCAA
AATGCGACAGACCAAGCCCGTTGTGTGGCGGCCCGCCTTACGGGAGATGCGAAGCCTTACGATG
GATACCCCTGGTTTTGGTCTGACCAAGGAGATGATAAATTACAAATTGTAGGTCTTACTGCGGGG
TTTGACCAGGTTGTTATTCGTGGTTCCGTAGCTGAACGCTCATTTTCAGCCTTTTGTTATAAAGCT
GGTAAACTTATTGGTATTGAAAGCGTGAATCGTGCGGCAGACCATGTTTTCGGTCGTAAAATTCT
TCCTTTAGATAAGTCTGTTACCCCTGAACAAGCTGCGGACCTTTCATTTGATTTGAAGAAAGCAG
CAGCATGA -3’

ZmCCoAOMT

5’- ATGGCGACAACAGCCACAGAAGCAACTAAAACTACCGCGCCTGCCCAAGAACAACAAGCTA
ATGGAAATGGTAATGGGGAACAGAAAACTCGTCATAGCGAAGTAGGGCATAAATCGTTGCTGA
AAAGTGATGATTTGTATCAATATATTTTGGATACATCCGTCTATCCCCGTGAACCAGAATCAATG
AAAGAACTCCGTGAAATTACTGCGAAACATCCTTGGAATCTCATGACGACTTCGGCGGATGAAG
GACAATTCTTAAATATGCTGATTAAGTTGATTGGAGCGAAGAAAACGATGGAAATTGGTGTTTA
TACTGGATATTCCTTATTAGCAACTGCCCTGGCGCTTCCTGAAGATGGAACCATTCTGGCAATGG
ACATTAATCGTGAAAATTATGAGTTAGGTTTACCTTGTATTAATAAAGCAGGTGTCGGGCATAAA
ATCGATTTTCGTGAAGGGCCAGCACTGCCGGTTCTCGATGATTTAGTTGCCGATAAAGAACAACA
TGGTAGCTTCGATTTCGCGTTTGTAGATGCGGACAAAGATAATTACTTAAATTATCATGAGCGTC
TGTTGAAATTGGTCCGTCCGGGTGGTCTGATTGGATATGATAATACCCTCTGGAATGGTAGCGTG
GTCCTGCCGGATGATGCCCCGATGCGTAAATATATTCGTTTCTATCGTGATTTTGTACTTGCACTG
AATAGCGCACTGGCTGCGGATGACCGTGTGGAAATTTGTCAACTGCCAGTGGGTGATGGTGTGA
CTTTATGTCGTCGTGTGAAATAA -3’
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ZmCOMT

5- ATGGGCAGTACGGCCGGTGATGTTGCAGCAGTTGTAGACGAAGAAGCGTGTATGTATGCCAT
GCAACTTGCCAGCAGTTCGATTTTGCCAATGACCTTGAAGAATGCTATTGAATTAGGATTATTGG
AAGTCCTGCAGAAAGAAGCGGGTGGCGGAAAAGCTGCCTTAGCCCCGGAAGAAGTAGTCGCAC
GTATGCCGGCTGCCCCGTCAGATCCTGCGGCGGCGGCGGCGATGGTTGATCGTATGCTGCGTTTG
CTTGCGAGCTATGATGTGGTTCGCTGTCAAATGGAAGATCGCGATGGGCGCTATGAACGTCGTTA
TTCGGCGGCCCCGGTTTGTAAATGGCTGACGCCAAATGAAGATGGAGTTTCAATGGCGGCGCTG
GCCTTAATGAATCAAGATAAAGTACTGATGGAATCCTGGTATTACCTGAAAGATGCCGTATTAG
ATGGTGGTATTCCATTTAATAAAGCCTATGGTATGACAGCCTTTGAATATCATGGTACGGATGCA
CGCTTTAATCGTGTTTTCAATGAAGGTATGAAGAACCATTCCGTTATCATTACTAAGAAGTTGTT
AGACTTCTATACTGGGTTTGAAGGTGTCTCTACCCTTGTCGATGTAGGTGGCGGGGTTGGGGCGA
CCTTGCATGCGATTACCTCTCGTCATCCACATATTAGTGGAGTAAATTTTGATCTCCCTCATGTAA
TTAGCGAAGCACCACCTTTTCCGGGTGTTCGTCATGTTGGTGGTGATATGTTTGCATCAGTTCCA
GCTGGAGATGCTATTCTGATGAAATGGATTCTGCATGATTGGTCAGATGCCCATTGTGCGACTTT
GCTGAAGAATTGTTATGATGCGCTCCCAGAGAACGGGAAAGTTATTGTAGTTGAATGTGTCCTTC
CTGTGAATACAGAAGCGACGCCGAAAGCCCAAGGTGTTTTCCATGTAGATATGATTATGCTTGCT
CATAATCCGGGTGGTAAAGAACGCTATGAACGTGAATTTCGTGAATTGGCGAAAGGAGCGGGAT
TTAGCGGCTTTAAAGCGACTTATATTTATGCTAATGCGTGGGCTATTGAATTTATTAAATAA -3’

VII.2 Construction of plasmids via restriction and ligation

Table 16: Construction of vectors via restriction and ligation. The vectors produced by restriction and ligation
are listed in the first column with their respective designation. The symbol (I) or (II) indicate the position of the
gene in the MCS I or II of the Duet vectors. The second column refers to the template DNA for the insert fragment
and the last two column list the applied restriction enzymes used for inserts and vectors. If a PCR was performed
prior to restriction and ligation, the corresponding used primer pair is mentioned in the third column.

Restriction enzymes

DNA template Fw primer /

Plasmid . .
(insert) Rv primer (insert) (vector)
Duet vectors
pCDFDuet_AtCCoAOMT  pUCS57_ - Necol, Necol,
D AtCCoAOMT HindIII HindIIl
pCDFDuet AtCCoAOMT  pRSFDuet — Necol, Ncol,
_CYP199A2 AtCCoAOMT (1) HindIII HindIII
pCDFDuet A/COMT (I) pUCS57 _A:COMT - Ncol, Necol,
HindIII HindIII
pCDFDuet CYP199A2 pEX-A258- - Ndel, Ndel,
an CYP199A2 EcoRV EcoRV
pCDFDuet NA7- pRSFDuet NA7-  — Ndel, Ndel,
CYP199A2 (II) CYP199A2 (II) Xhol Xhol
pCDFDuet ZmCCoAOMT pUC57 - Ncol, Ncol,
@ ZmCCoAOMT HindIIT HindIII
pCDFDuet pCDFDuet - Ncol, Ncol,
ZmCCoAOMT _ ZmCCoAOMT (1) HindIII HindIII
CYP199A2
pCDFDuet pCDFDuet - Ncol, Ncol,
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ZmCCoAOMT NAT7- ZmCCoAOMT (I) HindIII HindIII
CYP199A2
pCDFDuet ZmCOMT (I)  pUC57_ - Necol, Ncol,
ZmCOMT HindIII HindIII
pCDFDuet ZmCOMT _ pRSFDuet - Necol, Ncol,
CYP199A2 ZmCOMT (D) HindIII HindIII
pCDFDuet ZmCOMT _ pCDFDuet - Ncol, Ncol,
NA7-CYP199A2 ZmCOMT (D) HindIII HindIII
pRSFDuet_41CCoAOMT  pUCS57_ - Necol, Necol,
@ AtCCoAOMT HindIII HindIII
pRSFDuet_hiss-FpR (II) pET11a hise-FpR 42 Ndel his¢-FpR_fw/ Ndel, Ndel,
43 hise-FpR_Xhol rv Xhol Xhol
pRSFDuet_hise-PdR (II) pET28a(+)_hise- 40 EcoRV _his¢-camA fw/  EcoRYV, EcoRYV,
PdR 41 his¢-camA_Aatll rv Aatll Aatll
pRSFDuet_his¢-Pdx pET28a(+) hisg- — Ncol, Ncol,
hiss-PdR Pdx EcoRI EcoRI
pRSFDuet_hiss-PuR (II) pUCS57 PuR E9 Ndel hise-PuR fw2/ Ndel, Ndel,
E10 PuR_Xhol rv2 Xhol Xhol
pRSFDuet_hisg-Pux (I) pUC57 Pux E3 BamHI his¢-Pux_fw/ BamH]I, BamH]I,
E4 Pux_Notl rv Notl Notl
pRSFDuet_hisg-Pux pRSFDuet_hise- - Ncol, Ncol,
hiss-PuR Pux Notl Notl
pRSFDuet_his;o-YkuN pET16b_his)o- - Ncol, Ncol,
hise-PdR YkuN BamHI BamHI
pRSFDuet his;o-YkuN pET16b_his;o- - Ncol, Necol,
hiss-PuR YkuN BamHI BamHI
pRSFDuet his;o-YkuN pET16b hisio- - Ncol, Necol,
hise-FpR YkuN BamHI BamHI
pRSFDuet HpaC (II) pETM6 RgTAL 9 Ndel HpaC fw/ Ndel, Ndel,
HpaB_HpaC_m 10_HpaC_Xhol rv Xhol Xhol
pRSFDuet NA7- pEX-A258- 31_Ndel CYP199A2 Ndel, Ndel,
CYP199A2 (II) CYPI99A2 (-7aa)_fw/ Xhol Xhol
E8_CYP199A2 Xhol rv
pRSFDuet ZmCCoAOMT pUCS57_ - Ncol, Necol,
@ ZmCCoAOMT HindIII HindIII
pRSFDuet ZmCOMT (I) pUC57_ - Necol, Ncol,
ZmCOMT HindIII HindIII
ePathBrick vectors
pCDM4_A#4CL pETM6 AMCL - Awrll, Avrll,
Sall Sall
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pCDM4 Ar4CL ZmCCR _
ZmCAD_m

pCDM4 HpaB HpaC op

pCDM4 ZmCCR_
ZmCAD_m

pETM6_FjTAL AtACL
ZmCCR_ZmCAD m

pETM6 HpaC

pETM6 HpaB HpaC m

pETM6 HpaB HpaC pso

pETM6 _HpaB HpaC op

pETM6_RgTAL At4CL_
m

pETM6_RgTAL_Pc4CL_
m

pETM6 Sesam8 At4CL
ZmCCR_ZmCAD _m

pCDM4 -
ZmCCR_
ZmCAD_m
pETM6 HpaB -
HpaC op

pETM6 ZmCCR _
ZmCAD_m

pCDM4_A414CL_ -
ZmCCR _

ZmCAD_m

pRSFDuet HpaC -
(D

pETM6_ HpaC -

pETM6_ HpaC -

pETM6_ HpaC -

pETM6_AMCL -

pETM6_PcACL -

pCDM4 A4r4CL -
ZmCCR _

ZmCAD_m

Avrll, Nhel,
Sall Sall
Avrll, Avrll,
Sall Sall
Avrll, Avrll,
Sall Sall
Avrll, Nhel,
Sall Sall
Ndel, Ndel,
Xhol Xhol
Avrll, Nhel,
Sall Sall
Avrll, Spel,
Sall Sall
Xbal, Spel,
Sall Sall
Avrll, Nhel,
Sall Sall
Avrll, Nhel,
Sall Sall
Avrll, Nhel,
Sall Sall

VIL.3 Construction of plasmids via other molecular biology methods

Table 17: Construction of vectors via FastCloning and site-directed mutagenesis. The vectors produced by
FastCloning and mutagenesis are listed in the first column with their respective designation. For FastCloning
individual PCR reactions were performed for insert and vector, the corresponding DN A templates are mentioned
in columns 2 and 4 and the used primer pairs in columns 3 and 5. For mutagenesis, only the vector DNA template

is relevant.

Plasmid DNA template Fw primer / DNA template Fw primer /
(insert) Rv primer (insert) (vector) Rv primer (vector)
FastCloning
pETM6 HpaB pETM6 RgTAL M2 HpaB fw/ pETM6 M2 pETM6 fw/
;ananHpaCf M2 HpaB_rv M2_pETM6_rv
pETM6 RgTAL  pETM6 RgTAL MI1_RgTAL fw/ pETM6 M1 pETM6 fw/
HalaB—HpaC— MI_RgTAL rv M1 _pETMG6 rv
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Mutagenesis
pETM6_A14CL  — - pETM6 Ar4CL M9 At4CL Sall
(515. bp) (WT) 515.bp_fw/
M9 At4CL Sall
515.bp_rv
pETM6_A14CL  — - pETM6 Ar4CL M9 At4CL Sall
(515. bp, 629. bp) (515. bp) 629.bp_fw /
M9 At4CL Sall
629.bp v
pETM6 A4CL  — - pETM6 A4CL M9 At4CL Sall
(515. bp, 776.bp_fw /
629. bp) M9 At4CL Sall
776.bp_rv
VII1.4 Supplementary figures
Activity of HpaBC towards p-coumaryl alcohol
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Figure Al: HpaBC activity towards p-coumaryl alcohol as substrate in £ coli BL21(DE3). Whole-cell
biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM, 3 mM or 5 mM
p-coumaryl alcohol (black) as substrate added at time to. The concentration of substances was measured after
24 h (caffeoyl alcohol (grey): 1 mM-339.2 uM, 3 mM-479.9 uM, 5 mM- 444.4 uM). The expression of HpaBC
was performed at 37°C from pETM6 in operon configuration prior to application in whole-cell
biotransformation. The shown data originated from a single measurement.
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Expression analysis of the HpaBC complex over time
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Figure A.2: Detailed expression of HpaBC from pETM6 in different gene configurations. Expression was
performed from pETM6_HpaB_HpaC (HpaBC) in monocistronic (m), pseudo-operon (pso) or operon (op)
configuration in £ co/iBL21(DE3) at 37 °C. 5/0D samples were taken at the point of induction with 1 mM IPTG
(0 h) and during the expression (4 h and 20 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE analysis. The black arrows point to the expression bands
of both proteins. M — P7712 protein ladder (NEB), S - supernatant, P - pellet fraction, HpaB - 58.9 kDa, HpaC -
18.5 kDa.

Expression analysis of CYP199A2 with Pux/PuR at 37 °C
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Figure A.3: SDS-PAGE and western blot analysis of the cytochrome P450 monooxygenase from R. palustris co-
expressed with Pux and PuR at 37 °C. Co-expression was performed using pRSFDuet_hiss-Pux_hise-PuR and
pCDFDuet_CYP199A2 (CYP) in £. co/iBL21(DE3) at 37 °C. 5/0D samples were taken at the point of induction
with 1 mM IPTG (0 h) and during the expression (4 h and 20 h). The harvested cells were divided into a soluble
(S) and an insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in
western blot analysis, the anti-His (a-his) and GAM«** antibodies were used. An expression of the empty vectors
(pCDFDuet, pRSFDuet) served as control. M - P7712 protein ladder (NEB), S - supernatant, P - pellet fraction,
CYP199A2 - 44.6 kDa, hiss-Pux — 12.6 kDa, hiss-PuR - 44.5 kDa.
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Intermediate concentrations in TAL + C3H activities (with 1 mM L-tyrosine)
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Figure A.4: Production of p-coumaric acid from combined /n vivo activity of TAL and C3H enzymes in £ coli
BL21(DE3) using 1 mM L-tyrosine as substrate. Whole-cell biotransformation was performed in 10 mL KPi
buffer (50 mM, pH 7.5) at 26 °C with 1 mM L-tyrosine as substrate added at time to. The concentration of
p-coumaric acid was measured over time (4 h, 24 h, 48 h). Co-expression was performed at 26 °C prior to
application in whole-cell biotransformation using pETM6 with TAL (RgTAL, ATAL, Sesam8) and either pCDM4
with HpaBC in operon gene configuration (BC) or pCDFDuet with CYP199A2 (CYP) and pRSFDuet with Pux/PuR
as redox pair. The shown data represent mean values with standard deviation from biological triplicates.

Intermediate concentrations in TAL + C3H activities (with 3 mM L-tyrosine)
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Figure A.5: Production of p-coumaric acid from combined /n vivo activity of TAL and C3H enzymes in £ coli
BL21(DE3) using 3 mM L-tyrosine as substrate. Whole-cell biotransformation was performed in 10 mL KPi
buffer (50 mM, pH 7.5) at 26 °C with 3 mM L-tyrosine as substrate added at time to. The concentration of
p-coumaric acid was measured over time (4 h, 24 h, 48 h). Co-expression was performed at 26 °C prior to
application in whole-cell biotransformation using pETM6 with TAL (RgTAL, ATAL, Sesam8), pCDFDuet with
CYP199A2 (CYP) and pRSFDuet with Pux/PuR as redox pair. The shown data represent mean values with
standard deviation from biological duplicates.
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Co-expression analysis of RgTAL with NA7-CYP199A2
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Figure A.6: Co-expression analysis of RgTAL in combination with the NA7 variant of CYP199A2. Co-expression
was performed using pETM6_RgTAL (RgTAL) with pCDFDuet_NA7-CYP199A2 and pRSFDuet_hiss-Pux_hiss-PuR
(NA7-CYP) in £ coliBL21(DE3) at 26 °C. 5/0D samples were taken at the point of induction with 1 mM IPTG
(0 h) and during the expression (4 h and 20 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in western blot
analysis the anti-His (o-his) and GAM«** antibodies were used. The black arrowheads indicate the relevant
expression bands. M - P7719 protein ladder (NEB), C - mCherry-hiss as Hise-tag control (0.5 pg, 27.7 kDa),
S - supernatant, P - pellet fraction, RgTAL - 74.8 kDa, NA7-CYP199A2 - 43.9 kDa, hise-Pux — 12.6 kDa, hiss-
PuR - 445 kDa.

Expression analysis of p-coumaryl alcohol pathway genes from a single vector
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Figure A.7: SDS-PAGE analysis of TAL, 4CL, ZmCCR and ZmCAD expressed from a single pETM6 plasmid. The
tested constructs were pETM6_RgTAL_AACL_ZmCCR_ZmCAD_m (pETM6_1), pETM6_RZTAL_PACL_ZmCCR_
ZmCAD_m (pETM6_2), pETM6_FATAL_AtACL_ZmCCR_ZmCAD_m (pETM6_3) and pETM6_Sesam8_A#CL_
ZmCCR_ZmCAD_m (pETM6_4). Co-expression was performed using pETM6_TAL_4CL_ZmCCR_ZmCAD_m in
£. coliBL21(DE3) at 26 °C. 5/0D samples were taken at the point of induction with 1 mM IPTG (0 h) and during
the expression (4 h and 20 h). The harvested cells were divided into a soluble (S) and an insoluble fraction (P)
prior to application in SDS-PAGE analysis. M - P7719 protein ladder (NEB), S - supernatant, P - pellet fraction,
RgTAL - 74.8 kDa, ATAL - 56.7 kDa, Sesam8 - 54.0 kDa, PACL - 60.3 kDa, A#4CL - 61.1 kDa, ZmCCR -
40.1 kDa, ZmCAD - 38.7 kDa.
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The p-coumaryl alcohol pathway on a single plasmid and in growing cells
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Figure A.8: Growing cells of £ co/iBL21(DE3) with pETM6_RgTAL_A#CL_ZmCCR_ZmCAD_m. The growing cell
assay was performed in 10 mL TB medium at 26 °C without substrate addition (w/o, black) or with
supplementation of 1 mM L-tyrosine (L-Tyr, grey) at time to. The concentration of p-coumaryl alcohol was
measured over time (4 h, 6 h, 24 h, 48 h). The shown data originated from a single measurement.

Coniferyl alcohol pathway with RSTAL and HaTAL in E. coli BL21(DE3).G213
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Figure A.9: Synthetic pathway towards coniferyl alcohol from L-tyrosine in £. co//BL21(DE3).G213. Whole-cell
biotransformation was performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 1 mM L-tyrosine as
substrate added at time to (0 h). The concentration of products and intermediates was measured over time (2 h,
4 h, 6h,24h, 48 h). Expression was performed at 26 °C prior to application in whole-cell biotransformation.
Thereby, the constructs pCDFDuet_A{CCoAOMT_CYP199A2 and pRSFDuet_Pux_PuR were combined with one
TAL enzyme expressed from pETM6: RSTAL (A) or HaTAL (B).The shown data represent mean values with
standard deviation from biological duplicates.

160



Appendix

Empty vector control of two-cells one-pot
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Figure A.10: Empty vector control of two-cells one-pot experiment. Whole-cell biotransformation was
performed in 10 mL KPi buffer (50 mM, pH 7.5) at 26 °C with 2 mM caffeic acid as substrate added after 24 h.
The concentration of products and intermediates was measured over time (from 24 h to 72 h). Expression was
performed at 26 °C prior to application in whole-cell biotransformation. Thereby, the first set of cells contained
empty vectors, while the second set of cells produced enzymes from pETM6_A#CL, pCDFDuet_ZmCOMT and
pRSFDuet_ZmCCR_ZmCAD and were added at 24 h. The shown data represent mean values with standard
deviation from biological duplicates.

Growing cell assay of E. coli BL21(DE3) with ZmCCoAOMT
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Figure A.11: Growing cells of £ coli BL21(DE3) with the combined upstream and downstream synthetic
pathway using plasmid-based enzyme expression. The co-expression of enzymes was performed by combining
the single ePathBrick vector pETM6 containing FATAL, A#4CL, ZmCCR and ZmCAD with
pCDFDuet_ZmCCoAOMT_NA7-CYP199A2 and pRSFDuet_hiss-Pux_hiss-PuR. The growing cell assay was
performed in 10 mL TB medium at 26 °C without substrate addition (w/o, black) or with supplementation of
1 mM L-tyrosine (L-Tyr, blue) at time to. The concentration of products and intermediates was measured over
time (4 h, 24 h, 48 h). The highest titers for coniferyl alcohol were 16.4 + 2.7 yM (w/0, 48 h) and 38.1 + 3.2 pM

(with 1 mM L-tyrosine, 48 h). The shown data represent mean values with standard deviation from biological
triplicates.
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Expression analysis of E. coli BL21(DE3) strains in growing cell assay
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Figure A.12: SDS-PAGE and western blot analysis of £ co/i BL21(DE3) containing the complete synthetic
coniferyl alcohol pathway under growing cell assay conditions. Co-expression was performed using
PETM6_ATAL_AtACL_ZmCCR_ZmCAD_m with pRSFDuet_hiss-Pux_hiss-PuR and either pCDFDuet_ZmCOMT_
NA7-CYP199A2 (BL21_1) or pCDFDuet_ZmCCoAOMT_NA7-CYP199A2 (BL21_2) in £ co/iBL21(DE3) at 26 °C.
5/0D samples were taken at the point of induction (OD~2) with 0.5 mM IPTG (0 h) and during the expression
(4 h and 24 h). The harvested cells were divided into a soluble (S) and an insoluble fraction (P) prior to
application in SDS-PAGE and western blot analysis. For detection in western blot analysis, the anti-His (a-his)
and GAM«*" antibodies were used. The black arrowheads indicate the relevant expression bands. M - P7719
protein ladder (NEB), C - mCherry-hiss as Hiss-tag control (0.5 pg, 27.7 kDa), S - supernatant, P - pellet fraction,
FTAL - 56.7 kDa, AtACL - 61.1 kDa, ZmCCR - 40.1 kDa, ZmCAD - 38.7 kDa, NA7-CYP199A2 - 43.9 kDa, hiss-
Pux — 12.6 kDa, hiss-PuR - 44.5 kDa, ZmCOMT - 39.6 kDa, ZmCCoAOMT - 29.4 kDa.

Expression analysis of empty vector controls in growing cell assays

A BL21 control B G279 control

o
o O

[kDa] M2 S P S P S P

Figure A.13: SDS-PAGE analysis of £ colistrains containing empty vectors under growing cell assay conditions.
Co-expression was performed using the empty vectors pETM6, pRSFDuet and pCDFDuet in £ co/iBL21(DE3)
(BL21 control, A) or £. coliBL21(DE3).G279 (G279 control, B) at 26 °C. 5/0D samples were taken at the point
of induction (OD~2) with 0.5 mM IPTG (0 h) and during the expression (4 h and 24 h). The harvested cells were
divided into a soluble (S) and an insoluble fraction (P) prior to application in SDS-PAGE analysis. M1 - P7712
protein ladder (NEB), M2 - P7719 protein ladder (NEB), S - supernatant, P - pellet fraction.

162



Appendix

Growing cell assays of E. coli BL21(DE3).G213 and E. coli BL21(DE3).G279
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Figure A.14: Growing cells of £ co/iBL21(DE3).G213 and £. co/iBL21(DE3).G279. The growing cell assay was
performed in 10 mL TB medium at 26 °C without substrate addition (w/o, black) or with supplementation of
1 mM L-tyrosine (L-Tyr, grey) at time to. The concentrations of p-coumaric acid (A) and p-coumaryl alcohol (B)
were measured at 24 h. The shown data represent mean values with standard deviation from at least biological
duplicates. As exceptions, the data for G279_1, G279_2, the G213 control, G213_1 (w/o substrate) and G213_1
(1 mM L-tyrosine, B) originated from single measurements. The investigated enzyme combinations in the G279
strain consisted of ATAL, NA7-CYP199A2 with Pux/PuR and ZmCOMT (G279_1) or ZmCCoAOMT (G279_2).
Growing cells using the three empty vectors served as activity controls (G213/G279 control). In the G213 strain,
Pux/PuR was combined with the following: G213_1 - RgTAL + CYP199A2 + AtCCoAOMT, G213 2 - ATAL +
CYP199A2 + A{CCoAOMT, G213_3 - Sesam8 + CYP199A2 + AtCCoAOMT, G213_4 - ATAL + NA7-CYP199A2
+ ZmCOMT, G213_5 - Sesam8 + NA7-CYP199A2 + ZmCOMT, G213_6 - ATAL + NA7-CYP199A2 +
ZmCCoAOMT, G213 _7 - Sesam8 + NA7-CYP199A2 + ZmCCoAOMT.
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Expression analysis of E. coli BL21(DE3).G279 strains in growing cell assay
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Figure A.15: SDS-PAGE and western blot analysis of £ co/i BL21(DE3).G279 strains under growing cell assay
conditions. Co-expression was performed using pETM6_ATAL with pRSFDuet_hiss-Pux_hise-PuR and either
pCDFDuet_ZmCOMT_ NA7-CYP199A2 (G279_1) or pCDFDuet_ZmCCoAOMT_NA7-CYP199A2 (G279_2) in
E. coliBL21(DE3).G279 at 26 °C. 5/0OD samples were taken at the point of induction (OD~2) with 0.5 mM IPTG
(0 h) and during the expression (4 h and 24 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in western blot
analysis, the anti-His (a-his) and GAM:*" antibodies were used. The black arrowheads indicate the relevant
expression bands. M - P7719 protein ladder (NEB), C - mCherry-hiss as Hise-tag control (0.5 pg, 27.7 kDa),
S - supernatant, P - pellet fraction, ATAL - 56.7 kDa, At4CL - 61.1 kDa, ZmCCR - 40.1 kDa, ZmCAD - 38.7 kDa,
NA7-CYP199A2 - 43.9 kDa, hise-Pux — 12.6 kDa, hiss-PuR - 44.5 kDa, ZmCOMT - 39.6 kDa, ZmCCoAOMT -
29.4 kDa, RsTAL - 55.5 kDa, PA4CL - 60.3 kDa.
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Expression analysis of E. coli BL21(DE3).G213 strains in growing cell assay
A

[kDa] _ [kDa]
95 95
72 72
55 55
43 . i 43
34 34
26 26
17 17

[kDa]
95
72
55
43
34
26
17

Figure A.16: SDS-PAGE and western blot analysis of £ co/i BL21(DE3).G213 strains under growing cell assay
conditions. Co-expression was performed using pETM6_TAL with pRSFDuet_hiss-Pux_hiss-PuR and
pCDFDuet_OMT_ NA7-CYP199A2 in £ co/i BL21(DE3).G213 at 26 °C. The tested enzyme combinations were
ATAL + ZmCOMT (G213_4, A), Sesam8 + ZmCOMT (G213_5, A), ATAL + ZmCCoAOMT (G213_6, B) and
Sesam8 + ZmCCoAOMT (G213_7, B). 5/0OD samples were taken at the point of induction (OD~2) with 0.5 mM
IPTG (0 h) and during the expression (4 h and 24 h). The harvested cells were divided into a soluble (S) and an
insoluble fraction (P) prior to application in SDS-PAGE and western blot analysis. For detection in western blot
analysis, the anti-His (a-his) and GAM«*" antibodies were used. The black arrowheads indicate the relevant
expression bands. M - P7719 protein ladder (NEB), C - mCherry-hiss as Hise-tag control (0.5 pg, 27.7 kDa),
S - supernatant, P - pellet fraction, ATAL - 56.7 kDa, Sesam8 - 54.0 kDa, NA7-CYP199A2 - 43.9 kDa, hiss-Pux
- 12.6 kDa, hiss-PuR - 44.5 kDa, ZmCOMT - 39.6 kDa, ZmCCoAOMT - 29.4 kDa, RsTAL - 55.5 kDa, PACL -
60.3 kDa, ZmCCR - 40.1 kDa, ZmCAD - 38.7 kDa.
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Increase of L-tyrosine feed in growing cell assays
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Figure A.17: Intermediates from growing cells of different £. co//BL21(DE3) strains with higher L-tyrosine feed.
The growing cell assay was performed in 10 mL TB medium at 26 °C without substrate addition (w/o, black) or
with supplementation of 5 mM L-tyrosine (L-Tyr, grey) at time to. The concentrations of p-coumaric acid (A) and
p-coumaryl alcohol (B) were measured at 48 h. The shown data with added substrate represent mean values
with standard deviation from biological duplicates, while the data w/o substrate originated from a single
measurement. The £ co/i BL21(DE3) strain 1 (BL21(DE3)_1) contained the enzymes ZmCOMT and NA7-
CYP199A2 with Pux/PuR and was co-transformed further with pETM6 containing ATAL, A#4CL, ZmCCR and
ZmCAD. The investigated enzyme combinations in the G279 strain consisted of ATAL, NA7-CYP199A2 with
Pux/PuR and ZmCOMT (G279_1) or ZmCCoAOMT (G279_2). In the G213 strain, Pux/PuR was combined with
the following: G213_2 - ATAL + CYP199A2 + A{CCoAOMT, G213_4 - ATAL + NA7-CYP199A2 + ZmCOMT,
G213_6 - ATAL + NA7-CYP199A2 + ZmCCoAOMT.
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Growing cell assays with cinnamic acid
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Figure A.18: Growing cells of different £ co//BL21(DE3) strains with cinnamic acid feed. The growing cell assay
was performed in 10 mL 2x TB medium at 26 °C with supplementation of 2 mM cinnamic acid at time to. The
concentration of substances was measured at 48 h. The shown data orginated from a single measurement. The
£. co/i BL21(DE3) strain 1 (BL21(DE3)_1) contained the enzymes ZmCOMT and NA7-CYP199A2 with Pux/PuR
and was co-transformed further with pETM6 containing ATAL, A#4CL, ZmCCR and ZmCAD. The investigated
enzyme combinations in the G279 strain consisted of ATAL, NA7-CYP199A2 with Pux/PuR and ZmCOMT
(G279_1) or ZmCCoAOMT (G279_2). In the G213 strain, Pux/PuR was combined with the following: G213_2 -
FTAL + CYP199A2 + A{CCoAOMT, G213_4 - ATAL + NA7-CYP199A2 + ZmCOMT, G213_6 - ATAL + NA7-

CYP199A2 + ZmCCoAOMT.
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VILS Toxicity of different substrates on E.
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Figure A.19: Toxicity of different substrates and intermediates as well as DMSO as control for £ cofi. 20 mL LB
medium in a 100 mL shake flask were inoculated with 500 pL overnight culture of £ co/i BL21(DE3) and
incubated at 37 °C and 180 rpm for 28 h. At the start of the incubation different concentrations of caffeic acid
(A), p-coumaric acid (B), coniferaldehyde (C) cinnamic acid (D) and DMSO (E) were added using stock solutions
of 1 M in DMSO or pure DMSO. The OD«w (OD at 600 nm) of the growing cultures was measured over time. For
A-D the means and standard deviations originate from the measurement of two dilutions at a certain time point.
Only for E a biological duplicate was performed additionally. F shows the shake-flasks of £ co// BL21(DE3)
cultures with different concentrations of caffeic acid after a cultivation of 24 h.
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Figure A.20: Plasmid maps of the Duet vectors pETDuet (A), pCDFDuet (B) and

pRSFDuet (C). Restriction

enzyme sites are indicated outside the vector. A local vector site containing many restriction enzymes is
referred to as multiple cloning site | or Il (MCS | or MCS II). The protein expression is controlled by an IPTG-
inducible T7 promoter (PT7) and a T7 terminator (TT7). The ColE1 origin of replication (ori) from pETDuet
confers a medium copy plasmid number (~ 40), while pCDFDuet with a CDF replicon has a low to medium (20-
40) and pRSFDuet with the RSF ori a high copy plasmid number (100) [169]. The resistence genes for pETDuet,
pCDFDuet and pRSFDuet are B-lactamase (bla), aminoglycoside adenylyltransferase (aadA) and aminoglycoside
phospholtransferase (kan), respectively. lacO- lac operator, RBS- ribosome binding site, hiss— Hise-tag, S-Tag-
S-protein epitope tag, lacl- lactose-inducible lac operon transcriptional repressor, CDS- coding sequence.

169



Appendix

A wes B
Xbal Ndel
Spe Bglll
Clal | Pact Mfel
Avril | Bip! EcoRV
SgrAl | Bmt Eagl
[ |nnei Fsel
‘ !‘J | BeeR1 AsiSI
coN Sal Aatll
M i d ! Zral
AccBS|
P ST29 17 Konl
PspXI BstAPI
PT7 Aval :cu
promoter Xhol
Pfol
vl EcoNI
5000 Ahdl N acl
Bsal = . promoter Sphi
Bgll e Ecod7lll MCS
= Fspl ~ 30w Binl ggdﬁll
pPETM6 pCDM4 PT7_ RLAvrll | Munl
1000 — - Clal  |EcoRV
(5203 bps) 3810 bps B<r—xba EBQI'
4 sel
CDF ori AsiS|
Scal
P Qat:l
ral
3000 = R AccE5!
PpuMI / AmpR 2000 TT7 Kpnl
I PspXI
Bpu10l "mmme'/ AmpR Aval
b promoter B;‘nelTﬂUI
rop ColE1 ori Legend Pail” Y aadA
— pom N\ /
b AlwNI IE T7 promoter Sspl Bsan,
i1l | ] el lacO + RBS | Bl
Bst1107 ci BspMI
saql =D CDS (gene)
region

Figure A.21: Plasmid maps of the ePathBrick vectors pETM6 (A) and pCDM4 (B). Restriction enzyme sites are
indicated outside the vector. A local vector site containing many restriction enzymes is referred to as multiple
cloning site (MCS). In addition to the Duet vectors, the ePathBrick vectors contain the restriction enzyme sites
Avrll, Xbal, Spel, Nhel(isocaudamers) and Sa//, which are highlighted in red. The protein expression is controlled
by an IPTG-inducible T7 promoter (PT7) and a T7 terminator (TT7). The ColE1 origin of replication (ori) from
pETM6 confers a medium copy plasmid number (40), while pCDM4 with a CDF replicon has a low to medium
copy plasmid number (20-40) [152]. The resistence genes for pETM6 and pCDM4 are B-lactamase (bla) and
aminoglycoside adenylyltransferase (aadA), respectively. lacO- lac operator, RBS- ribosome binding site, S-
Tag- S-protein epitope tag, lacl- lactose-inducible lac operon transcriptional repressor, CDS- coding sequence.

VIL.7 DNA and protein ladders
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Figure A.22: DNA and protein ladders. GeneRuler™ 100 bp Plus DNA Ladder (A)
(https://www.thermofisher.com/order/catalog/product/SM0323). GeneRuler™ 1 kb DNA Ladder (B)
(https://www.thermofisher.com/order/catalog/product/SM0312). P7712 ColorPlus™ Prestained Protein
Standard, Broad Range (11-245 kDa) (C) (https://international.neb.com/products/p7712-color-prestained-
protein-standard-broad-range-11-245-kda). P7719 ColorPlus™ Prestained Protein Standard, Broad Range (10-
250 kDa) (D) (https://international.neb.com/products/p7719-color-prestained-protein-standard-broad-range-
10-250-kda).
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